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Abstract We have proposed an Integrated Sys-
tem Model (ISM) to address the problem of high
development costs of concurrent programs. The
ISM is composed of multi-level modules that ab-
stract both the high-level program design as well
as the low-level optimization. Various possible
implementations of systolic algorithms on mul-
ticomputers are considered. A generic program
structure sufficient to represent these various im-
plementations is also given. The intrinsic paral-
lelism of a given systolic algorithm is embedded
in the module level parallelism of the generic pro-
gram structure. Several erperiments on the con-
current implementations of the generic software
modules for these algorithms are presented.
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1 Introduction

We consider a number of factors which affect the
development and management of concurrent soft-
ware. In particular, we consider those implemen-
tation factors which affect the design, coding, test-
ing and measurement of concurrent programs. In-
cluded in this category are multiple possible par-
allel algorithms, the correspondence between such
algorithms and the machine architecture, the speci-
fication of one or more integrated program designs,
the translation(s) from the high-level design to code
and evaluation techniques. Additional factors such
as selection of source language and application do-
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main also indirectly affect program development.
The program developer needs to take into account
these issues. Despite the availability of tools, the
program developer remains significantly involved
in the development and management of concurrent
software. Thus, higher development costs are often
incurred in concurrent software development.

In this work, we are interested in decreasing
the program development time required to imple-
ment numerically intensive computing applications
on parallel computers. It is assumed that a corre-
sponding decrease in financial cost would also be
realized. Consequently, we primarily concentrate
on the implementation issues. Other issues such as
performance and efficiency are also considered. We
restrict ourselves to only algorithms which have sys-
tolic solutions and their execution on MIMD type
multicomputers. However, the approach is also ap-
plicable to other types of algorithms and machines.

The identification and exploitation of the intrin-
sic parallelism in a systolic algorithm is well known
(see for example [1, 2]). Most often, parallelism in
systolic algorithms is at a very low level. Modern
day multicomputer systems are well known to offer
efficient execution only when there is coarse grained
parallelism. Systolic algorithms can be partitioned
to obtain coarse grained parallelism, see for exam-
ple [1, 2, 3].

We observe that the traditional role of sys-
tolic algorithm partitioning leads to two problems.
First, despite the adjustment of parallelism to
coarse grain, little decrease in the program develop-
ment time can be expected (since implementation
factors are not addressed). Second, often a specific
hardware architecture must be previously assumed
and the partitioning is such that computations are



‘mapped’ to this architecture.

One goal of traditional software design is to pro-
vide well-defined functional definitions of software
modules. The two types of software modules that
are of interest to us are concurrent modules, which
provide for inter-module parallel execution, and
generic modules which abstract the functionality
but only partially include certain implementation
details. Concurrent generic modules allow for the
expression of parallelism while at the same time
provide a program structure that can be used dur-
ing the implementation. We refer to the parallelism
introduced by concurrent modules as module level
parallelism.

Note that the systolic algorithm partitioning
process does not by itself allow for any definition of
such module level parallelism. However, we report
in this paper that an alternative interpretation of
the partitioning process can be used to construct a
basic definition for module level parallelism. Other
aspects related to the goal of decreasing program
development time are also addressed.

We propose an Integrated System Model (ISM)
that both provides for a programming environment
which would lower program development costs for
concurrent programs and the efficient implementa-
tion of systolic algorithms on multicomputers. The
ISM provides for a reduction in parallel program
implementation development time by providing a
mechanism to: (a) identify intrinsic parallelism in
the given systolic algorithm, (b) consider various
implementations (some of which may be very differ-
ent), (c) estimate execution time performance, and
(d) automate the construction of a selected (and
thus efficient) implementation.

Our work differs from the traditional restructur-
ing (parallelizing) compilers in that such compil-
ers (often) identify sections of programs which in-
hibit parallelization and then restructure these sec-
tions to reduce and eliminate inhibitors [4]. Thus
restructuring compilers target program construct
level analysis and manipulation whereas our work is
aimed at analyzing and manipulating generic con-
current program modules.

The proposed approach is consistent with that
of concurrent program archetypes which have been
proposed as a method to reduce the effort required
to develop and implement parallel programs [5].
Our approach is also motivated by algorithm skele-
tons [6, 7] which provide for abstractions of use-
ful parallel computational structures. Common el-
ements between our model and skeletons include
performance modeling and parameterization.

This paper is organized as follows. In Section 2,
we present the initial formulation of the problem

and the approach taken while in Section 3, we de-
scribe an overview of the ISM. We summarize the
procedure required to derive the generic concurrent
modules in Section 4. Some of our experimental re-
sults relating to key aspects of the proposed system
model are presented in Section 5. Finally, conclu-
sions are given.

