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Abstract

Autonomous mobile programs (AMPs) have been proposed for load man-
agement in dynamic networks. An AMP is aware of its resource needs and
periodically seeks a better location in the network to reduce execution time.
AMPs have previously been measured using mobile Java on a local area
network (LAN).

We have constructed a simulation model of AMPs and reproduced the
results of the real experiments with AMPs on LANs. The results show
that simulated collections of AMPs obtain similar balanced states to those
reached in the real experiments, and have only minor differences from real
experimental results. The simulation model gives an opportunity to explore
the greedy effect that can be observed in the real experiments. This gives us
confidence to apply the simulation model for further investigation of AMP
behaviour, including behaviours on wide area networks.
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Chapter 1

Introduction

The continuing decline in price and increase in network size and interconnec-
tion speed allows developers to create and apply mobile computations [1].
Usually the development of distributed systems is driven by concerns relat-
ing to the goals independent of the actual environment they are running.
So, such systems tend not to communicate with environment they are ex-
ecuted in, which impacts on their effectiveness in achieving the collective
goal. Autonomous mobile programs were developed to attempt to overcome
this drawback.

Autonomous mobile programs (AMPs) are mobile agents, which aim
to exploit advantages of mobile computations, agents and autonomic tech-
niques [2]. They are aware of their resource needs, sensitive to the en-
vironment in which they execute and periodically seek better location for
execution.

Results of real experiments on local area networks showed that AMPs
are able to dynamically relocate themselves and quickly obtain optimal or
near optimal balance for minimizing execution time.

The aim of the current research is to obtain a detailed understanding
of autonomous mobile program behaviour on local area networks. For this
purpose real experiments for homogeneous and heterogeneous local area net-
works are reproduced [2]. Other goal is the estimation of AMP capabilities.

Chapter 2 examines existing types of networks and gives characteristics
of local area networks, wide area networks and internetworks, which are
selected for simulation.

Chapter 3 introduces a classification of load balancing methods and de-
fines properties and features of AMPs, according to the classification.

In Chapter 4 we discuss mobility, autonomous systems and agents. Also,
we introduce AMP features and define main principles.

Chapter 5 examines tools for simulation modelling in general and com-
puter networks in particular. It explains the reasons for choosing of OM-
NeT++ network simulator for current research.
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Chapter 6 discusses the programming of the simulation model on OM-
NeT++.

In Chapter 7 we analyse simulation results and compare them with re-
sults of the real experiments.

Chapter 8 concludes work undertaken and defines further research.
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Chapter 2

Networks

A network is a set of interconnected computers, and networks are classi-
fied according to geographical range and the number of computers attached
to it. Geographical range and number of locations account for the differ-
ence in data transfer rate and inputs of telecommunication lines. There are
number of approaches for this classification, such as [3], [4], etc. Former
classifications suggest different network scales. For the current research,
Tanenbaum’s classification is used [3], and local area networks [5], wide area
networks [6] and internetworks [7] are examined.

2.1 Local Area Network

A local area network (LAN) is characterized by relatively small geographical
range, e.g. office, building or small group of buildings [5]. Usually, LANs do
not exceed few kilometres in size and have relatively high data rate of 10
Mbps to 10 Gbps. Computers within LAN are commonly used for sharing
data and information exchanging. Different network topologies, such as bus,
ring, star, full connection, can be used to connect the locations. For AMP
implementation, a full connected network is used.

2.2 Wide Area Network

A wide area network (WAN) covers a larger physical area, such as a country
or a continent [6]. It unites machines (hosts) with a communication sub-
net. The machines are operated by users, while communication subnets are
commonly operated by telephone companies or Internet service providers.
Usually, subnet consists of transmission lines, which move data between
hosts, and switching elements for composing transmission lines with each
other. Switching elements are also called routers. Traditionally, the speed
of data transmission is less than within LAN and usually ranges from 1.2
Mbps to 156 Mbps.
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2.3 Internetwork

An internetwork combines a set of LANs with different hardware and soft-
ware in a WAN [7]. This interconnection is effected by means of gateways,
which are specialised routers linking different networks, and which perform
software conversing of traffic between different protocols. In contrast to a
WAN, an internetwork is formed by connection of distinct networks. An-
other feature of an internetwork is that it has a global scale. These two
properties enable computers with different architectures to communicate
with each other at arbitrary distances.
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Chapter 3

Load Balancing

The problem of load balancing in distributed computer systems has been
widely studied, e.g. [8], [9], [10], etc. The main difficulties which load bal-
ancing approaches face are minimizing execution time, minimizing commu-
nication delays, and maximizing resource utilization [11].

For classification of approaches and methods of load balancing problem
solving, the [12] taxonomy is used (see Figure 3.1). According to [12], the
first differentiation is between local and global load balancers.

As taxonomy of dynamic task scheduling schemes in distributed comput-
ing systems requires more detailed description of dynamic load balancers,
[13]’s taxonomy is also used (see Figure 3.2).

3.1 Local and Global Load Balancers

Local and global load balancers are distinguished by the number of proces-
sors, for which task scheduling is implemented [12].

Local load balancers implement task scheduling for a single processor.
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Figure 3.1: Classification of scheduling methods [12]
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Local load balancing is achieved on single processor systems by appropriate
sequential scheduling of processes [14].

Global load balancers solve the problem of where the task must be ex-
ecuted, leaving solving the problem of local process scheduling to the op-
erating system of the processor, to which the task was allocated. Such
cooperation of local and global scheduling allows increased autonomy of in-
dividual processors in global load balancing. As the aim of current research
is achieving load balancing in the network, only global load balancing clas-
sification and approaches are examined. Global load balancing methods are
divided into static and dynamic methods [12].

3.2 Static and Dynamic Load Balancers

Subject to the data used and time of task scheduling, static and dynamic
load balancers are made out in global load balancers. Dynamic and static
load balancing methods have range of application. However, efficiency of
operation depends on the initial data availability.

The distinctive feature of static load balancers is that they assign tasks to
locations before program execution starts. Thus, all necessary information
for predictive calculation, such as task execution times, processing resources,
etc., must be known beforehand. However, a fundamental defect of static
method is unavailability of such information in the most cases, that makes it
impossible to predict program behaviour before execution with satisfactory
accuracy.

Usually, the main aim in static scheduling is reducing program execution
time at the cost of communication delays [11]. This is achieved by the
allocation processes to processors and the consolidation of smaller tasks
into larger groups.
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As opposed to static load balancers, dynamic load balancers take schedul-
ing decisions during program execution. Task scheduling decision can not
be made until program execution has started, because scheduling in the
dynamic load balancers is implemented on the basis of system-state infor-
mation. The advantage of using dynamic load balancing is that information
about resource needs is rarely known beforehand.

