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Introduction New Frontiers in Human-Robot Interaction Symposium 
 

A two-day symposium at AISB 2009 (6-9 April 2009), Heriot-Watt University in 
Edinburgh, Scotland 
http://homepages.feis.herts.ac.uk/~comqkd/HRI-AISB2009-Symposium.html 
 
Held during the Science Festival (6-18 April 2009): http://www.sciencefestival.co.uk/ 
 
Symposium chair: Kerstin Dautenhahn (University of Hertfordshire, UK) 
 
Motivation: 
 
Human-Robot Interaction (HRI) is a growing research field with many application areas 
that could have a big impact not only economically, but also on the way we live and the 
kind of relationships we may develop with machines. Due to its interdisciplinary nature 
different views and approaches towards HRI need to be nurtured. This symposium will 
provide a platform to discuss collaboratively recent findings and challenges in HRI. 
Different categories of submissions are encouraged that reflect the different types of 
research studies that are being carried out. The symposium will encourage a diversity of 
views on HRI and different approaches taken. In the highly interdisciplinary research 
field of HRI, a peaceful dialogue among such approaches is expected to contribute to the 
synthesis of a body of knowledge that may help HRI sustain its creative inertia that has 
drawn to HRI during the past 10 years many researchers from HCI, robotics, psychology, 
the social sciences, and other fields. 
 
Topics of interest include but are not limited to: 
 

 Developments towards robot companions 
 User-centred robot design 
 Robots in personal care and health care 
 Robots in search and rescue 
 Sensors and interfaces for HRI 
 Human-aware robot perception 
 Dialogue and multi-modal human-robot interaction 
 Robot architectures for socially intelligent robots 
 HRI field studies in naturalistic environments 
 Robot assisted therapy 
 Robots in HRI collaborative scenarios 
 Robots in schools and in other educational environments 
 Robots as personal assistants and trainers 
 Robot and human personality 
 New methods and methodologies to carry out and analyze human-robot 

interaction 
 Robots as companions and helpers in the home 
 Robots as assistive technology 
 Long-term or repeated interaction with robots 



 Creating relationships with robots 
 Expressiveness in robots 
 Sustaining the engagement of users 
 Personalizing robots and HRI interfaces 
 Human-robot teaching 
 Robots that learn socially and adapt to people 
 User experience in HRI 
 User needs and requirements for HRI 
 Robots as autonomous companions  
 Robots as remote-controlled tools 
 Embodied interfaces for smart homes 
 Ethnography and field studies 
 Cross-cultural studies 

 
The symposium encouraged submissions in any of the following categories.   
 
*N* Completed empirical studies reporting novel research findings 
In this category we encourage submissions where a substantial body of findings has been 
accumulated based on precise research questions or hypotheses. Such studies are 
expected to fit within a particular experimental framework (e.g. using qualitative or 
quantitative evaluation techniques) and the reviewing of such papers will apply relevant 
(statistical and other) criteria accordingly. Findings of such studies should provide novel 
insights into human-robot interaction studies.   
 
*E* Exploratory studies  
Exploratory studies are often necessary to pilot and fine-tune the methodological 
approach, procedures and measures. In a young research field such as HRI with novel 
applications and various robotic platforms, exploratory studies are also often required to 
derive a set of concrete research questions or hypothesis, in particular concerning issues 
where there is little related theoretical and experimental work. Although care must be 
taken in the interpretation of findings from such studies, they may highlight issues of 
great interest and relevance to peers. 
 
*S* Case studies 
Due to the nature of many HRI studies, a large-scale quantitative approach is often 
neither feasible nor desirable. However, case study evaluation can provide meaningful 
findings if presented appropriately. Thus, case studies with only one participant, or a 
small group of participants, are encouraged if they are carried out and analyzed in 
sufficient depth. 
 
*P* Position papers 
While categories N, E and S require reporting on HRI studies or experiments, position 
papers can be conceptual or theoretical, providing new interpretations of known results. 
Also, in this category we consider papers that present new ideas without having a 
complete study to report on.  Papers in this category will be judged on the soundness of 



the argument presented, the significance of the ideas and the interest to the HRI 
community. 
 
*R* Replication of HRI studies  
To develop as a field, HRI findings obtained by one research group need to be replicated 
by other groups. Without any additional novel insights, such work is often not 
publishable. Within this category, authors will have the opportunity to report on studies 
that confirm or disconfirm findings from experiments that have already been reported in 
the literature. This category includes studies that report on negative findings.  
 
*D* Live HRI Demonstrations 
Contributors may have an opportunity to provide live demonstrations (live or via Skype), 
pending the outcome of negotiations with the local organization team. The demo should 
highlight interesting features and insights into HRI. Purely entertaining demonstrations 
without significant research content are discouraged. 
 
*Y* System Development 
Research in this category includes e.g. the design and development of new sensors, robot 
designs and algorithms for socially interactive robots. Extensive user studies are not 
necessarily required in this category. 
 
Symposium contributions: 
 
We invited unpublished, original work as extended abstracts (up to 3 pages) or full papers 
of up to 8 pages (double column). In category *D* we invited one page descriptions 
detailing the demo and its associated research questions. 
 
Thirty-two submissions were received and 24 were accepted for presentation at the 
symposium. The symposium also includes one keynote invited talk as well as two invited 
talks. The symposium schedule emphasizes critical discussions of the presented research 
as well as wider issues that are important to HRI.  
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Invited Talks 
 
Invited Keynote Talk 
 
Speaker: Holly Yanco (University of Massachusetts Lowell, USA) 
 
Title: How to Partner with a Robot: The Design Space of Human-Robot Interaction 
 
Abstract: 
Assistive robots, such as robotic wheelchairs or wheelchair-mounted robotic arms operate 
in the same space as their user.  Other systems, such as those designed for urban search 
and rescue, are located at a distance from their operator.  Distance is just one of the many 
parameters that impact how we must design for effective human-robot interaction.  For 
example, there can be a wide range of abilities in the target population for a robot system, 
particularly for assistive robots.  This talk will present several dimensions that must be 
considered in the design of human-robot interaction and how to address them.  Examples 
of robot systems will be drawn from many application domains. 
 
Short invited Talk 
 
Speaker: Takanori Shibata (National Institute of Advanced Industrial Science and 
Technology, Japan) 
 
Title: Integration of Therapeutic Robot, Paro, into Elderly Care in Denmark 
 
Abstract: 
Since 1993, Paro, a baby seal robot, has been developed for two purposes: one is for as 
companion at home, and the other is for therapy at hospitals, elderly institutions, schools, 
and so on. In Denmark, Danish Technological Institute (DTI) have been distributing Paro 
to elderly institutions in Denmark since late 2008. So far, about 50 elderly institutions out 
of 1,200 in Denmark have been using Paro for elderly care, especially for caring elderly 
with dementia. DTI plan that they will introduce 1,000 Paros to elderly institutions in 
Denmark by 2011. 
 
 
Short invited Talk 
 
Speaker: Ruth Aylett (Heriot-Watt University, Scotland) 
 
Title: Affect, empathy and graphical characters 
 
Abstract: 
Is it possible to produce interactive graphical characters about which the user really 
cares? How far are we from creating an 'affective loop' between user and character? Is 
this a requirement for companionship or not? The talk will briefly survey these questions 
and finally discuss how far work in graphical characters is applicable to robots. 
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An Architecture Supporting Proactive Robot Companion
Behavior

Muhammad ALI and Samir ALILI and Matthieu WARNIER, and Rachid ALAMI12

Abstract. An essential aspect of human robot interaction is proac-

tive robot behavior particularly in situations where the robot is able to

determine by itself if, how and when it can intervene and help. This

is certainly valuable since it permits the user to be freed from the

burden of permanently monitoring the robot and choosing the com-

mand that should be issued to the robot. In this work we present an

architecture for proactive robot behavior. Its main features involve

the ability to select high level goals based on scenario recognition.

The goals are then refined by a specific planner that is able to deter-

mine if the robot can contribute to the goal achievement and finally

a human aware supervision system that allows the robot to share the

human activity thanks to its ability to achieve task cooperatively. The

paper describes the overall system and its implementation on a real-

istic testbed.

1 INTRODUCTION
When we see an elderly person moving a table by itself, we take ini-

tiative and take the other side of the table and help him move that ta-

ble. Similarly robot companions in human environment will need to

take initiative and help their human partner without requiring an ex-

plicit command. This would lead to a fluent human robot interaction

and ultimately enable robot to create strong bonds with the human

(one of the important challenge in human robot interaction [33]).

For robot to take initiative it should be able to answer following

questions: What to observe? When to take initiative? How to insert

itself to the on-going activity? For the first question, robot needs to

have an recognition mechanism to detect scenarios (situations) call-

ing for robot action, like: to help the elderly person moving a table.

Second one will require a robot to take decision whether to be proac-

tive or not: Does it have the capacity to hold the table? Finally a

mechanism to hold current robot goals (stop cleaning the room and

redo it later, for instance) and execute and supervise the new course

of decided actions: Grab the table and also keep pace with human

(ability to do joint task).

The work presented here consists of a system that permits proac-

tive robot behavior by addressing a number of above mentioned is-

sues. It focuses on (1) the use of chronicle recognition mechanism

that can efficiently detect activities to which to robot may potentially

participate, (2) a human aware planner that is able to determine if,

how and when the robot can contribute and (3) a supervision sys-

tem which is responsible for monitoring and executing robot tasks in

close cooperation with human partners.

1CNRS ; LAAS ; 7 avenue du colonel Roche, F-31077 Toulouse, France,
email: firstname.lastname@laas.fr

2Université de Toulouse ; UPS, INSA, INP, ISAE ; LAAS ; F-31077
Toulouse, France.

Section 2 discusses related work. Section 3 presents the system

architecture and then, sections 3.1, 3.2, 3.3 and 3.4 give a short de-

scription of the components involved in the decisional layer. Section

4 deals with the implemented system and illustrates its use through

several examples involving a mobile robot behaving proactively. Fi-

nally, section 5 concludes and discusses future work.

2 RELATED WORK
Work related to proactive robot behavior initially began with mixed

initiative approaches. In mixed-initiative approach focus is on initia-

tive shifts between human and robot, and is related to robot tasks.

Mixed-initiative (also called facilitated initiative [20]) based on op-

erator modalities [15][16] use a control architecture that allows robot

to have different levels of autonomy. It can be in tele-operated, safe

mode, shared control, collaborative task mode (CTM) and totally au-

tonomous mode. Robot can take varying degree of “initiative” based

on the mode chosen, the current context and even the difficulty of the

task at hand. For example robot takes initiative and leads in naviga-

tion tasks in CTM mode.

A planner based mixed initiative approach is used in search and

rescue scenario by[5]. Its architecture is based on model based ex-

ecution monitoring (activities model defined) and a reactive planner

monitors task execution using that model. If human operator changes

execution order, planner responds by proposing a new execution or-

der to him.

[3] uses an affect based mixed-initiative interaction approach us-

ing human robot interface. Robot responding to changes in hu-

man operators emotions (detecting drowsiness,inattentiveness etc)

can take initiative from or may offer it back to human. Some

approaches[2] also use emotion based planning for mixed initiative

interaction.

Other methods like [29], use initiative for removing ambiguity

in human intentions. Architecture consists of intention recognition

using Dynamic Bayesian Networks and planner for task execution.

Planner executes robot tasks for correctly inferred intentions and for

ambiguous intentions planner selects an action from a table (defined

by human) to induce human response and remove ambguity. In robot

care [9][8], robots shows proactive behavior based on activity mon-

itoring using activities defined as a schedule. And constraint viola-

tions of schedule trigger system initiative and perform some action

in the form of a alarm or suggestions to the assisted person.

In our context, proactive behavior is not only based on constraint

violations[9],or governed by operator modality[15][16] or planning

based[5][29] but as our system aims at multi-layered proactive be-

havior it consists of a whole system from detection of robot goals

(for itself and as well as for human goal), their management through

task agenda, a planning mechanism that plans taking into account
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human and finally an execution and monitoring system takes into

account human at every level of interaction. Affect based [3][2] ap-

proaches would be suited for initiative taking in close human robot

contact situations.

3 SYSTEM ARCHITECTURE
We have devised a control architecture dedicated to robot decision

and action in a human context (Figure 1). It enhances robot capacity

to be proactive for robot related as well as human related tasks.It has

been developed as an instance of the generic the LAAS Architecture

for Autonomous Systems[4].

The decisional layer consists of four components:

• The Task Agenda A mechanism for robot higher level goal man-

agement.

• CRS An chronicle recognition system for modeling and recogniz-

ing scenarios.

• HATP: A task planning system that is able to synthesize socially

acceptable robot plans that may involve human-robot collabora-

tive action.

• SHARY which constitutes the decisional kernel. It is based on an

incremental context-based task refinement in a human context.

We will now explain the different parts of this architecture.

Movement and
Navigation in

human presence

Visual Recognition
for human robot

interaction

Human Position
and Orientation 

Detection

Aditional Modules for localization, perception and display

HATP

SHARY
The supervisor 

Task Agenda

C R S

Requests World state

Figure 1. Architecture for proactive robots companions: The decisional
layer consists of four components. SHARY, which is in charge of task
supervision and execution. HATP the planner which provides other

decisional abilities, and Task Agenda which manages high-level robot goals
in a human and CRS is in charge of the interpretation activity of the persons

in the robot vicinity.

3.1 Task Agenda
The role of the Task Agenda is to manage high-level robot goals and

their associated tasks. It maintains an ordered list of high-level tasks

and is embedded with basic mechanism to pre-empt and suspend

current task if a higher priority task arrives and reschedule it when

higher priority tasks end. New Agenda tasks are generated either by

users requests (through multi-modal dialog) or on chronicles recog-

nized by CRS. Currently task priorities are staticaly set according

to human involvement in task initiation and execution. These prior-

ities are not modified by plan modification and interaction history.

Similarly task relevance is not tested when resuming execution. This

should be improved soon.

3.2 CRS
A robot companion besides acting on human commands needs to

actively monitor its environment and infer new goals for itself and

human partners goals. It needs to incorporate a capacity to recognize

an activity happening in its vicinity. Our approach is to model these

events into temporally constrained networks called chronicles[23]

(representing a situation or scenario)and using Chronicle Recogni-

tion System (CRS)[18] (developed by [17]) for monitoring these sce-

narios.

For example breakfast cooking scenario: First we can define events

for this chronicle, human takes frying pan from kitchen-shelf, gets

eggs from the fridge and turns on stove. Then we need to define tem-

poral constraints on these events, these events can happen between

3 - 5 minutes and these events should occur in the morning. When

recognized, robot can start setting the table for the breakfast while

the human cooks.

We have defined many scenarios based on presence or absence of

human activity around robot. These scenarios are so modeled to en-

able system to have different proactive behaviors. For example robot

can look to find goals for itself (do housekeeping, be curious etc,

like[30]) or find a human goal where it can help (like setting the

breakfast table for human). When a chronicle model matches a de-

fined scenario, CRS informs the supervisor. Supervisor acts accord-

ing to behavior it represents, can add it as a new robot task in task

agenda or if relevant to human goal, requests the planner for a plan.

The key aspects for CRS use are:

• It handles time explicitly.

• It can monitor modeled scenarios on the fly, by matching observa-

tions to model events and temporal constraints propagation.

• It can maintain several hypothesis (chronicles), that is, complete

tree of instances of partial chronicles currently taking place.

• Can easily integrate several events in different scenarios and keep

their window of relevance with respect to each scenario.

Human activity is essentially difficult to model, different humans

will approach an activity differntly causing uncertainty around sce-

nario recognition, for example, in a cooking scenario, there can be

several different ways a human can start the activity, can take the

eggs from fridge, can get frying pan from kitchen-shelf or can turn

on stove first etc. One way to handle this uncertainty is by defining

several chronicle for a same situation. Complexity does not increase

significantly due to multiple chronicles as CRS is quite efficient in

handling many chronicle insances[18].

3.3 Human Aware Task Planner - HATP
HATP is a planner designed for heterogeneous Agent interactions,

in our case humans and robots. It is based on hierarchical task

planning[24] and integration of behavior rules, which orient robot de-

cision and produce social plans. HATP has also its own language[6],

which allows us to model human preference, ability and capacity as

we can see in the figure 2 we describe the fact that the human needs

Glasses by a boolean attribute associate to the entity “Human” called

"needGlasses" it has the true value if human needs the glasses and

false otherwise. We complement the human model with the action

description which takes into account the fact that the action is per-

formed by the human or by the robot.

We take inspiration from human interaction to establish rules for a

right social behaviors in human robot interaction. We define six types

of rules[6]:
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Human. posTopo           = Position;
Human. mood            = numeric;
Human. maxObjects           = Numeric;
Human. type            = String;
Human. AgreecommunicationWithRobot = Boolean;
Human. AgreePro-activity          = Boolean;
Human. needGlasses           = Boolean;
Human. full            = Boolean;
Human. concerned           = Boolean;
Human. object            = {list of hold object}

Figure 2. HATP Human model:In this example we can see HATP
building the human model. The entity "HUMAN" is described by a set of
attributes which represents respectively human topological position, degree
of human desire to be involved in task, human ability, boolean attribute
describing if human allow robot pro-active behaviour, boolean attribute

describing if human needs glasses, boolean attribute describing if human is
concerned about current task, list of objects that human takes.

• Undesirable states

• Undesirable sequences

• Bad decompositions

• Effort balancing

• Timeouts

• Crossed links

HATP planning process is composed of two threads. One thread

is responsible for the plan refinement[28] and a second thread is re-

sponsible for plan evaluation. The second one is based on the An-

alytic Hierarchy Process (AHP)[21], it gives to the plan evaluation

a total control on the plan quality because it combines the penalty

added by the rules violations with the costs of actions. Both of them

integrate human model. For example we can model the human desire

to be involved in the task and the fact that he/she has physical hand-

icap. In this situation HATP will produce plans involving the human

in the task that respect his/her capability. Otherwise it produces plans

with as least as possible human involvement.

In this paper, the main HATP performances is its ability to take

into account human actions and to produce social plans, its capacity

to handle contingencies, and also the possibility for HATP to start

planning from a partial plans[6] ( It gives the robot the possibility to

analyse human plans and correct or complement them for proactive

behaviour).

3.4 SHARY : The supervision and execution
system

SHARY’S[11], [12]originality, as a supervision system, lies in its

ability to take into account not only the task achievement but also

communication and monitoring needed to support interactive task

achievement in a flexible way. SHARY allows to define a task or

a hierarchy of tasks linked to more or less elaborated “communica-

tion policies” that enable to execute tasks given the possibility to deal

with contingencies that could occur during its execution (or even to

stop the task in case of unexpected events).

A communication scheme, for a given joint task, represents all

possible turn taking steps and synchronization between the robot and

its human partner [13]. Each time a state is visited the corresponding

task recipe or atomic task is launched.

From a practical point of view, a communication scheme is a fi-

nite state automaton. Its states are communication acts expressed by

the robot through dialog or by an expressive motion. Its transitions

are communication acts directly expressed by the human or inferred

from her/his behavior by monitoring tasks.

We have some generic communication scheme with a defined set

of communication acts that are mandatory in the framework of task

achievement [1]. This set takes inspiration from Joint Intention The-

ory ([14]) that states that each partner should be informed of the be-

ginning, realization and ending of a joint task.

While executing a specific task this generic communication acts

will be instantiated as an act_X_task with a recipe, an execution state,

etc. For example, when the robot is proposing to give the human an

object, it is realizing the act_X_task defined by the Give Object
task and the ASK-TASK act.

Task Recipe: Task recipes are methods that compute the partially

ordered list of subtasks of an act_X_task. This sub-task tree contains

both a set of tasks needed for the achievement of the act_X_task but

also a list of tasks required for monitoring the execution. Recipes can

be scripts, i.e. provided by the programmer, or can be synthesized by

a planner such as HATP [28] presented previously.

Figure 3 describes SHARY execution at a given task level and

exhibits the incremental context-based task refinement process which

results in a dynamic hierarchical task tree.

Toward Proactivity: Using the system proposed so far we already

managed to make the robot create proactively new robot only tasks

(like cleaning a table) and also to ask human for help proactively if

robot couldn’t achieve one of its task alone (cannot pick up a bottle).

We improve the system to make the robot act proactively for human

goals recognized and instantiated by CRS.

If the new human goal recognized by CRS has a higher priority

than ongoing task, the robot starts managing the human goal as if it

has been directly asked by human until it receives the recipe from

HATP. We then add a check step to make the robot monitor if the

recipe given by HATP contains robot sub tasks and stop the task oth-

erwise. Finally the robot asks human permission to realize the action

described in the recipe and continues execution only if human agrees.

The first step prevents the robot from bothering the human for noth-

ing. The second steps ensure human agreement with robot initiative.

4 EXPERIMENTS
The system has been implemented and integrated on a fully equipped

mobile manipulator called Jido and tested in the experimental envi-

ronment, shown in figure4. It simulates a living-room with different

objects of everyday human life (tables, chairs,. . .). The robot goal

is to assists human in his daily life, for this the robot able to per-

form a number of tasks Serving, Cleaning and maintaining an up-

dated knowledge of the state of the world (detecting and tracking

persons in the room, detecting and recognizing new objects placed

on tables by the persons. . . .).

Besides decisional capabilities that we have discussed, our robot

has its functional level rich set of capabilities, as that involve

motion[25], navigation[32], manipulation[31], perspective place-

ment [27] in presence of humans as well as perception of human

activities[7] and face tracking[22]. The challenge for the system is to

perform these tasks showing proactive robot behavior and also inter-

leaving it with social behavior when interacting with the human. We

present, in the sequel, illustrative examples of Jido capabilities. A

human living room furnished environment (Coffee Table,Cupboard

Table chairs, Cupboard, Chairs) and objects (Glasses for reading,

Books, Bottles, 2 Glasses for drink) is the setting for the examples.
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Act_X_Task
Monitor Library

Act_X_Task 
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Contextual
Environment

Knowledge

Figure 3. General Description of Shary (at a given task level inside a hierarchy of tasks): when the task is created, a communication scheme associated to the
task is instantiated according to the task, the context and the concerned agent = Adapted Scheme. This scheme gives the first act to execute. The recipe

corresponding to that act (precisely to this act_X_task) is instantiated by the help of a recipes library: Recipe. During Act Execution, communication and
execution monitoring is done through wait on Expected Acts. When a monitor is triggered Incoming Act, i.e. when an expected act happens, the current act is

stopped and the answer is instantiated given the communication scheme Next Act. And so on...

(a) A “living-room” (b) 3D model used by the robot

Figure 4. Robot working environment.

The examples will focus on three different kind of proactive robot

behavior:

Example 1: proactively generate new tasks involving
robot

As mentioned in section 3.1 the Task Agenda implements the ability

for the robot to manage its high-level goals. New tasks can be ob-

tained via dialog or can be generated via CRS based on the recog-

nition of chronicles representing human activity[18]. In the task

Agenda there are some modes dedicated to the achievement of a

family of tasks. These modes are defined such as “clean”, “serve”

and also “Curiosity”. While in this mode the robot will try to achieve

tasks to keep an updated world model of objects on the table if the

robot had inferred possible changes through CRS.

In this example human comes near the table and stays there for

some time and leaves. When this chronicle is recognized, CRS sends

an Update Knowledge request to the supervisor indicating uncer-

tainty of the table state. And when robot is not doing a more pri-

oritized task it goes and looks at the table to find current table state.

This helps robot keep an up-to-date world model of objects on the

table. Figure 8 illustrates the example described.

Example 2: proactively ask human help to achieve a
robot task

Through this scenario, we would like to show the ability of the sys-

tem to take initiative and ask human help to remove an ambiguity or

to escape from a blocked situation. The task consists in Jido cleaning

the living-room table by picking up the bottle and throwing it into

the trash. Figure 6 illustrates the plan produced by HATP for normal

execution as well as a snapshot of a current task refinement decompo-

sition performed by SHARY. Initially HATP produces a plan where

Jido can do the task itself. SHARY executes the plan. During the ex-

ecution of the (move to table) task our human aware motion planner

(MHP[31]) places our robot in front of the table for safe manipulation

in human presence. Sometimes Jido cannot reach the bottle. SHARY

would then ask HATP to replan. If there is a person present in the

environment that can reach the bottle, HATP will provide a new plan

where human will reach the bottle and give it to Jido. Executing this

plan will consist in Jido asking the human to give it the bottle.

Figure 7 illustrates the different steps including request to the plan-

ner when robot can ask human help.
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(a) (b) (c) (d) (e)

Figure 5. Example 3: proactively generate new tasks involving robot. a person approaches the table near the cupboard and stays still for a moment before
leaving. This induces the fact that the person might have put or taken bottles. Jido takes the initiative to approach the table and to update its knowledge using its

perception functions.
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(a) Current execution task stack in SHARY: Boxes are tasks, circles and diamonds shapes are act_X_tasks (RT is the abbrevi-
ation of REALIZE-TASK), gray arrows represent decomposition links and dotted arrows are transitions between act_X_tasks
inside a communication scheme. Blue color corresponds to achieved tasks and acts while green color means that they are being
executed.

(b) Hierarchical plan from HATP for the clean-up task (c) Snapshot from the ex-
periment

Figure 6. Example 2: proactively ask human help to achieve a robot tasks Achieving clear-up(yellow-bottle) consists mainly in achieving its
act_X_task RT or its plan HATP as well. The HATP plan stops at a given abstract level in task decomposition ( 6(b)). Consequently, SHARY needs to further

refine these tasks corresponding to the leaves in the HATP plan tree. This is illustrated in 6(a) for MoveForManipulate task.
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Figure 7. Example 2(In difficulty ask Help): clean-up task execution: At the top left of the figure, we see a simple version of the first HATP plan
computed to achieve the clean-up. In the middle and at the right side of the figure, we see the execution stream corresponding to this plan execution. This
first plan failed due to robot inability to take the bottle (even when it has perceived it). SHARY asks a new feasible plan. HATP finds a plan with a higher cost
and two streams and where the person is requested to participate by giving the bottle to Jido. The robot can then proceed and move to throw the bottle in the

trash bin.

Example 3 : act proactively to help human achieve
his goal

In this scenario we will see the capacity of the system to generate

a pro-active behavior to help human achieve his/her goal. Robot ob-

serves the environment via CRS and if it recognizes a scenario that

corresponds to human goal, it transmits this human goal to SHARY.

SHARY adds this probable new goal in the task Agenda which ana-

lyzes its priority in comparison to the other present in the TODO list.

If the new goal has the priority SHARY requests HATP for a plan,

HATP searches for plans that minimize human effort. If it exists at

least one, it supplies the best one to the SHARY. If the plan contains

some task for the robot, Shary starts the execution otherwise there is

no thing to do for the robot and it carries on its current activity.

In this example, Jido observes human going near the bookshelf,

taking the book and sitting on the sofa. CRS recognizes this sce-

nario as human wants to read and informs SHARY. Which adds this

task to the Agenda which puts it on the top of the list after analysis.

Shary sends a planning request to HATP. HATP starts planning, tak-

ing into account human preference, ability and capacity (like John

wears glasses where as Jack does not) finds a plan where human

should have his reading glasses (Assuming an ambient camera sys-

tem through which jido knows that human is not wearing glasses)

because one of the precondition of the to read task is to have read-

ing glasses. SHARY checks if there is some thing to do and executes

HATP plan if there is. Figure 8(a) shows the system activities flow for

this example. Figure 8(b) shows, the HATP plan with two streams,

one for human, showing his course of action and other strean show-

ing robot course of action to intervene and help human achieve his

goal of reading by bringing the reading glasses for him.

CONCLUSION AND FUTURE WORK

In this paper, we have presented a system architecture for proactive

robot initiative taking, adding to its already rich set of human robot

interaction (hri) capabilities. We have discussed main components

involved in initiative taking and describe how they are working in

our system. We have demonstrated through implemented examples

various aspects of the system, scenario recogniton, planning based

initiative taking and execution through hri dedicated supervisor.

Deciding on whether to take initiative and whether to ask permis-

sion or inform about initiative taking is not easy. These issues were

simplified here. The robot always took initiative if there are some

plan involving robot and always asked for permission before execu-

tion.

Human preferences regarding robot initiative taking were not

taken into account to produce plan. Some people could be reluctant

to initiative taking robots whereas some other would be very enthusi-

astic and possibly bothered that the robot asks permission each time

it wants to take initiative. We could also imagine that the individual

preference of a particular person evolves both in a very short term

(Emergency situations, Human emotional state, recent dialogues and

actions) and in a longer term ( people gradually becoming more con-

fident or conversely more suspicious or annoyed). HATP is able to

model human preferences so we could very easily introduce parame-

ters stating individual preferences toward robot productivity to adapt

the resulting plans to each individuals. The new challenge would then

be to make this preference evolves according to context and interac-

tion memory.

Concerning scenario recognition, we can use chronicle

learning[26] for obtaining new chronicles or focus on proba-
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(a) While the robot is doing some task, CRS detects a human reading chronicle. It informs SHARY
that create a task in the task Agenda. SHARY sends a planning request to HATP, HATP produces a
plan. SHARY analyses the plan and if there is a robot task for helping human executes it.

(b) HATP produced plan, with two streams: one for
human course of action, and another for robot actions
where it can proactively intervene to help human

Figure 8. Example 3: act proactively to achieve human goal The general flow of activities in the system
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bilistic approaches for better handling of uncertainty. Or can look to

probabilistic approaches for interpreting human activity, like[10, 19].

Task agenda being based on fixed task priority prohibits natural

and rational behavior. It needs to be more dynamic, should take into

many factors, for instance, task progress. For that plan monitoring

will be important, CRS can be useful if plans can be synthesized

into chronicles.
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Human to Robot Demonstrations of Routine Home Tasks:
Acknowledgment and Response to the Robot’s Feedback

Aris Alissandrakis and Yoshihiro MIYAKE1

Abstract. This paper investigates the possible role of the robot’s
feedback in Human-Robot Interaction (HRI) from the human per-
spective, and attempts to highlight some important conceptual and
practical issues such as the lack of explicitness and consistency on
people’s demonstration strategies. More specifically, any changes
that can be expected on the part of a human (teacher), in the teaching
of a task, when a robot (student) declares that the given demonstra-
tion was not understood. The findings from such studies can help in
turn, from a system perspective, towards the design of HRI systems
that are able to better anticipate and behave according to human ex-
pectations.

Partly intended as a replication and verification of a previous study,
the everyday domestic task of setting a table, both in Japanese and
in non-Japanese (or “western”) style, is taught to a humanoid robot
by the participants of the currently conducted user study. The par-
ticipant’s acknowledgment and responses to the robot’s feedback are
discussed in regard to demonstration changes and consistency, based
on a HRI gesture classification.

1 INTRODUCTION AND OVERVIEW

As robots integrate more into human society and domestic/public en-
vironments (in contrast to industrial/factory environments), they can
be expected to behave more like ‘companions’, i.e. a) make them-
selves ‘useful’ (being able to carry out a variety of tasks in order to
assist humans in domestic home environments), and b) behave so-
cially (possess social skills in order to be able to interact with people
in a socially acceptable manner). Such robots should take into con-
sideration individual human likes, dislikes and preferences in order
to adapt their behavior accordingly.

Thus, issues of agency, believability and sociality become very im-
portant [5]. Humans have expectations about the way artifacts should
react and perform in social situations and the design of robots needs
to conform to some of these expectations. The design of such socia-
ble robots needs input from research concerning social learning and
imitation, gesture and natural language communication, emotion and
recognition of interaction patterns [6].

Our broader research goal is investigating social learning in HRI
and as part of this, how people explain routine home tasks to robots
and how these human-robot interactions unfold by using speech and
gestures. Using that as a starting point, we want to examine the pos-
sible role of feedback by a robot acknowledging (or stating failure to
understand) the instructions of a human teacher.

1 Miyake Lab, Dept. of Computational Intelligence & Systems
Science, Tokyo Institute of Technology, Japan, email: alissan-
drakis@myk.dis.titech.ac.jp

This role would need to be systematically investigated, and exam-
ine how if affects the cycle of human-robot interactions. The overall
teaching strategy would also need to be informed by studies investi-
gating the characteristic ways of how people tend to segment tasks,
forming goals and sub goals explicitly, or implicitly.

We would like to also highlight the dialogic nature of the prob-
lem and try to consider two perspectives: (a) human perspective –
how people do teaching (more-or-less) naturally and (b) system per-
spective – how can hardware and sensor requirements be met and ex-
tensive (or even impossible) assumptions/pre-knowledge about the
world be addressed. By examining the human perspective, we can
better inform the system perspective; this line of research will en-
able researchers to design robots that can pick “close enough initial
metrics of similarity” depending on context, kick-starting the robot’s
understanding of taught instructions and process of common ground
negotiation with the human.

The paper is structured as follows. Section 2 introduces the four
research questions. Section 3 details the methodology, section 4 dis-
cusses the results from the current user study, while section 5 dis-
cusses some design implications from the system perspective. Fi-
nally, section 6 offers some conclusions and possible future work
directions.

2 RESEARCH QUESTIONS
The issue of how people explain routine tasks to robots has already
been addressed in [13], suggesting that people’s assumptions about
the way a robot “should” be able to understand their demonstration,
the implicit knowledge about the tasks that people tend to take for
granted, and the robot’s behavior legibility can and will influence the
HRI in this type of task.

The purpose of the conducted user study is to examine the possi-
ble role of feedback (by the robot, to the human) regarding teaching
a simple domestic everyday task. This feedback can be either posi-
tive or negative, i.e. indicating understanding (or not) of the human
demonstration2, by the robot.

The work presented here is also intended as a replication and ex-
tension of the work presented in [12], and as such shares three main
research questions:

Q1 Do the human participants change their instruction(s) when
the robot provides negative feedback (i.e. declares inability to un-
derstand the participant’s gestures and/or speech)?
Q2 What is the nature of the change of the instructions (if any).
Q3 To what extent do people maintain the changes for the remain-
ing of the teaching task.

2 This can include both verbal explanations, and also non-verbal gestures by
the participant.
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In addition, given the two variations of the task (Japanese and non-
Japanese style of setting a table), we add another:

Q4 Does the nature of the task to be taught (both known, but one
not so frequently practiced by the participant) have any influence
on the above questions?

On a related note, it is worth mentioning that [14] makes some
observations about the way people tend to administer their own feed-
back when teaching a Reinforcement Learning agent:

(a) they use the reward channel not only for feedback, but also for
future-directed guidance;
(b) they have a positive bias to their feedback, possibly using the
signal as a motivational channel; and
(c) they change their behavior as they develop a mental model of
the robotic learner.

These last points (about people’s feedback) are outside the current
scope of the work (focusing more on the robot’s feedback), but very
much of interest in the broad context of this work.

3 METHODOLOGY
3.1 Participants
The sample consisted of 11 native Japanese participants (6 female
and 5 male), all of them university students in their early twenties.
None of them had any computer science or robotics background, or
(more importantly) had any previous experience of interacting with
a robot, and could therefore be considered ‘naive’ in respect to their
expectations of a robot behaving in a social manner.

For the purposes of the current exploratory study (as for the previ-
ous study presented in [12]) this sample size was considered suitable,
in order to provide observations for future studies involving larger
number of participants.

3.2 Materials/Apparatus
The current user study was conducted at the Miyake Lab, Tokyo In-
stitute of Technology, in Japan.

Each session consisted of a participant teaching the humanoid
communication robot Wakamaru (Mitsubishi Heavy Industries) two
variations, Japanese and non-Japanese, of the everyday domestic task
of laying a table.

The utensil objects were a plate, a bowl, a cup and chopsticks3

for the Japanese style, and a plate, a glass, a fork and a knife for the
non-Japanese style of laying a table. In each case, they were set on a
side-table, from which they should be picked up by the participants
and placed on another table, in front of the robot.

A video camera was used to capture the participant’s demonstra-
tions and interaction with the robot.

3.3 Procedure
In order to capture the most ‘natural’ responses and behavior by the
participants, no specific instructions were given to them as to how to
interact with the robot, besides the single restriction that they must
only use one object at the time (but in any order), and hold it using

3 The participants were instructed to consider the two chopsticks together, as
a single item. However, one participant (5) also considered the fork and the
knife as a single ‘item’.

Figure 1. Robot’s feedback for each sub-task. Irrespective of what the
actual participant demonstration is, the robot should give positive feedback

on the first, third and fourth demonstration, and (initially) give negative
feedback on the second demonstration. Only after (and if) the participant
repeats their second demonstration, the robot should then give positive

feedback. See Fig. 2 for the actual gestures used by the robot.

one hand; as there were four objects to be used each time, each task
was decomposed to four ‘sub-tasks’.

In each session, a participant, after completing a background ques-
tionnaire, was asked to demonstrate to the robot how to lay the table
twice, using a different set of utensils each time. The order for us-
ing the Japanese and the non-Japanese utensils was reversed for each
successive participant.

In each of the tasks, the robot would provide positive feedback for
the first, third and fourth sub-task demonstrations given by the partic-
ipant, but (at first) provide negative feedback for the second demon-
stration (see Fig. 1), irrespective of what the actual instructions by
the participants are.

The change from positive to negative feedback between the first
and second demonstrations allows us to examine Q1 (and, in the
cases that Q1 happens to be true, Q2); the change back to positive
feedback for the third and fourth demonstrations allows us to exam-
ine Q3, assuming Q1 occurred. By comparing the interaction during
the entire task in the Japanese and non-Japanese cases, we can exam-
ine Q4.

Finally, each participant was asked in a post-session semi-
structured interview to subjectively recall the events as they occurred
in their session, and comment on their impression of their interaction
with the robot.

3.4 The “Wizard of Oz” Methodology

Due to technological issues (current state-of-the-art robots are not yet
able to detect and understand unrestrained behavior by humans), plus
the fact that for our purposes here the robot does not need to detect
or respond to the actual participant’s behavior (as all responses are
predetermined), the robot can be controlled using the Wizard-of-Oz
methodology.

The Wizard-of-Oz has come in common usage in the fields of
experimental psychology, human factors, ergonomics, and usabil-
ity engineering to describe a testing or iterative design methodology
wherein an experimenter (the “wizard”), in a laboratory setting, sim-
ulates the behavior of a theoretical intelligent computer application
or robotic system (often by remaining hidden, intercepting the com-
munication and using teleoperation, with the participant having no
a-priori knowledge of this – thus creating the illusion of autonomy).
For more details about the Wizard-of-Oz methodology see e.g. [4].

The use of this methodology is very powerful for studies of this
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kind; it is important for the current user study as we do not need to
do an evaluation from the system perspective (therefore the actual
robot performance only needs to be consistent and legible through-
out) but rather from the human perspective observe the participant’s
behavior to the robot feedback in a controlled way (by having defined
predetermined robot reactions for each sub-task).

Although the order and type of the responses is predetermined (as
per Figs. 1 and 2), the precise timing depends upon each participant
completing their current demonstrations. The end of a demonstration
can be defined as when e.g.

• the participant stops talking and/or gesturing,
• the participant starts to interact with the next4 object,
• the participant waits for the robot’s acknowledgment,
• etc.

These criteria are more-or-less subjective, and currently far easier to
be detected by humans (sensitive to a variety of cues across different
modalities) than by an artificial system; therefore it is important that
the wizard is the same person and s/he tries to be consistent through-
out the experiment sessions (by using the same criteria in similar
situations).

The precise response timing is an issue that cannot be easily con-
trolled in a Wizard-of-Oz study. It has been shown (see [9, 10] for
examples in HRI) that besides the explicit verbal part of communi-
cation (formal semantics) an implicit non-verbal part (expressed as
e.g. the delay between an utterance and its response, but also the co-
ordination of gesture and speech) also plays an important role, both
in human-human and human-robot interaction.

3.5 Gesture Classification

The conceptual framework presented in [11] can be used to capture
requirements for contextual interpretation of body postures and hu-
man activities for purposes of HRI. It defines five functional classes
of gestures:

Manipulative gestures These are gestures that involve the dis-
placement of objects (e.g. picking a cup), or miming such dis-
placements.
Symbolic gestures These are gestures that follow a conventional-
ized signal. Their recognition is highly dependent on the context,
both current task and cultural milieu (e.g. the thumbs up or thumb-
index finger ring to convey “OK”).
Interactional gestures This category classifies gestures used to
regulate interaction with a partner. These can be used to initiate,
maintain, invite, synchronize, organize or terminate an interaction
behavior between agents (e.g. head nodding, hand gestures to en-
courage the communicator to continue).
Referencing/pointing gestures (Deictics) The gestures that fall
into this category are gestures used to indicate objects or loci of
interest.
Side effect of expressive behavior These are gestures that occur
as side-effects of people’s communicative behavior. They can be
motion with hands, arms, face etc but without specific interactive,
communicative, symbolic or referential roles.
Irrelevant These are gestures that do not have a primary commu-
nicative or interactive function, e.g. adjusting one’s hair or rubbing
the eye.

4 Note that transporting and placing an object is usually not the end of a
demonstration, and should not be used as such in general.

Normal posture, while the participant gives instructions for each sub-task.

Positive feedback: robot nods head forwards and says “Hai, wakarimashita!” 〈Yes, I
understand!〉

Negative feedback: robot tilts head sideways and says “Suimasen, wakarimasen. . . ”
〈Sorry, I don’t understand. . . 〉

Figure 2. Robot feedback. From top to bottom: normal posture, positive
and negative feedback.

But it is important to note that certain gestures in particular sit-
uations might be multipurpose. Nehaniv et al. [11] stress the im-
portance of knowing the context in which gestures are produced
since it is crucial to disambiguate their meaning. In practice, data on
the interaction history and context may help the classification pro-
cess. The above framework is intended to complement existing and
more detailed speech-focused classification systems (see for example
[2, 3, 7]).

Towards examining the research questions posed in section 2, one
can analyze the video obtained from the user study sessions, using
the above classification. Doing this, a qualitative and descriptive pic-
ture of the interactions that took place in the sessions can be obtained,
which can be also used to inform the requirements, from the system
perspective, for identifying the human instructions and responding
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accordingly.
For the task involved in this study, similar as in [12], only three

of the previous categories were hypothesized to be relevant: interac-
tional gestures, manipulative gestures and referencing/pointing ges-
tures.

As utterances provide contextual information, one can also con-
sider the following classification:

Interactional utterances produced to initiate, maintain, regulate
or terminate the social part of the interaction.
Non-interactional utterances produced for the actual explana-
tion of the proposed task. They can be further sub-divided into
indication of object, action and/or location.

The objects’ localization type can be also classified as

Relative reference, when the person indicates other objects or
landmarks as reference points to the location where a specific ob-
ject should be laid.
Absolute reference, when the person does not use other objects
or landmarks as reference points. For example, the person might
say “place the glass here” without making any additional gestures,
apart from the actual transportation, to indicate possible relations
among objects or landmarks regarding location.

Note that this localization classification is related (from the system
perspective) to effect metrics for robot imitation (cf. [1]) i.e. measures
of similarity between positions, orientations and states of external
objects, but also changes to the body-world relationship of the agent,
that can be used to achieve the same goal(s) in context.

4 RESULTS
The given task had no ‘right’ or ‘wrong’ way to be accomplished.
The layout of the eating utensils on the table was done according to
the personal preferences of each participant, with no objective mea-
sure of the task performance. Instead, this section presents a descrip-
tive analysis of the data obtained from the user study; these include
the recorded video from the sessions as well as the post-session in-
terviews with each the participants.

As the current user study is (intentionally) very similar to the one
presented in [12], we will also contrast some of the respective find-
ings; that study will be referred to in the text as “previous”, while the
presently reported study as “current”.

One general observation that is very contrasting to the previous
study was the almost total lack of explicit referencing/pointing ges-
tures. Only a single participant (3, in Japanese utensil task) used
some explicit pointing gestures to indicate (relative) locations, but
not to indicate an object. Four participants (4,7, 8 and 10, in both
tasks) used a single, continuous, gesture to transport each object from
the side table to the table in front of the robot, while at the same time
verbally identified the object – sometimes adding localization infor-
mation (4 and 10 only). The rest of the participants (1, 2, 5, 6, 9,
11 and including 3) used an implicit type of pointing gesture, typ-
ical, among other places, in Japan for presentation: the object was
held at the end of the extended arm5 of the participant, towards the
robot, for a short6 time before placing it on the table. This kind of
gesture could be interpreted as both referencing the object itself but

5 Some participants, contrary to the user study instructions, used both hands.
6 Only one participant (6, both tasks) waited long enough after he presented a

utensil in this manner until he explicitly received acknowledgment that the
robot perceived the object, before demonstrating where the object should
be placed.

also its intended destination, although for the later interpretation, the
extended arm’s direction would not give precise information. There-
fore, similar to the previous study, there was a lack of clear ges-
ture segmentation between identifying an object and indicating its
intended placement.

In some cases there were some subsequent correction gestures,
moving the other objects on the table to improve the available space
or to better orient the current utensil, but with no added verbal expla-
nation as to what they were doing or why. Overall, there were no dis-
tinct interactional gestures observed. Two of the participants (4 and
6) produced an excessive amount of irrelevant type gestures through-
out their sessions. Also, although most participants faced the robot
across the table, participants 8 and 10 chose instead (for both tasks)
to approach the side of the table, and lay the table while standing on
the right side of Wakamaru.

4.1 Acknowledgment of the Robot’s Feedback

In respect to Q1, every participant acknowledged the robot’s feed-
back, and repeated (modified in some respect) their demonstrations
for the second sub-task, in both tasks, when the robot stated that it
does not understand their initial instructions.

4.2 Modification of Sub-Task Demonstration

The majority of the participants (1, 2, 4, 8, 9 , 10 and 11) when asked
about it in their interviews, stated that the misunderstanding during
the second sub-task (for either one, or both of the tasks) occurred due
to their own fault (e.g. they did not speak loud enough for the robot to
hear, or they did not hold the object within the robot’s point of view);
therefore, they repeated their demonstration more-or-less as before,
both in terms of gesture and utterance, but speaking in a more loud
and clear manner.

In terms of object localization, participants used both absolute
(e.g. “I place it at the center.”, “I place the plate here.”) and relative
(e.g. “I place the glass on the right from your view.”, “I place the fork
on the opposite side.”, “I place the fork vertically on Wakamaru’s
right, next to the knife.”) referencing, although in some cases they
simply omitted any spoken placement instructions. Table 1 shows
the object localization classification results for the current user study,
indicating only three cases where the type of reference changed, as
a response to the robot’s misunderstanding. Note that for classifica-
tion purposes, we considered the occurrence of an absolute reference
when the participant explicitly used either “here” or “center”, with
no additional points of reference. In that sense, the absence of an
explicit utterance but instead the performance of an implicit (manip-
ulative or deictic) gesture could be also classified as an instance of
absolute reference. However, in Table 1 we differentiate between ab-
solute and absence-of (explicit) localization (“none”).

In terms of instruction detail, all seven participants that used rela-
tive localization (1, 2, 3, 4, 6, 9 and 10) modified their instructions by
changing or clarifying the reference points used (e.g. “[. . .] place it
on the right back.”→ “[. . .] a little more in the back than the plate, to
the right as much as it can be.” or “I place it on the right.”→ “I place
it on the right of Wakamaru.”); three of those participants (1, 6 and 9)
stated in their interviews that they thought the misunderstanding for
the second sub-task occurred because they did not explicitly specify
whether by “left” or “right” they meant from their own or the robot’s
perspective. In general, the instruction detail increased, with only a
single participant (6) choosing to use ‘simpler’ referencing (“[. . . ] on
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#
task sub-task
type 1st 2nd 3rd 4th

1a J absolute relative relative relative
1b nJ absolute relative relative relative
2a nJ absolute relative relative relative
2b J relative absolute→relative relative relative
3a J relative relative relative relative
3b nJ relative relative absolute relative
4a nJ absolute relative none none
4b J relative relative relative absolute
5a J absolute none none none
5b nJ none absolute relative –
6a nJ absolute relative absolute relative
6b J absolute relative→absolute absolute absolute
7a J none none none none
7b nJ none none none none
8a nJ absolute absolute none none
8b J absolute absolute none none
9a J relative relative relative relative
9b nJ absolute relative relative relative

10a nJ absolute relative relative relative
10b J relative absolute→relative relative relative
11a J absolute absolute absolute absolute
11b nJ absolute absolute absolute absolute

Table 1. Object localization classification results (based on each
participant’s utterance). Task type order as given to each participant

(J=Japanese, nJ=non-Japanese utensils). None indicates no explicit
reference (i.e. only utensil name used). Only in 2b, 6b and 10b the

participants changed the localization for the second sub-task. In all other
cases, it remained the same. In task 5b, participant 5 incorrectly used both

knife and fork together as the first item, similar to the chopsticks.

this side.” → “[. . . ] here.” and “[. . . ] on the right from your view.”
→ “[. . . ] on this side.”)

One participant (7), when faced with the robot’s misunderstanding
in the second sub-task, she placed the utensil back on the side table,
chose a different one instead, and then later came back to that utensil
for the next sub-task. This occurred for both tasks, although there
was no mention that the presentation order was important in the pre-
session instructions given to the participants.

4.3 Consistency of Task Demonstration
As seen in Table 1, in every case when a participant changed their
object localization reference type (2b, 6b and 10b), they remained
consistent through the remaining sub-tasks; this is in contrast to the
observations of the previous user study, where only few participants
did. However, in the majority of cases in the current study, the par-
ticipants did not change their referencing at the second subtask (in
contrast to the previous study, where a larger number did), and be-
sides participants 7 and 11 (which used “none” and absolute refer-
encing, respectively, for the entirety of both tasks) a combination of
localization types was used.

Although it could be argued that most participants in the current
study were more-or-less consistent on their own, it is evident that
there is still no consistency between them; even a simple assumption
like e.g. “absolute reference is most likely to be used for the first
object, in the absence of task-related reference points”, cannot be
generalized.

In comparison to the previous study, the current study results seem
to indicate a higher degree of consistency, especially in the cases
when a change was made in response to the robot’s feedback; how-

ever the observation that in general humans lack consistency in HRI
teaching tasks remains an issue, especially when (as in these initial
user studies) the robot’s feedback is not more informative besides a
simple indication of understanding (or not).

4.4 Influence of Task Familiarity

In respect to Q4, in the current study, no differences were observed
in the demonstration either of the whole task or in specific sub-tasks,
between the two tasks, in terms of gestures. However, four partic-
ipants (2, 3, 5 and 9) commented on the particular function of the
Japanese utensils (e.g. “This is a soup bowl [. . . ] it is used to eat miso
soup.”, “This is a rice bowl. I use it when I eat rice.”)7 compared to
simply labeling the non-Japanese utensils. None of the participants
added this description detail to their instructions for any of the non-
Japanese utensils.

5 SOME STRATEGIES FROM A SYSTEM
PERSPECTIVE

For currently available algorithmic and machine learning methods,
the demonstrations by the participants of this study were far from
clear or easy to identify. The setting of the study was quite freeform –
the participants were given minimal instructions. The system/robot’s
capabilities were purposefully underpublicized (and we deliberately
used ‘naive’ participants), in order to elicit a wide range of ‘natural’
responses from the participants, especially when the robot states that
it can not understand their demonstration. We believe that investi-
gating what people say and do while interacting with (here demon-
strating to) robots, as well as what the people think about the robot’s
understanding is quite important for HRI. This line of research can
enable researchers to design robots that are able to engage in a pro-
cess of common ground negotiation with humans, depending on the
context, towards achieving a variety of tasks/goals.

From a human perspective, we note that people are willing to
interact with robots, but most importantly that they appear will-
ing to accommodate the robot’s feedback and modify their teaching
demonstrations to facilitate its understanding. However, consistency
of teaching style aside, without knowing what was unclear about the
initial example, the additional example might contradict task-specific
knowledge indicated in the previous example – or again be unclear.
Given the initial character of the current study, the feedback was
rather simple – an acknowledgment of understanding (or not), but
not what was understood. A system should be able to communicate
the nature of the source of the misunderstanding; one way this could
be achieved would be for the robot to (partially) reproduce the cur-
rent sub-goal. Even without verbal comments from the robot, such a
reproduction attempt would implicitly advertize the robot’s capabil-
ities, and could provide the human with an insight on the source of
the failure, to be addressed in their next demonstration attempt. This
‘interactive’, turn-taking approach to teaching would allow robots to
take full advantage of the social environment for learning, and hu-
mans to increase their communication potential.

One of the reasons for this misunderstanding might be that peo-
ple tend to combine information about the object and the manipu-
lation/transportation/location. Unprompted, there is usual no clear
segmentation, either by a distinct pause or particular gestures that
emphasize e.g. the object or the location. From a system’s perspec-
tive then, it is important for the robot to be able to prompt people to

7 Note that both participants are here referring to the same utensil.
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be more explicit about the sub-task segmentation of their demonstra-
tions. This would possibly help isolate and identify any sources of
misunderstanding, and target them specifically.

6 CONCLUSIONS AND FUTURE WORK

Based on the results from the current user study, all8 participants did
acknowledge the robot’s feedback on their demonstration of teaching
the task of laying a table (Q1); they appreciated the positive feed-
back, but most importantly they responded to the negative feedback
as well, by repeating their demonstration. Unfortunately, the partic-
ipants used very few distinct gestures, and, as the negative feedback
was not very informative, the majority assumed that e.g. they had
to speak louder, so they did not greatly modify their demonstrations
(Q2). However, in the few cases they did (change the object localiza-
tion), they were consistent for the rest of the task (Q3) – this obser-
vation was more promising than the findings of the previous study.
Concerning the influence of task familiarity on the current task teach-
ing (Q4), there were no definitive results from the current study, but
it would appear that the participants tended to add extra details about
the object’s intended use and function in their verbal instructions.

One of the main motivations for the current user study was to
confirm whether the initial observations of the previous study [12]
on the acknowledgment of the robot’s feedback were valid in a
Japanese cultural setting (also, using a humanoid9 robot), and inform
the follow-up studies.

Next research topics would include further studies on to what ex-
tent are people willing to engage in interactions with robots that
actively seek to show their understanding by demonstrating, and
whether this strategy would be realistic in a wide range of domestic
situations. Given the limitations of state-of-the-art active manipula-
tion, what other mechanisms could perhaps put into place and serve
as replacements?

Are people willing to accept the robot’s requests regarding the way
a task can be performed? What form should these requests take? Re-
garding these last issues, in the follow-up study we intend to increase
the details of the robot’s feedback, by adding details about the ob-
ject’s localization, followed by a pointing gesture. This could be ei-
ther absolute (“here”) or relative (e.g. “ to the left of [name of other
utencil]”), and instead of positive or negative, the feedback could
be ‘correct’ (according to the participant’s perceived intentions by
the ‘wizard’) or not. A possible strategy to explore would then be to
have Wakamaru use only one of either localization styles and make
‘mistakes’ if the participant uses a different one (or ‘none’).

Another observation we made on the current study is that most par-
ticipants appeared during their session (and some made a remark in
their post-session interviews) to expect more interactional gestures
on the part of Wakamaru, instead of the robot maintaining a pas-
sive non-moving posture while they were performing their demon-
strations. Therefore, we also aim to have Wakamaru actively indicate
that it is being attentive (e.g. by regularly uttering “Hai 〈Yes〉” and
nodding), while the sub-task demonstration takes place, before the
feedback – this sort of indication of attention is very common (and
expected) in Japanese culture.

One participant also remarked in her interview that the robot hav-
ing the same response time for both positive and negative feedback

8 But this is not always true; e.g. in the previous study a single participant
chose to completely ignore the robot’s feedback. More study is needed re-
garding this hypothesis in general.

9 In the previous study, a robot of mechanistic appearance (PeopleBot, Mo-
bileRobots Inc.) was used.

did not feel right; in her opinion, the expression of misunderstand-
ing should be more delayed (indicating perhaps a longer and more
careful thinking process, or even politeness). In a follow-up system,
more autonomous and less Wizard-of-Oz, the response timing of the
feedback (time between the end of the participant’s utterance and be-
ginning of the robot’s utterance) should be controlled as a function of
the duration of the participant’s utterance (similar to the approach in
[9, 10]). This timing synchronization would facilitate a “co-creation”
process [8], meaning the co-emergence of real-time coordination by
sharing subjective time and space between different persons (and
robots).
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Supporting Remote Manipulation with an Ecological
Augmented Virtuality Interface

J. Alan Atherton and Michael A. Goodrich 1

Abstract.
User interfaces for remote robotic manipulation widely lack suffi-

cient support for situation awareness and, consequently, can induce
high mental workload. With poor situation awareness, operators may
fail to notice task-relevant features in the environment often leading
the robot to collide with the environment. With high workload, oper-
ators may not perform well over long periods of time and may feel
stressed. We present an ecological visualization that improves opera-
tor situation awareness. Our user study shows that operators using the
ecological interface collided with the environment on average half as
many times compared with a typical interface even with a poorly cal-
ibrated 3D sensor; however, users performed more quickly with the
typical interface possibly because of the poor calibration.

1 INTRODUCTION

A manipulator is a machine that can operate on its surrounding en-
vironment. Manipulators are commonly modeled after a human arm
and hand, and aim to perform actions similar to what humans can
do with their arms and hands. A remote manipulator is located away
from the operator, so that the operator depends on sensors near the
robot to provide information about the remote environment. Figure 1
shows an example of a remote manipulator and supporting sensors.
A mobile manipulator is manipulator mounted to a mobile base, and
is often also a remote manipulator.

Mobile manipulators are useful tools in areas that are dangerous
or inaccessible to humans. For example, they are used in planetary
exploration (Mars rovers), urban search and rescue (USAR), and
explosive ordnance disposal (EOD) [16, 2, 17]. Operators use the
manipulator to grab, push, poke, operate tools, and generally try to
do what people do with their hands. In order to safely benefit from
the capabilities these robots provide, a human operator must control
them remotely. Operators can use the mobile manipulator to perform
a variety of tasks from a safe location. Although supporting mobile
manipulation is our end goal, the complexity involved is more than
we can test in one study, so we limit the scope of this work to remote
manipulation as a step toward supporting mobile manipulation.

One difficulty in remote manipulation is for the operator to un-
derstand the situation given limited data. In remote situations, the
only connection the operator has with the robot is the user inter-
face, and the operator is limited to whatever information the robot
or the interface can provide. This is sometimes referred to as look-
ing at the world through a “soda straw” [23]. Problems that come
from this limited view of the world include missed events, difficult
navigation in new situations, and an incomplete understanding of the

1 Department of Computer Science, Brigham Young University, USA

Figure 1. Remote manipulator robot, surrounding environment, and
supporting sensors.

explored world [23]. For example, depth perception is a very impor-
tant aspect of understanding the environment for manipulation, but
single-camera video displays provide limited depth perception in un-
structured environments.

Factors that affect performance in remote manipulation tasks in-
clude the physical capabilities of the robot, the autonomous behav-
iors of the robot, the user interface, and the capabilities and skill of
the human operator. Although all of these factors affect performance,
we can focus on a few factors that a system designer can control. As-
suming that we have a skilled operator, the design variables that we
can freely manipulate include the following key elements: robot ca-
pabilities, the robot behaviors, and the user interface. When the robot
does not have the required capabilities for a task, then the usability of
the user interface or autonomous behaviors make little difference for
accomplishing the task. On the other hand, when the robot does have
the necessary capabilities, then the user interface and autonomous
behaviors can significantly affect performance.

Typical robotic user interfaces present several sets of information
in multiple windows with each window showing a distinct set of
information (see, for example, Figure 2). When information is dis-
played disjointly in this manner, operators must mentally integrate
the displays to understand relationships between different sets. While
such interfaces can be very useful, including for testing and debug-
ging a system, such a design can increase the mental workload on
operators. By splitting the information into multiple windows, oper-
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ators have poorer manipulation or task-specific situation awareness
as they may miss an important event from one display while focused
on a different display.

Figure 2. Idaho National Laboratory (INL) mobile robot control interface
with multiple windows. Adopted from [1].

We present an ecological augmented virtuality (AV) user inter-
face. As discussed by Vicente in [20], the term ecological interface
originates from psychologist James J. Gibson who defines ecological
psychology as study of human-environment relationships in a natu-
ral setting, as opposed to a laboratory setting. Ecological interface
design aims to make relationships in the environment perceptually
evident to the user in order to minimize workload for understand-
ing those relationships. The term augmented virtuality, as defined by
Paul Milgram, means the interface presents real-world information
(e.g. camera video) inside a virtual environment [11]. Augmented re-
ality, on the other hand, displays virtual information on top of camera
video.

The ecological AV interface is inspired by work done by Milgram
[12], Ricks [15], Nielsen [14], and Michaud [10]. The primary com-
ponent of the interface is an ecological visualization for obstacles and
objects around the robot. The visualization displays a 3D range scan
in context with a virtual robot arm to show the spatial relationship be-
tween the robot and its surroundings; see Figure 3. We claim that the
visualization gives the operator more viewpoints than are typically
afforded by video camera systems and provides a grounded frame of
reference, potentially improving performance.

The primary contribution of this research is the analysis of the ben-
efits of using an ecological AV interface to support robotic manipula-
tion. Another contribution is the interface design itself; in particular,
the ecological 3D range scan visualization. We examine the effects
of such an approach on overall performance and situation awareness.

For the remainder of the paper we will show how our approach im-
proves situation awareness in a remote manipulation task. We discuss
the motivating factors in the design of our user interface. We describe
our experiment design, explain how the results show improved situ-
ation awareness, and present conclusions.

2 RELATED LITERATURE
Milgram and Drascic et al. show that stereo vision displays improve
performance and accuracy in manipulation tasks, and that virtual

tools augmenting the display further improve performance and accu-
racy [12]. People were able to more accurately position a robot arm
with virtual tools including tethers, tape measures, pointers, land-
marks, and object overlays. In this paper we look at a method that
gives some of the benefits of stereo vision without the high band-
width requirements and viewing hardware.

Nguyen et al. present several NASA virtual reality interfaces for
scientific and space robotics, the most similar to ours called Viz [13].
Viz is a highly flexible, modular interface system that can display
virtual models of robots in context with data from various sources,
such as automatically generated 3D terrain models. The interface and
visualization we present is similar in many ways to Viz; however, we
have designed with real-time operation in mind, while Viz seems to
be designed more for planning due to the long delays associated with
extraplanetary robotics.

Nielsen shows that an augmented virtuality interface improves
performance for mobile robot navigation and exploration tasks [14].
The interface displays a live video feed from a pan-tilt-zoom camera
in context with a 2D map built with a laser rangefinder. This paper
explores whether there are similar improvements when applying eco-
logical augmented virtuality design to a manipulation task.

Tsui and Yanco et al. designed an interface for tasking a
wheelchair-mounted manipulator arm [19]. Unlike other related
work, the operator is in close proximity with the robot, so there is
less need for situation awareness. The interface facilitates interaction
between the robot arm and the operator. The operator indicates an
object of interest with a joystick or touchscreen, then the robot arm
autonomously moves close to the object.

3 METHODS
Our method of improving user interfaces for remote manipulation
has four steps: choose a relevant problem, identify interface goals
and requirements for the problem, design interfaces using different
approaches, then test to see which approach is better. Thus, we break
up the discussion of methods into four respective sections.

3.1 Application
The real-world application most similar to what we will use for ex-
perimentation is remote sample acquisition. The objective in sample
acquisition is to navigate the robot through an environment and use a
manipulator to collect samples, such as rocks, and analyze them on-
site or return them to a lab for further analysis [16]. We will mimic
this task and analyze the performance of operators using a variety of
interface designs.

3.2 Interface Goals and Requirements
To guide the design of our interface, we choose some goals and re-
quirements inspired by Goodrich and Olsen [5]. The primary goals
are to:

1. maintain a manageable workload and
2. support situation awareness.

Requirements for the interface are to:

1. integrate information from multiple data sources,
2. provide views of the environment from multiple perspectives,
3. act as a grounding frame of reference for interaction with the

robot, and
4. externalize memory.
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3.2.1 Goals

Maintain a manageable workload.
A manageable workload means that the operator can perform the

tasks without feeling overly stressed, operate in a situation where
there are multiple competing tasks, and sustain operation for some
period of time [18, p. 301]. Reducing the operator workload is es-
pecially important in EOD and USAR, where operators may have to
work while physically and mentally fatigued [2]. To reduce the work-
load, we must (a) think about information presentation that leverages
human perception and (b) devise control methods so that users can
build correct, simple mental models [21, p. 132].

Support situation awareness. Endsley defines situation aware-
ness as “The perception of the elements in the environment within a
volume of time and space, the comprehension of their meaning, and
the projection of their status in the near future” [4]. In the context of
remote manipulation, situation awareness involves understanding the
environment surrounding the robot to avoid obstacles and to position
the manipulator with sufficient precision to accomplish a task.

3.2.2 Requirements

Integrate information. When information coming from different
sources is presented in separate contexts, it can be difficult to see
and understand relationships that may exist between different types
of data. For example, if robot position is displayed as text on one
computer screen, and a map of the environment around the robot is
displayed as an image on a separate computer screen, it may be dif-
ficult to quickly determine where the robot is located on the map.
Integrating information can reduce mental workload by reducing the
number of mental transformations that must take place to establish
relationships between different sets of data [22, p. 189].

View the environment from multiple perspectives. Providing
the ability to view multiple perspectives can help operators to ac-
quire situation awareness, especially since they must understand a
3D environment on a 2D display. Several views can help the operator
understand the relationship between the robot and its surroundings.
This is particularly useful in manipulation tasks where depth per-
ception plays a large role. Although a single camera only provides
a single perspective, creating a virtual environment can be a way to
provide multiple perspectives [14, 3]. With a virtual environment, the
operator can move a virtual camera around to change perspectives.

Grounded frame of reference. Macedo et al. [9] describe how
people perform better when information display is grounded with
control. This means that the robot moves in a way the operator ex-
pects. When the display is rotated it may not immediately be clear
what direction the robot arm should move when given a command.
Grounding simplifies the operator’s mental model of how the con-
trols affect the robot arm by connecting the motion of the arm to the
display [21, p. 135]. A simpler mental model means that the men-
tal workload is lower and performance is higher. More recent work
by Hiatt et al. suggests that a task-centric frame of reference yields
better performance than robot-centric or view-centric frames of ref-
erence [6].

Externalize memory. When the interface includes real-time data,
such as robot telemetry or a live video stream, it can be difficult to
remember what happened in the past. For example, if an obstacle
comes into view on the camera, then leaves the view, it is difficult to
remember where the obstacle is after a while [5]. Relieving burden
on short-term memory can help reduce workload and improve per-
formance. Externalizing memory means we place information in the

interface so the operator no longer needs to keep what happened in
working memory [22, p. 191].

3.3 Interface Design
We designed a new interface with these requirements in mind. The
interface is a type of 3D ecological AV display similar to the work
done in [12, 14, 15, 10]. Our interface differs from [12] in that they
use stereo vision with a fixed camera viewpoint and overlay virtual
elements as in traditional augmented reality, whereas we create a vir-
tual environment to display a 3D model that can be seen from several
viewpoints. While [14, 15, 10] apply ecological AV interfaces to real-
time robot navigation, we look at this type of interface for real-time
robotic manipulation.

In order to reduce workload on the operator and improve situation
awareness, we implemented a display that: (1) integrates information
from different sources, (2) provides views from multiple perspec-
tives, (3) gives a grounded frame of reference, and (4) externalizes
memory. We explain the design of each of these parts and how each
meets the requirements in the previous section.

Integrating information into one display may reduce the num-
ber of mental transformations the operator must perform to establish
the relationships between different data sources, such as robot state,
map, manipulator arm state, and camera video. We integrate infor-
mation by rendering virtual representations of the data sources such
that their spatial relationships are directly perceivable. We render a
virtual graphic of the manipulator arm that reflects the position and
orientation of all the robot’s parts. We also display a 3D scan gen-
erated from the range image data that we explain in greater detail
later in this section. See Figure 3 for a screen-shot that depicts these
representations, and also shows the view the user has while using
the interface. By integrating these sources into a single display, the
mental workload on the operator is potentially reduced [15].

Figure 3. Augmented virtuality user interface for remote manipulation.
This is the user’s view in the interface.

Since we display information in a virtual environment, we can pro-
vide virtual viewpoints from anywhere in the environment. The user
is enabled to change the “look-from” point of the virtual camera, and
the focal point of the camera is set on the center of the workspace of
the robot. These adjustments give multiple perspectives to the user
and enhance understanding of the world surrounding the robot arm.
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While multiple perspectives are nice, they introduce a problem
with controlling the robot arm. When the user indicates a direction
for the robot arm to move, should the robot move according to its
own frame of reference or from the virtual perspective’s frame of
reference? In essence, this is a problem of grounding. We imple-
mented two control methods: the robot frame-of-reference control
method is direct, independent control of each joint, and the grounded
control method is a “flying the end effector” control method where
the user controls an invisible target point to which the arm reaches.
In other words, the user moves the target position for the gripper,
and the robot decides how to move each joint to reach that posi-
tion. Controlling the end effector has been shown to reduce workload
dramatically compared to controlling the joints, although situation
awareness is negatively impacted when controlling the end effector
[7]. We hypothesize that the negative situation awareness effects will
be reduced as a result of the integrated nature of our display. With
end-effector control, the orientation of the virtual view affects the
direction the target point moves (see Figure 4). In other words, com-
manding the target point to move right will cause the target to move
right in the computer screen frame of reference, and not necessarily
in the robot’s frame of reference. This can cause confusion while
focused on the camera video (because the video is in the robot’s
frame of reference), so we rotate the camera video to give a sense
for what direction the robot will move relative to the camera video.
The grounded control connects the control of the robot arm to the
virtual display of the world.

Figure 4. Two frames of reference for controlling a robot arm. All boxes
show the robot arm from a top-down perspective. The robot arm is in the
same position in each box, but the view is rotated. The top row shows the

direction the end effector would move when commanded to move right when
using a robot-centric reference frame. The bottom row shows the direction

when using a view-centric reference frame.

Part of the world around the robot is represented by a 3D scan.
The scan is captured from a ranging camera (but only when the user
requests the scan) and then displayed as a set of colored splats. The

color assigned to each splat is a function of depth in a “heat map”
gradient. We align the 3D scan with the graphic of the robot arm
simply by manual measurements that result in a degree of misalign-
ment. The misalignment is not constant and in some cases appears
to be perfect, but in some cases is off by as much as 2 cm. We leave
improved alignment to future work.

The 3D scan presents a perceptual display of information about
the world and thus potentially improves situation awareness while
reducing workload. Such a display also provides externalized mem-
ory, as the 3D scan provides a greater field-of-view than the video
camera.

4 User Study
In the user study we evaluate the usefulness of the 3D scan com-
pared with the camera video as well as two different control meth-
ods: (1) joint control and (2) end-effector control. We hypothesized
that users would perform tasks most quickly and with the fewest col-
lisions while using the 3D scan, camera video, and end-effector con-
trol together. We measure the performance of users as they collect
blocks with a robot arm in two control-type conditions (joint and end-
effector) and three visualization conditions (scan-only, video-only,
and scan+video).

4.1 Experiment Setup
For our experiment, we designed a simple object collection task. Par-
ticipants in the experiment were required to pick up 3 small yellow
blocks (2.8 cm wide) and drop them into a cardboard box (8W x 10L
x 6H cm). These target blocks are placed on top of posts with heights
6, 10, and 18 cm. Seven different layouts specify the position for
each post and the deposit box to prevent users from memorizing the
course. In most of the layouts, the posts are placed within relatively
easy reach of the robot arm, but a few configurations require the op-
erator to almost fully extend the arm to reach the block. Curtains
obscure the robot from the operator’s view, although audio cues are
present (primarily when a block falls from its post or is deposited).

The robot system is comprised of a robotic arm, sensors, comput-
ers, and a joystick controller. See Figure 1 for a photograph of the
experiment setup.

The robot arm used in the experiment is a modified Lynxmotion
6 degrees-of-freedom (DOF) arm (5 DOF + gripper). The modified
arm can reach approximately 30 cm and lift approximately 0.5 kg.
The gripper measures 5 cm when fully open, so there is a 2 cm clear-
ance between the gripper “fingers” and the target blocks. The robot
servos provide no position or force feedback. We modified the arm
with higher-power servos and added position feedback for the grip-
per. Feedback on the gripper allows us to display the gripper correctly
when an object is grasped; otherwise, the gripper would appear com-
pletely closed when grasping an object even though it should appear
only partially closed.

The experiment used a ranging image sensor and a webcam. The
ranging image sensor is a Swiss Ranger SR-3000 mounted on a sta-
tionary tripod above and behind the robot arm. This positioning sim-
ulates a configuration where the sensor is mounted above and behind
the arm on a mobile robot base. In a real mobile manipulator situ-
ation, the base is often stationary during manipulation. Future work
will consider the arm mounted to a mobile base. Upon user request,
the SR-3000 provides a 3D point for each pixel in the image (di-
mension 176 by 144 pixels). A generic USB color webcam, mounted
to the arm, has a resolution of 320 by 240 pixels and a frame rate

Proceedings New Frontiers in Human-Robot Interaction, K. Dautenhahn (Ed.), symposium at the AISB09 convention, 8-9 April, Edinburgh, Scotland

19



of approximately 8 frames per second in our environment. There is
approximately a 0.25-second delay on the camera video and robot
commands, and about a 1-second delay on the 3D range data.

The controller is a Logitech WingMan RumblePad (see Figure 5),
and of its features we use two analog thumb joysticks, a digital di-
rectional pad, six thumb buttons, and two finger “shoulder” buttons.
This controller is very similar to present-day common video game
controllers. The thumb joysticks control the motion of the robot arm,
the directional pad controls the virtual view orientation, and the but-
tons control the virtual view zoom, operate the gripper, send the arm
to stow position, and request a 3D snapshot.

Figure 5. Logitech WingMan RumblePad controller used to control the
robot arm and user interface in the experiment.

4.2 Procedure

Before running the actual tests, each participant watched a tutorial
video and performed a small training exercise to become familiar
with the system. The tutorial included instructions to work quickly
while trying to avoid collisions with the environment. The training
exercises allowed the participant to explore how to change the view,
how to control the robot arm in two different modes, and how to
interpret the 3D range scan. After the tutorial, each participant col-
lected at least one block with the whole system running the same
as a normal experiment run, except the data was not recorded. Most
participants spent about 15 minutes for the entire training portion.
Participants were allowed to ask questions freely during the training.
During the actual tests, however, only questions related to how to
use the system were answered and not questions regarding the state
of the world. Once finished with training, the users transitioned into
the actual testing.

For the actual tests, each participant performed the task with 3
out of the 6 possible interfaces. The six variations are listed in
Table 1. The participants progressed through the tests in pseudo-
random, counterbalanced order to reduce order-dependent effects.

At the end of each test, a small survey had the users rate the inter-
face on a scale of 1 to 10 with the following questions: 1. How much
effort was required to use this interface effectively? 2. How difficult
was it to learn this interface effectively? 3. How much confidence
did you have in the robots actions? At the end of all tests, the users
completed an additional survey with the following questions: 1. How
much time in a week do you spend playing video games? 2. Rank the
interfaces in order of your preference (selection from a list). 3. Any
comments? At this point the experiment procedure was finished.

The independent variables in the experiment structure are (a) user
interface display and (b) manipulator control mode. The user inter-
face displays and manipulator control modes are explained in greater
detail in Section 3.3.

Table 1. Variations in the user study. Parentheses show acronyms for each
variant.

Interface/Control Joint control End-effector control
Video only Variant 1 (VJ) Variant 2 (VE)

3D scan only Variant 3 (SJ) Variant 4 (SE)
Video and 3D scan Variant 5 (SVJ) Variant 6 (SVE)

As shown in Table 1, variant 1 corresponds to the typical interface
and control model. While not every traditional interface looks like
this, we tried to capture the most common elements between these
interfaces, namely the live video stream and current robot arm po-
sition. We left out some elements common to interfaces that are not
relevant to the task, such as battery level indicators or robot “health
status” information. The remaining variants of the interface use dif-
ferent arm control modes and the AV interface previously shown in
Figure 3.

We measured operator performance primarily by time to complete
tasks and number of collisions. To make these measurements, we
recorded video footage from a separate camera behind the robot arm,
then analyzed the video post-hoc to measure timings and collisions.
See Table 2 for a listing of metrics and their measurement methods.

Table 2. Metrics and their respective methods for measurement in the user
study.

Metric Measurement
Manipulation time Time from first arm movement to block deposit
Operator workload Time performance, subjective survey
Situation awareness Collisions

Quality of interactions # interactions, time spent interacting
Operator preferences Subjective survey

5 RESULTS

We present results for 30 people that participated in the user study.
Twenty-four male and six female students at Brigham Young Univer-
sity participated. Participants were primarily young adults near age
18. Although we present results for 30 people, 34 participants actu-
ally attempted the experiment. One participant simply was not able to
perform the task under any conditions, two participants were highly
distracted, and one performed the task when a bug in the system had
significantly slowed things down. Because we want as much as pos-
sible to avoid measuring such effects, we do not include data from
these participants in the analysis. On three runs the system crashed
after an hour of usage, though in each of these cases the participant
was nearly finished, so we kept this data in the analysis. The primary
results of interest that we found relate to (1) manipulation time, (2)
collisions, and (3) subjective measures.
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5.1 Manipulation Time

Participants performed the tasks fastest in the video-only conditions
followed closely by the scan+video conditions, with scan-only slow-
est by a significant margin. People worked faster with joint control
compared to end-effector control. See Figure 6 for the distributions of
manipulation times, and Table 3 for significance between conditions.
For the statistical significance analysis, we first use log correction to
warp the data to a normal distribution. The D’Agostino-Pearson nor-
mality test shows that the warped data is significantly different from
normal unless we remove statistical outliers (measured as 1.5 times
the distance between quartiles 1 and 3), so we remove these outliers
for significance analysis. The results in Table 3 show p-values for the
corrected data.

