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Abstract

Autonomous mobile programs (AMPs) aim to balance computa-
tional loads in dynamic networks. AMPs periodically recalculate net-
work parameters to seek a better execution environment and intend
to both reduce execution time and better exploit the network. AMP
behaviour has previously been investigated using mobile languages like
Java Voyager and simulated.

Both real and simulated AMPs suffer from greedy effects, which
introduce by redundant movements during balancing. The greedy ef-
fects are a result of the locally optimal choice made by each AMP. The
majority of redundant moves are due to the lack of information about
intended moves of other AMPs.

In this paper we propose the concept of negotiating AMPs (NAMPs)
that communicate their intentions with the view to reduce redundant
moves. While a number of negotiation schemes are possible, we have
designed and simulated AMPs with cooperative/competitive scheme
(cNAMPs), i.e. cNAMPs announce about intentions to move and com-
pete with each other for permission to transfer to the new location. An
analysis of simulated cNAMP results show that this negotiation sig-
nificantly decreases the number of both redundant movements and the
time to rebalance. For example, cNAMPs have no redundant move-
ments during initial distribution, which makes initial balancing at least
3 times faster in comparison with AMPs.

We present a mathematical analysis of the greedy effects in cNAMPs,
exposing the dependence between the number of locations and the
number cNAMPs, and evaluate probability of the maximum number
of redundant movements in homogeneous and heterogeneous networks.
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1 Introduction

Autonomous mobile programs (AMPs) are mobile agents that improve ex-
ecution efficiency by managing load balancing. AMPs are aware of their
resource needs, sensitive to the execution environment and periodically seek
a better location to reduce execution time [1]. To analyse AMP behaviour
on local area networks (LANs) we have constructed a simulation model [2].
Comparing the simulation results and observations of the real system [1]
shows that simulated and real AMPs enter the same balanced states and
have only minor and explainable differences.

Both real and simulated collections of AMPs exhibit greedy effects. These
greedy effects are a phenomenon that results in redundant AMP movements
during the balancing of loads between locations; and is an outcome of locally
optimal choice made by each AMP.

The aim of the current investigation is to examine properties and features
of the greedy effects in an AMP implementation and expose their causes.
Also, we aim to reduce the greedy effects and hence improve AMP efficiency
by modifying algorithms of an AMP reacting to changes of location states
in a network.

Another goal is to examine the worst case number of redundant move-
ments and estimate its probability.

The paper is organised as follows. In Section 2 we identify and illus-
trate two forms of greedy effects. In Section 3 we adapt the AMP cost
model and simulation to facilitate an investigation of the greedy effects.
Section 4 investigates the AMP greedy effects on initial distribution, rebal-
ancing and AMP execution time. Analysis of types of movements shows that
the majority of redundant movements occur because an AMP is unaware of
the intentions and movements of other AMPs. So, in Section 5 we discuss
ways to reduce the greedy effects, introduce negotiating AMPs with coop-
erative/competitive scheme (cNAMPs), and Section 6 analyses simulation
results. Section 7 gives mathematical analysis, probability and calculations
of maximum possible redundant movements in homogeneous and hetero-
geneous networks. In Section 8 we summarize results and discuss future
work.

2 Greedy Effects

An optimal AMP balancing is a balancing with the minimum number of
AMP movements to enter optimal or near-optimal balance.

The AMP greedy effects are a non-optimal AMP balancing, which differs
from the optimal in having additional redundant movement (or movements),
and is a result the AMP making a locally optimal choice, i.e. AMPs do not
possess sufficient amount and accuracy of state information to make an
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effective movement decision.
There are two types of the greedy effects: location thrashing and location

blindness. Both location thrashing and location blindness are observed in
real [3] and simulated [2] AMP experiments.

Location thrashing is the greedy effect resulting from an AMPs lack of
information about other AMPs intended movements on the same location.
That is, two or more AMPs decide to move on the basis of the same informa-
tion about the target location, which causes further AMP retransmission.
Location thrashing occurs in dynamic load balancing systems and the term is
first used in [4], other terms are transmitting dilemma [5], task thrashing [6],
task dumping [7, 8].

Location thrashing is illustrated in Figure 1(a), which shows AMP move-
ments in the real experiments [3], based on scenario 3.

Altogether, there are 3 scenarios, each of which indicates number of
AMPs and locations, and type of locations:

• Scenario 1 : 25 AMPs on 15 locations with CPU speeds 3193 MHz
(Loc1 − Loc5), 2167 MHz (Loc6 − Loc10) and 1793 MHz (Loc11 −
Loc15).

• Scenario 2 : 20 AMPs on 10 locations with CPU speeds 3193 MHz
(Loc1− Loc5), 2168 MHz (Loc6) and 1793 MHz (Loc7− Loc10).

• Scenario 3. 10 AMPs on 3 locations with CPU speeds 3193 MHz.

In the experiments we use large and small AMPs. Large AMPs are
programs of matrix multiplication of size 1000× 1000, and small AMPs are
programs of matrix multiplication of size 500× 500.

On Figure 1(a) each icon denotes an AMP. Ordinate axis defines a num-
ber of location and abscissa axis defines time intervals. It should be noted
that the time intervals are not equal, but only define events, when the system
enters balanced or imbalanced states.

After the termination of two AMPs from Loc1 in the state R1, two
AMPs from Loc2 and one AMP from Loc3 discover a better opportunity
for execution on Loc1 simultaneously. These three AMPs move to Loc1
(state R2), and then one AMP moves back to Loc2 to enter near-optimal
balance (state B2). In this case, an optimal rebalancing from the state
R2 to the state B2 can be reached by one AMP movement from Loc2 and
Loc3 to Loc1 as Figure 1(b) shows. Note that location thrashing incurs
2 performance penalties, namely the cost of additional communication and
the cost of slower execution.

Location blindness is the greedy effect resulting from an AMPs lack of
precise information about the remaining execution time of other AMPs.
The problem is not with poor runtime predictions, but rather an inability
to obtain accurate AMP runtime predicts at distributed locations, i.e. the
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(a) redundant rebalancing (b) optimal rebalancing

Figure 1: Location Thrashing Greedy Effect [3]

Figure 2: Location Blindness Greedy Effect [2]
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more accurate information that is required, the more expensive it becomes
to collect and process the information in a distributed system [9].

Figure 2 shows example of location blindness in some simulated AMP ex-
periments. The solid lines represent optimal AMP movements, and dotted
lines represent the movements which occurred. The experiment is under-
taken on the basis of scenario 1. Numbers identify quantity of AMPs on a
location.

After an AMP termination on Loc14 in state R1 an AMP from Loc5
discovers better opportunity for execution first and moves. Then an AMP
from Loc7 discovers better opportunity for execution on Loc5 and also moves
(state B2). It is important that location blindness in contrast to location
thrashing, only degrades performance by increasing the amount of commu-
nication (i.e. redundant moves), because each AMP improves its execution
environment after moving. So, location blindness causes only additional
communication cost.

Thus, among two types of the greedy effects the location thrashing is
more harmful, because it causes increase in AMP execution time, and hence
decrease AMP efficiency. To analyse the number of redundant movements
and time to balance we investigate the greedy effects with simulated AMPs.

3 Investigating the Greedy Effects

Earlier simulation experiments of AMPs on a LAN showed that the simula-
tion closely models real AMPs on LANs, and, hence, is an effective tool to
analyse AMP behaviour [2].

We provide essential calculations and discuss properties and features of
AMP interaction with other AMPs and the load server (Section 3.1). The
function of a load server on a location is network state information collection
to reduce AMP coordination time. Also, we propose minor changes to the
previous simulation model [2] which allow the simulation of the greedy effects
(Section 3.2). These changes include bounds on information transfer times,
random selection of equally favourable locations, and delays on a transfer of
state information.

3.1 Cost Model and Parameterisation

We investigate the greedy effects by simulating specific scenarios (Section 2),
and, hence, parameterise the AMP cost model, which is discussed in [10,
Section 3.3.2]. The key equations are repeated here and parameter values
are defined and repeated in table 1.

Execution time of a part of work, which is executed between seeking a
better location is

Tgran =
gran

Sh
=

Tcoord

O
.
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d Dimension of square matrix
gran Fragment of work, which must be executed

between searches for a better location
N Number of locations in a network
O Overhead

Tcomm Time for single communication
Tcoord Time for coordination in the load server

architecture
Tgran Execution time of fragment of work gran

Th Execution time on the current location
Tn Execution time on the new location

Trenew Time of total state information renewing by load server
Treq Information collection time
Tres Time of single state information renewing by load server
Tsend Time to transmit an AMP to th new location
Sh CPU speed of the current location

Table 1: Parameter Definitions

Time for coordination, Tcoord, is evaluated experimentally, and is equal to
0.011 second for a load server architecture. The overhead O is taken equal
to 5%. So, Tgran is chosen in such a way that every 0.22 second an AMP
seeks for a better location.