Dynamic load balancers use either current or recent load information to
make a decision [15]. As information gathering takes time, not only current
but also recent load information is used. This allows a reduction in the time
for information exchange, raises efficiency and keeps overhead acceptably
low.

The process of dynamic load balancing entails five phases [16]:

• Load evaluation - estimation of computer loads for analysis of imbal-
ance in the network;

• Profitability determination - detecting of load unbalancing and initi-
ating of load balancing;

• Work transfer vector calculation - calculation of necessary transfers
for balance establishment;

• Task selection - preparation of the tasks, which were selected on the
previous phase, for transferring;

• Task migration - transferring of tasks from one computer to another.

Another necessary requirement for a dynamic load balancing algorithm
is the ability to use local communication and fast recalculation [17]. Local
communication usually exhibits smaller communication delays. Therefore,
using this property in the dynamic methods allows to reduce program ex-
ecution time, improve method’s efficiency and sometimes great bandwidth.
Fast computing of task relocation is required to keep overhead within le-
gitimate value. This is especially important when the program does not
move during execution but stays on the initial location, and CPU speed of
location, also, does not change.

AMPs belong to the class of dynamic load balancers, because they make
decision for further computation on the basis of current or recent state of
location.

[12] further classifies dynamic load balancers as distributed or nondis-
tributed. Nondistributed load balancing supposes implementation of schedul-
ing computation by the single processor; in distributed load balancing,
scheduling computation is distributed among several processors. AMPs be-
long to load balancers with distributed scheduling scheme.
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Based on the general taxonomy [12], detailed dynamic load balancing
taxonomy for distributed computing systems was worked out [13]. This tax-
onomy distinguishes centralized, decentralized and hybrid distributed dy-
namic load balancers.

3.3 Centralized, Decentralized and Hybrid Load
Balancers

In dynamic load balancing, the task scheduling decision may be either cen-
tralized, decentralized or hybrid.

A centralized scheme [13] implies availability of central agent, that can be
physical processing element or global shared file. The central agent collects
information about system state and makes decisions about load balancing
of the system. Thus, it must be accessed and updated by every processing
element of the system. An advantage of this method is low estimation over-
head [18]. Another advantage is a type of communication scheme between
processors, that is ’all-to-one’ instead of ’all-to-all’. ’All-to-one’ commu-
nication reduces communication delays. However, a substantial defect of
this method is poor scalability. As the number of processors increases, the
computational load on the central agent increases and its processing speed
becomes a bottleneck. Example of centralized load balancers are [18], [19],
[20].

In the decentralized scheme [13] load balancer is replicated on all loca-
tions of the system, e.g. every location collects and estimates information
from other locations, and makes a decision whether to transfer data or not.
Potentially, decentralized load balancers are more liable to failure, because
of the lack of a united centre of information collection and estimation. How-
ever, a decentralized organization is more scalable and more reliable com-
pared with a centralized one. Decentralized load balancing methods are
described by [21], [22], [23], [24].

Hybrid schemes combine centralized and decentralized approaches. De-
velopers try to find compromise and derive as much as possible advantages
from interaction between centralized and decentralized approaches. There
are two main schemes in hybrid organisation. In the first scheme all loca-
tions are divided into clusters on the basis of various factors. A centralized
organisation is used within each cluster, and a decentralized one is used
between clusters [25]. The first scheme is usually used in the large scale
networks. In the second scheme locations exchange state information with
their neighbours in the decentralized manner, and also send their local state
information to the central monitor in centralized manner [26].

AMPs make the decision whether to move or not to another location
themselves. However, within one location, AMPs use a load server archi-
tecture. The load server maintains information about location load, which
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reduces coordination time for AMPs and time to discover load information.
For large scale networks a super load server architecture is proposed [2].
Super load server architecture divides a large scale network into clusters ac-
cording to network latency. Every cluster would contain a super load server
for reducing communication delays between clusters. Hence, AMPs can be
related to the global dynamic hybrid load balancers.

3.4 Decision Making Policy

Further classification of hybrid load balancers depends on the decision mak-
ing policy, which is also called the transfer policy. Thus, sender initiated,
receiver initiated, and symmetrically initiated policies are distinguished. In
a sender initiated scheme, the task maintainer searches for a remote location
with better parameters for task execution. Whereas in a receiver initiated
scheme, a location searches for work executing at other locations with worse
execution. In a symmetrically initiated policy both types of searching are
applied.

AMPs use a sender initiated scheme. At regular intervals AMPs recal-
culate parameters to search for better location for execution. On the basis
of recalculated data, AMPs themselves make migration decisions.

The next step in the classification is based on the type of transformation,
which defines method on basis of which a definite location for further execu-
tion is chosen. Transformation can be either simple or model based. Simple
transformation is performed by first fit and best fit approaches. Model based
transformation has some formal model, which defines involved computations.
They are as follows: stochastic learning automata model, Bayesian decision
model, etc.

AMPs make recalculations on the basis of knowledge (parameters) about
other computers in the network. However, in term of time saving, AMPs do
not use complicated schemes, but choose for execution the location, which
has shortest execution time adjusted for communication time. Thus, AMPs
use simple transformation with best fit approach.
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Chapter 4

Autonomy and AMPs

The increase in network size and interconnection speed allows developers to
create techniques for process distribution between nodes of a network. Pro-
cess distribution gives access to the computational resources and processing
power of network nodes for minimizing execution time [27].

Autonomous mobile programs (AMPs) were developed to manage load
in the network [2]. The key target of AMPs is to exploit computer facilities
of network to improve efficiency by balancing the load between the different
nodes.

4.1 Mobility

Depending on the research area, the term mobility describes different con-
cepts. In the sphere of hardware technologies, mobility implies mobile de-
vices, such as laptops, wireless PDAs, which can move within network. In
the field of software technologies, mobility implies mobile computation over
fixed network. The terms mobile computation (software mobility) and mo-
bile computing (hardware mobility) were proposed for distinguishing types
of mobility [28].

Our current research is focused on the modelling of autonomous mobile
program behaviour. The term mobility means a technique that provides mi-
gration of active processes within network [1]. So, only mobile computation
taxonomy is examined (see Figure 4.1).

An ability to move executing processes within network has following
advantages [29]:

• Load distribution allows the moving of some processes from a heavily
loaded node to a less loaded one, that can decrease process execution
time.

• Fault resilience gives processes an opportunity to migrate away from
partly broken locations and overcome local errors.
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Figure 4.1: A classification of mobility mechanisms [1]

• Data access locality allows programs to reduce data access time at the
expense of migration to the location of the data.

An AMP is a mobile agent. In the current research, mobile agent means
mobile computation, which decides whether it should migrate or not. When
a mobile agent moves, it takes data, code, and thread state to a new location,
and resumes computation there.