Figure 6. Performance measured as time required to perform a
manipulation task. Note: To make this plot more readable, we do not show

outliers above 600 seconds.

Table 3. Statistical significance analysis with p-values for two sample
two-tailed t-tests. Bold numbers are significant at α = 0.05. Note: S denotes

3D scan display, V denotes camera video display, E denotes end-effector
control, and J denotes joint control.

Conditions SVE SVJ SE SJ VE
VJ 0.014 0.080 < 0.001 < 0.001 0.021
VE 0.550 0.575 < 0.001 0.185
SJ 0.574 0.065 0.023
SE 0.010 < 0.001
SVJ 0.287

Several things might have caused the difference in time perfor-
mance but we will discuss only a few. The likely largest factor in the
slowness of the scan-only interfaces is misalignment between the 3D
range scan and the virtual representation of the robot arm. In some
cases, the misalignment was as much as 2 cm, which is substantial
considering the clearance between the gripper opening and the block
is about 1 cm on either side. Participants generally trusted the 3D
range scan at first, but as they realized that the alignment was im-
perfect, they often grew frustrated in scan-only conditions. Because
of the misalignment, users had to simply guess where and how the
alignment deviates. On the other hand, with video conditions, users

had undistorted visual feedback on the position of the gripper in re-
lation to a target block, although depth perception is decreased.

Another factor in time performance involves view adjustments.
When the 3D range scan was present, users spent some of the time
adjusting the virtual perspective, while with the video-only interfaces
almost no adjustments were made. Adjusting the view does not affect
the viewpoint of the video camera, so people did not need to adjust
the view much. One exception to this is in the end effector control
mode, where the video is oriented corresponding to the rotation of
the robot arm and the virtual viewpoint to give a sense for what di-
rection the robot arm will move in the camera view. As such, users
adjust the view somewhat in end effector control mode, although very
little compared to when the 3D scan was present.

Another factor in time performance is the speed of the manipu-
lator arm between control modes. In end-effector control the gripper
moves at constant velocity in cartesian space regardless of position in
the environment. On the other hand, joint control moves at constant
angular velocity, which means that the farther the arm is extended,
the faster the gripper moves in cartesian space. Participants tended
to operate the arm in a more extended configuration, so end-effector
control ended up moving somewhat slower overall.

5.2 Collisions

We separate collision types into two classes: (1) environment colli-
sions and (2) target block collisions. Target block collisions are con-
tact between the robot arm and the target blocks, except when a grasp
action is underway. Environment collisions are contact between the
robot arm and any part of the environment except target blocks. We
report the total number of collisions for each condition across all par-
ticipants for environment collisions in Figure 7 and for target block
collisions in Figure 8. Because of high variability and a small sample
size, this data has low statistical significance. We will look at statis-
tical significance for collisions in future work.

Figure 7. Total collisions with the environment.

In terms of displays, more environment collisions occurred with
the video-only and scan+video interfaces than with the scan-only in-
terfaces, while block collisions happened more with the scan-only
interface than with any of the video interfaces. The alignment of the
3D scan is poor and coarse, so fine-grained, precise manipulation is
difficult with scan-only interfaces. However, the granularity is suf-
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Figure 8. Total collisions with target blocks.

ficient for overall situation awareness and avoiding obstacles on a
larger scale.

Even though the 3D scan is present in the scan+video interfaces,
the video draws users’ attention away from the 3D scan and so users
appear to fail to notice imminent collisions [8].

Another factor in the number of collisions has to do with sensors.
The webcam is closer to the environment than the SR-3000, so less
of the environment is visible through the webcam. Such a view gives
no information about what is to the sides of the camera, so users
bump into things before they realize an obstacle is in the way. The
webcam gives no depth information directly, so the user must use vi-
sual cues (for example shadows, relative sizes, and motion parallax)
to determine depth.

When depositing a block with a 3D scan present, users often would
drop the block well above the deposit box, while with video-only
interfaces they usually had to make sure the block was inside the box
before releasing the block. This reach-in approach generally caused
several collisions with the deposit box, whereas the drop-from-above
approach kept the arm clear of obstacles.

When we consider control type, more collisions occurred with
joint control than with end-effector control. Joint control has a fixed
angular resolution; that is, moving the control stick to the left rotates
the robot arm a fixed number of degrees. On the other hand, end-
effector control moves in cartesian space, so the resolution is finer
as the arm extends as compared to joint control. Control resolution
impacts the results because as the gripper nears an object, the user
must finely adjust the position of the gripper for the final alignment.

We will present ANOVA for pairwise effects in future work.

5.3 Subjective Measures

In addition to objective measures for manipulation time and colli-
sions, we also recorded a few subjective measures. Users answered
the questions mentioned in Section 4.2. The results have sufficiently
high variance that no conclusions can be made based on statistical
significance, but we discuss trends anyway. For each of the subjec-
tive measures, we look at how many times a particular condition was
rated better than the other conditions. Then we sum each of the con-
dition votes for a global ranking. We look at subjective results for
preference in overall interface, workload, learning required, and con-
fidence in the robot’s actions.

More users preferred joint control over end-effector control, ex-
cept with the SVE condition. Users preferred variants with the 3D
scan and video both present (SVE, SVJ). The preference ordering
for all interfaces is as follows (∼ denotes indifferent to and � de-
notes preferred to): SVE ∼ SVJ ∼ VJ � SJ � SE � VE. One possi-
ble reason for the low ranking of the scan-only interfaces (SE, SJ) is
the misalignment between the virtual robot graphic and the 3D scan
display. This disconnect led to frustration in the users, and that is re-
flected in this ranking. Video rotation (see Section 3.3) is probably
the cause of dislike in the case of the video-only end-effector (VE)
condition.

No obvious classification appears in the results for workload
between the conditions. The preference ordering for workload is:
SVE � SJ � VJ � SVJ ∼ VE � SE. Note that although perfor-
mance was not the highest for the SVE condition, users apparently
feel that the workload is lowest for the SVE condition. Strangely,
SJ also ranks well for workload keeping in mind the misalignment
between the 3D scan and robot arm graphic.

In terms of learning required to effectively operate the
interface, joint control was generally easier to learn than
end-effector control. The preference ordering for learning is:
VJ � SJ � SVJ ∼ VE � SVE � SE. Joint control is most simi-
lar to many common types of control that people may have already
been exposed to, such as driving a remote control car. End effector
control is a new concept for most people, so more training is required
to understand and use it effectively.

When it comes to understanding how the robot will move when
given commands, users tended to feel more confident with joint con-
trol, except for the SVE condition. The preference ordering for con-
fidence is: SVE � VJ � SJ � SVJ � VE � SE. Part of the lack of
confidence with end-effector control is likely due to the constraint
for the target point. Normally it is best to constrain the target point to
the robot arm’s workspace, but due to implementation error we con-
strain it to a box that covers the robot’s workspace. The side effect
of such a constraint is that when the target point moves outside of
the workspace, the robot’s actions are confusing until the target point
moves back inside the workspace. In the future it would be better to
constrain the target point to the robot’s workspace.

5.4 Discussion

The results seem to indicate that the 3D scan may actually increase
workload, although it also improves situation awareness. Multiple
perspectives with the 3D scan seem to provide better situation aware-
ness, as fewer environment collisions happened when the 3D scan
was present. In addition, it appeared from subjective observation that
users who changed their view to check alignment had fewer colli-
sions with the environment; future work should test this claim. Only a
coarse understanding of the environment was possible with the reso-
lution and calibration of the 3D scan, as indicated by a higher number
of object collisions when video was absent. Without a good calibra-
tion for the robot arm and ranging camera (both intrinsic and exterior
calibration), operators cannot trust the 3D scan to be accurate, and it
may encourage them to depend more on camera video.

End-effector (grounded) control was poorly rated except when
combined with the 3D scan and camera video even though fewer
environment collisions happened with this control. This may be due
in part to the view-dependent nature of the control. As an example
case, we can consider when a user moved the gripper close to an
object, and then changed the virtual viewpoint to gather more un-
derstanding. After the view change, the controls also change, and so
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when the user indicates the same direction on the controller as be-
fore, the robot moves differently. Apparently users think more from
the robot’s frame of reference than the computer screen’s frame of
reference. Perhaps more training with this control method would im-
prove understanding, appeal, and performance.

Since the scan-only display with end-effector control exhibits the
fewest world collisions and the scan+video display with end-effector
control exhibits the fewest block collisions and has reasonable time
performance, we predict that a better camera video integration with
the 3D scan would reduce collisions while maintaining reasonable
performance. This better integration could be done by virtually pro-
jecting the video in the 3D space near the virtual display of the robot
arm, as if the virtual depiction of the camera was projecting the video.

6 CONCLUSIONS AND FUTURE WORK
Remote manipulation requires operators to control robots in com-
plex environments with limited information. Typical user interfaces
present information to the operator in the form of several camera
video feeds and data displayed in several other channels. Although
information required to perform tasks is available, the mental work-
load seems to be high enough that some of the information is forgot-
ten or missed.

Evidence from the experiment suggests that although the ecolog-
ical AV user interface for remote manipulation slows performance,
it can also increase situation awareness and lessen mental workload.
We believe that users were able to better understand the spatial re-
lationship between the robot arm and its environment with the eco-
logical interface compared to traditional interfaces. This represents
a small step toward providing support for mobile manipulation. As
this is an exploratory study, we have identified several problem areas
with room for improvement. Future work needs to further test and
refine these ideas.

In the future, we plan to make the display more integrated and
ecological. We can add more autonomy to the robot arm, such as
a “move close to that object” behavior. Because users spend much
time adjusting the virtual perspective, we can improve the interac-
tion method for adjusting the view with, for example, head tracking.
Although we looked at operator workload with subjective measures
and based on time performance, we can also use formalized methods
such as NASA TLX or more objective measures such as secondary
task performance.
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Heuristic Rules for Human-Robot Interaction Based on
Principles from Linguistics - Asking for Directions

Andrea Bauer and Barbara Gonsior and Dirk Wollherr and Martin Buss 1

Abstract. Robots that are to assist humans in flexible and versatile
ways, will not always possess all the information required to ful-
fill their task. Therefore robotic systems have to be able to retrieve
information through natural language communication with humans.
Natural language is often vague or ambiguous and thus hard to in-
terpret by technical systems. To enable robotic systems to interpret
natural language expressions correctly it is necessary to include find-
ings from human-human communication into the dialog systems of
robots. In this work the field of communication topics between hu-
man and robot is confined to the communication about space, more
specifically to a robot asking a human for directions. This paper
gives insight on theories from linguistics research focussing on ask-
ing for and giving directions. From these theories 10 heuristic rules
for human-robot interaction are deduced, where 4 of the rules apply
even to systems that are not able to communicate through natural lan-
guage. Additionally a first experiment where a robot used the 4 basic
heuristic rules to successfully ask passers-by for directions and find
the way to an unknown goal location is presented.

1 Introduction

It is a goal of researchers around the world to design service
robots that can be used by humans without technical training. This
makes natural language communication robots a necessary ability for
robotic systems. User-friendly robots should not only able to recog-
nize speech and synthesize it, but also to understand the more compli-
cated semantics. Therefore it is reasonable to include findings from
linguistics in the form of heuristic rules for future dialog systems in
robots.

Many examples of human-robot interaction (HRI) research exist
where robots communicate with humans who have no experience
with robotic systems, such as the museum guide robot Rhino [7] and
its successor Minerva [23] which informed museum visitors about
exhibitions. There are robots in shopping malls that relay useful pre-
compiled information to humans, e.g. Toomas [11]. A communica-
tion robot for minor service tasks in hospitals, presented in [22], is
intended to be used by people with little or no technical experience.

It can be assumed that systems which are to assist humans in a
flexible and cognitive way will not always possess all the informa-
tion required to fulfil their task. A central aspect of intelligent au-
tonomous behavior is thus the ability to interact in order to retrieve
information. As situations may often arise in which a robot will have
to reach an unknown goal position our work focuses on HRI for ask-
ing for directions.

1 Institute of Automatic Control Engineering (LSR), Technische Universität
München, D-80290 Munich, Germany,
email: ab@tum.de, babsigonsior@gmx.de, dw@tum.de, mb@tum.de

Already there are robots communicating with humans about spa-
tial information, such as [20, 12, 21]. A robot that retrieves spatial
information from a grid map and translates it into linguistic spatial
descriptions is presented in [20]. Human-augmented mapping [12]
enables a robot to create a map of its environment by exploring it
and asking a human to label the areas of interest for it, thus aligning
a robotic map with human concepts. The robot Biron [21] integrates
spoken dialog and visual localization to learn and label new places.

There are already some robots [18, 2, 17, 15] that ask humans for
directions in simple settings and structured indoor environments. A
wheelchair robot [18] can be given coarse qualitative route descrip-
tions. The office robot Jijo-2[2] can learn the locations of offices and
staff by moving around and asking humans for information. A robot
asking for the way at a robotics conference is presented in [17]. A
miniature robot that can find its way in a model town by asking for
directions is described in [15].

As the ability to ask for directions seems to be a requirement in
future robotic systems, we see the need in linguistic rules for dialog
systems that will enable robots to ask humans for directions, reason
with them about the given description and interpret the information
correctly. Dialog systems in HRI are still mostly based on keywords,
however as ”vagueness is one of the most salient, but also one of
the most effective features of natural language” [13] there is more to
understanding verbal information than to look up the lexical meaning
of single words. Therefore it is necessary to include more complex
rules in dialog systems. We propose 10 heuristic rules for HRI in an
asking for directions situation.

The remainder of this paper is structured as follows. In Sec. 2 we
give an overview of relevant theories from linguistics dealing with
the problem of asking for directions. From these theories heuristic
rules are derived and introduced in Sec. 3. An example of a robot
following 4 of the proposed rules while interacting to retrieve di-
rection information is presented in Sec. 4. Finally Sec. 5 provides
concluding remarks.

2 Theoretical Background from Linguistics

Linguistics theories deal with the structures of complex verbal ac-
tions within human-human communication and the occurring psy-
chological processes. Principles for reasoning about space can be
found among them including the analysis of asking-for-directions
dialogs and the different semantic meanings of verbal expressions
or gestures. Theories relevant to the problem of asking for directions
are the analysis of dialog structures and the complex deixis theory
founded by Bühler [6] in 1934.
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2.1 Dialog Structure

Wunderlich [24] analyzed asking-for-directions dialogs and found a
common structure of four consecutive phases:

I Introduction: The asker addresses a respondent and defines the
task, i.e. giving directions to a specified goal location, possibly
defining the mode of transportation or other individual require-
ments.

II Giving directions: The respondent provides the necessary infor-
mation by means of natural language and gestures, sometimes ad-
ditionally with the help of a sketch.

III Confirmation: Either of the two partners confirms the information.
In this phase further inquiries can be made.

IV Conclusion: The asker thanks the respondent and they part.

This schematic structure is very flexible, i.e. some phases may be
interchanged or recur. Nevertheless it is a well-proven guideline for
human-human interaction reflecting the intrinsic cognitive processes
involved. One of these cognitive processes for the respondent is plan-
ning the description by building a cognitive map which is based on
individual experiences. This cognitive map includes ”objects which
are salient landmarks for nearly everybody” [14]. The respondent has
to complete the task of separating these salient landmarks from indi-
vidual experiences and present them to the asker. If this is achieved
by using appropriate means of communication the asker will be able
to build a corresponding cognitive map that represents the route to
the goal location, structured by landmarks.

Spatial information in general and route information in specific is
communicated using deictics, or deictic words, which are analyzed
by deixis theory.

2.2 Deixis Theory

Deixis theory [6] is based on the assumption that communication acts
can be assigned to two different fields of language, namely the sym-
bolic field, comprising nouns which are symbols independent of the
context, and the deictic field, that includes deictics, which vary de-
pending on the context. In natural language communication referring
is generally managed by deictics which point to subspaces of the
deictic field and are the verbal equivalents to pointing gestures. In
order to point to subspaces within the deictic field both speaker and
listener have to share a common ”deictic space”. At the beginning of
a face-to-face route description this deictic space is given through the
range of the visual perception. In the course of the conversation the
route description usually leaves the shared visual perception range
and a new deictic space is built by the geographical knowledge of
both partners. Another deictic space can be introduced by involving
a map or a sketch that represents the real geographic space.

Referring to subspaces in a certain deictic space by using deictics
depends on particular contextual factors such as the position of the
speaker and the direction of gaze [14], can be summarized as the
speaker’s origo.

2.3 The Origo

Bühler introduces the term ”origo” [6] which is conceptually con-
ceived as the origin of a ”coordinate system of subjective orienta-
tion”. It is derived from the need of a ”basic reference point” [14]
in a given deictic space, which includes three deictic dimensions [1]:
the personal dimension including personal pronouns of the first and

second person, the spatial dimension including demonstratives, ad-
verbs, movement verbs, and prepositions, and the temporal dimen-
sion including temporal expressions. Thus the origo is defined by
the personal mark ’I’, the spatial mark ’here’ and the temporal mark
’now’. Accordingly the origo is the reference point for personal, spa-
tial and temporal deixis, which relates to other elements within these
three deictic dimensions. Thus deictics can only be interpreted con-
sidering the origo.

Deictics have certain functions within an asking-for-directions di-
alog depending on their deictic dimension.

I Personal deictics define the actors within communication.
II Spatial deictics indicate the directions from landmark to land-

mark. They can be accompanied by gestures.
III Temporal deictics refer to the time domains of actions which have

to be carried out to reach from one landmark to another. They are
indicated by movement verbs.

The functions of deictics can be refined further on the basis of
contextual factors and relations, as described by Fillmore [9] and
Lyons [16]. As these refinements are beyond the scope of this pa-
per, they are not further explained here.

In some cases deictics can only be located by using an additional
”relatum”, an object which is related to the origo [10]. For instance
if it is referred to a subspace relative to a landmark, the landmark
functions as a relatum relative to the perspective given by the origo.
However if it is referred to a subspace relative to the speaker’s body,
then the origo, or the speaker, functions as a relatum. If no new land-
mark is introduced after a deictic in a route description, the relatum
is the origo of the previous landmark.

Problems and difficulties in interpreting deictics can occur, as de-
ictics can be interpreted differently according to the deictic dimen-
sion, the context or whether or not they are used in combination with
a relatum.

2.4 Problems in Interpreting Deictics

Several problems and difficulties that may occur while interpreting
deictics and identifying the subspaces they refer to, have been
identified by Klein [14].

I) Coordination problem: In a dialog situation all participants
have their own origines. Since the origo is usually defined by the
position and orientation of the current speaker, the listener must
project that origo into her own system of orientation. As soon as
the roles of speaker and listener are changed, the origo of the new
speaker becomes essential and the other person has to adapt to it.
Sometimes it is not clear whether the origo in a route description
is the one of the speaker or the one of the listener. In the case of
an asking-for-directions dialog the origines of the speaker and the
listener are the same in terms of the position, as ’here’ encloses
both speaker and listener. However, the orientations of the two
communication partners differ and have to be coordinated, so as to
avoid ambiguities of deictics.

II) Problem of the shifted origo: In the course of the asking-
for-directions dialog both speaker and listener shift their origines
into the perspective of an ”imaginary walker” [14] representing the
addressee on her way projected into the future. A place that would
be normally referred to as ’there’ may be called ’here’ within the
route description, e.g. ’go straight until you see the park, here you
need to turn left’. Thus the deictic ’here’ does not necessarily refer
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to the actual location but to the position of the shifted origo and must
be interpreted depending on the context.

III) Problem with the use of an analogon: When humans use a
sketch or a map to illustrate the described route they introduce a new
deictic space. Consequently there are two deictic spaces involved,
the map and the real geographic space represented by the map. The
map functions as an analogon, where pointing to an element within
it represents pointing to an element in the real space. Problems arise
when the assignment of the two deictic spaces is not clear.

IV) Delimitation problem The subspace of the deictic space that
a deictic points to can not be fully identified just by coordinating the
origines of the dialog partners. The extend of a subspace is often
vague and depends on context and environment, where the borders
of the subspace must be established by gestures, verbal explanations
or factual knowledge. For example, ’here’ can be characterized as a
subspace of the deictic space including the origo.

V) Problem of deictic oppositions: Deictic oppositions follow a
certain system that, depending on the language can consist of two
(e.g. in English: ’here’ - ’there’), three (e.g. in German: ’hier’ - ’da’
- ’dort’) or even more components. Examples of other deictic oppo-
sitions are the opposed meanings of ’left’ and ’right’ or ’this’ and
’that’. Due to the fact that every communication partner has her own
reference system there may emerge at least two different meanings
for oppositional deictics. Their meaning depends on the context and
additional information about the location in space and the delimi-
tation or the interpretation of the shifted origo, where oppositional
deictics may occur referring to subspaces in another deictic space,
e.g. ’go straight on to the next intersection and turn right here’.

Even for humans it is sometimes hard to interpret deictics accu-
rately, as any of these problems may occur in dialogs. For robots it
is even harder to interpret deictics correctly, as they have to infer
the right meaning from a series of single keywords retrieved by their
speech recognition systems. In the following we propose guidelines
in the form of heuristic rules that can be implemented in robotic sys-
tems to circumvent or solve the presented problems in HRI.

3 Heuristic Rules for Human-Robot
Communication

Based on the theories from linguistics about human-human commu-
nication presented in the previous section we derive rules for the
human-robot dialog of asking for directions. These rules should in
hypothesis make the dialog more successful in terms of rendering it
more natural and intuitive for the human partner, enabling the robot
to interpret the possibly vague deictics correctly, and retrieve unam-
biguous route information that can be used by the robot to navigate.

Rules 1 to 4 are general rules for a robot asking for directions and
can be applied by any interactive robot even if it is not equipped for
natural language communication. Rules 5 to 10 are additional rules
that apply to robots with natural-language-based dialog systems (text
or speech). These rules provide guidelines that clarify and structure
the vague deictics.

Heuristic Rule 1. The dialog must be structured according to the
four phases Introduction, Giving Directions, Confirmation, and Con-
clusion.

This rule is a simple measure that adopts the structure from
human-human communication to a human-robot dialog and therefore

in hypothesis, should render the interaction more natural and intuitive
for the human partners. Fig. 1 depicts the asking-for-directions dia-
log with the four phases, where the partner with the leading role is
indicated in grey for each respective phase. It is the robot’s task to

Introduction Giving Directions Confirmation Conclusion
humanrobot robot robot

Figure 1. The structure of an asking-for-directions dialog. The partner
with the leading role is indicated in grey in each phase.

initiate the Introduction phase, by addressing the human and intro-
ducing itself. A robot should introduce itself before asking for direc-
tions, as it is a strange novelty to humans in this situation. The Intro-
duction phase is concluded by the robot when it asks for directions,
where it has to specify how information can be given in accordance
to the robot’s abilities. The Giving Directions phase is initiated when
the human begins to describe the route and it ends with the implicit
or explicit declaration of the goal location. The Confirmation phase
should be conducted by the robot which conveys to the human how
the route description was interpreted. In this phase the robot should
give feedback about the perceived information by displaying the per-
ceived route in a bird’s eye perspective including depictions of salient
landmarks, solving the analogon problem presented in Section 2.4.
This enables the human to see instantaneously that the robot has per-
ceived the information correctly and if necessary to correct it. Lastly
the Conclusion phase is initiated by the robot disclosing that no more
information is needed. The robot should thank the human for the help
and move on.

Heuristic Rule 2. The robot must solve the coordination problem, by
asking the human to specify the first direction with a pointing gesture.

At the beginning of the Giving Directions phase it is not immedi-
ately clear whether directions are given relative to the origo, i.e. the
personal reference system, of the human or the robot. As outlined in
Fig. 2, a point of interest (PoI) is described as being located in op-
posite directions relative to the reference system of the human Oh or
the robot Or , rendering the direction information ambiguous.

le
ft

rig
h
tri

g
h
t

Oh
Or

Ohr
rThrhThr

PoI

Figure 2. A PoI is referred to differently from the personal reference
systems, or origines, of two dialog partners Oh and Or . After coordinate

transformations, rThr and hThr respectively, both partners use a common
reference system Ohr to refer to a PoI in an unambiguous way.

To solve this problem the human is asked to point in the first direc-
tion of the route, as the gesture is unambiguous. At that point further
directions are given relative to this direction. In mathematical terms,
this pointing introduces a common reference system, Ohr , which is
oriented towards the indicated direction, and specifies the necessary
transformations, rThr and hThr of the reference systems Oh and Or .
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From then on it is understood that further directions are given relative
to the same orientation. This rule solves the coordination problem,
and is crucial for the success of the whole dialog.

Heuristic Rule 3. The robot must break the perceived route descrip-
tion down into route segments and save the information as a route
graph.

The robot needs an internal representation of the route information
to be able to reason about it and to navigate by it. Therefore the per-
ceived route description must be broken down into route segments
and stored as a route graph G 〈nodes, edges〉. Nodes Ni(tj) of the
route graph represent landmarks of type tj in the route description.
Edges Ei(ai, Nk, Nl) represent actions ai connecting the respective
nodes, i.e. landmarks, Nk and Nl. An implementation of a system
building a topological route graph from human direction information
is presented in [3].

Heuristic Rule 4. The robot must interpret the basic directions ’left’,
’right’, ’straight’, and ’back’.

The direction deictics ’left’, ’right’, ’straight’, and ’back’ establish
the directions of actions starting at the last landmark. These deictics
are the most important and basic ones in an asking-for-directions di-
alog. Thus the minimal requirement for a dialog system to interpret
route directions is to be able to interpret these four deictics.

A possible definition for the deictics ’left’, ’right’, ’straight’, and
’back’ is to interpret every deictic as an angular range of 90◦, as
depicted in Fig. 3. An example of this definition is given in [8]. The
definition could be refined for example by including expressions like
’diagonally left’.

back

le
ft

straight
rig

h
tO

Figure 3. The deictics ’left’, ’right’, ’straight’, and ’back’ as angular
ranges of 90◦.

Heuristic Rule 5. The robot must identify landmarks in the route
description.

Landmarks structure the route description, provide starting and
end points of route segments and they must be identified when they
occur in the description. A node Ni(tj) must be inserted into the
route graph for every landmark in the route description. There are
four different ways to identify landmarks in a route description.
Firstly, they can be identified through previous knowledge saved in
the dictionary of the dialog system. Secondly, when the human points
to a landmark it is recognized from gestural and visual clues. Thirdly,
it can be identified from a non-deictic description of the landmark,
e.g. ’the yellow building’. Fourthly, a landmark can be identified by
its relationship to previous landmarks, as in ’the third intersection’,
where the next one or more landmarks are of the same type as the
explicitly mentioned landmark. In this case the robot must insert the
corresponding number of nodes and edges into the route graph.

The last landmark in the route description is the goal location, or
if the route is very complex, it may be a preliminary goal.

Heuristic Rule 6. The robot must interpret ’here’ and ’there’ de-
pending on when they occur in the route description.

If the deictics ’here’ or ’there’ accompany a pointing gesture at the
beginning of a route description, these words define the first land-
mark, namely the spatial structure that the gesture points to.

If these deictics occur later on in the route description they are
usually linked with landmarks, i.e. they either stand in the place of
landmarks or accompany them. Thus they structure the route de-
scription just as landmarks do. When one of these deictics occurs
a new route segment begins in the description, therefore a new edge
Ei(ai, Nk, Nl) must be inserted into the route graph.

Heuristic Rule 7. The robot must identify movement verbs.

Movement verbs define the actions that connect the landmarks and
must be identified by the robot. For every movement verb an edge
Ei(ai, Nk, Nl) must be inserted into the route graph. All movement
verbs can all be interpreted as the one neutral movement verb ’move’.
In a route description a movement verb may even be omitted as it may
be clear from the context.

Heuristic Rule 8. Deictics must be classified according to their se-
mantic attributes.

The deictics input must be classified by the robot according to se-
mantic attributes in order to simplify the interpretation of the expres-
sion. To this end the semantic attributes of deictics must be stored in
the dictionary of the dialog system. Relevant semantic attributes of
deictics are the deictic dimension, the distance range, the delimita-
tion, and whether or not a relatum is needed. The deictic dimension
is either spatial, temporal, or personal and denotes whether a deictic
points to a region in space, in time, or to a person. The distance of a
deictic denotes how far the pointed region is away from the origo. It
can be sub-classified into origo-inclusive and origo-exclusive, where
the latter can be close to the origo or far away from it. The delim-
itation expresses whether or not the region a deictic points to has
clearly defined boundaries. The last attribute indicates whether a de-
ictic needs a relatum or whether it can occur without one. Deictics
which can not be classified into origo-inclusive or origo-exclusive
express only an uncertain proximity or distance, and therefore re-
quire a relatum to define the location in the deictic space [10]. As a
general rule all personal deictics and deictics which are delimited do
not necessarily require a relatum. Table 1 gives an overview of the
most common deictics with the relevant semantic attributes, it does
not provide an exhaustive list of deictics, but gives the reader an idea
of how to classify deictics.

As a consequence of saving the attributes the interpretation of de-
ictics is facilitated. The deictic dimension reveals whether or not a
deictic is part of a route description, in the case of spatial and tem-
poral deictics, or not, in the case of personal deictics. The distance
provides an approximation of the spatial location of the described
feature, as does the delimitation. Finally a deictic that needs a rela-
tum must be interpreted together with the relatum.

Heuristic Rule 9. To simplify the interpretation of deictics, the tem-
poral domain can be mapped to the spatial domain.

In a route description the passing of time corresponds to traveling
along the route. When giving directions the 3-dimensional space is
projected to a simple (1-D) path, where landmarks confine route seg-
ments according to heuristic rule 3. The temporal domain is also 1-
dimensional where landmarks confine certain periods of traveling the
path. Thus time and space have a similar structure in a route descrip-
tion and can be mapped to one another and the number of expressions
that have to be analyzed further is reduced. Temporal expressions in
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Table 1. Common deictics with relevant semantic attributes.

DEICTIC DIMENSION DISTANCE DELIMITATION NEEDING RELATUM

spatial temporal personal origo-inclusive close far yes no yes no
’here’ × × × ×
’there’ × × × × ×
’near’ × × × ×

’far from’ × × × ×
’left’ × × ×
’right’ × × ×

’in front of’ × × ×
’behind’ × × ×

’this’ × × × ×
’that’ × × × ×
’now’ × × × ×
’then’ × × × × ×
’soon’ × × × ×
’later’ × × × ×

’I’ × × × ×
’you’ × × × × × ×

route descriptions occur only in present and future tense, the most
common of these are listed below.

’now’ → ’here’
’then’ → ’there’
’soon’ → ’near’
’later’ → ’far’
t → x = v

t
, with walking velocity v

If a temporal deictic cannot be mapped to a spatial equivalent, it can
still be interpreted as a start or end point of an action.

Note that ’then’ following ’if’ is not temporal but causal and must
not be mapped to the spatial domain.

Heuristic Rule 10. The delimitation problem must be solved by
modeling the distance ranges of various expressions such as ’here’,
’near’, and ’far’ depending on the environment.

It is clear that the deictic ’here’ denotes the position of the ac-
tual or shifted origo however it is unclear how far the region ’here’
stretches. The deictics ’near’ and ’far’ denote regions in space that
do not include the origo and therefore do not coincide with the re-
gion ’here’, where it is clear that the first expression denotes a region
closer to ’here’ and the latter expression one that is farther away.
The reaches of the spatial deictics, such as ’here’, ’near’, and ’far’,
depend on subjective perception, the personal viewpoint and on the
context, such as the used mode of transportation and the extension of
the described route. The probability density functions (pdf’s) of the
deictics ’here’ p’here’(d), ’near’ p’near’(d), and ’far’ p’far’(d) are esti-
mated based on the results of a user study, presented in [4]. Fig. 4
depicts those pdf’s depending on the distance d in an urban environ-
ment. The pdf’s are modeled as

p’here’(d) =
1

μ
e

d
μ , with μ = 148.7 ,

p’near’(d) =
1

dσ
√

2π
e

−(ln(d)−μ)2

2σ2 , with μ = 5.8 , σ = 0.51 ,

p’far’(d) = α β d
β−1

e
−α db

, with α = 952.1 , β = 5.85 ,

where p’here’(d) is an exponential function, p’near’(d) is a lognormal
function, and p’far’(d) is a Weibull function.
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Figure 4. Estimated pdf’s for the terms ’here’, ’near’, and ’far’ over the
distance d [m] from the origo in an urban environment.

The deduced heuristic rules present a guideline to researchers im-
plementing the ability of asking for directions in a robotic system.
Depending on the hardware and other constraints they may be al-
tered or expanded to meet the requirements. The first 4 basic rules
have been implemented on a robot and tested during a HRI experi-
ment.

4 Experiment

In a first experiment previously described in [5] 4 of the proposed
rules (heuristic rules 1 to 4) were included in the dialog system of
a robot that had to ask passers-by for directions in order to reach an
unknown goal location in an urban environment, without the use of
GPS or previous map knowledge. Only the first 4 general heuristic
rules were included as the robot was not equipped for natural lan-
guage communication.

4.1 The Autonomous City Explorer

The Autonomous City Explorer (ACE) robot as depicted in Figure 5
was equipped with an active-stereo-camera head for human tracking
and gesture recognition, an animated mouth, a loud speaker, and a
touch screen for HRI, as well as a differential wheel mobile platform
and laser range finders for navigation.
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Figure 5. The robot ACE with principal hardware components.

The robot communicated with the human firstly by speaking over
a loud speaker (English or German language) using MaryTTS [19]
for speech synchronization. A mouth displayed on a small monitor
was animated synchronously to the speech. Additionally the robot
could present images and text to the human on a touch screen. As
robustness to environmental disturbances such as noise was an im-
portant requirement for the system, the touch screen, was also used
as the main means of input from the human. The robot was able to
recognize and interpret pointing gestures, as described in [5].

4.2 Heuristic Rules Included in the HRI

As the completion of the task, i.e. to navigate to an unknown goal
location in an urban environment, depends on a successful interac-
tion, the design of the dialog was a crucial component and the first 4
of the proposed heuristic rules were included. The included rules are
all general guidelines for asking for directions and not specific for
natural language communication, therefore they could be applied to
the robot that does not understand natural language but presents the
human with options for answers.

Firstly when the robot addresses a human it introduces itself ac-
cording to heuristic rule 1 and the dialog is structured in four phases,
where the Giving Directions phase coincides with the Confirmation
phase. The robot depicts every direction information on the touch
screen whenever it is given. This allows the human to check whether
the robot has interpreted the input accurately and if necessary to cor-
rect it. At the beginning of the Giving Directions phase the robot asks
the human to point in the direction it has to go into first. So that at
this point human and robot align their personal reference systems,
i.e. origines, and it is understood that further directions are given rel-
ative to the common reference system. The human is then ask to give
further directions through buttons on the touch screen, where buttons
for the basic directions are provided, according to rule 4.

An exemplary dialog is given in the following:

ACE: ”Hello, my Name is ACE. I need to
get to Marienplatz.”
Human confirms by touching screen
ACE: ”Please look into my eyes and point in
the direction I should take now, as shown on
the screen.”
Human points
ACE turns its head, takes an image of the
indicated direction, and displays it on the
touch screen
ACE: ”Please indicate the exact position in
the image.”
Human touches the screen in the corre-
sponding place
ACE: ”Please tell me how I should proceed
then.”
Human gives direction by pressing buttons
representing directions and indicates when
the route instruction is complete
ACE: ”Thank you very much for your help.”
ACE: ”Please step back, I will go now.”

Please look into my eyes
and point in the direction I should take now,

as shown on the screen.

QuitBack

de

Please indicate the exact position in the image.

QuitBack

de

Please tell me how I should proceed then.

Quit
Left Straight Right Delete

Back

de

Done

Following heuristic rule 3 the robot builds an internal representa-
tion of the route as a topological route graph with nodes representing
intersections and edges representing actions connecting the intersec-
tions.

4.3 Experimental Results

The ACE robot found its way to a designated goal location without
the help of GPS data or previous map knowledge, solely by asking
passers-by for directions. The robot managed to travel the distance of
1.5 km between the campus of Technische Universität München and
Marienplatz (the central square of Munich) in 5 hours, interacting
with 38 passers-by. The average duration of an interaction was 1.5
minutes. An example of an interaction between ACE and a passer-by
is shown in Figure 6, where a passer-by points into the first direction
the robot has to go while ACE follows the gesture with the camera
head to take an image and present it to the human.

Figure 6. ACE following the pointing gesture of a passer-by with the
camera head.

Figure 7 depicts the route graph, built by the robot, along with a
corresponding occupancy grid in a satellite image of the real environ-
ment. The robot was currently positioned at node N2, where it had
retrieved topological knowledge of the route that lied ahead (white).
The direction from N2 to N3 was given through a gesture, further
directions were given through buttons on a touch screen.

The fact that the robot reached its goal solely with the help of in-
structions of passers-by who were not previously instructed on how

Proceedings New Frontiers in Human-Robot Interaction, K. Dautenhahn (Ed.), symposium at the AISB09 convention, 8-9 April, Edinburgh, Scotland

29



to interact, leads to the conclusion that the interactions were success-
ful and therefore intuitive for the humans. Problems arose, where the
human partners had too high expectations of the abilities of the robot.
For example many users expected the robot to be able to understand
speech at first and tried to answer through natural language until they
realized that they had to use the touch screen to communicate. Also
some humans had problems making a pointing gesture that was rec-
ognizable by the robot, as the robot could only recognize gestures
where the arm was fully extended and therefore instructed the hu-
mans on how to point. The robot was sent in the wrong direction

50m

topological route graph

occupancy grid

N
g

N
3

N
4

N
s

N
1

N
2

Figure 7. Example of a route graph retrieved from human instructions.

once by a passer-by, but this wrong information was corrected by the
next interaction partner after the robot had to stop because the path
was blocked. Otherwise no conflicting information occurred.

To summarize most of the problems in HRI arised when it was
not entirely clear to the human, what abilities the robot possessed
and what the constraints were. Therefore the robot must clarify those
points at the beginning of every interaction. The next step is to make
the communication more natural, in specific improve the gesture
recognition and include a robust speech recognition system incor-
porating all of the introduced heuristic rules for interpreting deictics.

5 CONCLUSION

In future applications we see the necessity for robots to be able to re-
trieve the missing information through HRI. Human-human commu-
nication was used as a role model for human-robot communication.
To this end theories from linguistics research focussing on asking for
and giving directions were presented. Heuristic rules for a robot ask-
ing a human for the way were deduced. Additionally we presented an
experiment where a robot used 4 of the proposed rules to successfully
asks passers-by for directions and find an unknown goal location in
Munich, Germany.

The heuristic rules that have been implemented so far proved use-
ful in rendering the interaction more intuitive for the human, helped
avoiding ambiguities in the route descriptions, and enabled the robot
to build an internal representation of the route description. The ex-
periment showed that it is necessary to explain exactly to the human
partners how to interact with the robot and what the constraints are.
Our future work will be to include all of the proposed heuristic rules
in a text based dialog system in order to evaluate them.
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A dynamic field approach to goal inference and
error monitoring for human-robot interaction1

Estela Bicho2 and Luı́s Louro3 and Nzoji Hipólito4 and Wolfram Erlhagen5

Abstract. In this paper we present results of our ongoing research
on non-verbal human-robot interaction that is heavily inspired by
recent experimental findings about the neuro-cognitive mechanisms
supporting joint action in humans. The robot control architecture im-
plements the joint coordination of actions and goals as a dynamic
process that integrates contextual cues, shared task knowledge and
the predicted outcome of the user’s motor behavior. The architecture
is formalized by a coupled system of dynamic neural fields repre-
senting a distributed network of local but connected neural popula-
tions with specific functionalities. We validate the approach in a task
in which a robot and a human user jointly construct a toy ’vehicle’.
We show that the context-dependent mapping from action observa-
tion onto appropriate complementary actions allows the robot to cope
with dynamically changing joint action situations. This includes a ba-
sic form of error monitoring and compensation.

1 INTRODUCTION

As robot systems are moving as assistants into human everyday life,
the question how to design robots capable of acting as sociable part-
ners in collaborative joint activity becomes increasingly important
([4], [12]). Useful and efficient human-robot interaction requires that
both teammates coordinate and synchronize their actions and deci-
sions in a shared task. In order to decrease the workload of the hu-
man and to increase user satisfaction, the robot should equally con-
tribute to this coordination effort. This necessarily means that the
robot should be endowed with cognitive capacities such as action
understanding and goal inference. Humans achieve their remarkable
fluent organization of joint action by anticipating the intentions of
others [21]. In our everyday social interactions we continuously mon-
itor the actions of our partners, interpret them effortlessly in terms of
their outcomes and use these predictions to select adequate comple-
mentary behaviours. Very often this happens without the need for
explicit verbal communication. Imagine for the instance the joint ac-
tion task of preparing a dinner table. The way how a partner grasps a
certain object, e.g., a coffee cup, transmits to the observer important
information about the ultimate goal of the action. Depending on the

1 The present research was conducted in the context of the fp6-IST2 EU-
project JAST (proj.nr. 003747) and partly financed by the FCT grants
POCI/V.5/A0119/2005 and CONC-REEQ/17/2001.

2 Dept of Industrial Electronics, University of Minho, Portugal. Email: es-
tela.bicho@dei.uminho.pt.

3 Dept of Industrial Electronics, University of Minho, Portugal. Email:
llouro@dei.uminho.pt.

4 Dept of Industrial Electronics, University of Minho, Portugal. Email:
nhipolito@dei.uminho.pt.

5 Dept of Mathematics for Sciences and Technology, University of Minho,
Portugal. Email: wolfram.erlhagen@mct.uminho.pt.

grip type, the partner may want to place the cup on the table or, al-
ternatively, has the intention to hand it over. Being able to predict the
goal of the whole action sequence at the time of the grasping allows
the observer to timely prepare for receiving the cup, or to initiate the
selection of another object for the dinner table.

This paper presents our ongoing research towards creating socially
intelligent robots that are able to flexibly adjust their goal-directed
behaviours in dependence of the predicted outcomes of actions of
their human partners [3]. Our approach is heavily inspire by re-
cent experimental and theoretical findings about the neuro-cognitive
mechanisms underlying joint action in humans and other primates
([18], [25]). We believe that designing cognitive control architectures
on the basis of these mechanisms defines a very promising research
direction to reduce the significant imbalance in social and cognitive
skills between human and robot that still exists today. Ultimately,
implementing a human-like joint action model in the robot will con-
tribute to more natural HRI since the teammates will become more
predictable for each other. This in turn will increase the acceptance
by humans. A recent HRI user study with a simulated robotic team-
mate revealed that anticipatory action selection seems to be a natural
expectation of a robotic assistant in known joint action tasks [17].
The robot is perceived as a full partner that contributes to the team’s
fluency and success only if it acts in anticipation of the needs of the
human user.

Several neuro-cognitive mechanisms that are believed to under-
lie successful human joint action define fundamental components of
the robot control architecture. An impressive body of experimen-
tal evidence from studies investigating action and perception in a
social context suggests that motor simulation routines in the brain
support the understanding of other’s actions and facilitate overt im-
itation [25]. The fundamental idea is that perceived actions are au-
tomatically mapped onto corresponding motor representation of the
observer to predict or replicate the action effect. Over the last cou-
ple of years, the suggested close perception-action link has inspired
robotics work mainly in the domain of learning by imitation and so-
cial development (e.g., [5], [1], [10], [15], [19]). For implementing
a high-level goal inference capacity in the context of HRI, it is im-
portant that the matching takes place on a sufficiently abstract level
related to the goal or desired end state of an action sequence. This
allows the robot to predict actions of the teammate despite the ob-
vious differences in embodiment and motor skills between human
and robot. However, for action selection in cooperative tasks an au-
tomatic and direct resonance of matching motor structures is in gen-
eral not beneficial. Normally, action observation should facilitate the
selection of a non-imitative, complementary behaviour. Moreover,
to cope with dynamically changing joint action conditions, the de-
cision about what defines the most adequate complementary action
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should depend on additional contextual cues. Recent evidence from
neurophysiological and behavioural studies shows that the automatic
mapping from action observation onto action execution is indeed
more complex and flexible as previously thought ([18], [23]). The
robot control architecture reflects these findings by implementing a
context-dependent mapping that is biased by the inferred goal of the
human user.

As a theoretical framework for the high-level control of the robot
we have used the Dynamic Neural Field (DNF) approach to robotics
[8]. Originally introduced as a simplified mathematical model for
pattern formation in neural populations [2], DNFs have been later
generalized and applied to the cognitive domain (for a recent re-
view see [20]). The architecture of DNFs reflects the hypothesis that
strong recurrent interactions in local populations of neurons form a
basic mechanism for cortical information processing. These interac-
tions support the existence of self-stabilized inner states that allow
the cognitive agent for instance to compensate for temporally miss-
ing sensory input, or to anticipate future environmental inputs that
may inform the decision about a specific goal-directed behaviour.
The DNF-based model for joint action consists of a distributed net-
work of reciprocally connected neural populations that represent in
their activation patterns specific task-relevant information. It imple-
ments the idea that the coordination of actions and decisions among
the teammates is a dynamic process that builds on the continuous
integration of input from representations of the inferred goal of ob-
served actions, contextual cues and shared task knowledge. The rep-
resentation of the complementary action that gets the strongest sup-
port from all connected populations will win the dynamic competi-
tion process among all possible actions.

The dynamic field architecture has been validated in a joint con-
struction task in which the human-robot team assembles a toy ’vehi-
cle’ from its components knowing the construction plan. The study
differs from conceptually related HRI work [17] in the sense that the
robot is not only serving the user (e.g., holding out pieces for the
user) but is able to perform itself the assembly task. This symmetric
situation challenges the joint coordination of decisions and actions.
The focus of the results reported here is on successful trials in which
the robot shows anticipatory action selection. Since coordination and
other errors may occur even in tasks that are well known to the team-
mates [22], performance monitoring and error detection is another
topic that we have addressed. In the present implementation, com-
plementary action selection in error trials may range from simple
head nodding to pointing. In addition, we have integrated and tested
a speech production system that allows the robot not only to explain
the error in some more detail but to send in general feedback about
its reasoning to the user.

The paper is organized as follows: Section 2 introduces the
joint construction task and the robotic platform. Section 3 gives an
overview about the cognitive control architecture. Section 4 presents
the basic concepts of the dynamic field framework. The results of the
human-robot interactions are described in section 5. The paper ends
with a discussion of concepts, results and a short outlook.

2 JOINT CONSTRUCTION TASK

To validate the dynamic field architecture for human-robot interac-
tion we have chosen the joint construction of a toy ’vehicle’from
components that are initially distributed on a table. (Figure 1). The
task requires only a limited number of different motor actions to be
performed by the team but is complex enough to show the impact
of action monitoring and evaluation on action selection. The com-

Figure 1. Human-robot team for the joint construction of a toy ’vehicle’.
The vehicle consists of a (red) round platform with an axle where two

(green) wheels have to be mounted and fixed with (magenta) bolts.

ponents that have to be manipulated by the robot were designed to
limit the workload for the vision and the motor system of the robot.
The toy object consists of a round platform with an axle on which
two wheels have to be attached and fixed with a bolt. Subsequently,
4 columns have to be plugged into holes in the platform. The placing
of another round object on top of the columns finishes the task. It is
assumed that each teammate is responsible to assemble one side of
the toy. Since the working areas of the human and the robot do not
overlap, the spatial distribution of components on the table obliges
the team to coordinate in addition handing-over sequences. It is fur-
ther assumed that both partners know the construction plan and keep
track of the subtasks which have been already completed by the team.
Since the desired end state does not uniquely define the logical order
of the construction, at each stage of the construction the execution
of several subtasks may be simultaneously possible. The main chal-
lenge for the team is thus to efficiently coordinate in space and time
the decision about actions to be performed by each of the teammates.

For the HRI experiments we used a robot built in our lab. It con-
sists of a stationary torus on which a 7 DOFs AMTEC arm (Schunk
GmbH) with a 3-fingered BARRET hand (Barrett Technology Inc.)
and a stereo camera head are mounted. A speech synthesizer (Mi-
crosof Speech SDK 5.1) allows the robot to communicate the result
of its reasoning to the human user. For the control of the arm-hand
system we applied a global planning method in posture space that
allows us to integrate optimization principles derived from experi-
ments with humans [10]. The information about object type, position
and pose is provided by the camera system. The object recognition
combines color-based segmentation with template matching derived
from earlier learning examples [24]. The same technique is also used
for the classification of object-directed, static hand postures such as
grasping and communicative gestures such as pointing or demanding
an object.

3 COGNITIVE CONTROL ARCHITECTURE
Figure 2 presents a sketch of the multi-layered robot control ar-
chitecture for dynamic decision making and performance monitor-
ing in joint action that is based on known neuro-cognitive mecha-
nisms. Ultimately, the architecture implements a context-dependent
mapping between observed action and executed action. The fun-
damental idea is that the mapping takes place on the level of ab-
stract motor primitives defined as whole goal-directed motor acts
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Figure 2. Cognitive control architecture for joint action. It implements a
mapping from observed actions (layer OL) onto complementary actions

(layer AEL) taking into account the inferred action goal of the partner (layer
IL), detected errors (layer EL), contextual cues (layer OML) and shared task

knowledge (layer CSGL). The goal inference capacity is based on motor
simulation (layer ASL).

like reaching, grasping, placing, attaching or plugging an object [19].
An observed hand movement that is recognized by the vision sys-
tem as a particular primitive is represented in the action observa-
tion layer (OL). The action simulation layer (ASL) encodes entire
chains of action primitives that are in the motor repertoire of the
robot (e.g., reaching-grasping-placing/plugging a particular object).
These chains are linked to representations of specific goals or end
states (e.g., attach right wheel to base) in the intention layer (IL).
The basis of the goal inference capacity is the activation of a par-
ticular chain and its associated goal during action observation. It is
important to stress that due to the self-stabilizing properties of the
chain representations, goal inference is possible even if the action
sequence performed by the human is only partially observable [11].
The object memory layer (OML) encodes the memory about the po-
sition of objects in each of the working areas. The common sub-
goal layer (CSGL) contains the information about currently active
and future subgoals as well as memorized information about sub-
tasks which have been already completed by the team. The construc-
tion plan is encoded in the connections between neural populations
in 3 different layers representing past, current and future subtasks,
respectively. The representations are updated in accordance with the
construction plan and real or anticipated feedback from the vision
system and/or layer IL. The error monitoring layer (EL) represents a
detected discrepancy between the inferred goal of the human partner
and the subgoals that are currently available. This error-related ac-
tivity is functionally relevant since it is linked to representations of
compensatory behaviour in the action execution layer (AEL). This
layer integrates input from IL, OML, CSGL and EL to select among
all possible action sequences the most appropriate complementary
sequence. It is worth noting that this layer contains also the represen-
tation of an ’action’ linked to the speech synthesizer that allows the
robot to verbally inform the user about its reasoning.

4 BASIC CONCEPTS OF THE DYNAMIC
NEURAL FIELD FRAMEWORK

Each layer of the distributed control architecture is formalized by one
or more Dynamic Neural Fields (DNFs). DNFs implement the idea
that task-relevant information about action goals, motor primitives
or context is encoded by means of activation patterns of local pools
of neurons. These patterns are initially triggered by transient input
from connected populations and sources external to the network.
They may become self-sustained in the absence of any external input
due to the recurrent interactions within the population. Functionally,
these patterns may thus serve a working memory function. We em-
ployed a particular form of a DNF first analyzed by Amari (1977)
[2]. In each model layer i, the activity ui(x, t) at time t of a neuron
at field location x is described by the following integro-differential
equation (for an overview about analytical results see [8]):

τi
δui(x, t)

δt
= −ui(x, t) + Si(x, t)

+

∫
wi(x− x′)fi(ui(x

′, t))dx′ + hi (1)

where the constants τi > 0 and hi < 0 define the time scale and the
resting level of the field dynamics, respectively. The integral term
describes the intra-field interactions. It is assumed 1) that the interac-
tion strength, w(x, x′), between any two neurons x and x′ depends
only on the distance between locations, and 2) that nearby cells ex-
cite each other, whereas separated pairs of cells have a mutually in-
hibitory influence. For the present implementation we used the fol-
lowing integral kernel of lateral-inhibition type:

w(x) = A exp(−x2/2σ2)− winhib (2)

where winhib > 0 is a constant and A > 0 and σ > 0 de-
scribe the amplitude and the standard deviation of a Gaussian, re-
spectively. Only sufficiently activated neurons contribute to interac-
tion. The threshold function f(u) is chosen of sigmoidal shape with
slope parameter β and threshold u0:

fi(ui) =
1

1 + exp (−β(ui − u0))
. (3)

The model parameters are adjusted to guarantee that the field dy-
namics is bi-stable, that is, the attractor state of a localized activation
pattern coexists with a stable homogenous activation distribution
that represents the absence of specific information. If the summed
input to a local population is sufficiently strong, the homogeneous
state loses stability and a localized pattern evolves. Weaker external
signals lead to a subthreshold, input-driven activation patten in
which the contribution of the interactions is negligible. Normally,
a constant input from a single population does not drive directly
connected populations. It may play nevertheless an important role
for the processing in the joint action circuit. The preshaping by weak
input brings populations closer to the threshold for triggering the
self-sustaining interactions and thus biases the decision processes
linked to behavior. Much like prior distributions in the Bayesian
sense, multi-modal patterns of subthreshold activation in for instance
the action execution layer (AEL) may represent the probability of
different complementary actions [6].

The summed input from connected fields uj is given as
Si(x, t) = k

∑
j
fj(uj(x, t)). The parameter k scales the total

input relative to the threshold for triggering a self-sustained pattern.
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This guarantees that the inter-field coupling is weak and the field
dynamics is dominated by the recurrent interactions. The external
inputs from the vision system to layers OL and MOL that initiate
the dynamic interplay of the different populations in the network are
modeled as Gaussian functions.

The existence of a single self-stabilized pattern of activation in a
dynamic field is closely linked to decision making. In layers ASL, IL
and AEL subpopulations encoding different chains (ASL), goals (IL)
and complementary actions (AEL), respectively, interact through
lateral inhibition. This inhibitory interaction leads to the suppression
of activity below threshold in competing neural pools whenever
a certain subpopulation becomes activated above threshold. To
represent and memorize simultaneously 1) the location of several
objects of a certain type, and 2) multiple common subgoals, the
interaction kernels in layers OML and CSGL were adapted to
allow for the existence of multiple patterns of activation. [8]. OML
contains individual fields for each of the object classes. They are
labeled by the workspace to which the object belongs, that is, each
class is represented by two separate fields.

5 RESULTS
In the following we validate the dynamic field architecture by pre-
senting snapshots of the human-robot interaction in the construction
task. The examples illustrate the impact of action observation on
action selection in varying context from the perspective of the
robot. The videos of the human-robot interaction and the associated
dynamics of the fields can be found at
http://dei-s1.dei.uminho.pt/pessoas/estela/JASTvideos.htm.
In each case, the robot is supposed to know what common subgoals
are currently active and can be selected by the team. In the present
implementation real or anticipated feedback about accomplished
subtasks trigger directly through hand-coded connections the
population representing subsequent assembly steps.

5.1 Anticipatory action selection
The capacity to simulate the consequences of observed actions al-
lows the robot to act in anticipation of the partner’s motor intentions.
Depending on the predicted outcome of the ongoing action, a socia-
ble robot may for instance decide to already prepare for an action
that best serves future needs of the user. Within the dynamic field
architecture this is possible since current subgoals of the team are
updated based on the inferred goal. The anticipatory action selection
is illustrated in Fig. 3. All components are distributed on the table
and the user starts the joint construction by grasping a wheel (green
object) from above (full grip). The robot has sequences in its motor
repertoire that associate the type of grasping with specific goals. A
grasping from above is used to attach a wheel to the platform whereas
using a side grip is the most comfortable and secure way to hand the
wheel over to the teammate. The observation of the full grip (repre-
sented in OML) triggers an activation peak in ASL that represents the
simulation of the respective reaching-grasping-plugging chain. Since
attaching a wheel on the side of the user is a current subgoal for the
team, the inputs from layers ASL and CSGL automatically activate
the representation of that goal in the intention layer (IL). The exis-
tence of this activation pattern initiate a dynamic updating process in
layer CSGL (not shown here). The peak representing the subgoal ”at-
tach wheel” disappears and an activation pattern representing the new

subgoal ”fix wheel with bolt” evolves. Since all bolts (magenta ob-
jects) are in the workspace of the robot, the inputs from layers OML
and CSGL converge on a population in the action execution layer
(AEL) that represents a decision for a ”hand over bolt” sequence as
a complementary behaviour of the robot. As can be seen in the acti-
vation pattern of layer AEL, the possible alternative to select a wheel
in it’s working area with the goal to attach it is also represented by a
weaker, subthreshold peak. The decision to serve the user first is the
result of small biases in the connection strengths to the populations
in CSGL that favor the subtasks and intentions of the user over the
subtasks to be realized by the robot. For HRI this offers interesting
perspectives since a simple adjustment of these weights will affect
how social the robot companion behaves.

Figure 3. Anticipatory action selection. The human reaches and grasps the
wheel from above. The robot infers that the human is going to attach it to the
platform. The robot decides to grasp the wheel for handing it over since the

wheel is the next component the human will need. The green line in the plots
indicates the resting level of the field dynamics.

5.2 Impact of shared task knowledge and context
Very often motor simulation alone is not sufficient to read the motor
intentions of the human user. The integration of shared task knowl-
edge is equally important for the decision process [21]. This is illus-
trated in panel A and B of Fig. 4 In both situations the user reaches
his open hand towards the robot. The robot has this gesture which
is associated with the goal ”request object” in its motor repertoire,
but needs additional information from the common subgoal layer
(CSGL) to disambiguate what object the human user is requesting. In
panel A the self-stabilized bi-modal activation pattern in CSGL indi-
cates that the two wheels have still to be attached. Since both wheels
are located in it’s workspace, the robot is able to infer that the user
is asking for wheel to attach it (compare the peak in IL). The inputs
from layers OML and IL activate a population representation in AEL
representing the handing-over sequence. In panel B, the user shows
again the requesting gesture. However, the state of the construction
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and therefor the current subgoals for the team have changed. The
bi-modal activation pattern in CSGL now represents the information
that the two wheels have to be fixed with bolts. The robot is thus able
to infer what object the human wants. A possible complementary ac-
tion is again to serve the user by handing over a bolt. However, the
robot decides instead to attract the attention of the user to the fact that
he has a bolt in his working area. The robot performs a pointing ges-
ture in the direction of the bolt. This action selection, which overrides
the prepotent tendency to satisfy a user request, is possible because
of additional input from the error layer (EL). Population activity in
the object memory layer representing the bolt in the workspace of
the user together with the input from the population encoding the in-
ferred goal in IL automatically activate a self-stabilized peak in EL.
This pattern is associated with the pointing gesture and generates the
strongest input to AEL.

5.3 Error detection
The last example shows that even in well known joint action tasks the
user can easily make errors that should be compensated by the team-
mate if possible. Errors may occur for different reasons. The user
may have overlooked an object or may be confused about the state
of the construction and its temporal order. Different error categories
[22] affect joint action on different levels (e.g., error in intention ver-
sus error in the selection of action means). The following example
illustrates a case in which the robot detect a mismatch between the
inferred intention of the user and the state of the construction, that
is, between the intention and possible subgoals. In panel A of Fig. 5,
the robot observes the human user grasping a wheel from the side
which it interprets via action simulation as belonging to a handing
over sequence. However, on the side of the robot the wheel is already
attached. The information about the already accomplished subtask is
memorized by a self-stabilized activation peak in CSGL (compare
the snapshot of ”past” field). Input from this field together with input
from the intention layer (IL) trigger the emergence of a suprathresh-
old activation pattern in the error layer (EL). In this case, the error re-
lated activity is linked with a population in AEL that initiates speech
to explain the nature of the error to the user. The content of the speech
combines the information represented in the activation patterns that
have initially triggered the error-related activity (”I do not need a
wheel since a wheel is already attached on my side”). The example
in panel B shows that the information represented in the activation
patterns of the various populations of the distributed network can be
used to give an even more detailed explanation of a detected error. In
this case, the user holds out a bolt to hand it over so that the robot
may fix the wheel on its side. Since both wheels have been attached
but not yet fixed, the inferred goal is valid. However, the activation
pattern in the object memory layer indicates that the robot does not
need a bolt since it has one in its working area. Moreover, the user
still has to use the bolt himself to continue the assembly of the toy
on his side. The activation peak that evolves in EL in response to the
converging inputs from layers OML and CSGL controls the speech
output. The robot refuses the offered object and informs the user in
addition about the missing bolt on his side.

6 DISCUSSION
The capacity to anticipate and take into account action goals of a
partner is considered a fundamental cognitive capacity for success-
ful joint action [21, 18]. We have presented a robot control architec-
ture for human-robot interaction that is based on theories about how

Panel A

Panel B

Figure 4. The same observed action may have different meanings. In two
different contexts, the human reaches his empty hand toward the robot. Panel
A: The robot infers that the human is requesting a wheel with the intention to
attach it. The robot decides to grasp it for handing it over. Panel B: The robot

infers that the human is asking for a bolt but interprets this request as an
error since the human has a bolt in his workspace. The robot decides to

communicate this error to the human by pointing to the bolt and speaking to
the user.

humans perceive and act in a social context. The ease with which
humans coordinate in routine joint tasks their actions and decisions
in space and time is impressive. The capacity to quickly register the
intention of the teammate before the action sequence is completed
is essential for a fluent team performance. The dynamic field archi-
tecture implements the idea that in known tasks dynamic decision
making, goal-directed action selection and performance monitoring
occur rather effortlessly and do not require a fully developed human
capacity for conscious control [16]. As the representation of context,
goals and shared task knowledge are interconnected, the observation
of a motor act together with situational cues may directly activate the
self-sustained population representations of the related goal and the
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Panel A

Panel B

Figure 5. : Error monitoring. Panel A: The robot infers that the human’s
intention is to hand-over a wheel. The robot interprets this is an error,

because the wheel on its side of the platform has been already attached, and
decides to communicate this to the human by speaking and nodding its head.
Panel B: The robot infers that the human intents to hand over the bolt. The

robot interprets the action as an error because the robot has a bolt in its
workspace and there is still the need to attach the bolt at the side of the

human.

most appropriate complementary action. This automatic process in-
cludes basic forms of error monitoring and error compensation

More traditional probabilistic approaches have been applied in
the past as well to model and implement cognitive skills like goal
inference and decision making for joint action ([7],[17]). Hoffman
and Breazeal for instance modeled anticipatory decision making in
a Baysian framework to study team fluency in a simulated construc-
tion task. In general, Baysian statistics offers a powerful tool for de-
scribing human behaviour under circumstances of uncertainty [14].
In our view, a major advantage of the dynamic field approach is that
it represents explicitly the important temporal dimension of goal co-
ordination in joint action [21]. Importantly, Dynamic Neural Fields
can be used in the Baysian sense by exploiting that multi-modal, sub-
threshold activation patterns may encode the probability of choices
[6]. We are currently testing the joint action model in more complex

construction tasks in which the robot has first to infer from observed
actions and contextual cues which of several possible toy objects the
user is going to built. The accumulated evidence for each of the pos-
sible choices is represented by the level of pre-activation of neural
populations encoding the different objects.

The decision process linked to complementary actions unfolds
over time under multiple influences which are themselves modelled
as dynamic representations with proper time scales. This is the basis
of flexible behaviour in dynamic joint action conditions. The absence
or delay of information about the intention of the user for instance
will automatically lead to a decision about an action that does not
take into account the other [3]. A challenge for the future will be to
endow the robot with the capacity to self-adapt the time window for
the integration of input to the dynamics of the different users.

Learning is in general an important research topic of our group.
For the present experiments, all inter-field connections were hand-
coded. It is certainly not realistic to assume for the next future that
for a complex joint action model these connections will self-organize
with only modest intervention by the human designer. However, us-
ing correlation based learning rules, we have shown in previous work
for instance how the goal-directed mappings of the action under-
standing model may develop during learning and practice [10, 9]. In-
terestingly, the development process includes the emergence of new
task-specific populations which have not been introduced to the ar-
chitecture by the human designer [11].

The focus of the presented work on action understanding does not
mean of course that other information channels of human-human co-
operation are not equally important. Our robot is equipped with a
speech synthesizer to communicate the state of its reasoning to the
user. An obvious extension of this work is to close the loop and ad-
vance toward natural-language dialogue. We are currently starting
to test a hybrid control architecture that allows us to combine non-
verbal and verbal communication skills [13].
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Using Visual Attention to Evaluate Collaborative Control
Architectures for Human Robot Interaction

Tom Carlson1 and Yiannis Demiris2

Abstract. Collaborative control architectures assist human users in
performing tasks, without undermining their capabilities or curtail-
ing the natural development of their skills. In this study, we evaluate
our collaborative control architecture by investigating the visual at-
tention patterns of robotic wheelchair users. Our initial hypothesis
stated that the user would require less visual attention for driving,
whilst they are being assisted by the collaborative system, thus allow-
ing them to concentrate on higher level cognitive tasks, such as plan-
ning. However, our analysis of eye gaze patterns—as recorded by a
head mounted eye tracking system—supports the opposite conclu-
sion: that patterns of saccadic activation increase and become more
chaotic under the assisted mode. Our findings highlight the necessity
for techniques that assist the user in forming an appropriate mental
model of the collaborative control architecture.

1 INTRODUCTION

Smart wheelchairs are being developed to augment a mobility im-
paired person’s capabilities, enabling them to safely perform precise
manoeuvres. In order to achieve this, we must share the control ap-
propriately between the user and the robotic chair, such that the user
still feels in control [10]. The human driver knows what they want to
achieve and is good at interpreting complex, cluttered environments,
however a robot can be much more precise in executing low level
commands. Therefore, we have proposed an effective collaborative
control methodology, which infers the user’s intentions from their
joystick input, along with the affordances of the surrounding envi-
ronment [3, 1]. Based on these predictions, the wheelchair can alter
the motor control signals to provide assistance, where necessary.

Our collaborative controller successfully increased the safety of
trajectories driven in narrow spaces, whilst simultaneously reducing
the need for excessive corrective joystick movements [2]. However,
after processing feedback from these earlier trials, we are now inves-
tigating the possibility of using additional physiological input from
the user, to help the wheelchair behave as naturally as possible dur-
ing interaction. We propose to utilise the user’s eye gaze, to estimate
their attention, which could simultaneously enhance our prediction
of intention algorithm and indicate when the wheelchair does not be-
have as the user expects.

Whilst the user is being assisted by the collaborative system, we
hypothesize that the user would require less visual attention to effec-
tively manoeuvre the wheelchair. This would allow them to simul-
taneously perform other higher level cognitive tasks, such as envi-

1 Imperial College London, UK, email: tom.carlson02@imperial.ac.uk, web:
http://www.iis.ee.ic.ac.uk/˜tcarlson

2 Imperial College London, UK, email: y.demiris@imperial.ac.uk, web:
http://www.iis.ee.ic.ac.uk/yiannis

ronmental exploration, or planning future manoeuvres. We also ex-
pect the driver to fixate on objects of interest, which may help to
strengthen our intent-prediction system.

We do not treat eye gaze as an active input device, in which the
user tries to control the wheelchair by moving their head and/or eyes,
as was demonstrated in [9]. Instead, we aim to use it as a passive de-
vice, to non-intrusively increase the user state vector (the knowledge
we possess about the user at each time step).

In this exploratory study, we observe the characteristics of the
user’s eye movements, whilst performing typical manoeuvres, such
as driving around offices and passing through narrow doorways. The
observations are made over one independent variable, which can take
one of two states: provide adaptive assistance, or provide no assis-
tance.

Figure 1. A participant driving our robotic wheelchair. The software on
the tablet PC combines the stimulus from the joystick with the localisation
data derived from the camera, to collaborate with the user in controlling the
wheelchair motion. Simultaneously, the head-mounted eye-tracking system

records the driver’s gaze.

2 BACKGROUND

In this section, we will introduce the robotic wheelchair platform that
we have developed (Figure 1). After briefly describing the hardware
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components, we focus more on the underlying collaborative control
architecture. We then go on to explain the eye tracking system, de-
scribing the hardware setup along with the fundamental operation of
the tracking algorithm.

2.1 The Robotic Wheelchair Platform

Our system is built upon a mid-wheel drive EPIOC (electrically pow-
ered indoor/outdoor chair), that would typically be prescribed to a
severely mobility impaired patient. We have interfaced a tablet PC
with the wheelchair’s joystick and motor control unit. The joystick
signals are intercepted and altered, where necessary, before being
forwarded to the wheelchair’s motor control unit.

The collaborative controller (Figure 2) is realised in software on
the tablet PC. The adaptive assistance is provided by the shared con-
troller module, which uses information from thesafe mini-trajectory
generator, along with the intention predictor, to decide exactly how
to adapt the joystick signals [3]. The system is currently underpinned
by the computer vision-based localisation system that we have devel-
oped to work in mapped, indoor environments (with minimal modi-
fication of the environment) [3].

Figure 2. The collaborative system shares the control appropriately
between the user and on-board computer [3].(xc, yc, θc) and(xt, yt)

describe the wheelchair’s current and target positions respectively.(V, ω)
represent the target translational and rotational velocity tuple to be sent to

the motor control unit.

2.1.1 Intention prediction

In our system, we base our intention prediction on the multiple hy-
pothesis approach, as described in [4]. Our prediction models are
task based, so we define targets of interest, such as doorways and
desks, which the user may wish to drive through or approach. We
constructed a confidence function (Equation 1), which only increases
when moving towards a target. This function is the product of two
parts: the first (Equation 2) is computed using the Euclidean distance
from the current wheelchair positionw to the targetwt, the second
(Equation 4) is based upon the heading of the chairθ, compared with
the angle to the targetφ (Equation 3). The scaling factor ofk in Equa-
tion 4 determines the sensitivity towards the angular error and in our
case was experimentally set to 2.

C = CdCθ (1)

Cd = exp {−||wt − w||} (2)

φ = arg (wt −w) (3)

Cθ = exp

{

k(π − |θ − φ|)
π

− k

}

(4)

Essentially thesafe mini-trajectory generator computes a path to
reach the predicted target safely, once the confidence threshold has
been reached for that target. The wheelchair is then guided gently to-
wards the first waypoint of thesafe path. However, we allow the user
to gradually deviate from this path, if they consistently oppose this at-
traction. The confidence value will then fall accordingly; eventually
allowing them to regain full control if appropriate. Conversely, we
will prevent them from deviating from the safe path if it is going to
result in a collision (e.g. they are in a doorway and might hit the door-
frame). However, the speed of the manoeuvre is always controlled by
the user, in a manner similar to that of Zeng et al. [12]; it is propor-
tional to the component of the joystick input vector, which lies in
thesafe direction. This continues until the corresponding confidence
value has dropped below an experimentally set threshold,Cthresh,
which occurs once the chair has safely reached its target destination.
We also allow the user to reverse backwards along the safe path at any
time, until the confidence value drops belowCthresh, at which point
they regain full control. This strategy strives to make the user feel
more in control than using a rigid assistance method, which forces
them to stay on a computer-controlled path at all times, for example,
when theCALL smart wheelchair uses its “optical track follower”
[10].

2.2 The Eye Tracker

In the BioART lab, we have constructed a portable monocular eye-
tracker, which is based on the openEyes system developed at Iowa
State University [7]. It allows us to indicate the user’s point of gaze
(POG) on a projection of their field of view (the scene image) [11].
We decided to use a cycle helmet as our substrate, to comfortably and
securely support the hardware, whilst allowing quick adjustments to
be made for new users (Figure 5).

The scene image is produced by a firewire camera with a fish-eye
lens (111° field of view), mounted on the headpiece above the tracked
eye, which reduces parallax error. Concurrently, the subject’s right
eye is illuminated by an infra-red LED, which is observed by a sec-
ond firewire camera. To reduce the sensitivity to lighting conditions,
this second camera is fitted with a Kodak Wratten 87C infrared filter,
which blocks the visible spectrum.

2.2.1 The PCCR algorithm

The eye-tracking algorithm uses the pupil centre and corneal re-
flection method (PCCR) [5]. We based our implementation on the
openEyes project [7], which utilises the Starburst algorithm [8]. Our
implementation is in C++ rather than C, which has allowed us to
make a portable class-based solution, abstracting away the interface
dependence on the HighGUI/GTK widgets. This means we can eas-
ily use the real-time eye tracking class in our existing multithreaded
QT framework, or as a standalone application.

Since we are using filtered, reflected infrared light, the corneal re-
flection should be the brightest part of the image, as shown in Figure
3(a). An adaptive binary thresholding method is used to detect this.
Once the reflection has been found, its position is recorded and it is
subsequently removed from the image, so as not to interfere with the
pupil detection. This is done by replacing it with the average pixel
intensity of its neighbours.
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(a) Corneal reflection. (b) Finding the pupil.

Figure 3. The gaze direction is computed from the vector between the
centre of the pupil and the corneal reflection. To do this, we use a modified

version of Starburst algorithm [8].

We have extended this method to prevent erroneous detections that
sometimes occur in bright lighting conditions, or if the user is wear-
ing glasses. Once the pupil has been detected, we check that the
corneal reflection lies within 150 pixels of the pupil centre. If this
is not the case, we discard the reflection result and restart the search,
looking for the next largest area of high intensity pixels.

2.2.2 Determining the pupil centre

Robustly finding the pupil is more of a challenge, we apply the
feature-point detection method which is also part of the Starburst
algorithm [8]. We start by setting the estimate of the centre of the
pupil pcurrent to be in the centre of the image, at each iteration, this
estimate is updated to be the mean of the generated feature set. In
successive frames,pcurrent is taken to be the final value from the
previous image.

The first part of the algorithm generates a number of rays radiating
from pcurrent, to the edges of the image. Each ray is then traversed,
calculating the derivative intensity between neighbouring pixels,∆.
For the first pointfi on each ray that this intensity is greater than a
certain threshold,δ, it is deemed to be a potential boundary between
the pupil and iris. Consequently it is added to the candidate feature
set (Figure 4(a)). Once all the rays have been traversed, a similar
process is begun for each of the points in the generated feature set,
only this time, the rays are constrained to fall within an arbitrary
angle ofpcurrent (Figure 4(b)). The whole algorithm is repeated
with pcurrent set to the geometric centre of the feature set, unless
they are within 10 pixels of each other, in which case it terminates
[8].

(a) Phase 1. (b) Phase 2 (1st iteration).)

Figure 4. Detecting the pupil using the Starburst algorithm [8]. In phase 1,
potential features (green crosses) are found alongn rays radiating from
pcurrent (red blob in centre). In phase 2, new feature points are located
alongn rays from each of the featuresfi in our current set, back towards

pcurrent.

The final stage is to fit an ellipse to the candidate feature set,
which is performed using the random sample consensus (RANSAC)

paradigm in a similar manner to [6]. This allows the true centre of
the pupil to be estimated.

2.2.3 Calibration

Now that we have a system for estimating theeye difference vector
from the centre of the pupil to the corneal reflection, we can deter-
mine the POG on the scene image. This is achieved by using the
homographic mapping function,H , which is a3 × 3 matrix with
eight degrees of freedom.H is computed by performing a standard
calibration, whereby the user sequentially fixates on3 × 3 known
grid points in the scene image [8].

Figure 5. Our portable eye-tracker consisits of two firewire cameras; one
of which observes the subject’s right eye, whilst the other records the scene

(the person’s field of view). After performing a manual calibration, the
software will mark the person’s focal point on the scene image.

It is important to note that this eye tracking system does not give
pixel-level resolution on the scene image, as might be required for
the manipulation of a cursor on a screen. Instead, it is sufficiently ac-
curate to detect when the subject’s POG dwells on regions of interest,
such as doorways, desks, people etc., however it remains extremely
sensitive to any calibration error.

2.2.4 Improved calibration for inexperienced users

In our experiments, many of the subjects have never experienced the
use of an eye tracking system before, so we must ensure the process
is as simple and non-intrusive as possible. Although the calibration
procedure is relatively quick and simple, it is crucial to get it right
first time. It has proven to be disruptive when running trials with
several participants that each have to make successive re-calibrations.
We observed that many of these errors occurred due to the subject
blinking, or moving the eye just as the calibration point was set.

Therefore, we improved the calibration stage in order to automati-
cally detect and eliminate errors in producing the homographic map-
ping matrix. We now compute the stability of theeye difference vec-
tor over a few frames before and after the calibration point has been
set. If the vector is deemed unstable (±5 pixels on each end point),
the point is rejected and the subject must perform that fixation again,
before moving onto the next grid point. This intuitive adjustment to
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the algorithm greatly reduced the need for re-calibration, whichhas
saved experimental time, reduced erroneous results and helped to in-
still greater confidence in our test subjects.

3 METHODOLOGY

This paper presents the approach we followed for conducting a pi-
lot study. It is important to test the methodology before carrying out
the full scale trials, which will take a considerable length of time. We
followed some generally accepted principles for our experimental de-
sign, to ensure our results are as meaningful as possible and eliminate
any bias. A script was used to ensure that all participants were told
the same information. Additionally, none of them were aware of the
goals of the experiment.

