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Abstract. Heterogeneous networks of workstations and/or personal
computers (NOW) are increasingly used as a powerful platform for the
execution of parallel applications.

Sometimes applications are developed having in mind this type of het-
erogeneous environment, but in most cases applications already devel-
oped for traditional parallel machines (homogeneous and dedicated) are
ported to NOWs, resulting in performance degradation due in part to
less efficient communications but more often to unbalancing.

In this work we propose a simple model able to analyze and predict
performance on heterogeneous NOWs of regular data-parallel applica-
tions originally developed for ring or 2-D mesh topologies. To improve
performance, the computation time on the various nodes must be as bal-
anced as possible. This can be obtained in two ways: by heterogeneous
data partitioning or by assigning to each node a number of processes
proportionally to its relative power. ‘
A test case based on matrix multiplication is analyzed and the results
predicted by the model are compared with the ones collected experimen-
tally.

Our analysis shows that an efficient porting of homogeneous data-parallel
applications on heterogeneous NOWs is possible and can be achieved in
most cases in a quite straightforward and effective way.

1 Introduction

In recent years networks of workstations and/or personal computers are increas-
ingly used for the execution of parallel applications 7, 11]. Indeed technological
advances make available nodes with high computing power and interconnecting
networks with sufficiently high communication speed.

These systems constitute a viable alternative to classical parallel machines
(which are homogeneous and dedicated) and have the advantages of a wide
availability and a good price/performance ratio.

Main features of NOWs are: heterogeneity, since in most cases the various
nodes are different, making a good balancing among nodes a critical aspect:
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communication latency that is normally higher that the one in the ‘true” parallel
machines. imposing limits on fine grain computation.

A simple and effective way to achieve good efficiency on such platforms is the
use of the master-worker programming model with the pool of tasks paradigm.
which is self-balancing [10]. However. this approach is only feasible if tasks are
independent. Moreover. it cannot be adopted if we are interested in the efficient
and straightforward porting on NOWs of parallel applications which have been
developed with different programming models for homogeneous and dedicated
parallel systems.

Particularly, a number of data-parallel applications have been implemented
on homogeneous systems with regular topologies such as ring and mesh using
the SPMD model, obtaining loosely synchronous applications, well balanced and
therefore providing a good efficiency.

If we execute applications belonging to this class on heterogeneous NOWs.
the various nodes have in general different speeds, thus the fastest ones exibit
a high idle time, resulting in a overall performance degradation. In order to
minimize idle time, the computational work in each node must be as close as
possible proportional to the computing power of the node.

Similar problems have been recently addressed by other authors. In [1] the
problem arising with the use of grid algorithms on heterogeneous workstation
networks is addressed, and solution based on sophisticated data allocation meth-
ods are proposed.

In this work we consider two possible strategies to obtain a good load bal-
ancing: a single process per node with heterogeneous data partitioning: homoge-
neous data partitioning assigning a different number of processes to each node.
according to its computing power.

We propose a simple model able to evaluate performance in the various cases,
taking into account the involved parameters at the application level (e.g. com-
putational work and communication amount), at the architectural level (e.g.
interconnection network speed) and at both levels (e.g. relative speed of nodes).

A test case based on matrix multiplication is analyzed and the results ob-
tained with the model are compared with the ones collected experimentally.

2 Regular SPMD applications

Many applications are suitable for the parallelization on rzgular topologies (e.g
ring or 2-D mesh) with a even distribution of data among processors.

The code in each node consists normally of an initialization phase, a loop
and a termination phase (Fig. 1). In each loop iteration there are a computation
phase and a communication phase with neighbouring nodes. i.e. nodes connected
by direct links on the considered topology.

For the generic [-th loop iteration ([ =1...., L), the elapsed time T; on the
i-th node can be expressed as

Tz — Ticomp 4 Ticomm a4 Ywiidle (1)
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5 Simulation and experimental results

\We set up a simple model able to simulate the execution of regular applications
on NOWs. with the three different approaches outlined in the previous section.
The model uses some parameters at the hardware level (i.e. the number of pro-
cessors p and the network speed. expressed by a and J3), and some parameters
which also depend on the selected application (i.e. the atomic time 7 on the ref-
erence node and the relative node speeds s;). The third approach also requires
the total number of processes q. From such low level parameters, the model com-
putes for the given application the computation, communication and idle times
at the loop iteration level for each processor. In this way the model vields the
figures of speed-up and efficiency of the whole application.