According to which entity decides what must be moved, the following
approaches are distinguished [30]:

• Implicit Mobile Computation. The program itself decides whether to
migrate or not on the basis of some algorithm.

• Explicit Mobile Computation. In this case a programmer controls
placement of computations in the network.

AMPs are implemented on the basis of implicit mobile computations and
make decisions about movement themselves.

Also, code and execution state management and data space management
are distinguished. Data space management implies data migration. Code
and execution state management implies not only data, but also code and
execution state migration. Execution state means that program resumes the
execution from the place, where it finished on the previous location.

As AMPs are mobile agents, they imply movement of code and data,
and, hence, belong to the code and execution state management.

In the code and execution state management, strong and weak mobility
are distinguished [1]. Weak mobility supports only movement of code, and
strong mobility supports movement of code and execution state of data,
that allows the AMP to resume execution at the destination site in the
same execution state as it was before migration.
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Figure 4.2: Mobility behaviour of Java Voyager AMPs

The current simulation modelling is implemented on the basis of real
experiments with AMPs, which were programmed on the Java Voyager [31].
Java Voyager provides weak mobility. Figure 4.2 represents coordination
behaviour of AMPs [2]:

1. The program is started at location 1 and decides to move to location 2.

2. Then program sends code on the location 2 and creates reference from
the code at location 2 to the data in location 1.

3. Location 2 completes part of computations and returns results to lo-
cation 1.

4. After returning results, code in the location 2 estimates whether an-
other location for execution would improve efficiency, and either mi-
grates on another location or continues execution on the current one.
However, data at location 1 never moves.
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4.2 Autonomous Systems

Autonomous systems is another term for autonomous computing. The
main point of autonomous systems is a capability of self-management. Self-
management, in turn, tries to administrate system irrespective of operation
system and maintenance details. Aspects of self-managing systems are as
following [32]:

• Self-configuration implies automatic configuration of autonomous sys-
tems. System learns about configuration and registers itself, which
allows another systems use it and modify their own behaviour. Self-
configuration is important for large and complex systems, configura-
tion of which demands time and programmer resources.

• Self-optimization is ability to seek opportunities for enhancement of
system efficiency. Efficiency is expressed in performance or cost. De-
cision can be done on the basis of some algorithm or knowledge which
was obtained during learning period and previous experience.

• Self-healing implies self-diagnostic of system and revelation of debugs
in the software and hardware. Finding results can be used for auto
detecting among existed patches. Then, depending on the searching
results, system can install the patch or alert a human programmer.

• Self-protection is ability of the system to defend itself from outward
attacks and inner cascade failures. Moreover, self-protection implies
making decision on the basis of knowledge about previous system re-
ports.

Autonomous mobile program approach is developed on the basis of self-
optimization aspect. AMPs continuously analyse capabilities of computers
in the network for improving efficiency and reduce execution time.

Making decision by autonomic self-optimizing system is performed by
three steps [33]:

• Monitoring data, on the basis of which the system makes decision for
optimization;

• Deciding whether to change the current state relating on the monitor-
ing results;

• Executing the decision.

Many approaches were developed on the basis of self-optimisation aspect,
e.g. [34], [35], [2], [36], etc. The current research is focused on the analyses
of autonomous mobile program approach capabilities for local and wide area
networks [2].
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4.3 Autonomous Mobile Programs

Autonomous mobile programs (AMPs) are developed for load managing on
large and dynamic networks [2]. AMPs migrate within network to raise
program execution efficiency and exploit network.

Most autonomous mobile agent systems adapt their computations, how-
ever AMPs adapt their coordination. Hence, the feature of AMPs is where
the program executes and not what it does.

AMPs are not only a type of autonomous agent but mobile agents with
a cost model. They are similar to ethological models such as the Ant Algo-
rithm [36]. However, the difference is that ant algorithm seeks the fastest
path and uses feedback of each mobile agent to decide which path is bet-
ter, whereas AMPs seek better resources, estimate the network’s current
information and make the decision themselves.

One of the main aims for AMP development is minimizing execution time
by the seeking the most auspicious location without visiting any specific
of them. AMPs are aware of their execution needs and of the execution
parameters of locations on the network. They take migration decisions on
the basis of this information.

The AMP approach is novel in the following properties:

• AMPs possess truly autonomous mobility, as they themselves decide
whether to move or not on the basis of local and external information,
and do not rely on a central scheduler;

• combination of analytical cost model with empirical observation of the
AMP’s own behaviour is used for current progress determination;

• proportion of the movement cost to the overall execution time may be
kept to a very small value.

For advance estimation of total time program execution Ttotal, the fol-
lowing cost model is used:

Ttotal = TComp + TComm + TCoord, (4.1)

where TComp is computation time, TComm is total communication time, and
TCoord is total coordination time.

The cost model is parameterised on system architecture, which includes
location and interconnect speeds, cost of data processing and communicat-
ing, data size, number of locations.

The main rule that AMPs follow in making decision to migrate to another
location or not is whether the execution time on the current location Th

exceeds time for single communication Tcomm and execution time on the
new location Tn:

Th > Tcomm + Tn. (4.2)
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The condition, under which the program does coordination work is that
total coordination time TCoord must be less than allowed value of static
execution overhead:

TCoord < O·Th, (4.3)

as total coordination time TCoord is n times recoordination which lasts during
Tcoord, then

TCoord = n·Tcoord, (4.4)

which means that number of recalculations n must be less than ratio of time
overhead in static regime execution to the time of single coordination:

n <
O·Th

Tcoord
(4.5)

To estimate AMP execution time the equations, which relate time, work
and CPU speed, are used:

Th =
Wr

Sh
(4.6)

Tn =
Wr

Sn
(4.7)

Th – time that will be expand on the current location;
Tn – time that will be expand on the new location;
Wr – the work remaining;
Sh – the current CPU speed;
Sn – the new location CPU speed.

According to this information, AMPs can predict execution time on the
current Th and new Tn locations of the network. On the basis of result
comparison AMPs decide whether to stay on the current location or to
move.
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Chapter 5

Network Simulator

One of the most important tasks for creating a simulation model of a net-
work is deciding on an appropriate simulator. There are number of network
simulators available, each designed to solve different problems. As the aims
of the current research are the modelling of autonomous mobile programs
(AMP) implementation in the network and examining of load balancing
for evaluating of AMP approach effectiveness, simulators such as NS2 [37],
JiST/SWANS [38], Traffic [39] and OMNeT++ [40] are compared.

5.1 Properties of Network Simulator

During the process of examining different simulators, the main properties,
which a satisfactory simulator must possess were considered. These proper-
ties are as follows:

Discrete event simulation. The simulator must provide processing of
discrete events. This is important for simplification and accurate analysing
of network simulation model.

