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Abstract. In the case of desktop grids, a single hardware-determined
latency and constant bandwidth between processors cannot be assumed
without incurring in unnecessary error. The actual network topology is
determined not only by the physical hardware, but also by the instan-
taneous bandwidth availability for parallel processes to communicate. In
this paper we present a novel task assignment scheme which takes the
dynamic network topology into consideration along with the tradition-
ally evaluated variables such as processor availability and potential. The
method performs increasingly better as the grid size increases.
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1 Introduction

The complexity of contemporary scientific applications with increased demand
for computing power and access to larger datasets is setting a trend towards
the increased utilisation of grids of desktop personal computers [1]. In the quest
for load balance, an important consideration to maximise the utilisation of a
desktop grid is the question of optimal task assignment to processors in a parallel
program.

As pointed out by Zhuge [2], in the future interconnection environment, re-
sources will flow from high to low energy nodes. The basic laws and principles
governing this field require more investigation. The work presented in this paper
is a step in that direction.

A promising parallel computing model suggested by Valiant [3] is the Bulk
Synchronous Parallel Computer (BSP) which emulates the von Neumann ma-
chine with respect to simplicity. This model is characterised by dividing the
parallel program into a sequential run of super-steps. BSP might not be the
most efficient model for each and every problem to solve, but several advantages
are evident: scalability, predictability, and portability are the main promises of
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the BSP model. A further characteristic, which is used in the force field task
assignment method, is that upon barrier synchronisation the system reaches a
known state. In the canonical BSP model, all processors are seen as equally
costly to communicate with. For the force field task assignment, the BSP cost
model must be extended with the considerations made by the LogP model.

The LogP model proposed by Culler et al. [4] is a generalisation of BSP, pro-
viding asynchronous communication, and accounting for latency and bandwidth
costs of implementation. Using these cost features to extend the BSP model, but
retaining barrier synchronisation, force field task assignment can be applied to
the environment defined by a desktop grid.

The BSP model has great potential in its application towards desktop grids
because the model provides for scalability. One of major features of desktop grids
is precisely the ability to grow, and so scalability is an important issue. In 2001
Tiskin[5], developed a divide-and-conquer method under the BSP model and
suggested that load balancing can be done in an efficient manner under the BSP
model. With the bandwidth-aware BSP, not only this is possible, but also an
error recovery algorithm can be implemented with very little extra computational
overhead.

In order to harness the potential of networked computers, systems such as
Globus [6] and Condor [7] distribute work tasks among a computer grid. These
systems address in great detail issues such as job scheduling, access control and
user/resource management. The mechanism provided by Condor [7] for shar-
ing resources —by harnessing the idle-cycles on desktop machines—, enables
high throughput using off-the-shelf components. A disadvantage arises from the
organisation of the grid under the administration of a single central manager,
statically configured. Details of job scheduling and migration are exclusive to
the central manager. All tasks wait in a queue until the appropriate resource
for execution can be located within the grid by the centralised server. Failure of
this node brings down the entire Condor grid. Furthermore, there is no provision
to share the workload of grid management: degraded system performance may
arise with an overloaded server environment.

With respect to sharing resources amongst multiple Condor pools, recent
work [8] has provided algorithms for automatising the discovery of remote Con-
dor pools across administrative domains. In this work a p2p scheme based on
a proximity-aware routing substrate [9] is used in conjunction with the Condor
flocking facility. But within the Condor flock, as with most load distributing
schemes, there is no mechanism for resolving the proximity-aware issue and take
this factor into consideration while doing task assignment or migrations.

Empirical studies of desktop grids, such as the one done at the San Diego
Supercomputing Center [10], provide the basis for elaborating theoretical evalu-
ations for new load distribution schemes

The main contributions of the work in this paper are as follows:

– We describe an algorithm that uses proximity-aware along with cycle avail-
ability considerations for optimising task assignment on a desktop grid.
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– We evaluate the proposed scheme by means of a simulator based on empirical
characteristics of a desktop grid.

The rest of the paper is organised as follows. Section 2.1 gives an overview of the
BSP model and task assignment problem on a desktop grid. Section 3 presents
our proposed force-field scheme for task distribution on desktop grids, where
the proximity-aware concept is developed. Section 4 presents an evaluation and
analysis of the proposed scheme. Finally, section 5 provides concluding remarks.

2 Background

2.1 BSP Computational Model

Description. A bulk synchronous parallel (BSP) computer [11, 3] consists of a
set of processor-memory pairs, a global communication network, and a mecha-
nism for the efficient barrier synchronisation of the processors [12]. In the BSP
model the parallel computation is divided into super-steps, each of which consists
of a number of parallel-running threads that contain any number of operations.
These threads perform only local communication until they reach a synchroni-
sation barrier where all global communication takes place.