After execution a part of work gran an AMP makes a request to the load
server of the current location about states of locations in the network. The
load server responds over 0.008 second, and for 0.003 second an AMP makes
calculations to decide where to execute in a network. If an AMP decides
to stay on the current location, then it continues execution during further
Tgran seconds, otherwise it moves to a new location taking Tsend seconds:

Tsend = 0.029 + 5.07 · 10−6 · d2.

Here, d is a dimension of matrix, as programs of matrix multiplication are
used in the real experiments [10].

As soon as an AMP makes a decision to move to a new location, the load
server of the current location decreases its number of AMPs. In turn, the
new location increases its number of AMPs after the full AMP has arrived.

To obtain state information of locations in a network, a load server sends
requests to locations in a sequential order. The time taken to send a request
to a remote Java process and receive a response using Java Voyager [11] has
been measured. This time is called information collection time, Treq, and is
equal to 0.25 second [10, p. 80].

Thus, a load server completely renews state information about N loca-
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tions in a network every Trenew second:

Trenew = Treq(N − 1). (1)

The main rule on the basis of which AMPs make a decision to move to a
new location is whether execution time on the current location, Th, exceeds
execution time on the next location, Tn, and communication delay, Tcomm:

Th > Tn + Tcomm. (2)

If condition (2) is satisfied, then an AMP moves. Here, communication time
is time to transfer an AMP, i.e. Tcomm = Tsend.

3.2 Adapting the AMP Simulation to Investigate the Greedy
Effects

3.2.1 Transferring AMPs

In the simulation model AMP transfer time is exponentially distributed with
mean given by Tsend. However, due to the limited data transfer capabilities
and hence communication speed, time of AMP transferring cannot be less
than a certain value. Therefore, we introduce lower bound for an AMP
transfer of 0.6Tsend. Thus, if exponential distribution provides value below
lower bound, it possesses the value 0.6Tsend.

3.2.2 State Information

The load server at a location interrogates the other locations of the net-
work in a predetermined order. The information it holds on any particular
location is updated every Trenew seconds. In the simulation, the same mech-
anism is adapted, with a request for load information being sent to each
location in turn. Every Trenew seconds the load server’s information has
been completely refreshed.

As Treq is time, which takes to send a request and receive a response,
then time, which takes to send a request in one way, Tres, is

Tres =
Treq

2
, (3)

thus, Tres = 0.125 second.
In the simulation model a load server sends a request, which comes to the

target location over Tres second. Then the target location assigns its number
of AMPs and a response goes back to the initial location. Transferring a re-
sponse, also, takes Tres second. The initial location renews state information
about the target location and sends a request to the next location.

In the real system information collection time is not a constant value.
Therefore, in simulation experiments an exponential distribution with mean
given by Tres is used.
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However, exponential distribution provides very small and very large
values. But in the real system information collection time can not be be-
low or above certain values, because of limited speed of data transmitting
and loop interrogating respectively. That is why we introduce lower and
upper bounds for time of state information transferring. The lower bound is
0.7Tres, and the upper bound is 1.3Tres. So, if the exponential distribution
provides a value below lower bound, it possesses the value 0.7Tres, and if
the value is above the upper bound, it possesses the value 1.3Tres.

3.2.3 Random Choice of Locations

In the real experiments each location forms its own list of locations. In
the simulation model each location, also, has its own list of locations of the
network in a random order. The interrogation of location state information
occurs according to this list.

Also, in the case of two or more locations, which are equally favourable
for an AMP to move, an AMP chooses a random among them.

4 AMP Greedy Effect Investigation

Using the adapted simulator we conduct a set of experiments on homoge-
neous and heterogeneous networks, using scenarios we discuss in Section 2.
The real experiments were also undertaken on the basis of the same scenar-
ios [3]. To collect experiment results, each experiment is been repeated 11
times.

As the real experiments did not investigate the greedy effects, we cannot
compare simulated and real greedy effects but must rely on the accuracy of
the simulation established in [2].

Initial distribution This experiment investigates the greedy effects as
AMPs distribute over the network from a single location. Column Initial
distribution in table 2 shows mean number of redundant movements and
time, which takes a system to enter a balanced state. Clearly the optimal
number of AMP movements to reach a balanced state would occur if each
AMP moved a maximum of once, directly to the location it would occupy in
the balanced state. This column shows that to enter a balanced state each
AMP makes in average two redundant movements.

Rebalancing after an AMP termination This experiment measures
the number of movements and time required for system rebalancing after
an AMP termination. In these experiments we use only large AMPs, and
not large and small as in the real and previous simulation experiments.
Because the difference in execution time between large and small AMPs is
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not sufficient enough to estimate large AMP behaviour after termination of
small AMPs, i.e. large AMPs make fewer number of movements to rebalance.

So, at the initial time all AMPs are distributed among locations of a
network so, that the system is in a balanced state. Then we remove an
AMP from a location, but each location has information about balanced
state, and start experiment. Thus, time to rebalance is measured from
the time of an AMP termination till the time, when the system enters a
balanced state again. Column Rebalancing after an AMP termination in
table 2 shows mean number of redundant movements and time, between an
AMP termination and system rebalancing.

Large AMP execution time This experiment estimates large AMP ex-
ecution time and measures its variation. The total number of AMPs cor-
responds to the relevant scenario. All AMPs, 2 of which are small and the
rest are large, start on the location 1. The results are presented in column
Large AMP execution time in table 2.

The simulation experiment results in table 2 show that during initial
distribution on a heterogeneous network each AMP makes in average two
redundant movements. According to the discussion in Section 2, these move-
ments are caused by location thrashing, i.e. the movements increase AMP
execution time and decrease an AMP approach efficiency.

Experiments on Figures 3 and 4 are conducted on the basis of scenario
1. On Figure 3 lines show redundant AMP movements, which system makes
to distribute AMPs among locations from initial state A to balanced state
B. Here, system makes 64 redundant movements to enter state B. Figure 4
shows 12 AMP movements to enter a new balanced state B2 after an AMP
termination on Loc12 in state R1.

Analysis of AMP movements shows that redundant AMP movements
are mainly caused by AMP unawareness of intentions and actions of other

Rebalancing Large AMP
Initial distribution after an AMP execution

termination time, (sec)
Configuration Mean Mean Mean Mean

time, number of time, number of Mean Standard
(sec) redundant (sec) redundant deviation

movements movements
Scenario 1 60.4 64 22.5 6 173.8 7.66
Scenario 2 50.5 43 28.2 11 182.1 11.5
Scenario 3 26.8 13 14.1 6 232.6 9.91

Table 2: AMP Greedy Effect Experiment Summary
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Figure 3: AMP Movements During Initial Distribution
(Scenario 1)

Figure 4: AMP Movements after an AMP Termination
(Scenario 1)
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AMPs in the network and, hence, lack of information to make an efficient
decision.

5 Negotiating AMPs and cNAMPs

As the main reason for poor AMP movement decisions is a lack of commu-
nication between AMPs and load servers, we propose to use negotiation to
reduce the greedy effects.

We discuss possible methods of negotiation between AMPs and/or load
servers (Section 5.1). Besides, we introduce negotiating AMPs with cooper-
ative/competitive scheme (cNAMPs) and give description of modifications,
which provide a cNAMP functioning (Section 5.2).

5.1 Negotiating AMPs

The analysis of the greedy effects in the simulated AMP experiments in Sec-
tion 4 shows that majority of redundant movements occur because an AMP
makes a decision on the basis of the currently available information not be-
ing aware about impending movements of other AMPs and not announcing
about movements itself.

To analyse and understand AMPs better we draw an analogy between
AMPs and human society, where an AMP acts as an individual. Then AMP
behaviour corresponds to autistic behaviour. Because an AMP does not
request information about other AMPs, does not provide information itself,
and does not communicate with other locations to make efficient movement
decision. To make a movement decision AMPs only rely on the current
information and are not concerned about actions of other AMPs on the
same information about the target location.

In order to reduce the greedy effects AMPs must negotiate with each
other, i.e. communicate more information. There can be different types of
negotiation, such as malicious, cooperative, etc. A malicious strategy would
be for a load server to misrepresent the load so that other AMPs were
deterred from moving to a location. A cooperative strategy requires AMPs
and load servers to share information to reduce wasted movements. On our
point of view, cooperative behaviour is more effective to reduce redundant
movements.

A cooperative negotiation in an AMP implementation can be designed
in a number of ways, some of which are as follows:

• Competitive. AMPs rival each other to move to the target location;

• Queuing. An AMP moves to the new location only if an earlier AMP
rejected to move;

12



• Probabilistic. AMPs or/and load servers collect information about
AMPs and locations of a network, and, also, responses on the requests
to move. Thus, an AMP makes a decision to move on the basis of
calculation of simultaneous AMP movement probability from another
locations.

• Relationship. A network is logically divided into subnetworks, and
locations first share information within their subnetwork. A location
can be a member of more than one subnetwork, thus information is
spread like a rumour.