In contrast with previous work [2, 3], the participants were not in-
formed prior to the trial whether the system would be assisting them
to perform the manoeuvre or not. This allowed us to gain some in-
teresting results relating to people’s mental models of the underlying
control system, which will be further explored in the Discussion sec-
tion.

Each participant was asked to drive from the start point in one of-
fice, through a narrow doorway to an adjoining office, exit the office
via another doorway and stop in the corridor, as shown in Figure 6.
This route was driven four times by each participant. Half of the tri-
als were driven with no assistance, whereas the other half were driven
with the collaborative controller active, thereby providing assistance
at certain points, notably when driving through the doorways. In or-
der to prevent biases, the collaborative controller was active during
the odd trials for the odd–numbered participants and during the even
trials for the even–numbered participants.

Figure 6. In thetrials, participants were required to drive from the start
position in one office through to an adjoining office, before arriving at the
finish position in the corridor. When using the collaborative controller, it

provides assistance, where necessary, in the approach to and whilst driving
through the doorways.

In our previous experiments [3, 2], we received many useful com-
ments from the participants, so this time we decided to collect in-
formation that we could quantify in a structured questionnaire. After
driving each trajectory, the participant was asked to rate the follow-
ing carefully chosen statements on a five point Likert scale, ranging
from “strongly agree” to “strongly disagree”:

• The wheelchair was easy to manoeuvre.
• The wheelchair behaved as I expected.
• I had to concentrate hard to drive the wheelchair.
• It felt natural driving the wheelchair.

4 RESULTS

We took two approaches to processing the large quantity of video
data that we had collected. The first was to qualitatively gain infor-
mation from watching the playback of the scene images, which had
been automatically annotated with the gaze points. The second was
to perform a quantitative analysis, by computing statistics on clus-
ters of the gaze points, for instance: their standard deviation, whilst
passing through a doorway.

Using our first approach, we noticed that all the participants tended
to perform a visual exploration of the scene as they drove through
through a doorway, an example of which is shown in Figure 7. This
comprised of rapid saccadic eye movements. However, once they
were in a room they tended to fixate on objects or perform smooth
pursuit, as shown in Figure 8.

(a) (b) (c)

(d) (e) (f)

Figure 7. A sequence showing the visual exploration as a user drives
through a doorway. The white circles indicate the gaze of the user; the largest

one is the current POG, the smaller ones indicate the previous four POGs.

(a) (b)

(c) (d)

Figure 8. Once a user is in an office, which they have already visually
explored, their gaze tends towards the forward position. This is clearly
shown by the sequence of processed POGs, which form approximate

concentric circles.
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Typically, users driving without any assistance exhibited patterns
of movement in the points of gaze (POGs) as shown in Figure 9.
In this case, the driver was looking predominantly straight ahead, in
the direction of the chair’s movement. However, when the collabo-
rative control system assisted the user (unbeknown to them) to drive
through a narrow doorway, the typical pattern of POGs changed dra-
matically to resemble that of Figure 10.
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Figure 9. A superposition of the the typical POGs, when driving through a
doorway without assistance. The large red blob indicates the median, which

corresponds to the user looking straight ahead.
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Figure 10. A superposition of the the typical POGs, when driving through
a doorway using the collaborative control method. The large red blob

indicates the median, which corresponds to the user looking straight ahead.

5 DISCUSSION

When people were driving without any assistance, their POGs pre-
dominantly clustered around the median position, with a relatively
low deviation, as you can see in Figure 9. The median position cor-
responds to the times at which the user is looking straight ahead. In
Figure 11, the graphs highlight the significant increase in the devia-
tion of the POGs, once the user is being assisted by the collaborative
controller. All the subjects exhibited increased deviation in the hor-
izontal plane of the scene image (Figure 11(a)), however the results
for the vertical plane of the image (Figure 11(b)) may yield an inter-
esting explantion for the increased saccadic eye movements.
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(a) Scene x-axis.
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Figure 11. The standard deviation of the points of gaze (POGs) for
subjects whilst driving through narrow doorways. The case when no

assistance was given is compared with the case when the collaborative
controller was active.

When using the collaborative controller—compared with not
being given any assistance—all of the participants agreed more
strongly with the statement: “I had to concentrate hard to drive the
wheelchair” and tended to disagree more with “the wheelchair be-
haved as I expected”. However their reasons for this differed. Pre-
dominantly people tended to comment about the wheelchair “not
behaving correctly”, whereas the first participant described feeling
that it was their own fault for not understanding how to operate the
wheelchair properly. This could explain why the first participant was
the only person not to also significantly increase deviation in the ver-
tical plane of the image (Figure 11(b)). They tended to look only at
the doorframes (Figure 12), whereas everyone else additionally fo-
cussed on the tablet PC.

This suggests a potential lack of a mental model for the
wheelchair. We define a person’s mental model to be their perceived
forward model of a system’s behaviour. For example, if we apply a
control signal to the current system state, what would be the next
state of the system [4]? In our case, how does the user expect the
wheelchair to move as a result of a joystick manipulation?
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Figure 12. An increased deviation in the horizontal plane, without a
significant increase in the vertical plane, suggests the user is more concerned
with performing the manoeuvre, than what the control system on the tablet

PC is doing.

Inspired by our previous results, we decided to carry out an ad-
ditional trial, to test our hypothesis regarding the requirement of an
adequately formed mental model. The results of which are plotted
against our previous findings in Figure 13. We informed an additional
fourth test subject about the shared control policy within the collab-
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orative control architecture and how it would assist with manoeuvres
whilst it was active. This meant they were able to form an appropri-
ate mental model of the wheelchair’s expected dynamic behaviour.
Consequently they produced no significant difference in either axis
of their eye gaze patterns between the case when they were given
assistance and the case when they were in full control.

This would suggest that a high degree of saccadic eye movement
could indeed be triggered by the lack of an appropriate mental model.
However it would require further trials, which we are currently un-
dertaking in the BioART lab, to produce statistically significant re-
sults, to support this premise.
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Figure 13. The additional fourth test subject was aware of the shared
control policy within the collaborative control architecture. This meant they

had an appropriate mental model of the wheelchair’s behaviour,
consequently resulting in no significant difference in the eye gaze patterns.

6 CONCLUSIONS

We have constructed a head-mounted, portable eye-tracking system
and interfaced it with our existing robotic wheelchair. Through the
use of our collaborative control architecture, people have improved
the quality of their driving, in terms of the safety of the trajectories
followed. Conversely, an analysis of the user’s eye movement, com-
bined with a questionnaire and verbal feedback, has indicated poten-
tial difficulties that users have in the recognition and understanding
of adaptive interfaces.

In our work, we have again demonstrated the importance of us-
ing physiological measures in addition to the more traditional sys-
tem performance metrics (e.g. speed, distance etc.) when evaluating
intelligent HRI architectures. The results can be counter-intuitive; for
example, it may require more concentration to perform a task when
being given adaptive assistance. However, such results are important
to discuss and in this case, they follow the premise that it could take
longer to create a mental model of an adaptive interface than of one
that has a fixed response.

Our initial hypothesis stated that the user would require less visual
attention for driving, whilst they are being assisted by the collabo-
rative system. This would allow them to concentrate on higher level
cognitive tasks, such as planning or performing a visual search. How-
ever, our analysis of eye gaze patterns for untrained users supports
the opposite conclusion; that patterns of saccadic activation increase
and become more chaotic under the assisted mode. Therefore, our
findings reiterate the necessity for techniques that assist the user in
forming an appropriate mental model of the collaborative control ar-
chitecture.

7 FUTURE WORK

Inspired by our unexpected findings and the success of our pilot
study, we intend to perform a full-scale study, investigating the user’s
mental model of the collaborative control system. It would be inter-
esting to do abetween subjects trial, where some users only operate
the chair with the collaborative controller active, whilst others are
not given any assistance. Over the course of a number of trials, we
would expect both the groups to form different perceptual models of
the wheelchair’s behaviour. Despite these differences, the degree of
saccadic eye movements may converge.
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tins, Bálint Takács, Paschalis Veskos and Yan Wu — for their insight-
ful comments and continued support.

REFERENCES
[1] Tom Carlson and Yiannis Demiris, ‘Evidence of shared control im-

proving accuracy in human-wheelchair interaction’, inProc. The MAIA
Project Workshop 2007, K.U. Leuven, Belgium, (Nov 2007).

[2] Tom Carlson and Yiannis Demiris, ‘Collaborative control in human
wheelchair interaction reduces the need for dexterity in precise ma-
noeuvres’, inRobotic Helpers: User Interaction, Interfaces and Com-
panions in Assistive and Therapy Robotics, a Workshop at ACM/IEEE
HRI 2008, pp. 59–66, Amsterdam, The Netherlands, (March 2008).

[3] Tom Carlson and Yiannis Demiris, ‘Human-wheelchair collaboration
through prediction of intention and adaptive assistance’, inProc. of
IEEE International Conference on Robotics and Automation, pp. 3926–
3931, Pasadena, CA, (2008).

[4] Yiannis Demiris, ‘Prediction of intent in robotics and multi-agent sys-
tems’,Cognitive Processing, 8(3), (September 2007).

[5] E. D. Guestrin and M. Eizenman, ‘General theory of remote gaze esti-
mation using the pupil center and corneal reflections’,IEEE Transac-
tions on Biomedical Engineering, 53(6), 1124–1133, (June 2006).

[6] Dan Witzner Hansen and John Paulin Hansen, ‘Robustifying eye in-
teraction’, inConference on Computer Vision and Pattern Recognition
Workshop (CVPRW’06),, pp. 152–159, (2006).

[7] D. Li, J Babcock, and D. J. Parkhurst, ‘openeyes: A low-cost head-
mounted eye-tracking solution’, inACM Eye Tracking Research and
Applications Symposium, (2006).

[8] D. Li, D. Winfield, and D. J. Parkhurst, ‘Starburst: A hybrid algorithm
for video-based eye tracking combining feature-based and model-based
approaches’, inIEEE Vision for Human-Computer Interaction Work-
shop at CVPR, pp. 1–8, (2005).

[9] Y. Matsumoto, T. Ino, and T. Ogasawara, ‘Development of intelligent
wheelchair system with face and gaze based interface’, inProc. of 10th
IEEE Int. Workshop on Robot and Human Communication (ROMAN
2001), pp. 262–267, (2001).

[10] P. Nisbet, ‘Who’s intelligent? Wheelchair, driver or both?’, inProc.
IEEE Intl. Conference on Control Applications, Glasgow, Scotland,
U.K., (September 2002).

[11] Kaveh Yousefi,Multimodal human-computer interaction : eye tracking,
Master’s thesis, Department of Computing, Imperial College London,
2007.

[12] Qiang Zeng, Etienne Burdet, Brice Rebsamen, and Chee Leong Teo,
‘Evaluation of the collaborative wheelchair assistant system’, inIEEE
Conference on Rehabilitation Robotics, The Netherlands, (June 2007).

Proceedings New Frontiers in Human-Robot Interaction, K. Dautenhahn (Ed.), symposium at the AISB09 convention, 8-9 April, Edinburgh, Scotland

43



Toward Therapist-in-the-Loop Assistive Robotics for 
Children with Autism and Specific Language Impairment

Mark B. Colton1, Daniel J. Ricks1, Michael A. Goodrich2, Behzad Dariush3, Kikuo Fujimura3, and 
Martin Fujiki4

Abstract.  In this paper we summarize some of the current work 
in the field of robot-based therapy for children with autism, and 
explore new directions that emphasize the important role of the 
therapist in achieving clinical benefit for these children and 
children with specific language impairment (SLI).  Our ongoing 
and future research related to robot-based imitation therapy, 
design of therapist interfaces, and development of therapy robots 
is described.  The overarching assumption in each of these 
research thrusts is that clinical benefits to children with autism 
and SLI are best achieved through triadic interactions between 
the child, the therapist, and the robot facilitator. 

1 INTRODUCTION 
There is growing anecdotal evidence that robots provide unique 
opportunities for assisting children with autism.  Children with 
autism exhibit social behaviors with robots that may be useful in 
generating potential therapies.  Such social behaviors include 
imitation, eye gaze, and joint attention [12,15].  These social 
behaviors are often rare in children with autism, but evidence 
suggests that robots trigger them more often in such children; 
sometimes these behaviors can be prompted and sometimes they 
are spontaneous.   

Unfortunately, there is no evidence that the social behaviors 
observed in interactions between children with autism and robots 
will generalize from laboratory or clinical settings to interactions 
between children with autism and other people.  However, it is 
believed that developing even basic social skills for children 
with autism will not only allow them to becoming higher 
functioning, but also enable and reward their caregivers in the 
challenging task of providing their care. 

In addition to children with autism, there is another large 
population of children that can potentially benefit from using 
robots to improve social skills.  It has been observed that 
children with specific language impairment (SLI) often lag 
behind their peers in social development [2,4].  Although there is 
much debate as to the cause of social deficiencies in children 
with SLI, there appears to be general agreement that early 
intervention to promote social skill development will allow these 
children to have fewer social problems in the near-term and to 
achieve higher levels in the long-term.  Thus, it is desirable to 

consider how assistive robotics can benefit children on a 
spectrum of abilities, from low-functioning children with autism 
to higher-functioning children with SLI. 

The purpose of this abstract is to summarize general trends in 
robot-assisted interactions with children with autism, and outline 
a research agenda for developing effective therapies for helping 
not only those children but also children with SLI.  We are 
interested in using robots to help children with SLI, although 
there appears to be no work on using robots to help this portion 
of the population even though the number of children with SLI is 
much larger than the number of children with autism [27]. 

2 THERAPIST-IN-THE-LOOP INTERACTION 

2.1 Brief Overview of Related Literature 
Children with SLI tend to exhibit reticence and solitary-passive 
withdrawal more than typically developing peers, and children 
with more severe impairments demonstrate fewer prosocial 
behaviors [1].  Additionally, emotion regulation and language 
impairment are significant predictors of reticence [2].  Studies 
considering why some children with SLI can struggle with social 
competence point to difficulty in identifying and describing 
emotional state from a story context [3], as well as in inferring 
emotion from prosody in vocally-presented stories [4].  
Complementing these studies is evidence that children with SLI 
may also display deficiencies in properly displaying emotions, 
specifically knowing when to display and when to dissemble 
emotions in social situations [5]. 

Robotic technologies provide potential therapies for children 
with SLI and autism, but it is important that we do not lose sight 
of the goal of helping children just so we can promote a robotic 
research agenda.  However, there are a number of reasons to 
consider robots as therapeutic tools for children with autism and 
SLI.  Robots have been shown to invoke interest and social 
interaction from young children [10] and to engage children with 
autism at various age levels [11-13].  One of the reasons for 
using robots in therapies for autistic children is because of the 
toy-like engagement that it offers [14].  Additionally, work has 
been performed that uses robots as a tool for diagnosing autism 
[15].  However, it is important to note that using robots to treat 
children with autism or SLI should avoid introducing new or 
reinforcing old stereotypical behaviors in such children [16], 
including providing an object on which the child may fixate, and 
should consider including the robot not only as a “social other” 
but also as a mediator/facilitator for a therapist, clinician, parent, 
or other child [11, 12].  Moreover, attention must be given to the 
appearance of the robot because it may be that animal-like robots 
or simple humanoid forms are more useful than realistic 
humanoid robots [11, 17].  Finally, it should be noted that robots 
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are not the only computer-based technologies that are useful in 
autism therapy, so technologies that focus on managing or 
tracking the information requirements associated with therapies 
should also be considered [18]. 

2.2 Triadic Interactions 
Among the trends emerging from studies of using robots to 
interact with children with autism, one trend captures our 
attention because it seems most likely to allow robot-assisted 
therapies to generalize to other social domains.  This trend is the 
emergence of triadic interactions between child, robot, and 
therapist.  This triad is important because it suggests the 
possibility of using the robot as a tool in the hands of a skilled 
therapist to trigger social interactions between the child and the 
therapist.  At least four researchers have noted the potential 
importance of this triadic interaction [6,9,14,24], and at least two 
have designed tools for a therapist that allows him or her to 
modulate robot behavior while interacting with children with 
autism [24,25]. 

We believe that interactions with the robot, though 
interesting, are less likely to produce generalizable social skill 
development than interactions between a child and the therapist.  
Indeed, robot social skills are very simple and are likely to 
remain simple for the near future, a fact that is perhaps the 
reason that robots trigger social responses in children with 
autism that are not usually triggered by human-human 
interactions.  To support generalization, it is desirable (a) to use 
the robot as an engaging object of attention that allows therapist 
and child to engage in joint attention, (b) to shape social 
behaviors triggered by a robot by including a therapist “in the 
loop”, or (c) to use the robot as a type of “cognitive orthotic” to 
facilitate social interactions between a child with autism and his 
or her caregiver, even if the child is unable to engage in social 
interactions in the absence of the robot. 

We propose that effective therapies can be built on triadic 
relationships between social agents: robot, child, and another 
human.  This other human can be a therapist, a teacher, a parent, 
or another child.  There are two different triads that seem most 
promising, as illustrated in Figure 1.  The first is between the 
child, the robot, and the child’s Companion.  This Companion 
can be a therapist, parent, teacher, or another child.  This triad 
has been identified as potentially valuable in therapy and is 
known as robot-mediated interaction [11,12].  The second triad 
is between the robot, the child’s Companion, and a “Wizard of 
Oz.” Although this triad affects the robot’s behavior, the 
presence of the Wizard is hidden from the child, as indicated by 

the wavy line between the robot and Wizard in Figure 1.  The 
Wizard can extend the robot’s perception and behaviors beyond 
what is possible using existing state-of-the-art algorithms, and 
can allow the robot to display a wider range of behaviors.  The 
Wizard and the child’s Companion can communicate via some 
means (radio, chat window, etc.) so that they can collectively 
work toward a therapeutic goal. 

With the presence of the Companion and Wizard, it is 
possible to strongly emphasize robot-mediated interactions 
between a therapist and the child.  The therapist can either play 
the role of Companion or Wizard, or perhaps both 
simultaneously [14]. We refer to the presence of a therapist 
modulating robot behavior as Therapist-in-the-Loop Assistive 
Robotics (TiLAR). We emphasize again that our objective is to 
use the robot as a facilitator in creating connections between the 
child and the therapist or other people, and the triadic therapies 
that we are exploring are designed to minimize the importance of 
the robot and emphasize the importance of other people in the 
triad. 

2.3 Requirements for Interface Design 
Given the constraints on the role of the robot in the interaction 
triad, it is desirable to understand the constraints on the user 
interface for interacting with the robot.  Most prior work in this 
area has emphasized the interactions between robot and child, 
and there appears to be no prior work that systematically studies 
how to create a user interface to support the therapist.  Since 
supporting the therapist by making the robot an effective and 
responsive tool in his or her hands is the goal of this work, we 
identify several practical constraints for this interface. 

First, the user interface should allow interactions for either a 
Wizard or Companion location in the triad.  For a Wizard, the 
user interface could allow a storyboard or other graphical user 
interface, but for a Companion the interface should probably be 
unobtrusive so that it does not distract the child.  Indeed, 
controlling the robot unobtrusively was a key influence on the 
way the therapist managed robots in both Robins’ and 
Scassellati’s work [24,25].  

Second, the user interface should be created for someone 
who is not a roboticist or computer professional.  The therapist 
will be trained to understand and to help children, a task that 
often requires substantial mental workload on the part of the 
therapist.  If the interface requires the therapist to do some form 
of “programming” during the therapy, it will likely be unusable. 

Third, the user interface should support a specified clinical 
script, but be flexible enough to allow the therapist to modify 
behaviour in response to the child’s responses.   To track 
progress of a therapy and to measure effectiveness, robot-
assisted therapies should have specific therapeutic goals and 
should exist within a framework specified by the training and 
schooling of the child.  This influence tends to constrain robot 
behaviours to a fixed set that may be rigid and repeatable.  
However, the flexibility of having a semi-autonomous, socially 
responsive robot in a therapeutic loop means that unplanned 
behaviours may be exhibited by the child, and the therapist 
should have flexibility to respond to those unscripted 
interactions. 

Fourth, the user interface should allow the set of useful robot 
behaviours to grow.  This could include using interactive 
learning, wherein the robot’s behaviours are modified over time 
by feedback from the child or the therapist.  This could also 

Figure 1.  Triadic interactions between child, robot, and companion. 
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include having the human demonstrate behaviours to the robot, 
which are then added to the robots behaviour repertoire.  Finally, 
this could include the ability to sequence primitive behaviours 
into a more sophisticated social script.  This could be especially 
beneficial for high functioning children, such as those with SLI. 

We are developing a computer interface to provide to 
clinicians the functionality just described.  Specifically, it will 
allow therapists to design and record robot behaviors that may be 
played back during therapy sessions, either as sequences of 
behaviors (storylines) or as stand-alone actions that the therapist 
can specify in real time.  Additionally, the therapist will provide 
the means by which clinicians can initiate, terminate, and 
modulate the imitation behavior of the robot or avatar in 
automated imitation therapies, which will be discussed in the 
next section. 

3 IMITATION THERAPY 
Imitation therapy has been shown to provide potential benefits as 
a tool in the clinical treatment of autism [28].  One form of this 
therapy involves a therapist or other person imitating some or all 
of the behaviours of the child with autism.  In this form 
(therapist imitating child), imitation therapy for autistic children 
has been expanded into the field of robotics, with the therapist 
directly controlling the robot’s motion to imitate the motion of 
the child [14,17,29].  In a clinical setting, direct robot control 
would place a prohibitive workload on the therapist, thereby 
limiting his or her ability to interact with and observe the child. 

The members of our research team at Honda Research 
Institute have developed algorithms and software that may 
enable real-time, automatic imitation of children with autism.  
The foundation for this work is the algorithm that enables real-
time estimation of human pose from 3D time-of-flight data from 
a single depth camera sensor [30].  The method is markerless, 
and does not require an a priori model of the human whose pose 
is to be imitated.  The system is capable of estimating pose of a 
17 DOF upper body representation at a rate of 10 frames per 
second on a standard PC.  The problem of transferring estimated 
human pose data to a humanoid robot has also been addressed 
[7,19] and demonstrated on avatars (Figure 2) and physical 
robots, including ASIMO (Figure 3). 

The ability to estimate and imitate the motion of children 
automatically may be a valuable tool in autism treatment.  To 

validate this tool, we propose to conduct studies with typical 
children and children with autism, in which we explore the set of 
behaviours that may be elicited through avatar- and robot-based 
imitation involving ASIMO and a custom-built robot whose 
design is described below. 

In a research setting, our interface will allow clinicians to 
change the behavior of the imitating robot or avatar.  For 
example, therapists will be able to cause the system to amplify or 
attenuate the imitated motions as a way of investigating the 
responses that robot imitation elicits in children.  The therapist 
will also be able to disable certain degrees of freedom, change 
the imitating avatar, or introduce a delay in the imitated motions.  
This last feature was identified by our team of clinical 
researchers as an important component in an automated imitation 
suite; in their experience, children with autism require additional 
time to process imitated motions. 

In addition to the obvious questions related to eliciting 
behaviors through robot-based imitation therapy, there are other 
open research questions that must be addressed for this type of 
system to be used in clinical settings.  Calibration of the pose 
estimation system presents an interesting challenge for children 
with autism, who may not be able to remain immobile in the 
calibration pose for the few seconds required by the software.  
We are investigating the use of a game to help the child to 
assume the proper pose.  Additional challenges include ensuring 
that the child remains within the usable volume of the camera, 
and segmenting out therapists or other participants that must pass 
into the field of view to assist the child. 

4 ROBOTIC TOOLS TO ASSIST CLINICIANS 
As mentioned previously, robots have the potential to induce 
behaviours in children with autism that are difficult to elicit in 
other ways.  One important question related to robot-based 
therapy is how to create robots that elicit desired behaviors 
repeatably and that encourage generalization/transfer of those 
behaviors into everyday life.   Our work seeks to explore this 
issue, in part, by developing a robot that (a) encourages joint 
attention between children with autism and clinicians, parents, 
etc.,  and (b) is easily adaptable to enable us to explore the role 
of robot appearance in the transfer of behaviors.  Details of these 
objectives are discussed below. 

4.1 Related Work 
Considerable research has been published on the design of 

Figure 3.  Real-time robot-based imitation using ASIMO.

Figure 2.  Avatar imitation (bottom) from estimated human pose (top).
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expressive social robots, although the design and application of 
robots to autism therapy and diagnosis has been more limited.  A 
brief overview of some of the related work will now be 
presented.  Based on their studies using Robota, a small robot 
with the appearance of a toy doll [14], researchers at the 
University of Hertfordshire concluded that the best design for a 
robot to be used in interactions with autistic children would be 
one that is child-sized, has the general characteristics of a human 
face, but that is not so detailed as to overwhelm the children 
[17].  They have since created the robot KASPAR, which 
follows these criteria.  Researchers at the National Institute of 
Information and Communications Technology in Japan 
developed the mechanical-looking robot Infanoid for use in 
human-robot interaction studies.  In studies with children with 
autism, they observed that the children often focused more on 
the robot’s mechanical parts than on the social interaction.  The 
robot Keepon, with its simple, snowman-like design, was 
developed to address this concern [20].  Tito, a cartoon-like 
humanoid robot, was developed at the University of Sherbrook 
to combine the benefits of interacting with anthropomorphic 
forms with the appeal of less realistic robots [21].  To assist them 
in teaching complex social skills to high-functioning children 
with autism, researchers at the University of Pisa have developed 
the Face robot, which is designed to appear very human and 
realistically represent human emotions [22].  Other researchers 
have used non-humanoid, mobile robots to develop therapies for 
children with autism [13, 26].  For example, the toy dinosaur 
robot Pleo has been used to engage children with autism in 
triadic interactions with researchers [24].   

4.2 Requirements for Robot Design 
A robot designed to support the therapies proposed in this paper 
should be capable of general motions to enable imitation 
therapies and general behaviors choreographed by the therapist.  
Furthermore, based on discussions with our colleagues from the 
fields of psychology and communication disorders, it would be 
highly desirable to create a robot capable of engaging children 
with autism in exercises designed to encourage joint eye gaze 
and response to pointing [8].  Specifically, the robot should have 
the ability to point at an object or person with its arm and 
simultaneously direct its gaze to the same location.  A therapist 
will be able to command the robot to point and gaze at a number 
of pre-programmed objects or locations in the room; the therapist 
will then attempt to engage the child in joint attention activities 
centered on the robot’s pointing behaviors.  

With these capabilities in mind, we are developing a small 
upper-body anthropomorphic robot with 4 degrees of freedom 
(DOFs) in each arm to enable general motions (including 
pointing), a 2-DOF neck to enable general gaze directions, and a 
simple cartoon-like mechanical face to represent basic emotions.  
We acknowledge that the capabilities of such a robot do not 
differ significantly from systems developed by other researchers.  
However, when combined with the pose estimation and imitation 
capabilities described previously, the system we are developing 
will provide unique capabilities as a research tool.  Moreover, 
the system’s ability to coordinate eye gaze and arm pointing will 
enable us to explore interesting questions related to joint 
attention and nonverbal social cues as they relate to children 
with autism. 

Another facet of our research is to investigate if any 
advantage may be gained by replacing a typical mechanical 

robot face with a computer-generated avatar face displayed on a 
small monitor mounted to the robot neck.   This approach has 
been demonstrated by researchers at Carnegie Mellon University 
with general-purpose robots such as GRACE [23], although we 
are not aware of this approach having been taken with robots for 
interacting with children with autism.  We have chosen to 
include this feature in the robot under development because a 
computer-generated face will allow us to explore more 
thoroughly the relationship between appearance and clinical 
benefit, while still maintaining the physical embodiment that 
seems to be one source of the appeal of robots to children with 
autism.  We acknowledge that moving away from a 3D face to a 
2D screen may present challenges when interacting with children 
with autism; studies using this robot/face combination will allow 
us to ascertain the nature of those challenges.  Furthermore, for 
children with SLI, interacting with a robot with a 2D face may 
not create the same type of challenges as it would for children 
with autism. 

5 MOVING FORWARD 
The use of robots as therapy tools for the treatment of children 
with autism and SLI represents an exciting and promising 
direction in the field of HRI.  The research described in this 
paper is designed to move this work forward by developing new 
tools for therapists, in the form of novel interfaces, robot 
platforms, and algorithms for imitation therapy.  The aim of 
these robot tools is to improve the effectiveness of treatment for 
children with autism and SLI by bringing to the forefront the 
relationship between child and therapist.  Working with 
colleagues at Honda Research Institute and in the fields of 
psychology, communication disorders, computer science, and 
mechanical engineering, we will continue to develop these tools 
through clinical trials with children with autism and SLI at the 
Communication Disorders Clinic at Brigham Young University.  
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Creating Trustworthy Robots: Lessons and Inspirations
from Automated Systems

Munjal Desai1, Kristen Stubbs1, Aaron Steinfeld2, and Holly Yanco1

Abstract. One of the most significant challenges of human-robot
interaction research is designing systems which foster an appropriate
level of trust in their users: in order to use a robot effectively and
safely, a user must place neither too little nor too much trust in the
system. In order to better understand the factors which influence trust
in a robot, we present a survey of prior work on trust in automated
systems. We also discuss issues specific to robotics which pose chal-
lenges not addressed in the automation literature, particularly related
to reliability, capability, and adjustable autonomy. We conclude with
the results of a preliminary web-based questionnaire which illustrate
some of the biases which autonomous robots may need to overcome
in order to promote trust in users.

1 Introduction

Effective human-robot interaction depends not just on the design of
the interaction but also on the level of trust that the user has in the
robotic system. In their survey of trust and automation research, Lee
and See define trust as “the attitude that an agent will help achieve an
individual’s goals in a situation characterized by uncertainty and vul-
nerability” [20]. The level of trust that people have in an automated
system is a key factor that influences their use of that system. An
inappropriate level of trust may result in inappropriate use (misuse)
or disuse of automation, which may result in poor performance [20].
While considerable work has been done on trust in automation, we
feel that the added uncertainty and vulnerability inherently present in
robots necessitates dedicated work on trust and robotics.

People who place little trust in automation may disuse it. This lack
of usage has potential safety implications, as the automation may be
better equipped to handle crises than they are. For example, a crash
avoidance system in a car may be disabled or tampered with if the
driver considers past behaviors untrustworthy, yet the crash avoid-
ance system might be able to react more quickly than the driver in
some situations (e.g., [41]). As we have observed during the course
of our previous studies in human-robot interaction (HRI), robot users
who do not trust a robot often disengage its autonomous capabilities,
such as obstacle avoidance. This avoidance of automation, partic-
ularly when reverting to direct control (teleoperation), may lead to
damage of both the robot and its environment. For example, Yanco
et al. observed and evaluated robotic systems designed for urban
search and rescue (USAR) at the Robot Rescue Competition at AAAI
2002 [45]. During one of the system’s runs, there was a clear Plexi-
glas sheet present in the path of the robot. The sensors on the robot

1 University of Massachusetts Lowell, One University Avenue, Lowell, MA
01854. Email: {mdesai,kstubbs,holly}@cs.uml.edu

2 Carnegie Mellon University, 5000 Forbes Avenue, Pittsburgh, PA 15213.
Email: steinfeld@cmu.edu

detected the Plexiglas, and because the robot was utilizing automa-
tion, the robot would not drive forward even when the user tried to
force it to drive forward. This frustrated the user, who switched to
manual control and drove through the Plexiglas sheet.

Problems can also arise when people place too much trust in an au-
tomated system. For example, robot users may incorrectly internalize
a certain level of trust (e.g., that the robot will not collide with nearby
humans) and inadvertently place themselves or others in harm’s way.
For example, during the experiments carried out by Desai [6], there
was an expert user who had been trained with the system and was
aware of the system’s capabilities and shortcomings. This user de-
cided to use the maximum level of autonomy supported by the sys-
tem. The robot performed poorly, but the user kept the system under
full automation for more than half the run. One of the statements that
the user made before starting the run indicated that the user was very
enthusiastic about autonomy and wanted to try it out. This statement
indicated a very high level of initial trust in the system. This attitude
combined with the fact that the user received little feedback about the
performance of the system resulted in a situation in which the user’s
trust was largely misplaced and the robot made numerous collisions.
One of the factors that made judging the robot’s performance diffi-
cult from the user’s perspective was the fact the user and the robot
were not collocated, so the user could not easily observe the robot or
its environment. This separation is not normally the case with most
automation systems.

Advances in social robotics may exacerbate situations in which
users mistrust a system. Related work by Parasuraman and Miller
[33] described how automation etiquette has an impact on user trust
and overall human-automation performance in traditional automation
tasks. Their study showed that “good automation etiquette can com-
pensate for low automation reliability,” suggesting that people place
more trust in a polite robot than is warranted by the robot’s actual
abilities. In addition, van Mulken [44] found that displaying infor-
mation in a personified manner did not affect trust. This indicates
that designers of social robots may need to consider how their robot
presents information (what level of politeness and personification) in
order to foster appropriate levels of trust in the system.

Due to potential problems with trusting a robotic system too much
or too little, it is important to develop a model that will allow a
robotic system to estimate its user’s current level of trust. In this pa-
per, we present an overview of previous work in trust in automated
systems and discuss specific areas in which robotics poses challenges
not previously addressed by this body of work. We also discuss a pre-
liminary web-based questionnaire which we conducted to examine
people’s attitudes toward robotic automation.
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2 Research on Trust in Automation

Parasuraman and Riley define automation as “the execution by a ma-
chine agent (usually a computer) of a function that was previously
carried out by a human” [34]. Automation has traditionally been em-
ployed in systems that are complicated, tedious, or time critical, but
it has also been used for economic reasons [34]. When automation
was first introduced in the 1930’s, its use was limited to large in-
dustries; however, at the present, automation can be found in many
places, from home appliances to the Mars rovers.

Automation has always had weaknesses: namely, it has only been
effective in well-structured and controlled environments and contin-
ues to remain so. To avoid catastrophic failures in safety critical sys-
tems due to either flaws or limitations of automation, an operator
must be present at all times to take control of the system. Situations
of this kind in which a human operator is working with an automated
system are referred to as “human-in-the-loop control.” While utiliz-
ing a human operator may be beneficial in certain situations, address-
ing the inadequacies of automation for the human-in-the-loop control
creates a different set of problems. When an operator is added to the
system, improving overall system performance requires more than
simply optimizing operator performance and, separately, optimizing
automation performance. The interaction between the two needs to
be considered as well.

For several decades, researchers in the automation field have ex-
amined the factors which influence people’s trust of automated sys-
tems and how this level of trust, in turn, effects the way in which
people use, misuse, or disuse automation. Researchers have shown
that trust influences operators’ use of automation (e.g., [8, 19, 31]):
the more operators trust automation, the more they tend to use it.
Moreover, if an operator trusts his own abilities more than those of
the automated system, he tends to choose manual control; however,
if an operator trusts the automation more than his own capabilities,
he is more likely to choose automation over manual control.

Not only has it been demonstrated that a user’s level of trust af-
fects how much he will rely on an automated system, but numerous
studies have also been conducted to examine the factors which in-
fluence this level of trust (see [20] for an overview). Specifically,
Dzindolet et al. [8] demonstrated the impact of system performance
on user trust. The results of this study indicated that while users ini-
tially placed trust in a decision aid and agreed with its suggestions,
as users observed the system making errors they would distrust even
a generally high-performing aid unless provided with reasons as to
why the errors had occurred. However, providing this type of infor-
mation increased trust in the automated aid even when the aid per-
formed poorly. Besides the performance of the system, additional
factors contributing to a user’s trust of an automated system include
the recency of errors made by the system, the user’s prior knowl-
edge about the system’s performance, the user’s knowledge of the
capabilities of the system, and the user’s expectations of the system’s
performance [39].

Different models have been hypothesized regarding how these dif-
ferent factors influence each other and ultimately the operator’s re-
liance on automation. One such model was proposed by Riley [37]
and is shown in Figure 2. The dashed lines indicate the unproven
hypotheses and the solid lines indicate relationships that have been
proved by experiments. This model, like most, does not consider
some factors that are relevant to robots such as interface usability,
proximity to robot (co-located or remote-located), situation aware-
ness, dynamics of operating environment, etc. These factors heavily
influence automation in robotics. Since the performance of automa-

tion has an effect on users’ trust of automation it is important to con-
sider these factors. Of these factors, some work has been done on
interface usability [2] and situation awareness [23].

Figure 1 shows a generic trust model which has been augmented
with factors more relevant to robotics. Many researchers have proven
that the way the user allocates control or uses automation depends
on the amount of trust that the user has in the automation and the
amount of trust that user has in his own capabilities (e.g., [5, 8, 19,
21, 37]). A user’s trust of his own capabilities is most often referred
to as “self-confidence.” Some studies have reported a certain amount
of lag between changes in trust and self-confidence and an actual
change in allocation strategy; this lag is referred to as “inertia” [21].
Atoyan et al. found that interface design plays an important role in
influencing users’ trust in automation [2].

When the user changes the allocation strategy, the performance
of the system inevitably changes. For the feedback loop to close,
the user needs to observe this change in performance. Depending on
the system, there might be a significant time delay before the user
observes the change in performance. This time delay may result be-
cause only cumulative feedback is provided to the user [8], or it may
be a result of the time required to send information to the user over
the communication channel. The significance of a particular amount
of time delay depends on the nature of the system. For example, a
delay of a few hundred milliseconds will have a drastic effect on a
USAR system but may have little effect on a Mars rover. The change
in system performance is also dependent on machine accuracy, and,
as explained in Section 3.1, the performance of automation in robotic
systems is generally not very high.

Allocation strategy

Actual System Performance /
Result

Inertia Interface 
Usability?

Trust Self Confidence

Some difference 
function

User

Operating 
Environment

Lag
+

Machine accuracy

Figure 1. A basic model of trust adapted for robotics. It shows that trust
and self-confidence influence automation allocation along with some factors

that would be more relevant to robotics like interface usability, lag, and
machine accuracy.

Table 3 at the end of this paper lists previous work related to trust
and automation. For a more comprehensive coverage of trust and au-
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Operator accuracy

Workload Task complexity System accuracy

Machine 
accuracy

Trust in 
automationState learningRisk

Perceived risk

Fatigue
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Skill

Perceived 
workload

Figure 2. Factors influencing automation use, according to Riley [37]. The dashed lines indicate the relationships that are yet to be proven and the solid lines
indicate the relationships that have been experimentally proven.

tomation, see Lee and See [20]. Table 3 lists experimental setup de-
tails such as the number of participants, background of participants,
and experiment task. It also lists the main contribution of the papers.
Most of the experimental setups were some form of automated deci-
sion aids. There were two studies that were based on questionnaires
( [16, 26]). Most of the experiments were modeled after systems that
were not very complex, such as orange juice pasteurization [19],
character identification [37], camouflaged soldier detection [9], etc.
Most of the studies recruited students. One study in which pilots par-
ticipated was [37]. It is important to note that while most of the stud-
ies utilized simulations, some of the simulations were modeled after
real systems ( [19, 28, 30]) while others were not.

In one of their experiments with simulated pasteurization plants,
Lee and Moray [22] found that automation allocation was dependent
on trust and self-confidence. They also found that operators exhib-
ited inertia, that there was a bias towards manual control, and that
this bias was even more prominent during the initial stages. In an-
other experiment, Lee and Moray also found that automation usage
is dependent on individual biases [19]. The bias towards manual con-
trol was also validated by Riley in his experiments with a character
identification system [37]; due to these findings in a small sample set
of users, he suggests running larger sets of participants.

As can be seen in Table 3, most trust in automation studies have
had relatively few participants. Riley also conducted similar experi-
ments with students and pilots and found that automation allocation
strategy followed the same pattern for both groups except that the pi-
lots relied on automation more than the students did. This difference
raises the question of testing systems with domain experts, which
is seldom done in automation research but is standard in human-
computer interaction for usability studies.

Dzindolet et al. conducted experiments with an automated deci-
sion aid for camouflaged soldier detection [9]. In one of their exper-
iments, they found that participants who had little information about
the reliability of the system considered the system trustworthy. This

bias is referred to as the “positivity bias”. The concept of the posi-
tivity bias was developed in the field of social psychology; the idea
is that people tend to be biased to think highly of other people when
adequate information about them is not available. If participants had
a positivity bias towards an automated system, the participants would
be more likely to use automated control (at least initially). However,
Dzindolet’s findings contradict those of Lee and Moray [22] and Ri-
ley [37], in which users showed an initial bias towards manual con-
trol.

3 Automation and Trust in Robotics

While the broad range of automation research provides a context for
examining issues of trust with robots, there are a number of factors
that limit how well this work generalizes to the robotics domain. For
example, studies of automated systems have tended to utilize sys-
tems such as autopilots, flight management systems, vision systems
for target or obstacle identification, and factory control systems [20].
Participants interact with a simulated system, which allows experi-
menters to inject errors and observe how participants’ level of trust
of and use of the system change as a result. The systems used in these
experiments generally have no physical embodiment and do not in-
teract with the physical world. Furthermore, these automated systems
tend to be designed for rigid tasks; that is, each system performs only
one very specific type of task. Robots are generally designed to ac-
complish a wider range of tasks: an assistive robot might be needed
to fetch a cup of coffee from the kitchen one day and a hat from the
closet the next, and a robotic system for USAR can be deployed at
different disaster areas with different physical layouts and charac-
teristics, such as a collapsed building or a mine shaft. In fact, it is
quite common for robots to be used for tasks their designers never
envisioned. Thus, the implications of these automation studies for
physically embodied robots with noisy sensors operating in dynamic
environments are less clear.
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3.1 Automation Reliability

Reliability is one characteristic which has been shown empirically
to affect a user’s trust in a system [5, 9, 37]. Designing automation
for robotics is more challenging than for other automated systems
because of the difficulties in modeling the robot and its environment
and the challenges posed by poor sensor data. Designing automation
requires modeling an existing system. Regardless of the implemen-
tation architecture, building such a model requires that all possible
states be mapped to an action. This mapping is easy to do for tra-
ditional automated systems, such as the orange juice pasteurization
plant utilized in Lee and Moray’s experiments [19]; however, cre-
ating this mapping is difficult to do when the number of possible
states is very large or dynamic. Designing automation for such sys-
tems requires many approximations, reducing the reliability of au-
tomation even in the presence of perfect sensor information. Robots
designed for urban search and rescue, assistive technology, or un-
manned surveillance must operate in unknown, unstructured, and dy-
namic environments. This lack of environmental constraints makes
designing automation to cover all possible circumstances the robot
might encounter very difficult. As a result, these types of robotic sys-
tems are likely to have lower reliability than other automated sys-
tems.

Automation performance not only depends on the implementation
of automation by the designers, but it is also heavily dependent on
information from sensors. Most automation experiments conducted
regarding trust have been in simulation (e.g., Table 3). In these ex-
periments, the reliability of automation is artificially controlled; most
often, the reliability is constant throughout the entire experiment or
constant for relatively large time periods. This type of experimental
design may help to highlight the effect that reliability has on trust
and control allocation; however, since the resulting models are de-
rived from simulated systems, their applicability to real, physical
systems remains unclear. This issue is very important in robotics be-
cause most sensor modalities used are either unreliable (i.e., sonar,
infrared, etc.) or their accuracy is dependent on environmental fac-
tors (such as light, reflectivity of surfaces, other characteristics of sur-
faces, etc). This suggests that at the very least, for robotics, simulated
experimental setups with reliability modeled after real world systems
or real world experiments are needed. While studies have been con-
ducted which examine the effects of reliability on trust, given the dy-
namic nature of reliability in robotics, a comprehensive study of the
effects of reliability in robotics is required to either validate existing
trust models or modify them.

3.2 Automation Capability

Automation capability defines to what extent system operations can
be controlled by automation, whereas automation reliability defines
how well system operations can be performed. In most previous au-
tomation experiments, automation capability has not been an issue;
however, in robotic systems, the maximum capability of automation
must be considered separately from reliability.

In most automation experiments conducted to date, the automated
system is capable of performing the entire operation. This capability
is due in part to the oversimplified nature of the experimental setup.
An example would be controlling the valves in a pasteurization plant
or correctly indicating the presence of a camouflaged soldier in an
image. From the operator’s perspective, the mental model of the au-
tomation’s capability is relatively static: the automation always has
the capability to complete the task at hand; however, this may not be

the case with robotics. In several robotic domains, systems employ
discrete levels of autonomy for different reasons. These levels of au-
tonomy define what tasks the automation can perform. Parasuraman
et al. have described a classic example illustrating how different lev-
els of autonomy can be utilized [35]. USAR systems developed by
INL [3], and UML [17] have several discrete autonomy levels, requir-
ing the user to accurately learn, remember, and use the correct mental
model for automation. The need for a complicated model of automa-
tion capability has the potential to drastically increase the chance
of misplaced trust in automation. UML has also implemented sliding
scale autonomy for USAR [6]. According to Desai and Yanco, a slid-
ing scale autonomy system is a continuum of autonomy levels from
full teleoperation to full autonomy [7]. From an automation point of
view, a sliding scale system might be better than a discrete autonomy
system, but the influence of such sliding scale autonomy on trust has
yet to be studied.

3.3 Changing Levels of Autonomy

Furthermore, the fact that robotic systems may operate under chang-
ing levels of autonomy is generally not addressed in this literature.
In some robotic systems, the user specifies the desired level of au-
tonomy; in others, the robot may change its own level of auton-
omy without specific human direction to do so. Desai [6] lists fac-
tors in the robotics application domain that could govern the mini-
mum as well as maximum amount of automation a system can have.
Some robot application domains, such as urban search and rescue
(USAR), can have very unstructured environments [29], which re-
quire the presence of a human operator to assist the automated sys-
tem. A robotic system with different levels of autonomy requires that
the user develop an allocation control strategy to decide how much
autonomy the system should have at any given time. However, most
of the research regarding allocation control strategy that has been
done has been mainly in the field of industrial automation or avia-
tion automation. Most often in such situations, the automation can
either be turned on or turned off (e.g., [5, 21, 37]). Most autonomous
robotic systems employ a discrete autonomy system in which there
are several autonomy levels to choose from, which complicates the
problem of automation allocation: the user must now decide not only
whether or not automation must be used but also how much; thus the
level of autonomy must also be considered as a factor related to the
user’s trust of the system.

In robotics, adjustable autonomy systems are sometimes referred
to as mixed initiative autonomy (MIA) systems. However, the term
“adjustable autonomy” is also used to refer to systems in which the
operator and the automated system can both change the level of au-
tonomy. A system like this was implemented by Desai [6]. In do-
mains like USAR, in which the operator may utilize a robot for long
periods of time, it is very difficult for the operator to maintain sit-
uation awareness the entire time. The widely accepted definition of
situation awareness is “the perception of the elements in the environ-
ment within a volume of time and space, the comprehension of their
meaning and the projection of their status in the near future” [10].
Situation awareness can be easily lost if the robot is operating au-
tonomously. This lack of good SA might result in an accident if the
automation fails for some reason. MIA systems can prevent these
types of failures by gradually handing over control to the operator
as the automation starts to fail. By transferring control to the oper-
ator gradually, the operator gains time to regain SA. The MIA sys-
tem implemented by Desai [6] can also take over some amount of
control from the operator if the automation detects that the opera-
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tor is performing errors that the automation could avoid if it were in
control. The effects of automation failures on trust in MIA systems
have not been studied. Some researchers have tried to treat robots
as peers rather than just tools (e.g., Marble et al. [25] and Fong et
al. [11]). Such systems would implement some sort of MIA, which
makes studying the effects of MIA on trust even more important.

3.4 Prior Work on Trust in Robotic Systems

To date, there has been little work examining issues of trust directly
with robots, although some work has been conducted involving sim-
ulated robots. Dassonville et al. [4] conducted a study in which par-
ticipants used a joystick to control a simulated PUMA arm. Errors
were introduced into the simulation, and participants were asked to
rate the reliability, performance, and predictability of the joystick’s
behavior (as well as how difficult it was to make such ratings). The
results of the study were consistent with prior work in autonomous
systems that suggest that the user’s self-confidence is a significant
factor which influences use of such systems.

More recently, Freedy et al. [13] have examined trust in the context
of mixed-initiative command and control systems using the MITPAS
(Mixed-Initiative Team Performance Assessment System) Simula-
tion Environment. The researchers constructed a quantitative mea-
sure of trust by assuming that people use a rational decision model
such that “trust behavior is reflected by the expected value of the de-
cisions whether to allocate control to the robots on the basis of past
robot behavior and the risk associated with autonomous robot con-
trol” [13]. For their evaluation, participants were asked to assume
the role of a controller of an Unmanned Ground Vehicle (UGV); the
UGV was able to autonomously target and fire, but participants were
instructed to take control of the UGV if its autonomous behaviors
would lead to a time delay or a failure. The experimenters varied the
competency of the UGV’s firing behavior and recorded participants’
choices to override the UGV. The results suggested that participants
who were able to ascertain whether the UGV was very competent or
incompetent adjusted their behavior accordingly, seeming to trust the
system to continue to maintain the same level of competence. In the
case in which the system was of indeterminate competence, it was
more difficult for users to adjust their behavior. Because the entire
experimental setup took place in a video game-like environment, it
is unclear how these results would generalize to physical robots.

While relatively little work has been done investigating trust in
robots, there is a large body of research on trust in different types
of technologies. Because we are interested in developing a model
of trust for human-robot interaction, we have examined trust mod-
els that were developed for other technology domains. For example,
Song et al. [40] developed a neural network-based trust model for
understanding users’ acceptance of recommendations from a system
of heterogeneous agents. Another agent-related trust model was de-
veloped by Rehak et al. [36], who used fuzzy numbers to represent
trust in cooperating ubiquitous devices. McKnight et al. [27] devel-
oped a trust model to understand users’ acceptance of a website of-
fering legal advice. However, all of these systems differ from robots
in the same ways that the systems previously studied in the automa-
tion literature do. To advance the field of human-robot interaction, a
systematic study of trust in human-robot interaction is necessary to
build trust models in this domain.

4 Web-Based Questionnaire on Attitudes Towards
Robotic Automation

To examine people’s perceived level of comfort with robotic automa-
tion, we have conducted a preliminary web-based questionnaire. Par-
ticipants were recruited through Mechanical Turk, a website which
allows individuals and companies to post human intelligence tasks
which are accepted and completed by online workers [42]. Partici-
pants were asked about a (fictitious) new car that had the ability to
park itself automatically. In order to examine participant’s initial bi-
ases towards the system, participants were not given any information
about the competence or reliability of the fictitious car. Participants
were asked to envision parking at a grocery store and to rank the fol-
lowing situations in order of how comfortable they would feel in each
situation from 1 (most comfortable situation) to 6 (least comfortable
situation):

• You park your car manually.
• Another driver manually parks their car next to your car.
• Another car automatically parks itself next to your car.
• Your car automatically parks itself (and you cannot override it).
• Your car automatically parks itself (but you can override it).
• You take a taxi and the taxi driver parks the taxi.

We received 176 responses to the questionnaire (69.3% female,
30.1% male, 0.6% unknown). Participants reported their ages as fol-
lows: 18 to 25, 22.1%; 26 to 35, 36.3%; 36 to 45, 22.1%, 46 or
older, 18.1%; unknown, 1.1%. 97.7% of respondents reported having
prior experience driving a car. The mean rankings of each scenario
are shown in Table 1. We conducted a Friedman two-way analysis
of variance to compare the rankings for the scenarios, which pro-
vided evidence for significant differences among the six rankings,
χ2(5) = 319.79, p < 0.001. In order to determine which scenar-
ios’ rankings were significantly different from each other, we used
Wilcoxon matched-pairs signed-ranks tests with the Bonferroni cor-
rection (Table 2).

Overall, 65% of respondents indicated they would be most com-
fortable manually parking their own car (mode rank = 1), and 55% of
respondents indicated they would be least comfortable if the car was
parking itself and they had no means to override it (mode rank = 6).
While a taxi passenger also has no means to “override” a taxi driver,
participants tended to feel less comfortable with the automated sys-
tem. Similarly, 38.6% of participants ranked the situation in which
another driver manually parks a car next to theirs as the second most
comfortable (mode rank = 2), yet 36.4% of participants ranked the
situation in which another car automatically parks itself next to theirs
as their second to least comfortable (mode rank = 5), even though
they would have no control over the other car in either case. This
suggests that people may tend to trust a robotic system less than an-
other person even in circumstances for which there may not logically
be any difference in terms of the person’s control over the situation.

Nomura et al. have demonstrated empirically that people’s nega-
tive attitudes towards robots will affect their interactions with robots
[32]. The types of biases which we observed in this survey represent
negative attitudes which may impact how robotic automation is uti-
lized. In order to improve HRI given these biases, a robotic system
will need to adjust its interactions to align with the amount of trust
placed in it by the user. For example, the robotic system could al-
ter of warning thresholds (e.g., collision warnings or status warnings
such as battery level), how often it asks for help, and which level of
autonomy to use. Strategies for modeling human behavior within a
robot have been examined (e.g., [12]), but more work is needed.
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Table 2. p-values from Wilcoxon matched-pairs signed-ranks tests between the rankings for each scenario. All values less than 0.003 (adjusted from 0.05)
indicate statistical significance.

Scenario Self Another Driver Taxi Self Another Driver Self
Manual Manual Auto : Override Auto Auto : No Override

Self : Manual p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001
Another Driver : Manual 0.81 0.60 p < 0.001 p < 0.001
Taxi 0.48 p < 0.001 p < 0.001
Self : Auto : Override p < 0.001 p < 0.001
Another Driver : Auto p < 0.001

Table 1. Mean ranking, mode ranking, and percentage of participants
whose responses matched the mode ranking, where 1 = most comfortable

situation and 6 = least comfortable situation.

Scenario Mean Rank Mode Rank Participants
at Mode

Self : Manual 1.74 1 65.3%
Another Driver : Manual 3.31 2 38.6%
Taxi 3.36 3 27.3%
Self : Auto : Override 3.19 4 27.3%
Another Driver : Auto 4.36 5 36.4%
Self : Auto : No Override 5.04 6 55.1%

5 Conclusion and Future Directions

Prior work on trust in automated systems provides a foundation for
understanding and modeling trust in human-robot interaction, but
much work remains to be done. Because of the challenges of mod-
eling a robot’s sensors, actuators, and its environment as well as the
challenges of interpreting noisy sensor data, automation for robotic
systems is likely to be less reliable than the systems used in previous
work on automation. In addition, a robot may be used in a variety
of situations for a variety of tasks, and a robot may not always have
the capability to complete every aspect of the task at hand. Thus,
robotic systems may have a lower level of automation capability
than the systems utilized in automation research. Adjustable auton-
omy and mixed-initiative robotic systems, including systems which
may change their autonomy level dynamically, introduce additional
complexity which may affect the user’s trust in the system. Our web-
based questionnaire also illustrates that users may be biased against
robotic autonomy, even compared with situations in which there may
be little difference in terms of their own control (i.e., a person riding
in a car being parked by another person as opposed to by an auto-
mated system).

Further research is needed in order to create models of trust which
are specifically tailored towards human-robot systems. The field of
HRI should begin to investigate the question of trust through empir-
ical studies, particularly relating to those factors which distinguish
robots from other automated systems. Studies in which participants
must execute a task with a real robotic system could include measures
of perceived reliability and the system’s actual reliability to compare
how these factors influence participants’ use of the system and re-
ported trust of the system. For tasks in which robotic automation is
only sometimes helpful, a careful examination of how participants
understand the system’s capabilities, and how this impacted trust in
the system, would also be helpful. Examining the effects of chang-
ing levels of autonomy on trust, as well as the effect of automation
failures, is another possible research area. In order to build systems
which promote appropriate levels of trust, HRI designers will need
to consider how to design both the robot’s form and its interactions
such that it provides feedback which will help the user understand
the robot’s capabilities and limitations.
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Haptic Control for the Interactive Behavior Operated
Shopping Trolley InBOT

Michael Göller and Thilo Kerscher and Marco Ziegenmeyer
and Arne Rönnau and J.Marius Zöllner and Rüdiger Dillmann 1

Abstract. An important challenge in service robotics is to design
user interfaces that can be used intuitively to enable the potential
users to benefit from the robot’s functionalities. These interfaces have
to be easy to understand on the one hand but have to be able to access
the various features that are provided by robotics. This document
presents the haptic-based control of an Interactive Behavior Oper-
ated shopping Trolley (InBOT). The holonomic robot InBOT is an
approach to transfer state of the art robotics technology into all-day
environments to make their benefits available for the populace. The
haptic-based mode of control enables the user to steer InBOT just
like an ordinary shopping cart while being released from the burden
to push the cart with muscle power. Additionally haptic commands
are introduced which the user can give the robot using the haptic
handle. These commands are classified by a vector support machine
and activate corresponding behaviors of the robot’s advanced behav-
ior repertoire. Finally the user is supported continuously by features
from the robot’s basic behavior repertoire like the avoidance of ob-
stacles.

1 Introduction
The Interactive Behavior Operated Trolley (InBOT, fig.1) is an ap-
proach to transfer state of the art robotics technology into human
everyday environments. The benefits of the actual technology shall
become available for the populace. InBOT addresses several every-
day problems and its main idea is to ease the daily shopping. Among
other possibilities this means to help the customer to find the desired
products without extensive search in big supermarkets or to relieve
the customer from the burden to push the shopping cart from his own
force all the time, especially if the cart is heavily loaded or the cus-
tomer is an elderly person.

InBOT provides four different modes of operation. Their interac-
tion with the remaining system is roughly sketched in fig.2. The first
one is the haptic steering mode. This is the mode with the closest
coupling between user and robot. Here InBOT is pushed like an or-
dinary shopping cart but supports the user with several features like
the full motor power of the robot, an obstacle avoidance assistant
or local haptic commands. The transition into this mode is special.
While for the other modes an explicit command of the user is nec-
essary InBOT automatically switches to the haptic steering mode as
soon as a force is applied to the handle. The second one is the fol-
lowing mode. Here the robot follows the user wherever he goes in
a well-defined distance. The third one is the guiding mode. In this
mode the robot guides the user to a desired target or product or even

1 FZI Research Center for Information Technology, Karlsruhe, Germany,
email: [goeller, kerscher, ziegenmeyer, roennau, zoellner, dillmann]@fzi.de

Figure 1. The Interactive Behavior Operated shopping Trolley (InBOT). It
is equipped with a mecanum drive for full holonomic movements and a
haptic handle to enable the user to steer it just like an ordinary trolley.

along a whole shopping list step by step while continuously adapting
to the user’s movements. The last mode is the autonomous mode with
the weakest coupling between user and robot. Here InBOT acts only
if explicitly commanded by the user and once commanded the robot
performs the task independently. As baseline of all these modes acts
a behavior-based control ([1]) that provides a repertoire of behaviors
to be used in the course of the four modes. Among the provided be-
haviors is for example the capability to localize itself and to find a
way to a desired product or the avoidance of obstacles or dynamic
objects. This document describes the haptic control of InBOT which
is the most crucial part of the haptic steering mode.

The most intuitive method of using the robot trolley is probably
the interaction based on physical contact by using a haptic handle
(fig.3). The user doesn’t need extensive training and doesn’t have to
learn voice or gesture commands. Additionally this kind of interac-
tion has a high degree of reliability. The close coupling of user and
robot in the control task allows the user to perceive the robot’s ac-
tions while allowing him to contribute his own intentions simultane-
ously. Thus he preserves a feeling of control and responsibility ([3]).
Due to these advantages the haptic steering mode might be the most
important mode of controlling InBOT. The user is able to apply ex-
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Figure 2. The abilities of InBOT are grouped in 2 repertoires of behaviors
with a flexible task-planner on top. The different modes of operation

influence the work of the different behaviors and of the task planner([2]).

Figure 3. Close-up of the haptic handle with the two red dead man’s
switches.

periences from a common, manual trolley to the robot trolley but is
supported by several additional functionalities like motor power, ob-
stacle avoidance or local maneuvers controlled by haptic commands.

2 Control chain for the haptic handle

To achieve a high level of usability the trolley’s handle must be able
to detect the applied forces and torques, gather them and transfer
them to a classification mechanism that is based on a support vector
machine(SVM). After the classification motion commands are gener-
ated and transferred to the behavior network ([1]) implementing the
basic behavior repertoire. After the movement commands have been
merged with the commands from other behaviors the final movement
command is handed down to the motion control in the hardware ab-
straction layer.

In detail (see fig.4) this means the following: The forces that the
user exerts on the bars of the haptic handle are measured by strain
gauges. The values are digitalized and transferred to a UCOM-board
([4]). Here the several measured forces are transformed into two
forces and one torque, which are the most significant information
used in the haptic mode. This procedure of data acquisition is de-
scribed in detail in the next section. Additional signals are provided
by two buttons on the handle that are used as dead man’s switches.
The UCOM-board transfers the processed forces to the navigation
system only if at least one of the buttons is pressed. The second
functionality of the buttons is to trigger the classification of haptic
commands. At the moment when both buttons are released the re-

Figure 4. Control chain of the haptic mode: Haptic handle - ACAM-Board
- UCOM-Board - MCA2 Remote part - Module Haptic Control - Module
Haptic Command Classification (based on SVM) - Advanced Behaviors -

Basic Behaviors

Figure 5. Typical forces applied by human users.

sponsible support vector machine processes the forces measured in
the last second and classifies the given command (see section 2.3
for a detailed description). Each identified command motivates one
of the behaviors of the advanced behavior repertoire. While at least
one of the buttons is pressed the actual command is classified as hap-
tic steering and the processed forces are transformed into movement
commands (section 2.2). Based upon the classification and the calcu-
lated information the different behaviors of the behavior repertoires
can be activated.

2.1 Haptic-based detection of commands

To sense and detect the user-intention using the trolley’s handle a
physical contact of user and trolley is necessary. The user grabs the
handle at least with one hand. The possible area for the physical con-
tact of the user is illustrated in fig.5 by the yellow rectangle. The most
typical areas for the contact are illustrated by the orange circles. The
arrows demonstrate the most typical direction of the forces applied
by the user.

The user is able to apply forces as well as torques to the trolley’s
handle one or both hands. During contact of both hands the rigid
body of the handle will combine the different forces and torques to a
resulting force and torque (see fig.6). For the steering, but also for the
classification of the intention, only the projection of the force on the
horizontal plan (fig.7) as well as the torque around an axis parallel to
the normal vector of the horizontal plan is used.

The sensorized trolley handle must detect three values which are
the absolute value of the force, the direction of the force, and the
torque around the normal vector of the horizontal plane. The two
values for the force should be orthogonal.

Proceedings New Frontiers in Human-Robot Interaction, K. Dautenhahn (Ed.), symposium at the AISB09 convention, 8-9 April, Edinburgh, Scotland

58



Figure 6. Forces (red arrows) and torque (yellow circle) that are finally
provided by the haptic handle.

Figure 7. Horizontal plane and normal vector for the force and torque
direction

2.1.1 Mechanical design of the haptic handle

The current setup of the haptic handle focuses on the elementary re-
quirements which have been described above. This setup can be used
as a haptic handle for the robot trolley as well as a sensor of a com-
mon trolley to gather sensor information for example for the user-
centered prototyping evaluation. The setup of the haptic handle is
shown in fig.3.

The main part which hosts the force and torque sensor consists of
two planes, which are connected by four strain gauges beams. One
plane is directly connected to the trolley. The second plane carries
the handle, which will be used by the user to steer the trolley. Due
to this setup the flow of force must go from the handle through the
second plane, the strain gauges beams and finally the first plane to
the trolley.

The strain gauges for the detection of the forces and the torques
are placed on three of the four strain gauges beams. Figure 8 illus-
trates the positions of the different strain gauges and the force di-
rection they sense. The beams B1 and B2 are equipped with strain
gauges to sense the forces in the x-direction. The beams B1 and B3
are equipped with strain gauges to sense the forces in the y-direction.
The number of four strain gauges is sufficient because in general
three forces (with independent force directions) will be enough to
calculate the forces and the torque of the haptic handle.

Figure 8. Base of the haptic handle with indicated resulting force
directions (black arrows). The green arrows indicate the two different forces
measured in Y-direction, the two blue arrows indicate the forces measured in

X-direction.

Figure 9. Schematic diagram on the electronic components of the haptic
handle

2.1.2 Electronic components of the haptic handle

The electronic components of the haptic handle are responsible for
the measurement of the strain gauges, the measurement of the human
contact, the pre-processing of the gathered sensor information as well
as the communication with the overall system. Figure 9 illustrates the
used components and their connections.

For the measurement of the strain gauges the specialized com-
ponent ”PS021 - Digital Amplifier for Strain Gauges” from acam-
messelectronic GmbH (www.acam.de) is used. The main advantage
of this component is that the integrated circuits are realized without
any analogue component but an approved Time-to-Digital Converter
(TDC) technology. This technology has a lot of advantages like there
is no need for a full-bridge, 2 resistors (half-bridge) are sufficient or
no reference voltage is needed. The PS021is connected to the UCoM
over SPI-BUS.

The major part of the components is the Universal Controller Mod-
ule (UCoM), which is responsible for the gathering as well for the
pre-processing of the sensor information. This board has been de-
veloped at the FZI as a modular hardware component for example
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for lower level control tasks (motor control) as well as sensor pre-
processing. A detailed description of the UCoM can be found in [4].
The UCoM is encapsulated in a network-transparent remote part us-
ing the MCA2 framework ([8], [9]) and communicates with the over-
all system over CAN-BUS. The UCoM is directly connected to the
sensors for the contact of the user.

2.1.3 Calculation of the applied forces and torques at the
haptic handle

The major part of the software component is the calculation of the
applied forces and torques at the haptic handle. The positions of
the measured forces are illustrated in fig.8. The different measured
forces are not independent enough to use them as raw data for the
calculation. This is caused by manufacturing tolerances, varying ma-
terial properties and the fact that the manual placed strain gauges are
not total identically positioned. So a calibration of the total assem-
bled system is necessary. The calibration is done by linear calibra-
tion using a 4x4 calibration matrix A which transfers the raw sen-
sor values ~RS = (FXR1FXR2FY R1FY R2)

T to the calibrated ones
~CS = (FX1FX2FY 1FY 2)

T using the relation:

~CS = A · ~RS (1)

The calibration matrix transfers the four raw values to more in-
dependent values. So afterwards the force values can be treated as
independent. The calibration matrix has been determined by apply-
ing the least square method to calculate the necessary elements of the
calibration matrix. For this purpose a defined set of independent test
forces has been applied on the haptic handle.

Now, the resulting force and torques can be calculated with the
following equations:

FX = FX1 + FX2 (2)

FY = FY 1 + FY 2 (3)

T = −FX1 · lX1 + FX2 · lX2 − FY 1 · lY 1 + FY 2 · lY 2 (4)

2.2 Generation of haptic-based movement
If the module responsible for the haptic control receives forces from
the UCOM-board it demands a mode change to the haptic mode at
once. This request is processed in a higher layer. If operating in the
haptic mode the module transforms the measured forces into a veloc-
ity vector using a dynamic approach. Formula 5 describes how the set
point vector for the velocity (vt) is calculated. It depends on the past
velocity, the proportion of the measured force (F ) compared to the
maximum accepted force (Fmax), an amplification factor (fa) and
a damping factor (fd). The state variable v represents the set point
vector for the desired velocity. It is amplified by the measured forces
and damped by its actual value. This velocity vector is then passed to
the behavior-based control. Here it is merged with velocity vectors
of other behaviors like obstacle avoidance and finally passed to the
hardware abstraction layer. Here the resulting desired velocities are
transformed in engine speed values for the mecanum drive.

vt = vt−1+min

(
|F |

Fmax
, 1

)
·sign(F )·fa ·∆t−fd ·vt−1 ·∆t (5)

2.3 SVM-based classification of haptic commands
Another alternative to generating velocity vectors out of the mea-
sured forces directly is to analyze the measured forces over a pe-
riod of time and to try to identify haptic commands. If identified

these commands overrule the direct generation of velocity vectors.
An identified command activates the corresponding behaviors from
the advanced behavior repertoire. The activated advanced behaviors
are responsible for the generation of the velocity vectors themselves.
Usually they again activate behaviors from the basic behavior reper-
toire (see fig.4) .

The discrimination between these two approaches is realized by
using the haptic handle’s contact sensors. If a user has contact with
the haptic handle the first approach is active. If the user releases
the handle the past temporal progression of the applied forces and
torques is used to classify the different intentions of the user.

2.3.1 Classes of haptic commands

The definition of the classes is motivated by the different user-
intentions which should be distinguisted by the classificatory. Each
of this intentions is connected to a more haptic handle specific de-
scription, which is the basis of the command classes. The follow-
ing intentions of the user are supported: ”Wait exactly here”, ”Stay
near the actual position”, ”Rotate to support loading”, ”Park at side”,
”Drive a little forward”.

• ”Steer”

– Continuous contact between user and handle

→ Class name: STEER

• ”Wait exactly here”

– Handle has been released

– During release a high force is applied on the handle in back-
ward direction

→ Class name: PULL

• ”Stay near the actual position”

– Handle has been released

– At time of release no force and torque has been applied on the
handle

→ Class name: WAIT

• ”Rotate to support loading”

– Handle has been released

– During release a high torque is applied on the handle

→ Class name: ROTATE LEFT

→ Class name: ROTATE RIGHT

• ”Park at side”

– Handle has been released

– During release a high force is applied on the handle

→ Class name: PUSH LEFT

→ Class name: PUSH LEFT

• ”Drive a little forward”

– Handle has been released

– During release a high force is applied on the handle

→ Class name: PUSH

The haptic commands which result from the classification of the
user intention are used to command the trolley. The resulting classes
of commands are summarized in table 1.
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Table 1. Supported classes, the corresponding force characteristics and the
corresponding advanced behavior that is triggered after the classification.

Class name R FX FY T AB

STEER No - - - Steer
PULL Yes H(-) S S Stay here
WAIT Yes S S S Stay in area
ROTATE L/R Yes S S H(+/-) Support loading
PUSH L/R Yes S H(+/-) S Park
PUSH FRONT Yes H(+) S Sl Drive forward

R: Release of handle
F: Value of force in [X,Y]-direction. Values: High(sign) or Small
T: Value of torque. Values: High(sign) or Small
AB: Corresponding advanced behavior

The relevant information is the state of the dead man’s switches
(pressed/released) and the two measured forces and the torque. The
last column names the corresponding advanced behaviors that are
activated after identifying a command.

2.3.2 Definition of feature classes as basis for the
classification

For the quality of the classification the definition of significant fea-
ture classes is mandatory. For example taking only the raw force and
torque progressions of different measurements with different strength
would not be generalized to one class even if the intentions was iden-
tical.

To gain the best result 23 feature classes have been defined. Some
of them have been preliminary defined like the average value for the
different progressions. Other feature classes have been defined dur-
ing the learning and evaluation to improve the quality of the classi-
fication like for example the amount of positive force values or the
dominant force direction: If the absolute value of force x is bigger
than the absolute value of force y then dom(FX) = ±1. The alge-
braic sign is determined by comparing the value of min and max. If
min is larger then the sign is negative. Finally the used feature classes
are reported in the table 2. For the usability with the SVM it is nec-
essary that all input data is standardized.

Most of the features cannot clearly be assigned to one of the
classes directly. Some features are irrelevant for some classes. The
method of how the class ”ambiguous” is assigned is very important
for the classification system in general. Naturally for all implementa-
tions of artificial intelligence there are ambiguous decisions, just like
in real life. For SVM this ambiguity is manifested in different ways.
If the learning has been incomplete no activations for any class are
present. In this case as well as for activations that are below a speci-
fied threshold the class ”ambiguous” is assigned. These assignments
represent incomplete training, which is of course also possible for
rather matured learning machines. If, to the contrary, the learning
has advanced very far, multiple activations are possible. In such a
case a rule can be conceived of that would tell what class activations
overrule what other class activation. It was deemed clearer and for
the beginning to also classify these features as ambiguous.

2.3.3 Support vector machine for the haptic-based
classification of user intention

As input for the classification the different sensor signals coming
from the haptic handle are used. These are the forces in X- and Y-
direction, the torque and the contact between user and trolley. These

Table 2. Defined features for the classification

Feature class Description Range

avr(FX) Average value [-1,...,1]
avr(FY ) for force/torque
avr(FT ) in the period
min(FX) Minimum value [-1,...,1]
min(FY ) for force/torque
min(FT ) in the period
max(FX) Maximum value [-1,...,1]
max(FY ) for force/torque
max(FT ) in the period
#neg(FX) Number of negative values [0,...,1]
#neg(FY ) for force/torque
#neg(FT ) in the period
#pos(FX) Number of positive values [0,...,1]
#pos(FY ) for force/torque
#pos(FT ) in the period
max(diff |FX |) Maximum value of the [-1,...,1]
max(diff |FY |) absolute value of the first
max(diff |FT |) derivation
dev(FX) Standard deviation [0,...,1]
dev(FY ) for force/torque
dev(FT ) in the period
dom(FX) Investigation of dominant [-1,0,1]
dom(FY ) force direction

F...: Value of force in [X,Y]-direction
FT : Value of torque.

information are accumulated over a period of time. The time progres-
sion of these sensor values is analyzed. Crucial for the success of the
learning and later classification of the different classes is the calcula-
tion of distinctive features which was described in the prior section.
These features make up the vectors for the Support Vector Machine
(SVM).

SVMs belong to the relatively new family of Kernel Methods, that
combine the simplicity and computational efficiency of linear algo-
rithms, such as the perceptron algorithm, with the flexibility of non-
linear systems, such as for example neural networks, and the rigor of
statistical approaches such as regularization methods in multivariate
statistics ([5]). By reducing the learning step to a convex optimiza-
tion problem, which can always be solved in polynomial time, the
problem of local minima typical of neural networks, decision trees
and other non-linear approaches is avoided. Therefore the training of
support vector machines is deterministic and retraining is faster and
easier.

Moreover, due to their foundation in the principles of Statistical
Learning Theory ([6]) they are remarkably resistant to over fitting
especially in circumstances where other methods are affected by di-
mensionality.

The absolute value of the resulting decision function is called ac-
tivation. It corresponds to the distance between the projected data
input and the separating hyper plane in the vector space. Therefore it
indicates the classification quality for a given feature: a low activa-
tion stands for an unconfident classification and a high activation for
a confident classification ([7]).

3 Experimental results

Several experiments were performed to evaluate the haptic steering
mode for InBOT. Figure 10 shows a user pushing InBOT like an or-
dinary shopping cart. He is supported by various features. First of
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all no muscle power is required to move the robot even if heavily
loaded. Second InBOT automatically avoids collisions with obsta-
cles. The user is even able to grab the handle with one hand only like
depicted in figure 11. Even if the user doesn’t recognize the obstacle
himself InBOT moves around it safely. The effect of the responsi-
ble behaviors from the basic behavior repertoire is depicted in figure
12. Additionally the user is able to control InBOT by using haptic
commands that are classified by a SVM.

Figure 10. The user is steering InBOT like an ordinary shopping cart using
the handle. He is supported by InBOT’s motors.

To maximize the outcome and the quality of the classification it
is important to have significant and independent data for each class.
For the final test on the learning of the developed classification 4 test
persons developed learning data. Each test person has contributed
ten measurements per class. In the end a total number of 280 tests
were collected. Each class has 40 measurements. For the verification
the data of one test person has been used. Here each class has 20
measurements, in total there have been 140 tests for evaluation.

Figures 13 to 18 show representative measurements together with
the identified class to get an impression about the overall outcome
of the sensor data. Figure 19 shows InBOT reacting the command
ROTATELEFT.

Using overall 280 tests of several different users the SVM has
been trained. All data has been verified as valid for testing. As re-
sult of the learning 86 support vectors have been used to general-
ize the collected data. For verification of the learned classes a set
of 140 tests has been used. 136 measurements have been classified
correct. The classification of 4 measurements has not been success-
ful. So the error rate is 2,8 %. Looking at the confusion matrix one
can see that the classes WAIT, PUSH, PUSH LEFT, PUSH RIGHT
and PULL have been classified correct (100%). For that set of data
only for the two classes ROTATE LEFT and ROTATE RIGHT a full
correct classification was not possible. For the class ROTATE LEFT
one measurement has been classified as PUSH LEFT. For the class
ROTATERIGHT three measurements have been not correctly clas-
sified, one of them has been classified as PUSH RIGHT the others
have not been classified at all. The misclassification of the rotational
classes and the sideward-push classes is due to the similar forces in
the time progression. The reason for this is that it is difficult for the
human user to push or rotate the trolley without implicitly applying
additional forces or torques. The details of the confusion matrix are
shown in table 3.

Figure 11. The user is steering InBOT like an ordinary shopping cart using
the handle. Because he needs his left hand otherwise he grabs the handle

with his right hand only. This makes it difficult for him to maneuver
dexterously. So the user benefits from being supported by by the obstacle

avoidance of the basic bahavior repertoire.

Figure 12. Occupancy grid of the scene from figure 11. The influence of
the supporting avoid obstacle behaviors is illustrated by the different arrows

([1]).