Task Assignment Overview. Consider the parallel application executing in
the BSP machine composed of n parallel nodes, the application consists of m
parallel tasks to be performed at super-step i. In order to assign task threads
to processors at the beginning of a BSP super-step, a load balancing scheme
should be used. Recent strategies [13] have been guided by the considerations of
minimising communication costs [14, 15] and attaining load balance [16]. While
this strategy will produce good results with small grids, the force field approach
presented in this article will produce results which are closer to the minimum
execution time as the grid size increases, as shown in section 4.

When dealing with the force field method, there are two considerations to
take into account to determine the task assignment. The first —called the com-
putational charge— is a combination of the memory cost for the task with the
computational ability of the remote desktop computer. From the global desk-
top grid configuration, all nodes which lack the sufficient resources —mainly
memory— to process the tasks will produce a net positive force, thus will repul-
sive and eliminated as candidates. The product of the amount of idle cycles per
unit time that are available at the remote computer with the reciprocal of the
cost in cycles which the memory utilisation of the task will determine the first
main consideration for the force field method. This product is represented by
the size of the circle in figure 1(a) and addressed in more detail in section 3.2.
Note that the canonical greedy idle-cycle scheme will assign the first task to the
machine with the most available cycles per unit time, which is not necessarily
equivalent to largest circle in the figure since the memory cost is not taken into
account in the same fashion.
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The second main consideration is the cost in communications. This factor
is dealt with an inverse-square formula. This takes both bandwidth availability
and latency into consideration. In figure 1(a) the cost in communication is rep-
resented by the distance from the central assigning node to each of the remote
computers —numbered 1 through 10. The canonical greedy network-proximity
scheme will assign the first task to the machine with the least communication
cost, i.e., the closest circle.

The task assignment of the force field method is not evident from figure 1(a)
because both the size and distance of the circles must be taken into account to
determine the net effect. The novelty of the force field method is the way both the
network-proximity and cycle-availability considerations are merged into a single
force field to determine which node will receive the task. Figure 1(b) shows a
three dimensional representation of the force field determined by the nodes in
figure 1(a). The slope of the force field will determine in which direction the task
will roll and reach a particular node, represented by a depression in the force
field surface. The positive force indicates the node where the tasks are generated
and distributed from.

1

9

8
7

6

5

4

3

2

10

(a) Participating computer nodes (b) Task assignment force field

Fig. 1. Task assignment considerations

The force field method for synchronisation operates as follows. Upon reaching
the synchronisation barrier, each node sends a completion message to all other
processors participating in the super-step. Of these, one will currently be acting
as a synchronisation master or sync-master (which will be the node in charge of
distributing the tasks). Summing up, the sync-master will determine the force
field and assign tasks to where the force field is strongest. To calculate the forces,
the sync-master needs to know the available idle cycles and available memory at
each node, besides the effective communication cost. The first two parameters
are readily known and used for task assignment by systems such as Condor. For
the third parameter evaluation, the BSP cost model [17] is extended with the
full bandwidth and latency cost considerations of the LogP [4] model.
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At the barrier all communications are completed and the system reaches a
known state. The resulting force field values are ordered and nodes with the most
negative values (attraction) receive the tasks. Positive force field values indicate
a net repulsion for the assignment of new tasks, and are generated when the
available memory of the node is inferior to the net memory requirements of the
task.

The ubiquitous desktop computer suggests that desktop grids will continue
growing. Our results indicate that the force field method yields even better
results as the size of desktop grid increases.

Design Issues. On applying the BSP computational model there is an impor-
tant aspect not to be overlooked. All tasks must synchronise at the BSP barrier
and all communication takes place at this point. The cost of communication rel-
ative to the cost of computation is important. As processor speed increases at a
rate faster than that of communication hardware, the ratio between the two will
also increase. Parallel applications such as data distribution [13] already have
a greater communication cost and can readily profit from the force field task
assignment method. This is due to the increasingly better performance as the
communication to computation cost ratio increases and the desktop grid size
grows.

2.2 Desktop Grids

Network. While the opportunity to perform large computations at low-cost is
a clear motivation for using desktop resources for parallel processing, the uncer-
tainty of the resources which will be available at a given moment is the challenge
in designing an effective task assignment strategy. The main points which char-
acterise a desktop grid are the real-time network topology and the individual
computational capacities of each desktop resource. The real-time network topol-
ogy is determined in an instantaneous manner from the latency and available
bandwidth characteristics of the desktop grid. While this topology is limited by
the hardware with which the grid is built, the usage pattern by applications
outside the BSP context will determine the effective topology available to the
BSP machine and determines the network cost between any two points in the
desktop grid.

