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Abstract

the processing elements and the interconnection topology. At the current edge of technology, such a matching problem may arise from the opposite perspective as
well, namely in the development of application-driven
architectures, optimized for a given workload. An efficient mapping of processes to processors is especially
crucial in message-passing architectures, in which synchronization among processes typically entails blocking semantics (e.g., an extended rendez-vous). Low
overall throughput and deadlock are among the potential effects of an unproperly-chosen workload distribution in a message-passing architecture.
Several techniques are currently being investigated
to achieve automatic mapping of processes to processors, including static techniques, as compile-time creation of a task graph where the interactions among
processes are weighted [6], and dynamic load balancing by means of process migration. These approaches
aim to extract, either statically or dynamically, the
process structure embedded in a given workload in order t o efficiently map it onto the available processor
network. Since this mapping problem is known to be
NP-hard, it appears also useful to investigate a priori
general qualitative and quantitative properties exhibited by abstract computational structures. In this paper we discuss the application of Petri net-based models to performance analysis of concurrent computer architectures. In particular, we develop GSPN models
for meshes of identical processing elements, with uniform workload and process structure, and communication requirements that can be satisfied by the processors belonging to the immediate neighborhood, such
those involved in convolution-type or systolic algorithms. Features explicitly modeled include the interaction policy among processes and the level of multitasking within each processing element. Availability
of GreatSPN [12], a well-assessed tool for the analysis
of GSPN models, made this work possible.
The rest of the paper is organized as follows. After a brief overview of the GSPN approach to the
modeling of distributed architectures] GSPN models
of message-passing concurrent architectures are developed. First, design features are illustrated by developing partial models describing the behavior of the
single processor. Next, these models are used as building blocks to generate complete models for meshes of
various size, which are then analyzed to assess their
properties and overall performance.

The paper describes a GSPN-based approach t o performance evaluation of parallel MIMD architectures
with mesh interconnection schemes. The analysis
considers regular computational structures in which
data exchange and inter-process synchronization require communication only among processors that are
physically connected. The effectiveness of the modeling technique for this class of architectures is shown
through examples considering both the effect of the interaction policies among processes and the benefit of
multitasking on the global eficiency of the architecture.

1

Introduction

The recent advances in VLSI technologies are drawing an increasing attention to Multiple-Instruction
stream, Multiple-Data stream (MIMD) massively parallel architectures, enabled as viable and practical
computer architectures. A large number of applications has been experimented in many different fields,
from real-time process control to signal processing and
discrete-event simulation. MIMD architectures can
be classified according to the computational model
they directly support: the global memory model
or the message-passing model. Particular emphasis is currently being placed on message-passing architectures, for the enhanced reliability and faulttolerance attainable, as well as their compatibility
with VLSI technologies, high modularity and scalability 2, 5, 7, 19, 201. In this class of architectures no
share memory space exists, and cooperation among
processes is achieved by sending and receiving messages only. Nevertheless, price/performance ratios
better than on conventional systems can be obtained,
provided that a good exploitation of the architectural
peculiarities is realized by the workload distribution
and the underlying programming model.
Design methodologies able to cope with massively
parallel architectures, however, are not well established, yet. One of the major challenges faced by designers deals with matching the workload profile of an
application with the hardware parallel architecture in
order t o maximize performance and resources utilization, taking into account both the characteristics of
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2

GSPN Modeling of Distributed Architectures

ables for transitions with priority zero, that are consequently called timed, and are deterministically zero
for transitions with priority n 1 1; these transitions
are called n-immediate. When only two priority levels
exist, transitions are simply referred to as timed and
immediate. Markings that enable timed transitions
only are said to be tangible, whereas markings that
enable n-immediate transitions are said to be vanishing.
Formally, a GSPN is an 8-tuple:

Any performance analysis task requires a preliminary decision - taken on the basis of the objective of
the analysis - about the level of detail at which the
system has to be seen, and, in turn, about the most
appropriate modeling tool. In many cases the complex phenomena that take place in the system being
modeled can be synthetically and effectively described
by means of probabilistic assumptions. In these cases
several advantages may be achieved: first, not all the
details of the system behavior need to be known to
perform the analysis, so that it may be applied even
in the early design stages; second, performance indices
can be obtained using analytical or numerical techniques instead of simulation; third, architectural decisions are taken with reference to classes of applications
rather than specific cases. Such an approach might
be called conceptual or high-level modeling. Petri net
models tend to be more appropriate at this level.
Petri net’s ability to precisely and unambiguously
describe concurrent operations makes this model a
natural choice for analysis of distributed systems.
When dealing with concurrent computer architectures, Petri net models offer an additional peculiar
advantage: they allow a uniform and consistent representation to be used for both hardware (e.g., number
of processors, interconnection topology) and software
(e.g., level of multiprocessing, process interaction policies) features, thus leading to an easier modeling of the
interactions between the two levels. This capability
is essential in the case of MIMD architectures, since
complex interactions can occur when a multitasking
approach must coexist with the physical distribution
of the resources.
From a methodological viewpoint, Petri nets offer
the possibility of using the same paradigm in several
phases of system design, namely, specification, verification, performance analysis, and automatic implementation. This fact has the advantage of integrating
the performance evaluation step into the design process, as is not always the case at present.
The use of Petri net-based techniques for performance evaluation implies the addition of the notion
of time to the original Petri net model, where no
time concept is defined. In this work the Generalized
Stochastic Petri Net (GSPN) [3] approach is followed.
GSPN have been adopted as a modeling technique in
many different application fields [2, 4,8, 11, 13, 151.

2.1

is th-d
where PN = (PlT,lI(.),I(.),0(.),H(.),M~)
marked PN underlying the GSPN, and constitutes the
structural component of a GSPN model, whereas W (.)
is a function defined on the set of transitions allowing
the definition of the stochastic component of a GSPN
model. In particular, it maps transitions into real positive numbers. w e use the simpler notation ‘U16 to indicate W ( t k ) ,for any transition t k E T.The quantity
‘U1k is called the “rate” of transition t k if tk is timed,
and the “weight” of transition t k if t k is n-immediate.
When a vanishing marking is entered, the weights of
the enabled immediate transitions are used to probabilistically select the (immediate) transition(s) to fire.
The time spent in any vanishing marking is deterministically equal to zero.
Due to the memoryless property of the exponential
distribution of firing delays, it has been shown that the
reachability graph of a bounded SPN is isomorphic to
a finite Markov Chain (MC [18]; the same has been
shown true in the case of G P N [3].
We address to other papers [l, 171 for a complete
and formal description of the GSPN properties and
characteristics. Rather, we remark here the typical
steps followed in the GSPN analysis of a system:
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Definition of GSPN

0

GSPN structural analysis is based on a revised definition of the original model in [3] that simplifies model
development and reduces the complexity of the solution computation. This revised definition, fully reported in [l, 171,is here only briefly summarized.
GSPN are obtained by introducing a temporal specification in the class of Petri nets augmented with inhibitor arcs and priorities. Timing is associated with
transitions, and specifies the amount of time the transition must remain enabled before firing.
Two classes of temporal specifications are possible: delays are exponentially distributed random vari-

0
0

model validation (by means of interactive simulation and structural analysis, including formal
proving of expected behavioral properties of the
model);
assessment of qualitative properties (also based
on the structural analysis of the Petri net);
definition of performance indices of interest in
terms of GSPN markings and transition firings;
reachability set and reachability graph computation (a preliminary step to obtain the continuoustime Markov chain associated with the GSPN
model; deserves special consideration since it is
the most (computationally) expensive step and
determines feasibility of the analysis);
Markov chain solution;
performance indices computation (from the
Markov chain solution).

GreatSPN provides integral support to all the steps
in the outlined analysis procedure.
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model development (both top-down and bottomup techniques are applicable);
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Figure 2: Basic model of the processing elements.
interconnection topology, the building blocks here described.
The computation assigned to each processor is
modeled, in general, as a set of concurrent tasks performing a cyclic activity. This activity includes a local
operation phase, whose duration is a stochastic variable, exponentially distributed with parameter A, followed by a request for service addressed with equal
probability to one of the neighbours. Service time
is a stochastic variable too, exponentially-distributed
with parameter p . Thus, each processor must provide
service to requests coming from any of its immediate
neighbours. In these models we do not explicitly represent communication activities: the time required to
perform sending and receiving operations is considered
part of the service requesting and service giving tasks.
Figure 2 shows the basic structure of the GSPN
model of each processing unit. It is composed of two
different subnets. The first one, denoted with A, describes the local activity of the task (modeled by the
timed transition t l with rate A) along with the issuing
of the service requests towards the neighbours. The
second one, denoted with B, models the service provided by the processor to the requests from the neighbours.
In subnet B, for any direct neighbour the model
must include a place to describe the pending requests
p 4 . for the i-th neighbour), an immediate transition
It 2 ,f, to model the granting operation, and a place (psi)
followed by a timed transition ( t 3 i ) with rate p describing the service operation. Once service has been
completed, a token is returned to the requesting neighbour, where the task is inserted in the ready-task pool
(place pla of subnet A).
The specific process interaction and scheduling policies determine whether a local computation is resumed
or further external requests (if pending) are served
next. These policies are modeled by subnet A (not
yet specified) and by the priority of transitions t2i. In
any case, the activity of each processor alternates between execution of local tasks (subnet A) and service
of external requests (subnet B).
Two basic interaction policies will be considered in
the following:

Figure 1: Regular mesh of processing elements.

3

Analysis of concurrent architectures

We consider MIMD architectures that use regular interconnection patterns and distributed memory
schemes [19]. The advantage and the success of this
class of architectures are related to the availability of
VLSI subsystems that can be used as building blocks
in powerful massively parallel structures. In particular, different kinds of Transputer-based architectures
are now available as commercial products [16]. These
architectures support the CSP (Communicating Sequential Processes) concurrent model of computation
[14], from which the Occam language was directly derived.
The possibility of modeling Occam-based systems
using GSPN was already proved in [2], where a parallel architecture was analyzed consisting of 16 Transputers communicating by means of a multistage Delta
interconnection network. Our goal now is to investigate the effectiveness of the same approach in the
case of regular meshes of processing elements, taking
into account the effects of the workload distribution,
the communication patterns, and the synchronization
schemes available. As a side goal, we also aim to verify
the efficiency of the technique against the dimension
of the problem, and the capacity of affordin both the
quantitative problems (bottleneck analysis? and the
logical ones (deadlock analysis).
In Figure 1 a 3x3 regular mesh of processing elements is shown in which each processor is directly connected to its local neighbours. GSPN models for this
class of architectures are developed under the assumptions that the workload is evenly distributed across
all the processing elements and the computations assigned to each processor entail interaction with the
local neighbours only (thus, we neglect any routing
problem).
3.1 Intra-processor concurrency models
In this section we develop basic models of the behavior of a single processing unit within a concurrent
architecture. Models for multiprocessor architectures
will be obtained combining, according to the specific
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preemptive interaction: requests coming from the
neighbours are served with higher priority than
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Figure 3: Simplified GSPN model of the behavior of
a processor in the case of preemptive interaction and
no multitasking.

t42

Figure 5: GSPN model of the behavior of a processor
in the case of preemptive interaction and multitasking.
structural analysis on the net describing a multiprocessor configuration.
Models in Figures 3 and 4, though fairly intuitive, fail to appropriately distinguish between process o r state and task state. As a consequence, when a
task has completed its local execution phase and has
been dispatched to one of the neighbours by the owner
processor, the processor is not able to provide service
to incoming requests. In actual concurrent architectures, efficiency in use of the processing power dictates
the following constraints for any reasonable scheduling
policy:

t4W)

Figure 4: Simplified GSPN model of the behavior of
a processor in the case of non-preemptive interaction

and no multitasking.

1. if no external request is pending and the readytask pool is not empty, a local task is immediately
scheduled for execution;

the local activity, i.e. requests are preemptive;
non-preemptive interaction: requests are not preemptive but are served, instead, at the end of the
local operation.

2. if the ready-task pool is empty but there are external requests pending, service of an external request is immediately scheduled for execution;

All models in this section refer, for ease of representation, to a processor with two neighbours. We
first discuss two simplified models considering only one
task per processor. Figure 3 shows the GSPN model
of the behavior of a processor in the case in which the
requests are preemptive, whereas Figure 4 represents
the case in which requests are not preemptive. In both
cases the local computation is modeled by a place p i
and a transition t l with rate A, the termination of the
local computation is modeled by place p z , and the request for service towards the neighbours is modeled
by the transition set t 4 i .
Under the preemptive policy Ffigure 3), the external requests are immediately served (firing of transition t z i ) , preempting any local computation. The
local computation may resume only when no further
external requests are pending.
In the non-preemptive case (Figure 4), service is
given to neighbours only at the end of the local computation. In this case, at the end of the local operation
priority is given to accepting and serving requests from
the neighbours rather than to issuing the local request,
in order to avoid deadlock t 2 i priority is greater than
t 4 i priority). This deadloc potential (arising if priority is reversed) can be easily recognized performing