Table 3. Confusion matrix: percentage of correctly classified commands.
The rows represent the commands given by the user, the columns the result
of the classification. The values represent the percentage of how often one

command was assigned to a specific class by the SVM.
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WAIT 1,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
PUSHFRONT 0,0 1,0 0,0 0,0 0,0 0,0 0,0 0,0
PUSHLEFT 0,0 0,0 1,0 0,0 0,0 0,0 0,0 0,0
PUSHRIRGHT 0,0 0,0 0,0 1,0 0,0 0,0 0,0 0,0
PULL 0,0 0,0 0,0 0,0 1,0 0,0 0,0 0,0
ROTATELEFT 0,0 0,0 0,0 0,05 0,0 0,95 0,0 0,0
ROTATERIGHT 0,0 0,0 0,05 0,0 0,0 0,0 0,85 0,1
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Figure 13. The haptic handle in use with the command PUSHLEFT
indicated by the green arrows. Large forces are exerted in Y-direction to the

left, small forces are exerted in X-direction.

Figure 14. Example for measured forces that were classified as
PUSHLEFT.

Figure 15. The haptic handle in use with the command ROTATELEFT
indicated by the green arrows. Large forces are exerted in positive (right
side) and negative (left side) X-direction, hardly and forces are exerted in

Y-direction.

Figure 16. Example for measured forces that were classified as
ROTATELEFT.

4 Conclusion
For the intuitive use of the trolley a haptic interface has been devel-
oped. Based on the physical contact of user and trolley different user
intention have been derived such as a ”push” command or a ”steer-
ing” command where user and robot move together using a version
of zero-force-control. This haptic interface is realized using a sen-
sorized trolley handle. This handle is equipped with different sensors
for detecting the forces and torques applied by the user.

Based on the gathered sensor data a classification using support

Figure 17. Example for measured forces that were classified as
ROTATERIGHT.

Figure 18. Example for measured forces that were classified as PULL.

Figure 19. Example of ROTATELEFT: The user pushes InBOT to a heavy
crate and gives the command ROTATELEFT to ease the loading (left).

InBOT turns around and stops with the side to the user (right).

vector machines has been developed, implemented and tested. For
the classification the following classes have been defined: ”Steer”,
”Wait here”, ”push left”, ”push right”, ”push forward”, ”push back-
ward” and ”Turn around”. A major concern was the discrimination of
steering and the other commands to avoid possible confusions of the
user. If user and trolley have contact always the steering command
is active. Therefore a direct control of the robot InBOT has been de-
veloped. Only if the user releases the handle the classificator for the
other command classes is used. This classificator has been trained
using collected sensor data of various people (280 measurements)
and then verified (140 measurements) with a success rate of 97,1%.
The identified classes are then used to activate advanced behaviors.
Further user studies will be performed in the future to determine the
necessity of each different command from the user’s point of view. A
possible reduction of the number of commands will probably lower
the confusion even more. This is very important even if the classi-
fication performs very well because each false-positive results in an
unpredictable movement. On the other hand the user studies could
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reveal the need of one or more additional commands.
From the author’s point of view the haptic control of a robot shop-

ping cart is very crucial because it is very intuitive. This way of con-
trol most untrained users will try first simply because they are used to
use a shopping cart this way. Additionally the user has the feeling of
really controlling the robot, not only of being a spectator. Therefore
the authors think that it was important to develop such an intuitive
possibility of robot-control to raise the level of acceptance for this
new technology. The main idea of InBOT was to make robotic tech-
nology available in all-day situations, so it was obvious not only to
develop the haptic steering of the robot trolley, but also to enhance it
with augmentations known from robotics like the obstacle avoidance
or to give the user additional haptic-based tools to control the robot.
Some of these are even known to customers, for example pushing
the (empty) conventional trolley sideways to park it at a side of the
corridor, others on the other hand are hopefully a new enrichment of
the shopping experience.
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Photogeometric Sensing for Mobile Robot Control and 
Visualisation Tasks

Alonzo Kelly1, Dean Anderson1, Erin Capstick2, Herman Herman1, Pete Rander1 

Abstract.  Photogeometric sensing is a relatively new sensor 
modality that tightly integrates geometry and appearance sensing 
into a single package. Such a sensor produces imagery that 
encodes the appearance and the range to every sensed point in 
the scene. This new type of sensor enables much higher fidelity 
virtualized reality displays that can be produced in real time 
from the data gathered by a moving robot. Such displays exhibit 
several ideal characteristics for human robot interaction tasks 
that enable new approaches to supervisory control and remote 
visualization. Photogeometric sensors suitable for HRI 
applications cannot yet be purchased but they can be constructed 
by co-locating ranging and appearance sensors and combining 
the data at the pixel level. This paper outlines our approach to 
the construction of such sensors as well as their successful use in 
several applications. 

1 INTRODUCTION 
We will use the term appearance to refer to sensing modalities 
which are sensitive to the intensity of incident radiation 
including visible color, visible intensity, and infrared modalities. 
Conversely, geometry will be used to refer to modalities that 
register any of depth, range, shape, disparity, parallax, etc. The 
term photogeometric (PG) sensor will refer to a sensing device 
that produces both kinds of data in a deeply integrated manner. 
For our purpose in this paper, the data is deeply integrated if the 
spatial correspondences of the data are known. Ideally, as shown 
in Figure 1, the resolutions are matched as well so that a one-to-
one mapping exists between geometry and appearance12.  

Camera Image Range Image
 

Figure 1: Photogeometric Data Set. Every color pixel in the 
left image has an associated range pixel in the right image. 

The deep integration of appearance and geometry data can be 
a powerful technique for enabling effective human-robot 
interaction. In many applications, robots must understand the 

                                                 
1 Robotics Institute, Carnegie Mellon University, Pittsburgh, PA, USA, 
15213 
2 DCS Corporation. 1330 Braddock Place, Alexandria, VA, USA, 22314 

geometry of the environment in order to move around 
competently while avoiding collision. In such applications, 
geometry sensing is often the preferred modality of the robot 
designers. Conversely, humans process appearance data more 
readily and we can assimilate geometry perceptually only when 
it is converted to appearance data. For example, two stereo views 
or the parallax evident in a moving cloud of points on a 
computer screen will enable humans to perceive depth. 

When images of both modalities are available – and their 
correspondence is known – it becomes possible to convert 
between the modalities relatively seamlessly. For supervisory 
control, such conversion makes it possible to extract accurate 3D 
coordinates when a pixel in a video stream is designated. For 
visualization, such conversion makes it possible to render 
synthetic views of the scene from arbitrary perspectives which 
may never have been the site of any real sensor. 

The paper is organized as follows. Section 2 provides a broad 
overview of related work. Section 3 explains our technique for 
producing a photogeometric sensor. Section 4 describes an 
experiment using such sensing for mobile manipulator 
teleoperation. Section 5 describes an experiment using such 
sensing for outdoor mobile robot teleoperation. Section 6 
provides a brief summary and outlook. 

2 RELATED WORK 
The notion of aiding an operator by displaying the perception 
data produced by a remotely controlled robotic system must have 
occurred to the first designers of such systems. Numerous 
techniques for supervisory control and teleoperation of 
manipulators, and even telepresence were clearly outlined as 
early as the mid 1980s [16]. The same concepts were considered 
early for legged vehicles [13] and wheeled mars rovers [3].  

In broad terms, although perception data is nominally a view 
of the state of the environment, it is more properly described as a 
view of the robot’s model of that environment. Hence, such data 
is equally a view into the internal state of the robot. It is natural 
for engineering displays to use such data during system 
development but it also quickly becomes clear that a good way 
to understand robot behavior is to know what it “thinks” it 
perceives in its immediate surroundings. 

Of course, this mode of tele-operation depends on the use of 
adequate sensing. Military and consumer markets have driven 
the development of guidance systems and TV cameras that are 
relevant to mobile robots today. While laser ranging sensors are 
now commercially produced for factory robots, systems 
designed specifically for outdoor mobile robots are either single 
axis, immature products, or of inadequate performance for our 
purposes. For these reasons, our work continues a long tradition 
[11] of custom sensor development for lack of any alternative 
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which continues in robotics labs around the world up to the 
present time [12]. 

Given the sensor data needed, the earliest approaches simply 
displayed the raw sensor data or showed the robot in a 2D 
overhead view in the context of its surrounding perceived 
objects. Applications like space exploration generated a strong 
impetus to develop more realistic virtual displays as early as 
1991 [8]. These systems were tested terrestrially [6] and 
derivatives were ultimately used on the Mars pathfinder mission. 
Contemporary developments include more emphasis on sensor 
fusion [5] as well as efforts which display both forms of data in a 
less integrated but more useable way [15].  

Our work presented in this paper is consistent with trends to 
provide more realistic views for the purpose of real-time control. 
However, our work emphasizes the construction of a novel 
sensing device which performs sensor fusion at the pixel level. 
This device has been designed to be well suited to solving the 
problem of virtualizing a real environment in real-time.  

3 IMPLEMENTING PG SENSING 
At some point in the future, flash lidar devices may be available 
which share apertures with color cameras in order to produce 
photogeometric data in hardware. Until that day comes, we find 
the value of PG data to be worth expending effort to produce it 
in whatever manner we can today. 

Our implementation approach centers on the goal of 
producing an integrated data set of appearance and geometry 
data from two different sensors. The data may be organized 
arbitrarily but our two most common formats are camera-derived  
color data augmented with range, rangified color (RC), and 
lidar-derived range data augmented with color, which we call 
colorized range (CR) data. 

Computational stereo vision is a natural RC modality because 
range is produced for every pixel in the reference appearance 
image.  However, its utility in applications can be limited due to 
the relatively poor quality of the range data. This is often the 
case in our applications. Flash lidar sensors also continue to 
advance [1] but none yet meet our requirements for operation in 
outdoor environments. Conversely scanning lidar devices have 
been our preferred geometric sensing modality for two decades. 
Nevertheless, we will discuss PG sensing where the range data is 
provided by a scanning or a flash lidar. 

 In general, every appearance modality can potentially be 
paired with every geometry modality. Ideally, each sensor of a 
pair would image the same region of the scene as the other at the 
same resolution and frame rate from the same position. In 
practice, numerous technical issues arise due to the different 
attributes of the two sensors including: 
• Projective Geometry. Lidar is often spherical polar, 

whereas cameras (and flash lidars) provide a perspective 
projection. 

• Resolution. Scanning lidar typically produces 1% of the 
angular resolution (solid angle) of a camera so there can be 
up to 100 camera pixels for each lidar measurement. 

• Field of View. Standard camera lenses, spherical mirrors, 
and lidar scanning mechanisms rarely provide the same 
field of view. 

• Location. Displacement of one sensor center of projection 
or emission relative to another leads to parts of one view 
missing from the other ‒ even if all other parameters 
match. 

• Frame Capture and Beam Scanning. In cases where data 
is gathered on the move, each point of lidar data is 
captured from a different sensor position whereas all pixels 
in a camera frame come from a single position. 

3.1 Establishing Pixel Correspondences 
A basic property of cameras is their projective geometry which 
projects a 3D scene onto a 2D photosensitive sensor array. While 
the azimuth and elevation coordinates in the image are related to 
the equivalent directions in the scene, information about the 
depth of objects is lost when a camera image is formed.  

Hence, the most valuable attribute of PG imagery is its 
recovery of the depth dimension which is lost when a real scene 
is imaged with a camera. This information is recovered by: 
• establishing an association of lidar range points with 

camera pixels 
• geometric transformations to convert lidar data to camera 

coordinates 
For RC data, the color data is augmented with depth so that 

the result is an augmented image. For CR data the range data is 
colorized and the result is an augmented range image or point 
cloud. In either case, the mechanism to establish 
correspondences is the same. Consider Figure 2 which expresses 
the essence of the problem when both sensors are viewed from 
overhead.  

For now, suppose that both sensors are stationary with respect 
to the scene and let us define a lidar “image” to mean the data 
produced by one sweep over the scene of the lidar scanning 
mechanism. 

While it is not clear how to directly map color pixels onto a 
lidar data set, the reverse operation is conceptually 
straightforward. Hence both RC and CR datasets rely on a 
common procedure to establish correspondences. Let the letter 
L  designate a coordinate frame attached to the lidar center of 
emission and let the letter C  designate one at the camera center 
of projection. The homogeneous transform matrix that converts 
coordinates of a point from frame L  to frame C  is denoted C

LT . 
Let the letter I  designate row and column coordinates in the 
camera image plane. The projective transformation matrix that 
provides the image coordinates of a 3D point will be designated 

I
CP . The homogeneous dimension will be omitted from vectors 

unless the matrices are written out. Under this notation, the 
camera image coordinates [ ]TI yxr =  of the point imaged by a 
lidar point [ ]TL zyxr =  are: 

LC
L

I
C

I rTPr =  
 
(1) 

If the scene has sufficient 3D (non-planar) structure, the 
spatial separation of the sensors introduces characteristic 
problems of triangulation: 
• Missing parts. Even with perfect field of view overlap, 

surfaces oriented perpendicularly (and invisibly) to the 
viewing direction of one camera may be visible to the 
other. 

• Depth ambiguity. It is possible for the lidar to have 
ranged to a point on a background object that is behind a 
foreground object which was imaged by the camera. 
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Figure 2: Multi Sensor Geometry and Depth Ambiguity. The 
camera measures the angle to objects whereas as the lidar 
measures angle and range. Due to the baseline separating the 
sensors, a lidar may image more than one object along the line of 
sight of a camera pixel. 

While the first problem has no solution, the second can be 
solved by forming a depth buffer of all of the lidar data as 
viewed from the perspective of the camera image.  All lidar data 
can be projected into bins which are sorted by depth or the 
processing may simply retain only the smallest range value in 
each bin. In either case, when two or more lidar pixels fall on the 
line through a given camera pixel, only the closest lidar point 
should be associated with the color pixel. All others are occluded 
and invisible to the camera so their color is unknown. While 
these triangulation issues cannot be eliminated entirely, they can 
be mitigated significantly by placing the two sensors very close 
together relative to the depths being imaged. However when the 
lidar is mounted on a moving vehicle, its continuous scanning 
process places limits on what can be achieved. 

3.2 Forming Photogeometric Datasets 
Given the correspondences between elements in each data set, 
either CR or RC data may be formed. The production of CR data 
using lidar is easiest to illustrate. In this case, the sensor intrinsic 
data format is a temporally ordered set of 3D points expressed in 
Cartesian or polar coordinates relative to the sensor center of 
emission. Each lidar point is simply augmented by the color of 
its associated camera pixel, if any. The color information might 
be the color of the closest camera pixel, the average over a 
region, or a block of pixels forming a small texture map. 

In the case of RC data, the goal is to produce range data for 
every color pixel in a color image. Typical camera angular 
resolutions are 1 millirad whereas lidar is typically 10 millirad. 
Hence, once the lidar correspondences are computed, only 1% of 
the camera pixels can be expected to have associated lidar 
points. In other words, there will inevitably be holes in the 
coverage of the image by the range data. Small holes will be due 
to the reduced angular resolution of the lidar and larger ones due 
to missing parts or nonoverlapping fields of view.  

When dense range data is desired, interpolation can be 
justified on the basis that the lidar is really providing the average 
range of the region of the scene that is spanned by a large 
number of camera pixels. The range data can be interpolated 
using the dilation operation of computer vision to fill small 
holes. The dilation radius can be related to the expected angular 
lidar footprint in the camera image. When both sensors are close 
together, the effect of surface orientation is minimal. 

3.3 Sensor Configuration 
Due to many considerations including the numerous robotic 
platforms that we construct annually and the desire to 
standardize solutions across programs, we have been 
continuously refining our photogeometric sensor concept for 
many years.  

Two recent sensor designs are shown in Figure 3. For 
scanning lidars, we typically purchase an off the shelf scanning 
lidar which scans in one degree of freedom (called the fast axis) 
and then we actuate the housing in a second degree of freedom 
(called the slow axis) in order to produce a scanning pattern that 
spans a large angle in both azimuth and elevation. For flash 
lidars or stereo ranging systems, the interfaces to these devices 
are equal or similar to those of cameras so the process is more 
straightforward. 

Stereo Camera

FLIR CameraLadar

Electronics

Flash Ladar PG Sensor Scanning Ladar PG Sensor

Color
Camera Flash

Ladar

 
 

Figure 3: Two Custom Photogeometric Sensors.  The device 
on the right fuses data from a commercial scanning lidar by 
SICK, stereo cameras, and a forward looking infrared (FLIR) 
camera. The device on the left fuses a PMD-Tec flash lidar with 
a color camera. 

The interface to the composite device is a combination of fast 
Ethernet (used for high bandwidth data) and CAN Bus (used for 
low latency for control). One design goal is to render the 
composite device interface standard, high level, and easy to use.  

The lidar pointing control system provides precisely timed 
feedback on the angle of rotation. This data stream is merged 
with the range and angle data coming from the lidar to form a 2D 
scanning lidar data stream. This stream is then optionally merged 
with any camera data and transmitted to the host computer 
system.  

4 REMOTE MOBILE MANIPULATION 
Mobile manipulation is a task for which human-robot interaction 
is often needed due to the difficulty of dexterous manipulation 
and the higher stakes associated with forceful interaction with 
the environment. While robots can often competently control 
their gross position, the final operations of the end-effector 
tooling may need to be performed with a human in the loop. 

We recently conducted an effort to construct a mobile 
manipulation system that is analogous to commercial platforms 
and to endow it with a photogeometric sensor in order to study 
the benefits achievable when an operator designates a target to 
be manipulated on a video display [2]. Given the historical lack 
of range data, standard solutions to this problem include 
implementing a visual servo or using the robot navigation system 
to drive in the general direction designated until the operator 
issues a stop command. 
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However, in complex environments or in cases where the 
operator needs to direct attention elsewhere, it is more effective 
to have the robot decide when to stop. Furthermore, if 
autonomous obstacle avoidance is used, the robot can perform 
much more intelligently when it knows the precise 3D target for 
the manipulator end-effector. If manipulation and mobility are to 
be automatically coordinated, it again is necessary to know the 
3D coordinates of the target. Hence, this is a case where it is 
valuable to have the human look at video while geometry 
(derived from the video) is communicated to the robot. 

4.1 Platform Design 
The robot used for these experiments was a modified LAGR 

mobile robot [9], fitted with a custom three degree-of-freedom 
manipulator arm and a gripper end-effector  (Figure 4). The base 
vehicle has proved to be a very flexible research platform: in 
addition to over 40 standard models deployed at various 
universities, custom versions with LIDAR, metal detectors and 
omnidirectional cameras have been built. 

The Photogeometric sensor consisted of two color video 
cameras, and the flash LIDAR unit of Figure 3 provided by 
PMDtec [14]. One camera is mounted on the manipulator arm 
near the wrist, for use during manipulation. The second camera 
and flash LIDAR unit is mounted to the shoulder yaw joint for 
driving and target acquisition. 

 The PMDtec sensor had a 30 Hz frame rate, a 64x48 range 
pixel array, a maximum range of 7.5 m, and was capable of 
operation in indoor and outdoor environments. The field of view 
was adjustable using standard C-mount optical lenses. For our 
experiments, a lens with a focal length of 4.2mm was used. This 
provided a 60 degrees horizontal and vertical field of view. By 
using a projective lens model, each pixel’s range can be 
converted a 3D point in the workspace. 

 
 

Figure 4: Test Platform for Click and Grasp.  The LAGR 
robot platform was retrofitted with a manipulator and a custom 
photogeometric sensor. 

4.2 Algorithm Design 
We implemented a “Click and Grasp” function which allows 

an operator to click on a color image to designate a target, and 
have the system then a) recover the location in 3D space, b) 
navigate to within manipulation range, and then c) either grasp 
the target or put the end-effector as near as possible. In addition 
to our PG sensor, key aspects of the solution included control 
algorithms that coordinated the motion of the platform and the 
manipulator.  

Main Display Window Motion Preview
 

 

Figure 5: Operator Control Unit Display.  The operator 
selects a target position in the left display. The system then plans 
and displays the entire motion and optionally asks for 
confirmation before execution.  

4.3 Results 
A custom graphical user interface was developed for the test 

(Figure 5). Two sets of experiments were performed to evaluate 
the effectiveness of the system in terms of increasing efficiency 
and usability.   

In the first test, an object to be grasped was placed within 
reach of the manipulator and time to achieve the grasp was 
measured in various control modes.  

Operator Target 1 
(secs. / errs) 

Target 2 
(secs. / errs) 

Target 3 
(secs. / errs) 

Auto 28.27 / 0 22.52 / 1 24.20 / 0 

Expert (JS) 41.92 / 0 40.84 / 0 45.73 / 0 

Expert 
(WS) 

47.73 / 0 32.75 / 0 45.37 / 0 

Novice (JS) 38.43 / 0 36.95 / 0 32.70 / 0 

Novice 
(WS) 

29.21 / 1 22.85 / 0 33.36 / 0 

Table 1: Pick Up of Object Within Reach of Manipulator. 
The operators were allowed to operate the manipulator in both 
joint-space (JS) and end-effector workspace (WS). “Auto” 
corresponds to using the automatic “click and grasp” system.  

The automatic system was able to accomplish the task 
significantly faster than both (expert and novice) operators using 
manual teleoperation, and workspace controls significantly 
improved the completion time of the novice operator. On 
average, the automatic click and grab system was able to 
perform the static manipulation task 13% faster than both users.  

Operator errors were noted whenever the test target was 
knocked over by the manipulator.  The test was then reset and 
the operator permitted to retry. If a failure was due to insufficient 
grasping force at the end effector, it was not counted as an 
operator error.  Our intent was to focus on characterizing the 
utility of the system as an aid to the precise positioning of the 
end effector. 
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In the second test, the object was outside the manipulator 
workspace so the platform had to be moved in either an 
automated or manual fashion. 

Operator Target 1 
(secs./errs) 

Target 2 
(secs./errs) 

Target 3 
(secs.) 

Target 4 
(secs.) 

Auto 37.08 / 0 68.43 / 2 54.61 / 0 56.21 / 1 

Expert  48.37 / 0 40.77 / 0 54.75 / 0 43.00 / 0 

Novice 1 45.42 / 0 48.98 / 0 40.52 / 0 32.42 / 0 

Novice 2 49.52 / 1 49.43 / 0 43.17 / 0 35.48 / 0 

Table 2: Pick Up of Object Outside Reach of Manipulator. 
The automatic “Click and Grab” system performed comparably 
to the human operators. 

Work-space controls reduced both the time required to 
complete the task as well as the number of errors made. On 
average across four trials, operators reduced their number of 
errors from three to one, and reduced their completion time by 
11%. The results demonstrate that the autonomy and perceptive 
capabilities of our system eases the workload on the operator 
while increasing task efficiency. 

Results from the automatic system were potentially limited by 
the accuracy of the flash lidar range and co-registration. At short 
ranges, accuracy was sufficient to reliably grasp an object. 
However, at longer ranges, errors were large enough to cause 
manipulation errors. Instead, “click and grab” at long range 
required several operator interventions to re-designate the target 
once the base had positioned itself within range. 

5 MOBILE ROBOT TELEOPERATION 
Effective operation of any mobile platform without direct line-
of-sight is intrinsically difficult to achieve. In video-based 
teleoperation, the loss of peripheral vision caused by viewing the 
world through the “soda straw” of a video camera reduces 
driving performance and increases the operator’s frustration and 
workload. Wireless communication links are also subject to 
dropouts and high levels of latency. Their bandwidth limitations 
typically cause a large reduction in image quality relative to the 
fidelity of the underlying video cameras. 

When the robot undergoes significant or abrupt attitude 
changes, the operator response may range from disorientation, to 
induced nausea, to dangerous mistakes. In contexts where the 
operator is also in danger, the need for high attention levels 
deprives operators of the capacity to pay attention to their 
surroundings. Wireless communications issues and difficulty 
controlling the robot also increases time on task and increases 
the time required to become a skilled operator. 

5.1 PG Sensing for Autonomy 
We have been working on improved operator displays for at 

least a decade on our robot autonomy programs [3]. PG sensing 
was originally motivated by its capacity to disambiguate natural 
obstacles and non-obstacles of the same shape (such as a rock 
and a bush) by examining their color signatures (see Figure 6). 
Once the data was available for use in autonomy however, we 

began to produce specialized point cloud displays and quickly 
recognized the potential of the PG data for human interfaces. 

 

Colorized Point Cloud Overhead Cost Map

 
 

Figure 6: Original Engineering Displays of PG Data on 
Autonomy Programs.  The display of traversability / cost or 
elevation from an overhead display (right) is traditional in 
robotics. In recent years, colorized point clouds have also been 
used. The evolution of the left figure toward photorealism was a 
natural extension of ongoing efforts. 

5.2 3D Video 
Photogeometric sensing enables a new capacity to address 

many of the problems described in the introduction to this 
section by providing a photorealistic, synthetic, line of sight 
view to the robot based on the content of geometry-augmented 
real-time video feeds. The operator experience is equivalent to 
following the robot in a virtual helicopter that provides arbitrary 
viewpoints including an overhead viewpoint and the over-the-
shoulder view that is popular in video games.  

The fusion of video and geometry produces a database whose 
content is much closer to a computer graphics rendering database 
than basic video. If the geometry is converted to faceted surfaces 
and the imagery is converted to textures, the PG sensor data has 
been converted to a rendering database. If this conversion is 
performed in real-time, a kind of hybrid 3D Video is produced 
which can be viewed from arbitrary perspectives while 
exhibiting the photorealism and dynamics of live video. 

If the sensors are omnidirectional and/or if the system 
remembers and integrates the rendering primitives over time, the 
net result is the real-time virtualization of the scene which 
enables the operation of the robot quite literally as if it were a 3D 
video game. 

3D Video ViewOne Video Frame

 
 

Figure 7: 3D Video View of a Mobile Robot.  Left: A video 
frame produced from a camera on a moving vehicle. Right: The 
3D Video view produced from all of the video that has been 
received in the last few seconds by the vehicle. The operator can 
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look at this database from any angle, at any zoom, while it 
continues to be updated in real time.  

The ability to synthetically generate a viewpoint via computer 
graphics leads to the following capabilities: 
• A natural mechanism to introduce virtual operator aids into 

the display. 
• The capacity to zoom into objects of interest and view 

them from different perspectives (for example, from above 
or from the side) from just a few inches away. 

• The capacity to have multiple operators cooperate from 
multiple views, perhaps even using cooperating robots. 

5.3 Results 
The goal of 3D Video technology is to increase an operator’s 
situational awareness of the vehicle being controlled, thereby 
reducing operator errors and increasing the speed with which 
tasks are completed. 

We conducted an operator performance assessment over a 
period of one week involving five operators of different skill 
levels. The participants averaged 20 years of automobile driving 
experience. Three subjects had prior experience teleoperating a 
live vehicle, including one with a 3D Video system. Two of 
these subjects had participated in one other experiment, while 
the other had extensive experience, teleoperating a vehicle in 
many experiments. Three subjects had minimal experience 
teleoperating a simulated vehicle (two of these included in the 
group with live vehicle experience). Four subjects had been 
playing driving-based video games for an average of 13 years, 
with one subject playing as often as a few times per week. One 
subject had never played a driving based video game.  

The test platform was a John Deere eGator vehicle retrofitted 
for remote control and teleoperation. Participants completed four 
test conditions, which were counter-balanced across participants 
to minimize order effects related to course and Operator Control 
Station (OCS) familiarity:   

 

1.  Manually drive from seat  
2.  Basic Teleoperation with live video 
3. Teleoperate with 3D Video - without motion prediction 
4. Teleoperate with 3D Video - with motion prediction 

 

Motion prediction refers to a method used to alleviate the 
effects of video latency. We use the most recent navigation state 
received from the robot and predict the robot position based on 
the terrain shape and the history of operator inputs. Due to 
latency in sending commands to the robot, the instant of time 
being predicted is not “now” but rather the moment in the future 
when the commands are predicted to arrive at the vehicle. In 
principle the display will then respond instantly to operator 
inputs and it will correspond to a point in time slightly ahead of 
where the vehicle is now. The availability of lidar data makes it 
possible to predict robot motion to relatively high accuracy 
compared to the alternative of ignoring the latency. 

The course consisted of a paved roadway with traffic cones set 
up to guide drivers at particularly ambiguous areas such as 
intersections. Course features included slaloms, decision gates, 
and discrete obstacles as a series of loose and tight turns. 

Performance metrics included course completion time, course 
accuracy, average speed and errors as well as subjective input on 
workload [7], impressions of the system and recommendations 
for future improvement. Errors were defined as hitting a cone, 
(having the vehicle emergency-stopped before) hitting an 

obstacle along the edges of the course (concrete barriers, fences, 
and hay bales occurred sporadically along the perimeter of the 
course), or deviating from the defined region of the course 
(driving off the road). In the end, course accuracy was not 
measurable due to data collection equipment availability. 

Course Completion Time Results:  As the figure below 
indicates, 3D Video enabled operators to complete the course 
faster than basic teleoperation:  3D Video alone led to 
completion times approximately 20% lower, while times were 
30% lower when 3D Video was combined with motion 
prediction (MP). As expected, manual driving (in the vehicle) is 
still far superior, with course completion time approximately 
75% lower than basic teleoperation. 

 
Figure 8: Average Course Completion Times 

Speed Results: The benefit of 3D Video follows the same 
trend as completion time. Basic teleoperation achieved 1.0 m/s 
average speed, while 3D Video alone led to 30% faster driving, 
and 3D Video with motion prediction increased speed by 50%.  
Manual driving was more than three times faster. 
 

 
Figure 9: Average Speed 

Number of Stops: One interesting repetitive event was 
operators choosing to stop the vehicle. This was a common 
response when relevant information was not available due to 
limited field of view or because latency disoriented the operator. 
3D Video configurations reduced the frequency of stopping by 
43% when compared to basic teleoperation. No drivers stopped 
during the manual driving configuration. 

Error Rate:  Fewer errors were made with the 3D Video than 
basic teleoperation. With 3D Video alone, the error rate dropped 
by almost 50%, while the error rated dropped by about 20% 
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when 3D Video was combined with motion prediction. Manual 
driving is again the gold standard, with an error rate 
approximately 75% lower than basic teleoperation. Interestingly, 
the course was sufficiently complex that drivers did commit 
errors even with manual driving. The average rate was 2.4 errors 
per run, and every driver committed at least one error over the 
course. 

 
Figure 10: Error Rate 

One result is particularly interesting: drivers made markedly 
fewer errors without motion prediction than with. In other 
metrics, motion prediction generally shows a small but positive 
benefit, while here, the contrast is substantial. Analysis of the 
motion prediction system likely explains why:  a combination of 
i) variable latency invalidating the constant-latency model used 
in the software, ii) sub-optimal vehicle model parameters and iii) 
inaccuracies in the pose data, all contributed to errors in motion 
prediction that were at times substantial (relative to the tolerance 
of many of the course decision gates, for example). 

Workload:  The NASA TLX workload questionnaire was 
administered after each run, allowing operators to rate perceived 
mental demand, physical demand, temporal demand, own 
performance, effort and frustration associated with each driving 
condition. Overall workload scores indicate the least amount of 
workload was required with the 3D visualization system alone. 
As expected, the highest workload was achieved with live video, 
while 3D Video with motion prediction and manual drive were 
rated similarly. In general, manual driving workload was rated 
higher than expected.  This may be due to the physical effort 
required to use the eGator steering wheel and a lower than 
anticipated perceived performance rating. 
 

 
Figure 11: Overall Workload 

Looking at the dimension scores associated with overall 
workload, differences between driving conditions become more 
apparent. Live video required significantly more mental demand 
than other driving conditions, as well as higher temporal 
demand, perceived effort and frustration levels. Temporal 
demand ratings were very close, which is not surprising given 
drivers were told to complete the course as quickly as possible, 
thereby creating time-based workload across all conditions. 3D 
visualization conditions were rated similarly, but frustration 
levels were higher without motion prediction. Drivers reported 
the lowest physical demand with the 3D Video conditions.   

Exit Interview: The exit interview was completed with each 
participant at the conclusion of all runs.  The most commonly 
requested improvements for basic teleoperation include 
decreased latency, higher video frame rate and more cameras or 
unique viewpoints. Participants also mentioned better resolution, 
wider field of view, and an indication of vehicle position in the 
video frame, which would allow them to drive through tight 
spaces. In general, operators wanted the ability to judge where 
the vehicle is positioned in the world by having a direct 
reference to all objects in the environment.   

Participants felt the greatest strength of the 3D Video is the 
vehicle model presented within the video. The model made it 
easier to recover from mistakes and allowed operators to judge 
upcoming course events with respect to the vehicle, thereby 
allowing them to respond to the environment more accurately.  
“I could go faster between events and then slow down before an 
event. I could time the slow down better.” 3D Video also 
provided a wider field of view, latency compensation, and 
selectable viewpoints. These features provided a “less stressful” 
environment and reduced the amount of time spent “paying 
attention to the vehicle,” potentially freeing up time for other 
vehicle control and mission-related tasks. 

The following artifacts were present in 3D Video: “video 
jittering around corners, straight lines in the middle of a road 
bending, cones disintegrating and appearing flat on the surface, 
3D objects smearing as vehicle drove by, and square pixels 
appearing at the edge of imagery.” 

3D Video improvement suggestions include reducing artifacts, 
a higher video frame rate, improvements in latency 
compensation, and a wider field of view for turns. A higher 
frame rate was suggested to make driving at a higher velocity 
easier. 

The final portion of the exit interview allowed participants to 
rank their preferences for driving condition and 3D Video 
viewpoints. Manual driving was preferred, followed by 3D 
Video with motion prediction, 3D Video without, and Live 
video. Three viewpoints were available within the 3D Video: 
native camera, over-the-shoulder, and overhead (bird’s eye 
view). The overall preference for viewpoints was unanimous: 
over-the-shoulder, followed by Overhead (Bird’s Eye View) and 
native. 

Comments indicate bird’s eye view was useful when 
navigating left or right for a short distance, such as in a slalom, 
and native location was useful if driving on straight roads for a 
long distance. Over the shoulder was more or less the “all 
purpose” preferred viewpoint. 

Summary:  In perhaps the most significant metric of task 
completion time, 3D Video showed improvements of 
approximately 20-30% compared to standard teleoperation. 
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Other metrics showed improvement as well, with average speed 
increasing 30-50 % and error rates dropping by 20-50%. 

6 CONCLUSIONS & FUTURE WORK 
As long as humans use displays of data generated on a remote 
device in order to control it, the sensors deployed on the device 
will be used to produce those displays. While single use sensors 
are common, the dual use of robot perception sensors for 
autonomy and visualization is already well established. 

This paper has proposed a method to expend significant 
engineering effort in order to produce a virtual sensor with the 
ideal characteristic of reducing, in real-time, the environment 
around a remote device to the essence of a computer graphics 
rendering database. In other words, photogeometric sensing has 
the capacity to virtualize reality to produce displays with both 
the photorealism of video and the interactivity of a video game. 

PG sensor technology can be transformative for certain 
human-machine interface tasks, providing solutions to problems 
for which there has been little hope of significant progress for 
some time. We have produced many instances of PG sensors in 
recent years and deployed them in diverse applications. In the 
two discussed here, user studies have verified substantial gains 
in the effectiveness of the man-machine system. 

PG sensor technology introduces entirely new and highly 
effective approaches to latency compensation and video 
compression which have not been elaborated here for reasons of 
space and focus. 

We are reasonably convinced that PG sensing is a sensor 
modality of choice with unique advantages that enable a new 
level of shared mental model between a robot and a human. 
Based on it, communications between the two can become less 
frequent, more terse, and more precise. 

We have produced PG sensing by integrating distinct 
geometry (lidar) and appearance sensors (camera) into a virtual 
unit. Over time, the eventual development of high accuracy 
shared aperture sensors which are integrated in hardware at the 
pixel level seems inevitable. 
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A WOz Framework for Exploring Miscommunication in 
HRI

Theodora Koulouri1 and Stasha Lauria1 

Abstract.  The aim of this paper is to investigate management of 
miscommunication in spontaneous interaction between a human 
and a speech-enabled robot.  The paper describes initial results 
of an exploratory WOz study, in which pairs of naive 
participants interacted and collaborated in a navigation task. The 
study is motivated by how humans achieve mutual 
understanding as well as previous research conducted in the area 
of spoken dialogue systems. The dialogue and error handling 
capacity of the wizard is incrementally impaired towards the 
capabilities of a system in three experimental conditions. 
Preliminary analysis of the data reveals the necessity to endow 
the robot with richer error management resources and point to 
the efficacy of less explicit error handling strategies. Analysis of 
the data and further experimentation are currently performed and 
expected soon to shed light to some of the intricacies and unique 
characteristics of HRI.1 

1 INTRODUCTION 

1.1 Personal Robotics 

Recent progress in robotic technologies brings closer the vision 
of ubiquitous and commercial use of robotic systems. This poses 
new challenges for the vibrant and young field of Human Robot 
Interaction (HRI). Personal robots possess the highest expected 
rate of growth [1] and as non-expert user groups are targetted, 
more natural and rich interfaces are on demand. Thus, there are 
numerous prototypes equipped with natural language interfaces 
(NLI) and promising results have been generally reported [1]. 
Nevertheless, there remain many challenges which pertain to the 
development of a NLI between a human and a robot.   

1.2 Natural (mis)Communication in HRI 

Natural language is infinitely novel and ambiguous. Moreover, 
language in use, i.e., language that emerges in dialogic settings, 
is never perfect. In fact, error-free communication is now held to 
be an ideal rather what happens in everyday human interaction. 
Yet, human interlocutors manage miscommunication so 
efficiently that it rarely becomes an explicit focus in the 
dialogue. Additionally, the performance of state-of-the-art NLP 
technologies still leaves much to be desired. As a consequence, 
problems in understanding, uncertainty and out-of-grammar 
words will always occur in human-machine interaction. Most 
current spoken dialogue systems (SDS) produce prompts such as 
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“Please repeat” and “I do not understand” to signal and resolve 
problems. Such strategies are, nevertheless, insufficient to 
handle all kinds of miscommunication, which has ultimately a 
great impact on performance and user experience. This issue has 
first been identified in research in the area of spoken dialogue 
systems, which has mostly dealt with information-seeking, 
telephone-based applications. But it is exacerbated in the area of 
personal robotics in which users are naive not only about the 
linguistic but also the functional competence of the robot [2]. It 
is evident that errors in understanding and execution give rise to 
many safety concerns which is not usually the case in other 
domains. Moreover, it has been argued [1] that language-
endowed robots face higher expectations by people, who 
attribute human-like linguistic capabilities and intelligence to 
them. Thus, as the occurrence, scope and forms of 
miscommunication increase, the need for an approach that 
enriches the robot with a greater repertoire for dealing with 
problematic understanding also increases.  

The aim of our research is to develop a natural framework for 
handling miscommunication in HRI. As people are extremely apt 
in preventing and repairing problematic understanding, the 
approach in this study is to explore and build on the principles of 
human error handling. This paper describes the first steps in 
identifying consistent linguistic behaviour when human users 
perceive communication failure within the context of HRI.  

  

2 BACKGROUND AND MOTIVATION 

2.1 Past Work 

The current work extends previous research by the universities 
of Plymouth and Edinburgh [3]. The project explored Instruction 
Based Learning (IBL) and aimed to enable naïve human users to 
instruct a personal robot to perform a navigation task by means 
of natural language. The robot is equipped with a built-in 
knowledge of some basic navigation actions. On encountering a 
novel route description, the robot engages in a dialogue with the 
user who explains and decomposes the novel route into known 
actions. Subsequently, the route is incorporated to the robot’s 
knowledge base for future use. This enables the robot to learn 
and execute increasingly complex tasks. This work demonstrated 
that IBL is a viable architecture for developing personal robots 
with capabilities of learning.  However, evaluation of the system 
revealed the complexity of adding even simple interactive 
mechanisms to the robot [4]. 

2.2 Models of Communication 
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Empirical studies of human-human interaction (HHI) describe 
communication as a collaborative process in which participants 
are continuously establishing that what has been said has also 
been understood. During interaction, interlocutors can be in any 
of these states [5]: 
 

Table 1. States of Understanding. B, A and u stand for hearer, speaker 
and utterance, respectively. 

State 0 B didn’t notice that A uttered any u 

State 1 B noticed that A uttered some u (but wasn’t in state 2) 

State 2 B correctly heard u (but wasn’t in state 3) 

State 3 B understood what A meant by u  
 
Communication is achieved if interlocutors are in state 3. 

According to the model, listeners choose repair initiations that 
assert their current state of understanding. For example, “What?” 
is an assertion of being in state 1 and “Which building?”, a 
presupposition of state 2.   

Along the same lines, [6] and [7] propose a four-level model 
of communication which has been unified by [8] and is shown 
below. Miscommunication can occur in any of these levels: 

 
Table 2. Levels of Communication (adapted from [8]). 

Level 1 Securing Attention 

Level 2 Utterance Recognition 

Level 3 Meaning Recognition 

Level 4 Action Recognition 

2.3 Research in Miscommunication 

2.3.1 Sources of miscommunication 

Miscommunication covers three categories of problems in 
interaction; misunderstandings, non-understandings and 
misconceptions [9]. Misunderstandings occur when the hearer 
obtains an interpretation which is not aligned to what the speaker 
intended him/her to obtain and may not be readily detected. This 
category generally leads to direct corrections by the speaker. 
Non-understandings occur when the hearer obtains no 
interpretation at all or too many. This category could also 
include cases in which the hearer is uncertain about the 
interpretation which he/she obtained. Non-understandings are of 
special interest to our study as this type of problem triggers 
repair initiations (e.g., clarification requests) by the hearer. Last, 
misconceptions occur when the interlocutors’ beliefs of the 
world clash.  

2.3.2 Clarification requests   

Clarification requests can be broadly defined as the dialog acts 
employed by the hearer to signal a problem in understanding. 
Most taxonomies of clarification requests [10, 11, 12] are 
motivated by the models of HHI discussed in Section 2.2. 
Namely, it is maintained that the choice of clarification request 
indicates the highest level of understanding currently available to 
the listener and signals the information required for 
understanding to eventually occur. Thus, there is the expectation 

that speakers modify their original utterance as a response to a 
clarification request. 

Furthermore, “generic” repair utterances such as “What?”, 
“Pardon?” and “Please repeat” (that is, the default error handling 
strategies of a SDS) are less informative as regards to the source 
of the problem compared to reprises (such as “Go where?” ). 
According to [12], the latter type of clarification requests accepts 
a part of the problematic element and is less severe for the 
dialogue. A study in HHI [8] compared “What’s” and reprise 
fragments and found that the former caused more dialogue 
disruption and impaired the coordination between participants.   

2.3.3 Error handling strategies in SDS 

In the area of SDS, there have been considerable efforts to build 
systems with more intelligent handling of errors. In [13], the 
problematic utterance was classified in one of twelve classes of 
errors and targetted help was provided by the system. In [14], the 
system gave feedback with the recognition hypothesis, a 
diagnosis of the problem and similar in-coverage examples of 
what to say. Both studies report more successful interactions. In 
[15], an extensive research in error recovery strategies from non-
understandings is presented. They defined a set of error handling 
strategies and discovered a relation between them and recovery 
from errors. They provided evidence for benefit in performance 
by incorporating a smart policy of selecting strategies.   

In previous studies [16, 17, 18], variations of Wizard of Oz 
(WOz) simulations were performed in order to discover how 
humans handle automatic speech recognition (ASR) errors.  
Zollo [16] lists a number of negative and positive feedback 
strategies such as reprise sluices and fragments, confirmation 
requests, simple acknowledgements etc. Moreover, Skantze [17] 
found that explicitly signalling non-understanding is not the 
most common strategy used by humans to handle errors, but 
providing task-related information results in more successful 
interactions. Findings from [15] and [18] for different domains 
seem to resonate with these conclusions. The aforementioned 
studies suggest that dialogue systems that make 
miscommunication another contribution circle and not a focus of 
the dialogue will enjoy higher success rates in terms of 
performance and user experience.  

There have been several successful implementations of 
prototype SDS that incorporate clarification requests [11, 12] 
and more sophisticated error handling. However, it remains an 
open question how these features would operate in a robot which 
is perceptually grounded to its environment.  

2.4 Challenges in HRI 

Research in error handling focuses on uncertainties arising from 
poor speech recognition, which is justified by the fact that it is 
the source of the large majority of errors. However, a significant 
number of errors are attributed to out-of-grammar expressions 
and requests beyond the functionality of the system [15].  

In the interaction with a personal robot acting in the same 
dynamic environment as its user, one should expect a different 
distribution of errors and possibly new sources of errors. To the 
knowledge of the authors there has not been an analysis of 
sources of errors in speech-enabled robots and how each of these 
affects the global performance of the robot. 
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n this section the unique characteristics of HRI that make 
NLI an even more challenging endeavour are outlined. First, the 
domain of interaction is wider than of SDS. Moreover, as HRI is 
a new field, users are more naive about what the robot can 
understand and do. It has also been suggested that they would 
expect human-like abilities [1]. As a consequence, 
misunderstandings and non-understandings are more likely to 
occur. Expanding the grammar by collecting larger corpora is a 
difficult and resource-demanding task with disproportionate 
outcome. Therefore, the robot should be capable of informing 
users of its competences in a natural manner [2]. In the face of 
problematic understanding, the robot should be able to act in a 
way that ensures the safety of the user but also the smoothness of 
the interaction.  

On the other hand, models of HHI predict that co-presence 
will increase the perception of mutual knowledge [19] and users 
are more likely to refer to objects and entities in a way that a 
robot without human-like vision capacities is unable to resolve. 
Moreover, real physical environments are dynamic, even more 
so when the robot is mobile. Therefore, referential resolution 
obtains an elevated status in the dialogue manager of the robot, 
which is now required to be able to communicate and negotiate 
changes promptly and effectively.   

 2.5 Methods of Data Collection   

It could be argued that since natural interaction is the end, data 
from human dialogues should be the starting point. However, it 
is well established among linguists that speakers adapt their 
linguistic behaviour according to the perceived characteristics of 
the hearer. For instance, we do not talk to a five-year old child in 
the same way we talk to a colleague. This might explain the 
differences in interaction patterns observed in HHI and HCI 
[20].  Moreover, communication in conversational settings 
comes with an abundance of shared assumptions and knowledge 
which are neither transparent nor relevant to the researcher.  
Another solution could be to use data from interactions with 
current spoken dialogue systems. This, however, seems to be of 
little utility as our aim is to build the systems of the future.  

In order to collect data from a variety of interactions and 
phenomena as well as test functionality not yet implemented, 
NLI developers set up WOz experiments. In these experiments, a 
human operator (“the wizard”) emulates the system (or parts of 
it) and interacts with a user who is under the impression that 
he/she is talking to a machine [20]. 

3 METHOD 

This study aims to identify the strategies that humans use when 
their communicative ability and the information available to 
them are restricted in a way similar to artificial systems. To 
serve our purposes, we devised a series of WOz experiments 
which deviates in certain respects from the typical WOz 
methodology.  Previous research that employed this method [15, 
16, 17, 18] served as the motivation and basis for our design. 
WOz simulations have also been conducted in the area of HRI 
[3, 21]. However, to the authors’ knowledge, none of them 
explored miscommunication and error handling. 

In a WOz experiment the wizard is the trained experimenter. 
However, this seems to introduce a bias as the experimenter 

controls the interaction. As the object of this study is the 
wizard’s dialogue actions, the experiments involved two naive 
subjects, that is to say, both the user and wizard are naive. A 
justification of this choice comes from [17] who maintains that 
“this experimental setting lacks the control that the consistent 
behaviour of a trained operator would give. Still, this method 
may be good for explorative studies, which aim at finding new 
ideas on dialogue behaviour, and especially on how error 
situations could be handled.”  The study explored recovery 
strategies from ASR errors. However, both participants were 
fully informed, hence, there was no wizard involved.  

The experimental design described here is also largely 
motivated by the WOz paradigm for dialogue systems proposed 
by Levin and Passonneau [22] which draws on two methods 
used in AI, namely, ablation and comparison.  In their design, 
the communicative resources of the wizard are incrementally 
restricted.  The different conditions are compared in order to 
isolate the properties of the dialogue system that most affect the 
overall performance.  Their paper also exemplifies the 
application of the method for exploring error handling strategies. 

Our study involves three experimental conditions for data 
collection. In particular, 
• The wizard simulates a super-intelligent robot and interacts 

with the user using unconstrained natural language 
(henceforth, referred to as Condition 1).  

• The wizard selects from a list of utterances that point to the 
source of the problem (in the utterance, meaning or action 
level, see Section 2.2) but can also type in a clarification 
question or provide task-related information (Condition 2).  

• The wizard is fully restricted to use the same limited set of 
utterances as a typical dialogue system. In case of 
problematic understanding, the wizard signals that there is 
some kind of problem (Condition 3). 

3.1 Domain of the Experiment 

The domain of the experiment is navigation on a miniature town 
which is similar to the Map Task [23]. As Brown [23] points out, 
in the Map Task, each subject has two overt sources of 
information: what the other speaker says and what is on his/her 
map. Thus, the participants are given the opportunity to interact 
with each other in a relatively natural manner, while controlling 
the information available to them at any given point in the 
dialogue. The analyst has access to the records of what each 
participant does and says, which allows for a degree of 
understanding of how people are tackling the task or the 
problems that arise, and where these arise. Yet, even in task-
oriented interaction, repair instances are not frequent.  

In a small-scale study, like the one described in this paper, the 
scarcity of such data would have prevented us from making any 
reliable inferences. Thus, the interface between the participants 
had to be further degraded (as explained below). In our study, 
the user guided the robot to six destinations. The user had full 
access to the map whereas the wizard could only see a small 
fraction of the map of the area surrounding the robot, so he/she 
had to rely on the user’s instructions on how to go to a location. 
In addition, the user could not see the robot itself, but only its 
surroundings. Therefore, both participants needed to collaborate 
and exchange information in order to complete the task. In this 
sense, the task falls under the category of problem-solving tasks, 
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as opposed to information-seeking tasks commonly employed in 
the development of SDS.  It is interesting to discover to what 
extent knowledge gained from error handling in the domain of 
information-seeking dialogue systems can be applied to a 
different domain of interaction with a robot.  

3.2 Set-up 

A custom java–based system2 was developed for the experiments 
consisting of the map and the messaging box. The wizard’s 
interface was modified according to each experimental condition 
but the user’s interface remained the same. The two applications 
were linked together using the TCP/IP protocol, sending and 
receiving coordinates and messages over a LAN. However, there 
are no real constraints of location as the computers can also be 
connected via the Internet. Moreover, the system kept a log of 
the interaction but also, for every message exchanged, the 
coordinates of the robot at that given moment were recorded. 
This enabled us to monitor the wizard’s level of understanding 
by comparing each instruction with how it was actually 
executed.  

For all conditions, the wizard’s map contained only a small 
fraction of the map with the area that surrounded the current 
position of the robot. All buildings were shown as yellow 
squares. The robot was displayed as a red circle with a yellow 
“face” and was operated by the wizard by pressing the arrow 
keys on the keyboard. The dialogue box was on the lower part of 
the screen. The messages from the wizard were shown on the 
upper part of the box (in green) and the user’s messages on the 
bottom as well as a history of the user’s previous messages. As 
explained in 2.1 above, the actual robot has the ability to learn 
and remember previous routes. To simulate this ability, once a 
route was completed, in the next task, a new button appeared on 
the right side of the wizard’s screen that represented the newly 
learnt route. When the user requested to take a known route, the 
wizard clicked on the corresponding button and the robot 
automatically executed the route.    

 
Figure 1. The Wizard's Interface for Condition 1. 

 
In the interface version for Condition 1, the wizard could 

freely type messages and send them to the user like in a typical 
messaging application. Figure 1 displays a screenshot of the 
interface. Note that that the robot has already completed and 
“learnt” four routes. 

                                                 
2
http://processing.org 

In the version for Condition 3 (Figure 2), the wizards were 
deprived of typing their own messages. There was a set of 
buttons on their messaging box which the wizard clicked and the 
corresponding canned response was sent to the user. These 
responses were “hello”, “goodbye” and “ok”. In addition, there 
was a button denoted with a “?”. The wizard was instructed to 
use this button to inform the user that there was some kind of 
problem in understanding or executing. This button randomly 
generated any of the following responses: “Can you please 
repeat that?”, “Sorry, I don’t understand”, “What?” as well as a 
response that contained a fragment of the user’s previous 
message (e.g., “Turn where?”). The wizard had no control over 
or any a priori knowledge of which response would be sent.   

 
Figure 2. The Wizard's Interface for Condition 3 

 
The interface version for Condition 2 (Figure 3) allowed for 

two ways of interaction with the user. First, the canned response-
based interaction; in particular, the wizard could click on 
“Hello”, “Goodbye”, “Yes”, “No”, “Ok” and the problem-
signalling  buttons “What?”, “I don’t understand” and “I cannot 
do that”3 to automatically send these messages to the user. The 
second way was to click on the “Robot Asks Question” and 
“Robot Gives Info” buttons so that the wizard could type in 
his/her own messages; the wizard was instructed to use the 
former to request clarification and the latter to provide the user 
with information.   

 

 
Figure 3. The Wizard's Interface for Condition 2 

                                                 
3 These responses signal problems in the utterance, meaning and action 
level, respectively. See section 2.2, Table 2.  
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The user had access to the full map of the town (Figure 4), in 
which the destination was shown in red and the locations that 
had been reached in previous tasks in blue. On the upper right 
corner of the screen, the user could see a small fraction of the 
map that showed the surrounding area of the current position of 
the robot. Thus, the user could see the surrounding area changing 
while the robot was moving, but not the robot itself. The 
dialogue box was on the lower part of the screen. The user could 
type in messages and send them to the wizard in a manner 
similar to a messaging application. The messages from the robot 
were displayed at the bottom of the textbox (in purple). The 
user’s interface did not show the history of the dialogue in order 
to simulate the transience of spoken language. 

 

 
Figure 4. The User's Interface 

3. 4 Procedure 

Eighteen paid participants were recruited, nine users and nine 
wizards. Computer expertise was not required. For each 
experimental condition, three pairs were used. Participant pairs 
were randomly assigned to one of the three conditions, either as 
wizards or users. The pairs were seated in separate rooms in 
front of a desktop PC. The user was sitting alone during the 
experiment whereas the experimenter was in the same room as 
the wizard in case they needed technical assistance. The wizards 
received instructions, a short demonstration and had a trial 
period to familiarise with the functionality of the system.  

The users were briefed about the experiment and the 
interface. Unlike the wizards, who were aware about the 
simulation, the users were told that they would interact with a 
real robot through a computer interface. They were asked to start 
each task whenever they felt ready by clicking on the links on 
their computer screen. They were also advised to start each 
interaction with “Hello”, which automatically opened the 
wizard’s application, and end the interaction with “Goodbye” 
which closed both user and wizard’s windows. The user could 
terminate the interaction at any point by typing “abort task”. 
After each task (completed or aborted), they had to fill in a short 
questionnaire. The questionnaire consisted of five Likert-scale 
statements for which the users stated their level of agreement. 

Each pair attempted six tasks; specifically, the user guided the 
robot from a starting point to six designated locations. The 
destinations were selected in an effort to increase the number or 
complexity of instructions and the possibility of reference to 
known routes. Dialogues were allowed to run until the user 
ended them or up to 10-11 minutes (this cut-off time was 
decided on the basis of pilot studies). 

Both participants received a written description of the 
experiment which they read before the beginning of the 
experiment and could consult throughout it. They were not given 
any instructions on what to say. However, they were explicitly 
instructed not to use directions such as “north”, “south”, “up” 
and “down”, but use relative directions from the robot’s point of 
view and common landmarks such as the bridges, the car parks 
and known locations. Additionally, the users were told that the 
robot was very fluent in understanding natural language and 
producing appropriate responses. They were also informed about 
the route-learning ability of the robot. Last, for the conditions in 
which the wizards were able to type their own messages, they 
were asked not to try to “sound like a robot” but talk naturally. 

In designing and executing the experiment, a set of 
parameters as described in [24] were considered: first, the 
interface which was built for the experiment fully simulated the 
existing system and allowed for a mixed initiative interaction. 
Thus, the insights gained from the experiments are relevant to 
this domain and application while remaining generalisable. 
Second, the task was open and the focus was not its fast 
completion, that is, the user could plan or later modify the route 
in any way. This allowed for dialogue variation. Finally, pilot 
studies were conducted to ensure that the simulation 
environment operated by the naive wizard was usable. 

3. 5 Experimental Hypotheses 

The WOz simulations will be completed in two phases. Phase 1 
is described in this paper. Phase 1 aims to generate a refined 
hypothesis and guide the experiments of the second phase. 

The existing system, the robot, (see section 2.1, [3] and [4]), 
as with the majority of SDS, deals with all sorts of 
miscommunication in a formulaic way. On the opposite end, 
human interlocutors have a powerful repertoire of error 
management skills. Thus, we maintain that a system with more 
sophisticated error handling capabilities could improve 
performance. Moreover, previous research has shown that 
explicitly signalling non-understanding (e.g., “I don’t 
understand” and “Please repeat”) is not the default strategy used 
by people, but implicit strategies (such as clarification requests 
and providing task-related information) are typically opted for.  

The experimental hypotheses are the following: 
 
1. Condition 3, in which the wizard handles 

miscommunication in an “uninformed”, prescribed way, 
will result in lower success rates and user satisfaction than 
the “informed” wizard condition (Condition 2).  

2. In experimental Conditions 1 and 2, wizards will not resort 
to explicit signalling of non-understanding.   
 

We also aim to observe several interesting phenomena that are 
specific to HRI and are not found in HHI and interaction with 
SDS. These insights, still sparse in literature, will help us 
develop a system that meets the needs and desires of its user. 
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4 RESULTS 

This section presents an elementary analysis of the data 
obtained. A total of 54 dialogues were collected and analysed in 
terms of task success, task completion time, miscommunication, 
wrong executions and user perceptions.  

4.1 Task Success 

In Condition 3, one user aborted a task and another pair of 
participants exceeded the 10-minute time limit and the task was 
interrupted. In Condition 2, all tasks were completed within ten 
minutes (see third column of Table 3). This could suggest that in 
the restricted wizard condition, the participants were unable to 
recover from errors as effectively as participants in the other 
conditions. Nevertheless, given the size of the sample, further 
experiments are needed to validate this claim.  
 

Table 3. Summary of Results from All Three Conditions. 
Condit
-ion 

Ave-
rage 
Time 
per 
Task 
(min) 

Task 
Complet-
ion Rate 

Miscom-
munication 
Turns/ 
Total 
Turns 

Total 
Number 
of 
Wrong 
Executio
ns 

% 
Resolved 
Wrong 
Executions 

Total 
Number 
of No 
Executio
ns 

1 4.58 94.44% 11.29% 10 72.22% 0 

2 4.25 100.00% 11.13% 32 77.40% 0 

3 5.52 88.89% 12.89% 10 68.75% 56 

4.2 Task Completion Time 

As shown in the second column of Table 3, Condition 2 resulted 
in faster interactions compared to the other conditions. The 
difference between conditions 2 and 3 is greater than the 
difference between conditions 1 and 2. This might indicate that 
simplistic signalling of non-understanding leads to longer 
interactions.  Aborted and interrupted tasks were not considered 
in the analysis. 

4.3 Miscommunication and Wrong Executions 

Based on the definitions given in Section 2.3, dialogue turns that 
expressed non-understanding or contained user corrections were 
labelled as miscommunication. The data in column 4 of Table 3 
reveal a high occurrence of such problems across all conditions. 
In Condition 3, the number of miscommunication turns is 
marginally larger.  

As explained in Section 3.2, the path that the robot followed 
could be reproduced and each instruction and the corresponding 
robot action were juxtaposed. If the execution did not match the 
instruction, it was tagged as wrong execution. As shown in the 
fifth column of Table 3, the number of wrong executions was 
significantly higher in Condition 2. However, recovery rates 
from wrong executions were similar across the first two 
conditions, but slightly lower in Condition 3. This could imply 
that misunderstandings that led to wrong executions were more 
easily resolved in Condition 2 than in Condition 3. It should be 
also noted that although wrong executions in Conditions 1 and 3 
were equally frequent, in Condition 3, 56 “no executions” were 

tagged (compared to none in Conditions 1 and 2). “No 
execution” tags were placed in turns in which, although the 
instructions had been received, there was no reaction 
(movement) whatsoever by the wizard. It could be speculated 
that the number of wrong executions could have been higher in 
Condition 3. But more significantly, this observation supports 
the idea that the wizards perceived the inadequacy of their 
expressive means to proactively or reactively deal with 
problematic understanding. On the other hand, wizards in 
Condition 1 and 2 felt more confident that they could prevent or 
resolve wrong executions by signalling non-understanding, 
requesting clarifications etc. and, thus, were more willing to act 
based on their assumptions.  

4.4 User Perceived Task Success and Overall 
Satisfaction 

After each interaction, the users completed a six-point Likert-
scale questionnaire in which they rated their agreement with five 
statements. These statements covered ease of use, accuracy and 
helpfulness of the system, perceived task completion (“I think I 
did well in completing the task”) and overall satisfaction (“I am 
generally satisfied with this interaction”).  The responses were 
mapped to integer values ranging from 1 to 6 (with 6 
representing the optimal score). The average scores for perceived 
task success and user satisfaction were calculated and plotted 
against each condition (see Figure 6). It seems that, in Condition 
2, despite the similar frequency of miscommunication and higher 
wrong execution rate, the users experienced the dialogue as 
smoother and more successful. 
 

 
Figure 5. User’s Perception of Task Success and User Satisfaction  

4.5 Further Observations 

Initial turn-based analysis of the dialogues produced several 
interesting observations. First, in Condition 1, in which wizards 
were free to formulate their own responses, there was not a 
single occurrence of explicit problem-signalling responses such 
as “I do not understand” or “What do you mean?”.  Even less 
“talkative” wizards preferred to request further instructions than 
to state that there was a problem. Explicit strategies should have 
been the easiest “way out”, especially in Condition 2 in which 
the wizards could simply press a button. However, the “least 
effort principle” is always balanced and compromised against 
the need to ensure understanding [5]. Thus, wizards felt that in 
certain circumstances of interaction, explicit strategies were 
inadequate. Second, an interesting phenomenon was observed 
which was not anticipated; wizards in Condition 2 used a 
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balanced combination of explicit and implicit strategies. A 
sample of a dialogue under Condition 2 is shown in Table 4. In 
this example, the wizard explicitly signals non-understanding, 
using the button “I don’t understand” (line 2), but then she types 
a clarification request termed task-level reformulation4 (line 4).  

It can be argued that the physical presence of the buttons in 
the wizards’ interface biased them to use the predefined 
responses. However, it is equally plausible to assume that these 
strategies matched exactly what they intended to say. Within the 
context of the results discussed in Sections 4.1-4.4, this has 
important implications for the application of the findings of this 
study to a real-world system. In particular, unconstrained natural 
communication with a robot, as represented by Condition 1, is 
infeasible to implement with current technology. However, a 
system with a smart policy for selecting from a predefined set of 
explicit and implicit responses, which yields similar benefits in 
performance and user experience, is a solution within our reach. 

 
Table 4. An Excerpt of a Dialogue in Condition 2. 

1. user said- turn right after the bridge then 
2. robot said- Sorry, I don’t understand. 
3. user said- turn right now 
4. robot said - at a car park? 
5. user said- before the car park 

 
Table 5. An Excerpt of a Dialogue in Condition 1.  

1. user said- please turn right and turn right again  
2. robot said- Crossroads, now where?                                                                                                       
3. user said- turn right 
4. user said- keep going right 
5. robot said- I cannot go down that road any more                                                                                          
6. user said- go forward 
7. robot said- There is a fork in the road                                                                                                  
8. user said- ok turn left here then take the third right 
9. robot said- Before the bridge?                                                                                                           
10. user said- sorry this is the wrong place 
11. robot said- Wrong place? Should Robot go back?  
12. user said- go forward and at the crossroads keep going 

forward  and the tube is at the end of the road                                                                              
13. robot said- Out of bounds                                                                                            

 
Table 5 contains part of a dialogue in Condition 1. In any 

given situation, the wizard did not explicitly signal the problem 
but either provided information (lines 2, 5, 7, 13) or used 
clarification requests (lines 9, 11). In this example, we have the 
opportunity to observe the balance in the interaction and roles of 
the interlocutors as they try to cope with and compensate for 
insufficient sources of information. Management of 
miscommunication, thus, is a joint activity and not the 
responsibility of one speaker. The issue of repair rarely becomes 
the focus of the interaction; the goal of the interaction, that is, 
obtaining adequate information to complete the task, was not 
sidetracked but also became a means of repair itself. 

Another interesting phenomenon was encountered in 
Condition 3; as the dialogue progressed, the users tended to pay 
less attention to the wizard’s messages. Instead, they focused on 
the movement of the robot as they could see it from the little 
window on their interfaces, and continued issuing commands in 

                                                 
4 In [10], Gabsdil defines task-level reformulations as clarification 
requests that reformulate the previous speaker’s utterance in terms of its 
effects and the task rather than its surface form.  

a “trial and error” process. This could suggest that the users felt 
that the robot was no longer helpful or reliable in terms of 
interaction. This observation is also supported by the post-task 
questionnaires. 

 
Table 6. An Excerpt of a Dialogue in Condition 3. 
1. user said- go to the lab 
2. user said- do u know where the lab is? 
3. user said- go straight 
4. user said- go left 
5. user said- stop 
6. user said- turn right  
7. robot said- Can you please repeat that?  
8. user said- go straight 
9. user said- go right 
10. user said- move 
11. user said- go straight 
12. user said- go right 
13. robot said- Sorry, I don’t understand.  
14. user said- right 

 
Table 6 shows an excerpt of a dialogue under Condition 3. In 

line 2, the user asks a question but does not wait for a reply. 
Similarly, the problem-signalling messages of the robot (lines 7 
and 13) seem to go unnoticed. The dialogue looks disconnected 
and the user gives commands and waits to see the action on the 
screen. Evidently, in real deployment environments such conduct 
has different consequences.  

In conclusion, the numerical results presented in Sections 4.1-
4.4 seem to provide support for the first experimental hypothesis. 
The data discussed in 4.5 only partially confirmed the second 
hypothesis but revealed a path worth pursuing.   Quantitative 
analysis of the turn by turn unfolding of the dialogue is currently 
being carried out, using a dialog act tagging scheme. Results are 
expected soon to illuminate patterns of behaviour regarding 
wizard strategies and subsequent user responses to address what 
they perceived to be problematic.  

5 DISCUSSION AND FUTURE WORK 

The preliminary results reported in this paper are consistent with 
previous research (see Section 2.3.3) and point towards 
fascinating research directions. As part of our current and future 
work, we are running more experiments in order to ascertain that 
these initial findings are statistically sound and not opportunistic. 
Moreover, we are performing a fine-grained analysis of the 
dialogues which involves turn-based annotation of the data with 
dialogue act tags. The object of the analysis is the actions 
employed by wizards and users to maintain and restore 
understanding. These findings will feed the second cycle of 
simulations and are anticipated to offer additional insights in 
miscommunication management in HRI. Further, we will look at 
the relation between wizard strategies, user responses, error 
recovery, overall dialogue performance, task success and user 
perceptions.  

In   [17] and [18], the wizard had no direct access to the 
user’s speech, but could listen to or read the output of a 
simulated or real speech recogniser. In our simulations we 
allowed the wizard to have full access to the messages sent by 
the user without a mid-component. The experimental setup was 
designed to provide a complex environment that would give rise 
to many instances of miscommunication (see Table 3) and 
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difficulties in coordination through high referential ambiguity 
and deictic discrepancies. At this stage in the research, it was 
decided that ASR would unnecessarily add to the task 
complexity and negatively affect the consistency and validity of 
the results; first, the role of the wizard which was assumed by a 
non-expert participant was already demanding as they had to 
make decisions and respond fast and accurately with limited and 
ambiguous sources of information while operating the robot. 
Dealing with the often incomprehensible output of the speech 
recogniser would have rendered their task impossible. Secondly, 
ASR performance is a major source of problems with 
detrimental effects on the overall system performance. This 
could confound the effect of the other sources of problems and 
the error handling strategies, which form the aim of this study, 
and obscure the observation of other interesting phenomena. The 
proposed framework will be ultimately implemented and tested 
using a fully operating system. However, time and resources 
permitting, we aim to design another experimental condition in 
which the same set of error handling strategies, as defined by the 
second round of experiments, is used by the wizard whose 
abilities are further constrained by ASR.  

A valid argument against the experimental setup could be that 
the results are an artifact of or only relevant to text-based 
interaction. However, in [11] it is argued that text-based 
synchronous interaction is now a commonplace means of 
communication between people (e.g., instant messaging and chat 
rooms). Moreover, spoken dialogue contains many other sources 
of information that play a role in participants’ understanding. 
These are extra-linguistic features such as variations in voice 
amplitude, pitch and speed which function as cues for the 
listener. When speech is transcribed for analysis these are very 
hard to represent and are often ignored. On the other hand, text-
based interaction constrains users to convey meaning using only 
linguistic means, which minimises the analyst’s manipulation of 
the data and provides clearer indications of how understanding is 
achieved. Nevertheless, experiments using real-time speech and 
audio are planned after these exploratory studies are terminated. 

The Map Task offers a rich domain for task-oriented 
interaction [23]. In the Map Task design, there is one A-role 
speaker who holds all information necessary for the completion 
of the task. In the setup of our study, we attempted to raise the 
status of the wizard; namely, the wizard needed to successfully 
communicate the surroundings and the exact position of the 
robot, otherwise the route instructions from the user that were 
mainly formed with deictic expressions were meaningless. 
Similar to normal HHI and human cooperative behaviour, in 
Conditions 1 and 2, participants collaborated and helpfully 
shared relevant knowledge. Breazeal et al. [25] state that the goal 
of the field of human-robot interaction is broader than 
interaction; rather it should be pursued as human-robot 
collaboration. Thus, the insights and findings that are beginning 
to emerge from these experiments could contribute in closing the 
gap between HHI and HRI, so that robots are not tools but 
partners that play a positive, practical and lasting role in human 
life. 
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Video observation of humanoid robot movements elicits 
motor interference 
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Abstract.  Anthropomorphic  

1“humanoid” robots are suggested 
to be more competent in social communicative interactions than 
industrial robots, because humans interact more intuitively with 
them. It is, therefore, critical to evaluate the acceptance of an 
agent as possible partner for joint interaction. One possible 
method is to utilize the phenomenon of motor interference (MI). 
It claims, that observation of an incongruent movement of 
another individual leads to a higher variance in one's own 
movement trajectory. Although this effect has been 
demonstrated while observing a human agent, the researchers 
were unable to show increased variance in the subjects' 
movements if they observed an arm of an industrial robot 
moving with piecewise-constant velocity. In contrast, in other 
recent studies, MI was demonstrated when subjects watched a 
humanoid robot performing biological movements based on 
prerecording of a human experimenter, even if it was not the 
case when the same robot moved with constant (artificial) 
velocity. The purpose of the present study was two-fold: 1) we 
aimed to replicate these results using video-presentations of the 
agents, and 2) we asked whether quasi-biological movement 
trajectories are sufficient to elicit MI. We presented subjects, 
who were instructed to perform horizontal and vertical arm 
movements, with videos of a human agent or of a humanoid 
robot, who performed congruent or incongruent arm movements. 
Robotic movements were produced with a quasi-biological 
minimum-jerk velocity profile. We found MI both for the human 
agent and the robot, suggesting that an artificial human-like 
movement velocity profile (minimum-jerk) is sufficient to 
facilitate perception of humanoid robots as interaction partners, 
and that the measurement of MI using a face-to-face video setup 
can serve as a tool for objectively evaluating humanoid robots. 

1 INTRODUCTION 
Humanoid robot technology is developing at an incredible rate 
[1, 2]. In the near future, humanoid service robots equipped with 
mechanisms for communication and interaction will become part 
of daily lives of ordinary people. Based on the human’s 
instructions and control, they will assist humans as "partner 
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robots" in completing a variety of tasks that are physically 
demanding, unsafe, unpleasant, or boring. They will also assist 
elderly, individuals with physical impairments and cognitive 
disabilities in care, therapy and training.  

During interaction with a humanoid robot, people tend to 
anthropomorphise it [1] and to apply their experience with 
human partners in order to explain, understand or predict its 
behaviour. Since the interaction with humanoids should be 
natural, enjoyable and efficient, it is important to analyze how 
we perceive them and how they affect us.  

Although the quality of interaction between humans and 
humanoid robots has been investigated by some studies [2], 
mostly only questionnaire-based subjective judgments were used 
for this purpose [3, 4, 5]. A possibly objective tool, which is 
based on the phenomenon of motor interference, has been 
developed only recently [6].  
 
Motor interference - influence of the observed movement on 
own action 
 
By the means of fMRI (functional magnetic resonance imaging), 
it has been shown, that observation of an action leads to 
activation of corresponding motor areas in the premotor cortex 
[7]. It therefore seems that perception of an action leads to 
simulative production of that action on the part of the observer, 
facilitating its execution. The neural basis for the "action-
perception coupling" hypothesis has come with the discovery of 
the mirror neuron system in the premotor cortex of macaques, 
which is activated  both when the monkey performs a specific 
action and when it passively observes the experimenter perform 
that same action [8,9]. It is presumed that observing the 
movement of the partner leads to the activation of the premotor 
areas that correspond to the production of that movement, 
irrespective of whether the observed movement is compatible 
with an intended movement. Thus, when the participant observes 
the partner producing an incongruent movement, the motor 
program or representation associated with the observed 
movement is assimilated or interferes with the outgoing motor 
output for the intended movement. In line with this hypothesis 
goes the observation that during action observation there is a 
significant increase in the motor-evoked potentials from the hand 
muscles that would be used if making such a movement [10]. 
Thus, observing a certain action injects bias to the motor 
controller by activation of modules subserving the observed 
movement (motor resonance) and deactivation of modules 
controlling incongruent movements [11, 12]. This deactivation 
leads to Motor Interference (MI), defined by an increase of 
variance in one’s own movement while watching an 
incompatible movement. Indeed, it has been demonstrated that 
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while the observation of another person performing an action 
facilitates the execution of a similar (congruent) action (e.g. the 
contagion of yawning [13]), it interferes with the execution of a 
different (incongruent) action [14]. For example, perceiving a 
horizontal arm movement facilitates the concomitant execution 
of the same action and curbs the execution of a vertical arm 
movement [6]. 
  
Influence of agency and naturalness of motion on motor 
interference  
 
It has been shown that although monkey mirror neurons  
discharge, when it observes an action performed by another 
individual, these neurons are not activated in the case of  
mechanical action [15]. However, the question of whether the 
human mirror neuron system responds to the movements of non-
human actors such as robots, is currently controversial. One 
study [16] suggested that responses in premotor cortex (thought 
to be the most important part of the mirror neurons network [9]) 
to observed motion is specific to human action and does not 
respond to robotic movements. Other data suggest equivalent 
neural responses to both observed human and robotic action 
[17]. 

In the original study investigating robotic movement [6], the 
MI experimental paradigm was adapted to investigate the extent 
of similarity of the implicit perception of an industrial robot and 
a human agent. In contrast to observation of a human agent, MI 
could not be demonstrated for the observation of movement of 
an industrial robot. However, some recent studies [18, 19] have 
found MI when subjects watched a humanoid robot performing 
movements based on implemented prerecording of a human 
experimenter. Interestingly, this effect could not be shown when 
the same robot moved with a constant-velocity profile, 
suggesting that velocity profiles of biological movements might 
be essential for MI. 

Several studies tried to determine what information in the 
observed movement triggered the MI in the observer's action. 
These studies investigated continuous movement 
synchronization of a human observer with a moving dot stimulus 
[20, 21, 22], ball motion [23], or a point-light figure [24]. In [22] 
and [23], the variance of the participant’s movements in the 
incongruent condition was found to be enhanced only with 
biological motion; in [21], the increase in variance was seen both 
in biological and in non-biological dot motion; in [24], the 
biological dot motion led to MI only in subjects with autism in 
contrast to healthy ones, and in [24], the MI could not be 
demonstrated neither in human nor in point light figure 
condition. Although the results of these studies were not 
uniform, in general they suggest that the brain processes 
biological and non-biological movements in a different way. 

In the experiment reported here, we tried to replicate the 
results of [18] and [19], by replacing live presentations with 
video presentations of the human experimenter and the 
humanoid robot JAST (s. Fig. 1). JAST has an “animal” head 
and is capable of producing movements with human-like 
minimum-jerk velocity profiles [2]. The subjects were instructed 
to produce congruent or incongruent movements while watching 
the videos projected on a screen.  
 

2 METHODS  
Four female and six male PhD students from the local 
Department of Neurology have been tested in the present 
experiment. The videos of both JAST and the human agent were 
rear-projected on a white screen (120cm*160cm) in pseudo-
randomized order. The screen was positioned about 1.5 m in 
front of the participant.  

The subjects were instructed to perform 50-cm amplitude 
horizontal (H) or vertical (V) rhythmic arm movements with 
their right arms while fixating on the hand of a human agent or 
JAST (s. Fig 1). The agent performed either spatially congruent 
(C, same direction) or incongruent (I, perpendicular) movements 
(frequency: 0.5 Hz). This resulted in a 2*2*2 experiment design 
with eight experimental conditions and three factors (1) plane of 
movement (H/V), (2) congruency (C/I), and (3) observed agent 
(agency; H/R).   
        

 
             

 
 
Fig. 1 Screenshots from the videos presented to the subjects. The 
participants had to make horizontal or vertical movements while 
fixating on the hand of JAST or a human agent, who performed 
congruent or incongruent movements.  
 