Network proximity. The network proximity —or latency— is the amount of
computation cycles taken to establish communication between any two nodes.
This parameter is determined by the communications hardware.

Network capacity. The network capacity —or bandwidth— is the amount of
information that can be transmitted between hosts once communication has
been established. Since the network utilisation is not uniform nor static, the
network capacity between any two nodes is not necessarily uniform nor constant
through time.
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3 Design

An important consideration with regard to desktop grids is that the we can
assume that the number of parallel tasks to be completed during a super-step is
less than or equal to the number of available processors in the grid. We can make
this assumption because the increasing the grid size with off-the-shelf equipment
is relatively easy and cheap.

In the design of an improved task assignment scheme under the bandwidth-
aware BSP computational model, we borrow from the concept of force field to
elaborate our proposed algorithm. On doing so, we part from an important fact:
during the last years, computational speed has been increasing geometrically,
while the speed in communication has only experienced a linear increase. This
indicates that the trends in future parallel computing will be defined by com-
munications. The question is not whether this will happen, but rather when the
turning point will be. This is besides the fact that many data intensive parallel
computations are already governed by the communications.

Consider that the costs in computational cycles for each tasks in a BSP
super-step need not be equal. If Ci is the cost in cycles to solve a particular task
i, and ξj is the amount of available cycles per unit time at node j, then the time
to solve the task i can be written as Ci/ξj .

Without considering any communications cost when dealing with a compu-
tational grid of size m, the optimum for n parallel tasks is the minimum of the
combinatorial set obtained by associating tasks to processors. If the cost in com-
munication is considered, the complexity of the problem increases dramatically.
The set of all super-steps in a BSP problem then becomes similar to a DAG
determination, which is an NP-hard problem.

3.1 Fundamental Laws of Motion

A successful load balancing scheme using gravitational forces can be found in
Hui and Chanson [18], although in this case the gravitational forces are masked
behind the theory of hydrodynamics. This effective method of load balancing
has found application with the PRAM parallel machine model. A computational
model which is less dependent on system architecture, such as BSP, calls for a
simpler expression of the laws governing task assignment.

A drawback to the hydrodynamic load balancing’s use of Newton’s Law of
Universal Gravitation is the absence of repulsive forces. The hydrodynamic fluid
cannot flow from a lower to a higher level. Only with repulsive forces may any
particular node reject tasks where requirements surpass the node’s resources.

On the other hand, the BSP model allows for direct application of Newton’s
laws. Nonetheless, gravitational forces are only attractive. Therefore, Coulomb’s
law is more appealing for this work.

How does this fit into the BSP model? At the synchronisation barrier the
system reaches a well defined state upon which attractive and repulsive forces
associated to emerging tasks can be determined. Network workstations partici-
pating in the BSP machine which temporarily are removed from the grid need
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only to switch the sign on their computational capacity, with which all new tasks
are repelled and sent to other available nodes on the desktop grid.

3.2 The Force Field Load Distribution

The Computational Distance. To find the physical equivalent for distance
in the task assignment problem, we must calculate the cost in communications.
Consider the case of performing task assignment on a BSP parallel computer
composed of a network of workstations using shared communications resources.
Available bandwidth between any two nodes will vary with time. What is im-
portant is not the instantaneous value at any particular moment but rather the
average value during the particular time interval where the instantaneous value
is located.

The Computational Charge. When dealing with the computational charges
the force field method refers to two charges. The first lies within the remote
computer and the second within the task to be assigned.

Remote computer charge. Represented by qj , is the computational potential of
node j, and is equivalent to the available computational cycles per unit time.
This number is always positive or equal to zero. If node j sets qj = 0, then
neither attraction nor repulsion will exist. Whether or not the node actually
receives a task depends on the force field values determined for other nodes on
the grid.

Task charge. Represented by qi, is a computational ease associated to the mem-
ory requirements of the task. Computational ease —inversely proportional to
cost— is an important parameter which is often overlooked: the current bot-
tleneck in the execution of most tasks is not in processor speed but rather the
moving of data between memory storage and processor registers.

In other words, if the available memory on node j is less than that required
for task i, then qi is assigned a positive sign, ensuring a repulsive force. Otherwise
the sign will be negative. If ci is the cost in computation cycles entailed by the
memory requirements of task i, then qi = 1

ci
is the charge associated to the

task1. Note that the memory requirements of every task has to be known to any
assignment scheme, otherwise the determination of whether the remote node has
the potential resources to deal with the job would be impossible. The cost in
cycles that will be required for the task is not used at any time. In our simulator
we use the Large Numbers Law to obtain values for this parameter and randomly
assign these values to tasks.