High level network simulation. Our goal is simulation of autonomous
mobile programs, which themselves decide whether to transfer to another
location or continue execution at the current one. Programs’ behaviour
must be examined on the application level and not on lower levels, such as
transport or link. Therefore, the simulator should abstract the low level
details of the network.

Appropriate time of execution. One of the most important properties,
that simulation modelling has, is opportunity of model multiple execution.
However, every program run takes time not only for results analysis, but also
for execution. And if the execution time is too long, multiple executions of
the model become time consuming. As a result, it is difficult to examine all
possible cases because of lack of data. Thus, capability of reasonable execu-
tion time is critical for evaluation and further improving of the simulation
model.
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Free Software. Since there are no funds for purchase of a commercial sim-
ulator, there are pragmatic reasons for using freely distributed simulators.
This would also give the opportunity to modify the simulator to optimise it
for the problem at hand, should this be necessary.

Object-oriented approach. This property is not essential, however its
availability gives opportunity to use all advantages of object-oriented pro-
gramming, e.g. correctness, extensibility, encapsulation, inheritance, poly-
morphism, etc.

5.2 Simulation Packages

A range of network simulation tools are available. All of them were created
for solving particular problems and providing different levels of simplicity
and ease of handling for programmer.

5.2.1 Classes of Simulation Packages

Simulators are classified as continuous and discrete event [41]. Continuous
simulation is possible, if there are equations with help of which objects’ be-
haviour can be described in the system. However, in our case, because of
difficulty and often impossibility to prognosticate implementation of pro-
grams in the networks, it is more effective to use discrete event simulator.
This kind of simulator assumes passing transaction-flow (programs) by dis-
crete sequence of steps in the simulation model (network).

In turn, discrete event simulators are distinguished by the sphere of
application, e.g. business planning, weather forecasting, network simulation,
molecular modelling and et.al. FEFLOW and PROLITH are examples of
simulators specialised to particular types of model.

FEFLOW (Finite Element subsurface FLOW system) is one of the earli-
est simulators in building and modelling of groundwater flow, which has been
under development since 1974 [42]. FEFLOW gives opportunity to model
fluid flow, dissolved constituents’ transportation in the subsurface. It has
easy-to-use graphical interface and supports parallel-computing execution on
multi-processor machines. FEFLOW supports continuous simulation [43] as
well as discrete event simulation.

Another example of using simulators in the researches is PROLITH (Pos-
itive Resist Optical LITHography) [44]. It is used for simulation of optical
and chemical aspects of photolithography. Its development starting dates
back to 1983. With PROLITH users can identify Extreme Ultra-Violet ra-
diation (EUV), material performance, and examine effects of processes. It
allows explore results over different technologies, such as immersion lithog-
raphy, EUV, etc.
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5.2.2 Network Simulators

According to the aim of modelling, researcher may need to simulate different
network levels. Low level network simulators model link and network layers,
e.g. NS2 [37], OPNET [45] or NCTUns [46]. Higher level simulators model
application level, such as OMNeT++ [40] or Sim++ [47].

NS2 is discrete event network simulator, based on C++ and OTcl (ob-
ject oriented version of Tcl) [48]. Both wired and wireless networks can be
simulated. For wireless networks it has several extensions, such as mobile
networking, satellite networking, radio propagation, etc. It supports dy-
namically loadable libraries, which simplifies extension of NS2 and does not
demand modifying of the core simulator. Another feature is that UDP and
TCP [3] agents are implemented in NS2. This makes it possible for program-
mer to concentrate on the particular aims of the model, using standard TCP
and UDP libraries of this simulator. NS2 is very popular among academia,
because of its extensibility, open source and detailed documentation. It is
usually used for simulation of routing and multicast protocols.

Simulators like Traffic [39] are intended to model complex queuing prob-
lems. Traffic was developed for problems which can not be solved with
Erlang equations [49]. It has a user friendly graphical interface and allows
to add identical servers easily. Moreover, it does not require the user to
program in scripting language for defining objects’ behaviour of the model.
The latest version of Traffic V3, can export results in spreadsheet and word
processor format. This feature gives researcher more possibilities for deeper
data analysis.

Another type of network simulator examines wireless networks. A rep-
resentative of this type of simulator is JiST/SWANS [38]. JiST (Java in
Simulation Time) is a simulation engine atop of which, there was built
Scalable Wireless Ad hoc Network Simulator (SWANS). SWANS combines
system- and language-based approaches for simulation. A distinctive fea-
ture of SWANS is that unmodified network applications can be run over
the simulated network. Also, for ease of programming the following mod-
els are provided: reception, noise, signal propagation, fading, node mobility,
etc. SWANS supports components for physical, link, network, transport and
application layers, which allows programmer to examine simulation model
thoroughly.

5.2.3 Simulation Package Selected

Analyzing network simulators, it was found that main spheres of NS2 exam-
ining are lower network levels, link and network layers in particular. Creat-
ing the model on this network simulator would make it essential to construct
low levels of network. Results will also reflect packages behaviour of these
levels. Thus, it will be more complicated to examine influence of AMP on
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load balancing.
Traffic and JiST/SWANS both concentrate on network in detail, and

were developed for solving certain network problems, queuing and wireless
respectively. While we need to simulate wired network and examine trans-
acts behaviour on the more general level.

Therefore, it is decided to use OMNeT++ network simulator, which
satisfies most closely the requirements of Section 5.1.

The initial release of OMNeT++ was made in 1996 and at present devel-
opers continue to improve it. This fact makes OMNeT++ more attractive
for programmers as it allows creation state-of-the-art models.

The simulator is under Academic Public License that makes it popular
in academia. Also, it provides opportunity to work in the Dos / OS2 /
Windows / Unix environment. Capability of working under different opera-
tion systems facilitates transferring programs from one computer to another.
Programmers can choose most easy-to-use, habitual environment, and with-
out difficulties run the model on the computers with other operating systems.

OMNeT++ has its own library, which is extension of the C++ one. The
library supports sending, receiving, scheduling and terminating of messages.
The easiest and the most useful component in the simulator is message of
class cMessage. Messages transfer from one module to another within the
same hierarchical level through gates. Connection between levels is over
links. For more accurate analysis, variables defined in the model can be
inspected through graphical user interface.

A simulation model is constructed on the base of modules, which have a
hierarchical structure. These modules are programmed in C++. Thus, OM-
NeT++ follows the object-oriented approach and possesses all advantages
of object-oriented programming. As C++ is one of the most popular pro-
gramming languages, programs are readable and understandable to a large
number of programmers.

Configuration of the network is specified in the NED language, which was
developed specially for this purpose. For executing, NED files are translated
into C++ using NED compiler. Simple nodes are united in sub modules,
sub modules can be combined in modules and so on. Therefore the structure
of nodes’ relationship is hierarchical and nodes from different levels can not
interact directly.