The robot JAST produced horizontal and vertical movements 
directed by the shoulder joint. The motion velocity was based on 
a minimum-jerk profile [25], which, in contrast to the constant 
velocity profile, makes the movements look smoother and more 
natural by preventing abrupt changes in movement velocity [2]. 

One trial (duration: ca. 30s) was performed for each of the 
eight conditions. At the start of each new condition, the 
participants were informed (by an instruction appearing on the 
screen) of the plane in which to move their arm and instructed to 
keep in phase with the experimenter's and robot's movements. 
The kinematics of the endpoint of their right index finger was 
recorded at 240 Hz using the magnet-field based motion tracking 
system Polhemus Liberty.  

After data acquisition, fingertip positions  were filtered with a 
20-Hz second order Butterworth filter and the data from each 
trial was split into single movement segments (from right to left 
and from top to the bottom and vice versa) by finding data points 
at which the x- and z-values reached their maxima and minima. 
The standard deviation of fingertip position within the plane 
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orthogonal to the plane of movement was used to quantify the 
interference. The mean of the deviations of all single movements 
within one trial was calculated for each subject and then across 
all the participants.  

3 RESULTS 
The analysis showed that the mean values (across 10 subjects) of 
the deviations in the plane orthogonal to the movement were 
generally bigger for the observation of incongruent than 
congruent movements for both human and humanoid robot 
observation (s. Fig 2 for an example of movement trajectories 
projected onto the x-z-plane). The analysis of variance 
performed on the factors congruency, plane of movement, and 
agency, revealed only a main effect of congruency [F(1,9)=21.8; 
p=0.001] (s. Fig 3).  There were no other significant main effects 
or interactions between any of the factors. 
 

INCONGRUENT CONGRUENT

 
 
Fig. 2: Individual movements made by a single subject in the 
XZ- plane. During his movement, the subject observed another 
human, who performed incongruent or congruent movements. 
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Fig. 3: Standard deviations in the plane orthogonal to the 
movement plane averaged across ten subjects during observation 
of a humanoid robot or a human experimenter performing 
congruent or incongruent movements. Error bars represent 95% 
confidence intervals. 

4 DISCUSSION 
While performing everyday activities, individual’s limb and 
body movements are constantly influenced by the observed 
movements of other individuals [26]. A well-known example of 

triggering imitation by observing an action is the contagion of 
yawning [13] by activation of motor systems, which control the 
observed action. Likewise, the observation of a certain action, 
different from the own action, can interfere with it. 
 
Movement synchrony enhances intention understanding 
 
Since mirroring the actions of others might help to understand 
what another person is doing [27], the main function attributed to 
motor resonance is action perception. Motor resonance might 
even underlie more sophisticated mental abilities, such as 
understanding the intentions of others [28]. Thus, simulating 
another person’s actions allows humans to make predictions 
about the mental states of others based on the mental states and 
behaviours that they experience themselves while mimicking 
others [29].  On the neuronal level, it was reported that lesions of 
premotor cortices involved in the control of action impairs the 
perception of biological motion presented using point-light 
displays [30].  

The higher degree of movement synchronisation is generally 
regarded to be a sign of higher degree of mutual rapport, 
involvement and togetherness [31]. It has been shown, that 
behavioral synchrony during a dyadic interaction triggers 
increased attention to the interaction partner leading to enhanced 
memories about his appearance and his utterances [32]. In 
psychotherapeutic counseling, congruent movement of limbs of 
the therapist and the client were significant contributors to 
attributions of rapport [33]. Additionally, it has been 
demonstrated, that while asking for route directions for a certain 
destination, most subject synchronized their arm gestures with 
the person or the humanoid robot, providing them with these 
instructions [34]. Another study, investigating body movements 
in human-robot interaction, has found a positive correlation 
between the arm movement synchrony of the robot and the 
human and subjective evaluations of the interaction [35]. 
 
Motor interference as objective tool for evaluation of human-
robot interaction 
 
As stated in the introduction, motor interference is the direct 
consequence of motor resonance [13]. Since motor resonance is 
linked to the sense of togetherness and is observed in a 
successful human interaction, MI can be used as an objective 
tool for evaluation of human-robot interaction. Specifically, it 
can be used to study, what aspects of robot form and motion 
make it sufficiently human-like and which aspects should be left 
robotic to display the robot’s non-human capabilities. Since the 
interference effect can be obtained in different planes of 
movement, the paradigm of MI might be adapted to investigate 
how naturally other complex robot motions are perceived by 
humans. However, it might still be helpful to additionally 
correlate objective findings from the MI experiments with 
traditional subjective evaluation based on questionnaires.  
 

Present results in light of other studies  
 
The variability of the subjects’ arm movements in the orthogonal 
plane of movement was significantly increased while observing 
incongruent vs. congruent movements of a human agent (Fig. 2). 
This was also the case for the humanoid robot. Additionally, 
there was no interaction effect between the factors "agency" and 
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"congruency". These results support the notion that, during 
observation of non-goal directed action, the specific neural 
networks subserving that particular movement are already tuned 
for action [11], thus interfering with a different action. 

The current findings are similar to [18] and [19], who also 
reported MI for the observation of incongruent action of both 
human and humanoid robot and strengthen the conclusion, that 
biological motion velocity might be essential for MI. However, 
our results extend these previous studies by showing that MI is 
present in observation of video presentation as well. 
Furthermore, MI did not depend on accurate biological 
movement profiles such as used in previous studies: the 
minimum-jerk movements used in our study, which only 
approximate biological motion, were sufficient to elicit strong 
MI. 

Together with previous findings [18], our results indicate that 
the phenomenon of MI is not only limited to observation of 
human action. A humanoid robot with a limited human-likeness 
in its appearance may trigger the same type of implicit 
perceptual processes as a human agent, given that it moves with 
a quasi-biological velocity. In contrast to that, in the original 
study [6], MI could not be shown when subjects were observing 
an industrial robot performing the actions. However, this 
discrepancy can be explained by the fact that the robot used in 
the earlier study did not have any humanoid facial features and 
moved with an artificial constant velocity. 
 
The influence of anthropomorphism on the motor interference 
 
It is traditionally assumed, that building robots with humanoid 
appearance is the obvious strategy for integrating them 
successfully into human environments and increasing their 
acceptance for the majority of non-technical users.  However, the 
question is, whether we need a fully anthropomorphic synthetic 
human or if a certain degree of form realism is sufficient for 
social acceptance. A popular theory about the perception of 
robots [36] states that as a robot increases in humanness, it 
becomes more susceptible to failures in its functionality and 
design ("The Uncanny Valley"). This results from the fact that 
the more human-like the robot appears, the higher are the 
expectations of people interacting with it. This hypothesis 
predicts, for example, that a prosthetic limb covered with skin-
colored rubber, which imperfectly, albeit extremely closely, 
reproduces the texture and the motion of real limbs would be 
more repulsive than a less realistic limb with a mechanical 
appearance. Therefore, to meet the users' expectations, there 
must be an appropriate match between physical familiarity with 
a human and cognitive abilities of the robot.  

6 CONCLUSIONS & FUTURE WORK 
The present experiment replicates the results of recent studies, 
claiming that observing incongruent arm movements made by a 
humanoid robot with a biological velocity, may have a 
significant interference effect on simultaneously executed human 
movements. MI also remains stable if the live presentations of 
the robots are substituted by videos, which are projected on a 
screen in life-size.  

The currently used robot head "iCat" had a zoomorphic 
appearance with movable eyebrows, eyelids, eyes and lips [37]. 
This animal-like form might have resulted in the higher   

acceptance by humans by decreasing the probability of getting 
into the "uncanny valley, since our expectations of animals' 
capabilities are lower than of human. The presence of detailed 
face feature might also have had a positive effect on the 
emergence of the MI, since it has been shown, that the four 
features that increase the perception of humanness the most are 
the eyes, nose the eyelids and the mouth [38].  

Initially, MI has been demonstrated in the robot DB, facial 
features of which are merely suggested, but which, on the other 
hand, has more degrees of freedom in his joints than JAST and 
thus a higher capability for biological motion [18, 19]. 
Therefore, the importance of using a humanoid form in 
interactive robots is still an assumption that has yet to be proven. 
Also, the exact aspect of biological motion, which is the trigger 
for interference, and which is absent in robotic movements (e.g. 
non-constant velocity, curved trajectory, increased movement 
variability), remains unknown [39].  

Therefore, in the next step, we would like to use the MI 
paradigm (combined with the subjective evaluations) in order to 
separate the relative contributions of form and motion to the 
effect of MI. The question whether humanoid form is essential to 
elicit a motor response similar to human movement observation 
can, for example, be investigated by comparing JAST with an 
industrial robot such as JAHIR [40], which can also be 
programmed to produce minimum-jerk velocity movements. 

Although the MI paradigm is an easy and cheap method for 
the evaluation of humanoid robots, its applications may be 
limited to mobile humanoid robots provided with torso and at 
least two upper limbs. Therefore, it might be helpful to expand 
the results obtained my MI using additional objective and 
subjective (questionnaires) methods. Possible objective tools for 
evaluation of human-robot interaction might include measuring 
a) physical proximity between the interaction partners, b) 
number of human approaches towards the robot, c) effectiveness 
of the jointly completed work, d) success in the solution of 
mutual tasks, amount of shared attention, e) quality of emotional 
response to the robot or f) recording heart rate and skin 
conductivity as measures of arousal.  

Together with previous studies, our results will provide a test 
bed for analyzing human-robot interaction and thus principles 
for developing guidelines for the future design of assistive 
robots. These interactive robots will facilitate social competence 
and support appropriate and pleasant human-robot interaction.  
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The role of expectations in HRI

Manja Lohse
1

Abstract. Whenever humans interact they form expectations 

which their behaviour is grounded in. This paper claims that this 

is also true for human-robot interaction (HRI). It introduces 

assumptions from expectation theory and illustrates how these 

can be tested in an HRI context. The paper aims to show that 

knowing the users’ expectations can help to design robots. Since 

user expectations depend on the robot behaviour, they can be 

shaped to improve the interaction. 
1
 

1 INTRODUCTION 

The term “expectation” is used in many contexts in every-day 

life: employees have expectations toward their employers, the 

society has expectations toward politicians, and someone can 

expect a baby. Formally, expectations refer to norms, as well as 

to what happens in the case of uncertainty. Norms are general 

design guidelines which strongly depend on cultural factors, e.g., 

distances a robot has to keep from the human (e.g. [1],[2]). 

Within a culture these norms are rather stable. In contrast, 

expectations in case of uncertainty strongly depend on the person 

and on the situation. Based on their own experiences, all people 

form their own expectations. These are driven by conscious and 

unconscious memories.  

Concerning norms (prior expectations based on culture that 

users bring into the interaction situation) some studies have been 

conducted in the context of HRI. These do not use the term 

expectations but rather refer to attitudes. One study has been 

reported by Khan already in 1998 [3] when even fewer people 

than today had interacted with a robot. The findings of the 

survey with 134 Swedish subjects suggested that certain tasks 

were preferred for intelligent service robots: robots should help 

with chores like polishing windows, cleaning ceilings and walls, 

cleaning, laundry, and moving heavy things. However, they were 

not wanted for tasks like baby sitting, watching a pet, or reading 

aloud. 69% of the subjects found the idea of a robot as assistant 

positive, 44% found it probable, 23% frightening, and 76% 

found the concept useful [3]. 

In 2006, Arras and Cerqui [4] have supported the idea that 

the attitude towards robots depends on the tasks they are built to 

accomplish. In a survey with more than 2000 participants at the 

Swiss expo, 71% of the interviewees exhibited a neutral attitude 

towards robots; meaning that they neither rejected them nor were 

completely positive. This was due to the fact that the result was 

based on the mean of attitudes toward robots used for different 

tasks. As mentioned above, some tasks were very welcome while 

others were not.  

These findings have recently been supported by Ray and 

colleagues [5] in their publication titled “What do people expect 
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from robots?”. In a questionnaire study on people’s perception of 

robots with 240 participants, the authors found a positive attitude 

towards robots in general. But they also reported that people 

prefer robots mainly as helpers in daily life and not as caregivers 

in whatever context. They noted that people expressed their fear 

about robots replacing humans and about robots becoming too 

autonomous. The authors’ findings revealed that robots should 

not be humanoids or look like living beings. On the other hand, 

while appearance should not be human-like, people prefer 

natural channels, e.g., speech, for communication with robots.  

Attitudes have also been in the focus of research with the 

NARS (negative attitudes towards robots) scale, which is based 

on the concept of computer anxiety (e.g. [6], [7]). However, 

researchers using this scale barely identified a link between 

attitudes and behaviour. In this sense, knowing one’s attitude 

does not allow for a reliable prediction of actions because the 

behaviour is also strongly influenced by the situation [8]. In 

general, a positive attitude towards robots cannot lead straight to 

the conclusion that people in fact use the systems. Therefore, I 

state that a priori expectations and attitudes are not the main 

determinants of individual interactions. Instead, it is the situation 

that mainly affects the expectations during the interaction. Just 

as situations, in my approach expectations are seen as dynamic. 

This assumption is based on a constructivist model of mind (see 

Section 2B). Similar to memories, expectations need not only be 

recalled but they are actively constructed in a situation. Thus, the 

situation strongly influences what comes to a person’s mind 

(accessibility of an expectation), which schemas are used for 

interpretation explicitly or implicitly (explicitness of 

expectations), how a person interprets what is occurring and 

which attribution processes take place (how the person logically 

justifies the occurrences). Therefore, I assume that changes of 

expectations can be observed during the interaction. This 

approach attempts a more reliable explanation of user behaviour 

in HRI than attitudes and a priori, normative expectations 

because it generalizes less and takes into account the 

particularities of the situation and online changes of expectations 

during the interaction. 

 

The first part of the paper introduces expectation theory, 

revealing different kinds of expectations (Section 2). Section 3 

provides some thoughts on the importance of the situation in 

which an interaction is taking place. In Section 4 assumptions 

based on the theory are summed up. Thereafter, I present a case 

study which shows how the assumptions might be tested based 

on data from user studies (Section 6). The data used for the 

analysis is described in Section 5. Based on the analysis, I 

discuss the relevance of expectations in HRI (Section 7). 
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2 EXPECTATION THEORY 

Before taking a closer look at expectation theory, I want to 

clarify why in this paper both the terms “expectation” as well as 

“expectancy” are used. I agree with [9] that in the literature it 

seems that both termini appear interchangeably. I prefer 

“expectation” but if literature is cited, I use the same term as the 

authors. The discussion of a possible distinction between the 

terms is not in the scope of the current paper. 

In a recent paper, Roese and Sherman [10], give an overview 

of expectancy theory. They define expectancies as follows: 

 

“Expectancies are beliefs about a future state of 

affairs, subjective estimates of the likelihood of future 

events ranging from merely possible to virtually certain.” 

(p.91) 

“The expectancy is where past and future meet to 

drive present behavior” (p.92) 

 

In the first version of the article from 1996, Olson, Roese, and 

Zanna [11] call the kind of expectationcies defined here 

probabilistic expectancies since they describe what could happen 

with a certain probability. The definition presented above 

indicates that past experiences shape expectancies. On the other 

hand, expectancies support anticipating the future and, therefore, 

shape the behaviour of a person.  

One classic experiment in social psychology which shows the 

importance of expectations was conducted by Kelley (1950) (see 

[12], [13]). In the experiment, students were told that a guest 

instructor was either warm or cold. After the lecture students 

judged the instructor. Their judgments clearly showed 

assimilation effects: the group of students that were told that the 

instructor was warm hearted, rated him as being more 

considerate, informal, sociable, popular, good-natured, 

humorous, and humane. These students were also more open for 

a discussion with the instructor. In this example expectations 

primed in the students beforehand influenced information 

processing. Based on this experiment one could assume that 

participants enter situation with expectations which do not 

change over time. In contrast to the experiment in most 

situations, and also in our experiments, however, people are not 

primed for specific expectations beforehand. How expectations 

form if they are not primed is described in the following section. 

A Sources of Expectations 

Olson and colleagues [11] name three major sources of 

expectations: direct personal experience, communication from 

other people (indirect experience), and beliefs that are inferred 

from other beliefs. Personal experience determines whether 

expectations are semantic or episodic. According to Roese and 

Sherman [10], semantic expectancies are  

 

“preexisting knowledge structures that are extracted 

from ongoing experience, stored in memory, and 

retrieved when needed. By contrast episodic memories 

must be formulated on the spot before they can be 

applied” (p.95).  

 

While semantic expectancies are an efficient way of using 

past experiences, episodic memories provide depth by not 

including abstract knowledge but information from the situation. 

Semantic and episodic expectancies interact and can be applied 

in parallel. Usually, people at the outset have specific 

expectations, which become more general over time, and are 

finally balanced at mid-levels. Based on this concept, one can 

assume that expectations change over time. Especially in 

situations in which users interact with a robot for the first time 

changes are probable. 

In 1977, Heckhausen [14] has introduced a model that also 

points out the influence of the situation on expectancies. The 

model encompasses a four-stage sequence of events:  

 

• the initial situation as perceived 

• the person’s action  

• the outcome of the action or the situation 

• the consequences of the outcome  

 

Based on these stages, Heckhausen names different kinds of 

expectancie: situation-outcome expectancies, action-outcome 

expectancies (these two are typically addressed in motivation 

theory, e.g., by Tolman), action-by-situation-outcome 

expectancies, and outcome- consequence expectancies. 

Maddux [15] applies two different terms (behaviour outcome 

expectancy and stimulus outcome expectancy) which seem to be 

similar to action-outcome expectancies and situation-outcome 

expectancies, respectively. Behaviour outcome expectancies are 

beliefs that a specific behaviour results in a specific outcome or 

set of outcomes. Stimulus outcome expectancies “are concerned 

with beliefs that certain events provide a signal or cue for the 

possible occurrence of other events” ([15], p.23).  

The next section provides some more details about the 

function of expectations which is closely connected to their 

processing. 

B Function and Processing of Expectations 

“ […] people think about the future and use such 

thoughts in ongoing judgment, reasoning, decision 

making, and behavior.” ([10], p.91)  

 

This statement shows that expectancies influence behaviour. 

They provide an effective way to guide behaviour by providing a 

shortcut in mental processing. Judgments about the future are not 

stable but rather construed by the human. In the construction 

process expectations guide information gathering as top-down 

processes influencing event processing; and they provide 

structure and meaning for the interpretation of the gained 

information. On the other hand, they can also lead to inaccurate 

inferences if they are incorrect, if they bias information 

collection, or if they overrule consideration of information 

altogether [16]. 

In accordance with these findings, Roese and Sherman [10] 

state that expectations influence information seeking. Sometimes 

people try to validate their hypothesis of the world (at least for 

subjective expectancies) and search for more information. 

Validation processes occur especially in cases of expectation 

disconfirmation. Disconfirmation is identified with a mechanism 

that Roese and Sherman term regulatory feedback loops. 

According to the authors, the current state of a situation is 

compared to an ideal or expected state. If discrepancies are 

discovered, the person will search for behaviour in order to 

correct or reduce the discrepancies.  
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“Behavior control therefore requires continuous online 

processing in the form of continuous comparison, or 

pattern matching, between the current state and the 

expected state. Very likely in parallel to this comparative 

process is the conceptually similar online comparison 

between the current state and recent past states.” ([10], 

p.93)  

 

In most cases expectations are confirmed since behaviour is 

constantly based on simple expectations, e.g., if we push a light-

switch we expect that the light comes on (or goes off if it was on 

beforehand) because we have experienced this many times 

before. The confirmed expectations are usually processed 

heuristically. Then again, heuristically processed information is 

more likely not to bring to awareness disconfirmation. 

Disconfirmation of expectations causes more careful processing. 

The expectation is perceived as being less certain. Disconfirmed 

expectations become more explicit and accessible and are 

therefore more likely to be tested in the future. Next to these 

basic assumptions of expectation disconfirmation, Olson et al. 

[11] list some more cognitive consequences of disconfirmation:  

 

• both consistent and inconsistent information receive 

more processing than irrelevant information  

• people prefer to interpret information in line with their 

expectancies 

• unexpected events trigger attributional processing but 

attributions also influence expectancies (reciprocal 

relationship) 

• disconfirmation triggers more counterfactual 

processing, but expectancies also shape the semantic 

content of counterfactual thought (reciprocal 

relationship)  

• expectancies provide a cognitive structure to more 

easily encode and retrieve consistent information from 

memory, on the other hand by means of expectancies 

unexpected events become salient which increases 

memorability 

 

Olson et al. [11] conclude that behaviour is consistent with 

the content of expectancies, e.g., people chose tasks in which 

they expect to succeed and put more effort into them. 

Expectations can also lead to self-fulfilling prophecies (e.g., 

[11]). Next to behavioural also affective and physiological 

consequences (e.g. placebo effect) can be found. Affect usually 

is negative when expectancies are disconfirmed an exception 

being, e.g., a surprise party where the expectations are 

disconfirmed in a positive way.  

3 IMPACT OF THE SITUATION 

In Section 2A, the model by Heckhausen which links 

expectations and situation has been introduced. Moreover, it has 

been discussed how expectations are construed in the situation 

and how the situation determines what comes to the mind of a 

person. In this section, I aim at further clarifying how the term 

situation is understood in this paper. 

In contrast to personality traits, situation is a dynamic concept 

[8]. Many experiments have shown how situational factors 

superpose personality in human-human interaction; e.g., in 

Libermann, Samuels and Ross (2004) (in [17]) students played 

the same game which was introduced to two groups with two 

different names (Community Game and Wall Street Game). 

Students in the second condition (Wall Street Game) displayed 

significantly more competitiveness independent of how their 

competitiveness was rated beforehand. They obviously 

constructed a certain idea of the situation. The awareness of the 

situation was affected by the name of the game. 

Situation awareness (SA) as a concept has been formulated by 

Endsley and colleagues [18]:   

 

 “The formal definition of SA is ‘the perception of the 

elements in the environment within a volume of time and 

space, the comprehension of their meaning, and the 

projection of their status in the near future’” (p.13; from 

Endsley, 1988)  

 

Endsley differentiates three levels of situation awareness: 

perception (Level 1), comprehension (Level 2), and projection of 

future states (Level 3). The definition shows that SA is closely 

connected to expectations in that the person analyzes the 

surroundings to predict future occurrences and to adjust the 

behaviour. According to Endsley, expectations, next to goals, 

mental models, and schemas form the internal representation of 

state. They influence perception, attention, and other cognitive 

processes. These, in turn, influence expectations. Therefore, 

expectations are bound to the situation and to how it is 

perceived.  

In the example by Liberman and colleagues introduced above, 

the researchers supposed that all subjects conceptualized the 

situation in the same way based on the name of the game that 

they played. This is not necessarily true for HRI situations. 

Fischer [19] has analyzed experimental data for cues how the 

subjects conceptualized situations. She found that beliefs about 

the communication partner show in linguistic behaviour and 

situation influences the language used.  

 

„the speakers have been found to constantly define and, 

if necessary, redefine what they understand the situation 

to consist in, depending on their current hypotheses 

about their communication partners and on their own 

emotional state.“ ([19], p.7)  

 

This work emphasizes, once again, the importance of the 

situation as such. However, while Fischer is interested in 

linguistic phenomena, I focus on strategies that include different 

modalities and what they tell us not only about the perception of 

the situation but also about users’ expectations. Since processing 

is an online mechanism, I expect that expectations change during 

interaction, and that the changes are based on what the robot 

does and what happens in the situation as such. 

4 ASSUMPTIONS BASED ON EXPECTATION 

THEORY 

Summarizing the previous sections, I assume that: 

 

1. expectations are construed in the situation and, 

therefore, may change during the interaction 

2. expectations are influenced by the robot behaviour, 

and the situation. 
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3. expectations are influenced by the human 

characteristics (e.g., appearance, age) 

4. first contact situation results in not having concrete 

former expectations  people form episodic 

expectations and repeat successful strategies 

5. information gathering is based on expectations, what 

people pay attention to (look for, ask) displays 

what they expect  

6. users try to verify their expectations especially after 

expectation disconfirmation 

7. expectation disconfirmation can lead to changes in 

affect 

8. behaviour is consistent with the content of 

expectations, e.g., people chose tasks in which 

they expect to succeed and put more effort into 

them 

 

These assumptions provide an extensive framework for 

research on expectations in HRI. Not all of them can be tested in 

this paper. However, all the assumptions will have to be tested if 

we want to show the influence of expectations on HRI. In the 

following I introduce a case study as an example on how to 

determine expectations based on a data-driven approach. 

5 HRI DATA 

The relation between HRI and expectations can only be 

researched based on interaction data which is situated in a 

certain situation because (1) real users can be expected to have 

different expectations and (2) as has been discussed before, the 

situation determines the expectations. The test bed in this paper 

is data from a study in a home tour situation. The home tour 

focuses on multi-modal human-robot interaction in which the 

robot should learn about the domestic environment and its 

artefacts, the appearance and location of objects, and their 

spatial-temporal relations. With these abilities the robot can 

adapt to new settings like a user’s home. The home tour focuses 

on the tutoring of the robot. The exploitation of the acquired 

knowledge and representations for, e.g., conducting fetch-and-

carry tasks is a consequent extension of this scenario. Robots’ 

capabilities for natural interaction in the home tour comprise 

understanding of spoken utterances, co- verbal deictic reference, 

verbal output, referential feedback, and attention to persons. 

Furthermore, the robot must be able to follow a human when she 

is walking around and showing an apartment. 

 

Robot platform 

The robot used for the study is called BIRON (BIelefeld 

Robot companiON). BIRON is based on a Pioneer PeopleBot 

platform. As can be seen in Fig. 1, BIRON employs various 

modalities: it can see faces with the camera on top and gestures 

with the camera below the screen, it displays a character called 

Mindi on the screen (see Fig. 2, 3, and 4), has microphones for 

speaker localization (speech recognition is done using a headset), 

speakers for speech output, and a laser scanner to explore the 

environment. Details about architecture, design principles and 

abilities of BIRON can be found in [20]. 

 

Subjects 

14 subjects participated in the user study. All participants 

were German native speakers and interacted with BIRON in  

 

 
Fig. 1 The robot BIRON 

 

German. They were recruited at a public event of the university. 

Their age ranged from 16 to 71 years (average 45.5 years). 9 

participants were male, 5 female. 

 

Procedure 

On arriving, the participants were welcomed and introduced 

to the study. They answered a questionnaire on demographic 

data and their experience interacting with robots. Afterwards, the 

subjects were trained on using the speech recognition system, 

i.e., they were instructed about the proper placement of the head 

set microphone and were asked to speak some phrases for 

habituation. The recognition results were displayed in verbatim 

on a laptop computer. Thereafter, participants were guided into 

the room where the robot was waiting ready for operation. 

Subjects were assisted during the first contact in order to reduce 

hesitant behaviours. They were handed a tutorial script for 

practise. The script contained all commands the users would 

need later on and the autonomous robot operated just as it did 

after the training session. During this initial tutorial session the 

experiment leader also instructed the users on how to pull the 

robot to alleviate cases when the robot gets stuck. After the 

tutorial session the training script was handed back and the main 

task, namely to teach areas and locations in several rooms, was 

carried out by the subjects. The instruction for this main task 

was: 

• guide the robot through the apartment, i.e. from the 

living room to the dining room via the hall  

• show and label the living room and the dining room 

• show the cupboard in the living room and the floor 

lamp in the dining room  

 

During this part of the interaction, the experiment leader only 

intervened when prompted by the subjects. The whole 

interaction was videotaped. 

Afterwards, the subjects were interviewed about the 

interaction in general and the visual display in particular. The 

interviews have also been digitized. Moreover, the participants 

answered a second questionnaire which included items on liking 

of the robot, attributions made towards the robot and usability of 

the robot. More information about the study is provided in [21]. 
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Data Analysis 

The video data of the study was used for the analysis 

presented here. The corpus was annotated using ELAN. A 

coding scheme for human speech, gestures, and other 

movements was developed and employed by three coders. The 

robot activities were logged automatically. All data (video, 

manual annotations, and automatic logs) were synchronized in 

one ELAN file per user in (see [21] for more information).  

For the analysis presented here, one situation was chosen 

from all recordings. The situation is characterized by BIRON 

having an incomplete percept of the user. The percept consists of 

a voice and visual features, namely legs and face. If the person 

perception is unreliable, e.g., because lightening conditions are 

poor or because the person has not said something in a while, the 

robot is not able to match the percept to one person. 

This state is communicated on the display with a picture of a 

the screen character Mindi (Fig. 2). Due to the state the robot 

does not react to the user until the she has done something to 

improve the perception. In general, solutions to this problem 

include two strategies: verbal behaviour or movement of the user 

in front of the robot. The user has the initiative. Since this state is 

not part of the explicit dialog, it is only communicated using the 

Mindi display. The situation perception of the users and their 

expectations determine how they react to the situation. 

Therefore, the situation is of special interest here.  

The situation was chosen because it was an unexpected event 

in the interaction. In fact, it constitutes a change in the 

interaction that should also lead the user to adapt her 

expectations to the new situation. The modified expectation 

should then result in a change in user behaviour. 

In the video data of the 14 subjects, 26 sequences were 

identified. In the interactions of users 10 and 13 no such 

sequences occurred. All other recordings contained one to three 

sequences.  

In the most basic form, the sequences are characterized by the 

following actions. First, the Mindi display changes to “poor 

person perception” (Fig. 2), the person reacts to the display, the 

display changes to the “processing” Mindi (Fig. 3), then to the 

“robot is facing user” Mindi (Fig. 4), and finally the robot says 

“hello”. The average length of these sequences is 13.8 seconds 

(minimum 4 seconds, maximum 45 seconds; measured from 

Mindi appearing to Mindi changing to processing). 

Apart from the video recordings, the questionnaire that the 

subjects answered after the interaction was taken into account for 

the analysis. The questions of interest are related to whether the 

participants had seen the “poor person perception” Mindi (Fig. 

2) and what they thought it meant. 

Another aspect that was included in the analysis was that five 

subjects had received an introduction to the meaning of the 

picture during the interaction. In the explanation BIRON told 

them: “If you see this picture, I cannot see or hear you very well. 

Please change your position and repeat what you have said.” 

Only five people listened to the explanation because the subjects 

were free to chose whether they wanted to listen to it or not. In 

Section 7, it will be discussed whether receiving an introduction 

or not had an impact on the interaction.  

Moreover, users 5 and 6 received help from the experimenter 

when the Mindi in question was displayed on the screen during 

the training phase. User 5 was told to restart the robot (by saying 

“restart”). User 6 was asked to say “hello” again in one occasion 

and to restart the robot in another. 

In the training the experimenter at times interrupted the 

interaction and the subjects often continued with the training 

script regardless the reaction of the robot. Therefore, only 

sequences from the main task were included in the analysis. 

 

 
Fig. 2 “Poor person perception” Mindi 

 
Fig. 3 “Processing” Mindi 

 

Fig. 4 “Robot is facing user” Mindi 

6 RESULTS  

I want to anticipate that in fact the new situation changed the 

expectations of the users. However, there were differences in 

how they conceptualized the change. 

One aspect that all analyzed sequences had in common was 

that the users searched a position in front of the robot before 

starting another behaviour to resolve the situation. Users did not 

only aim to stand in front of the robot body but also tried to be 

faced by the camera on top of the robot. This could be seen in 

the videos because all users kept walking around and leaning to 

the side until the robot faced them. Therefore, the poor 

perception display triggered the same expectation in all user that 

the robot could perceive them better when facing them. 

Another behaviour that was shared by all participants was that 

the time users wait before the next action (verbal or movement) 

was very stable within subjects. However, it strongly differed 

between subjects. Some only waited two seconds while others 

waited ten seconds and more for BIRON to give a feedback. The 

expected feedback could be verbal but also appear on the screen. 
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The results clearly showed that when the Mindi display changed 

to “processing”, the users did not take any more actions and 

waited for more robot feedback.  

Another expectation that was shared by all participants was 

that some verbal utterance was necessary to regain the robot’s 

attention. However, three different strategies to resolve the 

situation could be identified: 

 

1) verbal behaviour only 

 2) verbal behaviour first with movement added 

 3) movement first with verbal behaviour added  

 

Their distribution is depicted in the following table. 

 
Table 1 Strategies applied by subjects 

user 1 2 3 4 5 6 7 8 9 11 12 14 

strategy 1 3 3 1 2  1  2 1  2  

strategy 2      1 1 1   1 1 

strategy 3    1 3    1 1   

 

Strategy 1 was characterized by verbal behaviour only. Out 

of the 26 analyzed sequences, 13 were identified with this group. 

They mainly occurred in short sequences in which it sufficed 

that users said something once (either “hello” or something that 

starts another action like “follow me”); e.g. as depicted in Fig. 5 

(time code in the figure caption tells when the sequence occurred 

in the interaction). The figure illustrates occurrences over time. 

In the upper row actions of the human are labelled, in the lower 

row actions of the robot. Red (dark colour) actions are verbal 

actions while light-grey actions are non-verbal actions 

(movements of the human, changes on BIRON display).  

The average length of these sequences was 7.2 seconds 

(minimum 4 seconds, maximum 16.5 seconds). In general the 

sequences were shorter than 8 seconds. The average time people 

waited after the last action was 6.2 seconds (minimum 3.25 

seconds, maximum 7.5 seconds). Measured from the appearance 

of the Mindi it was 4 seconds (minimum 1.5 seconds, maximum 

6 seconds). All these numbers do not include user 12 because 

she took significantly longer than all other subjects and was 

obviously distracted by some event that was not connected to the 

interaction.  

In addition to the sequences which were resolved after giving 

a verbal command once, this group also includes two situations 

(two different subjects), in which BIRON did not react after the 

first utterance and the subject only repeated the verbal utterance 

without any movement.  

Strategy 2 contains five cases of five users all of which apart 

from this strategy used strategy 1 in other sequences. The rest of 

their sequences were short sequences as described above (saying 

“hello” or another command once and the interaction continued). 

In strategy 2, sequences contained saying “hello BIRON” or 

“BIRON hello”, movement, and at least one more verbal 

command (Fig. 6). Interestingly, the movements of the users 

almost only consisted of stepping backwards and forwards in 

front of the robot (4 instances). Only one person stepped to the 

left or the right (1 instance). Moreover, in all sequences the exact 

same wording was repeated. The average length of sequences in 

this group was 18.25 seconds (minimum 8.75 seconds, 

maximum 24 seconds).  

Strategy 3 includes six cases, three of which by user 5 (all 

her sequences) and one each of three other users. The strategy 

was characterized by the user moving after positioning herself in 

front of the robot and before taking any verbal action.  

Fig. 5 User 1 (13:00 min) 

 
Fig. 6 User 6 (11:20 min)

 
Fig. 7 User 11 (10:21 min) 
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Altogether, the pauses between movements were shorter than 

between speech. User 11 actually kept moving almost 

continuously with only four breaks in a sequence of 24 seconds 

(Fig. 7). 

The average length of sequences with this strategy was 26.5 

seconds (minimum 8.25 seconds, maximum 45 seconds) which 

is much longer than in Strategy 1 and 2.  

In contrast to strategy 2, movement to the side is more 

common here (to the side - 20 times, backward/forward - 2 

times, legs apart - 2, times lean forward - 3 times). Only one 

person in one sequence stepped forward and backward (user 5, 

14:06). User 4 (twice in one sequence) and 11 (once) lean 

forward and position their faces in front of the camera. 

Next to the video data we also analyzed the questionnaires to 

find out why different strategies were employed. Of interest here 

is how the users interpreted the Mindi in question (Fig. 2). They 

were asked this as an open question (“What does this picture 

express?) which they answered in writing. The following 

descriptions were given (answers were translated by the author): 

 
User 1 BIRON has not understood “hello”, is waiting 

for commands 
User 2 BIRON cannot see / hardly hear the user 

User 3 BIRON does not see 

User 4 BIRON can hardly see the user 

User 5 BIRON tries to recognize the user 

User 6 BIRON has lost sight of the user  

User 7 BIRON does not know / has not understood 

User 8 BIRON does not find the person 

User 9 the user is unknown/ not recognized any more 

User 11 BIRON does not know 

User 12 BIRON does not see / does not know what to 

do with a command 
User 14 BIRON does not know what to do in a situation 

 

While nine answers (1, 2, 3, 4, 5, 6, 8, 9, (12)) actually reflected 

poor perception of the users by the robot, others referred to 

knowledge and understanding of the robot (7, 11, (12), 14). In 

most cases, user perception addressed the robot’s ability to see 

(apart from users 1, 2, 7). The answers of users 10 and 13 are not 

included because their video data did not contain sequences that 

were analyzed.  

The question which arises from the different strategies that can 

be seen in the videos and the answers from the questionnaires is 

how users conceptualized the situation and what expectations 

they formed. It will be discussed in the following section. 

7 DISCUSSION 

In the following, I want to elaborate on how the findings from 

video data and questionnaires can help to test assumptions 

regarding expectations in HRI. 

The results showed that, in the situation analyzed here, it was 

crucial that all users felt that the robot’s camera was facing them. 

This expectation arose in the situation based on the robot’s 

screen output and missing verbal feedback. Based on their 

experience users new that something went wrong in the 

interaction. All users reacted to the display with verbal and non-

verbal behaviour which signalled that they took over initiative 

and asked for the robot’s attention. Thus, the robot feedback 

triggered the expectation that the user had to take the turn. 

In the sequences analyzed, it was noticeable that all 

participants accepted the Mindi changing to processing as 

feedback signal. As soon as the display switched, the users then 

expected the robot to have the initiative and did not take any 

more action. Therefore, the display seems to indicate that the 

robot is doing something and some action will follow. On the 

other hand, for the poor person perception Mindi the expectation 

did not seem to be quite clear and users conceptualize the 

situation differently. This became obvious in two observations: 

the time that users waited before the next action was quite stable 

within subjects while the time between users differed; and 

participants’ behaviour in this situation can be grouped in three 

strategies (verbal behaviour only, verbal behaviour enriched with 

movement, and movement enriched with speech). 

Strategy 1 proved to be the most successful one in that the 

sequences were shortest and the problem was resolved fastest. 

Verbal input by the user allowed the robot to identify the 

interaction partner and to continue with the task. In accordance 

with expectation theory, users repeated this successful strategy 

when the same situation reoccurred. Only two people gave the 

robot verbal feedback also if it failed at first. Their expectation 

seemed to be that BIRON needed a verbal percept which was 

probably furthered by many requests of the robot to say “hello” 

if something went wrong (e.g. after moving the robot away from 

an obstacle, after having lost the percept of the person 

completely).  

Users that applied strategy 2 also seemed to agree with the 

importance of greeting the robot to attract its attention even 

though the questionnaire data showed that their understanding of 

the Mindi picture differed. Only user 2 did not greet BIRON but 

started a new action (following). He also was the only one who 

moved during the utterance, all others only tried one action 

(speak, move) at a time. His movement was closely connected to 

the follow command. Therefore, with reference to the situational 

constraints, the function seems to be to start walking in the right 

direction rather than to attract attention. What is common to 

strategy 2 is that verbal utterances were repeated and enriched 

with movement. The direction of the movement in most cases 

was forward and backward. 

In contrast people applying strategy 3 moved to the left and to 

the right. This movement was accompanied by a camera 

movement to both sides. Therefore, it was an obvious feedback 

that the robot was still doing something. This might have 

triggered subjects to try out more movements. No camera 

movement occurred when people walked backward and forward. 

Therefore, in sum, people applying strategy 2 might have tried 

more verbal behaviour.  

Non-verbal behaviours in strategy 3 also included that user 4 

(twice in one sequence) and 11 (once) leaned forward and 

positioned their faces in front of the camera. They probably 

assumed that the robot had difficulties to perceive the face but 

needed this percept in order to continue interaction. This 

movement was not tried out right away but rather late in the 

sequence of user 11 and only in the third sequence of user 4. 

Strategy 3 was usually only used once. Only user 5 repeated 

the strategy which was not successful with regards to the time 

needed to resolve the situation. However, it is noticeable that in 
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the later situations she used a verbal utterance much earlier after 

the Mindi appeared. Obviously her expectations had changed at 

least in part. This finding supports the assumption, that the 

history of the interaction influences expectations. 

Concerning the question why people apply a certain strategy, 

one possible explanation is the training participants received 

from the robot itself and hints from the experimenter which 

influence their perception of the situation. As described in 

Section 5, five subjects had received the introduction to the 

meaning of the Mindi picture during the interaction. Their 

behaviour was different to the other subjects in that five of six 

cases of strategy 3 were used by people who received BIRON’s 

instructions. The verbal introduction by BIRON seems to stress 

more strongly that the robot has a problem “seeing” than the 

Mindi picture does. However, it is noticeable that user 11, who 

received the introduction, interpreted the picture as “BIRON 

does not know”, even though there was another picture with a 

question mark in the speech bubble which was clearly 

recognized as BIRON does not know / does not understand.  

These finding support the assumption that expectations are 

influenced by the robot’s behaviour. Therefore, robot behaviour 

should be designed to shape users’ expectations and behaviour to 

enable them to more efficiently solve tasks in the interaction. In 

the data reported here such an improvement regarding efficiency 

could not be observed because (1) as the questionnaire entry of 

user 11 shows users cannot be expected to perceive all 

information equally well, (2) too few situations were analyzed, 

and (3) even if more data would have been available it can be 

doubted whether it would have revealed the improvement 

because, as the analysis has shown, the feedback in this situation 

is obviously not yet clear enough to shape users’ expectations. 

However, now having analyzed the data, we know about the 

implications the robot behaviour has on user experience and can 

strive for a more helpful feedback. The example, moreover, 

shows that data acquired in user studies can be used to infer 

expectations that users have during the interaction. Moreover, it 

can be assumed that these expectations change based on the 

situation and on how it is conceptualized by the user. 

8 Future Work 

This paper is only a start in research regarding expectations in 

HRI. It introduces assumptions on user expectations which need 

to be tested to fully explore the influence of expectations on 

HRI. Based on a case study, it claims that expectations can be 

inferred from data acquired in interaction situations and that 

interpretation of data can profit from taking users’ expectations 

and conceptualizations of the situation into account. Knowing 

the users’ expectations can help to design robots because 

expectations depend on the robot behaviour and can therefore be 

shaped to improve the interaction.  

Another approach that in the future might drive robot design 

is to not only research user expectations but to also explore robot 

expectations. Answering the questions “What kind of input does 

the robot expect?” and “How can it communicate which input is 

expected?“ might also improve the interaction considerably. 

Finally, the question on how expectations can be measured 

more reliably deserves further consideration. The case study 

presented here revealed some expectations in a very restricted 

situation. Since these findings should be compared to other 

interaction situations all of them should be using the same 

measurements. 
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Iterative design process for robots with personality 
Bernt Meerbeek1, Martin Saerbeck1, Christoph Bartneck2 

 
Abstract. Previous research has shown that autonomous robots 
tend to induce the perception of a personality through their 
behavior and appearance. It has therefore been suggested that the 
personality of a robot can be used as a design guideline. A well-
defined and clearly communicated personality can serve as a 
mental model of the robot and facilitate the interaction. From 
design perspective, this raises the question what kind of 
personality to design for a robot and how to express this 
personality? In this paper, we describe a process to design and 
evaluate personality and expressions for products. We applied this 
to design the personality and expressions in the behavior of a 
domestic robot.     

1. INTRODUCTION 

1.1 Context 
Traditionally, robotic technology has been used in industrial 
settings, for example in car manufacturing. However, more and 
more robots appear in the domestic area.  In the near future, robots 
will provide services directly to people, at our workplaces and in 
our homes [1]. Application areas include household tasks (e.g. 
vacuum cleaners), security tasks, entertainment purposes (e.g. 
toys), and educational purposes. While nowadays a technical 
explanation of how an appliance works is give to the user, this 
will become increasingly difficult with new autonomous robots. 
We cannot expect users to learn about sensors, actuators and 
control architectures. Instead, we need to convey a mental model 
that helps the user to make sense out of the robot’s behaviors and 
to understand which actions are needed from his side. The 
appropriate design of the interaction between humans and robots 
will be a crucial factor for the understanding and acceptance of 
new robotic products [2]. A promising approach in this field of 
Human-Robot interaction [3] research is to equip robots with life-
like and social characteristics. Fong, Nourbaksh, and Dautenhahn 
[4] present an overview of what they call socially interactive 
robots, i.e. robots that exhibit human-like social characteristics. 
Some examples of these characteristics are the ability to express 
and perceive emotions, to communicate with natural language, to 
establish and maintain social relationships, to use natural cues in 
verbal and non-verbal behavior, and to exhibit distinctive 
personality and character. 1 

1.2 Animacy and anthropomorphism 
It is known from earlier research [5],[6],[7] that robots, will 
induce the perception of being life-like and having a certain 
personality, through their appearance and behavior. Heider and 
Simmel [8] already demonstrated in 1944 that people attribute 
motivations, intentions, and goals to simple inanimate objects, 
based solely on the pattern of their movements. Tremoulet and 
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Feldman [9] showed that even the motion of a single featureless 
dot is enough to convey the impression of animacy. They 
concluded that animacy is inferred when observable aspects of the 
display cannot easily be explained as ordinary inanimate motion. 
Recent field tests, such as the ethnographic study with the robotic 
vacuum cleaner Roomba conducted by Forlizzi et al. [1], revealed 
that already the use of an autonomous robot in a social 
environment (i.e. the home) had an impact on social roles and 
cleaning habits of the participants, even if the robot was not in 
particular designed for social interaction.   

The cognitive process of attributing life-like features is also 
known as anthropomorphism (in case one attributes human-like 
characteristics) or zoomorphism (in case one attributes animal-
like characteristics). One of the most debated topics is whether 
designers should use anthropomorphic features in robots. For 
example, Ishiguro argues that robots that imitate humans as close 
as possible serve as an ideal interface for human [11]. Duffy, on 
the other hand, puts this view in perspective, arguing that 
anthropomorphic features have to be carefully balanced with the 
available technology in order to not raise too high expectations 
that cannot be met [12]. He stresses that the goal of using 
anthropomorphic features is to make the interface more intuitive 
and easy to use and not to copy a human. Up to now, the question 
to what extend to incorporate anthropomorphic artifacts remains 
unanswered. In line with Duffy, we believe that anthropomorphic 
or life-like features should be carefully designed and aim at 
making the interaction with the robot more intuitive, pleasant, and 
easy. In the next section, we explain how the concept of 
personality can be helpful in designing appropriate life-like 
features in a robot. 

1.3 Personality 
Reeves and Nass [6] have demonstrated with several experiments 
that users are naturally biased to ascribe certain personality traits 
to machines, to PCs, and other types of media. For a product 
designer, it is therefore important to understand how these 
perceptions of personality influence the interaction and how a 
coherent personality can be utilized in a product. 

Personality is an extensively studied concept in psychology. As 
McAdams and Pals [13] point out, there is no “comprehensive and 
integrative framework for understanding the whole person”. 
Carver and Scheier [14] give an impression of the diversity of 
research on personality. They present an overview of personality 
theories categorized along seven perspectives, including the 
biological, psychoanalytic, neo-analytic, learning, cognitive self-
regulation, phenomenological, and dispositional perspective. In 
outlines, these theories agree on the general characteristics of 
personality, amongst others that personality is tied to the physical 
body; helps to determine how the person relates to the world; 
shows up in patterns (recurrent and consistent); and is displayed in 
many ways (in behavior, thoughts, and feelings). 

As our work concentrates on the expression of personality as a 
pattern of traits, personality research on dispositional traits was 
considered most relevant. This dispositional perspective is based 
on the idea that people have relatively stable qualities (or traits) 
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that are displayed in diverse settings. Dryer [15] stresses three 
focus points to maintain the coherence of the characters 
personality: (1) cohesiveness of behavior (2) temporal stability (3) 
cross-situation generality. A combination of several trait theories 
that focused on labeling and measuring people’s personality based 
on the terms of everyday language (e.g. helpful, assertive, 
impulsive, etc.) led to an emerging consensus on the dimensions 
of personality in the form of the Big-Five theory. 

The Big-Five is currently the theory that is supported by most 
empirical evidence and it is generally accepted [13]. It describes 
personality in five dimensions: extraversion, agreeableness, 
conscientiousness, neuroticism, and openness to new experiences. 
Table 1 provides a comprehensive overview of the five 
dimensions and some of their facets. These facets indicate the 
scope of each dimension and the variety of aspects within a 
dimension. Recent studies have used personality theories such as 
the Big Five to assess people’s perceptions of robot personality 
(e.g. [16][17]). However, the Big-Five theory of personality can 
also be used as a framework to describe and design the personality 
of products, and in particular of robots. Norman [5] describes 
personality as: ‘a form of conceptual model, for it channels 
behavior, beliefs, and intentions into a cohesive, consistent set of 
behaviors.’. Although he admits this is an oversimplification of 
the complex field of human personality, the statement indicates 
that deliberately equipping a robot with a personality, it helps to 
provide people with good models and a good understanding of the 
behavior.  

Personality 
dimension Personality facets 

Extraversion 
warmth, gregariousness, assertiveness, 
activity, excitement-seeking, positive 
emotion 

Agreeableness 
trust, straightforwardness, altruism, 
compliance, modesty, tender-mindedness 

Conscientiousness 
competence, order, dutifulness, achievement, 
striving, self-discipline, deliberation 

Openness 
fantasy, aesthetics, feelings, actions, ideas, 
values 

Neuroticism 
anxiety, angry hostility, depression, self-
consciousness, impulsiveness, vulnerability 

Table 1 Five-factor model: dimensions and facets 

1.4 Research questions 
In sum, appropriate design of the human-robot interaction is an 
increasingly important research topic as robots move into 
domestic settings. The important questions that arise when 
explicitly designing a personality for a robot in a given application 
are what kind of personality is appropriate for the robot and 
facilitates the interaction, and how to express the personality in 
the behavior of the product? Our research investigates how 
personality can be addressed in the design process. 

2. PREVIOUS WORK 
Careful design of robotic behavior appears to be a crucial factor 
for the acceptance and success of a robot application. However, 
up to now there is no consensus on general design rules for 
character design, nor a unified design process. Several approaches 
have been reported on the process to design personalities for 
expressive autonomous products. In this section we summarize 
some of the existing approaches relevant to character design.  

Traditionally, there have been three main perspectives on 
designing the expressive behavior of a robotic product: (1) 
technology driven, (2) artistic design (3) user centered. We 
illustrate each of these approaches next. 

2.1 Technology driven 
When the first robots were constructed, the behavior was fully 
determined from a technological, functional point of view. The 
behavior was implicitly implemented by engineers, who had the 
technological insight to control the hardware. Hence, the behavior 
resulted from functional requirements such as navigating via the 
shortest path to a certain location, as well as hardware constraints 
such as maximum speed or correction movements for 
compensating hardware inaccuracies. Several architectures for 
designing the behavior of interactive robotic characters have been 
proposed [17][19]. In the subsumption-architecture proposed by 
Brooks [20], the overall behavior of the robot is explicitly an 
emergent feature, composed from simpler basic actions.   

How the user perceives a certain behavior had only later been 
taken into account. For example, Kawamura et al. [21] stressed 
the necessity for ease of use of a service robot, but bases multiple 
design decisions on technical constraints of a particular robotic 
platform.  Loyall [22] presents a complete architecture to 
construct autonomous and believable agents that encompassed 
among others a specialized language to describe the behavior for 
believable agents.  

Neubauer [23] takes a more analytical approach to design 
artificial personalities. He explores the application of Carl Jungs 
theory of personality in design of artificial entities such as chat 
bots or avatars on the web. He classifies personalities according to 
the classification scheme of Jung and categorizes them according 
to what personality type is implementable with a computer, given 
our current understanding of artificial life. 

The main characteristic of these approaches is the focus on 
specific technical implementations. Even though the underlying 
technology is an essential factor for the feasibility of a robotic 
application, they tend to narrow the design space by technical 
limitations, rather than by user insights.  

2.2 Artistic design 
In contrast to a technical approach, the artistic approach is mainly 
concerned with the expression of a behavior. The focus is not on 
the functionality of the robot, but on how people perceive the 
behavior. The underlying idea of conveying messages through 
expressive behavior is borrowed from the field of movies and 
animations. The most cited set of design guidelines are the 12 
design principles of Disney Animation by Thomas and Johnson 
[24] listed in Table 2.  

 

1. Squash and Stretch 
2. Anticipation 
3. Staging 
4. Straight Ahead Action 

and Pose to Pose 
5. Follow Through and 

Overlapping action 
6. Slow In and Slow out 

7. Arcs 
8. Secondary Action 
9. Timing 
10. Exaggeration 
11. Solid Drawing 
12. Appeal 
 

Table 2: 12 Animation principles of Disney animations by 
Thomas and Johnson 
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The design principles serve as a tool that focuses on creating 
believable expressions and behavior in short sequences of a 
movie. The overall personality of the character is determined by a 
central movie script.Van Breemen [25] was one of the first to 
apply animation technology to the development of robots. He 
illustrated that by simply adhering to some of the animation 
principles, the behavior of a robot appears to be more life-like.  

In general, however, approaching the design of robotic behavior 
from an artistic point of view requires good artistic skills of the 
designer. Several guidelines have therefore been developed that 
support the designer to make and justify choices, but they do not 
take away the need for creativity and inspiration. Dautenhahn, for 
example, refers to comic design and identifies two design 
dimensions: (1) universal design (2) abstract design [26]. On the 
first dimension, the designer abstracts out universal features of 
behavior or an expression, so that people can recognize and 
identify themselves with the character. On the second dimension 
the designer has artistic freedom to add specific features that can 
best be described by an artistic style. 

2.3 User centered 
In the process of investigating design rules for interactive robotic 
characters, many of the design principles have been borrowed 
from the field of human-computer interaction [27]. The user 
centered approach is characterized by a strong focus on the user. 
The key principle is an iterative design cycle to evaluate and 
refine the interface. One of the most cited references for design 
principles in human-computer interaction is Gould et. al [28]. The 
three proposed principles are: (1) early focus on users and task (2) 
empirical measurement (3) iterative design. The first principle 
focuses on understanding the user and task, by having close 
contact with the user. One suggestion for learning from the users 
is to use interviews. These initial interviews should be constructed 
before the first design prototype. The second principle demands to 
carefully investigate how people interact with the device at hand. 
The authors warn the designers not only to present a system to the 
users but also measuring usability data. The assumption for the 
third principle is that it is almost impossible to get a system 
interface right the first time, hence promoting an iterative design 
cycle. Lately, however, these principles were target of critique 
[29]. A main point in the argumentation was that the success of 
their design could not be attributed to these principles but was 
founded on more general design principles.  

Many more user-centered design approaches have been reported 
in literature. For example, Ljungblad et al. [30] surveyed 
participants that own exotic pets to investigate in what kind of 
forms and roles of characters people are interested. They used the 
concept of personas [31] to guide their design process for creating 
personalities for artificial agents. From the interviews they 
generalized use cases and scenarios, pointing out that the 
interviewed persons are not necessarily the intended users of the 
system.  

The notion of designing and validating scenarios rather than 
focusing on personalities for character design also proved to be 
useful for designing a personality for the personal robot PaPeRo 
[32]. The scenarios construct a basic set of interactions with the 
user, placed in the context of an application. During validation the 
authors found that due to different colors of the robots, users 
attributed different personalities and roles. For example, the blue 
PaPeRo was perceived as the leader of the other PaPeRos, and the 
yellow one was perceived as if it were the youngest. This 

feedback was taken into account by changing the behavior to 
enhance these role perceptions e.g. by changing the utterances of 
the robot. This way, gradually a personality of the robots could be 
designed.  

Despite the focus on the user, the creative element of the designer 
still plays an important role in the design process.  Friess 
examined real world practice of a design process and found that 
during everyday interaction not only usability evidence is used to 
defend design decisions, but very often also pseudo evidence and 
simply common sense [33]. Höök [34] proposes a user-centered 
process and applies it to three case studies. She investigates how 
affective user interfaces can be designed and how they can be 
evaluated. She criticizes formal approaches of user-studies, since 
they do no capture the fine grained facets of personality and 
affective design. She proposes a two layered design approach. The 
first level focuses on the usability, by verifying whether basic 
design intentions such as emotional expressions are understood by 
the user. On the second level, it is verified whether affective 
aspects in the design contribute to the experience of the user. The 
user becomes an integral part of the design process, but instead of 
formal evaluation of the system, the user should be able to give a 
broad interpretation of his or her experience. Furthermore, she 
points out that traditional user studies search for an average user 
that does not exist. Instead of generalizing, affective design 
should focus on how the individual interacts with the system. 

3. PERSONALITY DESIGN PROCESS 
Although several approaches to design personalities for 
expressive autonomous products have been proposed, we miss a 
practical process that integrates a user-centered, artistic, and 
technical approach to designing personalities. In this section, we 
describe the process that we followed to design personality and 
expressions for a domestic robot and propose this as a way to 
design personality and expressions for autonomous products in 
general. The process consists of five main steps, namely creating a 
personality profile, getting inspiration for the expressions, 
sketching a scenario, visualizing it in 3D animation, and 
evaluating it using a think-out-loud protocol. The focus of this 
section will be on the general process, rather than on the 
application specific results.  

3.1 Create a personality profile 
In the design process we propose, we use the notion of personality 
as a central design guideline to create consistent and 
understandable behavior (mental model), to facilitate natural 
(social) interaction, and to make the product more appealing. 
Therefore, the first question that needs to be addressed is what 
kind of personality should be designed for a robot.  

We used a user-centered approach to create a personality profile 
for the domestic robot. As a starting point, we used the most 
widely accepted personality model in psychology (“Big-Five”, see 
section 1). For each personality dimension, we selected several 
traits (i.e. personality characteristics) to be used as triggers for 
potential end-users to talk about the desired personality of a 
product. 

Many questionnaires based on the Big-Five are available (both 
commercial and non-commercial), which typically consist of a 
large number of items [35],[36],[37]. Several authors have used 
single adjectives instead of phrases as personality descriptors  
[38], [39]. All questionnaires are used to assess one’s personality. 
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However, in our case we want to use the items to get people to 
talk about particular aspects of the product personality.  

We decided to select a subset of traits from all the questionnaires 
that we reviewed. We selected those items that we expected to be 
useful triggers for obtaining qualitative feedback from users on 
the desired personality for the robot, given the applications and 
tasks of the domestic robot. Furthermore, we made sure that we 
selected at least two positive and two negative markers for each of 
the five dimensions. In total, we selected 21 items, since using 
more items would lead to an unacceptably long session with our 
participants.  

The traits were presented on cards to participants (potential end-
users of the domestic robot) and they were asked to explain to the 
interviewer what the characteristics would mean for the behavior 
of the robot. Next, they were asked to place the cards with 
personality characteristics on an A0 sheet to indicate how desired 
this characteristic was for their preferred robot (see Figure 1). An 
example: A participant was shown the card with the word ‘polite’ 
(agreeableness). She explained that this could mean that “when 
the robot wants to move in the same direction as you do, it will 
wait and let you go first.”. “Yes, that is a desired behavior. I put it 
close to the center.” This method resulted in detailed qualitative 
and quantitative feedback on the personality for a domestic robot. 
For each trait, the percentage of participants that considered it to 
be either undesired, neutral, desired, or ideal was calculated. 
Furthermore, the rationale (why something was desired or 
undesired) was recorded and analyzed. The subjective rationale 
provided more insight into what kind of robot behavior people 
prefer and therefore addressed aspects of the application that have 
not been anticipated before. Also, users’ gave many examples of 
robot behavior for each of the presented personality characteristic 
that on the one hand yield insights on how users interpret robotic 
behavior and on the other hand can be used to narrow the design 
space for prototyping of behaviors. 

Based on the user feedback, a descriptive personality profile was 
created. This profile is a narrative description of about 300 – 400 
words illustrating the character of the robot. This personality 
profile can be used in a similar way as personas [31]. While 
personas are often used to describe users in the target group and 
communicate it to a development team, the personality profile 

 
Figure 1 User-created personality profile  

describes what (‘who’) the product is. This profile provides a 
frame of reference for later stages in the development of the 
product behavior.  

3.2 Get inspiration for expressions 
In order to get ideas and inspiration for designing life-like and 
expressive behavior for robots, a theatre workshop was organized. 
During the workshop, four actors from an improvisational theatre 
group acted out possible behavior of a domestic robot on the basis 
of the personality profile. We used the workshop to explicitly 
address the creative and artistic aspect of the design process for a 
robotic application. Acting out the behavior of a robot makes 
sense because it helps to build a basic understanding of the 
personality. This method has proved successful in acting for 
movie and theatre for decades [40]. This holds especially for 
emotional expressions due to the interrelated nature of emotion 
experience, emotion expression and readiness for action [41]. 
Experience and expressions reinforces each other. For example, 
expressing a smile when feeling sad will cheer you up [42]. 
Translating these results to a design process offers the possibility 
not only to design emotions in a top-down approach but also 
bottom-up. The actor workshop was held in a realistic living room 
setting in the Home area of the ExperienceLab facility at the High 
Tech Campus in Eindhoven [43]. The session was recorded with 4 
ceiling-mounted cameras and one mobile camera. First, the actors 
studied the personality profile to identify with the character. After 
that, the actors showed behavior (focusing on its movements and 
sounds, but no talking) of the robot in particular situations in 
various ‘exercises’ that are commonly used in improvisational 
theater. The moderator of the workshop presented a situation to 
the actors, e.g. ‘You are being switched on’, ‘You are exploring 
the room’, ‘You encounter an obstacle.’. The actor that had an 
idea how to act in this situation stepped forward and acted out the 
robot behavior. The scene ended with a buzzer sound made by the 
moderator, after which the next actor could show his/her 
expressions. In another exercise, one actor freely acted out some 
behaviors, while another actor had to give ‘live commentary’ what 
he or she was seeing. Some scenes were played individually and 
some in teams.  

Over 200 scenes were recorded. Video cards ([44]) were used to 
group, compare, and analyze the large amounts of video material 
(see  Figure 2). The clustered video cards with descriptions of the 
behaviors and example video clips were discussed in the project 
team. During these discussions, additional ideas for expressions 
were generated. 

 
Figure 2 Two examples of Video Cards. 
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3.3 From actor to robot expressions 
The video clips with the expressions of the actors were translated 
into expressions for the domestic robot. Since human expressions 
cannot be mapped one-on-one to expressions of the robot, we 
abstract the human expressions first before we could design 
concrete expressions for the domestic robot. For example, an actor 
was looking around and pretending to make pictures of the room 
to express that he was exploring the environment. This was 
translated as  repetitive turns of the robot to the left and to the 
right (‘looking around’), flashing white lights (‘camera flash 
light’), and a click sound (‘picture taken’).  

The designed expressions were sketched in a written scenario and 
an animated storyboard. This scenario and storyboard was used to 
communicate the expressions within the project team. Although 
presentation of animated behavior on paper is difficult, people 
inside the project team were able to give initial feedback on the 
cartoon-like drawings showing the robot behavior. The final 
storyboard served as input for the visualization of the behaviors in 
3D animations.  

3.4 Visualize in 3D animation 
We used virtual 3D graphical simulations for prototyping and 
testing scenarios of robotic applications because 3D simulations 
offer the designer the possibility to present a concrete instance of 
a particular behavior or scenario to the participants, and gather 
feedback from users without the hassle of building a fully 
functional hardware prototype. In product development, designers 
commonly use sketches and cartoons to visualize certain concepts. 
While sketches can only show a static representation, a 3D 
simulation gives an impression how a dynamic behavior will look 
like. The timing of movements and behaviors is a crucial element 
for the meaning of an expression [45].  

Nowadays, several software packages are being used to simulate 
robotic behavior, each with their own advantages and 
disadvantages [46]. In general, robotic simulations can be 
approached in two ways, either by simulating the physical 
properties of the hardware and control software, or by scripting 
the behavior and allowing for artistic freedom without real-world 
constraints. From our studies we learned that for a first 
impression, animation technologies are sufficient, because a 
designer can make a behavior reasonably realistic, while focusing 
on conveying a message. Animation technologies offer the 
designer the freedom to implement certain behaviors to give a 
life-like impression of the robot [25]. However, a close 
resemblance of the real hardware behavior proofs useful during 
later stages in the design process, because behaviors can be ported 
to the real hardware for experiments. Although simulations give a 
realistic impression of the behavior, research has shown that there 
are important subtle differences in the perception between virtual 
and physical embodiment [48].  

We used the Open Platform for Personal Robotics (OPPR) 
framework as described in [49] to develop visual impressions of 
the robotic behavior in a realistic setting and recorded these in 
several movie clips. One particular strength of the OPPR 
framework is that it uses physical simulations for rendering 
animated behavior. Therefore, the virtual simulation closely 
resembles the real hardware platform, so that the behaviors can be 
developed and tested with users and at a later stage reused on a 
real robot.  

 
Figure 3 Screenshot of Animation Editor 

3.5 Evaluate with think-out-loud 
The 3D animations were used in a think-out-loud evaluation. The 
objective of the evaluation was to find out how people perceive 
the expressions of the robot and obtain user feedback as input for 
redesign and/or implementation of these behaviors. Questions we 
were interested in were: How do people interpret the designed 
behaviors? What behaviors do people consider life-like and why? 
Why is some behavior preferred over other behavior?  

In total, 12 participants were invited to participate individually in 
a session of approximately one hour. A video clip of about 8 
minutes was shown to the participants with animations of the 
expressive robot behavior. While watching the video clip, 
participants were asked to continuously describe what they saw, 
thought, and felt and why. What do you think the robot is doing or 
what is it trying to tell you? After the video clip, participants were 
asked to fill out a questionnaire and were interviewed about their 
impression of the robot. Audio and video recordings were made of 
the sessions to allow for verbal protocol analysis. Remarks of the 
participants were clustered and analyzed per segment of the video 
clip (typically a segment consisted of one behavior).  

The think-out-loud evaluation and verbal protocol analysis 
resulted in valuable qualitative user feedback on the designed 
expressions. The results clearly indicated which expressions could 
be easily interpreted and which expression were appreciated by 
participants. The results are used as input for the next iteration of 
designing the expressions. 

With the think-out-loud evaluation, we finished the first iteration 
of our design cycle. We have a clear view on the desired 
personality for the product and gathered user feedback on the 
designed behavior. During the next steps of the design process, 
the results are used as input to design the final robot behavior. We 
therefore propose to use at this stage an iterative design approach 
to refine and evaluate the designed behaviors.  

4. DISCUSSION 
The design process that we proposed integrates technical, artistic 
and user-centered approaches to design a personality for a robotic 
application. We started with a user centered perspective to find 
out what kind of personality people would like a robot to have. 
Based on this user knowledge, an artistic perspective was taken 
and ideas for expressions and behaviors of a robot with the 
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particular personality were created. Later in the process, a more 
technological perspective was taken and the expressions and 
behaviors were translated into concrete and implementable 
solutions for a particular robot embodiment (taking into account 
its requirements and constraints). In the remainder of this section, 
we summarize the main lessons learned for each of these steps. 

4.1 Lessons: Create a personality profile 
In order to gather input from users on the desired personality for a 
domestic robot, we used cards describing personality traits. 
Upfront, we were uncertain whether people would be able to 
relate the personality traits to a robot. However, people seemed to 
have little problems explaining what certain personality 
characteristics would mean for the behavior of the robot and 
whether they would appreciate this or not.  

Our approach assumes that the application context for the 
autonomous product is known, because we expect that the task or 
role of the robot will have a large effect on the personality 
preference of users. For example, a surveillance robot is expected 
to have a different personality than a robot that plays games with 
the user.  

Finally, we selected a subset of the Big-Five character traits for 
our user study that we believed to match the behavior of a 
domestic robot. We missed, however, a more systematic selection 
procedure. 

4.2 Lessons: Get inspirations for expressions 
To get inspiration for expressions we organized a theatre 
workshop in which actors acted out a domestic robot in various 
situations. This artistic approach proved useful in inspiring the 
design of robot behavior. However, we observed that the invited 
actors who participated in improvisational theatre competitions, 
were used to express themselves mainly using language and via 
interactions with the public. Since our main interest is in the 
expressive movements, we would rather use dancers or mime 
actors next time. Furthermore, the personality profile restricted the 
actors in their expression. Of course, the intention of using the 
personality profile was to guide the actors in their expressions in 
order to fit the desires of the users. However, it might have limited 
their creativity. 

4.3 Lessons: From actor to robot expressions 
The anatomy of the human actors is rather different from the 
anatomy of the domestic robot we envision. Therefore, it is 
difficult to map expressions of the actors directly on the robot. 
However, by abstracting the expression of the actor and keeping 
the essential characteristics of his movement, we were able to 
translate it into concrete expressions for the robot. 

The sketched storyboard proved to be a fast and useful way to 
discuss the behavior of the robot. It helped in quickly deciding on 
a scenario with behaviors to be implemented on the robot. 
Obviously, the sketches on paper have some limitations. 
Movements and sounds cannot be realized and require some 
imagination from the design team.  

4.4 Lessons: Visualize in 3D animation 
Our main goal for using 3D visualization was to gather qualitative 
feedback from the user in an early design phase. Animating a 
virtual version of the domestic robot required less effort than 
implementing hardware prototypes.  

By using physical simulation we gained more realistic behavior 
that in later stages can be more easily reused on a physical 

embodiment, but also inherited some the problems of dealing with 
real world conditions. For example, while in virtual worlds the 
path of a mobile robot can be repeated exactly in successive runs, 
physical simulations add some random inaccuracies to the motion, 
for example due to slip of the wheels. Because successive runs of 
the same behavior resulted in different output, we chose to show 
recorded movies of the virtual environment.  

Next to these practical experiences, we also want stress some of 
the more fundamental considerations of this approach that have to 
be taken into account. Using a virtual simulation of the robot 
gives the designer the same artistic freedom as in traditional 
cinematography. The designer has control over the whole scene, 
including for example lighting, camera angle and other objects in 
the scene. The camera angle alone can have a significant impact 
on the perception of the character. In our experiments, we 
therefore tried to keep the camera in the height of an average 
person and keep the lighting and objects in the scene as neutral as 
possible. In reality however, these parameters cannot be 
controlled, so tests with virtual representations will not substitute 
for testing the behavior on the physical hardware. This strengthens 
the argument to create virtual behavior, that can be translated to a 
physical embodiment. 

4.5 Lessons: Evaluate with think-out-loud 
From the feedback that we received, we concluded that the 
participants were able to imagine how the behavior will look like 
on a physical embodiment, which confirms our assumption that 
3D simulations are a good approximation of the physical robot. 
The qualitative study using a think-out-loud protocol at this early 
stage of the product development is in our opinion preferred over  
more quantitative methods. The results give in-depth information 
about how participants perceived the robot behavior and provide 
input for redesign of the behavior.  

However, the use of a virtual representation of the robot for 
evaluation has some limitations compared to evaluations with 
physical robots. For example, simulation of the (physical) 
interaction between a user and the robot is not possible when 
using movie clips with animations. 

5. CONCLUSION 
We have described a process to design the behavior of a domestic 
robot and proposed it as a way to design a personality and 
appropriate expressions for autonomous products. The process 
consists of five main steps, namely creating a personality profile, 
getting inspiration for the expressions, sketching a scenario, 
visualizing it in 3D animation, and evaluating it using a think-out-
loud protocol. The proposed process combines proven methods 
from HCI and translates it to the field of HRI. It integrates 
technical, artistic and user-centered approaches to develop the 
personality of a robot in an iterative design process. In next steps, 
we want to improve the process and investigate its applicability in 
designing a broader range of consumer electronic products. 
Furthermore, we want to compare our process with existing and 
widely used product design processes. 
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Affective-Centered Design for Interactive Robots
Laurel D. Riek1 and Peter Robinson

Abstract. We present a new paradigm for the design of interac-
tive robots called affective-centered design. By drawing on the dis-
ciplines of human-computer interaction (HCI), affective computing,
and human-robot interaction (HRI), we suggest techniques robot de-
signers can use to help ensure interactions with their robots are of
high affective quality, and thus more likely to be enjoyed and ac-
cepted by users.

Category: Position Paper (*P*)

1 INTRODUCTION

Each year, robots are entering domestic environments in greater
and greater numbers. According to a 2007 report by the Interna-
tional Federation of Robotics, there were 3.4 million personal ser-
vice robots in use worldwide in domestic settings. The report fore-
casts that this number is expected to increase by 4.6 million robots
by 2012 [40]. These domestic robots are being used to serve as health
aids and companions, help with household chores, and provide edu-
cation and entertainment to their users.

The domestic robot user presents a unique challenge to robot de-
signers. Elderly users are likely to be uncomfortable with domestic
robots due to a lack of exposure to technology, disabled users might
have difficulty using robots that do not provide interaction modalities
that accommodate their needs, and people using robots for household
chore assistance are unlikely to have much time to devote to learn-
ing to use complexly designed systems. One way to address some
of these problems is to design robots that allow people the ability to
interact with robots naturally.

Natural interaction means allowing people the ability to commu-
nicate with robots in ways similar to how they communicate with
other people. This includes both verbal communication (speech and
non-speech vocalization) and nonverbal communication (body ges-
ture, gaze, movement, and facial expression). Most people are able
to express themselves in this way and easily interpret such expres-
sions in others. While people generally do not expect such ease of
interaction with machines, evidence suggests having it would help
improve user engagement with the robot [57]. Indeed, by taking ad-
vantage of these interactive modalities, robot designers can go a long
way toward ensuring their robots are accepted.

Thus, we present a new paradigm for interactive robot design
called affective-centered design, which we describe in Section 2.
This paradigm draws on the fields of human-computer interaction
(HCI), human-robot interaction (HRI), and affective computing. Our
desired goal for presenting this paradigm is to help designers cre-
ate a positive user experience by ensuring high affective quality of
interaction with a robot.

1 Computer Laboratory, University of Cambridge, United Kingdom, email:
Laurel.Riek@cl.cam.ac.uk

1.1 Affective quality

Before describing the concept of affective quality and how it relates
to interactive robot design, it is important to explicitly define the
concept of affect. Many researchers struggle with precisely defining
words like “affect”, “emotion” , and “mood”, and rightfully so. The
definitions of these words have become increasingly convoluted not
only in vernacular English, but within scholarly literature as well.
For the purposes of this paper, we shall adopt Clore and Palmer’s
stance which is to simply include these concept under the umbrella
term “affective states.” 2. Thus, “affect” refers to “an embodied re-
action of pleasure or displeasure signifying the goodness or badness
of something.’ A “psychological ‘state’ is assumed to exist when-
ever multiple systems of an organism reflect the same condition at
the same time.” For example, anger as an affective state might refer
to both internal thoughts and feelings, as well as non-verbal expres-
sions of anger (furrowed eyebrows, a raised voice, etc.) [10].

Affective quality is the “ability of an object or stimulus to cause
changes in one’s [affective state]” [67]. To call a human’s interaction
with a robot to be of “high affective quality” means that the overall
affective state of the user is positive during the interaction. This is a
qualitative yet objective assessment of interaction quality. As we will
see in Section 4.1, HCI researchers have successfully used affective
quality as a usability dimension when assessing systems. Thus, we
believe it will also be useful as a usability dimension for interactive
robots.

1.2 Implicit communication

Palen and Bødker [41] suggest that emotions should not be seen as
simply a feature of interaction, but as an integral part of interaction
itself. Thus, all interaction is emotional; even when it is emotionally
neutral it is still framed by the idea of emotions. In some ways, emo-
tions can be seen as a communication medium. Rani and Sarkar [43]
describe this as “implicit communication”, where a robot responds to
the emotional state of a human (e.g., afraid, tired, happy) or simply
to an emotionally neutral intention of a human (e.g., Fetch me that
object I’m pointing at).

Implicit communication is an important line of research for in-
teractive robot designers, because the ability for robots to fully un-
derstand explicit human communication (i.e., speech) is a long way
off. While the natural-language processing community continues to
advance the state-of-the-art in this area, roboticists can make huge
strides forward by creating robots that understand at least rudimen-
tary non-verbal behavior.

Communication is a two-way street, however. As Wallach and
Allen point out, robots that interact with people in a social context

2 Within this paper, if we use the words “emotion”, “affect”, or “mood”, we
always mean the umbrella term “affective states” as defined in Section 1.1.
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should be able to gesture in a way that allows them to communicate
their intentions [64]. This allows people the ability to understand a
robot’s capabilities and know what to expect. Cañamero and Gaussier
[9] describe this in terms of a dichotomy between internal and exter-
nal communication. Internal being the affective states the robot rep-
resents (including its representation of the emotional context outside
itself) and external being the outward manifestation of emotion that
the robot makes.

Thus, affective-centered design for interactive robots has two im-
portant aspects. There is affect recognition - what is the human’s
affective state? And affect generation - how should the robot respond
to that state and express itself appropriately?

2 AFFECTIVE-CENTERED DESIGN
Affective-centered design is an iterative design process modeled
somewhat after human-centered design. Human-centered design is
an ISO standard that gives guidance throughout the entire design
lifecycle of an interactive system. (See Figure 1). Some of its ma-
jor tenets include:

• Involving end-users throughout the design lifecycle to ensure their
needs are adequately addressed

• Understanding the context in which the system will be used
• Appropriately delegating function between the system and the

user
• Adequately understanding the capabilities of both the system and

the user
• Iterative design
• Multi-disciplinary design[53]

While this standard provides a general framework for interactive
robot design, it does not provide practical guidelines that robot de-
signers can employ. Furthermore, it does not consider affective qual-
ity whatsoever within the design process.