3. if the ready-task pool is not empty and there
are external requests pending, either a local task
or service of an external request is immediately
scheduled for execution.
The more elaborate GSPN models in Figures 5
and 6 show the behavior of a processor taking into
account multitasking and efficient use of the processing power. Figure 5 represents the case in which requests are preemptive, whereas Figure 6 represents the
case in which requests are not preemptive. It can be
seen that both these models satisfy the aforementioned
constraints on the scheduling policy: when a task terminates its local activity and sends a service request
to a neighbour, the processor is immediately freed to
serve incoming requests or to execute another task.
In Figure 5 the local computation is modeled by
place p1a and transition tlb with rate A, the termination of the local computation moves a token in p 2 ,
and the requests for service towards the neighbours are
modeled by the transition set t 4 i . The initial marking
of place p i o (p) expresses the number of tasks active
on the processor (multitasking level). A token in place
p l d indicates that either the processor is executing a
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Figure 6: GSPN model of the behavior of a processor
in the case of non-preemptive interaction and multitasking.
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potential and other structural properties, along with
performance measures as processor idle time and overall processing power. We report results for both the
cases of single task and multitask activity within each
processor.

+

executing a local task: [ M ( p l d ) = 11A [ M ( p l a )=
119
idle:

# of states

Table 2: Number of tangible states for different mesh
sizes and interaction policies (models in Figures 5
and 6 with P=l).

local task 01 is idle. since the policy described is preemptive, in both
an external request may be
immediately served. Multiple incoming requests are
not allowed t o preempt each other.
The following property must be verified as a place
invariant on the net describing the MIMD architecture: M ( p 1 d ) M(p31) M(p32) = 1. This relationship implies that the processor is in one of the following states:

+

Mesh size and interaction policy
2x2, preemptive
2x3. preemptive
3x3; preemptive
2x2, not preemptive
2x3, not preemptive
3x3, not preemptive

3.2.1

11 A [ M ( p l , ) = 11,

Models without multitasking

Meshes of size 2x2, 2x3, and 3x3 have been considered
and analyzed considering both the simplified processor models and the more detailed ones with p set to 1.
Structural analysis shows that, in all models, all places
The model of Figure 6 shows the case of nonare covered by P-invariants and the net is bounded.
preemptive interaction. Firing of transition tit,, which
Furthermore, the number of T-invariants is given by
as in the previous case models task execution, moves a
the sum over all processors of the number of neightoken into both pza and p2a. The token in place p 2 , can
bours, all transitions are covered by T-invariants and
enable transition t l a , thus making active a ready task.
the
net is live.
Pending requests of service from neighbours have priTable 1reports the number of tangible states for the
ority over the execution of new local tasks, therefore
simplified models in Figures 3 and 4,whereas Table 2
transitions tzi have priority greater than transition t l a .
reports the number of states for the models in FigThe following property must be verified on the net:
ures 5 and 6 with p=l. With the simpler model, reachfor the 3x3 mesh with non~ h ~ ( ~ ~ ) ~ o ~ ~ ~ ~ ! sability
% lgraph
o ~ construction
! ~
Ek?hi
preemptive interaction among processors takes about
following states:
1 hour of CPU time on a SUN4 SPARCstation 1+
equipped with 16 Mbyte RAM, thus approaching the
0 executing a local task: M(p1a) = 1,
computational limits of GreatSPN on this workstation. With the more elaborate model, the analysis of
0 idle: M ( p z a ) = 1,
the 3x3 mesh exceeds these limits.
0 serving an external request:
[M(p31) = 11 V
Tables 3 and 4 show some performance figures ob(M(P32) = 17.
tained from the quantitative analysis assuming X = 1
and p = 10. For all these models we can distin3.2 Concurrency models of mesh strucguish the processor figures according to the number of
tures
neighbours. Given the uniform workload, within each
Once the behavior of each processor has been demodel all processors with the same number of neighfined by a suitable submodel, the model of a combours exhibit the same performance figures. Specifiplete MIMD architecture can be obtained by proper
cally, the idle time (time spent by the processors waitinterconnection of these submodels. GSPN analysis
ing for service) is reported in Tables 3 and 4, along
can now be applied on the model to assess deadlock
with the overall effective processing power. In all mod0

serving an external request:
[M(P32)= 11.