5.2 The Design of cNAMPs

We introduce negotiating AMPs on the basis of cooperative approach with
competitive scheme (cNAMPs), i.e. cNAMPs announce about intentions to
move and compete with each other for permission to transfer to the new
location. In the context of cNAMPs the negotiation is very simple: the
cNAMPs only communicate information and do not seek to reach a mutually
beneficial agreement as, for example, in [12, 13].

cNAMPs are designed only to reduce location thrashing. The reason is
that eradication of location thrashing allows the removal of redundant move-
ments during initial distribution and to significantly reduce the number of
redundant movements during rebalancing (table 4 in Section 6). In addition,
reduction of location blindness requires cNAMPs and load servers possess
even more information about locations and cNAMPs of the network. But,
this increase of negotiation is unnecessary as it requires the maintenance
of network state information by each location [14, 15], and in Section 7 we
show that both the number and probability of redundant movements caused
by location blindness are very low.

We discuss impending cNAMPs in Section 5.2.1, and provide negotiation
properties to prevent simultaneous information discovery in Section 5.2.2.
The main difference of cNAMPs from AMPs is that a cNAMP first sends
a request for permission to the selected target location, when it decides to
move. Only if the permission is granted does the cNAMP actually move. If
permission is refused by the target location the cNAMP resumes execution
locally. When a location grants permission to a cNAMP to transfer, it im-
mediately informs its own load server so that the load server reports the load
as if the transferring cNAMP had already arrived. Each load server main-
tains two values for the load, the actual load of executing cNAMPs which is
used by local cNAMP calculations, and the committed load, which includes
the executing cNAMPs and the cNAMPs that have been given permission
to transfer. A list of messages, which insure a cNAMP functioning, is given
in Section 5.2.3.

13



5.2.1 Information about Impending cNAMPs

In contrast to an AMP implementation, in a cNAMP implementation we
change the time when a load server increases the number of programs
recorded at the location. Now a load server increases the number of cNAMPs
not only after a full cNAMP arrival, but also after receiving information
about an impending cNAMP coming.

The rationale is as follows: if load server increases the number of cNAMPs
only after a full cNAMP arrival, then other locations during the transmit-
ting of a cNAMP which arrives first receive information about availability of
the location. And all locations for which this location has better execution
parameters send at least one cNAMP.

The new scheme reduces the time interval during which locations receive
information about availability of the target location. In the previous scheme
it is the time to transmit the first cNAMP plus the time to renew state
information by load servers of all locations: Tsend + Trenew. In the new
scheme it is the time to transmit information about a new cNAMP arrival
and time to renew state information by load servers of all locations: Tres +
Trenew. Thus, we reduce the notification time about availability of a location
on Tsend − Tres seconds.

5.2.2 Simultaneous Information Discovery

In an AMP implementation, when AMPs decide to move to another location,
they start transferring immediately without any requests or “permissions”
from target locations. That is why in the simulation and real experiments
we observe simultaneous AMP movements from different locations.

To solve the problem of simultaneous information discovery, we propose
sending a request by cNAMPs to the target location. Thus, when a cNAMP
decides to move to a new location, it sends a request. Simultaneously the
local load server locks information about the target location, so that another
cNAMPs from this location would not also decide to move to the target
location. The information about the target location is locked until a response
is received. The cNAMP, which sent a request, continues execution on the
current location while waiting a response.

The target location gives permission to the first request it receives. Sub-
sequent requests are automatically rejected during pending time, Tpen, which
is necessary to renew information on all locations of a network, Trenew, and
time to receive the last request, Tres, which has been formed on the basis of
outdated information. So, pending time is:

Tpen = 1.3(Trenew + Tres). (4)

Here, the factor 1.3 takes into account possible delays in a state infor-
mation transmission. In addition, to grant permission the target location
also increases the number of cNAMPs reported by its load server.
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If the cNAMP receives:

• a negative response, then it continues execution on the current loca-
tion;

• a positive response, then the load server on the current location de-
creases the number of cNAMPs, and the cNAMP moves to a new
location.

In both cases, after receiving a response, the local load server renews its
information about the target location to prevent sending a request to the
target location on the basis of out-of-date information by other cNAMPs
from the current location.

Here, we do not take into account possible changes, which may happen
during time of waiting a request, i.e. Treq ∼ 0.25 second. cNAMPs do not
recalculate parameters again, banking on a very low probability of a cNAMP
termination during Treq.

Table 3 gives the values of Treq, Trenew, Tres, and Tpen for the networks
of 15, 10 and 3 locations, which are used in scenarios 1, 2 and 3 (Section 2).
The values are calculated on the basis of Java Voyager Matrix Multiplication
data discussed in Section 3.1, and using equations (1), (3), and (4).

Configuration Treq (sec) Trenew (sec) Tres (sec) Tpen (sec)
15 locations 3.5 4.71
10 locations 0.25 2.25 0.125 3.09
3 locations 0.75 1.14

Table 3: Parameters of the cNAMP Simulation Model

Thus, to calculate a condition of a cNAMP movement (2), we need
to take into account time, during which a cNAMP waits a response from
the target location. So, Tcomm for cNAMPs is not only time to transfer a
cNAMP, Tsend, but also time to receive permission to move, Treq:

Tcomm = Tsend + Treq. (5)

Also, to prevent redundant simultaneous cNAMP movements from the
same location, cNAMPs recalculate their parameters as if a cNAMP, which
sent a request to another location will receive permission to transfer. Thus,
each locations has real and announced number of cNAMPs.

5.2.3 Messages Required for cNAMPs

The functioning of cNAMPs is ensured by 3 types of auxiliary messages,
which circulate in a network: STATE, LOCK, and REQUEST/RESPONSE.
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STATE. Each location generates one STATE message, and its own random
list of locations. Then in a loop manner a location sends a STATE message
to locations from the list to renew state information.

LOCK. When the target location gives permission to a cNAMP to transfer,
simultaneously it generates a LOCK message, which is a timer. This message
locks the target location against further requests during Tpen. When time is
up, the target location is unlocked and the LOCK message is deleted.

REQUEST/RESPONSE. As soon as a cNAMP decides to move to another
location, it generates a REQUEST message and sends it to the target location
to ask permission to transfer. If the REQUEST message is the first come, then
it gets permission to transfer, and the target location increases its number
of cNAMPs. Otherwise it gets a rejection. The message returns to the home
location as a RESPONSE, renews state information about the target location,
gives a response to the load server and terminates.

5.3 Summary

To reduce the number of redundant movements caused by location thrashing
we have proposed cNAMPs. In contrast to AMPs, cNAMPs send a request
before transferring to the target location. Hence the cNAMPs cost model
takes into account time to receive permission, when they recalculate param-
eters and make a decision whether to move to the new location or continue
execution on the current location. Also, the target location increases the
number of cNAMPs, when it gives permission to move, and not after full
cNAMP arrival as in the AMP implementation. Another feature is that local
cNAMPs recalculate there parameters as if cNAMPs which sent requests,
will receive permission to transfer.

6 Comparing cNAMPs and AMPs

We compare the greedy effects exhibited by AMPs and cNAMPs in table 4
using the experiment design presented in Section 4. For each scenario the
first and the second rows show results of AMP and cNAMP experiments
respectively.

The results show that the negotiation in cNAMPs significantly reduces
the number of movements and time to rebalance. Thus, cNAMPs do not have
redundant movements during initial distribution, and all scenarios show at
least 3 times faster initial balancing in comparison with AMPs.

During rebalancing after an AMP/cNAMP termination, cNAMPs also
make far fewer redundant movements. Vast majority of experiments in sce-
narios 1 and 3 show that cNAMPs do not make redundant movements to
rebalance, and it takes less the half of the time.

cNAMPs require less execution time than AMPs. The difference in 13%–
20% between mean AMP and cNAMP execution time is caused by the small
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Figure 5: Initial Distribution and Rebalancing after a
cNAMP Termination (Scenario 1)

Figure 6: Initial Distribution and Rebalancing after a
cNAMP Termination (Scenario 2)
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Rebalancing after Large AMP/cNAMP
Initial distribution an AMP/cNAMP execution

Configuration termination time, (sec)
and type of Mean Mean
experiment Time number of Time number of Mean Standard

(sec) redundant (sec) redundant deviation
movements movements

Scenario 1
AMPs 60.4 64 22.5 6 173.8 7.66

cNAMPs 16.5 - 5.9 - 139.3 12.9
Reduction 3.66 64 moves 3.81 6 moves 20%
Scenario 2

AMPs 50.5 43 28.2 11 182.1 11.5
cNAMPs 13.3 - 7.8 1 150.5 9.43
Reduction 3.8 43 moves 3.62 10 moves 17%
Scenario 3

AMPs 26.8 13 14.1 6 232.6 9.91
cNAMPs 8.4 - 5.6 - 202.2 4.97
Reduction 3.2 13 moves 2.52 6 moves 13%

Table 4: Comparative Summary of AMP and cNAMP Greedy Effects

size of programs. Thus, during initial rebalancing, after termination of 2
small AMPs and till the end of execution, each AMP in average makes
5 redundant movements, which causes increased AMP execution time in
comparison with cNAMPs.