OMNeT++ provides a wide range of graphical presentation of events in
the model. They show processes during model implementation and results
after its execution. The graphical part helps to visualize and understand
topology, connections and process implementation. Events can cause output
both in textured and graphical forms.

The next property of OMNeT++ is capability of error checking and re-
porting. Error reports contain cause and location of the error. This helps
locate mistakes quicker and saves time for productive programming. An-
other feature, which helps not only analyze model behaviour with definite
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values of variables, but also reveal mistakes, is the repeatability of experi-
ments. OMNeT++ provides opportunity to change seeds from 0 to 232, and
multiple step-by-step analyze the system with the same seed for random
values.

From version 3.0, OMNeT++ supports dynamic loading of NED files,
that make it more flexible and saves model development time. Also, it
provides opportunity for large parallel discrete event simulation. The model
is divided into some parts. These parts are executed independently and have
their own local future event set. Therefore, they need to be synchronized.
Currently, the simulator supports conservative synchronization via Chandy-
Misra-Bryant algorithm [50].

OMNeT++ has detailed documentation with examples of creating mod-
els. This helps in understanding the basic concepts as seen by the developers
of the system. Step by step descriptions of simple examples make it possible
to learn the main capabilities of the simulator easily.
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Chapter 6

Program Description

The discrete event network simulator OMNeT++ [40] is used for simulation
modelling. The simulation network lanA is created to analyse AMP exe-
cution and efficiency in the local area network. lanA is a fully connected
graph of locations [2]. Figure 6.1 depicts connections in the network of five
locations.

Figure 6.1: Simulation Network

Every location is designated as a TandemQueue in the simulation model.
A fragment of program, which is represented below, implements connec-
tions between locations of the simulation network in the NED language.
NED is used for description of relationships between simulation devices in
OMNeT++.

for i=0..numTandems-1, j=0..numTandems-1 do
tandemQueue[i].out[j] --> delay timeComm -->
--> tandemQueue[j].in[i] if i!=j;

endfor;
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The parameter numTandems is a number of locations in the network. The
timeComm is a communication time for AMP migrating to another location.

6.1 Interconnection in the TandemQueue

A single location (computer) in the network is represented by a TandemQueue,
which comprises three main parts (devices): Generator, Queue and Switch
(see Figure 6.2). Each device maintains its own functionality, which in the
aggregate allows us to simulate working of single computer in the network
for implementation of current research.

Figure 6.2: Interconnection in the TandemQueue

The TandemQueue is connected only with the Switch over two gates: in
and out. In turn, the Switch is connected with the Generator and every
Queue in the tandem. Thus, all devices in the tandem are connected with
each other only over the Switch. The following program fragment depict
connections between parts of the TandemQueue in the NED language.

// Connection between Switch and TandemQueue
for i=0..sizeof(in)-1 do

switch.out[i] --> out[i] if i!=ownIndex;
in[i] --> switch.in[i] if i!=ownIndex;

endfor;

// Connection between Switch and Queues
for i=0..numQueues-1 do
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switch.out[sizeof(in)+i] --> queue[i].in;
switch.in[sizeof(in)+i] <-- delay timeCoord <-- queue[i].out;

endfor;

// Connection between Switch and Generator
switch.out[ownIndex] --> generator.in;
switch.in[ownIndex] <-- generator.out;

The argument ownIndex contains the order number of tandemQueue (lo-
cation) in the network. This variable helps to define essential parameters
and makes defining of gates easier in the program. The numQueues defines
the maximum number of simultaneously processed messages (AMPs) on the
location. The argument timeCoord is a coordination time for exchanging
status information. Speed of AMP processing on the location is specified by
the argument speedOfLocation.

6.2 Purpose of Generator

The Generator is used to generate new messages. It is designed out as a
separate device for ease of using different regimes of message generation, like
generation messages only on the first location, additional generation after
some time of model execution, etc.

The Generator is connected only with the Switch. After generation,
messages are not processed on the Generator, but immediately transmit-
ted to the Switch. Also, every message gets initial auxiliary values on
the Generator, which are used for model execution, e.g. size of message
(sizeOfMatrix), number of the TandemQueue where it is generated, etc.

6.3 Purpose of Queue

The Queue is used as a cell for message storage during execution. Messages
are processed on the Queue according to the their auxiliary information.

The number of Queues in the TandemQueue is specified by the maximum
number of messages that can be on one location simultaneously. As one
Queue can have only one message at any time. Every Queue is connected
only with the Switch.

6.4 Purpose of Switch

The Switch is a main device in the TandemQueue. It combines all compo-
nents of TandemQueue and makes decision about place and speed of message
processing.
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Subject to whether the message is freshly generated or not, the Switch
makes decision about place of further processing: if the message is new, it
must be firstly processed on the Queue of the current TandemQueue. Other-
wise, the Switch estimates processing time of message on all locations of the
network: if a remote location can process the message faster, then the mes-
sage is transmitted these, otherwise it stays and continues processing on the
one of Queues of the current TandemQueue. The calculations for processing
time estimation are implemented using formulas from [2].

If the Switch makes the decision to transmit the message, then resources
at the current location are released and the resources of location chosen for
transmission are occupied immediately, e.g. the speed of locations changes,
message auxiliary data are renewed, etc.
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Chapter 7

Analysis of Results

Autonomous Mobile Programs (AMP) move across clusters of processors,
seeking the processor that will complete the AMP faster. The first step in
simulation modelling of AMPs is reproducing of experiments, which were
discussed in [2, Chapter 5]. Real and simulation experiment results are
compared for homogeneous and heterogeneous networks of processors.

For simulation model programming, formulas and real experimental data
are picked out from [2], and represented in the suitable form for further use
in the simulation model.

7.1 Calculations

The real experiments were made with AMPs which implemented matrix
multiplication. Thus, the simulation experiments are done on the basis of
the following calculations [2]:

• The total work W that must be done for square matrix multiplication
of dimension d is [2, p. 57]:

W = d3. (7.1)

For current experiments 1000× 1000 matrices are used.

• An AMP migration takes place if execution time on the current lo-
cation, Th, exceeds the execution time on the next location, Tn, and
communication time for transmitting the AMP to the new location,
Tcomm, [2, p. 54]:

Th > Tcomm + Tn.

The time for communication, Tcomm, [2, p. 79] is given by

Tcomm = 0.029 + (if d > 50 then 5.07· 10−6· d2 else 0). (7.2)
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For d=1000 Tcomm is 5.099 seconds. In the real experiments commu-
nication time is not a constant value, but depends on different factors,
such as network workload, hardware, etc. To approximate this vari-
ability in the communication time, the simulation uses an exponen-
tially distributed random variable for the communication time, with
mean given by Tcomm.