%$!;

[M(p31) = 11 v

:;i
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I Mesh size and

I Drocessine
I
idle time
I
interaction policy power "
P -neigh. pr. I 3-neigh. pr. I 4-neigh. pr.
2x2, DreemDtive I 3.64(90.95%) I
9.0% I
I
2x3; preemptive
5.46(90.93%)
9.3%
8.9%
3x3, preemptive
8.16 90 67%
9.6%
9.1%
9.2%
2x2, not preempt. 1.70{42:62%{
57.4%
2x3, not preempt. 2.44 40.67%
60.1%
57.8%
3x3, not preempt. 3.54 39.33%
58.6%
56.0%
55.6%

I

I

1

interaction policy [ power
%neigh. pr. I 3-neigh. pr. I 4-neigh. pr.
8.5% I
I
2x2, preemptive I 3.66(91.52%) I
2x3; preemptive
5 49 91 47%
8.7%
8.2%
3x3, preemptive
8.23
. 91.43%
.
9.0%
8.2%
8.4%
2x2; not preempt. 2.66'66.39%'
33.6%
2x3, not preempt. 3.96 66.03%
34.6%
32.7%

I i

I

iI

I

-I

Table 4: Performance results: idle time and effective processing power.
els each processor can be in one of the following states:

of preemptive interaction the asymptotic throughput
( l / l . l = 0.90 ...) is quickly reached with a multitasking level of only 3 tasks per processor. When a nonpreemptive policy is used, the performance obtained
at a reasonable multitasking level (4) is very close to
the asymptotic value (96.7%). Therefore, multitasking allows this simpler policy to be adopted with a
minimal penalty on performance.

active executing its local computation,
active serving a request from one of the neighbours,
idle, with the local task waiting for service from
a neighbour,
idle, but with the local task being served by a
neighbour.

The cycle time in Tables 5 and 6 is simply the reciprocal of the throughput and is reported for sake
of clarity and to derive task latency. Latency represents the time between two successive rescheduling of
a given task and is computed multiplying the cycle
time by the number of tasks. Latency corresponds to
the total delay that a task experiences in the following
steps: execution on its local processor, waiting for service from the remote processor, receiving service from
the remote processor, waiting in the ready-task queue
until the next rescheduling. Individual waiting times
may also be readily computed by applying Little's formula, since mean number of tokens in each place and
transition rates are directly reported by GreatSPN.

Only the active states of the processors are considered in the effective processing power index reported
in Tables 3 and 4.
The results in Tables 3 and 4 confirm that nonpreemptive interaction policies achieve a low throughput if multitasking is not allowed, whereas interruptlike policies are an effective replacement for multitasking. Thus, in this somewhat unfair comparison the
preemptive interaction policy is dramatically more efficient than the non-preemptive one.
3.2.2

Multitasking models

Figure 7 shows the model of a 2x2 concurrent architecture with preemptive interaction policy when the
multitasking behavior of Figure 5 is adopted on each
processor. Figure 8 shows the model of an architecture with the same topology when the behavior of each
processor is modeled as in Figure 6.
Tables 5 and 6 report some results that can be obtained by the GSPN analysis of these architectures
with respect t o the multitasking level. The throughput indicates the number of tasks that are executed by
each processor in the unit time. This performance parameter is obtained (with reference to Figures 5 and 6)
multiplying the rate of transition t l a by the probability that M(pla) 2 1. Considering the values used
to derive these results (A = 1, p = lo), in the case

The analysis of the 2x2 models seems to reach the
computational limits of the available tools when the
multitasking level is in the range of 4 to 5 (see Table 6),
therefore the direct analysis of meshes with larger dimensions does not seem feasible with the present tools.
However, the analysis of the single task models shows
that the results obtained in the case of the 2x3 and 3x3
architectures do not differ significantly from the results obtained in the 2x2 case; moreover, results seem
t o move towards asymptotic values. This conjecture,
if validated by further experiments, may suggest that
analysis of large-size meshes is not necessary, and general results may be derived from models of reasonable
size. Results along this direction were also obtained
in [2].
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1=1.000000
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Figure 7: GSPN model of a 2x2 mesh in the case of preemptive interaction and multitasking.

