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Abstract

This paper presents a performance model for a paral-
lel application with irregular data structures, that simu-
lates wave propagation. The model is based on the mea-
surement of basic communication and computation routines.
The computational workload of each processor and the load
imbalance are modeled analytically. Comparison between
predicted and measured performance are shown for a Cray
T3D computer.We indicate how the model can be used to
analyze the scalability of the algorithm and to find optimal
trade-offs in the partitioning of its data.

1 Introduction

During the last decade, performance prediction has been
repeatedly quoted as a key factor to developing parallel sys-
tems [3, 4, 6]. Predicting the performance of a program as a
function of the number of processors and of the problem size
is important, for choosing the best hardware size and and
tuning various parameters. Numerous prediction tools have
been recently proposed in the literature [2, 7, 8, 9, 13, 14].
Most of them focus mainly on regular applications using
static data structures. Some approaches exclusively con-
sider loop nests [4].

In contrast, this paper shows an example of performance
analysis of an irregular application. The application is a
wave propagation simulation algorithm called ParFlow++.
The performance analysis method is closely related to the
Bulk Synchronous Programming (BSP) model [12, 15]. The
wave propagation program is described in section 2. The
performance prediction is based on the measurements of
communication times on the parallel machine used (a Cray
T3D), and on the execution times of sections of the code on
one processor. Section 3 describes the performance model,

section 4 compares the estimated performance with actual
measurements, and section 5 concludes the paper.

2 Wave propagation with ParFlow++

2.1 ParFlow method

The ParFlow method was designed at the University of
Geneva by Chopard, Luthi and Wagen [10]. It is based on
the so-called Lattice Boltzman Model, describes a physi-
cal system in terms of motion of fictitious microscopic par-
ticles over a lattice [1]. In Parflow, a radio-electric wave
is simulated by the propagation of a flow inside of a two-
dimensional discrete grid, according to a finite difference
equation model.

Obstacles (typically, city buildings) are modeled by two
kinds of grid points: wall points, and indoor points (see fig-
ure 1). In the current ParFlow model, it is assumed that
waves do not penetrate buildings: wall points are perfectly
reflecting points that return any incident wave with oppo-
site sign [11]. Indoor points may therefore be ignored in the
computation.

2.2 ParFlow++ implementation

Since the ParFlow method does not simulate wave prop-
agation through buildings, it can be most interesting to
avoid any computation for indoor points. Indeed, experi-
ence shows that when modeling an urban area, buildings
can represent up to 30 % of the surface considered. Not
modeling indoor points avoids wasting memory space and
saves computational power. An other improvement is also
possible: because of the discretization of time and space in
the simulation process, a wave radiated by the source point
propagates step by step throughout the simulation zone; no
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Figure 1. The ParFlow method operates on a
city district described as a bitmap that dis-
tinguishes between indoor points, outdoor
points, and wall points.

activePoints = fsource pointg;
foreach iteration step do

tmpActive = activePoints;
foreach point in tmpActive do

compute outgoing flows based on incoming flows;
update incoming flows based on neighbors’ outgoing flows ;
activePoints = activePoints

[ fnewly activated neighborsg;
endfor

endfor

Figure 2. Single-processor version of the
ParFlow++ algorithm.

computation should be performed for points not yet reached
by the wave.

ParFlow++ [5] is a C++ implementation of the ParFlow
method that implements these optimizations. ParFlow++
maintains a list of references to active points. Active points
are grid points already reached by the wave and not located
inside buildings.

At each step of the simulation flow, values need only be
calculated for active points, and the propagation of outgoing
flows is only required from active points to their neighbors.
A single-processor version of the algorithm is reproduced in
figure 2.

Due to the presence of buildings at random locations in
the grid, the ParFlow++ program maintains irregular data
structures. The amount of computation required during a
simulation step also varies in an irregular way.

2.3 Multi-processor implementation

Like other grid-based computations, the ParFlow method
is a good candidate for parallel implementation. A parallel
version of the ParFlow++ code was developed for MIMD
machines with a distributed memory. It relies on the PVM
communication library. The simulation zone is split into
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Figure 3. Simulation zone partitioning and
mapping.

activePoints = fsource pointg;
distribution of partitions onto the processors;
forall processors do in parallel

foreach iteration step do
localTmpActive = localActivePoints;
foreach point in localTmpActive do

compute outgoing flows based on incoming flows;
update incoming flows based on neighbors’ outgoing

flows;
localActivePoints = localActivePoints

[ fnewly activated neighborsg;
end foreach
communication of partition borders;
localActivePoints = localActivePoints

[ fnewly activated border pointsg;
end foreach

end forall

Figure 4. Multi-processor version of the
ParFlow++ algorithm.

horizontal strip called partitions, which are then allocated to
processors based on a round-robin policy, as shown in fig-
ure 3.