Figures 5 and 6 show initial cNAMP distribution and system rebalancing
after a cNAMP termination. As before, solid lines shows optimal movements
and dotted lines show movements which actually occurred to rebalance the
system after a cNAMP termination. Figure 5 should be compared with
Figures 3 and 4 in Section 4.

The results show that cNAMPs have only location blindness (Section 2),
which does not cause increase in cNAMP execution time. And as we able to
show in the next section, even in the most cost location blindness induces
only a small number of redundant moves.

7 Greedy Effect Analysis

In this Section we examine the cost of the greedy effect, i.e. location blind-
ness, when negotiating autonomous mobile programs with cooperative /
competitive scheme (cNAMPs) are used for load balancing. The main aim
of the analysis is to estimate number of movements, which the greedy ef-
fect causes in homogeneous, i.e. a network of identical CPU speed locations
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AMP Cost Model Components [3]:

Th =
Wr

Sh
(6)

Tn =
Wr

Sn
(7)

Th - execution time on the current location;
Tn - execution time on the new location;
Wr - the work remaining;
Sh - the current location CPU speed;
Sn - the new location CPU speed.

Additional cNAMP Cost Model Components:
x - total number of cNAMPs;
xloc - number of cNAMPs on one location;
xroot - number of cNAMPs on the root location;
xm - number of cNAMPs on a non-root location;
R - relative CPU speed;
f - load factor on the root location;
W - total work that must be done for program execution;
m - parameter that is used to unify non-root locations.

Figure 7: cNAMP Cost Model Components

(Section 7.1), and heterogeneous networks (Section 7.2).
To estimate the location blindness, we analyze the conditions under

which cNAMPs transfer. The first location, where all cNAMPs start, we
call the root location; the remaining locations of a network we call non-root
locations. However, only a part of a root location capacity is available for
a cNAMP execution, because some of root location resources are used for a
communication. The load factor, 0 < f < 1, defines available resources for
cNAMPs on the root location. Figure 7 shows equations and notations we
use to examine cNAMP movements within a network.

A network with AMPs, and hence with cNAMPs enters one of two bal-
anced states: optimal and near-optimal balance. Thus, we characterize op-
timal and near-optimal balanced states in homogeneous and heterogeneous
networks, and define their properties.
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7.1 Homogeneous Network

7.1.1 Characterizing Optimal & Near-Optimal Balance

Suppose, initially the system is in an optimal balanced state. The optimal
balanced state is characterized by an equal number of cNAMPs on non-root
locations:

x2 = x3 = ... = xm = ... = xN .

Here, N is a total number of locations, and m ∈ [2;N ] is a parameter
which is used to visualize distinguish between root and non-root locations
of a network. Also, it emphasizes that all locations of a network, except the
root, have an equal number of cNAMPs in an optimal balanced state.

Hence, in the optimal balanced state, the total number of cNAMPs in a
system, x, is a sum of a number of cNAMPs on the root, xroot, and non-root,
xm, locations:

x = xroot + xm(N − 1). (8)

A relative speed, R, is a CPU speed, S, equally divided between the
cNAMPs at the location:

R =
S

xloc
. (9)

A system is in optimal balance, if the relative speed on the root location,
Rroot, is equal to a relative speed on other locations, Rm:

Rroot = Rm,

then according to (9), the condition can be written as following:

f ·S
xroot

=
S

xm
.

So, the relation between the numbers of cNAMPs on the root and non-
root locations in an optimal balanced state is thus:

xroot = bf ·xmc. (10)

Let k ∈ [d 1
f e; +∞) be the number of cNAMPs on a non-root location,

because every number of locations has a set of balanced states. Then a
cNAMP distribution between locations of the network in optimal balance is
as follows:

xm = k, (11)

xroot = bf · kc. (12)

The equations (11) and (12) show that a cNAMP distribution between
locations in optimal balance depends on the number of cNAMPs and the
load factor of the root location.
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Hence, on the basis of (8), (11) and (12) the system obtains an optimal
balanced state in a homogeneous network, if the total number of cNAMPs
and locations satisfies to the following condition:

x = bk(N − 1 + f)c. (13)

Another important balanced state is near-optimal balance. “Near-optimal
balance is when each location except the initiating location may not have
the same number of AMPs, but the number of AMPs on each location differs
by no more than one” [10].

Thus, in the near-optimal balanced state root location has bf · kc cNAMPs
and non-root locations have either k or k − 1 cNAMPs.

For further distinguishing non-root locations with different number of
cNAMPs, those which have k−1 cNAMPs we call light locations, with k−2
cNAMPs we call very light locations, and with k cNAMPs we call heavy
locations.

Next, we estimate conditions of a cNAMP transferring in a homoge-
neous network after a cNAMP termination from optimal and near-optimal
balanced states.

7.1.2 cNAMP Termination in an Optimally Balanced Network

According to (11) and (12), in an optimal balanced state the root location
has bf · kc cNAMPs and every non-root location has k cNAMPs.

Theorem 1 There is no greedy effect when a cNAMP terminates in an
optimally balanced homogeneous network.

Proof The proof proceeds by case analysis on the location where termina-
tion occurs, and where the first movement is initiated.

Termination at a Non-root Location
Assume that a cNAMP terminates at a non-root location. After a cNAMP

termination, the system has bf · kc cNAMPs on the root location, k − 1
cNAMPs on a non-root location, and k cNAMPs on the remaining non-root
locations. Hence, the system is in the near-optimal balanced state.

Now we analyse possible movements which may occur: from the root
and heavy locations to the light location.

1. cNAMP movement from the root location. The main rule on the basis
of which cNAMPs make the decision about a movement is represented
in (2). According to it, to make the decision the system needs to know
execution time on the current location and execution time on the new
location after a cNAMP arrival.
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First, on the basis of (6) and (9) we calculate cNAMP execution time
on the root location before a cNAMP movement:

Th =
Wrbf · kc

S
. (14)

The light location becomes heavy location after a cNAMP arrival, and
has k cNAMPs. According to (7) and (9) execution time is

Tn =
Wr· k

S
. (15)

Substituting (14) and (15) in (2) gives

Wrbf · kc
S

>
Wr· k

S
+ Tcomm,

which can be simplified to

Wr

S
· bk(f − 1)c > Tcomm. (16)

To satisfy (16) at least bk(f −1)c must be above zero. However, f < 1
and k > 0, which means that bk(f − 1)c < 0. Thus, cNAMPs from
the root location never move to a non-root location in a near-optimal
balanced state.

2. cNAMP movement from a heavy location. Another movement is from
a heavy to the light location.

On the basis of the same principle, that we use to calculate (14),
cNAMP execution time on a heavy location is

Th =
Wr· k

S
. (17)

After a cNAMP movement to the light location, the light location
becomes heavy and execution time on it is (15).

Substituting (15) and (17) in (2) gives the following cNAMP movement
condition:

Wr· k
S

>
Wr· k

S
+ Tcomm

or
Tcomm < 0. (18)

In fact, (18) shows that a difference in the number of cNAMPs needs
to be at least 2 before a movement will occur between locations of a
same speed.

On the basis of the above analysis, we make a conclusion that after a
cNAMP termination from a non-root location in an optimal balanced state,
there are no cNAMP movements between locations in a homogeneous net-
work.
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cNAMP Termination at the Root Location
Assume that a cNAMP terminates at the root location in an optimal

balanced state. Then the root location has bf · kc − 1 cNAMPs, and non-
root locations have k cNAMPs.

According to (6) and (9), before a cNAMP movement to the root location
from a non-root location, a cNAMP execution time on the non-root location
is (17).

After a cNAMP movement the root location has bf · kc cNAMPs and
execution time becomes

Tn =
Wrbf · kc

S
. (19)

Thus, substituting (17) and (19) in (2), we get the following cNAMP move-
ment condition:

Wr· k
S

>
Wrbf · kc

S
+ Tcomm

or
Wr

S
(k − bf · kc) > Tcomm. (20)

If condition (20) holds, then the root location has bf · kc cNAMPs, one
non-root location has k−1 cNAMPs, and rest of the non-root locations have
k cNAMPs. The system enters a near-optimal balanced state and cannot
have any more movements.

So, after a cNAMP termination from the root location in an optimally
balanced homogeneous network, only one movement may occur for rebalanc-
ing and, hence, there is no greedy effect.

7.1.3 cNAMP Termination in a Near-Optimally Balanced Net-
work

Assume that a cNAMP terminates from a near-optimal balanced state. In
near-optimal balance a system has bf · kc cNAMPs on a root location, and
k − 1 or k cNAMPs on non-root locations [3].

Theorem 2 The greedy effect causes at most one redundant movement,
when a cNAMP terminates in a near-optimally balanced homogeneous net-
work.

Corollary 3 The greedy effect occurs only in the case of a cNAMP termi-
nation on the root location in near-optimal balance and this is discovered
first by a cNAMP from a light location.