Therefore, in addition to the aforementioned tenets, the affective-
centered design process also includes the following tenets, all of
which can be employed iteratively throughout the design lifecycle
of an interactive robot:

• Using affective quality as a metric throughout the design lifecycle
• Surveying the affective states of users
• Evaluating the affect generation of robots

We will now explain each of these tenets in detail. Later, in Sec-
tion 3, we will describe a real-world example of how we employed
the affective-centered design process in our own research. (Also, see
Figure 2 for an illustration of the process.)

2.1 Affective quality throughout the entire lifecycle
In HCI, affective quality has been used successfully as an evaluative
metric for interactive systems (See Section 4.1). And in HRI, several
robots have been designed with user and/or robot affect in mind (See
Section 4.3). However, a number of these projects examined human
responses very late in the design lifecycle, often well after the sys-
tems had already been built. For 2D interactive systems this is some-
what acceptable, because it is relatively easy to change graphical-
user interfaces. However, for robots, physical hardware changes are
far more problematic. For example, if a humanoid robot is built with
an extremely frightening face, no amount of behavioral changes to
its affect generation software will change the fact that its physical

Figure 1. The human-centered design process for interactive systems. [23]

Figure 2. The affective-centered design process for interactive robots.
Images by Sam Brown, explodingdog.

appearance is scary. Therefore, it is critical that interactive robot de-
signers begin to present design ideas to users before a single wire is
soldered, and continue to do so throughout the entire design lifecycle
of the robot.

It is possible to present design ideas to users in an inexpensive way
via paper prototypes, photographs, and simulation software. This
need not be a formal usability study; it can be accomplished by talk-
ing to friends, colleagues, and family members. It is best to include
at least some users from the population of people intended to interact
with the robot, but this is not always possible. The most important
thing is that representative users are included. For example, if one is
designing a companion robot for the elderly, presenting design ideas
to one’s great aunt will yield far more informative results than solely
presenting ideas to one’s labmate.

If during the design process it becomes apparent that the affective
quality of interacting with the robot is negative, it is important to
identify why and figure out ways to mitigate it. Users are generally
able to explicitly describe what they dislike about a robot, though
it may require some in-depth interviewing to isolate the problem.

Proceedings New Frontiers in Human-Robot Interaction, K. Dautenhahn (Ed.), symposium at the AISB09 convention, 8-9 April, Edinburgh, Scotland

103



For example, we recently designed a empathetic conversation robot
(described in Section 3) and ran a pilot study to evaluate it. After
our study, we asked subjects how they felt about conversing with the
robot. Here is an excerpt of one interview:

Experimenter: How did you feel talking to the robot?
Subject: Very weird. I’ve done voice recognition training, so

I’ve talked to computers before. But [the robot] wasn’t trying to
make me feel anything. It was a weird experience.

Experimenter: How was it weird?
Subject: The reactions he had to what I was saying seemed to

be negative.
Experimenter: How so?
Subject: He looked away from me at the start of the

experiment. I would expect him to nod as if he was interested [in
what I was saying], not look away.

While a user might give a terse reply, “It was a weird experience,” by
careful follow-up questioning it can quickly become clear what the
problem is (in this case, poor gaze direction).

2.2 Surveying users’ affective states
There are two primary ways to survey users’ affective states during
the interactive robot design lifecycle. The first is via a human ex-
perimenter who is in some way assessing a user. Such an assessment
might be made using ethnographic observation [18], common ground
analysis [58], embodiment analysis [12], questionnaires, interviews,
or other techniques [19]. The goal of these techniques is to character-
ize the interaction with the robot in terms of people’s attitudes toward
it.

The second way is to perform automatic evaluation of users’ af-
fective states. This type of assessment is most likely to be performed
by the robot itself, and will be used to modify its own behavior ac-
cordingly. We will describe this in more detail in Section 4.2.

Both of these affective state analyses are useful throughout the
design lifecycle of an interactive robot. By understanding users’ at-
titudes one can begin to characterize the quality of interaction, and
modify the robot’s design as necessary.

2.3 Evaluating affect generation of robots
The third tenet of affective-centered design concerns evaluating how
the robot expresses affect. This measure is, of course, tightly coupled
with how the user feels about the interaction. But this might also
be something evaluated by robot designers independent of a user’s
reactions. For example, during a prototyping stage, certain behaviors
might need be tweaked in order to produce the desired result.

A robot’s affective state can be assessed on several levels, such
as its contextual understanding of the world, the appropriateness of
responses it gives, and the degree to which it expresses an affective
state. To perform these assessments, robot designers can actually em-
ploy some of the same techniques as described in the Section 2.2, par-
ticularly ethnography and common-ground analysis. The difference
is that the robot becomes the focus of evaluation, and its affective
expression is what is measured.

3 AFFECTIVE-CENTERED DESIGN IN
PRACTICE

To illustrate how robot designers can use affective-centered design
in practice, we will briefly present our ongoing work on a conver-

Figure 3. The Computer Laboratory usability lab.

sational robot. In our work with this robot we have employed sev-
eral elements of affective-centered design, such as understanding the
context of use, carefully selecting our platform, performing design
tradeoffs, running a pilot study, and iterating on Virgil’s design ac-
cordingly.

3.1 Context of use

Before we began our research, we first considered the context of use
for our robot. We were interested in creating an empathetic conver-
sation partner capable of understanding some rudimentary affective
states of humans and responding to them with appropriate affective
expressions of its own.

Since the focus of our research is on empathy during one-on-one
human conversations, we decided that the most appropriate physical
space for users to interact with the robot would be in a home-like
setting. Thus, we selected the Cambridge Computer Laboratory us-
ability lab as the place to perform our initial studies. The usability
lab is meant to resemble a living room - it has carpets, tables, chairs,
and pictures on the wall. It also has a one-way mirror to allow for
unobtrusive observation (See Figure 3).

3.2 Platform selection

While we ultimately would like to use an expressive humanoid head
for our research, at present we are limited to inexpensive, off-the-
shelf robots on which to try our ideas. The robot we selected is ac-
tually in some ways a prototype; by only costing $150 USD we are
able to make initial strides forward in the behavioral design of an
empathetic robot.

Thus we chose to begin our work on the robot Virgil, a chim-
panzee robot made by WowWee. (See Figure 4). Virgil is a robot
with 18 degrees-of-freedom (DOFs) in total. Its upper-lip has 2
DOFs (up/down), its lower jaw 2 DOFs (up/down), its eyes 4 DOFs
(up/down/left/right), eyebrows 2 DOFs (up/dpwn), and its head 8
DOFs (roll/pitch/yaw). The robot can be operated via remote control
and it also has some autonomous reactive behaviors, such as moving
its head, opening and closing its mouth, and scrunching its nose [44].

3.3 Design tradeoff analysis

Since Virgil is intended to be a conversational robot, we initially
wanted to have the robot speak. However, as we began working with
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Figure 4. Virgil, our conversation robot.

the robot we quickly realized that performing speech-to-mouth syn-
tonization is extremely difficult, and with a robot with only 4 DOFs
in its lower face we realized it would be quite challenging to do a
convincing job. As is well-documented in the psychology and ani-
mation literature, people are so sensitive to incongruous speech-face
synchronization it can interfere with speech comprehension [33].

Thus, we decided it was better to have a silent robot than one that
made people uncomfortable due to its strange mouth movements.
Ironically this design tradeoff actually ended up lowering the affec-
tive quality of the robot in a way we had not predicted, as we will see
in Section 3.4.

3.4 Pilot study

Early on in our design lifecycle, we wanted to explore the ideas of
how non-verbal communicative gestures of empathy might alter peo-
ple’s affective states. So we ran a pilot study [44] with Virgil and a
user interacting one-on-one in the usability lab. We asked all subjects
to tell both a non-personal and personal story to the robot.

Our study had an experimental and control condition. In the test
condition we wizard-of-oz controlled the robot to make empathetic
head gestures (nodding) and mouth movements (open mouth in sur-
prise). In the control condition, the robot acted autonomously in a
random manner.

Following the study, we asked subjects to complete a written ques-
tionnaire that asked them to rate their interaction with the robot.
These were 5-point Likert scale questions such as “I think Virgil
could be a friend of mine,” and “Virgil recognized my feelings and
emotions appropriately for the situation”. This resulted in each sub-
ject having an overall interaction satisfaction score. As we predicted,
subjects in the experimental condition rated the interaction far more
favorably than those in the testing condition [44].

We also asked subjects follow-up interview questions such as,
“How did you feel talking to the robot?” and “Did you feel the robot
was an amicable conversation partner?”. Subjects made comments
about the appearance of Virgil (ranging from neutral to negative), the
appropriateness of responses it gave (people in the control condition
made very negative remarks, while those in the experimental group
were more positive), and communication flow. Most surprisingly,
nearly every subject made strong statements that they wished the
robot would make communicative noises or else spoke back. They
said conversation was a two-way street, and one-sided conversations
just did not feel natural to them [44].

This study was very helpful to us because it made us rethink sev-
eral major design decisions, including our decision to have the robot
be silent. Since we are in the early stages of our work we are for-
tunately able to modify the platform to accommodate these insights.
We will then perform an additional pilot study to see if these design
changes lead to an improved quality of interaction.

4 RELATED WORK
Since the goal of affective-centered design is to improve the affec-
tive quality of interaction with a robot, there are (at least) three pri-
mary fields that help to inform this design process. They are: human-
computer interaction (HCI), affective computing, and human-robot
interaction (HRI). This section provides a brief overview of relevant
work done in these fields as they relate to affective-centered design
for interactive robots. By no means is this section exhaustive, nor is
it the case that these fields are mutually exclusive.

4.1 Human-computer interaction
In the field of HCI, a transition has begun to take place within
the community from “human factors to human actors” [1]. In other
words, researchers are considering people’s emotional experience
while interacting with a system as a new dimension of usability.
Empirical research has shown that how people perceive the affective
quality of a system positively impacts how they perceive its usability
[11, 50, 59, 60, 67].

Norman has done pioneering work on the idea of using affective
quality as a usability dimension. He suggests that when people ”feel
good” about a system they are more likely to overlook flaws in its
design, find the system easier to learn, and also perform better when
confronted with difficult tasks [36]. Later, Norman proposed a the-
oretical framework for three levels of emotional experience: Reflec-
tive, Behavioral, and Visceral.

• The reflective layer concerns “intellectually-induced reactions”.
So, in the example of product design, a Perrier label on a water
bottle.

• The behavioral layer concerns “expectation-induced reactions”.
For example, the water inside a plastic bottle.

• The visceral layer concerns “perceptually-induced reactions”.
This would be, “a beautiful bottle that is used as a vase.” [37, 38]

This framework has received recent empirical support by Lim et al.
who found that the reflective layer was tightly coupled to peoples’ ex-
perience of usefulness, as were the other layers. Thus, it is important
for interactive products to have useful functionality. Furthermore, the
researchers found that the overall quality of the interaction is critical
to people’s emotional experience [30].

This result has interesting design implications for interactive
robots, because a robot’s appearance might not be in concordance
with its function or behavior [45]. For example, it may be difficult
to initially identify a companion robot as a companion, whereas it
is usually pretty easy to identify a telephone as a telephone. Thus,
novel, interactive robots may need to present affective clues to users
to appropriately advertise their function.

4.2 Affective computing
Affective computing is a discipline devoted to the idea of giving ma-
chines the ability to recognize and generate affect [42]. In some ways,
the field exists to address the failings of traditional HCI systems,
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which typically neglect affective state changes in users. In fact, some
argue that such neglect is a reason many users view interactions with
computers as “cold, incompetent and socially inept.” In order to ad-
dress this, several leaders in the field have stated that it is critical
that user interfaces of the future are able to “detect subtleties of and
changes in the user’s behavior, especially his/her affective behavior,
and to initiate interactions based on this information rather than sim-
ply responding to the user’s commands” [66].

Until recently, most of the approaches to affect recognition cen-
tered around posed data with exaggerated affective expressions, were
limited to a small set of emotions (such as anger, fear, and happiness),
and were restricted to single modes of expression (just face or just
speech). However, the field is now shifting toward looking at recog-
nizing, multi-modal, less-constrained naturalistic expressions [66].
For example, el Kaliouby and Robinson worked on the generaliza-
tion of facial affect inference for complex mental states [14, 15, 16]
while Sobol and Robinson worked on inferring affect from naturally-
evoked speech [55, 56]. Bernhardt and Robinson worked on inferring
affect from body posture and gesture [2].

As for affect generation (also called “emotion synthesis”), re-
search into several affective channels of expression are being ex-
plored. These include facial animation [13], gestures [20], speech
[51], nonverbal vocalizations, and others.

The field of affective computing is very relevant to interactive
robot designers because the community has already begun to tackle
a number of hard problems related to interacting in the physical
world. Poor lighting, noisy environments, sensor fusion, widely vary-
ing communication styles, and other problems are also encountered
in robotics.

4.3 Human-robot interaction
In the field of HRI, quite a number of interactive robots have been
designed with affect in mind. Breazeal et al. [4] and Fong et al.
[17] present thorough surveys of many such robots and their the-
oretical emotional underpinings. We will present a subset of these
robots and introduce a few others using role categories suggested by
Scholtz [52] and Goodrich and Schultz [19], as well as some general
topic-area categories we’ve created. For each category we will list
the names of representative robots and cite papers about them that
give mention to the affective aspects of their design.3 We will then
highlight one robot and discuss how its design incorporates elements
of affective-centered design. (The name of the highlighted robot will
be italicized.)

4.3.1 Epigenetic (Developmental) Robots

Robots: Cog[49], HOAP-3[8], iCub[62], Kismet[3], Leonardo[32]

A number of interactive robots have been created with some de-
gree of affective understanding and generation capability using an
epigenetic approach. This approach uses ideas from developmental
psychology to help robots learn sophisticated social behaviors [48].
Many of these developmentally-based robots inherently take social
context into account in order to learn to adapt to the humans interact-
ing with them. One of the first of these robots is Kismet, an anthropo-
morphic, expressive robot designed entirely for emotional interaction
with humans. By understanding the social cues of humans in the en-
vironment, Kismet is able to respond in an emotionally appropriate

3 This listing is by no means exhaustive, nor are these categories mutually
exclusive.

way to people [3]. Its thoughtful design has lead to it being a very
well accepted and regarded robot.

4.3.2 Entertainment Robots

Robots: AIBO[24], ASIMO[35], Keepon[26], AUR[22], Improv
Robots[6]

Kozima and Michalowski were interested in building a robot that
could interact with children in a pleasant and natural way. Their first
attempt was the Infanoid robot, which was a highly mechanical-
looking, very expressive robot. From observational studies the re-
searchers found that the appearance and behavior of this robot was
overwhelming children. This insight led them to the successful de-
sign of the robot Keepon, which is a minimally-designed interactive
dancing robot. The robot only has 4 degrees of freedom, but is easily
able to express attention via head direction and emotion via rock-
ing motions. Its design was well informed by observing hundreds of
children interacting with the robot for over 400 hours in total [26].

4.3.3 Therapeutic Robots

Robots: Huggable[29], iCat[21], KASPAR[46], PARO[63],
Shybot[28],

Shibata et al. describe their desire to build an affect robotic pet
that was capable of sensing the emotions of the people it was inter-
acting with and alter its affect accordingly [54]. Their design descrip-
tion indicates an implicit understanding of affective-centered design,
because from the outset they concerned themselves with how their
robot would interact emotionally with users, and tailored the robot’s
design accordingly. This mindset led the reearchers to later create
the very successful implementation of PARO the robotic seal, which
has been used effectively to reduce stress and depression among the
elderly [63].

4.3.4 Peer Robots

Robots: Vikia[7], Robonaut[61], Valerie [25], GRACE[47], Mel [57]

Kirby et al. designed Valerie, a robot receptionist designed to facil-
itate long-term social interaction with people; the researchers wanted
the robot to maintain people’s interest over time [25]. The robot was
thoughtfully designed in a way that employed elements of affective-
centered design - the physical appearance of the robot, its station,
and its behaviors were carefully considered to create an engaging
experience with users. After several years of observations of people
interacting with the robot, the researchers also realized ways to im-
prove its design that were motivated by the emotional state of users
[47].

4.3.5 Mentor Robots

Robots: Basketball Coach [31], Chips[39], RoCo[5]

Liu et al. describe a robotic basketball coach that monitored the
physiological signals (heartrate and galvanic skin response) of people
while they shot baskets. Depending on how anxious people seemed
to be, the robot altered the game’s level of difficulty. The researchers
found through this style of interactive teaching people’s performance
improved [31]. This design is very much affective-centered within
the context of a closed loop system. However, it’s worth noting that
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requiring people to wear sensors is often undesirable due to prob-
lems with affixing sensors to the skin via abrasive gels, calibration
problems, and the hardware being seen as obtrusive [65]. Therefore,
having users endure such issues might not outweigh the benefit of
having robots “in the know” about people’s physiology. This sort of
decision making is part of the tradeoff analysis phase that needs to
be considered during the affective-centered design process.

4.3.6 Industrial Robots

Robots: Safety Arm[27], WE-4R Arm [34]

One normally would not expect designers of industrial robots to
need to consider affect in their design; however, those that work near
humans may very well need to be aware of their surrounding social
context. For example, Kulic and Croft describe using affect recogni-
tion in an interactive scenario where an industrial robotic arm and a
human are working together. The robot is made aware of the user’s
affective state (in response to its motions), and uses this informa-
tion to calculate a ”danger index”, thus modifying its behavior ac-
cordingly [27]. This sort of thinking is also employing elements of
affective-centered design - the researchers knew that industrial robots
working with humans involve safety risks, and it would be helpful if
such robots could quickly understand when their human peers feel
afraid so that they do not endanger them.

The aforementioned work in HRI helps illustrate the value of us-
ing affective-centered design practices when designing interactive
robots. By considering the affective states of users as well as the af-
fect generation capabilities of robots, robot designers are helping to
ensure their robots will be well-accepted and understood by people.

5 DISCUSSION

We introduced affective-centered design, which is a new process for
the design of interactive robots. The motivation behind such an pro-
cess is to give robot designers techniques for ensuring that interaction
with their robots is of high affective quality, meaning that the over-
all affective state of the user is positive during the interaction. This
will hopefully help ensure more people are accepting of robots in
domestic environments.

The major tenets of affective-centered design are very similar
to human-centered design, where one takes time to understand the
robot’s context of use by involving representative users throughout
the design lifecycle and performing iterative, multi-disciplinary de-
sign. This is accomplished by using affective quality as an evalu-
ative measure, through both surveying the affective states of users
and evaluating the affect generation capability of robots. We demon-
strated how one might go about this process in practice by discussing
how we developed the conversational robot Virgil.

Affective-centered design is a process that sits at the intersection
of three fields - HCI, affective computing, and HRI. These fields are
all interested in ensuring technology is well accepted by end-users;
thus, by examining affect as a quality of interaction with robots, we
hope the affective-centered design process will prove helpful to re-
searchers in each of these fields.
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 The Negative Attitudes towards Robots Scale and 
Reactions to Robot Behaviour in a Live Human-Robot 

Interaction Study
Dag Sverre Syrdal, Kerstin Dautenhahn, Kheng Lee Koay, Michael L. Walters,1

ABSTRACT
This  paper  describes  the  use  of  the  Negative  Attitudes  Towards 
Robots  Scale  (NARS)  to  explain  participants'  evaluations  of  robot 
behaviour styles in a Human-Robot Interaction (HRI) study. Twenty-
eight  participants  interacted  with  a  robot  in  two  experimental 
conditions  in which the robot’s  behaviour   was varied.  Reliability 
analysis and a PCA was performed on the NARS items, creating three 
new  subscales.  Correlations  between  the  subscales  and  other 
evaluations  of  the  robot's  behaviour  found  meaningful  results, 
supporting the  use of the NARS in English speaking samples.

1 INTRODUCTION
The LIREC (LIving with Robots and intEractive Companions) 
project  aims  to  investigate  theoretical  aspects  of  artificial 
companions  and  test  these  across  a  wide  range  of 
embodiments in different contexts and environments [1]. 

While  research  in  the  LIREC  project  has  a  strong 
technological  component,  the  development  of  tools  for 
standardised  measurements  of  the  quality  of  interactions, 
perceptions  of  robots  and  agents  and  pre-existing  attitudes 
towards such agents, is very important in order to establish a 
means  of  objectively  comparing  the  success  of  agent  and 
robot  behaviour  across  a  wide  range  of  interactions  and 
embodiments. 

Dautenhahn [2]  suggests  that  current  work  in  human-robot 
interaction(HRI)  is  characterised  by  heterogeneity,  both  in 
terms  of  methodologies  and  measurements  used  to  study 
technologies and their impact. This allows the field of HRI to 
accumulate a wide range of information regarding the use and 
perceptions of different robots in different contexts, but also 
limits the replicability of results across the field as a whole. It 
is understood that the technology driven nature of the field, 
and  as  such,  the  need  to  evaluate  specific  technologies  in 
specific contexts, is a motivating factor for conducting such 
research.  It  is,  however,  important  to  note  that  this  may 
become a problem for the HRI community in the long-term as 
the lack of common benchmarks and measures may hamper 
communication  and  application  of  results  across  different 

research groups and projects, and thus the advancement of the 
field as a whole.

The  multidisciplinary  nature  of  the  LIREC  consortium  ,as 
well as the qualitative differences between agent embodiments 
and use-contexts across the project, suggests that this issue is 
not  only of   particular  interest,  but  also provides  a  unique 
opportunity  to  study  the  efficacy  of  measures  intended  to 
measure attitudes to robots and their behaviours across diverse 
situations. 

2 THE NEGATIVE ATTITUDES TOWARDS 
ROBOTS SCALE
In order to establish an understanding of how the behaviour 
and  embodiment  factors  of  a  robot  are  perceived  and 
responded to by potential users, such tools will also be needed 
to establish an understanding of the idiosyncratic factors in the 
individual  user  that  may  impact  on  behaviour,  as  well  as 
subsequent  evaluations  of  a  given  interaction.  We  have 
previously [2-5] suggested that individual differences in terms 
of underlying personality, gender and demographics may play 
an important role. However, these effects may not necessarily 
translate  into  analogous  behaviour  across  different 
interactions.  Also,  measures  regarding  experience  with 
computers and robots have been used [3, 6]. The results from 
Walters et al. [6] in particular, suggests that the relationship 
between individual differences and evaluation of robots and 
their behaviours can be quite complex. While these measures 
may provide possible answers to explain participant responses 
to  robots,  sometimes  they  are  heavily  influenced  by  the 
context of use, as suggested by Mutlu & Forlizzi [7]. They 
found that while overall computer use was not relevant, using 
computers for playing games did have an impact.  As such, 
pre-existing biases and attitudes towards robots are difficult to 
extrapolate  purely  from  demographics,  personality  and  a 
history of technology usage. 

One such scale is the Negative Attitudes towards Robots Scale 
(NARS). The NARS was developed using a lexical method, in 
which  its  developers  created  a  scale  based  on  free-form 
responses from participants regarding anxieties towards robots 
(Nomura and Kanda 2003).  This later formed the NARS 
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Table 1 NARS Items with Subscales
Item No. Questionnaire Item Sub-Scale

1 I would feel uneasy if robots really had emotions. S2

2 Something bad might happen if robots developed into living beings. S2

3 I would feel relaxed talking with robots* S3
4 I would feel uneasy if I was given a job where I had to use robots. S1
5 If robots had emotions I would be able to make friends with them.* S3
6 I feel comforted being with robots that have emotions.* S3
7 The word “robot” means nothing to me. S1
8  I would feel nervous operating a robot in front of other people. S1
9  I would hate the idea that robots or artificial intelligences were making judgements about things. S1
10  I would feel very nervous just standing in front of a robot. S1
11  I feel that if I depend on robots too much, something bad might happen. S2
12  I would feel paranoid talking with a robot. S1
13  I am concerned that robots would be a bad influence on children. S2
14 I feel that int the future society will be dominated by robots. S2

(*inverse item)

Scale,  and  was  used  successfully  to  explain  differences  in 
participants' behaviour in live Human-Robot Interaction (HRI) 
studies  [8,  9].  Nomura  et  al.  [10]  also  examined  the 
relationship between the NARS scale and the Robot Anxiety 
Scale (RAS) with participants' behaviour in a HRI trial. The 
NARS has also been proposed as a means of gauging changes 
in attitudes towards robots over time as a result of prolonged 
interactions [11]. These possible applications make the use of 
such a scale interesting for both general HRI research across 
different  robot  types,  as  well  as  studying  how  prolonged 
relationships with robot companions may influence potential 
users' attitudes towards robots.

The items in the NARS are presented in Table 1, along with 
the sub-scales they are assigned to. The sub-scales are as 
follows:

Sub-scale 1:  Negative Attitudes toward Situations 
and Interactions with Robots
Sub-scale 2: Negative Attitudes toward Social 
Influence of Robots,
Sub-scale 3: Negative Attitudes toward Emotions in 
Interaction with Robots

An  English  translation  of  the  items  in  the  scale  has  been 
created  using  appropriate  methods  of  translation  and 
backwards translation to achieve a linguistically valid scale. 
However,  this  translation  has  primarily  been  used  for  the 
purpose of evaluating cultural differences in attitudes towards 
robots [12].  Findings from these studies have been counter-
intuitive, and suggest that Western participants are more well-
disposed  towards  robots  than Japanese.  Studies  using  other 
means of measuring such as Implicit  Association Tests and 
non-standardised  Likert-scale  questionnaires  have  provided 
conflicting  results  suggesting  that  Western participants  find 
robots more threatening than their Japanese counterparts [13].

While  this  issue  could  be  seen  as  a  threat  to  the  overall 
validity of using the NARS with a non-Japanese population, 
researchers should also consider some of the inherent dangers 
of  using  standardised  questionnaires  for  such  cross-cultural 

evaluations. In the field of individual differences, there exists 
a  body  of  research  that  suggests  that  comparing  culturally 
different  samples  using  only participants'  scores  on  such  a 
scale is problematic. It appears more appropriate to investigate 
how differences in behaviour  or related attitudes within the 
samples  can  be  explained  by  such  scores  [13].  Secondly, 
while  the  NARS  translation  into  English  is  valid  from  a 
linguistic perspective, cross-cultural differences not related to 
language may alter the internal reliability of both the scale as 
a  whole  as  well  as  its  sub-scales  [15].  As  such,  reliability 
analysis of both the scale and its sub-scales would be useful 
when applied to a non-Japanese sample.

This paper describes the use of the NARS in a live HRI study, 
in order to examine the internal validity of the scale and its 
sub-scales, and to ascertain if it can account for differences in 
reactions to a robot's behaviour amongst participants.

Table 2 Robot Behaviour Styles:  
Behaviour Robot A Robot B
Path Straight Circuitous Route 

with respect to 
participant’s pose

Speed Fast Slow when close 
to participant

Camera Static and Forward-
facing

Moving and 
Tracking

Negotiation of Space “Excuse me”, and 
continuing as soon 
as possible

“After you”, 
continues after 
participant has 
moved away

Initiative in Bringing 
Pen

Does not wait for 
participant

Waits for 
participant to look 
for /ask for pen

Initiative in Delivering 
Pen

Bringing basket 
with pen to side of 
table, close to 
participant putting it 
down

Waiting in front of 
table facing 
participant, 
waiting for the 
participant’s 
notice, then 
putting basket 
down.
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3 METHOD
Twenty  eight  (14  male,  14  female;  aged  between  18-55) 
participants  were  recruited for  the  study from students  and 
staff  at  the  University  of  Hertfordshire  from  a  variety  of 
disciplines.  These  participants  took  part  in  two  interaction 
sessions  with  a  robot.  The sessions  took  part  in  a  seminar 
room that was transformed into a simulated ‘living room’ for 
the purpose of this study (Fig. 1). In both interaction sessions, 
the participants were asked to perform a task which involved 
moving in a shared space with the robot as well as requiring a 
pen which was brought to the seated participant by the robot.

The robot's behaviour would differ between the two sessions. 
These  behaviours  were  labelled  Socially  Ignorant  (A)  and 
Socially Interactive (B). The main differences between these 
behaviours can be found in table 2, both in terms of shared 
spaces  as  well  as  other  interactional  differences.  The  two 
behaviour styles were defined by the research team in terms of 
how much the robot adjusted its behaviour to the participant, 
rather  than  treating  her  as  any  other  obstacle  in  the 
environment. 

Participants  were  invited  to  evaluate  the  robot's  behaviour 
after each interaction session, as well  as rate the robot on a 
personality scale. 

The whole experimental session, including the questionnaires 
took about 45 minutes per participant.

Fig.  1:  A participant  interacting  with  a  robot,  a  Peoplebot 
robot (ActivMedia Robotics).

4 RESULTS
Results from these trials not related to the NARS scale can be 
found  in  [16],  which  discusses  the  relationship  between 
participant personality traits and those attributed to the robot.

NARS Analysis

After  administering  the  NARS  scale  to  the  participants,  a 
reliability analysis using Cronbach's Alpha was performed on 
the  participant's  responses,  and  three  items  were  removed 
from the analysis. These items were: 

• The word 'robot' means nothing to me (S2)
• I  would  feel  nervous operating a robot in front  of others 

(S1)
• I feel that in the future, society will be dominated by robots 

(S2)

After these items were removed, the revised NARS scale had 
a Cronbach's Alpha of .80, supporting the notion of the scale 
as measuring a uni-dimensional construct.

However,  [15]  suggests  that  there  were  some  cultural 
differences  in  how  the  scale  functioned  for  a  Western 
European  sample.  This  would  make  an  exploratory  Factor 
Analysis  using  the  Principal  Components  Analysis  (PCA) 
method  appropriate  for  investigating  how attitudes  towards 
robots would load within this sample. 

The results from the PCA using the Varimax rotation method 
are in Table 3.

• Future/Social influence -  had clear similarities with the 
Sub-scale 2 reported by Nomura et al.[9]

• Relational attitudes  - which included items from all of the 
original Japanese sub-scales.

• Actual interactions and situations - shared characteristics 
with  Sub-scale  1  in  the  original  Japanese  version  (as 
opposed to the largely hypothetical aspects of the two other 
sub-scales highlighted by the double loading on one of the 
items).

Table 3: Subscale loadings

Item Subscale 
1 2 3

I feel that if I depend on robots too 
much, something bad might happen

0.86

I am concerned that robots would be a 
bad influence on children

0.65

I would hate the idea that robots or 
artificial intelligences were making 
judgements about things

0.54

I would feel uneasy if robots really had 
emotions

0.81

I feel comforted being with robots that 
have emotion*

0.79

I would feel relaxed talking with 
robots*

0.75

If robots had emotions I would be able 
to make friends with them*

0.64

I would feel paranoid talking with a 
robot

0.44

I would feel very nervous just standing 
in front of a robot

0.79

I would feel uneasy if I was given a job 
where I had to use robots

0.67

Something bad might happen if robots 
developed into living beings

0.48 -0.51

*inverse item
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While there were similarities between these sub-scales and the 
original  sub-scales  reported  by  Nomura  et  al.  [9],  the 
differences between the two versions were  considered large 
enough to merit the use of these sub-scales in this study.

This  use  should  be  considered  tentative  and  was  primarily 
done  in  order  to  understand  the  relationship  between 
responses  on  the  NARS  and  responses  to  robot  behaviour 
styles  within  this  sample  of  participants.  It  should  be 
considered  a  response  to  the  results  from  the  Reliability 
Analysis  which  suggested  differences  in  how  the  scale 
performed when compared to the results from Nomura et al. 
[9].

The revised NARS, as well as it sub-scales, was then used in a 
series of correlations in order to examine how they impacted 
evaluations of the robot's behaviour in each condition across 
the  different  types  of  interactions  that  took  place  in  the 
experiment.

Participant Evaluation of Robot Behaviour Style
The  evaluations  the  participants  were  asked  to  make  were 
reported ratings on 5-point Likert scales when:

• Comfort  for  approaching  or  being  approached  by 
the robot.

• Comfort when physically close to the robot.
• Comfort moving in the same room as the robot.
• Comfort interacting with the robot whilst seated at 

the table.
• Reported overall enjoyment of the interaction.

A series  of  paired  t-tests  found  that  overall  there  were  no 
significant differences between the two robot behaviour styles 
in how they were viewed by the sample.

Also, participants were invited to rate the robot according to 
12 different traits suggested by Eysenck [17], anxiety, tension, 
shyness, emotional vulnerability,  sociability,  general activity 
level,  assertiveness,  excitement-seeking,  dominance),  and 
aggressiveness,  impulsiveness,  creativity.  Note  that  some 
traits were removed from those originally suggested as they 
were considered unsuitable for describing robot behaviour. In 
addition,  autonomy,  controllability,  predictability  and 
considerateness were additional traits added. This was based 
on research that suggested that mental models of robots, while 
incorporating aspects of how we view humans, also include 
aspects that are defined by the robots' mechanical nature [18].
The Impact of the NARS
The focus of the subsequent analysis was to investigate if the 
NARS could be used to differentiate participant evaluation of 
the  robot,  both  in  terms  of  how participants  evaluated  the 
robot’s behaviours and how participants attributed personality 
to the robot. 
Evaluating Robot Behaviour Styles
In order to investigate the relationship between NARS scores 
and post-experimental evaluations of robot behaviour, a series 
of correlations were run between the NARS and its sub-scales 
with participant evaluations of the robot's behaviour styles.

The most important trait for evaluating robot behaviour styles 
within the interaction was the third tentative sub-scale: Actual 
Interactions.   In  terms  of  Robot  A  (Socially  Ignorant)  it 
impacted on both Comfort when being physically close to the 
robot  (r(28)=.448,  p=.02)  as  well  as  comfort  when 
approaching or being approached by the robot (r(28)=.464,  
p=.01).   For  Robot  B  (Socially  Interactive),  the  Actual 
Interactions  sub-scale  also  impacted  Comfort  when  being 
physically close to the robot (r(28)=.442, p=.02) as well  as 
comfort when approaching or being approached by the robot 
(r(28)=.466, p=.01). It also impacted Comfort when moving 
in the same room as the robot (r(28)=.462,  p=.01)  and the 
Overall enjoyment of the interaction (r(28)=.393, p=.04)

The Overall  NARS  scores  had no significant  relationships 
with evaluations of Robot A's behaviour. There were however 
significant  relationships  between  the  NARS  and  Comfort 
when  interacting  with  the  robot  while  seated  at  the  table 
(r=(28)=.425,  p=..02)  and  Overall  enjoyment  of  the 
interaction (r(28)=.383,p=.04). 
Note that for all these significant correlations a higher score 
on  the  NARS  or  its  sub-scale,  suggests  a  less  favourable 
evaluation  of the interaction.

Table 4 Correlation between trait attributions and 
NARS scores for Robot A (Socially Ignorant)

Trait Overall 
Nars

Social/Future 
Implications

Emotional 
Attitudes

Actual 
Interac.

Anxiety r=-.476, 
p=.010 

r=-.436, 
p=.02

Tension

Shyness r=-.441, 
p=.02 

Emotional 
Vulnerability

Sociability

General 
Activity Level

Assertiveness

Excitement 
Seeking

r=-.430, 
p=.022 

r=-.394, 
p=.04 

Dominance

Aggressiveness

Impulsiveness

Creativity r=-.377, 
p=.05 

Autonomy r=.389, 
p=.04

Controllability

Predictability

Considerateness

These results suggest  that  the NARS differentiated between 
participant  responses  to  the  two  different  robot  behaviour 
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styles.  Participants  with  a  higher  score  on the NARS scale 
found  Robot B's  behaviour  less  comfortable  across a  wider 
range of interaction sequences. 
Attributing Traits to the Robot
In  order to investigate  the relationship between participants' 
NARS scores and how traits were attributed to the robot, a 
series of tests were  run,  correlating the NARS and its sub-
scales  with  the  different  traits.  The  results  from  these 
correlations are shown in tables 4 and 5.

Table 5 Correlations between trait attributions and 
NARS scores for Robot B (Socially Interactive)

Trait Overall 
NARS

Social/Future 
Implications

Emotional 
Attitudes

Actual 
Interac.

Anxiety r= -.491, 
p=.01

Tension

Shyness r= -.434, 
p=.02

Emotional 
Vulnerability

Sociability

General 
Activity Level

Assertiveness

Excitement 
Seeking

r= -.446, 
p=.02

Dominance

Aggressiveness

Impulsiveness

Creativity

Autonomy r=.407, 
p=.03 

Controllability r= -.402, 
p=.03

r= -395, 
p=.04

Predictability r= -.384, 
p=.04

Considerateness r= -.457, 
p=.01

Summarising  these  results  presented  in  table  4  and  5,  the 
NARS and it sub-scales correlate significantly with the traits 
attributed to both Robot A and Robot B. However, the overall 
picture emerging from these correlations is less clear than that 
for the evaluation of the interactions. 

In general, it seems that Negative Attitudes Towards Robots 
Scale and its sub-scales are associated for both robots in terms 
of  seeing  the  robot  as  the  less  anxious,  less  shy  and  less 
excitement  seeking.  What  is  more  interesting  for  this 
particular  investigation  are  the  correlations  between  NARS 
scores and the robot specific traits. For these traits, the NARS 
sub-scale  of  Actual  Interactions serves  to  differentiate 
between how participants attribute traits to the two different 

robots.  Participants  having  higher  scores  on  the  Actual 
Interaction  sub-scale  tend  to  rate  Robot  B  as  more 
autonomous, less predictable and less considerate. Also higher 
Overall  NARS  and  Emotional  Attitudes were  associated 
with seeing Robot B as less Controllable. This relationship is 
not seen for Robot A.

5 DISCUSSION
The results suggest  that using the English translation of the 
NARS  is  an  appropriate  method  of  investigation  prior 
attitudes  towards  robots  that  may  impact  participant 
evaluations  of  robot  behaviour  styles.  After  assessing  the 
NARS using  the Cronbach's Alpha as a measure of internal 
consistency, and removing three items, it had a high degree of 
internal  consistency  in  a  sample  recruited  at  a  British 
University.  As  suggested  by  Auer  et  al.[15],  when  using 
standardised  measures  across  cultures,  certain  artefacts  that 
originate  in particulars  of  a  given  culture  may impact  both 
internal consistency as well as the validity of such a measure 
when  applied to other  cultures.  It  is  possible that  the three 
items  removed  may  originate  in  such  artefacts,  specific  to 
Japanese  culture.  This  can  also  may  serve  as  a  possible 
explanation as to the differences in how the PCA performed in 
the responses from this sample described the sub-scales and 
those suggested by Nomura et al. [9]. We propose that such 
artefacts,  rather  than  actual  differences  in  cultural  attitudes 
towards robots, may be the cause for the divergence of results 
from this study with those performed on Japanese samples. 
MacDorman et al. [13] suggests that these differences are not 
as pronounced as they are often  believed to be. 

More  importantly  however,  is  the  utility  of  the  NARS  to 
explain,  and  possibly  predict,  other  aspects  of  how people 
view  and  evaluate  robot  behaviour  styles.  In  terms  of 
differentiating between the two types of robot behaviours  in 
this study, use of the NARS and its sub-scales differentiated 
between robot behaviour styles,  which over the sample as a 
whole were not evaluated differently. Of particular interest is 
that higher scores on the NARS and the Actual Interactions 
sub-scale were associated with a more negative evaluation of 
the behaviour of Robot B, which was actually intended to act 
in a more socially appropriate manner. 

There may be several reasons for this. One reason may be that 
this robot was  seen as  more  socially sophisticated and that 
participants scoring high on  the NARS as well  as the sub-
scale may be more wary of robots displaying a higher degree 
of sophistication. 

Another  explanation  can  be  found  in  relating  the  trait 
attributions to  these evaluations.  It  appears  that  participants 
with higher scores in the Actual Interactions sub-scale were 
more likely to rate Robot  B as  more autonomous,  and less 
predictable.  This  may  have  been  caused  by  the  robot's 
behaviour.  The behaviours by the socially interactive robot, 
could  by  some  participants  be  considered  more  intrusive. 
Some of the behaviours of the robot, such as the movement of 
the camera, responding to the participants presence in terms of 
movement, waiting for participants to respond before leaving 
the  pen,  could  have  drawn  attention  to  the  robot  as  an 
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autonomous agent within the scenario to a larger extent than 
Robot B's behaviour. This effect may be analogous as to that 
reported by Rickenberg & Reeves [19] when examining the 
impact of the behaviour of an animated character, in which 
participant  evaluation  of  two  differend  behavioural  styles 
varied  dramatically  depending  on  the  participants'  locus  of 
control.

6 CONCLUSIONS
These  results  suggest  that  the  Negative  Attitudes  towards 
Robots Scale may be susceptible to cultural differences. This 
may necessitate that research using this scale on a population 
outside of Japan may need to re-validate the scale and its sub-
scales. However, our research also validates the value of the 
NARS  as  a  means  of  explaining  variance  within  a  given 
sample in terms of evaluations of robot behaviour styles in a 
live  HRI trial.   Both  the  NARS and  its  sub-scales  had  an 
impact,  not  only  on  how  participants  evaluated  their 
interactions  with  the  robot,  but  also  had  some  power  to 
explain  how  participants  differentiated  between  the  two 
different  robot behaviour  styles.  Negative Attitudes towards 
robots tended be associated with more negative evaluations of 
the  behaviour  of  robot  B  (Socially  Interactive  behaviour 
style). 

Of particular interest here, is that the sub-scale 
that  had  the  strongest  relationship  with 
evaluations,  Actual Interactions, might be considered to 
be related to the notion of robot anxiety as described in [11] as 
these items do refer to anxieties in actual interactions.

We would however, like to qualify the results from the PCA, 
as the number of participants was quite low due to resource 
constraints when running a live HRI experiments (the current 
study already took 2 months with daily HRI trials). However, 
this does not invalidate the meaningful relationships between 
at least one of the sub-scales and participant evaluations of the 
robots behaviour that were found.
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The boy-robot should bark! – Children’s Impressions of 
Agent Migration into Diverse Embodiments

Dag Sverre Syrdal, Kheng Lee Koay, Michael L. Walters  and Kerstin Dautenhahn1

ABSTRACT
This paper presents results from a series of focused group discussions 
with a sample consisting of approximately 180 children during which 
views  and  opinions  regarding  agents  migrating  between  different 
embodiments were elicited. The discussions attempted to ground the 
concept  of  a  migrating  agent  in  the  children''s  own  experience  of 
interacting with virtual characters in electronic toys and video games. 
The  results  suggest  a  complex  interplay between  expectations  and 
appearance,  and  that  disentangling  the  form of  an  agent  may  take 
from the underlying structures defining the agent’s personality may be 
problematic for potential  users. 

1 INTRODUCTION
The aims of the LIREC (LIving with Robots and intEractive 
Companions)  project  [1]  are  to  investigate  the  theoretical 
aspects  of  artificial  companions  and  embody  these  aspects 
into robust and   innovative   technologies,   both   in   the 
form   of   virtual agents  as  well  as physical   robots. This 
will allow for examining the applicability of these theories in 
actual  social  environments  and  facilitating  the  creation  of 
artificial companions suitable for long-term interactions. 

This endeavour includes studying both how a single agent can 
migrate  into  different  embodiments  depending on the tasks 
that  it  performs  or  the  preferences  of  its  users,  as  well  as 
aspects  of  personalisation  and  adaptation  to  the  particular 
idiosyncratic needs and preferences of diverse users.

While a major part of the project is to conceptualise, define 
and  implement  technological  solutions  to  facilitate  this 
process, it is also important to consider how prospective users 
may perceive and understand  migration.  Key questions for 
the LIREC project are how the unique underlying agent may 
be recognisable to the user in these different embodiments, as 
well as express personalised social behaviour when interacting 
with its users.

The  importance  of  the  use  of  affective  and  relational  cues 
when creating and maintaining relationships between an agent 
and its users has been addressed by Bickmore et al. [2-4] who 
propose the use of such strategies and demonstrates the impact 
of  their  use  with  anthropomorphic  virtual  conversational 
agents.

Kasap et al. [5] propose an emotion engine which allows for 
emotive communication across different  embodiments  using 
a virtual anthropomorphic character and an anthropomorphic 
robot head.  It  also allows for  episodic memory of previous 
interactions  to  be  stored,  facilitating  long-term  interactions 

and  the  formation  of  a  long-term  relationship  between  the 
agent and its interactants. While not addressing the topic of 
migration  as  such.  they  suggest  that  the  affective 
communication  ability  in  combination  with  the  ability  to 
retain  memories  of  previous  interactions  are  key  in  the 
development of relationships with artificial agents.

Martin et al. [6] propose an agent capable of migrating into 
diverse  embodiments,  and  highlights  the  issue  of  agent 
perception in the user, and suggest that the changing nature of 
an agent’s embodiment may degrade the visual cues that may 
be  necessary  for  recognition  and  be  an  impediment  to 
sustaining  a  continuous  relationship.  The  use  of  persistent 
visual or behavioural cues is suggested as a means to counter 
this impediment.  Their findings suggest that the use of visual 
cues  is  a  powerful  tool  in  aiding  recognisability  of  the 
individual  agent  across  diverse  embodiments.  However  the 
use of other cues, as unique behavioural patterns or auditory 
cues are highlighted as issues that remain open.

2 THE PRESENT STUDY
This study explored children’s perceptions of agent migration. 
Previous work in HRI has addressed how robots are perceived 
in terms of capabilities and moral agency by children [7, 8] 
and  has  indicated  that  children  are  capable  of  quite 
sophisticated  reasoning  regarding  the  nature  of  artificial 
entities.  As  such,  insights  from  such  a  sample  would  be 
beneficial in the design and implementation  of relational and 
affective behaviours as well as for identifying strategies for a 
migrating artificial agent.  While the LIREC project does not 
focus on children in particular, products such as video games 
and electronic toys that target this demographic group often 
incorporate artificial,  interactive agents.  Therefore,  this age-
group  is  likely  to  have  more  everyday  experience  of 
interacting with such agents than an older population sample. 

The topics of interest that were addressed were as follows:

1. Would a sample consisting of 8-10 year old children 
understand the concept of migration?

2. How would the relationship between the agent and 
its embodiment be considered?

3. How would this relationship be considered in light 
of the possibility of migration?

 
3  PROCEDURE
This study was conducted as part of a larger event in which 
children  from  local  primary  schools  visited  the  Adaptive 
Systems Research Group at the University of Hertfordshire in 

1Adaptive Systems Research Group, School of Computer Science, 
AL10 9AB Email: (d.s.syrdal, k.dautenhahn,  k.l.koay, m.l. 
walters, }@herts.ac.uk. 
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May 2008. It was conducted as a series of group discussions 
in  which  one  of  the  researchers  would  lead  a  discussion 
through which the children’s impressions and ideas related to 
agent migration were elicited.  There were a total of around 
180  children  participating  in  these  discussions,  in  groups 
ranging from 3 to 6 children in any given group.  While no 
attempt was made to balance the sample according to gender, 
all  the  students  were  from  mixed-gender  schools  and  the 
composition of the groups  reflected this.

The discussion was conducted in a similar manner to a school 
class, where information was presented in order to facilitate 
further  discussion.  While  the  discussion  was  divided  into 
stages,  the  researchers  endeavoured  to  make  the  topic  as 
responsive to the input of the children as possible, The stages 
of  this  discussion  are  reported  below,  with   the  particular 
questions  that  the  children  were  encouraged  to  discuss  in 
italics

1. Introduction to the notion of artificial agents:
a. Highlighting  the  difference  between 

characters in  interactive media vs. films 
and books.

b. Use of characters from video games (see 
Figure 1) as well as tamagotchis and other 
interactive toys.

i. Are  these  characters  unique,  
what makes them different from 
one another?

2. Introducing the concept of migration:
a. Transfer  of  saved  computer  games  to 

other consoles.
b. Using electronic pets on websites.

i. Is it  the same agent,  even if  it  
has  moved  to  a  different 
computer?

3. Introducing  the  notion  of  migration  into  physical 
embodiment:

a. Pictures  of  different  robot  embodiments, 
an  iCub,  a  Sony  AIBO  and  a  Pioneer 
robot (see Figures 2-3).

i. What  robot  body  would  you  
prefer?

ii. What  robot  body  is  the  most  
useful?

4. Introducing  the  notion  of  migration  from  one 
physical embodiment to another:

a. Pictures of iCub and Sony Aibo shown;
i. How would you know it was the 

same agent?

The  above  points  were  deliberately  addressed  in  a  loose 
manner,  attempting to  let  input  from the children drive  the 
discussions during each stage as well as the introduction to the 
next stage. 

The  picture  representing  the  notion  of  a  migrating  agent 
personality was  a character  in EA Game’s  MySims for  the 

Nintendo  Wii  [9],  see  Fig.  1.  This  image  was  chosen  for 
several reasons. First of all, the Wii console is very popular 
amongst the demographic that the presentations were given to. 
As such, the probability of one or more of the children in each 
group  having  experience  of  this  game  was  quite  high. 
Secondly,  the  notion  of  a  MySims  character  being 
recognisable  as  an  individual  entity,  both  in  terms  of 
appearance,  choice  of  activities  and  having  a   unique 
interaction history, both with the user as well as other in-game 
characters, is easily conveyable. The researchers would then 
use the sharing of experiences by some of the children in each 
group as a launch point for a discussion around the notion of 
agent personality.  The initial grounding of the concept of an 
artificial  agent, within the sphere of everyday experience of 
the children, was also intended to allow the children a greater 
repertoire for reasoning around the ideas that were explored in 
the discussion sessions.

Figure 1 Screenshot from EA game MySims for the Nintendo 
Wii used to exemplify a virtual character.

The images representing the robots were chosen in order to 
explore  the  large  design  space  available  to  personal  robots 
[10].  They  offer  three  qualitatively  different  possible 
embodiments with three sets of equally different affordances. 
Having an anthropomorphic and zoomorphic robot as well as 
a clearly mechanical robot, facilitated exploration of a wide 
range of scenarios.  This was  both in terms of activities  the 
participants could envisage the robots performing, as well as 
the nature of the interactions that would take place using these 
embodiments.  Also,  the  researchers  did  not  give  out  any 
information about the capabilities of these robots, so that any 
discussion regarding the use of the robots emerged from the 
capabilities the children projected unto them.

Following the discussion, the researcher demonstrated a form 
of migration where an agent ‘personality’ migrated between a 
Pioneer and a Peoplebot (see Figure 5). For the purposes of 
this  demonstration,  the  personality  was  described  to  the 
children  as  being  the  way  it  avoided  obstacles.  The  robot 
embodiments also used voice utterances as the agent migrated 
from one embodiment to the other. 

During the demonstrations, one of the researchers took notes 
of the discussions and also noted interesting reactions to the 
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demonstrations. These notes formed the core of the data to be 
analysed, but also served to highlight themes and issues that 
could  be  addressed  in  subsequent  discussions  with  later 
groups.  The  discussions  were  also  videotaped,  with  the 
consent of the participating schools as well as the guardians of 
the chidlren. There was considerable background noise, which 
made transcription and analysis of the raw video difficult.   

4 RESULTS
The  results  from the  discussions  are  described  below.  The 
focus  of  this  analysis  was  primarily  to  explore  how  the 
children  understood  the  role  of  an  agent  in  different 
embodiments  as  well  as  migration.  As  such,  the  analysis 
presented is primarily descriptive in nature.

Figure 2 Picture of iCub [11] and SONY AIBO [12]  shown 
during presentation

Artificial Agents
The main themes that emerged from discussing the notion of 
artificial agents were that of relating this to the children’s own 
experience  of  video-games  and  other  electronic  toys.  An 
interesting point here was that most of the groups explicitly 
made  clear  divisions  between  agents  in  computer  games 
which are directly controlled by the player, and as such are 
extensions of the player,  and agents that displayed different 
degrees of autonomy.

This was particularly relevant to how the children discussed 
the uniqueness of a given instance of a video game character. 
Most  groups  initially  approached  this  in  terms  of  the 
appearance  of  a  character.  However,  probes  from  the 
researchers  regarding  behaviour  were  often  associated  with 
references to personality.

‘Sims  like  different  things,  some  Sims  like  to  clean  while 
others like playing more’

References  to  Tamagotchis  tended  to  be  linked  with  the 
possibility of the death of the agent. This particular feature of 
these  electronic  toys  was  in  most  groups  associated  with 
discussions of the uniqueness of the character emerging from 
a shared interaction history.

‘You can start a new game with a new one…it is not the same.  
You haven’t done anything with the new one…it doesn’t know 
you.’

Migration from one Computer to Another:
The notion of a character in a video game being transferred 
from  one  computer/games  console  to  another  was  not 
problematic  to  the  sample.  All  the  groups  could  easily 
volunteer means of doing so, including email transfer of game 
data  as  well  as  physically  moving  storage  media  from one 
place to the other, before connecting them to the new media. 
There  was  a  general  consensus  in  all  the  groups  that  the 
character would remain unchanged throughout this process.

Figure 3 Picture of Pioneer shown during presentation [14].

Migration into Physical Embodiment
Discussion centred around the groups’ preferences as to what 
robot body the agent should inhabit. The majority of groups 
(likely  due  to  having  a  bias  towards  game-like  characters 
introduced  earlier)  focused  on  the  play  possibilities  of  the 
different embodiments. This led to a preference for the iCub 
and the Sony AIBO embodiments. 

‘The dog-robot looks like it can play.’

‘The human looking one,  because he can play games with  
me.’

Preferences for  the AIBO were often justified in terms of it 
being dog-like, and reflecting an underlying liking of dogs in 
general,  as  well  as  a  clear  understanding  of  the  play-
possibilities with dogs that could be transferred to interactions 
with the AIBO embodiment.

‘I like the robot dog…no reason, but I really like dogs.’

‘I like the robot dog, because I have a dog and I play with it  
all the time, and we have fun together.’

‘I like the robot-dog, it could run after balls and it would be  
fun.’ 

Likewise, the iCub was credited with human-like capabilities 
in terms of speech, as well as intelligence.

‘The boy-robot could keep me company…we could talk’

‘I would like it [the iCub] to help me with my homework.’
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On the other hand, groups in which the discussions were led 
towards other tasks started to have more detailed discussions 
regarding the possibilities and limitations of each embodiment 
when  executing  specific  tasks.  A  common  task  that  was 
discussed  by  a  large  portion  of   these  groups  was  that  of 
fetching  and  carrying  drinks  or  snacks.  These  discussions 
highlighted  apparent affordances based on the images of the 
robot presented, both in terms of possibilities and limitations:

Figure 4 Group Discussion

‘The human one has arms so he can lift things, and walk on 
his legs to bring you a drink’

‘The pioneer-robot could bring you things  and drive around.’

‘The human one would catch fire if it got water on the wires; 
maybe it shouldn’t use the tap.’

‘The one with wheels doesn’t have any arms, so it can’t pick  
anything up. 

Interestingly,  the  AIBO  embodiment  was  only  considered 
suitable  for  particular  tasks  that  the  participants  considered 
appropriate for dogs to do:
‘It [the AIBO] could get the newspaper.’

‘The robot-dog could guard my things.’

Also, some of the groups started considering the possibilities 
of  collaboration  between  the  robot  embodiments  to  better 
perform  tasks.  The  following  quote  regarding  a  fetch  and 
carry task  serves to illustrate this:

‘The  human  one[the  iCub] can’t  walk  very  fast…maybe  it  
could put the glass on the one with wheels [the Pioneer] so it  
could  bring  it  to  you?...I  have  never  seen  a  fast  walking  
robot’

Interestingly,  some children considered the difficulty for the 
agent in terms of orienting itself to a new body. This line of 
reasoning  concluded that  the  humanoid  iCub would  be the 

most  suitable  for  the  agent,  which  was  represented  by  the 
MySims screenshot, due to similarities of form:

‘I think the human one, this one has two arms and two legs  
[points to MySim screenshot], and so does the human robot.  
It doesn’t have to learn anything new, so it is easier for it.’

Migration from one Physical Embodiment to Another
This particular issue raised questions from the children related 
to  how  the  agent  might  represent  itself  across  different 
embodiments. Drawing upon the discussions of the previous 
sections, the majority of the groups had already considered the 
notion  of  a  persistent,  unique  agent,  with  a  particular 
interaction  history  with  its  users.   Two  particular  themes 
emerged as to how the agent could/should signal its identity to 
an onlooker.

Figure 5 Migration Demonstration.

The first  arose through reasoning which posited an original, 
ideal embodiment for the agent. This particular theme tended 
to  incorporate  an  implicit  assumption  that  the  agent  had  a 
form which  it  spent  the  majority  of  its  time  in,  and  other 
embodiments  were only adopted at  a task-based basis.  This 
led to suggestions of the robot adopting habits and behaviours 
that were clues to this original form in order to inform the user 
of its identity:

‘If  the character was in the dog and then moved to the boy-
robot, then maybe the boy-robot should bark?…it would say  
woof woof!’

‘Maybe the dog robot could walk on two legs?’

‘When it is in the boy robot it would be very good at rolling  
over.’

‘You would know that it has moved from the human one to the  
dog, because the dog robot could talk.’

It is interesting to note that participants did not consider such 
a transfer from the Pioneer embodiment. There was however, 
some comments  that  suggested  such transfer  from the iCub 
and the AIBO to the Pioneer. 
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The second theme that emerged followed a line of reasoning 
in  which  the  group  would  see  the  interaction  history  and 
personality  of  the  agent  as  something  independent  to  the 
embodiments  themselves.  Following  this  argument,  the 
groups would argue for analogous behaviours communicating 
affective behaviour.

‘If the character is happy and in the dog it would bark and  
roll around…if it is in the boy, it could smile and laugh’

‘If the character moves into the one with wheels it could spin  
around really fast if it is happy to see you.’

5 DISCUSSION 
The  findings  from these focused  group  discussions suggest 
that  children  in  this  age-range  are  certainly  capable  of 
understanding  the  concept  of  agent  migration  into  diverse 
physical  embodiments.  The  use  of  examples  and  imagery 
from the children’s everyday experience, through games and 
electronic  toys,  was  particularly  effective  in  eliciting 
meaningful responses from the participants. 

Many of the responses from the children focused heavily on 
the play-aspect of such companions. This was to be expected 
due  to  initial  focus  on  entertainment  applications  artificial 
agents  in the slides used in the presentation..  Also,  for  this 
age-range most electronics products are intended as vehicles 
for entertainment. It is important to note that the participants 
did  not  have  difficulty  when  prompted  to  consider 
applications  other  than  play  for  the  agents  in  different 
embodiments. Also, considerations such as engagement across 
different embodiments is still valid in interactions that are not 
intended as being solely for entertainment purposes [2].

This study was an exploratory study and the main focus was 
to  gain  a  wide  range  of  comments  and  insights  into  the 
relationship between how an agent is perceived in terms of its 
embodiment.  Also,  our  aim was  to  examine  how migration 
was perceived by the children, rather than examining specific 
pre-determined  relationships  between  concepts.  However, 
there were some interesting insights from the sample.

One of the most salient themes emerging in the discussions 
related  to  how  the  role  of  affordances,  based  on  an 
embodiment,  determined the role of  the agent.  This was  in 
some  instances  based  on  the  physical  capabilities  of  the 
embodiment. For example, as in the discussions of whether to 
use iCub or the Pioneer for the fetch and carry task.  However, 
the iCub and the AIBO embodiments also carried with them a 
set  of expectations.  These were not just  related to apparent 
capabilities, but drew on expectations based on the form of the 
robot, wherein the robot would take on a social role based on 
what it appeared to be. Thus, fetching the newspaper, running 
after balls, and guard duty were considered appropriate tasks 
for  the  agent  in  the  AIBO  embodiment.  Likewise,  for  the 
iCub,  the  ability  to  talk  and  help  with  tasks  of  a  more 
intellectual nature was also considered appropriate 

This  was  also reflected in the  views  of  migration.  In  those 
discussions  that  posited  an  original  form,  the  agent  would 

retain the social and intellectual aspects of the role afforded to 
it by the original form. As such, identification of the unique 
agent would here be accomplished using cues that would hint 
at these roles, e.g. barking and rolling over if the migration 
was from the AIBO embodiment, or speaking if the migration 
was from the iCub.

A similar  issue  emerged  in  the  statements  of  those  groups 
who, when considering the best embodiment for the robot to 
take, decided upon the humanoid form of the iCub. The agent 
could then apply its knowledge about its virtual embodiment 
directly to that of the iCub.

These results can be considered in the light of previous work 
such as Walters et al. [15], which suggests that the behaviour 
of a robot should be consistent with the expectations created 
by  its  particular  appearance.  However,  these  results  also 
suggest that adding migration to the mix might create a more 
complex  and  dynamic  interplay  between  embodiment  and 
expectations.   The  discussions  suggested  that  behaviours 
could  clarify  an  original  set  of  affordances  for  the  agent, 
despite those of its current embodiment. 

It should be noted however, that some of the groups focused 
on  the  role  of  the  agent  as  an  entity  divorced  from  its 
embodiment.  These  groups  considered  the  various 
embodiments as avenues for interaction which the agent could 
use to express itself and act upon the world. However, these 
groups  were  in  the  minority  and  as  such,  the  data  on  this 
reasoning is sparser. 

6 CONCLUSIONS
This  was  an exploratory  study and  these  results   were  not 
intended to  be directly applicable  to  the  implementation  of 
migration processes of agents within the LIREC project. They 
are however, a source of future avenues of  investigation. 

The most  prominent  of these is the issue of how the agent 
initially should present itself. The power of a perceived ‘ideal’ 
embodiment for the agent should not be underestimated, both 
in terms of framing expectations as to (perceived) intellectual 
capabilities as well as its social role,   As such, when initially 
presenting itself to the user, the form the agent is introduced 
in, might impact subsequent perceptions of the agent across 
different embodiments. This may be a powerful tool in terms 
of  situating  the  role  of  the  agent  within  the  everyday 
experience of the user, especially if the social role afforded it 
by  its  embodiment  is  congruent  with  its  capabilities.  For 
instance, a robot intended for fetch and carry as suggested by 
[16] may benefit from being initially presented as having an 
original  dog-like  embodiment.  Dogs  are  trained to  perform 
such tasks  for  users  and thus these affordances  would  then 
support  the  interactions  resulting  from these  tasks.  On  the 
other hand, this may prove an obstacle to interactions if the 
agent is embodied in a form that can use different modalities 
to  communicate  than  those  which  the  user  perceives  in  its 
original  form.  In  which  case,  the  user  may  find  these 
modalities inconsistent with their expectations from the agent. 

Therefore, examining the processes of how the perception of 
the agent's original or ideal embodiment is created by the user, 
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as  well  as  possible  ways  of  shaping the creation of such a 
perception,  may  be  useful  in  future  work.  Also,  ways  of 
utilising these perceptions are also an interesting avenue of 
investigation.
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The Advantage of Mobility: Mobile Tele-operation for
Mobile Robots

Alberto Valero1 and Gabriele Randelli2 and Chiara Saracini3 and Fabiano Botta4 and Massimo Mecella5

Abstract. Intra-scenario operator mobility is claimed to be a strong
advantage when acquiring situational awareness within a robot tele-
operation. This factor should not be discounted when seeking to build
more effective Human-Robot Interaction (HRI) systems. In this pa-
per, on the basis of extensive experimentation comparing a desktop-
based interface wrt. a PDA-based interface for remote control of mo-
bile robots, we provide support (and also some confutation) of this
claim. The experiments were performed in order to identify the most
suitable operator interface for controlling a mobile robot depending
on the task and mobility/visibility of the operator.

1 Introduction
Let’s suppose a team of robots is deployed in a nuclear plant to ex-
ecute scheduled operations of surveillance and security controls. A
nuclear plant is characteristically divided into different security ar-
eas. As one gets closer to the reactor the radioactivity increases and
so also the risk of contamination for humans. The advantage of using
robots in such situations is to avoid undesiderable risks for the work-
ers while performing the inspection of the plant: robots go where
humans fear to tread.

This working scenario would become critical if a nuclear accident,
such as the explosion and subsequent fire of the Chernobyl Plant in
the Soviet Union in 1986, were to occur. It is challenging for a first
response team in accidents such as this to assess the extent of the
damages and the associated risks. Emergency personnel deployed in
a disaster zone normally cannot provide enough information about
the state of the situation to the Center of Control and Operations
(CCO) in order to plan the emergency response. The first responders
who have reached the disaster zone usually are prevented from going
beyond certain limits, due to high temperatures, radioactivity, or sim-
ply because they do not know the extent of the risks, being unable to
assess the situation in its entirety. A robot team is again one solution
in dealing with such hazardous scenarios, permitting the avoidance
of unnecessary risks. Robots can be deployed to help the first re-
sponders to make a proper situation assessment. At the first moment
operators would not have any visibility of the robot nor the scenario,
as they cannot enter the disastered area. When an initial situation as-
sessment is made, and areas safe for humans identified, responders
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Roma, Italy, email: chiara.saracini@uniroma1.it

4 Lab. of Cognitive Science and Psychology, SAPIENZA - Università di
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(carrying hand-held devices) can go into the affected zones, having
partial visibility of the robots and scenario. Robots can even guide
responders under low visibility conditions to desired target points
through safe paths [11].

As seen in this scenario, operators or responders must remotely
drive robots into areas which they might not be seeing and that could
be partially destructed. Remote driving of a robot in such conditions
is not a simple process, but a multicomponential one. A success-
ful navigation in an information rich space requires human cognitive
abilities such as orientation, wayfinding, visuospatial representation
of environment, planning, etc. When a human operator drives a robot
through a Graphical User Interface (GUI), he or she must have a
proper Situational Awareness (SA). The SA provided by the interface
has been considered in literature one of the measures for evaluating
its usefulness [4][12][13][14].

We are working on the design and implementation of interfaces
thought for this kind of missions. In disaster situations or scheduled
operations the human team is composed of on-site operators, which
can only wear hand-held devices, and remote operators, having ac-
cess to wider computerized systems. Even if remote operators, us-
ing powerful workstations, can visualize and process a wider amount
of data, responders carrying a PDA interface can boost the perva-
siveness of robotic systems in mobile applications, where operators
cannot be fixed to a particular place. Even if mobile devices are less
powerful than desktop computers, they offer the operator the capac-
ity to move, allowing him to partially view the actual scenario with
the robot that he is controlling. The disadvantage related to the device
limitations could be balanced by the advantage of mobility. Mobility
could grant better situational awareness enhancing the control of the
robot. First responders can control a robot team with a PDA inter-
face while having a partial view of the environment, and thus obtain
on-field information not retrievable by the robot sensors. This is the
advantage of mobility, which will be studied in this paper.

Recently, a growing interest is emerging in how to develop human
oriented robotic interfaces [7] [12] [19] [3]. Such interfaces do not
require as extensive a knowledge of the robot system while they per-
mit the operator to control and/or supervise a robot or team of robots.
Certain guidelines for developing interfaces usable for humans have
been reported in [1]. This paper presents the results of an experiment
comparing the usefulness of a PDA with a desktop interface in order
to determine the optimal way of distributing the control of a robot
between a mobile operator using a hand-held device and a stationary
operator using a desktop computer [17]. Particularly, the main pur-
pose was to investigate which of the two interfaces is more effective
both in navigation and/or in exploration tasks, depending on the dif-
ferent conditions of visibility, possibility of operator movement, and
environmental spatial structures. Our research question is: may the
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mobility of the operator inside the operating scenario counterbal-
ance the disadvantages of a PDA device wrt. a desktop device?, and,
if yes: how?, under which circumstances and/or tasks?. The antici-
pated final result of our research is to identify the situations and tasks
which can counterbalance the limitations of the devices required by
mobile operators and the circumstances in which the desktop inter-
face is preferred even if the operator using it is fixed remotely.

The work is organized into four main sections. We begin giving
some theoretical foundations from spatial cognition sciences [Sec-
tion 3] in order to justify the preliminary hypothesis of the experi-
ments [Subsection 4.3]. We continue showing our two interface pro-
totypes: a PDA-based interface and a desktop based interface (which
were used in the experiments) [Section 3]. Then, we describe the ex-
periments and how the data were analyzed [Section 4]. Finally, we
present the results and discuss the contribution of this study [Section
5] . A final section closes the paper by outlining future work.

2 Situational Awareness and Spatial Cognition

The commonly accepted SA definition was given by Endsley [6] and
adapted to HRI by Yanco, Drury and Scholtz as “the understanding
that the human has of the location, activities, status, and surround-
ings of the robot; and the knowledge that the robot has of the human’s
commands necessary to direct its activities and the constraints under
which it must operate” [20]. This definition distinguishes three com-
ponents within the concept of SA: human-robot SA, robot-human
SA, and the human’s overall mission awareness [20]. Within the
human-robot awareness two aspects are important for the purposes
of this paper: location awareness, defined as a map-based concept,
allowing the user to locate the robot in the scenario, and surround-
ings awareness pertaining to obstacle avoidance, allowing the user to
recognize the immediate surroundings of the robot [4].

In order to better understand how the SA enhance the operator
performance when he or she is driving a robot is useful to introduce
two important concepts from human spatial-cognition: route knowl-
edge and survey knowledge. The distinction between route and sur-
vey knowledge helps to understand the cognitive skills required by
a human operator remotely controlling a robot. The route perspec-
tive is closely linked to perceptual experience: it occurs under the
egocentric perspective in a “retinomorphous reference system”, that
is, one is able to perceive himself in the space [9], with a special
emphasis on spatial relations between objects composing the scene
an agent is situated in. This is for example the case of an operator
driving a robot with a tridimensional perspective on a screen, simu-
lating the visual information that he or she would obtain by directly
navigating in that environment (see Section 3.1, desktop interface
3-D viewer). Route-based information, from a ground perspective,
is stored in memory to keep trace of turning points, distances and
landmarks or relevant points of reference in the observed context. In
contrast, survey perspective is characterized by an external and al-
locentric perspective, such as an aerial or map-like view, allowing
direct access to the global spatial layout [2] as it would be if the op-
erator had a device by which he or she can have a global, aerial view
of environment and the robot inside it (see Section 3.2, PDA inter-
face). Previous studies have shown that a navigator having access to
both perspectives exhibit more accurate performances [9].

We can appreciate a relation between location awareness and sur-
vey knowledge, while surroundings awareness relates to route knowl-
edge. Our case study consists of a human operator driving remotely a
robot using a human-robot interface. When the operator is not physi-
cally in the navigation scenario, the interface must enhance his or her

spatial cognitive abilities by offering multilevel information about
the environment (route and survey). Complex interfaces can provide
different perspectives of the environment (bird’s eye view or first-
person view). Such information allows an operator looking at a GUI
(Graphical User Interface) to have more than one perspective at the
same time. Contrarily, if the operator is in the scenario, part of the
information can be acquired by direct observation, depending on the
visibility the operator has. In such situations less information is re-
quired in the GUI.

These spatial-cognitive aspects should be taken in consideration
when designing a human-robot interface for remote tele-operation.
Unfortunately, HRI development tends to be an afterthought when
designing robotic systems [1] and advances in AI, sensory fusion,
path planning, autonomous navigation, image processing, etc. are
not often integrated into proper interaction systems. Actually, most
robot operation interfaces are system-oriented, permitting develop-
ers to have low level control of the system and facilitating the debug
process but which are very difficult to operate for non-expert users.

3 Interface Prototypes
We have implemented two interface prototypes: one for desktop
computers and one for PDA devices6. Both are based on the HRI
interfaces discussed and analyzed by Yanco [4] and Nielsen [12].
Nevertheless, they only considered an egocentric point of view, ei-
ther for video acquisition, either for map information. We associated
to this approach an allocentric point of view, to enhance operator’s
SA, as discussed in Section .

3.1 The Desktop Interface
Our desktop interface is designed for controlling robots in struc-
tured and partially unstructured environments. Its scope is to be able
to control a robot dealing mainly with exploration, navigation and
mapping issues. Its main purpose is to enhance the operator’s per-
formance of complex tasks, with a comprehensive overview of the
whole explored area, and supplying all the necessary tools to con-
trol the robot. The overall information is always visible on the screen
while controlling the robot. The interface inplements also the possi-
bility to control a team of robots.

The interface shown in Figure 1 can be divided into two parts: the
topmost panel is the Active Robots Panel, where the user can switch
among the robots of the team, in order to directly interact with an in-
dividual unit. If a robot is added to the team, the operator can easily
connect with it. The rest of the window contains all the information
relative to the selected robot and the robot team:
Navigation Panel. It is localized in the central area of the window, it
is composed of a Local View of the Map and a Global View of the Map
giving a bird’s eye view of the zone. The map is constructed on-line
from the robot laser range sensor and the odometry using SLAM (Si-
multaneous Localization and Mapping) techniques. The Local View
can be zoomed in and out. The robot is located within the map by
a rectangle-symbol containing a solid triangle that indicates its di-
rection. The second component is the 3D Viewer, which allows a
more comfortable and realistic navigation in the tele-operation mode
giving an egocentric perspective of the scenario. The pseudo-3D re-
construction may be based either on the laser range data or on the
2D map, by simply elevating the obstacles into 3D images. The laser
view is more precise than the map view, but it only gives informa-
tion of the obstacles in front of the robot, while the map view gives a

6 They’re both available at http://www.dis.uniroma1.it/˜valero/sw/.
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Figure 1. Desktop Interface

more global picture. The laser view is demonstrated to be more use-
ful to drive the robot in narrow spaces in which the constructed map
would not be adequately precise. The operator can manually switch
from one to another as well as pan-tilt them.
Autonomy Levels Panel. It allows the operator to switch among
four control modes: tele-operation, safe tele-operation, shared con-
trol and autonomy. In the safe tele-operation mode the system pre-
vents the robot from colliding with obstacles. In the shared control
mode the operator sets a target point for the robot by directly clicking
on the map, which the robot tries to reach. When working in shared
control or autonomy, the operator can select from three agents (Agent
Mode Panel): slow, normal and speedy, which have different pre-set
maximum velocities and use different heuristics to explore the envi-
ronment.
Robot Tools Panel. This panel consists of several widgets to mon-
itor the robot kinematics. There is a speedometer, a chronometer to
keep track of the mission length, and a gyroscope directly embedded
in the robot within the 3D View (yellow directional arrow).
Settings Panel. It is divided into two views and it consists of the
Interface Settings and the Robot Settings.

3.2 The PDA Interface
Due to the reduced size of a PDA and its computational limitations,
the display cannot present on-screen all the data provided by the HRI
system. In order to keep the same functions offered by the desktop-
based interface we implemented them using various simplified lay-
outs. This underlines how critical it is to present the operator only the
crucial data, as each layout change implies a longer interaction time
with the device. Another critical point was to consider the slower

input capacities of the operator with a PDA, consisting of a touch
screen and a four-way navigation joystick. Thus, it is important to
minimize the number of interactive steps to change a setting or to
command the robot.

The PDA has two kinds of 2D views, each selectable with its own
tab. The first, egocentric, is the Laser View (Figure 2(a)). The second
is the Map View (Figure 2(b)), equivalent to the Global Map View
described in 3.1. A third tab (Figure 2(c)) is dedicated to the Robot
Control functionalities, merging both the Autonomy Levels Panel and
the Agent Mode Panel of the desktop version. The interface and robot
settings can be modified by clicking the tab located at the bottom of
the display.

4 Experimenting with the interfaces

Figure 3. The P2AT robot inside the indoor area during one of the
experiment runs
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(a) Laser View. It offers a pre-
cise real-time local representation of
what obstacles we are facing.

(b) Map View. It allows the operator
to retrieve the map of the explored
area and set a target point by click-
ing on the map.

(c) The Autonomy Level Settings
Window, It allows the user to set his
desired robot control mode.

Figure 2. PDA Interface.

There have been studies done on how different designs of an in-
terface and the interaction model can support the operator when op-
erating and supervising a remote robot(s). These studies compare the
usefulness of various desktop-based interfaces [5][4][12] or of var-
ious PDA-based interfaces [10][7]; however, very few studies com-
pare desktop-based wrt. PDA-based interfaces for remote robot con-
trol. Our interest was to determine which are the main performance
differences between a PDA and a desktop-based interface.

4.1 Subjects
Twenty four subjects (four females and twenty males) ran the ex-
periments, aged between 20 and 30, nineteen undergraduate and five
PhD. candidates. The scenarios of the experiments were different and
no participant had previous experience with any of the two interface
prototypes. All of the participants completed the three experiments
in in the same order and so on no one had more experience than the
others. We looked for a trade-off between people with experience in
robotics and computer science and people with no experience.

4.2 Experiment Design and Procedure
Three experiments were run. The whole experimental context was
scheduled in five days. The subjects were splitted into two groups,
one using the PDA interface, the other the desktop version. Every
subject was trained for twenty minutes to acquire a basic knowledge
of the functionalities provided by the interfaces. After the training,
they ran the experiments in order. Each subject had a single trial.

First experiment The first experiment was run using Player/Stage
[8] robotics simulator. Subjects were asked to explore a virtual un-
known environment of 20 m x 20 m (Figure 5) using a mobile robot
equipped with laser range scanner. Users were given twenty minutes
of time to explore the maximum area without colliding. Each can-
didate was assigned a type of interface randomly and had a single

trial with it (twelve subjects drove the robot using the PDA and the
other twelve the desktop interface). In order to “motivate” this task
they were asked to look for “radioactive sources” distributed in the
area. The sources were detected by a simulated sensor installed on the
robot. During every run, the operator was supported and supervised
by one assistant, who previously helped him or her in the training.
Another person was in charge of supervising the correct-functioning
of all the software. Returning to the scenario application given in the
introduction, this experiment applies to the case in which responders
must explore a disastered area in order to asses sthe extent of dam-
ages after a nuclear accident.