• The fragment of work gran that must be executed between searches
for a better location is a ratio of work remaining, Wr, to the number
of recalculation, n, [2, p. 70]:

gran =
Wr

n
.

Number of recalculation, n, is a ratio of overhead, O, of the time for
static program running on the current location, Th, to the time for
coordination in the load server architecture, Tcoord:

n =
O·Th

Tcoord

in turn Th can be written as work remaining, Wr, executed with speed
of current location Sh [2, p. 54]:

Th =
Wr

Sh

From these three formulas we get the following expression:

gran =
Tcoord·Sh

O
(7.3)

As Tcoord is the time to talk to the load server in the load server
architecture, it does not depend on the number of processors in the
network. Recall that load server maintains information about loca-
tion load, which allows to reduce coordination time for AMPs and
time to discover load information. Results of real experiments showed
that time for coordination Tcoord with load server architecture is 0.011
second [2, Subsection 5.2.3]. For current experiments the value of
overhead O is equal to 5%.

• Work-time ratio is estimated on the basis of experimental result analy-
sis [2, Table 4.11]. It shows that a CPU speed of 3139 MHz corresponds
to 21365101 work/second. Others simulation speeds are found using
the same ratio.

• The real experiments showed that the first location only had 50% of
its capacity available for serving the AMP workload [2, p. 116]. This
feature is attributed to the overhead of communication with remote
process that were sent to other locations [2, p. 111]. Hence, we assign
the first location a speed of 50% of its clock rate.
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• Initially all AMPs commence execution on the first location.

7.2 Homogeneous Networks

This section reports comparable results for the simulation and real AMPs
on homogeneous networks, i.e. where all locations have identical processor
speed.

Four types of experiments are implemented for homogeneous network:
optimal balance, near-optimal balance, adding and removing AMPs [2, Sub-
section 5.3.1]. The number of processors ranges from three to five, and
between five and thirteen AMPs are started at the first location.

The speed of all processors is 3139 MHz in the real experiments and
21365101 work/second in the simulation experiments.

7.2.1 Optimal Balance

The first type of experiment tests the distribution of AMPs. AMPs start
execution on the first location and after some time are distributed over all
locations. The number of AMPs and the number of locations was chosen
to allow equal numbers of AMPs on all locations except the first. The
results of the real [2, Table 5.25] and the simulation experiments are shown
in table 7.1. For each number of locations in table 7.1, the first row is
distribution in the real experiments, and the second row is distribution in
the simulation experiments. Two simulation results which differ from the
real experiments are highlighted in bold.

5 AMPs 7 AMPs 9 AMPs 10 AMPs 13 AMPs
3 Locations

real 1/2/2 1/3/3 1/4/4 - -
simulation 1/2/2 1/3/3 2/3/4 - -
4 Locations

real - 1/2/2/2 - 1/3/3/3 1/4/4/4
simulation - 1/2/2/2 - 1/3/3/3 2/4/4/3
5 Locations

real - - 1/2/2/2/2 - -
simulation - - 1/2/2/2/2 - -

Table 7.1: Optimal Balance

Results show that the simulation model reflects the real balancing of
AMPs in the network, except two cases: 3 locations with 9 AMPs and 4
locations with 13 AMPs. This mismatch is a result of using 50% of capacity
at the first location. When the first location has 2 AMPs and the last has
4 AMPs the calculated speeds of the locations become equal. The AMP
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does not move because the communication time would be added to its total
execution time and so it is better not to move. If the workload of 48% for
the first location is used in the simulation model, then simulation results
agree with the experiment results in the table 7.1.

7.2.2 Near-Optimal Balance

The second type of experiment investigates near-optimal balance. Near opti-
mal balance is a state when the total number of AMPs makes it impossible
for equal numbers of AMPs to be at each location, but the discrepancy
between locations should be at most one AMP [2].

Table 7.2 shows distribution of 6 AMPs between 3 locations and 5 AMPs
between 2 locations. For each number of locations in the table 7.2, the first
and the second rows represent distribution in the real [2, Figures 5.56, 5.57],
and simulation experiments respectively. As we can see, the results are
identical.

6 AMPs 5 AMPs
3 Locations

real 1/2/3 -
simulation 1/2/3 -

2 Locs
real - 2/3

simulation - 2/3

Table 7.2: Near-Optimal Balance [2, Figures 5.56, 5.57]

7.2.3 Adding More AMPs

To analyse AMP distribution after adding more AMPs, two experiments are
conducted [2, p. 114].

The first experiment has 4 locations and 7 AMPs at the start. Then
3 more AMPs are added one by one. Figures 7.1 and 7.2 show distribu-
tion and movements of AMPs between locations in the real and simulation
experiments respectively.

The states S1, S2, S3 and S4 depict the balance states which the system
obtains before (S1) and after (S2, S3, S4) adding AMPs. As locations in
the experiments are homogeneous, and number of AMPs in the balanced
states S1, S2, S3 and S4 for real experiments correspond with simulation
experiments, we can say that real and simulation results are identical.

The second experiment is run over 3 locations and 5 AMPs, which start
execution on the first location. 4 more AMPs are added sequentially. Fig-
ures 7.3 and 7.4 depict AMP movement between locations in real and sim-
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Figure 7.1: 7 AMPs adding 3 more AMPs on 4 locations: real experiments

Figure 7.2: 7 AMPs adding 3 more AMPs on 4 locations: simulation
experiments
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Figure 7.3: 5 AMPs adding 4 more AMPs on 3 locations: real experiments

Figure 7.4: 5 AMPs adding 4 more AMPs on 3 locations: simulation
experiments
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ulation experiments respectively. Identical balance states are marked with
states S1, S2 and S3.

However, after adding ninth AMP, the movements of the simulation
AMPs are not the same as those observed in the real experiments. Mis-
matched states are marked with S4, S5 and K4, K5 on Figures 7.3 and 7.4
respectively. The cause for the mismatch is the 50% first location workload,
as discussed in Subsection 7.2.1.

7.2.4 Removing AMPs

To examine AMP behaviour in the homogeneous network after removing of
some AMPs, experiments with 5 large and 5 small AMPs are implemented.
These reproduce experiments on page 115 of [2]. Initially all AMPs are
started on the first location. Large AMPs are matrix multiplications of size
1000× 1000, and small AMPs are matrix multiplications of size 500× 500.

Three locations are used in the current experiment. Initial distribution
of small and large AMPs is random.

States S1, S2, S3 and S4 in the Figure 7.5 depict balanced AMP distri-
bution for real experiments. As we can see on the Figure 7.6, simulation
experiments also enter these balance states. The sign ‘-’ is used to show
termination of execution of an AMP and its removal.