Proof The proof again proceeds by case analysis on the location where
termination occurs, and where the first movement is initiated.
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Termination at the Root Location
We first find the conditions under which a cNAMP movement (or move-

ments) occurs, when a cNAMP has terminated at the root location. The
movement may occur from location with k− 1 cNAMPs (i.e. light location)
or with k cNAMPs (i.e. heavy location) to the root location.

1. cNAMP movement from a light location. The root location has bf · kc−
1 cNAMPs after the cNAMP termination. The light location has k−1
cNAMPs, and execution time for each cNAMP on the light location is

Th =
Wr(k − 1)

S
. (21)

After a cNAMP transmission from the light to the root location, the
root location has bf · kc cNAMPs and execution time there becomes
(19). Given (21) and (19), cNAMP movement condition (2) is:

Wr(k − 1)
S

>
Wrbf · kc

S
+ Tcomm

or
Wr

S
(k − 1− bf · kc) > Tcomm. (22)

If the system satisfies condition (22), then after a cNAMP movement
from the light to the root location, the system has bf · kc cNAMPs
on the root location, k − 2 cNAMPs on one non-root location, k − 1
and k cNAMPs on the other non-root locations. As we discuss in Sec-
tion 7.1.2, there cannot be movements between the root location and
light or heavy locations. As condition (22) is satisfied, there cannot be
a cNAMP transferring between the root and the very light locations.
Condition (18) shows that movements between either light and very
light locations or heavy and light locations cannot, also, happen.

However, a cNAMP can move from a heavy location which has k
cNAMPs to the very light location which has k − 2 cNAMPs. Be-
fore a cNAMP movement execution time on a heavy location is given
by (17). After a cNAMP movement and arrival from a heavy location
to the very light location, the last has k − 1 cNAMPs and execution
time becomes

Tn =
Wr(k − 1)

S
. (23)

Substituting (17) and (23) in (2), we get the following condition:

Wr· k
S

>
Wr(k − 1)

S
+ Tcomm

or
Wr

S
> Tcomm (24)
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If the system satisfies condition (24), then the root location has bf · kc
cNAMPs, and the remaining locations may have k−1 and k cNAMPs
or only k − 1 cNAMPs after rebalancing. If there are both light and
heavy locations in the network, then according to the discussion in
Section 7.1.2, the system does not have any more movements for re-
balancing in this state.

In case all locations are light, we analyse possibility of a cNAMP move-
ment from the root location to one of the non-root locations. Before
this movement execution time on the root location is given by (14).
The number of cNAMPs on the non-root location after a cNAMP ar-
rival becomes k, and execution time is given by (15). Substituting (14)
and (15) in (2), we get condition (16). As we discuss in Section 7.1.2,
condition (16) never holds. This means that there cannot be more
than one redundant movement, when a cNAMP terminates at the root
location in a near-optimal balanced state, and a cNAMP from a light
location discovers a better location for execution first.

2. cNAMP movement from a heavy location. Before a cNAMP movement
from a heavy to the root location, a heavy location has k cNAMPs,
and execution time is given by (17). The root location after a cNAMP
arrival has bf · kc cNAMPs, and execution time becomes (19). On the
basis of (17) and (19), cNAMP movement condition (2) is (20).

A movement from a heavy to the root location occurs if the system
satisfies condition (20). Moreover, it may occur if the system satis-
fies (22), and a cNAMP from a heavy location discovers this better
opportunity for execution first. If conditions (20) or (22) hold, and a
cNAMP transfers from a heavy to the root location, then the system
has bf · kc cNAMPs on the root location, k − 1 and k cNAMPs on
non-root locations. The system is in a near-optimal balanced state.
According to discussion in Section 7.1.2, there cannot be any more
movements.

Thus, there is no greedy effect in a near-optimal balanced state, when
a cNAMP terminates at the root location, and a cNAMP from a heavy
location discovers a better opportunity for execution on the root location
first.

On the basis of the above analysis we can make a conclusion that after
a cNAMP termination at the root location, the system may rebalance to
improve execution parameters. In case of rebalancing, the system makes
one movement. The second movement may occur only if the system holds
condition (22) in a near-optimal balanced state and a cNAMP from a light
location discovers a better execution opportunity first. However, besides
the movement for rebalancing, there cannot be more than one redundant
movement.
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Termination at a Light Location
Provided that a cNAMP terminates from a light location, we examine

conditions of cNAMP movements.
After a cNAMP termination, the root location has bf · kc cNAMPs, one

non-root location has k− 2 cNAMPs, and the remaining non-root locations
have k − 1 or k cNAMPs. According to (18) there cannot be movements
between light and very light locations.

Thus, a cNAMP movement to the very light location may occur from
the root location or a heavy location.

1. cNAMP movement from the root location. The root location has bf · kc
cNAMPs before a cNAMP movement. So, execution time on the root
location is (14). The very light location becomes a light location after
a cNAMP is transferred, and execution time is (23).

Substituting (14) and (23) in (2), we get the following condition of a
cNAMP movement from the root to the very light location:

Wrbf · kc
S

>
Wr(k − 1)

S
+ Tcomm

or
Wr

S
(bf · kc − k + 1) > Tcomm. (25)

To satisfy (25) at least bf · kc−k+1 must be positive. It can be written
as

bf · kc > k − 1.

Since f < 1 and bf · kc < k, the condition cannot hold. So, there are
no movements from the root to the very light location.

2. cNAMP movement from a heavy location. Before a cNAMP movement
a heavy location has k cNAMPs and execution time on it satisfies (17).
After a cNAMP movement, the very light location becomes light, as it
has k−1 cNAMPs and execution time on it becomes (23). Substituting
(17) and (23) in (2), we get condition (24) for a cNAMP transferring.

If condition (24) is satisfied, then after a cNAMP transmitting the
system has bf · kc cNAMPs on the root location, and k−1 or k cNAMPs
on non-root locations. It means that the system is in a near-optimal
balanced state and there cannot be any more movements.

The analysis shows that after a cNAMP termination at a light location
in a near-optimal balanced state, the system may need one movement to
improve execution parameters, and there is no greedy effect in this case.
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cNAMP Termination at a Heavy Location
After a cNAMP termination from a heavy location, the system has bf · kc

cNAMPs on the root location, and either k−1 and k cNAMPs or only k−1
cNAMPs on non-root locations. In both cases there cannot be movements
for rebalancing. In the first case the system enters a near-optimal balanced
state, and the second case we discuss in Section 7.1.2.

7.1.4 Probability of the Greedy Effect after a cNAMP termina-
tion

The greedy effect occurs only when a cNAMP terminates from the root lo-
cation in a near-optimal balanced state, and a cNAMP from a light location
discovers better opportunity for execution first, which means that condition
(22) must be satisfied.

So, the greedy effect probability in a homogeneous network is a product
of the probability of a cNAMP termination from the root location and the
probability of discovery a better opportunity for execution first by a cNAMP
from a light location:

P = PtermR·Pl. (26)

To calculate the probability of a cNAMP termination at the root location, as-
sume that cNAMP execution time on locations follows Poisson distribution.
Then mean cNAMP execution time on the root, heavy and light locations
is given by:

Troot =
W bf · kc

S
,

Th =
W · k

S
,

Tl =
W (k − 1)

S
.

Hence, during some small time interval ∆t the following number of
cNAMPs finish their execution on the root, heavy and light locations:

νroot =
S

W bf · kc
∆t,

νh =
S

W · k
∆t,

νl =
S

W (k − 1)
∆t.

Assume, that there are Nl light locations and Nh heavy locations in the
system. Then probability that a cNAMP terminates at the root location
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during a time interval ∆t is

PtermR =
νroot

νroot + νh + νl
(27)

or

PtermR =

1
bf · kc

1
bf · kc

+
Nh

k
+

Nl

k − 1

.

cNAMPs from non-root locations have equal probability to discover a
better opportunity for execution first. So, the total number of cNAMPs on
non-root locations is

xnonroot = Nl(k − 1) + Nh· k. (28)

Probability that a cNAMP from a light location discovers better oppor-
tunity for execution is a ration of the total number of cNAMPs on light
locations to the total number of cNAMPs on non-root locations:

Pl =
xl

xnonroot
(29)

or
Pl =

Nl(k − 1)
Nl(k − 1) + Nh· k

.

Thus, substituting (27) and (29) in (26), we get the following probabil-
ity of the greedy effect after a cNAMP termination from a near-optimally
balanced homogeneous network:

P =
νroot

νroot + νh + νl
· xl

xnonroot
(30)

or

P =

1
bf · kc

1
bf · kc

+
Nh

k
+

Nl

k − 1

· Nl(k − 1)
Nl(k − 1) + Nh· k

.

Hence, the less number of locations, more number of cNAMPs, and more
number of light locations, then the higher probability of the greedy effect.
It is important to note that the greedy effect occurs only when there are
both heavy and light locations in the system, i.e. Nh·Nl 6= 0.

As mathematical analysis of (30) is complicated for estimation of max-
imum, minimum and mean values, we calculate it by changing parameters
of total number of locations from 3 to 50, number of light locations from 1
to N − 2 and number of cNAMPs.