The independent variable was the Interface Type ∈ {PDA inter-
face, desktop interface}, while the rest of the factors remained un-
changed. The dependent variable was the covered area by the robot
in square meters. An area was considered covered if it had been
mapped.

Figure 4. Operator driving the robot with the PDA interface. The robot
appears from a hidden area prior entering the building

Second experiment Subjects were asked to navigate with a real Pi-
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oneer P2AT robot equipped with a SICK Laser Range Finder along-
side a path composed by narrow spaces, cluttered areas and corridors
(the path was about 15 meters long). Users did not need to find a way
but just follow it from the beginning to the end. Subjects were not
given a layout of the scenario and it was never visible to them. Dur-
ing every run, the operator was supported and supervised by three
assistants: one who trained him or her for five minutes to use the real
robots and recorded some data during the trial. The second person
was the technical responsible of the robot and of the interface de-
vice, while the last controlled the robot during its motion and took
care of its safety and of the scenario. This second experiment tries
to reproduce the situation in which operators must drive remotely a
robot to a target point, like in scheduled operations in nuclear plants.

The independent variable was the Interface Type. As for the depen-
dent variable, we were interested in the Navigation Time, measured
in seconds.

Third experiment. Subjects were asked to navigate again in a real
scenario with the same P2AT robot. The environment consisted of
an outdoor area in a courtyard, linked through a ramp to a corridor
inside our department. The desired scenario recalls a disastered area
and is composed by three different zones, all realized using reclining
panels and cartons:

• Maze, with one entrance and one exit;
• Narrow Spaces, very tight areas where the robot can only pass

through them, without any chosen direction;
• Cluttered Areas, contain several obstacles placed irregularly and

isolated in the area, such that the robot can navigate through the
area choosing more than one direction.

In this last experiment subjects using the PDA could move in the
scenario, resulting in situations in which they could completely see
the scenario and robot, and areas in which they could just see them
partially. The outdoor area was visible to the operator while the
robot was non always completely visible. Operator could not enter
the arena. The indoor area was only partially visible through some
windows located at the top of the indoor scenario and the robot was
completely hidden at least half of the path. Outdoor and indoor areas
were different and measured times cannot be compared among them.
The operator was supported like in the previous experiment. This
last experiments simulates a nuclear disaster after the initial situation
assessment. Responders know where they can go without contami-
nation risks, and thus, responders carrying a PDA can drive the robot
partially seeing it. There will be some limits that responders will not
be able to trespass, and thus, they will have to drive the robot with no
visibility of it.

We used a 3x2x2 factor design, where the independent variables
were: Space Type ∈ {Maze, Narrow Spaces, Cluttered Areas} for the
part of the path, Operator View Degree ∈ {Total Visibility, Partial
Visibility} which determines the operator direct view of the scenario
and robot, and finally Interface Type. The first two were treated as
“within-subjects” factors, while the last one as a “between-subject”
factor. The measured variable was the time (in seconds) required to
complete the path.

The scenario, the robot configuration, and the wireless signal
strength were the same for all the subjects, to guarantee replicabil-
ity.

4.3 Preliminary Hypothesis
The different technical features of the desktop and PDA interfaces
are strictly connected with different ways of acquiring information

from the navigated space and consequently with different behavioral
capacities to build a mental map of the environment depending on the
scenario features. The laser and the map views, which are available
in both desktop and PDA interfaces, represent respectively “route”
and “survey” knowledge [15][16], as defined in the introduction.

These perspectives convey respectively to path-planning and sur-
vey knowledge. Path-planning, in order to avoid obstacles, depends
on the operator surroundings awareness; spatial information is ac-
cessed sequentially, the number of paths emanating from each lo-
cation is small, the information about the overall environment is
rigid and poor, and an egocentric reference system is used to de-
cide the direction of movement. On the contrary, survey knowledge,
for wayfinding, depends on the operator location awareness, which
is generally considered an integrated form of representation with
fast and route independent access to selected locations, dynamic and
overviewing information of the environment layout, and structured
in an allocentric coordinate system [18].

Even if both interfaces provide both kinds of spatial knowledge,
the PDA could result in less access to survey knowledge, due to
the need to switch screen and the time consumption required to re-
trieve, process, and design the map. In the desktop interface the sur-
vey and route knowledge are always and contemporary available on
the screen. Consequently, we hypothesized a better operator perfor-
mance driving the robot with the desktop, in comparison with the
PDA interface, in the scenario conditions which require dynamic en-
vironment orienting abilities (i.e maze). Contrarily, no meaningful
performance differences were expected in the navigation situations
in which no survey information is required and in which information
obtained in the route perspective would be sufficient to accomplish
the task (i.e narrow spaces). Besides, we expected a better general
performance for PDA users in the full visibility condition, as the op-
erator has the possibility to see the robot either represented on the
PDA display either in the real environment. This could plausibly de-
crease the information accessibility disparities between the two inter-
faces and take advantage of a more salient route information access
deriving from a direct environment experience. In any case, we did
not know if communications latency and lower computational power
associated with the PDA device would significatively influence the
performance. The experiments were made in order to validate these
hypothesis, and to test if the mobility advantage related to a PDA
could counterbalance the disadvantages associated with the device
limitations.

4.4 Data analysis

We used ANOVA (Analysis of Variance) to analyze the data and con-
sider only significative values (with a significance level set at 0,05).
Roughly speaking, a population of samples is significant when their
variations are imputable only to intrinsic factors, and not to casual
ones. In order to accept a statistical significance, the p-value returned
by ANOVA must be lower than the set level. Within ANOVA, the F-
test is used to compare the total deviations of the two components,
returning the ratio of the two variances (F-value or F), that is usually
reported with the p-value.

First Experiment. For the exploration task analysis we have sub-
divided an exploration time of 10 minutes in twenty discrete values
(from 0.5 to 10); then a 2x20 ANOVA on the explored area (in m2)
was carried on with the “between-participants” factor of Interface
(Desktop and PDA) and the “within-participants” factor of Time (in
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Figure 5. Virtual scenario for the first experiment

Figure 6. Covered area in square meters by the operator using the PDA
(bottom curve) and the operator using the desktop interface

minutes from 0.5 to 10). The covered area was considered as a mea-
sure of the performance of the exploration.

Second Experiment. A one way ANOVA on navigation times was
calculated to compare the interfaces in order to see if the differences
under the PDA condition and the desktop condition had significant
differences when the operator had to navigate without dealing with
exploration (way finding).

Third Experiment. Two separated ANOVA’s (since the visibility
variable did not vary in the Desktop interface) on navigation times
for each condition of PDA visibility: Total Visibility (TV) and Par-
tial Visibility (PV), were carried out to study the PDA visibility ef-
fect on performance. For each of these analysis the design was a 2x3
with the Interface (Desktop and PDA) as a “between-participants”
factor and Space Type (Maze, Narrow Spaces and Cluttered Area) as
a “within-participants” factor. Three planned comparisons between
Desktop and PDA for each space type were calculated afterwards to
analyze the interface differences depending on the structural charac-
teristics of the navigated space. Because the two analyzed popula-
tions can be characterized by a normal distribution, Student’s t-test
was used to verify a significant statistical difference between them..

4.5 Results
First Experiment. Results are shown in Figure 6. A direct obser-
vation of the areas explored by the operator using the desktop and
the operator using the PDA reveal that the former performs consid-
erably better. The analysis showed a significant interaction between
Interface and Time [F (19, 361) = 13.65, p < .00001]. A planned
comparison for each level of time was calculated, indicating that at
minute 1.5 of exploration the difference between Desktop and PDA,
in terms of explored area, is just significant [p < .05]. Then it re-
mains significant and grows at each level of Time.

Second Experiment. The first ANOVA on navigation times resulted
non significant [F < 1] revealing no difference among the driving
times between interfaces.

Third Experiment. Results are shown in Figures 7(a) and 7(b). The
plain observation of the figures indicate that the operator using the
PDA with full visibility drove the robot faster, while in the partial
visibility it depends on the kind of Space Type. To study if these
differences were significant we ran the ANOVA tests.

The first 2x3 ANOVA with the “between-factor” Interface (Desk-
top and PDA-TV) and the “within-factor” of Space Type (Maze, Nar-
row Spaces and Cluttered Area) revealed a non significant interaction
between them [F (2, 32) = 1.43, p > .05]; the main effects of Inter-
face was instead significant [F (1, 16) = 6.67, p < .05], revealing
faster navigation times with the PDA interface in the total visibility
condition in comparison with the desktop interface, independently
from the Space Type (Figure 7(a)). The second analysis (partial visi-
bility) showed a significant interaction between the Interface (Desk-
top and PDA-PV) and the Space Type [F (2, 32) = 4.41, p < .05].
Consequently three planned comparisons between the desktop inter-
face and the PDA interface with partial visibility (Figure 7(b)) for
each condition of Space Type were calculated and revealed that in
the Maze condition, the desktop interface drives to faster navigation
times in comparison with the PDA interface under partial visibility
[p < .05]; no other significant differences were observed between
the interfaces in the other Space Type conditions.
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(a) Operator using PDA with full visibility of the scenario wrt.
operator using desktop. Mean times and std. dev. are repre-
sented

(b) Operator using PDA with partial visibility of the scenario
wrt. operator using desktop. Mean times and std. dev. are rep-
resented

From the t-test analysis a significant and a tendency to a signifi-
cant difference between the desktop interface and the PDA interface
was observed, respectively in the Cluttered Area [p < .05] and Nar-
row Spaces [p < .06]. We hypothesize that collected data was not
significant due to the reduc number of subjets.

5 Discussion

The results of the experiments clearly indicate a difference between
interfaces depending on the type of task. In Table 1 the different cases
that were considered in the nuclear plant scenario are illustrated, in-
dicating which interface would perform better. The exploration task
corresponds to the case in which operators must assess the state of
and unknown area. It applies to situations after a disaster, in which he
or she must drive the robot throughout the area looking for victims,
damages, etc. Navigating, instead applies to the case in which the
operator must follow a path in which he or she must not find a way
(corridor, tunnel, etc.), more typical of maintenance operations. For
analyzing the data we have considered that finding a way through
the maze consists of an exploration task, driving alongside narrow
spaces of a navigation task, while driving in the cluttered area is a
combination of both.

Both interfaces are practically identical in the navigation task un-
der the same condition of visibility (second experiment), a highly
relevant distinction between them could be stated for the exploration
task (first experiment). Here the results evidenced that at just 1.5
minute of exploration the desktop exploration area was greater than
the PDA one; moreover this difference gradually increased with time.
This result was predicted and analyzed in the hypothesis section. The

Exploration Expl./Nav. Navigation
Total Visibility

PDA
Partial Visibility

Desktop Desktop/PDA Desktop/PDA
No Visibility

Desktop Desktop/PDA

Table 1. Best performance interface depending on the task and visibility

data analysis of the third experiment shows that in total visibility con-
dition the PDA interface results in a general better performance in
terms of navigation times than the desktop interface independently
from the space type. That is, the information the operator receives
through the PDA, completed with the information he receives di-
rectly from the operating scenario, provides him or her with a bet-
ter robot situational awareness (location and surrounding awareness
[20]) for driving the robot. This implies that a PDA permits a success-
ful task accomplishment when the robot is monitored by using both
screen given information and real environment cues. This different
kind of information integration together with the interface simplicity
allows the operator to overcome the device limitations.

Concerning the partial visibility condition results indicate that an
operator driving the robot with our desktop interface in a maze-like
space, brings to faster navigating times than the operator using our
PDA interface. We hypothesize that this effect is due to the amount of
information given by the two interfaces: while indeed in the desktop
local and global (survey perspective - location awareness) and tridi-
mensional (route - surrounding awareness) perspectives are simulta-
neously available, in the PDA only one of these views is shown and
the operator must switch between tabs to change it, employing more
time. Even more, switching the tab forces adds an ulterior latency
time due to the computational time to render the selected visualiza-
tion mode. This occurs mostly in mazes, presumably because in these
kind of environments a global configuration of the spatial structure
(survey perspective) is needed in order to find a way out. This expla-
nation is also supported by the t-test results, which indicate a general
better performance of our PDA interface wrt. the desktop interface in
cluttered and narrow spaces, which likely do not necessarily require
survey knowledge to successfully navigate through.

We finally hypothesize that the differences between tasks could
derive from their different information requests. It is presumable that
all the information given by the desktop (local, global and tridimen-
sional perspectives) is not necessary in the navigation task but indis-
pensable in the exploration task, in order to give the required location
awareness.

6 Conclusion and further work
In this paper we have studied the influence of operator mobility and
task when controlling a robot using a PDA interface wrt. controlling a
robot with a desktop interface. Even if the results here analyzed only
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apply to our interfaces, we believe that they can be generalized to the
device and thus, our thesis is that similar results would be obtained if
the same experiments were run with interfaces designed differently.

As a main conclusion we can state that the SA of the operator is
smaller when using the PDA (mostly the location SA) due to the fact
that the small size and low computation capacity of a PDA device
does not allow to provide to the operator with the same amount of
information that when using a desktop. Nonetheless, the possibility
of moving inside the operating scenario that permits a hand-held
device can counterbarlance this disadvantage, as proved from the
results. In the future we will work in finding ways of enhancing the
survey knowledge (location awareness) through the PDA interface, in
order to diminish this differences. In any case, results demonstrated
that when the operator does not need to find a way (exploration) but
to follow a path, both interfaces were feasible enough to drive the
robot obtaining the same performance.

Furthermore, considering that our anticipated work consists of a
team of operators controlling a team of robots, besides providing
robot situational awareness, we must study how to provide them with
team situational awareness, in order to coordinate the team activities,
transfer the control of the robots and intelligently allocate the con-
trol of the robots among the operators. We are planning for the next
year to make experiments in which operators do not control the robot
independently, but in which the operator using the PDA and the op-
erator using the desktop, control simultaneously a team of robots.
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Baby steps: A design proposal for more believable motion
in an infant-sized android

Silpa Wairatpanij, Himalaya Patel, Gary D. Cravens, and Karl F. MacDorman1

Abstract. In studying human interaction, an android can serve as a
precisely controlled apparatus to elicit human response. However, if
an android is to substitute for a human being in social, cognitive, and
neuroscientific experiments, it is essential to control for the effects of
appearance by designing it to look and move as much like a human
being as possible. The goal of this project is to create an infant-sized
android to use in experiments. We propose design concepts for an-
droid joints and joint control to imitate human muscle control and
appearance. The synchronized motion of servomotors and anatomi-
cally correct muscle-joint relations combine with the passive motion
of elastic muscles to control the android’s movements. The imple-
mentation of an android leg exhibits these concepts.

1 INTRODUCTION

People can perceive and respond to very humanlike robots (androids)
as if they were human [18]. This cannot be said of less human-
like robots, because they fail to control for such extraneous vari-
ables as the effects of their nonhuman appearance. Thus, androids
open the way for a new methodology to explore human cognition
and interaction. They can be used in place of human stimuli as an
experimental apparatus in social, cognitive, and neuroscientific ex-
periments. This has the advantage of increasing experimental con-
trol, because androids—unlike human actors—can be programmed
to respond with consistency and precision. In addition, an android’s
physical embodiment affords a sense of physical presence that hu-
man interaction with other technological alternatives lacks, such as
interaction with computer-generated characters or recorded videos.
An android’s heightened ecological validity as compared with other
media is of particular value during interactions with infants, because
a baby cannot be told what to do during an experiment.

While it has long been supposed that infants develop cognitively
by imitating adults [20], researchers in infant development have
found evidence that infants first begin learning by being imitated
by adults [13]. Contingency is a key factor in the infant’s learning
process. Contingency denotes the property of one event depending
on another. For example, if one robot beeps when an infant vocal-
izes and another beeps randomly, an infant will make vocalizations
(probes) to determine rapidly which robot is responding contingently.
Movellan [23] has argued that infants are nearly optimal contingency
detectors endowed with a rapid learning mechanism to maximize the
amount of information they acquire about those in their surroundings.
Adult imitation of the infant provides contingent feedback about
what the infant’s body is doing. The infant starts by reproducing the
effects of the adult’s actions and then learns to reproduce the actions

1 Indiana University, USA, MacDorman.com

themselves [13]. Associative learning enables observed contingen-
cies to shape future interactions and transform agency [5]. Contin-
gent feedback also enables the development of mirror neurons in the
infant’s brain. Mirror neurons fire both when someone performs an
action and when that person sees someone else perform the same ac-
tion. Thus, they enable us to understand the intention behind another
person’s action by putting ourselves in that person’s place.

Our goal is to develop a baby android to study how contingency
and timing shape infant interactions and their role in learning non-
verbal behavior. The investigators will use the baby android for the
fine-grained study and analysis of contingency in both infant-android
interaction and adult-android interaction. It has been established that
even three-month-old infants are highly sensitive to contingent feed-
back, reacting negatively when a live interaction with their mothers
through a video link was replaced with a noncontingent, recorded
interaction [24]. We plan to explore contingency by interacting with
infant participants through an android that is controlled by telepres-
ence. This method, commonly referred to as Wizard-of-Oz, entails a
person responding to information from the robot’s sensors and con-
trolling its actuators through haptic devices like a joystick or a Wii
remote. The influence of timing on contingency will be studied by
inserting delays of varying duration into these technology-mediated
interactions. Machine learning and data mining techniques will be
used to analyze the statistical relation between the responses of in-
teraction partners by using motion capture equipment.

In using a robot to investigate the micro-dynamics of infant inter-
action, it is important to control for the effects of the robot’s appear-
ance. If an infant responded differently to a mechanical-looking robot
than to another infant, it would be difficult to determine whether the

1A 1B 1C

Figure 1. Design Concept for Infant Leg
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Table 1. Human synovial joint types [10]

Joint Type Motion Locations Motors

Hinge Uniaxial Ankle, elbow, 1
interphalangeal

Pivot Uniaxial Vertebral column 1
Saddle Biaxial Hand, foot 2
Condyloid Biaxial Wrist 2
Ball and socket Multiaxial Hip, shoulder 3
Plane Gliding Scapula N/A

robot’s appearance, motion quality, or contingency were the cause.
Of particular concern with robots that are intended to look human is
the uncanny valley [18]. The negative evaluations associated with the
uncanny valley can result from a mismatch among robot elements,
such as a robot that has human-looking eyes but metallic “skin” [12].
However, even in a consistently human-looking robot, negative eval-
uations can result when the robot’s kinematics and dynamics are
unable to match its morphological realism. For example, covering
a mechanical-looking robot (e.g., Honda’s Asimo) with a human-
looking “skin” might seem eerie to observers, especially when it
starts to move because of the placement of its joints, their move-
ment beyond allowable human ranges, uneven stretching of the skin,
absence of apparent muscle movement, lack of inertial dampening,
fixed compliance, and so on.

This paper proposes design concepts for android joints and ap-
plies these concepts to building an infant-sized android to be used
in the aforementioned experiments. Section 2 compares human and
robot joint systems. Section 3 explains the proposed android design
concepts. Section 4 presents the results of the concept simulation.
Section 5 explains our directions for future work.

2 HUMAN VS. ROBOT JOINT
CONFIGURATION

The muscles and skeletal system of the human body work together
under the control of the nervous system to maintain posture and pro-
duce movement [9]. The muscles are arranged into antagonistic sets
which control motion around a joint. A given joint may have from
one to three axes of rotation and sets of antagonistic muscles (Ta-
ble 1). Contracting a set of muscles applies a torque at the joint.
The net movement of the joint results from the net torque of op-
posing sets of muscles around the axis. The nervous system allows
one set of muscles to relax while contracting the opposing set. When
a muscle contracts, the cross-sectional area of the muscle increases,
causing the skin around the muscle to bulge. When the muscle re-
laxes, the skin flattens. For example, flexion (bending) and extension
(straightening) of the knee involve movements in opposite directions:
The biceps femoris, gastrocnemius, soleus control flexion, and the
quadriceps femoris controls extension. The nervous system is con-
tinuously sending signals to antagonistic sets of muscles to slightly
adjust their contraction for the body to maintain its posture. The ner-
vous system continually adjusts the body’s posture by processing in-
put from proprioception (position sensors in the body), comparing
the present state to the desired posture, and moving opposing muscle
sets to maintain the desired posture.

Unlike human limbs, robot links are moved by actuators-at the ac-
tuator axis for revolute actuators or at the pivot point for prismatic ac-
tuators. Although the properties of revolute actuators differ from the
human muscle system, they are widely used because of their compact

size, high precision, and low maintenance. Servomotors have been
mainly used in humanoid robots including Asimo [11], Hubo [26],
HRP [15], HRP-2 [14], iCub [31], Qrio, SDR-4X, Kenta [21], and
Kenji [22]. Many robotics researchers conceive of robots as tools
helping people performing household tasks [15, 14, 21, 22, 29, 30].
Thus, motors and joints in humanoid robots are typically placed to
yield high motor performance. In addition, they are typically aligned
perpendicularly or in parallel to simplify the kinematic chain calcu-
lation. Human beings in natural postures do not have any two joints
that are perpendicular or parallel. The characteristics of the actuators
and the kinematic chain design of humanoid robots results in very
robot-like movement. However, observers do not feel perturbed by
the unnatural movement, because the humanoid robot does not look
human [4].

Much research has attempted to create biologically inspired robots
using prismatic actuators, which have contraction and extension
properties similar to human muscle. Pneumatic actuators were used
to move such human replicas as Repliee Q1 and Q2 [19] and Gemi-
noid [25]. The androids were covered by clothes, so the skin move-
ment was not noticeable. Joint configuration using pneumatic or hy-
draulic actuators can be similar to the joint configuration of humans.
However, without an antagonistic arrangement of actuators, the limbs
of the robots yielded too much compliance and could overshoot the
intended target at higher speeds. Their pneumatic actuators also need
more maintenance than servomotors and require a large, external air
compressor. Many attempts have been made to create biomimetic
robot joints [21, 22, 30, 3, 16]. One of them used electroactive poly-
mer (EAP) actuators in an antagonist setup around the pivot point
of the robot’s eyeballs [3]. Even though the system can emulate hu-
man movement, EAP actuators have been capable of only a small
displacement [16, 2], which is insufficient to move robot limbs, al-
though EAP actuators capable of larger displacements are under de-
velopment [1]. However, these systems are good at making facial ex-
pressions [26]. Festo AG has created Airic’s arm using a proprietary
pneumatic system, which employs contraction membranes without
piston rods [8]. The arm features a human skeletal structure, includ-
ing shoulder blade movement. However, the system also requires an
external air compressor, and the cost is still too high for mass pro-
duction.

We believe a carefully constructed actuation model underneath the
skin can greatly enhance the human motion realism of an android
robot. We wish to find a simple way to achieve natural movement
while maintaining low costs and a compact design in an android
replica of a 13-month-old baby. The size of the actuators and the
placement in the android body were the determining factors for the
selection of the age of the android. We found that 13 months was
the minimum age at which the body size could accommodate all the
actuators.

3 PROPOSED CONCEPTS
A robot’s kinematics constrains the appearance of its movement.
Therefore, the mechanics of its underlying structure should be as
close to that of a human being as existing technology allows. Three
main concepts are described in this section: the robot’s internal con-
struction, its controlling schema, and its external construction.

3.1 The Selection of Actuators
A mechanical actuator that has the physical properties of human
muscles does not exist. Prismatic actuators are the closest. However,
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they do not satisfy the requirements of this project because of their
large size and high maintenance costs. The actuators should be small
enough to fit within the proportions of an infant, and their operation
should not interfere with apparent muscular movement, as described
in section 3.3. For these reasons, we use revolute actuators. Various
combinations of revolute actuators can mimic human joint motions,
as shown in the last column of Table 1, except for gliding joints, as
indicated in last entry of that column. Because the goal of the design
is human-looking movement, the placement of each actuator axis has
to align closely with the corresponding human joint axis.

3.2 Joint Control
Robot movements often look awkward because joints are moving in-
dependently of each other; furthermore, the motion of the joints can
include abrupt changes in acceleration. The perceived visual salience
of independent joint movement are highlighted when human dancers
perform moves in the “robot” dance style. Under normal condi-
tions, human muscles work differently. Most influence more than one
skeletal joint [10]. Moreover, kinematic calculations have focused on
the input angles of joints to accomplish the position and orientation
of the end effectors, for example, the hands and feet [11, 26, 15, 14].
Without paying close attention to the angle outcomes of intermediate
joints, the inverse kinematics calculation might result in limb posi-
tions that are abnormal or impossible for human beings—a disturbing
sight to watch. In computer graphics (CG), animators face difficulty
in moving a character’s limbs naturally by giving an angle input to
each joint. Part of the problem in mimicking human motion is that
some human muscles simultaneously apply torque to two or more
joints or axes of a single joint.

To overcome this problem, the controlling schema should involve
muscle-like control of the joints rather than joint angle control. As
with the biological model, muscle movements should determine limb
angles. Movement of a given joint may result in movement of the
adjacent joints. Moving one joint but failing to mimic the effects of
the controlling muscles on other joints can cause the movement to
look eerie.

3.3 Mimicking Muscle Shape
In most cultures and climates, some degree of skin exposure is typical
and, indeed, beneficial to communication; clothing can obscure ges-
tures, facial expressions, and other nonverbal behavior. Because the
surface of the android is visible where clothing is absent, care must
be taken to make it look human. However, simply covering mov-
ing mechanic parts with synthetic skin might create a strange twist-
ing and stretching effect. In addition, the selected actuators lack the
shape changing properties of human muscles. To create a believable
muscle effect, a layer of muscle-shape rubber material should be in-
serted between the actuator housing and the synthetic skin. This has
the following advantages: First, when rubber muscles are stretched
or contracted, they help distribute the stretching of the android skin
more evenly. Second, the cross-sectional area of rubber muscle de-
creases when stretched and increases when contracted, which is the
same as human muscle.

4 IMPLEMENTATION
Although a different part of the body could have been chosen for
the initial work, the leg was chosen because of its relative simplicity
compared to other parts of the body. For example, it is reasonable to

ignore the motion of the toes for this model because of their limited
size and range of motion; however, ignoring the motion of the fingers
would not be an option when designing the arm.

One approach that would not work for this project is to have a sim-
ulation movie of the leg by itself (or any other part of the body) to
get feedback from individuals as to whether the motion appears nat-
ural. The reason for this is that the leg is not an independent system;
motion at the hip partially depends on the hip’s connections to the
torso. One of the fundamental approaches of this work is to take into
account the lack of independence of motion of the joints. In this sec-
tion the concept of the infant android leg is implemented on a CAD
program for engineering.

4.1 Actuators and Their Placement

Robotis Dynamixel AX-12 servomotors [28] were selected as the an-
droid’s actuators for the following reasons. First, the servomotors are
small enough to fit in infant limbs. Second, small servomotors re-
quire no maintenance once installed. Third, each of these particular
servomotors can be controlled in velocity mode, imputing the de-
sired angular velocity and clockwise or counter-clockwise direction.
Changes in angular velocity can be translated into torque. Fourth, the
actuators have enough torque to lift up each limb. In the planned ex-
periments the robot is not required to walk but is seated on a chair,
table, or floor. Thus, one actuator does not need to hold the entire
weight of the robot.

Table 2. Joint Movement of the Lower Limb

Maximum Values

Joint Type Actuator Movement Displ. (deg.) Accel. ( deg.

s2
)

Hip A Flexion 120 660
Ball and Extension −45
socket B Adduction 20 280

Abduction −50
C Lateral rotation 80 400

Medial rotation −20

Knee D Flexion 160 648
Hinge Extension −2

Ankle E Dorsiflexion 45 300
Hinge Plantarflexion −30

Foot F Inversion 35 200
Pivot Eversion −15

A computer graphics model of the infant skeleton was created to
verify the accuracy of the actuator placements (Figure 1A). Actua-
tors, then, were placed to ensure the alignment of each actuator axis
with the skeletal joint axis. Figure 1B shows the result of the place-
ments. The types of lower limb joints, listed in Table 1, are ball-and-
socket joint at the hip, hinge joint at the knee, hinge joint at the ankle,
and many small saddle joints at the ankle. However, the saddle joints
were simulated by a single pivot joint. There are a total of 12 major
movements of a human leg with 2 antagonistic movements per axis.
Thus, the robot requires a total of six actuators for each leg. Table 2
describes the skeletal joints of the leg, joint movement, and actuators
involved in each movement. Movements are illustrated in Figure 1B.
Some actuator placements were shifted owing to a lack of space in-
side the robot’s limbs. Nevertheless, they still maintain the projected
axis of the skeletal joint axis.
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Table 3. Link Parameters

i (actuator) ai−1 αi−1 di

0 (A) 0 0 0
1 (B) −90.00 0 0
2 (C) −87.06 0 −143.44
3 (D) −86.33 5.00 −179.19
4 (E) 149.60 144.36 92.90
5 (F) 80.83 27.95 0

The resulting placement of the actuators clearly contrasts with that
of humanoid robots. For example, at the anatomically normal human
standing position, the knee axis is not parallel to the ankle axis, but
tilted inwards about ten degrees. Table 3 shows link parameters in
the Denavit-Hartenberg notation derived from actuator placement in
Figure 1B.

All the actuators are covered by an inner shell: fabricated plastic
cases holding the servomotors in place and smoothing out their sharp
edges. The shape of the inner shell is similar to the shape of a limb,
as shown in Figure 1C. The outside of the shell was designed to be
smooth with no sharp edges to impede the movement of the muscle
layer.

4.2 Elastic Muscles Mimicking the Changing
Shape of Moving Muscles

A rubber sheet was designed to be cut in a narrow leaf shape in a vari-
ety of lengths and widths depending on the structure of each muscle.
Each end of a rubber muscle will be attached to the inner shell of the
leg.

For example, the tibialis anterior contributes to inversion, tilting
the foot towards the center of the body, and dorsiflexion, rotating foot
at the ankle upward. Thus, servo F will be turned 35 degrees inward,
the maximum displacement of inversion, and servo E will be turned
45 degrees upward, the maximum displacement of dorsiflexion. This
position ensures the minimum stretched displacement of the elastic
material corresponding to the tibialis anterior as allowed by ankle
motion. This results in the maximum allowed cross-sectional area
of the elastic material for that muscle. Then, one end of the muscle
will be glued to the under surface toward the inside of the foot and
the other end will be glued to the front of the calf below the knee.
Toward the completion of the android, all limbs will be covered with
rubber skin material.

4.3 Control System
Out of more than 50 muscles in the human lower limb [10], we se-
lected only 12 muscles that related to major movements of the leg.
Our selection criterion was the muscle’s contribution to a noticeable
movement. An infant’s subcutaneous layer of fat is relatively wide
compared to healthy adults. This is partly caused by the underdevel-
oped state of an infant’s muscles. It is also caused by the infant’s
higher surface area-to-volume ratio. This results in heat loss from a
skin surface area that is large relative to the volume of the body gen-
erating heat through metabolism. Therefore, infants have a relatively
large fat layer as a form of insulation [17]. So the movement of infant
muscles is not as visible as in most adults.

For the purposes of our design, gluteus maximus contributes 80%
of the total torque for extension at the hip joint with the remaining
20% provided by biceps femoris and muscle group B. The gluteus

maximus also provides 70% of the torque for lateral rotation at the
hip joint with the remaining 30% provided by quadriceps femoris,
biceps femoris, and muscle group B. Minor contributions of muscles
to movement around a joint axis were ignored. For example, gluteus
maximus is also involved in flexion at the hip joint, but the contribu-
tion is negligible and therefore excluded.

Lacking data regarding the contribution of various muscles to
torque, we assumed that the maximum torques of the antagonistic
muscles or muscle groups are equal at each axis. Thus, a joint stops
moving or moves at constant speed when the antagonistic muscles
simultaneously contract by an equal amount.

Let A be a 6× 12 rectangular matrix containing the percentage of
torque each muscle contributes to each movement. Let x̂ be a 12× 1
input vector containing for each muscle the percentage of its max-
imum torque to be applied for the duration of the movement frame
(system interval). And, let b̂ be a 6× 1 vector.

A

100
· x̂ = b̂ (1)

From the result of (1), b̂ constitutes the directions and net torques
at the axes. In angular motion,

τ = I · α (2)

where τ is torque, I is the moment of inertia, and α is the angular
acceleration. To simplify the control system calculation, we let I be
a constant denoted by k because of its small mass and small distance
from the axis of rotation to the center of gravity of the limb.

Another simplification in this system is the assumption of linear-
ity. The muscle itself is not a linear system; however, typical length-
tension curves for skeletal muscle comprise the sum of active and
passive tension components. Although the sum of the tension com-
ponents is not linear, its deviation from linear for most of the range
of motion is limited enough that we feel that the assumption is justi-
fied [27]. Thus,

τmax = k · αmax (3)

From (3), angular acceleration is scaled by the net torque applied
to a joint. To find an order of magnitude estimate of αmax for each
axis, we assumed that the full range of movement can be completed
in approximately one second with constant angular acceleration for
the first half of the movement and constant angular deceleration for
the second half of the movement. The extreme case occurs when a
joint is moved in a full range of motion. Under such a circumstance,
each muscle related to the movement direction contracts with max-
imum torque to reach the maximum angular acceleration. We can
obtain an order-of-magnitude estimate for maximum acceleration as
shown in the last column of Table 2.

Two variables that the servomotor controller requires for each mo-
tor are the goal position and the desired angular velocity. The desired
torque can be computed by these two variables. First, a compari-
son of the current position and the goal position indicates the turning
direction—maximum displacement of each movement, from Table 2,
was used for the goal position. Second, the desired torque is calcu-
lated from the angular acceleration—the angular acceleration is the
change of the angular velocity with respect to time. Thus, in each
time period of the trajectory calculation, the angular acceleration can
be calculated by the following equation:

α =
dω

dt
(4)

where ω is the angular velocity.
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Figure 2. The angular motion of motor A to F in two seconds

α =
ω2 − ω1

∆t
(5)

where ω1 is the initial angular velocity of the time step and ω2 is
the final angular velocity; ∆t is the system frame interval. Thus,

ω2 = ω1 + a ·∆t (6)

This equation can be rewritten in term of percentage of maximum
angular acceleration as

ω2 = ω1 + %αmax ·∆t (7)

And, θ can be found by θ =
∫ t2

t1
ω dt.

Table 4. Net Torque Input to Muscle at Four Time Frames

Muscle x̂t1 x̂t2 x̂t3 x̂t4

Tibialis anterior 0 0 0 0
Fibularis 0 0 0 0
Tibialis posterior 0 0 0 0
Gastrocnemius & Soleus 0 0 0 0
Quadriceps femoris 0 0 12% 1.50%
Biceps femoris 15% 0 0 0
Iliopsoas 0 0 0 0
Gluteus maximus 0 0 0 0
Group A 0 0 0 0
Group B 0 0 0 0
Group C 0 0 0 0
Gracilis 0 0 0 0

For example, Table 4 shows the vector x̂, input of the system, in
four time frames, from t1 to t4, to flex the knee joint at about 45
degrees in two seconds. The system interval, ∆t, is half a second.
Biceps femoris contracts 15 percent in the first interval.

Quadriceps femoris then contracts at 12 and 1.5 percent to coun-
teract the motion of the flexing knee in the third and fourth interval.
Figure 2 shows the trajectory simulation results of the input from
Table 4. All servomotors start at 0 degree when t = 0. The servomo-
tor at the knee joint, motor D, decelerates when quadriceps femoris
contracts at t = 1. The results clearly show the effect of contracting
biceps femoris on the hip joint, motor A, and motor C (Fig. 3).

5 FUTURE WORK

5.1 Telepresence Data Mining for Contextualized
Interaction

A major limitation of social robots that support human interaction is
that the interaction is designed in advance by robot engineers. How-
ever, it is difficult to plan for the social context, because it is not a
static property of situations. Instead, it is created dynamically during
the course of the interaction [6]. Interactional microdynamics are not
under conscious control. As a result, they are often overlooked by en-
gineers who do not build them into the design specification. For this
reason, the robots fail to elicit our sense of human presence, which is
the most highly therapeutic aspect of the interaction.

We propose an entirely new methodology for developing an an-
droid that can support social interaction. Instead of “designing the
interaction,” the engineer builds a system in which a human inter-
acts with another human by controlling the android. Furthermore,
the human can be limited to observing the same processed informa-
tion from the android’s sensors that an android control system would.
After collecting a large amount of data from these robot-mediated in-
teractions, data mining and machine learning techniques are applied
to extract patterns of interaction that are then implemented in the
robot so that it can function autonomously.

5.2 Potential Applications for Eldercare

Socially-assistive robots have been successfully employed for com-
panionship, social mediation, monitoring care, and encouragement
in performing rehabilitation exercises [7]. Just as robots have served
as rehabilitation coaches for patients recovering from heart surgery
or stroke, they have the potential to motivate older adults to exercise
more to reduce obesity and improve cardiovascular health to pre-
vent these ailments. Three major threats to quality of life in older
adults are delirium, dementia, and depression, which is often asso-
ciated with loneliness owing to social isolation. Robot pets, such as
Paro, have been used successfully in nursing homes in Japan, the
United States, and Europe, for companionship and as a vehicle to
stimulate social interaction among patients [32]. Although the cog-
nitive capacities of these robots are extremely limited compared to
those of people, animal pets, and other robots, nonverbal cues such
as head tracking and touch response can create a sense of presence
that alleviates loneliness and stimulates sharing.

t = 0 t = 0.25 t = 0.5 t = 0.75

t = 1 t = 1.25 t = 1.5 t = 1.75

Figure 3. Two seconds of the simulated motion
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Simple toys like Tamagochi and Amazing Amanda demonstrate
that a device requiring human nurturance can be a “killer applica-
tion” with vast market potential. A more complex android that com-
bines humanlike nonverbal response with an infant-like form has the
potential to have a far greater therapeutic impact in alleviating loneli-
ness than these simple devices. The android baby will succeed to the
extent that it is able to “press our Darwinian buttons” by mimicking
subconscious behavior that elicits human response [32]. This infor-
mation tells us, “Somebody’s there,” which can provide comfort. We
propose to extend this by developing simple verbal communication
and shared engagement in activities, such as exercise and games. This
method has been successfully used by robots like Robovie in primary
schools in Japan.

6 CONCLUSION
We have proposed a design for realistic joint movements and illus-
trated the underlying concepts by applying them to a planned imple-
mentation: the leg of a baby-sized android. There is more room for
improvement regarding the complexity of the input script to yield a
desired posture, for example, by implementing a neural network con-
trol scheme. We intend to apply these concepts throughout the body
design before fabricating android parts. This project is still in devel-
opment. The completed android hardware will be controlled mainly
by scripted movements or by an experimenter using the Wizard-of-
Oz method.
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Abstract. Outcomes are presented from experiments on the effect 
of participants' individual  preferences for robot  appearance and 
height on their preferences towards and perceptions of live robots. 
Participants who expressed a preference for a mechanical looking 
robot, tended to prefer all robot types to stay further away than 
those participants who expressed a preference for more humanoid 
robots.  A majority group of two thirds (68.5%) preferred a robot 
which  they  personally  perceived  as  having  an  extrovert  and 
agreeable personality and a minority third (31.5%)  preferred no 
strong robot personality factors. Humanoid robots also tended to 
be perceived as more intelligent than the mechanoid robots, but 
when combined with short height, were seen as less conscientious 
and more neurotic. The taller robots overall were also perceived as 
more human-like and conscientious than the short  robots.

1 INTRODUCTION
Within domestic environments, most current robots have mainly 
been  seen  as  toys  with  (often  limited)  entertainment  functions. 
These robots have usually exhibited a relatively small number of 
interaction  functions and usually outwear  their  welcome after a 
relatively short time. In recent years the ongoing development of 
robot  technical  capabilities  has  enabled  them to  perform some 
useful functions such as simple cleaning tasks (eg. the ROOMBA 
vacuum cleaning robot), lawn mowing and basic (remote) security 
monitoring. However, these limited tasks have been selected for 
initial  domestic  robot  applications  specifically  because  they 
actually require little interaction with humans. Domestic robots in 
particular  will  exhibit  a  social  aspect  in  most,  if  not  all, 
interactions with humans. This is likely to be quantitatively and 
qualitatively  different  to  that  exhibited  towards  other  technical 
artefacts [1] due to the physical embodiment of robots. We argue 
that  if  robots  are  to  become  truly  useful  in  a  human  centered 
domestic  environment  they  must  satisfy  two  main  criteria  (cf. 
Dautenhahn et al. [2]  & Syrdal et al.  [3]):

1. It must be able to perform a range of useful tasks or  
functions.

2. It  must  carry  tasks  or  functions  in  a  manner  that  is  
socially  acceptable,  comfortable  and  effective  for  
people  it  shares  the  environment  with  and  interacts  
with.

 1  The  work  described  in  this  paper  was  conducted  within  the  EU 
Integrated Projects COGNIRON ("The Cognitive Robot Companion") 
and LIREC (LIving with Robots and intEractive Companions) and was 
funded by the  European  Commission  under Contract  numbers  FP6-
002020 and FP7-215554.

 2  All  authors  with  the  University  of  Hertfordshire,  College  Lane, 
Hatfield,  Herts,  AL10  5NG,  United  Kingdom.  Email  :{M.L.Walters, 
K.L.Koay, D.S.Syrdal, K.Dautenhahn, R.teBoekhorst,} @herts.ac.uk

Although many Human-Robot Interactions (HRIs) necessarily 
involve speech, our research emphasis is on the physical, spatial, 
visual and audible non-verbal social aspects of robots which must 
interact socially with humans. See Fong et al. [4] for an overview 
of  robots  designed  to  interact  with  humans  in  a  social  way. 
Peoples' social perceptions of robots may be affected by a number 
of attributes exhibited by robots including aspects of both robot 

 Robot A     Robot B

Robot C      Robot D
Figure 1: The PeopleBotTM Robots used for the  HRI 

Studies: A)  Short Mechanical, B) Short Humanoid, C) Tall 
Mechanical and D) Tall Humanoid. +

Preferences and Perceptions of Robot Appearance and 
Embodiment in Human-Robot Interaction Trials.1

Michael L. Walters,  Kheng Lee Koay, Dag Sverre Syrdal, Kerstin Dautenhahn and René te Boekhorst.2
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appearance  and  behaviour.  With  regard  to  robot  appearances 
investigated  here,  we  define  Mechanoid  and  Humanoid  robot 
appearances based on those for animated agents adopted by Gong 
& Nass  [5] and of Android robots from MacDorman & Ishiguro 
[6]:

Mechanoid -  relatively machine-like  in  appearance.  In  live  and 
video  based  HRI  trials  described  here,  a  robot  described  as 
mechanoid will have no overtly human-like features

Humanoid -  a  robot  which  is  not  realistically  human-like  in 
appearance  and  is  readily  perceived  as  a  robot  by  human 
interactants. However, it will  possess some human-like features, 
which are usually stylized, simplified or cartoon-like versions of 
the human equivalents, including some or all of the following: a 
head,  facial features,  eyes,  ears,  eyebrows,  arms,  hands,  legs. It 
may have wheels for locomotion or use legs for walking.

Android - a robot which exhibits appearance (and behavior) which 
is as close to a real human appearance as technically possible.  

Previously,  both  Khan  [7] and  Dautenhahn  et  al.  [2] have 
found that people emphatically prefer domestic or service robots 
that are not realistically human-like in appearance. Therefore the 
robot  appearances  investigated  here  were limited  to  mechanoid 
and humanoid. Based on our previous experimental findings (cf. 
Woods et al. [8]) we speculated that the height of a robot may also 
affect  peoples  preferences.  Therefore,  peoples  preferences  and 
perceptions of robot  height  was also investigated in the current 
study. 

1.1   BACKGROUND
Butler  and  Agar  [9] explored  the  psychological  effects  of 
interactions  between  humans and  mobile  personal  robots  under 
conditions of different robot speeds, approach distances, and robot 
body  design.  Their  experimental  contexts  included  the  robot 
approaching and avoiding a human, both  while  passing by and 
also performing non-interactive tasks in the same area as a human. 
Only  direct,  direct  fast  and  indirect  frontal  approaches  were 
considered. Two robot appearances were used; a tall  humanoid 
robot  (1.7m  high  with  a  simple  head  and  arms)  and  a  short 
mechanoid  robot  (0.35m  high,  cylindrical  body),  both  with 
wheeled  bases.  Findings  indicated  that  participants  preferred 
closer  (comfortable)  approach  distances  by  the  short  (0.35m) 
mechanoid robot than by the tall humanoid robot. Fast approaches 
(approx.  1m/s)  by the tall  humanoid  robot  in  particular  caused 
uncomfortable feelings in the human participants. 

In  previous  human-robot  comfortable  approach  distance 
experiments  we  have  found  most  participants  approached  a 
mechanoid  robot  to  distances  that  lie  within  the  closer  part  of 
Hall's Personal Zone [10][11], reserved for conversation between 
friends  (cf.  Walters et  al.  [12],[13]).  In  another  experiment  (cf. 
Walters et al.  [14]) we investigated comfortable human approach 
distances to a mechanoid robot  which used four  different voice 
styles. There were no significant differences found for comfortable 
approach  distances  for  humans  that  had  experienced  a  short 
previous  interaction  with  a  similar  robot.  However,  non-
habituated humans tended to approach a robot with a synthesized 
or female voice to further (comfortable) distances than to a robot 

with a male or  no voice.  A possible  reason advanced for these 
initially  greater  approach  distances  were that  they were due  to 
slight initial uncertainty towards the robot, related to participants' 
initial expectations for robot appearance and robot voice style.

Our previous HRI proximity trials have also investigated robot 
to human approach distances for mechanoid (appearance) robots 
only. Others have investigated the effect of robot appearance on 
users' perceptions and expectations  [15]. Minato et al.  [16] and 
Goetz  and  Kiesler  [17] have  stressed  the  importance  of 
consistency  of  robot  appearance  and  behaviour  with  regard  to 
forming and meeting humans expectations of appropriate  social 
cues and technical capabilities. Lee & Kiesler [18]  have found 
that people make very quick initial judgements of robots and their 
capabilities  on  very  scant  evidence  or  information,  and 
particularly on robot appearance. Hinds et al. [19] also found that 
people treated machine-like robots in a more subordinate manner 
than more human-like robots. Walters et al. [20] found that people 
tended  to  rate  particular  robot  behaviours  or  features  less 
favourably when  they are  not  perceived  as  consistent  with  the 
overall appearance of the robot 

2 RESEARCH OBJECTIVES
The current study was performed as part of a larger series of HRI 
trials which took place in the University of Hertfordshire “Robot 
House”. The HRI trial series ran over five weeks with the main 
purpose of investigating how a group of long term participants' 
preferences  and  responses  towards  robots  changed  over  that 
period.  The main instrument to assess participants over the period 
was a controlled set of experiments which measured  participants' 
ratings, responses and comfortable approach distance preferences 
towards  a  personal  companion  robot  under  a  number  of 
experimental  conditions.  The  conditions  which  were  controlled 
were  robot  appearance,  robot  height,  task context,  notions  and 
perceptions of robot  autonomy,  and approach direction.  A long 
term group had their responses and preferences tracked over five 
week  period  of  habituation  with  the  controlled  set  of  trials 
repeated during the first, second and fifth week of the trial period. 
A  greater  number  of  short  term  participants  underwent  a 
controlled test series initially to establish a firm statistical baseline 
for comparison with the repeated test observations from the long 
term participants. 

This paper presents outcomes specifically with regard to robot 
appearance  and  robot  height  preferences.  Some aspects  of  the 
trials  outcomes have been  reported  in  Syrdal  et  al.  [21] where 
findings  indicate  differences  in  approach  direction  preferences 
based  on  gender,  that  participants’  personality  traits  of 
extroversion  and  conscientiousness  are  associated  with  closer 
robot  approach  distance  preference  ratings,  and  differing 
perceptions and preferences for robot autonomy.  Koay et al.  [22] 
found that that preference ratings for robot approach direction and 
robot  appearance  changed  over  time.  Participants  who  became 
accustomed to the robot tended to prefer to be more ‘in control’ of 
the situation - in that they appreciated reduced robot autonomy in 
case of unexpected events. The part of the trials, running between 
the second and fourth weeks, primarily to habituate the long term 
participants to the robots, also provided an opportunity to carry 

Proceedings New Frontiers in Human-Robot Interaction, K. Dautenhahn (Ed.), symposium at the AISB09 convention, 8-9 April, Edinburgh, Scotland

137



out  a  number  of  more  exploratory  experiments  into  different 
aspects of human and robot co-habituation. The results and data 
from this  series of HRI mini-trials in  weeks 2 to 4 of the  trial 
series is currently being analysed and will be reported elsewhere. 
In order to investigate which of height, appearance or both factors 
influenced  participants'  preferences,  ratings  of  robot  behaviour 
and  comfortable  approach  distances,  a  2x2  combination  of 
Tall/Short  and  Mechanoid/Humanoid  robots  were  used  in  the 
trials  (see  Figure  1).  Trial  participants  experienced  interactions 
with  just  one  out  of  the  four  possible  robot  appearance/height 
combinations  (types).  All  participants  completed  post  trial 
questionnaires  where they were asked for their  preferences and 
opinions with regard to all four possible robot appearances, height 
and their suitability for various tasks. For this study we advanced 
three hypothesis for testing:

1. Participants'  preferences for a tall or short robot will  
affect their  robot to human proxemic distances

2. Participants' preferences for a mechanoid or humanoid  
robot  appearance  will  affect  their  robot  to  human  
proxemic distances.

3. Participants will have a general overall preference for  
one  (subjectively)  optimal  combination  of  robot  
appearance and  height,  based  on  their  perception of  
robot personality factors and attributes.

The  responses  to  the  post  trial  questionnaires  are  the  main 
instruments of this study. The main aim was to investigate  Mori's 
[23][24] observation that increasing the human-likeness of  robots 
(but  not  to  the  extent  that  the  “uncanny valley”repulsive  effect 
was  invoked)  would  improve  users'  interaction  experience  and 
effectiveness (cf. Goetz & Kiesler [17] and Minato et al. [16]). As 
none of the robots used in the study were particularly human-like 
in  appearance,  it  was  expected  that  the  participants  would 
generally prefer one of the more “humanoid” appearance robots. 
The robot height condition was incorporated in the HRI trials to 
investigate  the  notion  that  a  shorter  robot  would  be  less 
intimidating and would therefore be allowed to approach closer 
than  a  taller  robot.  The  findings  for  these  trials  reported 
previously  in  Syrdal  et  al.  [21] indicated  a  general  effect  for 
mechanoid/humanoid  robot  appearance,  whereby  participants 
overall allowed a mechanoid appearance robot to approach more 
closely than the humanoid appearance robots. These findings also 
indicated that there were only significant differences in approach 
distance related to robot appearance, but not robot height. It was 
anticipated therefore, that robot appearance preferences may have 
effects  on  participants'  preferred  robot  approach  distances,  but 
their preferences for robot height would have none.

3 EXPERIMENTAL METHOD 
The HRI trials took place in a standard UK two bedroom rented 
apartment in order to provide a more ecologically valid setting. 
This “Robot house” has been used in our previous HRI trials (cf. 
Dautenhahn et al.  [25], Woods et al.  [8] and Koay et al.  [26]). 
The territory of the trial is more neutral, home-like and realistic 
than  a  simulated  environment  in  a  laboratory  or  institutional 
setting. It was shown that this encourages participants to feel more 

at home and less scrutinized or judged, and thus more relaxed.

Twenty four Short Term participants carried out the controlled 
approach trials once only on a first exposure basis. The 12 Long 
Term participants carried out the controlled approach trials three 
times over the five weeks of the HRI trial series. The participants' 
ages  ranged  from 21  to  40.  They were  staff  or  students  from 
various  University  of  Hertfordshire  departments,  including 
Computer  Science,  Engineering,  Psychology,  Astronomy  and 
Business Studies and not part of the HRI research team. The final 
questionnaire response data, which is the focus of this study was 
gained from participants only after all their live HRI trials were 
completed. In the case of the long term trial participants, this was 
after five weeks of exposure to the robot. As their responses will 
have been affected by the extended exposure,  the data from the 
long term and  short  term groups  of participants  are  considered 
separately  and  differences  and  comparisons  are  made  between 
them where  appropriate.  The participants  were drawn  from the 
University population and were mainly postgraduate students, one 
academic staff member and one undergraduate student. Their ages 
ranged from 21 to 50 and there were 16 males, 9 females in the 
short term group, and 8 males, 4 females in the long term group. 
Participants were paid a modest compensation.

Four robot types were used for the HRI trials and differed only 
in the combination of the two controlled factors. The robots were 
carefully  designed  (using  commercially  available  PeopleBotsTM 

robots as a common robot platform) to be the same in appearance 
and behaviour apart from the appearance and height factors. 

Note, none of the robots used were particularly human-like in  
appearance.   The  terms  “humanoid”  and  “mechanoid”are  
simply used here as labels as a shorthand to distinguish easily the  
main design features of the four robots (cf. Section 1). 

Robot  A  was  1.2m  tall  and  mechanical  looking  (“Short 
Mechanoid”), B  was 1.2m tall and had a simple metallic head and 
two metallic human-like arms (“Short Humanoid”). C and D were 
both  1.4m  tall,  with  C  having  mechanical  features  (“Tall 
Mechanoid”)  and  D the  same human-like  features  as  B  (“Tall 
Humanoid”).  The terms “mechanoid” and “humanoid” were not 
used  when  talking  to  participants  in  the  HRI  trials  or  in 
questionnaires; The robots were simply referred to as Robots A, 
B, C or D (see Figure  1).  All participants underwent the same 
controlled experiment with  only one of the four robots types. The 
robot  type  actually  used  was  assigned  to  each  participant  in 
sequence,  so that  approximately the  same numbers  experienced 
each robot type.  (N=33; A, n=8; B, n=8; C, n=8; D, n=9), The 
participants used a Comfort Level Device (CLD, cf. Koay et al. 
[27]) to signal when the robot had approached to a distance which 
they found  comfortable  for  each  trial  run,  which  was recorded 
from the robot's  laser range sensor. The CLD was developed by 
the team especially to provide a means for participants to indicate 
uncomfortable  situations  by  means  of  pressing  a  button  on  a 
wireless device which could be used to directly control the robot 
or log data as required. If a participant did not operate the CLD, 
the closest approach distance of the robot  was recorded for the 
particular trial run. 

To  explore  how the  level  of  robot  autonomy affected  their 
comfortable  approach  distances,  the  CLD  had  two  modes  of 

Proceedings New Frontiers in Human-Robot Interaction, K. Dautenhahn (Ed.), symposium at the AISB09 convention, 8-9 April, Edinburgh, Scotland

138



operation which corresponded to the conditions Human in Control 
(HiC) and Robot in Control (RiC). Under the HiC condition,  a 
press  of  the  CLD  button  caused  the  robot  to  stop  advancing 
towards the participants. Under the RiC condition, a press of the 
CLD button did not affect the robot's advance, and it carried on 
until the robot pre-programmed safety distance was triggered. In 
both cases the robot recorded the actual distance to the human, 
using the robot's  internal laser range sensing system,  when the 
CLD button  was pressed.  For  each of the two robot  autonomy 
conditions,  three different  task  context conditions  were studied: 
No Interaction -  where  the  robot  approached  participants  only 
incidentally while  carrying out  a task not  involving the human. 
Verbal Interaction - where the robot  approached participants in 
order  to  speak  commands  to  the  robot.  Physical  Interaction - 
where  the  robot  approached  the  human  for  a  joint  task  which 
required  physical  contact  with  the  human.  For  each  of  the 
Interaction  conditions,  approaches  were  made  from  the  front 
direct, and from the front right side quarter. These two approach 
directions (front and front side) were identified as most relevant in 
previous HRI trials (cf. Woods et al. [28] & [8]).  Table 1 shows 
the  experimental  condition  matrix  of  2  (Autonomy)  x  3 
(Interaction Contexts) x 2 (approach Directions). 

The  main  relevant findings  of  these  HRI  trials  are  briefly 
summarized  here.  Significant  effects  on  comfortable  approach 
distance were found for live robot appearance, but none for robot 
height.  In  general,  people  preferred  the  humanoid  appearance 
robots  (B  and  D)  to  keep  a  further  distance  away  than  the 
mechanical robots (A and C). Participants who rated highly on the 
Extroversion  personality  factor  were  associated  with  closer 
approach distance preferences than more introverted individuals, 
who preferred larger approach distances. In this previous analysis 
on the live  HRI  trial  data,  Syrdal  et  al.  [29] found  significant 
differences in comfortable approach distances for the Interaction 
context conditions, specifically between the Physical and Verbal 
Interactions,  and the Physical and No Interaction contexts.   For 
the purposes of the present study,  a mean comfortable approach 
distances  was  aggregated  for  each  participant  over  all  their 
individual comfortable approach distances for all the experimental 
conditions.  Post  trial  questionnaires  were  administered  to 
participants  and  contained  questions  relating  to  participants' 
overall  opinions,  perceptions  and preferences with regard to  all 
four  robot  types  from static  photographs  (Figure  1.).  The  four 

robot types (A, B, C or D) shown also included the one robot type 
which  they had previously encountered  in  their  live  trials.  The 
questions considered here were in two groups:

1. Personal preference choices as to most and least liked  
robot types. 

2. Subjective  ratings of  perceived attributes  of  the  four  
robot types. This included ratings of robot personality  
factors  (Big  Five  [30]),  human-likeness  and  
intelligence. 

The questions required the participants to respond in two possible 
ways.

Overall  preference  -  a multiple  choice selection  response  was 
presented (E.g. : “Which was your most preferred robot? Choose 
answer from: A, B , C or D:”). These nominal answers were used 
as grouping factors for a GLM (General Linear Model) Univariate 
ANOVA  for  significant  differences  between  groups  for  mean 
comfortable approach distances (scale data).

Quantitative  ordinal  ratings - Used a five point  Likert  scale to 
obtain ratings (E.g. “How much did you like robot A?”  Response 
from:  1 = Not at all, 2 = Not much, 3 = Neutral, 4 = A bit, 5 = A 
lot). These were compared with each other by non-parametric tests 
to  obtain  significant  differences  and  correlations.  Friedman 
ANOVA tests were used to test for significant differences between 
Likert  [30] scale answers and Spearman Rho tests for significant 
correlations.   Details of the particular questions relevant  to this 
study  are  given  in  the  appropriate  part  of  the  results  section 
below:

4 RESULTS

4.1  MOST PREFERRED ROBOT TYPE
Although most of the 24 short term (single exposure) participants 
preferred  either  the  tall  humanoid  (Robot  D,  n=7,  36.8%)  and 
short mechanoid robot types (Robot A, n=6, 31.6%), with smaller 
minorities  preferring  C (n =4,  21.1%)  and  B (n = 2,  10.5%). 
However,  these  numbers  were  not  statistically significant  (χ2  = 
3.105, df = 3, p = 0.376). The 12 long term participants, who had 
experienced  five  weeks  of  habituation  before  completing  the 
questionnaires, showed similar proportions with robot D (n = 5, 
42%) most preferred, with A  and B (n = 3, 25%) joint second and 
C (n = 1, 8%), but again these were not statistically significant (χ2 

= 4.484, df = 3, p = 0.214).  See Figure 2 for details. 

Chi-square tests on the participants' preferred robot height  (χ2 = 
0.290,  df  =1,  p  =  0.590)  and  appearance  (χ2  =  0.290,  df  =1, 
p=0.590)  also  indicated  no  overall  significance.  It  must  be 
therefore assumed that the reasons for a particular robot type (A, 
B, C or D) being preferred was based on participants' individual 
or internal preference factors.

Non-parametric  tests  also  indicated  there were  no  correlations 
(Spearman's  Rho < 0.497,  p  > 0.190)  between  the  robot  types 
which short-term participants encountered in their HRI trials and 
their preferred robot types. No long term participant experienced 
actual interaction with their preferred robot type so similar tests 
could  not  be performed for  this  group.  It  seems therefore,  that 

 

Robot 
Autonomy

Interaction Context (P, V, and N) x
Approach Direction (Front, Front Right)

Physical Verbal None

Robot in 
Control (RiC)

Front
Front Right 

Front
Front Right 

Front
Front Right 

Human in 
Control 
(HiC)

Front
Front Right 

Front
Front Right 

Front
Front Right 

Table 1: The controlled experimental conditions for comfortable 
approach distance studies
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previous trial  exposure  to  a particular robot  type did  not  affect 
participants'  preference for a particular  robot  type in  any direct 
ways. Alternatively, participants might have chosen an appearance 
other than the one they encountered in live long-term studies since 
they might have hoped for a better performance of a ‘new robot 
companion’.  Given the current  data,  this explanation  cannot  be 
ruled out and requires further investigation. Note, ideally all long-
term participants would have encountered twice a week each of 
the 4 robot types, but this was not possible for logistical reasons 
(i.e. entailing 96 HRI trials per week). 

4.2  ROBOT TYPE PREFERENCES AND 
COMFORTABLE  APPROACH DISTANCES

The four robots used for the live HRI trial runs, and in the still 
images shown  to  participants  for  the  final  questionnaires,  were 
identical  apart  from the  two  factors  of  appearance  and  height. 
These factors  were used as grouping factors for GLM (General 
Linear  Model)  Univariate  ANOVA  tests  which  examined  the 
effects of participants' preferences on their comfortable approach 
distances from the live HRI trials with an actual robot.  Syrdal et 
al. [29] found previously that the participants overall allowed the 
mechanoid  robots  to  approach  more closely than  the humanoid 
robots. It was hypothesized that participants' preferences for robot 
appearance and height would also have an effect on comfortable 
robot approach distances overall (by any robot).  The short term 
participants  were  considered  separately  from  the  long  term 
sample,  as  the  longer  exposure  of  the  long  term  sample  to  a 
particular robot may have caused systematic differences between 
the two sample sets. Table 2 summarizes the results obtained. The 
equivalent  results for the long term participants are not directly 
comparable due to the smaller participant base and the repeated 
exposures to the robot over the five week period, but are given in 
Table  3.  It  can  be  seen  that,  as  reported  in  Syrdal  et  al.  [29] 
previously, the (live HRI trial) interacting robot's appearance has a 
significant  effect  on participants'  approach distance preferences. 
When  live  robots  are  encountered,  overall  the  participants 

preferred  the  humanoid  robots  to  remain  at  further  approach 
distances  (mean  =  0.645m,  SD  =  20.43)  than  the  mechanoid 
robots  (mean  =  0.490m,  SD =  20.43).  The  height  of  the  live 
interacting robot had no significant effect. 

However, for the short-term participants, there are significant 
effects  related  to  their  stated  preferences for  robots,  both  for 
preferred robot appearance (p = 0.044) and preferred robot height 
(p = 0.003),  with the live  interacting robot  approach distances. 
There  is  also  a  significant  interaction  effect  between  most 
preferred  robot  appearance  and  actual  robot  appearance  (p  = 
0.002).  Participants  who  expressed  a  preference  for  humanoid 
and/or  short  robots,  generally  tolerated  closer  approaches  by 
whichever  robot  they  actually  interacted  with  in  the  live  HRI 
trials. In fact, the effect of the preferred height factor (variance = 
31.5% of total)  of the robot is slightly greater than that for the 
actual appearance of the interacting robot  (variance = 25.5% of 
total). See Table 3 for a summary of these results.

The  same  UNANOVA  with  respect  to  the  long-term 
participants must be treated with more caution (Table  3) due to 
the  smaller  sample  set  and  the  very  different  HRI  trial  and 
habituation  procedures  experienced.  However,  some  broadly 
similar  general  trends  can  be  tentatively  identified.  Although 
actual  robot  appearance  is  the  only  factor  which  is  actually 
significant (p = 0.038), it can be seen proxemic effects related to 
preferred  robot  appearance and  preferred  robot  height  are  both 
approaching significance at p < 0.1, and due to the small sample 
size (12) cannot be discounted as a possible real effect.

4.3  PARTICIPANT RATINGS OF ROBOT 
ATTRIBUTES AND PERSONALITY

The  post  trial  questionnaires  also  asked  participants  to  rate 
attributes of each of the robot types using five point Likert scales. 
Each robot was rated for degree of liking or disliking (Figure 3), 
and for attributes based on personality factors from the big five 
personality model,  used commonly to rate human (cf. Goldberg 

Figure 3: Mean participants' ratings of robot types (A, B, C, 
and D) on a five point Likert Scale (1 = Like not at all , 5 = 

Like very much).
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Figure 2: Robot types most preferred by first exposure (short 
term) and long term exposure participants. Robot A = Short 

Mechanoid, B = Short Humanoid, C = Tall mechanoid and D = 
Tall Humanoid
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[31]) and robot personality (cf. Syrdal et al.  [21]). These factors 
were Extroversion, Agreeableness, Conscientiousness, Neurotism 
and  Intelligence.  An  additional  rating  for  perceived  human-
likeness  of  each  robot  type  was  included.  The  ratings  for 
personality   factors  and  human-likeness  were  tested  using 
Spearman's  Rho non-parametric tests for significant  correlations 
with  the  overall  participants'  liking ratings  for  each robot  type. 
These findings are discussed in detail below: 

4.3.1  Overall Ratings of Robot.
Spearman's  Rho  tests  found  significant  positive  correlations 

between liking robot A and liking robot C (r = .532, p=.002), also 

between liking robot B and liking D (r = .609,  p<.001).   There 
was also a negative correlation between a liking for robot A and a 
disliking of robot D (r = -.392, p = .018). The common factor to 
these  correlations  is  robot  appearance.  Individuals  tend  to  like 
both the robots (B and D) with humanoid appearance, or like both 
the robots with mechanoid appearance (A and C). There were no 
significant correlations between the robot overall ratings and robot 
height, indicating that robot height did not have a major effect on 
participants' preferences for a particular robot type.

4.3.2  Participants' Perceptions of Robot Types.
Robot A: Participants who liked short mechanoid robot A rated it 
as relaxed and contented (low neurotism) (r = -.445, p = .014) and 
also preferred mechanoid robot appearance (r = .517, p = .043).

Robot  B: Participants  who  liked  short  humanoid  robot  B, 
preferred a humanoid robot appearance, perceived both humanoid 
robots B (r = -.420, p = .021) and D (r = -.517,  p = .003, ) as 
more extrovert, and perceived mechanoid robot A (r = .445, p = .
001) as less extrovert. They tended to rate both humanoid robots 
B (r  =  -.552,  p  = .002)  and  D (r  =  -.364,  p  = .048)  as  more 
agreeable, and tall mechanoid robot C (r = .508, p = .004) as less 
agreeable. They also rated short mechanoid robot B as being more 
intelligent  and  (surprisingly!)  rated  tall  mechanoid  robot  C  as 
more human-like (r = -.382, p = .037).
Robot  C: Participants  who liked mechanoid robot  C,  tended to 
perceive both mechanoid robots A (r = -.390, p = .033) and C (r = 
-606, p < .001) as more extrovert, robot C as more agreeable (r = 
-.398, p = .029) and low in neurotism (r = -.443, p = .014).

Robot D: Participants who liked tall humanoid robot D, especially 
preferred humanoid robots overall (r = .678, p < .001), saw robot 
D as more extrovert (r = -.605, p < .001), agreeable (r = -.393, p 
= .032), conscientious ( r = -.433, p = .017), intelligent (r = -.513, 
p  =  .004)  and  human-like  (r  =  -.449,  p  =  .013).  They  also 
perceived mechanoid robot C as less agreeable (r = .589, p = .001) 
and humanoid robot B as more intelligent (r = -.430, p = .018), 
but did not rate B significantly for extroversion, agreeableness and 
conscientiousness. 

Robot  Height  Overall: There  were  significant  correlations  for 
robot  height  preferences for the humanoid robots  B (r =.367,  p 
= .046) and D (r = -378, p = .040) which suggested that the taller 
humanoid  robot  was seen as conscientious,  whereas the  shorter 
humanoid robot B was rated as less conscientious. 

Summary: It  seems  that  most  participants  (68.5%)  tended  to 
perceive  their  preferred  robot  (B,  C,  and  D)  as  having  both 
extrovert and agreeable personalities. The minority of participants 
who  preferred  robot  A  (31.5%)  seem to  have  perceived  it  as 
particularly lacking in any strong personality factors, apart from 
being  relaxed  and  content  (low  neurotism  personality  factor 
rating).  Participants  who  tended  to  prefer  the  more  humanoid 
appearance  robots,  B  and  D  (56.8%),  seem  to  appreciate  the 
generally stronger personality and intelligence factors which they 
are perceived as exhibiting. Robot D in particular also seems to be 
perceived as being more human-like, more conscientious and less 
stressful (low in neuroticism) than the shorter humanoid robot B.

Factor Mean 
Square

Variance 
(%)

df F Sig.

Most Preferred 
Robot 
Appearance

8564 20% 1 15.418 0.059

Most Preferred 
Robot Height

6896 16.1% 1 12.415 0.072

Live HRI 
Robot 
Appearance

13713 32% 1 24.689 0.038

Live HRI 
Robot Height

1638 3.8% 1 2.950 0.228

Total Variance 42867 (79.1%) 11

Table 3: GLM UANOVA test results for between subjects effects 
of  Long-Term participants' preferences for robot appearance and 
height factors on comfortable robot approach distances. 

Factor Mean 
Square

Variance 
(%)

df F Sig.

Most Preferred 
Robot Appearance

18365 8.5% 1 5.720 0.044

Most Preferred 
Robot Height

67832 31.5% 1 21.129 0.002

Live HRI Robot 
Appearance

54833 25.5% 1 17.080 0.003

Live HRI Robot 
Height

3799 1.7% 1 1.183 0.308

Most Preferred 
Robot Appearance + 
Live HRI Robot 
Appearance

69602 32.3% 1 21.680 0.002

Total Variance 215208 (99.5%) 11

Table 2: GLM UANOVA test results for between subjects effects 
of  Short-Term participants' preferences for robot appearance and 
height factors on comfortable robot approach distances.
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5 DISCUSSION AND CONCLUSIONS
We have shown that peoples preferences for robot appearance and 
height are powerful indicators as to their likely responses to actual 
robots  overall.  This  has  implications  for  designers  of  domestic 
robots, as it implies that people who choose taller or humanoid 
type robots for their own domestic use, will tend to prefer closer 
approaches than those who choose a smaller mechanoid type robot 
design. These findings also suggest that a smaller more mechanoid 
robot appearance, with correspondingly less close approaches may 
be more acceptable for robots which must act within a public area. 
Although less obtrusive robots may be not be actively preferred by 
a  majority  of  people,  they  may  however  be  perceived  as 
potentially less annoying or unsettling, and thus more acceptable 
by most people.

Although the tall humanoid robot was preferred overall, there 
was no significant overall preference for any particular one of the 
four robot types. Also, there was no overall preference for either 
of the factors for appearance (humanoid or mechanoid) or height 
(short or tall). There was some general tendencies for participants 
to prefer either the tall  humanoid robot or the short  mechanoid 
robot  for  both  short  and  long  term participants.   It  seems that 
individual participants had definite personal preferences, mainly 
based on their individual perceptions of the robot types however. 
These individual  perceptions  can be  categorized  into  two  main 
groups, a majority of roughly two thirds (68.5%) who preferred a 
robot which they personally perceived as having an extrovert and 
agreeable personality (primarily robot types B, C and D), and a 
minority third (31.5%) who actually preferred a small robot with 
no  strongly perceived  robot  personality  factors  (robot  type  A). 
One might consider that robot type A may have been preferred by 
those  participants  who  just  wanted  an unobtrusive,  emotionally 
undemanding servant or smart machine. Syrdal et al. [21] found a 
possible  relationship  between  peoples  personalities  and  their 
preferences.  More  introverted  individuals  tended  to  prefer 
mechanoid  robot  appearance  and  extroverts  prefered  more 
humanoid  robots.   This  suggests  that  peoples'  preferences  for 
robot appearance and behaviour may also be related to aspects of 
their   personalities.  However,  more  specific  focussed  research 
would be needed to confirm and investigate this aspect further.

The  humanoid robots (B and D) also tended to be perceived as 
more  intelligent  with  richer  personalities  than  the  mechanoid 
robots. However, When humanoid appearance was combined with 
short  height  (B),  the  robot  also  tended  to  be perceived  as  less 
conscientious and more neurotic. Interestingly, these are traits that 
are typical of human children and therefore possibly it may have 
been perceived as requiring more close attention and supervision, 
and be less responsible.  The tall robots (even mechanoid robot C) 
overall  also tended  to be perceived overall  as more human-like 
and  conscientious  than  the  short   robots.   It  may be  that  the 
participants perceived the small stature of the humanoid robot as 
more childlike,  while seeing the taller humanoid as more adult. 
Therefore the overall popularity of the tall humanoid robot D may 
be due to the participants' perceptions that it looked like it could 
actually  carry  out  tasks  responsibly  and  cheerfully.  The  low 
overall preference rating of short humanoid robot B may be due to 
participants  perception  that  it  may  be  childlike  and  would 
therefore not be capable of carrying out useful work effectively.

The tall mechanoid robot C was rated by some participants as 
human-like,  and  it  may  have  been  most  preferred  by  some 
participants as they personally perceived it as exhibiting extrovert 
and agreeable personality factors. 

The suggested explanations we have provided above regarding 
people’s choices and preferences need to be investigated further in 
future work. These results have provided some insights into how 
humans perceive and rate robots  on initial  acquaintance.   More 
data from this study still  awaits analysis.  How participants own 
personality factors influences their preferences and perceptions of 
the  four  robots,  and  analysis  of  the  participants  views  on  task 
domains, capabilities and suitabilities of the four robots are left 
for presentation in future papers. 
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Abstract. An  empirical  framework  for  Human-Robot  (HR) 
proxemics is proposed which shows how the measurement and 
control of interpersonal distances between a human and a robot 
can  be  potentially  used  by the  robot  to  interpret,  predict  and 
manipulate  proxemic  behaviour  for  Human-Robot  Interactions 
(HRIs). The proxemic framework provides for incorporation of 
inter-factor  effects,  and  can  be  extended  to  incorporate  new 
factors, updated values and results.  The framework is critically 
discussed and future work proposed. 

1   INTRODUCTION AND BACKGROUND
If  domestic  and  service  robots  are  to  become truly useful,  in 
addition  to  performing useful  tasks  they must  also be socially 
acceptable and effective when interacting with the people who 
share their working environment (cf.  [1], [2] & [3]). Fong et al. 
[4] describe socially interactive robot characteristics: To express 
and/or perceive emotions, communicate with high-level dialogue, 
learn  and/or  recognize  models  of  other  agents,  establish  and 
maintain  social  relationships,  use  natural  cues  (gaze,  gestures, 
etc.),  exhibit  distinctive personality and character, and learn or 
develop social competencies. 

Nass  et  al.  [5] and Reeves and Nass  [6] found  that  people 
have  social  relationships  with  computers  including  politeness, 
reciprocity,  attribution of gender stereotypes and personality in 
spite of knowing that they are machines. Therefore, people will 
react and relate socially to robots in some of the ways that they 
do  to  humans,  computers  and  other  artefacts.  Embodied  non-
verbal  interactions,  such  as  approach,  touch,  and  avoidance 
behaviours,  are fundamental  to regulating human-human social 
interactions  (cf.  [7])  and  the  physical  embodiment  of  robots 
makes it  likely that they will  have to  exhibit  appropriate  non-
verbal interactive behaviours. The study of how humans use and 
manipulate  distances between each other  with regard to  social 
behaviour  and  perceptions  is  called  proxemics,   This  paper 
focuses  on  empirical  research  into  Human-Robot  (HR) 
proxemics and proposes a framework for HR proxemic factors 
which  will  facilitate  future  study.  Relevant  findings  from 
Human-Human proxemics,  Human-Computer Interaction (HCI) 
and Human-Robot Interaction (HRI) research are first reviewed.

1The  work  described  in  this  paper  was  conducted  within  the  EU 
Integrated  Projects  COGNIRON ("The Cognitive  Robot  Companion") 
and LIREC (LIving with Robots and intEractive Companions) and was 
funded  by  the  European  Commission  under  contract  numbers  FP6-
002020 and FP7-215554.