A local list of active points is maintained for each parti-
tion. Due to the partitioning policy, adjacent partitions are
always allocated to different processors. Thus, communica-
tions take place at the borders between adjacent partitions,
were wave flows and activation status are propagated.

The multi-processor implementation of ParFlow++ is de-
picted in figure 4.

During the initial stage of the wave propagation, only
the processors whose partitions are close to the wave source
host active points. This results in a load imbalance. Balanc-
ing of the workload is achieved by increasing the number
of partitions allocated per processor, as shown in figure 5.
On the other hand, multiplying the number of partitions in-
creases the communication costs. Therefore, a trade-off has
to be found in the number of partitions per processor. Pre-
dicting the optimal number of partitions is one of the goals
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Figure 5. Simulation of wave propagation on
four processors: (a) one partition per proces-
sor, (b) two partitions per processor.

of the performance model developed in the next section.

3 Performance model

Our performance model focuses on the outer foreach
loop of the algorithm of figure 4. The initialization phase of
the algorithm, that is, the distribution of initial data onto the
processors, is not considered in this paper. In fact, modeling
the initialization phase is also not relevant for determining
the optimal number of partitions.

3.1 Methodology

The computation workload of a processor is assumed to
be proportional to the number of active points handled by
this processor. This number is not necessarily identical for
each processor and increases at each iteration step. A model
of the number of active points per processor, and of its evo-
lution, is detailed in section 3.2.

Since the communication operation at the end of the
foreach loop implements an implicit synchronization bar-
rier, the computation time of one iteration is assumed to be
the one needed by the most heavily loaded processor.

The cost of the communication itself is assumed to be
proportional to the number of partition borders handled by
one processor. This cost is constant over the iterations since,
in our implementation, the volume of data transferred does
not depend on the number of active points but only on the
number of points per partition border.

To model the behavior of ParFlow++ on a new parallel
architecture, only two measurements will be required: the
execution time of one iteration of the innermost loop, and
the communication time per partition border. The execu-
tion time of the innermost loop is measured by timing one
iteration of a single-processor ParFlow++ algorithm, when
all grid-points are active (an area without buildings is con-
sidered). The communication time is obtained by timing

the point-to-point communication time of a message of the
same size as a partition border. Contention is neglected in a
first approximation. The measured communication time in-
cludes the cumulated time taken by the PVM communica-
tion routine, by the procedures responsible for packing and
unpacking the data contained in a border, and finally by the
call to the encapsulating C++ methods.

3.2 Cost of local computation

To model local computation, we evaluate the number of
active points handled by a processor at a given time, as a
function of the number of processors, of the number of par-
titions per processor, and of the position of the considered
processor’s partitions with respect to the source of the wave.
We first derive the number of active points for an area with-
out buildings. When the wave source is located in the mid-
dle of the simulation area, deriving the number of points
reached by the wave is straightforward. The following no-
tations will be used in this paper:

� i - the current iteration step;

� d - the iteration step at which the considered partition is
entered by the wave; assuming no buildings, d depends
only on the distance of the wave source to the nearest
edge of the partition;

� L - the partition length in grid points;

� h - the height of the partition in grid points;

� w(i) - the number of active points in the partition at it-
eration step i; this quantity is proportional to the com-
putational workload induced by the partition.

In the case of L � 2h, the propagation of the wave inside a
partition can be subdivided into three stages (figure 6):

1. the first stage starts when the wave enters the partition
through one of its borders, and ends when the opposite
border is reached;

2. the second stage ends when the wave reaches the left
and right edges of the partition;

3. the last stage ends when all points of the partition have
been reached.

Depending on the maximal number of iterations, stages 2
and 3 may be completed only partially, or not at all. Once all
partition points have been activated, computation may still
proceed further. However, the number of active points of the
partition has reached a maximum and becomes a constant
value. The number of grid points reached by the wave at the
different stages can be computed:
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Figure 6. Three successive stages of the
propagation of the wave inside a partition.
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Figure 7. Number of grid points reached by
the wave as a function of the iteration.

d � i � d+ h ! w(i) = (i� d)2

d+ h < i � L=2 ! w(i) = 2h(i� d� h) + h2

d+ L=2 < i � d+ h+ L=2 ! w(i) = hL� (h+ L=2� i+ d)2

i > d+ h+ L=2 ! w(i) = hL

This yields the curve of figure 7.
When buildings are present, the number of active points

is derived from the previous model, by subtracting all in-
door points, since they are not processed in the ParFlow++
implementation. To avoid considering the actual location of
buildings in the grid, we assume that they are uniformly dis-
tributed. Therefore, the number of active points is simply
multiplied by a constant corrective factor, corresponding to
the ratio of outdoor surface to the total surface.