The model is tested using the matrix multiplication algorithm that computes
C' = 4 x B, with 4, B and C' n x n matrices, on a logical ring of processes. as
described in [13].

In the original SPMD implementation with homogeneous data partitioning
each processor i stores a slice of matrix .4 and aslice of matrix B, each comprising
rows from (i—1)n/p to i n/p. Slices of A remain local to the various Processors,
whereas slices of B circulate along the ring. The whole computation requires p
loop iterations and at the end processor i has computed n/p rows of C', from
row (i — 1)n/p to row i - n/p.

So, the computation time of node i during the /-th iteration is

3
T o9 T ... @ (23)
P~ s
and in each iteration n*/p elements of B are moved between neighbouring nodes.

Using the heterogeneous data partitioning approach means in this case to
assign slices of matrix 4 to each node with a number of rows proportional to its
relative speed, whereas matrix B is still evenly partitioned among nodes.

The third approach is exactly the same as the first, with the exception that
'q processes (with ¢ > p) are generated and the optimal ¢; are given by eq. (19).

The various versions of this test program are implemented using C language
and PVM v. 3.4 and executed on a variable number of nodes belonging to a
NOW of six workstations connected by a switched Ethernet. Table 2 shows
the characteristics of the various nodes and the total power of the different
configurations.

The trials are executed on dedicated nodes and with a low traffic on the
network. The measured value of the time per element on the reference node is
7 = 0.56 psec. We measure on the network the values o = 1 msec and 3 ~
I psec.

Experimental data has been collected using 1000 x 1000 floating point matri-
ces. Table 3 reports the measured and simulated speed-up for the three different
approaches. As expected, the speed-up of the straightforward homogeneous par-
titioning is well below the ideal one, while the two proposed strategies to reduce
unbalancing yield considerably better speed-up figures.
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Table 2. The first column identifies the configuration. that includes nodes up to the
current row: for each configuration the tvpe and the relative speed of the nodes. the
total computing power and the degree of heterogeneity h are reported

Config. Id. Workstation Relative speeds Available computing power h

- Sparc-20 1.00 1.00 -

Cl SGI-02 1L&F 2.87 0.31
(2] SGI-0O2 1.90 4.77 037
3 Sparc-Ultra 5 1.87 6.64 0.40
C4 Sparc-Ultra 5 1.85 8.49 0.41
C5 Indigo 2 5.87 14.36 0.58

Table 3. The first column gives the configuration identifier; the SPMD columns pro-
vide speed-up for homogeneous SPMD application measured (M) and simulated(S):
HD columns summarize speed-up for heterogeneous data partitioning: the VP colums
provide speed-up for homogeneous data partitioning but with a number of processes on
each node proportional to its relative speed (the total number of processes g is reported
in the last column)

Config. [d. SPMD-M SPMD-S HD-M HD-S VP-M VP-S q

Cl 3.06 1.99 2.80 5.86 371 380 3
G2 3.09 3.00 4,69 4.76 468 466 5
C3 1.62 1.00 .62 6.62 g1 85T 7
¢ 5.80 5.00 8.36 8.48 R18 835 9
Cs 6.54 5.95 13.23 1424 1267 136 15

Measured and experimental data are in most cases in good agreement, thus
confirming that the proposed model is quite reliable. The maximum errors occur
in the case of SPMD homogeneous implementation. and it is due to an under-
estimation of the relative speed of the slowest nodes. In fact we assume that
the relative speed of each node does not vary with the data size handled by
the node. Indeed, we can sometimes observe a gain in processor speed when the
amount of local data decreases. for example due to better use of the hierarchy
of memories. This is more relevant in the homogeneous data partitioning case
where the relative weight of the slowest nodes is greater.
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6 Conclusions

We analized the problem of porting data-parallel applications originally devel-
oped for homogeneous parallel systems with regular topologies (e.g. ring or mesh)
to network of workstations and/or personal computers.

For this kind of computing resources. maintaining the even partitioning of
data among processors yields poor performance. since efficiency is Limited by
unbalancing, that increases with the degree of heterogeneity of the network.

Two strategies are considered to overcome this problem: heterogeneous data
partitioning or allocation to each node of a number of processes proportionally
to its relative power.

A simple model is proposed to analyze and predict performance of the con-
sidered class of applications using the various approaches.

The model is tested using a matrix multiplication algorithm with processes
arranged in a ring topology. A good agreement is obtained between simulated
and experimental figures of performance both for the naive unbalanced imple-
mentation and for the two improved implementations.
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