2All authors with the University of Hertfordshire, College Lane, Hatfield, 
Herts,  AL10  5NG,  UK.  Email:  {M.L.Walters,  K.Dautenhahn, 
R.teBoekhorst, K.L.Koay, D.S.Syrdal, C.L.Nehaniv}@herts.ac.uk

1.1   Proxemics 
Harrigan et al. [8] provide a general introduction into non-verbal 
human behaviour, including proxemics. Hall  [10] observed that 
human social spatial distance varies by the degree of familiarity 
between interacting humans and the number of interactors. Later, 
Hall  [11] provided  a   framework  which  categorized  the  main 
social spatial zones by interaction and situation.  Hall estimated 
these distances  visually in  terms of arm lengths,  close  contact 
and threat/flight  distances,  but  other  researchers have assigned 
more precise numerical values  [9] (Table  2). Other factors have 
been identified which affect human-human proxemics and there 
is evidence that even relatively small differences and changes in 
human proxemic distances (of the order of 2 cm to 15 cm) are 
significant.  Horowitz  et  al.  [12] found  that  participants  were 
“comfortable” approaching arbitrarily close to inanimate objects. 
Sommer [13] stated that there were no social proxemic effects for 
objects  and  people  can  approach  arbitrarily  close  without 
discomfort.  Stratton et al.  [14] found that mean "comfortable" 
approach  distances  between  human  participants  were 
approximately  51cm (20in)  and  that  significant  differences  in 
approach distance  correlated with participants' notions of “self-
concept” which  is a trait  that  is  related to  the social  status of 
participants.  They  also  found  that  participants  approached  a 
dressed headless tailor's dummy to a mean approach distance of 
55cm (22in). This was slightly (but not significantly) greater than 
the  mean  human-human  approach  distances.  The  authors 
suggested  that  participants  may  have  taken  a  slightly  greater 
approach distance due to a mild form of the “fear of the strange” 
effect.  This was observed in animals and noted by Hebb  [15], 
where chimpanzees were observed to keep greater distances from 
images of distorted chimpanzee faces and limbs than they did to 
non-distorted parts or other images.  Kubinyi et al. [16] found a 
similar effect with regard to dogs and robots; adult dogs tended 
to leave larger distances between themselves and a “furry robot” 
dog than for either a toy car (the control), a real puppy or a “hard 
robot”  dog.   This  effect  is  possibly  related  to  the  biological 

Range Situation Personal Space Zone

0 to 0.15m Lover or close friend 
touching

Intimate Zone

0.15m to 0.45m Lover or close friend only Close Intimate Zone

0.45m to 1.2m Conversation between 
friends

Personal Zone

1.2m to 3.6m Conversation to non-friends Social Zone

3.6m + Public speech making Public Zone

Table 1 Human-Human Personal Space Zones (cf. Lambert [9])
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origins of the “uncanny valley” effect in humans noted by Mori 
[17] and discussed by Brenton et al.  [18] and MacDorman [19] 
with regard to androids (very human-like) robots. 

 Perceived  threat  can also  affect  proxemic distances  and  is 
possibly related  to  the  "flight  reaction"  originally  observed  in 
birds by Hediger [20]. This occurs when a perceived threat rises 
beyond a certain level and an animal will prepare to either fight 
or flee according to its nature and the context of the threat. For 
humans  and  primates  where  the  perceived  threat  is  actually 
minimal  (i.e.  feeling  uncertain  rather  than  threatened),  the 
response  is  proportional  and  they  take  up  slightly  greater 
distances from the source of the perceived potential "threat".  

Gillespie and Leffler [7] concluded that much of the observed 
variation  in  social  distance between  communicating humans is 
accounted  for  by  the  relative  status  of  the  interactants.   The 
higher  the  relative  status  of  one  interactor,  the  more  distance 
relatively low status interactors will keep, whereas relatively high 
status individuals do not respect the social spaces of other lower 
status individuals. The concept of status is not a one dimensional 
quantity: It can be perceived in terms of a combination of factors 
including  age,  hierarchical  seniority,  self-concept,  intelligence, 
charisma, physical presence, gender and force of personality. 

Burgoon  and  Jones  [21] explained  many  seemingly 
contradictory aspects of human-human proxemic behaviour  by 
suggesting  that  relatively  small  manipulations  of  the  distance 
between  interactants  were  a  social  "reward  and  punishment" 
mechanism. In any interaction there would be an optimal social 
distance  and  that  one  or  other  of  the  interactors  could  then 
"punish" or "reward" the other interactor by making (relatively 
small) adjustments in an appropriate direction. For example, if a 
woman wanted to encourage a man's attention she may "reward" 
him by moving closer than might be expected or, on the other 
hand,  literally "keep  her  distance".  The  same theory can  also 
explain  how high  status  interactors  can  "reward"  lower  status 
interactors  by moving  closer,  but  lower  status  interactors  can 
"reward" higher status interactors by keeping a greater distance. 

In the related field of HCI Benford et al.  [22] used a spatial 
zone model to detect the willingness of avatars to interact with 
agents. Bailenson et al.  [23] investigated interpersonal distances 
in immersive virtual environments between humans (avatars) and 
computers  (agents).  Overall,  participants  maintained 
interpersonal  distances  that  were comparable  to  those  for  real 
humans  (approximately 0.5m),  keeping  greater  distances  from 
virtual humans when approaching their fronts compared to their 
backs.  When  participants  believed that  virtual  humans  were 
avatars (even when really computer-controlled) they also tended 
to keep further interpersonal distances than when they believed 
the agents were computer controlled.  The significant differences 
between interpersonal distances found by this study were of the 
order of 3 to 7 cm (approx. 1.4 to 2.8 inches).  

1.2   Human-Robot Proxemics
Breazeal  [24] found  that  humans  responded  socially  to 
expressive  zoomorphic  robots  in  some very fundamental  non-
verbal ways with regard to turn-taking in speech communication 
and respecting the robot's interpersonal space. Nomura et al. [25] 
found  that  both  participants'  negative  attitudes  and  anxiety 
towards a small size humanoid robot, RobovieM  (29 cm tall and 

1.9  kg),  had  statistically  significant  effects  on  users  preferred 
(comfortable) robot approach distances. Hűttenrauch et al.  [26] 
concluded  that  in  HRI  user  trials  most  participants  kept 
interpersonal  distances  from the  robot  corresponding  to  Hall's 
Personal Spatial Zone (0.45m to 1.2m). In initial HRI proxemic 
trials  we  found  that  groups  of  children  tended  to  approach  a 
PeopleBotTM robot to similar distances on first encounter [27] but 
for individual adults approaching the same robot, the approach 
distances were more ambivalent and inconclusive [28][29]. In an 
HRI experiment with a similar mechanoid appearance robot with 
a simple pointing arm (Figure  1, Robot E) which used different 
voice  styles,  participants  initially  encountering  the  robot  took 
significantly  different  comfortable  approach  distances  [30].  It 
was suggested that these differences may be caused by a slight 
initial uncertainty due to the perceived inconsistency between the 
robot appearance and voice styles (Table 2).

Our recent main series of HRI trials run in 2006, have found 
factors  affecting  Robot  to  Human (RH)  comfortable  approach 
distances  which  are  summarized  here  (Table  2).  Participants 
generally  allowed  robots  to  approach  more  closely  during 
physical  interactions  than  under  verbal  or  no  interaction 
conditions  [31].  People  generally  preferred  more  humanoid 
appearance  robots  to  keep  a  further  distance  away  than 
mechanoid  robots,  but  the  robot  height   (short  = 1.2m,  tall  = 
1.4m) had no effect  [3].  Interestingly however, we found  that 
participants'  preferences for particular robot attributes did affect 
participants'  comfortable  approach  distances  with  regard  to  all 
robot types  [32]. Those  who  preferred a humanoid robot (i.e. 
with  some  human-like  features,  but  obviously  robotic) 
appearance  (Figure  1,  Robots  B  and  D)  also  tended  to  allow 
whichever  live  robot  they  were  interacting  with  to  approach 
closer than those who preferred a mechanoid robot. Also, those 
who  preferred a  tall  robot  (Figure  1,  Robots  C  and  D),  also 
tended to allow whichever live robot type they were interacting 
with to approach closer than those who preferred the short robot. 

The results from our trials are summarized in Table  2 where 
all  distances  have  been  compensated  to  satisfy  a  standard 
measurement  between  the human and  the robot's  closest  body 
trunk  parts  (i.e.  not  including  arms  or  manipulators).  These 
distance measurements (as best as we can tell from the published 
details)  are  also  roughly comparable  to  those  by Hall  for  his 
spatial zone distances and Stratton et al. [14]. These HRI trials 
were  run  using  semi-autonomous  robot  control  techniques  in 
resource intensive HRI  trials [33].

2   A PROVISIONAL FRAMEWORK FOR HR 
PROXEMICS

Table 3 shows the factors for robot appearance, preferences and 
interaction  context  and  situation,  which  we  have  found 
experimentally  to  affect  HR approach  distances.  The  distance 
measurements are rounded to the nearest whole cm. Some values 
are predicted estimates from based on our  earlier experimental 
results  which  indicated  a  relatively  high  degree  of  symmetry 
between similar physical  situations where Humans approached 
Robots  and  Robots  approached  Humans  for  comfortable 
approach  distances  [29].  The  distances  are  given  as  relative 
differences to the Grand Mean approach distance of 57cm. This 
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figure was gained from a previous large scale HRI trial, and was 
calculated  over  all  the  repeated  measured  preferred  approach 
distances  for  all  the  trial  conditions  (for  robot  autonomy, 
interaction context, situation and approach direction).  It is also 
close to the overall mean approach distances obtained by Stratton 
et  al.  for  both  humans  (20in  = 51cm) and the tailors  dummy 
(22in = 56cm) used as a control [14]. 

Using  the  relative  differences  given  in  Table  3,  a  default 

approach  distance  estimate  can  be  calculated  for  a  robot 
encountering any combination  of proxemic factors  in  the  first 
column. For example, consider the case where a Humanoid robot 
approaches a  human to  hand  over  an  object.  Note  the  factors 
which apply, then calculate the default approach distance for the 
particular situation and context. In this case, the distance would 
be: (Base distance =) 57cm + (Humanoid-RH Approach =) 3cm - 
(Giving Object RH Approach=) 7cm = 53cm. If other any other 
factors are known (e.g.  if the preferred height  was short,  then 
adjust  by -1cm),  then  they  can  also  be  incorporated  into  the 
calculation. As other factors which affect HR proxemics become 
known or quantified,  they can be  incorporated into the model 
and used to  refine or  extend the applicability of the  proxemic 
estimates  produced.  For  example,  the  robot's  voice  style  has 
already been shown to affect HR proxemics [30] and it is likely 
that  gender  and  gestures  by both  human  and  robot  may well 
affect  HR  proxemic  behaviour,  as  is  the  case  for  human 
proxemics [8].

If a particular factor is not known, then it is wise to err on the 
side  of  caution  and  assume  that  the  furthest  distance  would 
apply. An approach that was was too close might be interpreted 
as invading personal space, while an approach that was slightly 
too far away would be perceived as keeping a respectful distance. 
For example, if a person's preference for height is not known, it 
is safest for the robot to assume that their preference is for small 
robots as this would ensure that any error in approach distance 
positioning by the robot  would  result  in  an approach  distance 
that would be further away than might actually be preferred. It 
should also be straightforward  to  incorporate  (modified)  rules, 
with appropriate weightings for Hall's  social and public spatial 
zone distances to provide for appropriate proxemic behaviour by 
the robot  over larger distances in open  areas and for  different 
physical  situations  [35].  The  framework  also  lends  itself  to 
incorporating  other  different  scales  for  the  rating  of  robot 
appearance  (e.g.  realistic-iconic,  realistic-abstract  or  machine-
organic dimensions, cf.  [36] & [37]).  

This method assumes that the HR proxemic factors are linear 

 

Robot A 

 

Robot B

 

Robot C

 

Robot D

 

Robot E
Figure 1  The PeopleBotTM Robots used for the large HRI Studies: A)  Short Mechanoid, B) Short Humanoid, C) Tall Mechanoid, D) 
Tall Humanoid. and E) the Mechanoid robot used for the robot voice style trial.

Approach 
Context

Mean 
(cm)

Standard 
Error 
(mm)

95% Confidence Interval 
(cm)

Lower Bound Upper Bound

Grand Mean 57 18.312 53.04 60.50

Interaction: Pass
                 Verbal
              Physical

60
60
49

13.055
13.055
13.055

57.60
58.00
46.28

62.73
63.09
51.4.1

Appearance:   
           Mechanoid
            Humanoid

51
62

10.830
10.486

48.71
60.11

52.98
64.24

Control:    Robot
                 Human

57
56

18.870
21.069

53.39
52.02

61.07
60.60

Direction: Front
                 Side

58
55

20.510
18.433

54.12
51.44

62.47
59.04

Preferences:
            Mechanoid
            Humanoid
            Short
           Tall

60
56
61
55

17.393
17.946
18.349
16.967

46.80
61.57
53.56
54.81

54.22
69.22
61.3.8
62.0.5

Initial Uncertainty 71 67.770 57.04 84.27

From Koay  et al. [31], Syrdal et al. [3], Walters et al. [30] and Walters 
[34].
Note: These values have been compensated to make the distance 
measures directly comparable.

Table 2  RH Approach Distances vs. Interaction Context 
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and independent.  However,  the number of robot  types studied 
here is too few to make any conclusions as to the form (linear or 
otherwise)  of  the  relationships  between  the  factors  examined 
(e.g. robot appearance) and the precise numerical value of their 
effects.  There are also indications that some of the factors are 
dependent on each other. For example, from [38] it was found 
that the preferred robot appearance and actual robot appearance 
factors have a combined effect on HR approach distances (Table 
2).  In  this  case  a  practical  approach  would  be  to  apply  a 
correction if both factors are present, possibly by means of a look 
up table. It should be noted that few real world systems actually 
exhibit linear behaviour, but often by assuming a linear response, 
a  reasonably  precise  control  output  can  be  obtained  without 
having  to  implement  more  sophisticated  non-linear  control 
methods. 

The  values  provided  in  Table  3 are  obtained  from  our 
controlled  HRI  trials  and  the  numbers  of  participants  for  the 
relevant  experiments  are  relatively  large  compared  to  those 
typically found in HRI trials of this type. However, it is desirable 
to  perform approach  distance experiments  with  a  much larger 
experimental  sample,  and  with  a  large  number  of  robots  with 
different  appearance  and  behaviour  attributes  to  properly 
establish the range, form and parameters of HR proxemics. To 
perform the  required  number  of  experimental  runs,  it  will  be 
necessary  to  implement  fully  autonomous  robot  control  and 
automatic data collection methods for future experiments.

Another  issue  is  the  large  variance  observed  for  both  the 
Grand Mean and for the marginal means in these samples (Table 

2). This suggests that individual differences between participants 
play a  large  role  in  determining  proxemic  preferences  in  any 
given  instance of an  HRI encounter.  This  makes the study of 
systematic  variations  in  proxemic  preferences  according  to 
measurable  individual  differences  factors,  such  as  personality 
and demographic data, as well as more HRI specific factors like 
the  NARS [39] or  UTAUT  [40] scales,  a  salient  avenue  of 
investigation  in  order  to  establish  a  HR proxemic  framework 
with greater predictive power.

3   IMPLEMENTATION OF A HUMAN-ROBOT 
PROXEMIC SYSTEM

In  order to test,  verify and extend the application range of the 
empirical HR proxemic framework, the next stage would be to 
conduct  live  HRI  experiments,  with  a  HR  proxemic  control 
system based  on  the  empirical  framework  implemented  on  a 
range of robot platforms. Mitsunaga et al.  [41] implemented an 
adaptation  mechanism based  on  policy gradient  reinforcement 
learning  for  robot  proxemic  and  gaze  behaviours  using  initial 
default  parameters  for  HR  proxemics  based  on  Hall's  social 
spatial zones.  Their system illustrates the viability of using an 
adaptive  control  system  to  refine  initial  default  values  for 
proxemics  for  particular  HRIs  based  on  empirically  obtained 
default  values.  However,  we  propose  that  a  prototype 
implementation using a fuzzy logic based control system might 
be particularly well  suited for verification and further  research 
purposes.  The  various  HR  proxemic  factors  could  be 

Factor Situation(s) Context(s) Base Distance = 57cm
Estimated Adjustment for Factor (± 0.5cm)

Attribute or Factor of Robot
Mechanoid Robot RH Approach

HR Approach
All -3

-7

Humanoid Robot RH Approach
HR Approach

All +3
-1  

Verbal Communication RH Approach Verbal Interaction +3
Giving object RH Approach Physical Interaction -7
Taking object RH Approach Physical Interaction -7? 
Passing  RH Approach No Interaction +4
Direction from: RH Approach Front

Right/Left
+2
-2

Attribute or Factor of Human
Preferred Robot Humanoid RH Approach All Private -3
Preferred Robot Mechanoid RH Approach All +3
Preferred Height Tall RH Approach All -1

Preferred Height Short RH Approach All +2
Uncertainty or perceived
Inconsistency

HR Approach Initial Encounter +13

Verbal Communication HR Approach Verbal Interaction +3
Giving object HR Approach Physical Interaction -7?
Taking object HR Approach Physical Interaction -7?
Passing HR Approach No Interaction +4

? Indicates an estimated value based on the observation from our earlier study   [28][29] that RH and HR approach distances were highly  
correlated and exhibited a high degree of symmetry between HR and RH approaches.

Table 3  Factors Affecting HR proxemics
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incorporated by means of fuzzy rule sets. The weightings of the 
factors could then be dynamically "tuned" by means of a number 
of well known learning algorithms (cf. [42] [43]), possibly using 
actual real time user feedback (cf.  [44]). This would provide a 
learning  mechanism  so  the  robot  could  effectively  adapt  its 
proxemic  behaviour  to  individual  users  preferences  and 
requirements.  The  advantage  of  a  fuzzy  logic  based  control 
system is that as the robot becomes acclimatised to the proxemic 
preferences of more users, contexts and situations, it is possible 
to interrogate the fuzzy system proxemic factor weightings, and 
thus work back to estimate and explore the relationships between 
HR proxemics and the factors. Fine adjustments of human-robot 
interpersonal  distances  according  to  a  number  of  observed 
factors (as proposed  by Walters et al. [28]) related to the internal 
qualities of the interacting humans, intrinsic robot attributes, the 
external physical situation and the task context, is a worthwhile 
contribution towards the goal of a robot companion that can be 
individualized, personalized and  will adapt itself to the user as 
suggested by Dautenhahn [45].
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Addressing User Experience and Societal Impact in a 
User Study with a Humanoid Robot 

Astrid Weiss1, Regina Bernhaupt2, Manfred Tscheligi1 and Eiichi Yoshida3 

Abstract.  Using a preliminary exploratory case study the 
presented work investigates the feasibility of methods for the 
evaluation of user experience factors in human-humanoid 
interaction as well as measurements of societal impact in user 
studies. The case study is based on two tasks participants had to 
perform with the HRP-2 robot. The robot was controlled by the 
participants via speech commands to pick up (task1) and put 
down (task2) an object onto another place. Main goal of the case 
study was to explore the methodological concept on how to 
measure novice users’ experiences during the collaboration with 
the humanoid robot HRP-2 via speech commands and if the 
general attitude towards robotics changes because of the 
interaction with the robot. To address users’ experiences during 
the user study, participants were asked after each task to state 
their thoughts and feelings they had during the interaction 
(retrospective think aloud). Furthermore, participants were 
interviewed by means of two validated standardized 
questionnaires (NARS and AttrakDiff) and an especially 
developed questionnaire. The preliminary results show that 
retrospective think aloud is a good way to gather qualitative data 
on users’ experiences. Furthermore a final interview on societal 
impact of humanoid robots gave insights into how novice users 
imagine a future society with robots.123 

1 INTRODUCTION 
“User Experience” (abbr. UX) is a concept in the area of 
Human-Computer Interaction (HCI) referring to the quality of 
the experience a person has when interacting with a specific 
design [6] and technology in general [10]. Research on UX 
currently has three facets [19]: First, UX is seen as a concept that 
goes beyond the instrumental, e.g. the standard measurements of 
usability like efficiency and effectiveness have to be extended 
with a concept like fun. Second, UX is related to emotion and 
affect referring to the positive aspects of an experience and how 
to support them (shifting from the perspective of trying to avoid 
negative consequences). Third, UX represents a concept that is 
related to a product and user experiences are embedded in a 
specific situation. Interaction goals, intra-psychological 
dispositions, the environment, involved people and the product 
itself have a significant impact on how users experience the 
product. Each experience has a discrete beginning and an ending. 
During this time span a user experiences emotions, which are 
heavily influenced by the introduced components. 
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There is an increased interest in Human-Robot Interaction 
(HRI) to establish a positive experience for humans interacting 
with (humanoid) robots, especially in home settings [28]. 
Focusing on humans interacting with robots, a possible 
definition of the user’s experience can be based on Alben’s [17] 
general definition that UX includes “aspects of how people use 
an interactive product: the way it feels like in their hands, how 
well they understand how it works, how they feel about it while 
they're using it, how well it serves their purposes, and how well 
it fits into the entire context in which they are using it”.  

UX in HRI currently is evaluated using methodologies 
from the area of HCI. The applicability of these methods is still 
unclear as the validation of UX evaluation methods is difficult. 
Especially when interacting with a robot, individual user 
experiences might be heavily influenced by the individual’s 
general attitude and the overall societal opinion.  

Our general goal is to understand to what extent user 
experience is related to the overall acceptance of robots in 
society (societal impact). A first step is to investigate a 
methodological mix (as used in the area of HCI) to understand if 
HCI methods can be fruitfully used to understand user’s 
experiences when interacting with a robot. The case study thus 
addressed the thoughts and feelings of novice users when 
interacting with the HRP-2 robot via speech commands. As the 
societal impact of robotic agents in future societies can only be 
roughly predicted, it is of clear interest how novice users 
themselves imagine their usage of robotic systems. In social 
sciences the validation of a methodological mix is typically 
conducted by performing a pre-study with a limited number of 
participants. These pre-studies can help understand limitations 
and shortcomings of the method as well as possible influencing 
factors of an experimental setting. 

The pre-study is presented as follows: first related work is 
discussed, second we present our set-up and the results from a 
first exploratory study, third we discuss lessons learned for the 
proposed evaluation set-up.  

2 EVALUATING USER EXPERIENCE AND 
SOCIETAL IMPACT 
Several evaluation studies on perception of robots in 
collaborative settings have been conducted. Hinds [26] e.g. 
investigated people's perception of robots as working partners. 
She investigated differences in reliability and feeling of 
responsibility on the part of the human and the robot. Results 
showed that participants relied more on humans as working 
partners, but interestingly the results were different for the 
concept of responsibility. There was slightly no difference 
between participants' feelings of responsibility for a human and a 
robotic working colleague. Also the comparison between 
human-like and machine-like robots in terms of the willingness 
to rely on was not significant.  
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Another interesting aspect of the integration of robots into 
working environments was revealed by [3]. Based on a long-
term ethnographic study, where a delivery robot was introduced 
into the everyday working environment of a hospital they could 
show that perception of the robot depends on the user group. 
Their results showed significant differences on how people 
responded to the robots in two different organization units in the 
hospital. The delivery robot was differently integrated into the 
work-flow of the two units and also the way of interaction 
differed. 

Some aspects of UX in HRI are extracted from avatar 
research since many research objectives from UX in HRI are 
also pursued by scientists of ECAR (Embodied Conversational 
Agent Research) (e.g. the robot serves as a representation of a 
human, or robots are used to investigate embodied models of 
social behaviour [28]). The embodiment (or morphology) [28] 
has an impact on how a robot is perceived. It also implies 
capabilities of a system, which in some cases cannot be fulfilled. 
If a robot is designed biologically inspired with anthropomorphic 
features, then users will expect human-like capabilities. In some 
cases users may experience fear as robots are designed too 
realistic. It is important for people that there is a clear difference 
between humans and robots [27]. In 1970 Masahiro Mori, 
proposed the well known hypothetical graph of the uncanny 
valley, which predicted that the more human a robot looks, the 
more familiar it is, until a point is reached at which subtle 
imperfections make the robot seem eerie [15]. 

By incorporating existent navigation technique metaphors 
in HRI, a more positive UX is obtained. This can be achieved by 
transferring navigation strategies and interface designs of 
computer games (first person shooters) to robot navigation [25]. 

However, the evaluation of user experiences while 
interacting with a robot is only sparsely reflected in the current 
literature. Syrdal et al. investigated how context factors in HRI 
video prototyping influence the user’s experience and attitude, 
by means of qualitative interviews [7]. However, to our 
knowledge there is no work directly referring to the evaluation 
of UX in terms of pragmatic and hedonic quality. Other 
evaluations refer to factors that are related to the concept of UX, 
like acceptance, see e.g. [24][21][23][22]. Attitudes [18], 
especially negative attitudes [29]; [5], have been investigated in 
detail. An excellent overview on existing measures for single 
UX factors in HRI can be found in [4]. However, studies on 
“general” user experience have not been conducted so far.  

Societal impact on the other hand was assessed with a 
variety of methods. Sakamoto and Ono [8] used a lab-based 
approach to investigate if in the future robots will construct or 
collapse human relations. They conducted an experiment based 
on a communication situation between two humans and one 
robot with three conditions: (1) robot agrees with humans, (2) 
robot disagrees with humans, (3) robot agrees only with one 
human. However, the results of this one laboratory-based 
experiment could not show a clear tendency if human relations 
will collapse or not in future societies due to the introduction of 
robots.   

Large questionnaire based surveys have been conducted to 
get insights on people's expectations towards the future society 
and the societal impact of robots. Arras and Cerqui [16] 
conducted a paper and pencil based survey with 2042 
participants in conjunction with the “Robotics” pavilion at the 
Swiss National Exhibition Expo.02. The results testified a 

positive attitude towards potential robotic co-workers, robots as 
flat-mates, and even for robotic body parts. The authors stress on 
the one hand that context-related surveys with a sufficient 
number of participants give valuable insights on societal trends, 
but on the other hand they admit that the conducted survey is 
only valid for Europe and should be conducted in the USA and 
Asia as well to get more generalizable results.  

The relationship of usability, user experience, (social) 
acceptance and societal impact is currently investigated in the 
Robot@CWE project funded by the 6th EU IST framework. 
Weiss et al. [2] showed how breaching experiments can help to 
understand social acceptance and societal impact factors. The 
following case study lays the basis for the evaluation of user 
experience and societal impact. 

3. THE CASE STUDY 

3.1 Methodological Considerations 
The case study was based on two tasks, where participants had to 
control the HRP-2 robot via speech commands to pick up (task 
1) and put down an object on another place (task 2). Four 
participants took part in this preliminary case study (1 female, 3 
males). The youngest participant was aged 23, the oldest one 39, 
with an average age of 27.5 years. 
 
The content-related research questions of this user study were:  

• How do novice users experience the interaction with 
the humanoid robot HRP-2 when interacting via 
speech commands? 

• How do users perceive the system in terms of 
usability? 

• Does the general attitude towards robotics change 
because of the interaction with the robot? 

• How do people imagine the future society after 
interacting with the robot? 

From a methodological view point the focus of interest was to 
verify if the standardized questionnaires from other disciplines, 
as well as the first self-developed questionnaire on UX indicators 
are reasonable to evaluate the proposed factors. Clearly a 
statistical validation of the questionnaire data was not possible 
with four participants, but the combination of different 
questionnaires and the qualitative data showed tendencies which 
study settings and instruments can be reasonably used. 
Furthermore, it was necessary to investigate the workload of 
such a study setting for the participants and which 
methodological considerations have to be taken into account for 
future experiments. 

3.2 Study Setting  
The user study with HRP-2 took place at the LAAS - CNRS 
institute in Toulouse from 8th to 11th of July 2008. It was based 
on two tasks which participants had to conduct with the 
humanoid HRP-2 robot. 15 clones of the HRP-2 robot exist. 
University of Tokyo and AIST conduct research with these 
robotic platforms on robot autonomy. Currently the Joint French-
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Japanese Robotics Laboratory (JRL) in collaboration with 
LAAS-CNRS and AIST are working on enabling HRP-2 
understanding and executing commands like “give me the 
orange ball”, as autonomously as possible (details on technical 
constraints of this work can found in [13]). This built the basis 
for the presented case study, which was conducted with HRP-2 
number 14. 

The study design was based on two tasks (see table 1) 
participants had to complete by giving HRP-2 speech commands 
More details about the implementation of the two tasks can be 
found in [9]  
 

Table 1: The two Tasks 
Task 1 Task 2 

Instruction: “Tell the robot to 
pick up the orange ball. 
Therefore, you have to use 
the following commands 
(after each command, wait 
for the reaction/answer  of 
the robot, before you start 
with the next one)” 

Instruction: “Your task is now 
to tell the robot to put the 
orange ball on the table. 
Therefore, you have the 
following commands”     

Commands needed:  
“14” (is the general 
command which activates the 
robot, and its name) 
“Go to the green box”  
“Look down”  
“Take the orange ball”   

Commands needed: 
“14” (is the general command 
which activates the robot, and 
its name) 
“Turn to the left”  
“Go to the yellow table”  
“Look down” 
“Put the orange ball on the 
yellow table”    

Additional commands:  
Turn to the left 
Turn to the right  

Additional commands:  
Turn to the left 
Turn to the right 

 
The tasks were introduced to the participant by the experimenter 
reading aloud the following scenario: 
``Imagine you are working at a construction site and need a 
special tool. A humanoid robot, its name is fourteen, is 
supporting you by providing you with your needed tools. You can 
control the robot with predefined commands, therefore it picks-
up and transports the tool'' 

Afterwards the participant received a microphone to give 
the robot the speech commands. HRP-2 executed the commands 
autonomously, therefore the additional commands were 
necessary, as it could happen that due to wrong speech 
recognition the robot executed motions that were not expected 
by the participant (e.g., the robot picks up the purple ball instead 
of the orange one).  

Figure 1 shows the setting, with the HRP-2 robot (the 
execution of the motion was observed by a researcher in the 
background due to safety reasons), the participant with the 
microphone, the experimenter taking observational notes, and 
the green box, with a purple and an orange ball. 

 

 
Figure 1: Study Setting 

Four participants took part in the case study, one was female 
three were male and they were between 20 and 40 years old. The 
requirements to select the participants were: (1) know English 
well (the study was conducted in English); (2) not have any pre-
experience with robots (as insights should be gathered how 
novice users experience the interaction) 

3.3 Instruments and Measurements 

3.3.1 Usability Measurements 

The whole user study was video-taped. Task completion and task 
duration were recorded during the user study to address the 
usability indicators effectiveness and efficiency. Furthermore, a 
“retrospective think aloud” was conducted. After each task, 
participants were asked about improvements and changes they 
would suggest to make the interaction with HRP-2 easier in 
future. 

Additionally the system usability scale questionnaire 
(SUS) was used to address the perceived usability of the 
interaction. This questionnaire was developed at Digital 
Equipment Corp. as a tool which allows a simple and quick 
standardized evaluation of system usability. The scale consists of 
ten statement-based items, giving a global view of subjective 
assessments of usability. The statements are rated by the 
participants on a five-point Likert scale from “strongly disagree” 
to “strongly agree”. The overall scale takes into account the 
effectiveness, efficiency, and satisfaction of participants with a 
system. Thus the result of the questionnaire is a single number 
representing a composite measure of the overall usability of the 
system being studied, meaning that scores for individual items 
are not meaningful on their own. The range for this cumulative 
score is in between 0-100: “80-100: users like the system”; “60-
79: users accept the system”; “0-59: users do not like the 
system”. 

3.3.2 User Experience Measurements 

To get general insight on UX when interacting with the HRP-2 
robot, the validated standardized AttrakDiff questionnaire was 
used. This questionnaire was designed to measure beyond the 
usability (pragmatic quality) also the user experience (hedonic 
quality) of a system [20]. The questionnaire is a semantic 
differential consisting of numerous antithetic word-pairs, e.g. 
“disagreeable – likable”. All items have to be graduated by the 
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participants on a scale ranging from the negative word pole to 
the positive word pole; the negative pole (in sense of the scale) is 
coded with -3 and the positive with 3.  

The results are presented in four different sub scales: “PQ 
= pragmatic quality of the system”, “HQ-I = Hedonic Quality 
Identification”, “HQ-S = Hedonic Quality Stimulation”, and 
“ATT = Attractiveness”. The pragmatic quality describes the 
usability of the system and indicates how successful users are in 
achieving their goals using the product. The hedonic quality - 
identity scale describes to what extent the system allows the user 
to identify with it, whereas the hedonic quality - stimulation is an 
indicator to what extent the system can support stimulating 
functions, contents, and interaction- and presentation-styles. 
Finally attractiveness describes a global value of how the quality 
of the system is perceived by participants. The hedonic and 
pragmatic qualities are independent of one another, and 
contribute equally to the rating of attractiveness.  

Furthermore, a questionnaire was developed (subsequently 
called UX-questionnaire) which tried to address five predefined 
UX factors with five statements each and had to be rated on a 7-
point Likert scale (where 7 was the best rating in sense of the 
scale) by the participants.  

The five factors were chosen based on an extensive 
literature review: Emotion [28], Embodiment [28], Feeling of 
Security [12], Human-oriented Perception [28], Co-Experience 
[14] and are part of the USUS evaluation framework [1]. Table 2 
presents all items of the questionnaire with the corresponding 
factors. 

Table 2 
Statements addressing User Experience Factors 

Statement Factor* 
I liked the size of the robot. Emb 
Interacting with the robot is fun. E 
When talking to the robot, I feel like talking to a 
human. 

Co 

I am happy when the robot understands my 
commands. 

E 

I think that the robot is vulnerable to hackers. FoS 
I can interact with the robot like I interact with 
other humans. 

Co 

I am disappointed if the robot does not understand 
my commands. 

E 

I liked that the robot looked similar to a human. Emb 
I hesitate to use the robot for fear of making errors 
that will harm me. 

FoS 

When working with the robot I perceive it as 
working in a team. 

Co 

I perceive the robot as a social actor HoP 
I liked that the robot has human like features: face, 
ears, eyes, etc. 

Emb 

I feat to use the robot, as an error might harm the 
robot. 

FoS 

I liked that the robot detected my face. HoP 
I feel good when interacting with the robot. Co 
I liked the physical co-location of the robot. Emb 
I perceive that the robot is intelligent HoP 
I am angry if the robot does not understand my 
commands 

E 

I liked the design of the robot. Emb 
I enjoyed talking with the robot HoP 

The robot could become a companion for me. Co 
I feel secure when working with the robot. FoS 
I felt afraid of the robot. E 
I liked that the robot understands my voice 
commands 

HoP 

I perceive the robot as safe. FoS 
*Emb: Embodiment; E: Emotion; Co: Co-Experience; FoS; 
Feeling of Security; HoP: Human-oriented Perception;  

 

To measure if the participant’s attitude towards humanoid robots 
as working colleagues changes during the user study the NARS 
questionnaire was used.  

This questionnaire is based on a psychological scale to 
measure the negative attitudes of humans against robots and is 
originally developed by [29]. In the described user study the 
questionnaire was used in an English version [5]. This 
questionnaire tries to visualize which factors prevent individuals 
from interacting with robots. The questionnaire consists of 14 
questions, which have to be rated on a 5 point Likert scale 
ranging from “Strongly Disagree” to “Strongly Agree”. The 14 
questions build three sub scales: S1 = Negative attitude toward 
situations of interaction with robots; S2 = negative attitude 
toward social influence of robots; S3 = negative attitude toward 
emotions in interaction with robots. 

3.3.3 Societal Impact Measurements 

To address participants’ assessment of the future society 
regarding humanoid robotic working colleagues, an in-depth 
interview was conducted. The interview was based on four 
questions which were discussed with the participants. 

• In which way could robots be integrated into working 
life in future? 

• How could life change if robots are integrated into a 
construction site?  

• How will the usage of robots in the working context 
influence the future education system?  

• How could you imagine that society will support the 
use of robots in the future?  

3.4 Procedure 
The study started in a room separated from the test-setting, 
where participants had to fill in the NARS at first. Then the two 
tasks were conducted. After each task participants were asked 
what they thought and felt during the interaction with the robot, 
if they had any problems during the interaction, and if they 
would like to change or improve something to make the task 
fulfillment easier. Then participants rated the difficulty of the 
task. After the two tasks were carried out, participants filled in 
the questionnaires in the following order: 

 SUS 

 AttrakDiff 

 UX-Questionnaire 

Proceedings New Frontiers in Human-Robot Interaction, K. Dautenhahn (Ed.), symposium at the AISB09 convention, 8-9 April, Edinburgh, Scotland

153



 NARS (second round) 

After the questionnaires were filled in the user study was 
concluded with the in-depth interview on participants' 
imagination about how future society could look like regarding 
the integration of robotic technology. 

5 RESULTS 

5.1Insights on Perceived Usability 
Table 3 gives an overview on the task completion of all 
participants for all tasks. The results show that participants were 
very successful in solving the tasks, and thus did not experience 
the interaction with HRP-2 as very difficult. 
 

Table 3: Task Completion 
 Task 1  Task 2  

Solved successfully 2 3 
Solved with help 2 1 
Not solved 0 0 
Average rating of difficulty4 1.5 1.33 

 
The tables 4 and 5 give an overview on the clustered comments 
participants stated in the retrospective think aloud. The number 
in brackets is the number of the participant (not a count!). 
 

Table 4: Retrospective think aloud – Task 1 
Participants liked Participants disliked 

Robot answered in an nice 
way (3)  

Speed of the robots reaction 
(1, 2, 3, 4)  ( too slow)   

No need of additional and 
repeated commands (3)  

TP felt insecure if the robot is 
close enough to grasp the ball 
and therefore already had to 
look on how to proceed with 
the next command. (3)  

Robot describes all moves 
very good and helpful (3)  

There was orange and purple 
misunderstanding (1)  

Impressed, really 
impressed, if it was doing 
something wrong it was my 
fault (2)  

I did not understand what it 
said, I had just to give 
commands (1) 

Amazing, like in a movie 
(3)  

Not every move needs a 
command (4) 

The fears the robot would 
not understand me, were not 
realized. 

When it still needs human it is 
not useful (4)  

Feeling very close to the 
process (1)  

 

 
Table 5: Retrospective think aloud – Task 2 

Participants liked Participants disliked 

Easy to use (2, 3)  

 

Difficult: I had to figure out 
and understand how it works 

                                                 
4 from 1 “very easy” to 5 “very difficult” 

in term machine (1)  

I thought I need to talk 
slow, I would not have 
thought it is so precise (2)  

I saw the robot as a machine, 
not an human (1)  

Cool and easy to do (3)  

 

The robot is not human like, I 
do not remember that the 
robot detected my face (4)  

I was comfortable when the 
robot explained why he did 
not do the command (3)  

Comprehension should be 
better (orange-purple) (2)  

 I thought he will remind the 
yellow table that would be 
more logical (3)  

 It should remind things then it 
gets easier (3)  

 I was a little bit stressed as it 
did not understand the first 
command.   

 Its movement is slow (4)  

 The time between answer and 
movement is too long (4)  

 Improve: having different 
programs, one for talking, one 
for movement (4) 

 Lack of pronunciation (p of 
put, and p of purple) 

 

The SUS questionnaire equaled a surprisingly high result of 
78.8, meaning that the participants accepted the HRP-2 robot in 
terms of its usability. However the SUS is no absolute ratio, it 
depends on the experimental context; in this case study 
participants evaluated the speech interaction with the robot. 

5.2 Insights on User Experience 
The results for the AttrakDiff questionnaire (see table 6) 
presented a neutral image of the general UX when interacting 
with the robot. The comparison of the mean values for each scale 
shows that people experienced the robot rather neutral (all mean 
values are around 0). This means that there is still room for 
improvement of the user experience of the robot in terms of 
“Pragmatic Quality”, “Hedonic Quality Identification”, 
“Hedonic Quality Stimulation”, and “Attractiveness”. 

Table 6: Results AttrakDiff 
 PQ HQI HQS ATT 

Mean 0.0000 -.5357 .0357 .0714 

S.D. .37796 .44224 .62133 .24744 

 

For the UX-Questionnaire the UX factors were calculated by 
summing up the ratings of the participants (see table 7). They 
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can get values from 1 to 7. The higher the value is, the more 
positively the participants connected the form of experience with 
the tested robot. 

Table 7: Results UX Questionnaire 

 

The factor “emotion” comes off very well with an average value 
of 5.85. Also “embodiment”, “feeling of security” and “human-
oriented perception” have quite good values with 5.33, 4.93 and 
5.2. Only located in the middle of the field is the factor “co-
experience” with an average value of 3.7. 

The NARS questionnaire revealed to most impressive 
result (see table8). There is a significant difference between the 
rating of “negative attitude toward situations of the interactions 
with robots” (S 1) before and after the test. After the 
experiment/test the rating of the “negative attitude toward 
situations of the interactions with robots” is significantly lower 
than before the experiment. Also the rating of “Negative Attitude 
toward Social Influence of Robots” (S 2) has significantly 
changed. Before the test the rating of “Negative Attitude toward 
Social Influence of Robots” has been significantly higher than 
after the test. The rating of “Negative Attitude toward Emotions 
in Interaction with robots” has also decreased, but not 
significantly. 

 
Table 8: Results NARS Questionnaire 

  Mean  SD  t  sig.  

Nars S1  t1  11.75  4.11  5.196  .014  

t2  10.25  3.95    

Nars S2  t1  14.00  2.16  3.434  .041  

t2  10.75  2.36    

Nars S3  t1  9.75  2.06  -1.507  .229  

t2  7.50  2.38    

5.3 Insights on Perceived Societal Impact 
When discussing about the question in which way robots could 
be integrated into future working life, 3 out of 4 participants use 
the term “replacement”, which implicates that if robots are 
integrated into working life, automatically something or 
someone other is excluded from work (e.g. humans, machines). 
Therefore “replacement” is a negative term.  

Basically the participants are of the opinion that robots can 
replace on the one hand “slavery work” and on the other hand 
dangerous work. The term “slavery work” is defined as both 
repetitive tasks in construction factories and domestic work like 
cleaning, cooking, washing the dishes, cutting the grass or even 
driving a car. As examples for dangerous work the participants 
name “finding lost people in the mountains” or “lifting heavy 
things”. In the participants` opinion the advantage of using 
robots is that they can be replaced when they are broken, the 
disadvantage is that human life is nowadays cheaper than robots 
(e.g. in China).  

The following citations show that the participants are 
thinking differently about the integration of robots into the 
working life.   

• “It is impressive, but dangerous, we are a human 
society not a robot society, we have to keep humanity” 
(participant 2)  

• “Environments working harmful for humans” 
(participant 1)  

• “Robots are useful as assistance” (participant 3)  
• “You can replace a robot if it is broken” (participant 4)  
Two participants foreground the dangers aroused through 

the integration of robots into working life (e.g. unemployment), 
the other two participants do not mention dangers but give 
priorities to the advantages that could accrue by the usage of 
robots in the working life. So half of the participants vision the 
integration of robots into the working life positively, half of the 
participants negatively.  

Concerning the question how life could change if robots 
are integrated into a construction area, the participants forecast 
both positive and negative effects. One negative effect is the 
unemployment as a result of the replacement of humans by 
robots. Also negatively seen is the competition between robots 
and humans. The participants are of the opinion that robots will 
compete because they do not need to eat or drink and therefore 
are more reliable, meaning that the participants think that the 
costs of the workers are the most crucial employment-factor. It is 
seen positively that there will be less accidents in future working 
life with robots, so work will be safer, there will be less health 
problems and people will have more spare time where they have 
the possibility to do funny things while robots are doing their 
work (e.g. their household). Also positively noted is that work 
that only can be done by humans will be more valued in a future 
working life with robots.  

Subsequently it can be said that participants think there 
will be more unemployed people, because robots are doing their 
work. At the same time people will have more time for doing 
funny things. What the participants do not mention is the 
inconsistence between increasing unemployment and increasing 
fun in the spare time. There will be probably increasing fun for 
one group of people and less fun for the other unemployed group 
that cannot afford robots for domestic work. 

Concerning the question how usage of robots in the 
working context will influence the future education system, 
participants have two different concepts. One part of participants 
is of the opinion that people have to learn the usage of robots in 
school (e.g. school subject “technology” beginning at the age of 
about 15). The other part of participants thinks that children will 
be able to learn outside school how to use robots (e.g. “parents 
will teach the children the dangers of robots, it´s like with cars”). 

UX-Factors min max mean SD 

Co-experience  3.20 4.40 3.7000 .25166 

Embodiment  4.60 6.20 5.3333 .46667 

Emotion  5.20 6.60 5.8500 .29861 

Human- 
Oriented 
Perception  

4.20 5.80 4.9333 .46667 

Feeling of 
Security  4.20 5.80 5.2000 .38297 
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Therefore, we can distinguish between two robot-education-
types:   

• Type 1:  A robot is only one more technology, and 
there is no need for special education.  Computers in 
education are enough.   

• Type 2: There should be an introduction of robots in 
school, so people get to know how to interact with a 
robot.   

The last question was about how the society would support the 
use of robots in the future. For participants the usage of robots in 
future is mostly a benefit-cost-question. They think it depends on 
the price, the tasks the robot is able to do, the speed it is 
fulfilling the tasks with and so on. But also the ease of use and 
the main aim will be important factors. (If robots are only 
dedicated to economic growth they will not be as accepted as if 
robots that are dedicated to our life). Participants are of the 
opinion that if people get used to robots (if they are 
comfortable), they will be just another technology, like cars. For 
the young generation robots could be domestics, like computers, 
especially if they get cheaper and quicker.    
 

6 LESSONS LEARNED FOR THE 
PROPOSED EVALUATION SET-UP 
Considering our experiences we recognized the following issues 
as being crucial to successfully address UX and societal impact 
in a user study with a humanoid robot: 
1. Participant sampling and requirements: When conducting a 

user study in HRI with novice users it can be valuable to 
consider the educational background. In the retrospective 
think aloud and in the societal impact interview participants 
often underlined their assumptions based on their education 
and work background: “As I am working in education; I can 
tell you that robots should not teach children”; “As I studied 
computer science, I have a mental model how the robot 
vision works”. 

2. Method mix: It is recommended to combine qualitative and 
quantitative methods to gain a more holistic picture of UX. 
Linking the data from the pre-structured questionnaires with 
the retrospective think aloud and the societal impact 
interviews facilitated the clustering and interpretation of the 
gathered data. Furthermore we could show that the proposed 
HCI questionnaires can be fruitfully used to understand 
user’s experiences when interacting with a humanoid robot. 

3. Study setting: The UX factor feeling of security could not be 
reasonably addressed in the pre-study setting where a 
researcher had to observe the motions of the robot. Three 
participants stated difficulties in answering these questions 
of the UX-questionnaire: “I think the robot cannot be safe, as 
you have to watch it all the time”. Thus, it is recommended 
to assess the factor feeling of security in controlled settings 
that do not bias the answer behavior of the participants. 

4. Procedure: All participants mentioned positively that they 
had the possibility to fill in the NARS questionnaire a second 
time: “That’s good, because my attitude actually changed”.  

7 CONCLUSIONS AND FUTURE WORK 
The main goal of this case study was to explore how novice 
users experience the collaboration with the humanoid robot 
HRP-2 when interacting via speech commands and if the general 

attitude towards robotics changes because of the interaction with 
the robot. 

To investigate the feasibility of the study set-up and the 
methodological approach, we conducted a first case study with 
four participants. Our intention was to get a better understanding 
of first time user reactions on humanoid robots and to find out if 
these reactions influence participants’ attitude towards robots. 
The context of a user study where participants can directly 
control the robot via speech commands in combination with 
several questionnaires and an in-depth interview have proven its 
value, as different UX factors of the participants could be 
addressed and also discussed on the reflective level with the 
participants (retrospective think aloud and final interview). 
Furthermore, the workload seemed reasonable for the 
participants and built the basis for three similar future 
experiments.  

To validate the questionnaire which was based on five UX 
factors in term of the scales, a summative analysis of the data 
gathered in this case study combined with the three future user 
studies and a broad online survey (we are expecting a total of 
500 participants) is planned.  
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The USUS Evaluation Framework for Human-Robot 
Interaction  

Astrid Weiss1, Regina Bernhaupt2, Michael Lankes1 and Manfred Tscheligi1 

Abstract.  To improve the way humans are interacting with 
robots various factors have to be taken into account. An 
evaluation framework for Human-Robot Collaboration with 
humanoid robots addressing usability, social acceptance, user 
experience, and societal impact (abb. USUS) as evaluation 
factors is proposed (see figure 1). The theoretical framework 
USUS is based on a multi-level indicator model to operationalize 
the evaluation factors. Evaluation factors are described and split 
up into several indicators, which are extracted and justified by 
literature review. The theoretical factor indicator framework is 
then combined with a methodological framework consisting of a 
mix of methods derived and borrowed from various disciplines 
(HRI, HCI, psychology, and sociology). The proposed method 
mix allows addressing all factors within the USUS framework 
and lays a basis for understanding the interrelationship of the 
USUS Factors.12 

1 INTRODUCTION 
Integrating humanoid robots into human working environments 
is a challenging endeavour. It is important to consider that users 
in human-robot interactions can face severe problems and 
difficulties. Studies showed that users perceive autonomous 
robots differently than other computer technologies [32]: 
Autonomous robots often lead to a far more anthropomorphic 
mental model than other interface technologies; moreover, as 
mobile robots always have to adapt to their environment they 
also have to conform to the humans they are working with, thus 
the interaction of robots and humans has to be negotiated. 
Furthermore, robots “learn” about themselves and their world, 
which heavily distinguishes them from traditional computing 
technology [32]. All these issues have a very strong influence on 
the users' work environment, on the way people collaborate, and 
on the way they experience robotic co-workers.  

Such new technologies have a considerable impact on various 
factors of the interaction between humans and robots: usability, 
user experience, social acceptance, and societal impact have to 
be carefully investigated with appropriate measurements and 
approaches, to lay the basis for future ways of working, 
including robots that increase productivity and maintain safety. 
The theoretical and methodological evaluation framework 
USUS, which was developed from a human-centered HRI 
perspective [9] for evaluating usability, social acceptance, user 
experience, and societal impact for working scenarios with 

                                                 
1 HCI&Usability Unit, ICT&S Center, University of Salzburg, Sigmund-
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humanoid robots, can help us understand how to improve the 
construction of robots. The framework enables a positive user 
experience of all users – either individual or in groups, to 
enhance social acceptance and to support in general positive 
attitude towards (humanoid) robots in society. 

2 STATE OF THE ART  
As the research field of Human-Robot Interaction (HRI) is 
young, but evolving, the need for theoretical and methodological 
frameworks increases. As Bartneck et al. [4] claim: “If we are to 
make progress in this field then we must be able to compare the 
results from different studies”. The framework proposed in this 
position paper should contribute to this aim and therefore take 
into account efforts already being made in this direction.  

Thrun [43] provides one of the first theoretical frameworks 
for HRI based on the distinction of robots into three different 
kinds: industrial robots, professional service robots, and personal 
service robots. He describes in detail the different human-robot 
interface capabilities, different potential user groups, and the 
different contexts of use, which lays the first basis for future 
evaluation approaches in HRI. Thrun himself states in the 
abstract of this article: “The goal of this article is to introduce the 
reader to the rich and vibrant field of robotics, in hope of laying 
out an agenda for future research on human robot interaction” 
[43]. 

A similar intention was subject to Yanco et al. [48], who 
updated their taxonomy of human-robot interaction from 2002, 
to provide a basis for research in this area. They already address 
multiple research areas like HCI (Human-Computer Interaction), 
CSCW (Computer Supported Cooperative Work), and social 
sciences to offer a holistic picture of research aspects, proposing 
11 categories, which need to be considered when investigating 
the interaction between a human and a robot. The taxonomy of 
Yanco et al. allows the comparison of different HRI research 
approaches and therefore is a first step in the direction of making 
HRI research more generalizable.  

However, besides the theoretical frameworks, the need in HRI 
grows to define metrics to measure the success of robotic 
systems in a comparable way. This need became obvious with 
the inaugural workshop on “Metrics for Human-Robot 
Interaction” held in conjunction with the 3rd ACM/IEEE 
International Conference on Human-Robot Interaction (HRI 
2008). The goal of this workshop was “to propose guidelines for 
the analysis of human-robot experiments and forward a 
handbook of metrics that would be acceptable to the HRI 
community and allow researchers both to evaluate their own 
work and to better assess the progress of others.” 

A first attempt in this direction was already made by Steinfeld 
et al. [42]. In their framework they proposed five metrics for 
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task-oriented human-robot interaction with mobile robots: (1) 
Navigation, (2) Perception, (3) Management, (4) Manipulation, 
and (5) Social. Furthermore, they mention relevant “biasing 
effects”, which also have to be taken into consideration when 
evaluating the proposed metrics: communication factors (like 
delay, jitter, and bandwidth), robot response (like system lag and 
update rate), and the user (like training, motivation, and stress). 
Steinfeld et al. [42] provided above all metrics for usability 
factors (from an HCI perspective); however they stressed in their 
conclusion that their proposed “evaluation plan is to provide a 
living, comprehensive document that future research and 
development efforts can utilize as a HRI metric toolkit and 
reference source”. 

Bartneck et al. [4] on the other hand tried to provide a 
standardized toolkit to measure user experience factors in HRI: 
anthropomorphism, animacy, likeability, perceived intelligence, 
and perceived safety. Based on an extensive literature review 
they developed five validated questionnaires using semantic 
differential scales to evaluate human-robot interaction in terms 
of these factors. “It is our hope that these questionnaires can be 
used by robot developers to monitor their progress”. 

The Dutch research group around Marcel Heerink is focusing 
on the further development of the UTAUT model (Unified 
Theory of Acceptance and Use of Technology, see [46] for 
human-robot interaction in elder care institutions. They 
investigate which factors have an influence on the intention to 
use robotic agents. They consider factors like enjoyment [24] 
social presence [23] and social abilities [22]. Based on that, they 
want to develop a framework targeting studies on the acceptance 
of robotic agents by the elderly. 

The theoretical and methodological framework proposed in 
this position paper addresses usability, social acceptance, user 
experience, and societal impact of humanoid robots used in 
collaborative tasks and intends to be applied to answer the 
general question if people experience robots as a support for 
cooperative work and accept them as part of society and thus 
give an holistic view on evaluating humanoid robots. Therefore, 
the proposed evaluation framework consists of two parts: (1) a 
theoretical framework defining the relevant evaluation factors 
and indicators combined with (2) a methodological framework 
explaining the methodological mix to address these factors 
during the evaluation of human-robot interaction.  

3 THE FACTOR MODEL 
The proposed evaluation framework for Human-Robot-
Collaboration with humanoid robots is based on a multi-level 
indicator model targeting the factors usability, social acceptance, 
user experience, and societal impact as evaluation goals. The 
factors are selected to identify socially acceptable collaborative 
work scenarios where humanoid robots can be deployed 
beneficially to convince society to positively support the 
integration of humanoid robots in a human's working 
environment. The driving motivation for choosing these factors 
is to support user-centred evaluation approaches in HRI, going 
beyond pure usability studies. Although the framework was 
developed on an intense literature review taking into account 
existing frameworks and evaluation approaches in HRI, it cannot 
be guaranteed that is an exhaustive framework. 

All factors chosen for evaluation are based on several 
indicators, which can be addressed with a methodological mix to 

be assessed during an iterative design process of human-robot 
collaboration. To justify the selection of factors and indicators 
several case studies are currently conducted in the framework of 
the EU-funded FP6 project “Robot@CWE: Advanced robotic 
systems in future collaborative working environments”. Figure 1 
visualizes the combination of the theoretical and methodological 
framework.  

 
Figure 1: The Evaluation Framework 

3.1 Usability as Evaluation Factor 
The term usability refers to the ease of using an object. The 
iso924111:1998 [27] defines usability as “the extent to which a 
product can be used by specified users to achieve specified goals 
with effectiveness, efficiency and satisfaction in a specified 
context of use”. This definition shows that usability is a concept 
of different indicators, than one single measurable term. Initial 
research on usability in human-robot interaction was mainly 
concentrating on indicators like, performance/ effectiveness and 
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efficiency (e.g. [14], [40]). However, we propose that further 
aspects should be taken into account when assessing the usability 
of a humanoid robot. 

3.1.1 Indicators for Usability 

Effectiveness: The iso924111:1998 [27] defines effectiveness as 
“the accuracy and completeness with which users achieve 
specified tasks”. Thus effectiveness describes how well a 
human-robot team accomplishes some task. This normally refers 
to the degree to which errors are avoided and tasks are carried 
out successfully solved, measured by e.g. “success rate” or “task 
completion rate”.  
Efficiency: In the iso924111:1998 [27] efficiency is defined as 
“the resources expended in relation to the accuracy and 
completeness with which users achieve goals”. So efficiency is 
the rate or speed at which a robot can accurately and successfully 
assist humans. 
Learnability: is one indicator of usability derived from software 
engineering. The concept of learnability is self-explanatory: how 
easy can a system be learned by novice users. This seems to be a 
key indicator for usability in human-robot interaction as robots 
are a technology people have almost no pre-experience with. 
Learnability incorporates several principles like familiarity, 
consistency, generalizability, predictability, and simplicity. 
Flexibility: As humanoid robots are in general task 
independently designed (as they should be able to carry out a 
variety of tasks in unstructured environments and adapt to 
situations), flexibility seems to be another core-indicator for the 
usability evaluation of humanoid robots in collaborative working 
environments. Flexibility describes the number of possible ways 
how the user can communicate with the system.  
Robustness: Novice users will produce errors when 
collaborating with humanoid robots, thus an efficient human-
robot interaction has to allow the user to correct its faults on his/ 
her own. Furthermore the robotic system itself should be error 
preventing, by means of being responsive and stable. Robustness 
is thus the level of support provided to the user to enable a 
successful achievement of tasks and goals. 
Utility: As usability relates to the question of effectiveness and 
efficiency, like how well an interface supports the user to reach a 
certain goal or to perform a certain task, utility refers to how an 
interface can be used to reach a certain goal or to perform a 
certain task. The more tasks the interface is designed to perform, 
the more utility it has. Therefore utility and usability are related, 
but not interchangeable. Regarding humanoid robots utility is an 
essential factor, as a novice user has little knowledge about the 
utility of this type of robot as they are not designed for a specific 
task. 

3.2 Social Acceptance as Evaluation Factor 
Acceptance is an important issue to be evaluated in human-
centred HRI. There is a need to find out the reasons why people 
accept robots in order to avoid rejection in a long term. Dillion 
[11] defines user acceptance as “the demonstrable willingness 
within a user group to employ technology for the tasks it is 
designed to support”. However, the acceptance of autonomous 
acting robots cannot be defined that easily. In Western cultures a 
general retention of autonomous robots is present (e.g. [26], 
[30]) and furthermore novice users have difficulties in 

interpreting for which tasks a robot is designed. Thus, for 
socially situated robots [14], which can perceive and react on a 
social environment a different view on the term acceptance is 
necessary. Social acceptance within the USUS evaluation 
framework is defined as “an individual’s willingness based on 
interaction experiences to integrate a robot into an everyday 
social environment”. Several acceptance models exist which 
propose a theoretical framework for investigating technology 
acceptance, an excellent overview can be found in [45].  

3.2.1 Indicators for Evaluating Social Acceptance 

The indicators for the factor social acceptance in the USUS 
framework are derived from the UTAUT (Unified Theory of 
Acceptance and Use of Technology) model [46] (indicators 1 to 
4) and from the theory of “object-centred sociality” [33] 
(indicators 5 to 8). The indicators are defined in accordance with 
the theory of object-centered sociality to understand the 
important aspect of how humans can be socially influenced in 
their working routines by a robot.  
 
Performance Expectancy: In accordance to the UTAUT model 
Performance Expectancy is the strongest predictor of usage 
intention (it is significant at all points of measurement during the 
development of the model, both in voluntary and mandatory 
settings). “Performance expectancy is defined as the degree to 
which an individual believes that using the system will help him 
or her to attain gains in job performance.” [46].. 
Effort Expectancy: indicates to which extent the user perceives 
a system will be easy to use. Thus it includes believes of the 
degree of effort, difficulties, and understanding in usage, but also 
how complex users imagine the system to be. “Effort expectancy 
is defined as the degree of ease associated with the use of the 
system.” [46]. 
Attitude toward Using Technology: In the UTAUT model the 
attitude toward using technology is defined as “an individual's 
overall affective reaction to using a system” [46]. In this 
evaluation framework attitude toward using technology is seen 
as the sum of all positive or negative feelings and attitudes about 
solving working tasks supported by a humanoid robot.  
Self Efficacy: relates to a person’s perception of their ability to 
reach a goal. This indicator is not included as a direct 
determinate in the UTAUT [46] but it is estimated to be a 
relevant factor for human-robot interaction. Perceived self 
efficacy can be defined as “people’s beliefs about their 
capabilities to produce designated levels of performance that 
exercise influence over events that affect their lives. Self 
Efficacy beliefs determine how people feel, think, motivate 
themselves and behave. Such beliefs produce these diverse 
effects through four major processes. They include cognitive, 
motivational, affective and selection processes” [3]. 
Forms of Grouping: Group practices are a core element of 
human behaviour. Grouping describes that humans who share 
certain characteristics, try to collect in a group. They interact 
preferably with other group members, share a common identity, 
and accept expectations and obligations of other group members. 
The question arising is whether humans can also share identity 
with robots.  
Attachment: The term attachment was originally used to 
explain the bond that develops between a human infant and its 
caregiver [6]. In the last decades, the concept of emotional 
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attachment has been used in a number of ways, also in relation to 
HRI (e.g. [29], [28]). Attachment may be defined as an 
affection-tie that one person forms between him/ herself and 
another person or object - a tie that binds them together in space 
and endures over time. According to Norman [38], emotional 
attachment can be seen as the sum of cumulated emotional 
episodes of users' experiences with a device in various context 
areas. These experience episodes can be categorized into three 
dimensions: a visceral level (first impression), a behavioural 
level (usage of the device), and a Reflective level (interpretation 
of the device). 
Reciprocity: describes the principle of give-and-take in a 
relationship, but it can also mean the mutual exchange of 
performance and counter-performance. It is the positive or 
negative response of individuals towards the actions of others.  

3.3 User Experience as Evaluation Factor 
The term user experience is a very multifaceted concept and the 
research field of Human-Computer Interaction is still searching 
for a shared understanding of it [35]. A suitable definition for 
user experience of human-robot interaction can be adapted from 
Alben's general definition of user experience as “aspects of how 
people use an interactive product: the way it feels like in their 
hands, how well they understand how it works, how they feel 
about it while they're using it, how well it serves their purposes, 
and how well it fits into the entire context in which they are 
using it” [1]. 

Thus, users' experiences are related to a system and are 
embedded in a specific situation. Interaction goals, intra-
psychological dispositions, the environment, involved people 
and the product itself have a significant impact on user 
experience [20]. 

3.3.1 Indicators for Evaluating User Experience 

There is an increased interest in HRI establishing a positive 
experience for the interaction with a robot. In a working 
environment a positive user experience is desired since working 
tasks will be carried out more efficiently. In the following some 
factors of user experience in HRI are introduced, which are 
mainly derived from the framework of [15] to classify socially 
interactive robots. 
Embodiment: describes the relationship between a system and 
its environment and can be measured by investigating the 
different perturbatory channels like morphology, which has 
impact on social expectations [15]. It is assumed that a humanoid 
form will ease the human-robot interaction because the rules for 
human social interaction will be invoked and thus a humanoid 
robot will provide a more intuitive interface, although this 
premise is largely untested. This is an assumption which is often 
found in literature (e.g. [7], [8]). Other researchers assume that 
robots are perceived as machines and that humanoid features 
therefore would generate unrealistic expectations or even fear 
[15].  
Emotion: The indicator emotion implies that people tend to 
interact with computers (and robots) socially [39]. As emotion is 
an essential part in social interaction it has to be incorporated in 
the assessment and design of robots. Hassenzahl [19] structured 
aspects of user experience in product, goals related to the 
product, psychological status of a user, environment and people 

related to the experience. He stressed the importance of emotion 
in user experience by introducing relevant emotional episodes 
that are aroused during the interaction with a product. Users may 
experience satisfaction when a product fulfils the users' 
expectations. The emotion joy is felt by exceeding the user's 
expectations. Furthermore pride, surprise and attraction play a 
major role in experiencing a product. 
Human-Oriented Perception: tries to simulate human 
perception. Social robots should be capable of tracking human 
features (e.g. face), interpreting human speech and recognize 
facial expressions etc. Robots should have different types of 
perception, meaning passive sensing and spoken language 
recognition. They have to be able to track people in different 
environment and lighting conditions. Additionally, the system 
should be able to recognize speech in two steps: speech 
processing and graph search. Furthermore vision based gesture 
recognition and facial perception (face detection and 
recognition) skills are necessary to guarantee Human-Oriented 
Perception. The system should not only be able to recognize 
facial display but also should have capabilities for 
communicating facial expression by means of image motion 
techniques, anatomical models, and principal component 
analysis. 
Feeling of Security: As soon as humans should collaborate 
together with robots in the same environment, safety and 
security issues arise [10]. In addition to studies on how to 
eliminate the risk of hazards in human-robot collaboration [34], 
it is important to investigate how to design human-robot 
interaction in a way that humans experience them as safe. For 
example, [10] discovered that people prefer to be approached by 
a robot on the right hand side.  
Co-Experience with Robots: Co-experience describes 
experiences with objects regarding how individuals develop their 
personal experience based on social interaction with others. 
People define “situations through an interpretive process in 
which they take into account the non-symbolic gestures and 
interpretations of others” [5]. Severinson-Eklund et al. e.g. [41] 
observed collaborative aspects of interaction with robots 
focusing on the personality of the robot, the communication 
paradigm between the user and the robot, and how a robot can 
mediate within a group of people. 

3.4 Societal Impact as Evaluation Factor 
The maturing of technology has been seen ever since as process 
that influences and changes society (e.g. consequences of the 
industrialization). Turn [44] conducted one of the first studies on 
the societal impact of computing technology. Turn pointed out 
that the purpose of societal impact studies should not only be to 
analyze the actual state of society, but to identify potential 
problems of future society, and to recommend corrective actions. 

Societal impact can be defined as every effect of an activity 
on the social life of a community in general and more specific 
for the proposed framework: “Societal impact describes all 
effects the introduction of robotic agents consequences for the 
social life of a specific community (taking into account cultural 
differences) in terms of quality of life, working conditions and 
employment, and education.” 

Theoretical assumptions on how the future society could look 
like and be influenced by robotic agents can above all be found 
in the cyborg and post-humanism literature (e.g. [2], [17]).  
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3.4.1 Indicators for Societal Impact 

One of the main challenges when evaluating HRI is to predict 
the societal impact of robots. Already in 1981 the office of 
Technology Assessment conducted an exploratory workshop 
with the aim “to examine the state of robotics technology and 
possible public policy issues of interest”. Participants of this 
workshop identified four areas of “social issues” relevant for 
future societies in terms of the integration of robotic technology: 
(1) productivity and capital formation, (2) labor, (3) education 
and training, (4) international impact. Similar relevant impact 
factors could be derived from post-humanism and cyborg 
literature  

 
Quality of Life, Health and Security: According to Gray [17] 
quality of human life is determined by several types of freedom, 
like free choice of gender orientations, or the freedom of travel. 
Furthermore, Gray argues that also stable human relationships, 
family constellations, and mutual reliance have important impact 
on human life quality and that the very nature of our 
relationships with each other will change through the integration 
of artificial intelligence into our environments.  

Also the health system will be influenced by these 
developments, as high tech medicine will allow new therapy 
possibilities, which go hand in hand with the possibility of living 
longer. Security aspects could be concerned by the integration of 
intelligent robotic technology into everyday life, like electronic 
privacy, the freedom of consciousness, and the freedom of 
information. Already examples exist giving hints on these 
possible tendencies in future societies (e.g. [13], [16]). These 
researches efforts can on the on hand support the future health 
system and thus improve the quality of life, but on the other hand 
it could harm the natural relationships. 
Working Conditions and Employment: Working conditions 
and employment includes all aspects affecting how people carry 
out their job and how employers take care of their employees, 
including things like working contracts, wages, working times, 
and work organization. Working conditions have always been 
affected by technology developments, as they can be used to 
increase the efficiency and productivity. This in turn may lead to 
an increasing degree of replacement of e.g. assembly-line 
workers by robots, as robots can complete some physical tasks 
much quicker and more precisely than humans, e.g. harvesting 
[18]. Forlizzi et al. e.g. think of closing the gap of lacking 
service personal in hospitals by the introduction of care robots, 
for situations when no physical presence of a doctor or a nurse is 
necessary [16].  
Education: New software, new sciences and new disciplines 
require new types of education. Lifelong learning is necessary to 
manage duties and responsibilities. To avoid the fear of being 
displaced by a robot it might be necessary to give educational 
advertising. In times of increasing utilization of robots the aspect 
of education should not be disregarded. Considering the situation 
now, after the launch of computers, every child in western 
society is taught how to use computers and how to use certain 
programs. But without this education most people would not be 
prepared sufficiently for the labour market. So it might be 
necessary to be prepared for utilization of robots, in the physical 
manner, but potentially in a psychological manner too. 
Cultural Context: Culture embraces the whole range of 
practices, customs and representations of a society. In their 

rituals, stories and images, societies identify what they perceive 
as good and evil, proper, and racially different [2]. However, 
culture does not exist in the abstract. On the contrary, it is in the 
broadest sense of the term textual, inscribed in the paintings, 
operas, sculptures, furnishings, fashions, bus tickets and 
shopping lists which are the currency of both aesthetic and 
everyday exchange [2]. Thus the socio-cultural environment 
plays a decisive role. Japanese or South Koreans interact with 
robots in a quite different and more enthusiastic manner than in 
Europe, where people are more sceptical. This is due to the fact 
that in Japan e.g. automatons have a long tradition in religious 
ceremonials. Furthermore, in special Japanese religions a soul to 
things and machines is granted. Last but not least the positive 
presentation of robots in Japanese literature leads to a high 
acceptance too. There are also great differences in Japan and 
Europe regarding robots in the working area. Japanese 
employees trust in the corporation's decision and establish a long 
and quasi familiar relationship to their corporation. In contrast, 
in Europe due to short employment contracts and numerous 
structural changes over the last years robots are often perceived 
as a rationalization instrument [26]. 

4 THE METHODOLOGICAL FRAMEWORK 
Different methods are available to assess interactive systems in 
general and human-robot collaboration in specific. Depending on 
the data that is required, the resources that are available (i.e., 
time and money) and the design phase, a decision can be made 
which methods to choose [12]. One of the basic principles of a 
user-centred evaluation approach is that potential users evaluate 
whether the system is usable, acceptable etc. or not. Moreover, 
the method selected has to be adapted to the context, the tasks 
and the system which will be evaluated. Formative evaluation 
approaches are the main interest of this framework, as 
summative evaluations in real workplace environments with 
humanoids are hardly possible. 

To investigate and evaluate the above defined indicators for 
usability, social acceptance, user experience and societal impact, 
a combination of different methods is needed. Qualitative 
research is combined with quantitative measures for the 
evaluation approach. The proposed methods, presented in a 
matrix-diagram visualizing which method is suitable for which 
indicator, are presented later on in more detail. 
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Table 1: The Methodological Mix 
 Methods Expert Eval User Studies Questionnaires Physio. Measures Focus Groups Interviews 
Research Objectives        
Usability  
 Effectiveness X X     
 Efficiency X X     
 Learnability X X     
 Flexibility X X     
 Robustness X X     
 Utility   X   X 
Social Acceptance  
 Performance Expectancy   X  X  
 Effort Expectancy   X  X  
 Attitude toward Using Technology   X    
 Self Efficacy   X  X  
 Forms of Grouping   X  X  
 Attachment   X  X  
 Reciprocity   X    
User Experience 
 Embodiment   X  X  
 Emotion   X X X  
 Human-Oriented Perception   X    
 Feeling of Security   X X X  
 Co-Experience    X  X  
Societal Impact 
 Quality of Life   X  X X
 Working Conditions    X  X X
 Education   X  X X
 Cultural Context   X  X X

4.1 Expert Evaluation 
In traditional HCI research expert evaluations are used to asses a 
system in terms of its usability and detect as many usability 
problems as possible in a way that is less cost- and effort-
intensive than user testing.  
 
Heuristic Evaluation: A heuristic evaluation is intended to find 
and describe usability problems of a system on the basis of 
fundamental principles, so called heuristics [37]. Heuristics are 
describing essential attributes that a system should feature to 
ensure that the user is able to perform a task within a specified 
context in an effective, efficient, and satisfying way. Such a 
heuristic evaluation is usually performed by a small team of 
interface experts inspecting the system and comparing to what 
extent the principles have been adopted. All experts then have to 
rank all problems according to their severity. Thus, the result of 
a heuristic evaluation is a complete list of all detected usability 
problems ranked according to their severity. 
Cognitive Walkthrough: A cognitive walkthrough [47] is 
conducted by at least two usability experts assessing the 
usability of a system based on predefined task structures. The 
expert evaluators try to imagine how a typical (potential) user 
would solve a task with the assumption of minimizing the 
cognitive load. Thus, the cognitive walkthrough is above all 
used to evaluate the usability of a system in terms of its 
learnability and how intuitive it can be used. During each task 
analysis the experts ask themselves a set of questions for each 
subtask.  

4.2 User Studies 
Laboratory-based: User studies are used to provide empirical 
evidence to answer a concrete research question or hypothesis. 
Such user-involving evaluations are based on tasks, which  
 

 
 
subjects conduct, while their behaviour is observed and 
measured by a researcher. Classical metrics measured during 
user studies are task completion rate or error rate to measure the 
effectiveness of the tested system, and task duration to measure 
the efficiency. To better understand usability problems of the 
subjects occurring during the solving of task the “think aloud” 
method is often applied in user studies. “Think aloud” means 
that subjects are asked to say whatever they are looking at, 
thinking of, doing, and feeling, as they conduct a task. This 
enables observers to see first-hand protocol usability problems. 
User studies are normally audio and video taped so that 
researchers can go back and refer to what subjects did, and how 
they reacted. User studies provide a good opportunity to be 
combined with other methods like questionnaires or qualitative 
interviews. 
Field-based: Field based user studies have the focus of interest 
in testing the usage of a system in a realistic usage context. This 
kind of user studies can, but does not necessarily have to be 
task-based. In general the procedure is similar to user studies 
conducted in the laboratory, whereas the observation is mostly 
passive and unstructured. However, as field trials have to take 
into account more disturbing factors (e.g background noise or 
light conditions), the interpretation and analysis of the data, is 
more difficult. 
Wizard of OZ Technique: User studies can be conducted with 
fully autonomous systems, or they can be based on the so-called 
“Wizard of OZ Technique”, short “WOZ”. [31]. To allow user 
testing in very early stages of the prototype development, which 
cannot be fully implemented at that stage, a human “Wizard” 
enacts (or simulates) the system features in interaction. This 
approach integrates several advantages for user studies in HRI, 
as e.g. safety and security issues can be controlled during the 
testing, and relevant social cues can be simulated. However, also 
disadvantages are incorporated when evaluating user experience 
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and social acceptance: Is the perception of the robot measured, 
or the perception of a human wizard...?  

4.3 Standardized Questionnaires 
A questionnaire is a research instrument that consists of a series 
of questions with the purpose of gathering statistically 
analyzable data from the participants. Standardized 
questionnaires are based on closed answers, where participants 
have only to choose one of the pre-defined answers making it 
easier for them to complete the questionnaire. A good overview 
on existing questionnaires for HRI research can be found in [2]. 

4.3 Physiological Measurements 
Physiological measurements can give valuable additional input 
to e.g. questionnaires and focus groups and can detect 
information participants for instance do not want to state. 
Several methods can be used to measure the emotional state of a 
subject [36]: Methods like this can identify “emotions” at 
exactly the time they happen during a user study and can be 
combined with e.g. reflective questionnaire data on the 
emotional state. This can support investigation of user 
experience factors in terms of “heteronom and autonom 
identification”. 

4.4 Focus Groups 
Focus groups allow the researcher to explore participants’ 
attitudes, beliefs, and desires in great depth and give insights 
how they experience a system. Focus groups are structured 
discussions about specific topics and moderated by a trained 
leader. The focus of the discussion is also triggered by the 
participants' selection which is based on common 
characteristics, as opposed to differences among them. It is 
important to note that a focus group only gathers qualitative 
data, which can be used as input to further develop other 
research instruments which gather quantitative and generalizable 
results. 

4.5 In-depth Interviews 
In-depth interviews are a qualitative research technique, which 
allows “person-to-person” discussion on a specific topic. It aims 
to get increased insight participant's ideas, attitudes, and feelings 
on the discussed issues. In-depth interviews can be combined 
with user studies to discuss with the participants how they 
experienced the interaction with the robotic system.  
Expert Interviews: This specific type of in depth interview is 
conducted in the same way as qualitative interviews in general. 
However, they are conducted with people who are considered 
experts in a particular subject, e.g. humanoid robot 
development, robots in the workplace, robots and ethics etc. The 
aim is not to get to know their attitude or feelings on a topic, but 
that they share their knowledge. 
Delphi study: is a special form of how to conduct expert 
interviews. The goal is to find a solution for a complex problem 
statement. Delphi studies consist of several rounds of interviews 
and discussions with several experts. After each round 
researchers report to experts the results of the previous 
discussion round as group opinion about the problem statement. 
This process happens as long as a common solution for the 
problem statement is found.  
 

5 SUMMARY AND OUTLOOK 
The goal of the framework is a multi-level evaluation model 
covering a multitude of factors: Usability, social acceptance, 
user experience, and societal impact. These four factors are 
called the USUS factors. Main goal of the evaluation framework 
is to guide research in answering the question on how people 
experience robots as a support for collaborative work and accept 
them as part of society. The framework operationalize the USUS 
factors with indicators and  describes methodological 
possibilities to investigate them - and beyond that, helps to The 
evaluation framework is intended to guide current activities 
within the Robot@CWE research project, but it can help other 
researchers on a more general level to understand what kind of 
methods can be helpful to investigate the USUS factors in 
human-robot interaction. To assess the validity of the proposed 
framework currently more than twenty evaluations, at seven 
different sites involving various types of humanoid robots, are 
conducted to investigate the relationship between the various 
factors (first results can be found in ([49][50][51]). Further 
results will be available in 2009, showing advantages and 
limitations of the proposed framework to evaluate human-robot 
collaboration with humanoid robots, but we expect this 
framework to be a valuable help for researchers to investigate 
the USUS factors in HRI.  
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