In the case of L < 2h, or for a wave source not cen-
tered, the number of stages to distinguish in the propagation
changes. In these cases, it is straightforward to generalize
the above analysis, although the complexity of the calcula-
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Figure 8. Time spent by the different pro-
cessors in the main ParFlow++ loop (mea-
sured and predicted) as a function of the it-
eration step. Data for a 1000 � 1000 simu-
lation zone without buildings, simulated on
16 processors with 1 partition each. Dashed
curves correspond to actual measurements
and plain curves to the model.

tion will increase.

4 Results

We validated the ParFlow++ performance model on the
Cray T3D multi-processor architecture. Let us first exam-
ine the local computational workload as described in sec-
tion 3.2. Figure 8 compares the measured and the theoretical
computation times for a 16-processors system working on a
1000 � 1000 simulation zone without buildings, with one
partition per processor. Communication times are not con-
sidered here; each curve shows the computation time spent
by one of the processors in the body of the outermost fore-
ach loop of figure 4, as a function of the iteration step i. In
this case, the model fits well to the data. The hypothesis that
the computation time is proportional to the number of active
points is verified.

Figure 9 shows similar results, but with buildings present
(namely, a district of the city of Geneva). Since no compu-
tation is performed in the indoor areas, the average execu-
tion time at the end of the propagation (iteration step 1000)
is lower than for the empty area. Discrepancies between the
measurements and the model show the impact of the non
uniform distribution of buildings.

Although, the load of individual processors is predicted
only imperfectly (due to the irregularity of data), this predic-
tion can still be used very efficiently in the model of the total
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Figure 9. Time spent by the different pro-
cessors in the main ParFlow++ loop (mea-
sured and predicted) as a function of the it-
eration step. Data for a 1000 � 1000 sim-
ulation zone with buildings, representing a
2 km � 2 km district of Geneva, simulated on
16 processors with 1 partition each. Dashed
curves correspond to actual measurements
and plain curves to the model.

execution time. This is shown on figures 10 and 11. Fig-
ure 10 shows the predicted and measured execution times
for the district of the Geneva city, as a function of the num-
ber of partitions per processor. The communication time
is taken into account. Both the predictions and the mea-
surements clearly show the trade-off between a good load-
balancing and reduced communication costs. The optimal
partitioning for this problem size is actually four partitions
per processor, while the prediction indicates three partitions.
The performance difference between the predicted and mea-
sured option is quite small. The discrepancies between the
two curves are mainly due to the irregularity of the distribu-
tion of buildings. Without a priori information on building
locations, three partitions per processors would actually be
the best bet.

Figure 11 compares the evolution of the measured and
predicted speedups for the same area, as a function of the
number of processors used. In this case, only one partition
per processor is used. The quality of the prediction is very
satisfactory; prediction error varies between 0 and 6%.

5 Conclusion

We have presented a performance model of a parallel ap-
plication using an irregular data structure. On the massively
parallel Cray T3D, we were able to provide a valid predic-
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Figure 10. Total execution time of ParFlow++
on a 2 km � 2 km district of the Geneva city
(1000� 1000 points), as a function of the num-
ber of partitions per processor.
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tion. The model presented can be used for scalability anal-
yses, such as speedup prediction, or to seek optimal trade-
offs in issues such as data partitioning. Prediction relies on
only a few basic measurements: the timing of point-to-point
communications and of elementary local computations.

Future work will include the modeling of other parallel
irregular algorithm with a similar methodology. Parallel op-
timization algorithms like branch & bound, tabou search and
evolutionary algorithms, are good candidates for such inves-
tigations. Modeling on other multi-processor architectures
(other distributed memory machines like the Intel Paragon,
shared memory architectures like the SGI Origin 2000, and
networks of workstations) will also be investigated, to check
the generality of the modeling method.

The approach we adopted will be applied to other appli-
cations and systematized into a general performance model.
The BSP model [12] will give a very good framework for
this purpose. BSP has been shown to be very well adapted
to the performance modeling of a lot of parallel regular algo-
rithms, and we expect it to also fit to a wide range of irregular
algorithms.
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