Figure 7.5: AMP Removing: real experiments

All simulation experiments enter states S1, S3 and S4 of real experiments.
However, only 18% of simulation experiments enter state S2. Simulation dis-
tributions are represented on Figures 7.7 and 7.8, where AMPs make 1 and

33



Figure 7.6: AMP Removing: simulation experiments with balanced states
S1, S2, S3 and S4

Figure 7.7: AMP Removing: mode simulation experiments with 1
migration
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Figure 7.8: AMP Removing: mode simulation experiments with 2
migrations

Figure 7.9: AMP Removing: outlier simulation experiments
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2 movements for rebalancing respectively. This is due to the initial distribu-
tion of large and small AMPs, communication time, and, as a result, time
of small AMP removal. Depending on which location an AMP terminates
(and hence is removed) and on which other AMP detects the available pro-
cessing power, state S2 (2/3/3) or K2 (1/3/4) may result. Both states are
balanced. Table 7.3 shows the properties of experiments in which the corre-
sponding states occur. States K1, K2 and K3 are also balance states, which
the system may enter.

Balanced states Number of experiments
in %

S1 (2/4/4) 100%
K1 (2/3/4) 41%
S2 (2/3/3) 23%
K2 (1/3/4) 70%
K3 (1/3/3) 94%
S3 (1/2/3) 100%
S4 (1/2/2) 100%

Table 7.3: Balance States of Simulation Experiments

6% of simulation experiments show the case of AMPs finishing their
execution very close to each other (almost simultaneously) and AMPs not
having time to react on the change of states between these removals. This
can be observed on the states R1 and B3 of Figure 7.9

Real experiments exhibit two additional rebalance states: R0 and R2 on
Figure 7.5, which are not typical for the current simulation model. These
states come of receiving and sending locations take part in AMP trans-
mitting in real experiments; as in the simulation experiments only receiver
location contributes to the AMP transferring. However, implementation of
sender and receiver participating scheme for AMP transferring in simula-
tion model will reduce the model to the definite class of tasks. Because time
and computer resources, which are needed for program transferring, greatly
depend on program size and complexity.

Num. of mov 1 2 3 4 5
0 100% 47% 35% 100% 59%
1 - 53% 59% - 41%
2 - - 6% - -

Table 7.4: Number of movements after AMP removals

Number of movements after every removal in the simulation experiments
are represented in table 7.4. It shows that to enter to a new balance state
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after AMP removal the system does not cause any movements. If a move-
ment is necessary, a balances state can be achieved by moving only a single
AMP in the vast majority of cases.

Thus, comparative analysis shows that simulation AMPs have similar
behaviour to real AMPs in homogeneous networks. The differences in be-
haviour are caused by the use of a constant value for the workload at the first
location and by the random initial distribution of large and small AMPs.

7.3 AMP Distribution in the Heterogeneous Net-
works

Two type of experiments are implemented for analysis of distribution in
heterogeneous network [2, Subsection 5.3.2]. Locations with different CPU
speeds and AMPs of different sizes are used in the experiments. By the
‘different sizes of AMPs’ we mean different number of computations.

7.3.1 Distribution of 25 AMPs on 15 Locations

The first type of experiments is implemented for 25 AMPs and 15 locations
with CPU speeds 3193 MHz (Loc1 − Loc5), 2168 MHz (Loc6 − Loc10),
(Loc11 − Loc15) in the real experiments and 21365101 work/sec, 14506589
work/sec, 12203768 work/sec in the simulation experiments. According to
the CPU speed, locations can be divided into slow (Loc1 − Loc5), middle
(Loc6− Loc10) and fast (Loc11− Loc15). 13 large and 12 small AMPs are
used.

Figures 7.10 and 7.11 depict AMP distribution in the real and simulation
experiments respectively. The difference in state B3 of real and simulation
experiments can be explained by random variation. Depending on which
location AMP discovers the opportunity to move first, either an AMP moves
from the middle locations or from the fast locations. In the real experiment,
an AMP from a middle location moved first; in the simulation, an AMP
from a fast location moved. However, 18% of simulation experiments have
the same distribution in the balanced states as real experiments, according
to the groups of locations with the same CPU speeds (see Figure 7.12).

Table 7.5 represents distribution in the balance states B2 and B3 on
Figures 7.10, 7.11 and 7.12, which system enters after first and second AMP
removal. Conventional sign ‘1/3...’ denotes whether there is location with 3
AMPs, and ‘1/2...’ denotes that all locations have not more than 2 AMPs.

Distributions ‘1/3...’ and ‘1/2...’ are balanced, because relevant speeds
per AMP on the locations are assigned uniformly. Figures 7.14 (a) and
(b) show relevant speeds per AMP on locations with ‘1/3...’ and ‘1/2...’
distributions respectively. These states are marked as B2 in table 7.5, and
show distribution of 24 AMPs on 15 locations. Both distributions allow
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Figure 7.10: Distribution of 25 AMPs on heterogeneous network with 15
locations: real experiments

Figure 7.11: Distribution of 25 AMPs on heterogeneous network with 15
locations: mode simulation experiments
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Figure 7.12: Distribution of 25 AMPs on heterogeneous network with 15
locations: coincidence of real and simulation experiments

Figure 7.13: Distribution of 25 AMPs on heterogeneous network with 15
locations: outlier simulation experiments
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Type of After the 1st removing After the 2nd removing
distribution (state B2) (state B3)

1/3... 88% 41%
1/2... 12% 59%

Table 7.5: Type of stages after AMP removing

locations to have approximately equal speeds. Figure 7.15 depicts relevant
speeds per AMP for balance distributions of 23 AMPs on 15 locations. These
figures represent state B3 in table 7.5.

If, after an AMP removal, a single movement of an AMP does not result
in a balanced state, a second movement may occur. It depends on the type
of location from which an AMP discovered better location first, and can be
observed on the Fig. 7.13. The solid lines show the optimal movement of
AMPs, and the dotted lines show the movements that actually occurred.
This is the so called ‘greedy effect’. The greedy effect is a result of the de-

(a) distribution ‘1/3...’ (b) distribution ‘1/2...’

Figure 7.14: Relevant CPU speeds of 24 AMPs on 15 locations: state B2

(a) distribution ‘1/3...’ (b) distribution ‘1/2...’

Figure 7.15: Relevant CPU speeds of 23 AMPs on 15 locations: state B3
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centralised implementation for load management in the network, and AMP
rule for self-optimization – making locally optimal choice.

As an example of this greedy effect, consider the set of state changes
(states R1, B2) shown in Figure 7.13, which were observed. An AMP termi-
nates at Loc14 leaving it with excess capacity. All middle speed locations,
Loc6–Loc10, have 2 AMPs and the fast locations, Loc2–Loc5, all have 2
AMPs except Loc2 with 3 AMPs. The optimal movement pattern would
involve an AMP moving from a middle speed location or the fast speed
location with 3 AMPs to Loc14. However, one of the fast locations with
2 AMPs (Loc3–Loc5), in this case that is Loc5, detects the availability of
Loc14 first. Thus, an AMP moves from that location, leaving only 1 AMP.
The second movement occurs when the fast location with only 1 AMP (Loc5)
is detected by either a middle speed location or Loc2 which has 3 AMPs,
i.c. Loc7.