1 A further distinction may be made whether the available virtual memory is fully in
RAM or partly distributed in disk swap. This further refinement is not considered
in the results presented in this paper.
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4 Performance Evaluation

For each run the absolute minimum execution time —which considers all possible
combinations of task/processor assignments— is also obtained for comparison
with the task assignment algorithms being tested.

In the tests conducted, mean values were obtained from 1000 simulations
for each data point. Thus, figures 2(a)–(c) show the results for an increasing
amount of tasks in the parallel set to be completed, and where the grid size is
equal to 1000 desktop computers. Computational availability, communications
cost, task memory requirements and task computational costs are all determined
by Gaussian distributions and randomly assigned to different identifiers.

The purpose of the evaluation is to determine which strategy is better for task
assignment on a desktop grid. Every process can be qualified with the following
considerations:

– The amount of memory required for data storage.
– The amount of computation cycles that are required to complete all pro-

grammed operations.
– The time units consumed by the communication requirements.

Strictly speaking, the second point will depend on the hardware and can be
associated among different platforms by linear proportionality. On the other
hand, computation cycles can be dealt with in an abstract manner —architecture
independent— such as Papadimitriou and Yannakakis [19] do in the presenta-
tion of the directed acyclic graphs model. In this paper the same approach is
used.

With these qualities the merits of any particular task assignment scheme
may be evaluated. The first point —memory requirements— is necessary data
to determine if the remote computer has the necessary resources to complete
the job. The second point —the cycles required by the task and the cycle avail-
able per unit time at the remote node— allows the execution wall clock time to
be obtained. Nonetheless, the knowledge of the amount of cycles each task will
require is not generally known, except for the most elemental applications. Be-
sides, in the tabulation of a parallel job, the time associated to communication
costs must also be considered.

For the optimum calculation, it is necessary to know the amount of cycles
that each task will require. This will be used to evaluate the performance of
the different algorithms compared (these algorithms, of course, may not use this
information). An algorithm will be better than another if the times obtained are
closer to the optimum values.

Figure 2(a) shows the results when the cost in communication is low with
respect to the cost in computation. In this graph the greedy computation cost
quickly becomes asymptotic with the minimum attainable value when the num-
ber of simultaneous tasks in the BSP super-step reaches 25% of the configured
processors in the desktop grid. For super-steps with simultaneous tasks occupy-
ing less than 2.5% of the configured processors, the force field task assignment
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Fig. 2. Mean values for different communication costs

out performed the greedy computation cost scheme. When the grid size starts
to increase, as seen ut infra, the situation changes dramatically in favour of the
force field task assignment scheme.
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Fig. 3. Mean values for low communication cost and growing grid size

In figure 2(b), are the results for a parallel program where a computation
cost still exceeds the communication cost. Many parallel applications fall into
this category. In this case, we can observe that the force field assignment scheme
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exceeds the greedy computation cost scheme well up to the utilisation of 20%
of the configured desktop grid for the simultaneous execution of a single BSP
super-step.

In the third graph of the simulation results, figure 2(c), communication costs
exceed computation costs. Distributed data applications fall into this category,
as well as an increasing number of other parallel applications as computing speed
increases geometrically while communication speed does so linearly. In this case
the force field approach far exceeds both the greedy communication cost and
greedy computation cost and remains quite close to the theoretical minimum
performance that can be obtained.

In the foreseeable future the size of available desktop grids is bound to in-
crease, and for this reason it is important to analyse how the force field task
assignment will perform in relation to the greedy schemes as the grid grows
in size. In figures 3(a)–(c) we can observe that, as the number of computers
participating in the grid configuration increases, the force field task assignment
outperforms the greedy schemes. As our results demonstrate, this is even with
tasks involving a low communications cost. This points to the force field as an
important option to consider when large desktop grids are to be used for parallel
computing.

5 Conclusions

Although the physical motivation behind the force field task assignment algo-
rithm may not be a consequence of formal computer science, in practise the
analogies made with the laws of physics converge to a good strategy for task
assignment in the case of a dynamic network bandwidth topology and growing
grid size configurations.

The effect that communications has on the time to complete a BSP super-
step is a factor which should not be disregarded when dealing with desktop grids
of growing size. The effect of communications in performing parallel computa-
tion will have an increasingly greater effect on parallel programs as growth in
computation speed out paces growth in communication speed.

Task assignment strategies which take both factors into consideration, such
as the force field algorithm, should be preferred when there is reason to assume
the performance shall be better than the respective greedy strategies.

In the development of this algorithm we have considered the force field as a
scalar field. Notwithstanding, the analysis as a vector field could produce better
results allowing for a more homogeneous load balancing of the entire desktop
grid. More work remains to be done in this direction.
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