I multitasking I throughput I
level (p)
1
2
3
4

5

0.827
0.903
0.909
0.909
0.909

cycle
time
1.209
1.107
1.101
1.100
1.100
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I

%busy I latency
91.0%
99.3%
99.9%
99.9%
100%

1.209
2.214
3.301
4.400
5.500

I # of 1
states
57
461
1837
5147
11681

P=l

1=1.000000

m=10.000000

J

Figure 8: GSPN model of a 2x2 mesh in the case of non-preemptive interaction and multitasking.

I

multitasking throughput
level (D)
1
I
0.604
2
0.756
3
0.838
4
0.879

cycle %busy latency
time
1.657 66.4%
1.657
1.324 83.1%
2.648
1.193 92.2%
3.579
4.552
1.138 96.7%
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a1

#of
states
189
5327
37527
141537

-

The number of classes corresponds to the number of
processing elements.
The model of Figure 9 only specifies the customer
flow; to describe the details of the system behavior, the
service policy of each service station must be defined.
Let’s denote with pij the i - t h process running on the
j -th processor P.. In the case of the model described
by the GSPN of hgure 7 the following rules must be
applied to each service station:

Ll

I
I

...............................

i

I
I

I

a random selection policy is adopted for the customer class pi, on processor (queue) p,,

: I

......................................

: I

: I

*

! I

a random selection policy is adopted for the customer class pi, on processors (queues) Pk with
k#j,
b

...............................

I

p2i task path
p3i task path
p4i task path

Figure 9: Queueing network model of a 2x2 mesh.

I

multitasking
level

L

1
2
3
4
5

I

I

I

throughput
0.780
0.882
0.902
0.907
0.909

I

1
I

cycle

time
1.282
1.134
1.108
1.102
1.100

I

%busy

I

85.8%
97.0%
99.3%
99.8%
99.9%

I

I latency 1

1

I

1.477
2.570
3.728
4.913
6.108

4
3.3

# k preempt

A similar set of rules can be developed to model a
system with a behavior as the one described by the
GSPN model of Figure 8.
Any required policy can be analyzed, indeed, if one
can refer to a simulation tool able to describe the specific rules for each service station. Of course, the same
is true in the case of GSPN models, since any simulation approach is not limited by the state explosion.
As a bonus, GSPN modeling allows an explicit formal
definition of the service policy a t each service station
and thus some formal verification.
The advantage of the queueing network modeling
technique is evident if the network falls into one of
those cases for which a product form solution holds
[9]. As far as the modeling of concurrent architectures is concerned, the only reasonable case is the one
in which each service station is a single server with
PS (Processor Sharing) policy. The results for this
case (Table 7) have been obtained using SUPERNET
[lo], a Mean Value Analysis-based queueing network
solution package. The computing time in this case
becomes neglegible.

I

pli task path

- - - - - - - - - -- -........................

on processor 9,processes pi, with j
processes pi, with k = j.

Conclusions

We have presented a GSPN-based approach to the
modeling of concurrent architectures with mesh interconnection topology and uniform workload. Different behaviors have been discussed and analyzed
first at the single processor level. Models for (massively) parallel architectures are obtained by replication and simple interconnection. Performance results
show that non-preemptive interaction policies, such
those implemented by advanced concurrent programming paradigms (e.g., CSP), may yield also good performance, provided that a minimum multitasking level
is implemented (in our models only 3 tasks per processor). Though this work has reported results for
mesh-connected processor arrays, investigation of alternative physical arrangements (e.g., toroidal and hypercube) is also in progress.
In this paper we have focused on how the GSPN
model can be effectively used for the analysis of the
interactions between the high-level process cooperation and the processor interconnection topology. In

Queueing Network Models

Concurrent architectures as those analyzed in this
paper can also be modeled using queueing network
techniques. We discuss in this section the effectiveness
and the main limits of this technique in comparison
with the GSPN-based one. Figure 9 shows the basic
closed multiclass queueing network model for the 2x2
mesh. Each processor is modeled by a service station
that can give service to different classes of customers:
the local processes, whose service requirements
correspond to the amount of needed computation,
the external requests, whose service time corresponds to the needs of external computation.
The history of each process is therefore an activity on the local processor followed by an activity on
one of the neighbour processors (randomly choosen).
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