Analysis of equation (30) shows that number of cNAMPs, k, has in-
significant influence on the probability. The mean dependence of the greedy
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effect probability on a total number of locations and a number of light lo-
cations is represented in table 5. Rows show changes of probability with
increasing a total number of locations. First row represent changes of the
greedy effect probability with minimum number of light locations in a net-
work, i.e. Nl = 1. The second row shows probability for maximum number
of light locations, i.e. Nl = N − 2. And the third row represents the mean
probability.

No. Total No. of locations
of light

locations 3 4 5 7 10 15 20 30 50
Min 0.236 0.124 0.077 0.039 0.019 0.008 0.005 0.002 0.001
Max - 0.254 0.239 0.201 0.157 0.112 0.087 0.06 0.037
Mean 0.234 0.188 0.157 0.118 0.086 0.059 0.045 0.03 0.018

Table 5: Probability of the Greedy Effect in a Near-Optimally Balanced
Homogeneous Network

Thus, we can make a conclusion that the most case probability of the re-
dundant movement never exceeds 26%. And mean probability of redundant
movement is less than 10% in a network with more than 10 locations.

7.1.5 Summary

In the issue of a cNAMP movement analysis on homogeneous networks,
we have defined dependence between number of cNAMPs and locations in
optimal and near-optimal balanced states.

Also, the analysis shows the following results of cNAMP behaviour after
a cNAMP termination in an optimal balanced network:

• cNAMPs do not move after a cNAMP termination from a non-root
location (Section 7.1.2);

• cNAMPs do not move, when a system is in a near-optimal balanced
state (Section 7.1.2);

• there is no greedy effect (Theorem 1);

When a cNAMP terminates in a near-optimal balanced network, the
results are as follows:

• cNAMPs do not move from the root to a very light location (Sec-
tion 7.1.3);

• also, cNAMPs do not move after a cNAMP termination from a heavy
location (Section 7.1.3);
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• the greedy effect only occurs because of the root location, this happens
in one case and causes only one redundant movement (Theorem 2).
The mean probability of this movement is less than 10% in a network
of more than 10 locations (Section 7.1.4).

7.2 Heterogeneous Network

By heterogeneous network we mean a set of locations with different CPU
speeds. For analysis purposes locations with identical CPU speeds are con-
ceptually grouped into subnetworks. Assume that system has q subnetworks.

Without loss of generality, assume that root location is a subnetwork,
which consists of one location. Thus, adjusted to additional subnetwork,
which consists of only the root location, a heterogeneous network has q + 1
subnetworks.

The total number of locations in a heterogeneous network is the sum of
locations in each subnetwork and the root location:

N =
q∑

i=0

Ni. (31)

Here, Ni is a number of locations in a subnetwork.

Theorem 4 The number of redundant movements in a heterogeneous net-
work after a cNAMP termination does not exceed q.

Lemma 5 A system makes at most q − 1 redundant movements after a
cNAMP termination from optimally balanced heterogeneous network.

Lemma 6 A system makes at most q redundant movements after a cNAMP
termination from near-optimally balanced heterogeneous network.

Proof The proof again proceeds by case analysis on the state (i.e. optimal
or near-optimal balanced state) and location where termination occurs, and
where the first movement is initiated.

7.2.1 Optimal and Near-Optimal Balance

As with a homogeneous network, a heterogeneous network has 2 types of
balanced state: optimal and near-optimal balance.

A heterogeneous network is in optimal balance when each subnetwork is
in optimal balance. Thus, each location of subnetwork m has xm cNAMPs,
and the total number of cNAMPs, x, in optimal balance is

x =
q∑

m=0

xmNm. (32)
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Another feature of optimal balance is that all locations have approxi-
mately equal relative speeds:

R ≈ Sm

xm
.

Let the CPU speed of the slowest locations be Sslow and each of the
slowest locations has k cNAMPs, then a non-root location has Sm CPU

speed and d Sm

Sslow
ke cNAMPs. The root location has Sroot CPU speed and

bfd Sroot

Sslow
kec cNAMPs.

A heterogeneous network is in a near-optimal balanced state when some
or all of its subnetworks are in near-optimal balance and the others are in
optimal balance.

7.2.2 cNAMP Termination in an Optimally Balanced Network

To analyse possible movements after a cNAMP termination from optimal
balance, we number subnetworks in the ascending order of relative speeds,
which they have in optimal balance, i.e. R0 > R1 > ... > Rq.

Analysis of a homogeneous network in Section 7.1.2 shows that cNAMPs
do not move to a location with the same speed if the difference in the number
of cNAMPs does not exceed one. So, movements after a cNAMP termination
from optimal balance in a heterogeneous network can be only from locations
with different CPU speeds.

Assume that a cNAMP terminates from a location of a subnetwork i
(1 < i < q). We analyse possible movements from locations of subnetworks
i− 1 and i + 1 (Ri−1 > Ri > Ri+1).

1. cNAMP movement from a location of subnetwork i − 1. cNAMP ex-
ecution time on a location of subnetwork i − 1 before the movement
is

Th =
Wr

Ri−1
, (33)

and cNAMP execution time after the movement becomes

Tn =
Wr

Ri
. (34)

So, substituting (33) and (34) in (2), we get the following condition
for a cNAMP movement:

Wr

Ri−1
>

Wr

Ri
+ Tcomm

or
Wr(

1
Ri−1

− 1
Ri

) > Tcomm. (35)
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To satisfy condition (35) at least
1

Ri−1
− 1

Ri
must be positive. How-

ever, according to initial condition Ri−1 > Ri, the
1

Ri−1
− 1

Ri
< 0.

Which means that after a cNAMP termination from an optimal bal-
anced state in a heterogeneous network, cNAMPs never move from
locations which in optimal balance have higher relative speed to loca-
tions which in optimal balance have lower relative speed.

2. cNAMP movement from a location of subnetwork i + 1. cNAMP exe-
cution time on a location of the subnetwork i+1 before the movement
is

Th =
Wr

Ri+1
, (36)

and cNAMP execution time on a location of a subnetwork i after the
movement becomes (34).

So, condition of a cNAMP movement (2) on the basis of (36) and (34)
is

Wr

Ri+1
>

Wr

Ri
+ Tcomm. (37)

Thus, the maximum number of cNAMP movements occurs when a
cNAMP terminates on a location with the highest relative speed, and
locations discover the available capacity in order of increasing relative
speed, and condition (37) is satisfied for each pair of subnetworks
i = 0, 1, ..., q − 1.

greatest number of cNAMP movements on the assumption that each
time the system satisfies condition (37) is in the following case:

(a) a cNAMP terminates from a location with the highest relative
speed;

(b) each time a cNAMP from a location of the subnetwork i discovers
better location for execution on a location of subnetwork i + 1
first;

Therefore, in a heterogeneous network of q subnetworks and one root
location there can be no more than q − 1 redundant movements.

So, the probability of q − 1 redundant movements in a heterogeneous
network is a product of probability of a cNAMP termination from a
location with the highest CPU speed and probability of discovery a
better opportunity for execution by cNAMPs from locations in de-
scending order of relative CPU speeds:

P = PtermRh · Pdes. (38)
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The number of cNAMPs which finish execution on a location during
time interval ∆t is

νi =
Si

W · xi
∆t = Ri

∆t

W
. (39)

The probability of a cNAMP termination from a location with the
highest relative speed is

PtermRh =
ν0N0∑q
i=0 νiNi

,

which we can simplify to

PtermRh =
R0N0∑q
i=0 RiNi

. (40)

The probability of cNAMP information discovery from locations in a
descending order of relative speeds is

Pdes =
x1N1∑q

i=1(xiNi)
· x2N2∑q

i=2(xiNi)
· ... · xq−1Nq−1∑q

i=q−1(xiNi)
,

which can be written as

Pdes =
q−1∏
j=1

xjNj∑q
i=j(xiNi)

. (41)

Thus, substituting (40) and (41) in (38) we get the following proba-
bility of q− 1 redundant movements in a heterogeneous network after
a cNAMP termination:

P =
R0N0∑q
i=0 RiNi

·
q−1∏
j=1

xjNj∑q
i=j(xiNi)

. (42)

Equation (42) shows that probability of maximum number of move-
ments depends on number of cNAMPs, number and speeds of loca-
tions.

We have made calculations for a heterogeneous network on the basis
of the following scenario:

• Scenario 4 : Loc1−Loc5 have 1793 MHz CPU speed, Loc6−Loc10
have 2168 MHz CPU speed, Loc11−Loc15 have 3193 MHz CPU
speed. The root location (Loc0) has 2168 MHz CPU speed and
0.55 load factor.
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Firstly, we vary the number of cNAMPs on slowest locations from 1 to
50. The results show that probability almost independent of the total
number of cNAMPs and is equal to 0.01.