7% of simulation experiments with 25 AMPs and 15 locations show the
worst case, when two AMPs move after every removal. This effect is also
observed in the real experiment results [2]. Table 7.6 shows the number of
movements after every removal in the simulation experiments.

Number of After the 1st After the 2nd

movements AMP removal AMP removal
1 88% 71%
2 12% 29%

Table 7.6: Number of movements

As AMPs are not homogeneous, the type of locations, where AMPs
finish their execution, is not significant. However, in 6% of simulation ex-
periments, the types of locations, where AMPs finish their execution, agree
with distribution in the appropriate states of real experiments (states R1,
R2 on Figure 7.12).

The above analysis of AMP behaviour in heterogeneous networks with
25 AMPs and 15 locations shows that simulated AMPs reflect real AMP
behaviour. The minor differences are the result of the random initial allo-
cation of large and small AMPs and the random location which detects a
location with extra capacity first.

7.3.2 Distribution of 20 AMPs on 10 Locations

In the second type of experiments 20 AMPs and 10 locations are examined,
with CPU speeds 3193 MHz (Loc1 − Loc5), 2167 MHz (Loc6), 1793 MHz
(Loc7 − Loc10) in the real experiments and 21365101 work/sec (Loc1 −
Loc5), 14749339 work/sec (Loc6), 12203768 work/sec (Loc7−Loc10) in the
simulation experiments. Hence, according to the principle that is used in
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Figure 7.16: Distribution of 20 AMPs on heterogeneous network with 10
locations: real experiments

Figure 7.17: Distribution of 20 AMPs on heterogeneous network with 10
locations: simulation experiments
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Subsection 7.3.1, Loc1−Loc5 are fast, Loc6 is middle and Loc7−Loc10 are
slow locations. 10 small and 10 large AMPs are started on the first location.

Figure 7.18: Distribution of 20 AMPs on heterogeneous network with 10
locations: outlier simulation experiments

Figures 7.16 and 7.17 represent AMP distribution in the real and simu-
lation experiments respectively.

Number of AMPs that can be on a location after the first and second
AMP removal are represented in Table 7.7. The first column shows the
maximum number of AMPs on the middle and slow locations, where the
first digit is a number of AMPs on the middle speed location and the second
digit is a maximum number of AMPs on the slow speed locations. Real
experiments have distribution ‘.../2/1...’. We can see, that this distribution
corresponds to the maximum value in the simulation experiments. The
distribution ‘.../1/1...’ after the second AMP removal is also a balanced
state and depends on the type of location from which an AMP discovered a
better location first. Outlier distributions ‘.../2/2...’ and ‘.../1/2...’ are the
effect of a comparatively small number of computations in the programs and
high CPU speeds of locations, i.e. completion time of programs are rather
close to each other. When an AMP removes, the residual execution time of
AMPs on the relatively slow locations is less than movement and execution
on the faster location, hence, AMPs choose not to move. The distribution
‘.../2/2...’ is represented on Figure 7.18.

Figures 7.19 and 7.20 depict relevant speeds per AMP in balance states
with 19 and 18 AMPs respectively. They show that relevant speeds per
AMP are assigned uniformly in all balance states.

Table 7.8 shows the number of AMP movements in the simulation ex-
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Figure 7.19: Relevant CPU speeds of 19 AMPs on 10 locations: state B2
with distribution ‘.../2/1...’

(a) distribution ‘.../2/1...’ (b) distribution ‘.../1/1...’

Figure 7.20: Relevant CPU speeds of 18 AMPs on 10 locations: state B3

Type of distribution After the 1st After the 2nd

AMP removal AMP removal
.../2/2... 18% 11%
.../2/1... 82% 58%
.../1/2... - 6%
.../1/1... - 25%

Table 7.7: States after AMP removing

periments after AMP removal (see Figure 7.18). The reason for additional
movements is the same that is discussed in Subsection 7.3.1.

The analysis of 20 AMPs and 10 locations shows that results are relevant
to the experiments with 25 AMPs on 15 locations.

44



Number of After the 1st After the 2nd

movements AMP removal AMP removal
0 - 29%
1 17% 71%
2 83% -

Table 7.8: Number of movement after AMP removing

7.4 Summary

To examine AMP behaviour in homogeneous and heterogeneous networks
we constructed a simulation model and conducted a set of experiments.
Comparative analysis of real and simulation experiments for optimal, near-
optimal balancing, adding and removing AMPs in the homogeneous net-
works shows the following:

Optimal balance. All distributions in simulation experiments are matched
with the distributions in the real experiments, except two cases, when com-
munication workload in the simulation experiments varies between 48% and
51%, as in the simulation experiments the workload is constant 50%.

Near-optimal balance. Real and simulation experiments enter identical
states.

Adding AMPs. Simulation and real experiments obtain the same dis-
tribution. The cause of the only difference is the same as in the optimal
balance experiments.

Removing AMPs. All simulation experiments enter 3 of 4 balance states
of real experiments, e.g. S1, S3, S4. 18% of simulation AMPs obtain all
states of real experiments. 23% of simulation experiments have state S2,
70% have state K2, which is also a balance state. For generalisation and
abstracting from particular type of programs, the AMP transmitting scheme
that is used in the simulation model differs from the real one.

For experiments in the heterogeneous network with 25 AMPS on 15
locations and 20 AMPs on 10 locations the results are as follows:

1) In the 41% and 58% of simulation experiments states B1, B2 and
B3 coincide with the same states of real experiment in the first and second
experiments respectively; here, other states, which simulation experiments
obtain, are also balance states;

2) In the 6% of the first type simulation experiments AMPs remove from
the same type of locations as in the real experiment;

3) The greedy effect that can be observed in the real experiments, can
also be seen in the simulation experiments.

Thus, the above results show that simulation AMPs reflect the real AMP
behaviour and current model is an effective tool for further AMP investiga-
tion.
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Chapter 8

Conclusion and Future Work

We conclude that, other than a small number of explainable deviations our
current simulation is an excellent model of AMPs on LANs. Hence, we are
confident about using the model as the basis for further experiments, e.g. on
simulated wide area networks.

Two directions of further work are being undertaken. First, we are
analysing the greedy effect revealed by the extra movements to achieve bal-
anced states in a heterogeneous network. Secondly, larger networks with
different costs of reacting remote locations will be investigated to find AMP
properties on such wide area networks.
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