Then we vary number of locations in each subnetwork. The more
locations in a subnetwork with the highest relative speed, and the less
locations in other subnetworks, the higher the probability. However, it
does not exceed 0.06 even when a subnetwork with the highest relative
CPU speed has 50 locations and each of the rest subnetworks has one
location.

To examine the dependence of the probability and the number of sub-
networks, we add sequentially set of locations with 2509 MHz and 3028
MHz CPU speeds. Table 6 shows probability of maximum number of
redundant movements for a heterogeneous network of 2 to 5 subnet-
works. The rows in the table indicate maximum, minimum and mean
values of probability for subnetworks with different number of loca-
tions, i.e. we vary the number of locations in each subnetwork from 3
to 10.

Probability Number of subnetworks
2 3 4 5

Max 0.073 0.01 0.001 < 0.001
Min 0.007 0.001 < 0.001 < 0.001

Mean 0.012 0.001 < 0.001 < 0.001

Table 6: Probability of a Maximum Number of Movements after a
cNAMP Termination from Optimal Balance in a Heterogeneous

Network

On the basis of the above calculations we conclude that the probabil-
ity of maximum number of redundant movements (i.e. q − 1) after a
cNAMP termination from optimal balance in a heterogeneous network
of q subnetworks does not exceed 8%.

7.2.3 cNAMP Termination in a Near-Optimally Balanced Net-
work

To analyse movements in the system after a cNAMP termination from a
near-optimal balance in a heterogeneous network, we examine the following
cases:

• all subnetworks are in near-optimal balance;

• some subnetworks are in optimal balance and others are in near-
optimal balance.
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All Subnetworks are in Near-Optimal Balance
When all subnetworks are in a near-optimal balanced state, each subnet-

work has heavy and light locations. Thus, a cNAMP can terminate from
heavy or light location.

If a cNAMP terminates from a heavy location, the location becomes
light. There will be no further movements either from within the same
subnetwork or from a different subnetwork. A movement would only occur
if a cNAMP executing elsewhere could improve its execution time by moving
but that would have been the case before termination because there were
other light locations in this subnetwork.

If a cNAMP terminates from a light location, a cNAMP can move from:

1. a heavy location of the same subnetwork. In this case there can not be
any redundant movements;

2. a heavy location of another subnetwork. Here, there can not be any
redundant movements either.

3. a light location of another subnetwork. The analysis in Section 7.2.1
shows that a cNAMP never moves to a location which has lower rel-
ative speed. Thus, the largest number of movements occurs, when
a cNAMP terminates from a light location, which has the highest
relative speed among light locations of the network. Then cNAMPs
from light locations of other subnetworks discover better opportunity
for execution in descending order of relative speeds. After a cNAMP
movement from a light location with the slowest relative speed among
light locations of the remaining subnetworks, a cNAMP from a heavy
location moves to this very light location.

So, q is the most number of redundant movements, which system can
make to rebalance after a cNAMP termination from a heterogeneous
network, where all subnetworks are in near-optimal balance.

The probability of q movements is a product of the probability of a
cNAMP termination from a light location with the highest relative
CPU speed among light locations of a network and probability of se-
quential information discovery by light locations of other subnetworks
in a descending order of relative CPU speeds:

P = PtermLRh · PdesL. (43)

To calculate probability we number subnetworks in descending order
of relative speed on their light locations, i.e. R0l > R1l > ... > Rql.
In this case, to estimate the highest probability we consider the root
location as a subnetwork of one light location with Sroot CPU speed
and xroot cNAMPs. Thus, the total number of subnetworks is q + 1.
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The number of cNAMPs which finish execution on a location during
time interval ∆t is

νi =
Si

W · xi
∆t = Ri

∆t

W
.

Assume, that each subnetwork has Nil light locations with relative
CPU speed Ril and Nih heavy locations with relative CPU speed Rih.
Then the probability of a cNAMP termination from a light location
with the highest relative speed, PtermLRh, is

PtermLRh =
R0lN0l∑q

i=0(RilNil + RihNih)
, (44)

and the probability of cNAMP information discovery from locations
in a descending order of light location relative speeds, PdesL, is

PdesL =
q−1∏
j=1

xjlNjl∑q
i=j(xilNil + xihNih)

. (45)

Thus, substituting (44) and (45) in (43) we get the following proba-
bility of q redundant movements in a heterogeneous network after a
cNAMP termination from near-optimal balance:

P =
R0lN0l∑q

i=0(RilNil + RihNih)
×

q−1∏
j=1

xjlNjl∑q
i=j(xilNil + xihNih)

. (46)

To estimate probability of maximum number of movements we calcu-
late probability for the network on the basis of scenario 4 (see Sec-
tion 7.2.2). Each subnetwork has 3 light locations, except the subnet-
work which consists of the root location.

First, we vary the number of cNAMPs. Just as in the calculation of
probability for optimally balanced heterogeneous network, the number
of cNAMPs has no much effect on probability of maximum number of
movements, which is approximately 0.01.

In the next type of experiments we change the number of light locations
in subnetworks from 1 to 4. As the number of light locations increases
so does the probability. However, the probability does not exceed 0.04.

Another experiment is over different number of subnetworks. So we
add 2 subnetworks with locations of 2509 MHz and 3028 MHz CPU
speeds, each of which has 5 locations. Table 7 shows probability of
maximum number of movements in a network which has from 2 to
5 subnetworks. Rows Max, Min and Mean represent probability for
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Probability Number of subnetworks
2 3 4 5

Max 0.31 0.043 0.002 < 0.001
Min 0.017 0.002 < 0.001 < 0.001

Mean 0.194 0.027 0.001 < 0.001

Table 7: Probability of a Maximum Number of Movements after a
cNAMP Termination from Near-Optimal Balance in a Heterogeneous

Network

maximum (i.e. 4), minimum (i.e. 1) and mean number of light locations
respectively.

Results show that probability of q movements in a heterogeneous net-
work of q subnetworks does not exceed 5% in a network of 3 and more
subnetworks.

Optimal and Near-Optimal Balance
Here we mean the case where some subnetworks are in near-optimal bal-

ance and the rest are in optimal balance.
So, we analyse movements after a cNAMP termination from optimally

and near-optimally balanced subnetwork:

1. cNAMP termination from an optimally balanced subnetwork. When
a cNAMP terminates from an optimally balanced subnetwork, there
can be movements only from a location of another subnetwork. The
movement can be from:

(a) a heavy location, and there can not be any redundant movements
in this case.

(b) a light location.

(c) any location, of another subnetwork, which is optimally balanced.
In this case condition (37) must be satisfied.

In the (b) and (c) cases the maximum number of movements depends
on the type of location and balanced state of a subnetwork which
has the lowest relative speed. If the subnetwork is optimally balanced,
then there can be no more than q−1 redundant movements, otherwise
there can be no more that q movements.

Thus, the maximum number of redundant movements after a cNAMP
termination from optimally balanced subnetwork in a near-optimally
balanced heterogeneous network is q.
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2. cNAMP termination from a near-optimally balanced subnetwork. When
a cNAMP terminates from a location of a near-optimally balanced sub-
network, there can be two types of locations from which a cNAMP can
terminate:

• a heavy location, and there can not be any movements to rebal-
ance.

• a light location. In this case the number of movements depends
on the state of a subnetwork and the type of a location from
which a cNAMP discovers better opportunity for execution first.
Just as in the case of a cNAMP termination from an optimally
balanced subnetwork, here, the maximum number of redundant
movements is q.
The maximum number of movements can be observed, when
a cNAMP terminates from a light location with highest rela-
tive speed among other light locations of a network, and then
cNAMPs from locations of other subnetworks discover better op-
portunity for execution in the descending order of relative speeds.
If a subnetwork is near-optimally balanced, then it is a light lo-
cation, and if a subnetwork is optimally balanced, then it can be
any location. Also, a subnetwork with the lowest relative speed
must me in a near-optimal balanced state.

In the both cases of cNAMP termination from a near-optimally balanced
heterogeneous network, which has optimally and near-optimally balanced
subnetworks, the most number of redundant movements is q. As a variation
of subnetwork balanced states in a heterogeneous network is infinite, and
the probabilities only differ in a balanced state of subnetwork from which
a cNAMP terminates, so we calculate only the case of highest probability,
i.e. the probability of a cNAMP termination from an optimally balanced
subnetwork which has highest relative speed.

The rest subnetworks can be in optimal or near-optimal balance, how-
ever, probability of a cNAMP movement from a location which is in an
optimally balanced subnetwork is higher then a probability of a cNAMP
movement from a light location, which is in a near-optimally balanced sub-
network.

We calculate the probability for a heterogeneous network, where a cNAMP
terminates from an optimally balanced subnetwork with the highest relative
speed. Then cNAMPs discover better opportunity for execution from loca-
tions of optimally balanced subnetworks in the descending order of relative
speeds. The subnetwork with the lowest relative speed is in a near-optimal
balance, and a cNAMP from a light location discovers better opportunity
for execution first:

P = PtermRh · Pdes. (47)
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Here, the probability of a cNAMP termination from an optimally bal-
anced subnetwork with the highest relative speed is

PtermRh =
R0N0∑q−1

i=0 RiNi + RqlNql + RqhNqh

, (48)

and the probability of information discovery in a descending order of
relative speeds is

Pdes =
q−1∏
j=1

xjNj∑q−1
i=j xiNi + xqlNql + xqhNqh

. (49)

Substituting (48) and (49) in (47) gives

P =
R0N0∑q−1

i=0 RiNi + RqlNql + RqhNqh

×

×
q−1∏
j=1

xjNj∑q−1
i=j xiNi + xqlNql + xqhNqh

. (50)

The calculations are made on the basis of scenario 4 (see Section 7.2.2).
Each subnetwork is in optimal balanced state, except the subnetwork with
the lowest relative speed, which has 3 light locations. Also, one subnetwork
consists only of the root location.

The mean probability for initial configuration of the heterogeneous net-
work of 3 subnetworks with varying number of cNAMPs is 0.01.

Varying the number of locations in subnetworks and the number of light
locations in a subnetwork with the lowest relative CPU speed gives mean
probability equal to 0.01.

Experiments with 2 to 5 subnetworks give maximum value of 0.11 for
2 subnetworks and less than 0.01 mean probability for larger number of
subnetworks.

Thus, the probability of q movements after a cNAMP termination from
a near-optimally balanced heterogeneous network with q subnetworks does
not exceed 1%, when some subnetworks are in optimal and the rest are in
near-optimal balance and the total number of subnetworks is more than 2.

7.2.4 Summary

To examine cNAMP movements in a heterogeneous network we have de-
fined dependence between number of locations and cNAMPs in an optimal
balanced state.

The analysis of cNAMP movements after a cNAMP termination from
optimally balanced heterogeneous network shows that:
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• cNAMPs never move from locations which in optimal balance have
higher relative speed to locations which in optimal balance have lower
relative speed (Section 7.2.2);

• a system makes no more than q−1 redundant movements to rebalance
(Lemma 5);

• the probability of maximum number of redundant movements does not
exceed 8% (Section 7.2.2).

Results of analysis after a cNAMP termination from near-optimal bal-
ance are as follows:

• to rebalance a system makes at most q redundant movements (Theo-
rem 4), probability of which does not exceed 5% in a network of 3 and
more subnetworks (Section 7.2.3).

8 Conclusion and Future Work

In the current analysis we have provided definition of the greedy effects in
an AMP implementation and identified two types of the greedy effects (Sec-
tion 2). The first type of the greedy effects, i.e. location thrashing, causes
additional movements and increase in AMP execution time. The second
type of the greedy effects, i.e. location blindness, causes only additional
movements. However, in case of location blindness all transferred AMPs
improve their execution environment. Both types of the greedy effect more
than once have been discussed in researches of dynamic load balancing.

We have simulated the greedy effects in an AMP implementation (Sec-
tion 3), discussed possible negotiation strategies to reduce location thrash-
ing, and modified some features, by proposing negotiating AMPs with co-
operative / competitive scheme (cNAMPs). By negotiation we only mean
information communication, and not compromising to reach mutually ben-
eficial agreement. A cNAMP implementation is ensured by 3 auxiliary mes-
sages (Section 5.2).

In short, the algorithm of cNAMPs is as follows. Before a movement
a cNAMP sends a request to the target location for permission to move.
The target location grants permission only to the first come request, and
then refuses permission to requests the time, which is necessary to renew
state information by all locations and to transfer the last request formed
on the basis of outdated state information. During the time of waiting a
response the AMP continues execution. Pending the response, the cNAMP
continues execution, and other cNAMPs from the same location recalculate
their parameters as if the cNAMP will receive permission. If permission
is granted, then the cNAMP moves, otherwise it resumes execution on the
current location. Also, each location has two values of number of locations
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on the current location. The first contains number of currently executed
cNAMPs, and the second number takes into account cNAMPs to which the
permission to transfer was granted. The second value is announced to other
locations.

cNAPM simulation results show that cNAMPs have only the location
blindness, which does not cause increase in execution time (Section 6). Also,
cNAMPs do not make redundant movements during initial distribution and
make much less movements during rebalancing after a cNAMP termination.

The mathematical analysis of movements shows that there are no greedy
effects after a cNAMP termination from optimally balanced network. And a
cNAMP termination from near-optimally homogeneous network may cause
only one redundant movement (Theorem 1). The probability of the move-
ment does not exceed 26% (Section 7.1.4). A cNAMP termination from
optimally balanced heterogeneous network causes not more than q − 1 re-
dundant movements with 8% probability in a network of 3 and more subnet-
works (Section 7.2.2). After a cNAMP termination from a near-optimally
balanced heterogeneous network there can be no more than q movements
with 5% probability in a network of more than 3 subnetworks (Section 7.2.3).

Potentially location blindness could also be reduced or eliminated by ad-
ditional negotiation. However, it does not reduce AMP efficiency (Section 2)
and cause only small number of redundant movements with low probability
(Section 7).

We conclude that the cNAMP approach is an effective mechanism for
load balancing. Thus, the next we are planning to investigate cNAMP
behaviour on a wide area network (WAN).

References

[1] X. Y. Deng, P. W. Trinder, and G. J. Michaelson, “Cost-driven au-
tonomous mobility,” Submitted to Journal of ACM Transactions on
Programming Languages and Systems (TOPLAS), 2008, under review.

[2] N. Chechina, P. King, R. Pooley, and P. Trinder, “Simulating au-
tonomous mobile programs on networks,” in PGNet’09: Proceedings
of the 10th Annual Conference on the Convergence of Telecommunica-
tions, Networking and Broadcasting. Liverpool, UK: Liverpool John
Moores University, June 2009, pp. 201–206.

[3] X. Y. Deng, P. W. Trinder, and G. J. Michaelson, “Autonomous mobile
programs,” in IAT ’06: Proceedings of the IEEE/WIC/ACM Interna-
tional Conference on Intelligent Agent Technology. Washington, DC,
USA: IEEE Computer Society, December 2006, pp. 177–186.

41



[4] H. Kuolin, “Allocation of processors and files for load balancing in
distributed systems,” Ph.D. dissertation, University of California at
Berkeley, USA, 1985.

[5] M. Livny and M. Melman, “Load balancing in homogeneous broadcast
distributed systems,” in Proceedings of the Computer Network Perfor-
mance Symposium. New York, NY, USA: ACM, 1982, pp. 47–55.

[6] A. Ghafoor and I. Ahmad, “An efficient model of dynamic task schedul-
ing for distributed systems,” in COMPSAC ’90: Proceedings of the
Fourteenth Annual International Computer Software and Applications
Conference. IEEE Computer Society Press, October 1991, pp. 442–
447.

[7] L. M. Ni, C.-W. Xu, and T. B. Gendreau, “A distributed drafting
algorithm for load balancing,” IEEE Trans. Softw. Eng., vol. 11, no. 10,
pp. 1153–1161, 1985.

[8] A. Ross and B. McMillin, “Experimental comparison of bidding and
drafting load sharing protocols,” in Proceedings of the Fifth Distributed
Memory Computing Conference, vol. 2. IEEE Computer Society Press,
April 1990, pp. 968–974.

[9] T. L. Casavant and J. G. Kuhl, “Analysis of three dynamic dis-
tributed load-balancing strategies with varying global information re-
quirements,” in Proceedings of the 7th International Conference on Dis-
tributed Computing Systems. New York, NY, USA: IEEE Press, 1987,
pp. 185–192.

[10] X. Y. Deng, “Cost driven autonomous mobility,” Ph.D. dissertation,
School of Mathematical and Computer Sciences, Heriot-Watt Univer-
sity, Edinburgh, UK, June 2007.

[11] Voyager Technical Documentation, Recursion Software, Inc., 2591
North Dallas Parkway, Suite 200, Frisco, TX 75034, 2008. [Online].
Available: http://www.recursionsw.com/Products/voyager.html

[12] G. Fisher and W. Ury, Getting to Yes: Negotiating Agreement without
Giving in. UK: The Guernsey Press, 1982.

[13] S. Fatima, M. Wooldridge, and N. R. Jennings, “Optimal negotia-
tion of multiple issues in incomplete information settings,” in AAMAS
’04: Proceedings of the Third International Joint Conference on Au-
tonomous Agents and Multiagent Systems. Washington, DC, USA:
IEEE Computer Society, 2004, pp. 1080–1087.

42



[14] T. L. Casavant and J. G. Kuhl, “Analysis of three dynamic dis-
tributed load-balancing strategies with varying global information re-
quirements,” in Proceedings of the 7th International Conference on Dis-
tributed Computer Systems. Germany: IEEE Computer Society, April
1987, pp. 185–192.

[15] I. Ahmad and A. Ghafoor, “A semi distributed task allocation strategy
for large hypercube supercomputers,” in Supercomputing ’90: Proceed-
ings of the 1990 conference on Supercomputing. Los Alamitos, CA,
USA: IEEE Computer Society Press, 1990, pp. 898–907.

43