2 Approach

We first consider the software design phase and
then the coding phase. Let S be a software sys-
tem representing the final (coded) implementation
of the input algorithm, A. S can be described
as a combination of software modules M;, thus,
S = {My,Ms,...,M,}. The definition, nature,
behavior and abstraction of these modules are not
usually known a priori, rather, standard software
engineering techniques can be applied to detail each
module and the various relationships between the
modules.

Let a module M; be composed of a structure
component M¢#, and a behavior component M}:
thus, M; = M7 U M?. A module’s structure refers
to any code representation that does not depend
on any analysis of 4 whereas a module’s behavior
refers to any code representation necessary to rep-
resent aspects of A. Thus, the structure is said to
be invariant with respect to 4 and the behavior de-
pendent on A. It follows that M N M} = {}. Let
M?* denote the set of all module structures in S:
Ms = {M$,M3,...,M:}. MP is similarly defined
for all module behaviors. Note that M® must be
defined prior to MP. In [8, 9], we showed that that
Ms is derivable (in some sense) from A.

3 Overview of the Integrated
System Model (ISM)

The ISM consists of four levels as shown in Fig-
ure 1. At the top level, two models are defined: the
Generic Parallel Program Model (GPPM) and the
Implementational Object Model (IOM). These two
models embody the distinction between the deriva-
tion of M® and all other aspects of the compiling
system, respectively. Under GPPM, M is derived
by considering the parallel execution of 4 as would
be executed on a parallel machine. Thus, the intrin-
sic parallelism of A firstly needs to be identified and
subsequently exploited such that it can be mapped
to the parallel machine. GPPM relies on a lower-
level model to accomplish the first requirement.
The IOM provides for a generic description of nec-
essary components of an executable application, for
example, the source code of that implementation.



As such, various instantiations of IOM are possible,
each instantiation representing exactly one possible
implementation (we term such an instantiation an
Implementation Object (10)). Clearly, each IO rep-
resents, at the least, S; therefore, the definition(s)
of M*® from GPPM must be firstly available. Thus,
the IOM represents a generic description and only
through an application of GPPM can a particular
10 be instantiated. The IOM relies on several lower
level models as well.

The Systolic Array Model (SAM) is a sub-model
of GPPM that allows for the derivation of a sys-
tolic graph (essentially, such a graph is obtained
from systolic array synthesis techniques applied to
the data dependency graph of the algorithm) from
A. Systolic processing is a mature field and tech-
niques are available to: (a) re-interpret a systolic
algorithm as a systolic graph, and (b) generate the
systolic array implementation (e.g. VLSI imple-
mentation) of the corresponding systolic graph (see
for example, [1, 2]). In our case, we are interested
only in the derivation of the systolic graph.

There are two abstractions for GPPM: (a) set
of generic program modules for a given systolic al-
gorithm, and (b) a definition of the modules con-
structed for a given input algorithm. These ab-
stractions imply that GPPM is applied in two cases:
(a) when no IO has been defined for a specific pro-
cessor topology, (i.e., an instantiation of an IOM
suitable for the derived M® has not yet been done),
then GPPM is used to generate the basic defini-
tion of such an IO, and (b) when an IO suitable
for a particular M® exists, the GPPM is used to
transform the input algorithm so that it may be
combined with the structure. Case (b) implies that
the Program Structure Model (PSM) of the IO has
been sufficiently well defined so as to allow for this
combining operation.

Since the abstraction of an IO is to represent a
particular implementation, there is a requirement
to represent M and fuse MP with M?®. These rep-
resentations must be defined in the IOM as suitable
generic code. The lower-level PSM provides the
necessary data and procedural methods required to
support this functionality. For example, the im-
plementation could be represented in different lan-
guages, or, different (in some limited sense) pro-
cessing algorithms (as in the case of communica-
tion routers, see Section 5). Each language repre-
sentation or algorithm would be encapsulated by
the same structure, hence, the same I0 would be
suitable.

The Performance Model (PM) is mainly con-
cerned with the prediction of the execution time
for an executable application based on a particu-

lar IO. The PM is parameterized to some extent so
that it may be applied to various architectures, as
modeled by the Machine Model (MM).

4 Generic Parallel Program
Model (GPPM)

A summary of GPPM procedures to derive M? is
described here; details may be found in [8, 9].

The principal components of GPPM are: (a) se-
lection of a systolic graph representation (denoted
by G), (b) translation of A to G, (c) selection of
a particular partitioning of G thereby inducing an
associated processor topology graph, and (d) rep-
resentation of the programming features of all such
induced processor topology graphs by M?. The
SAM provides for both the underlying foundation
for the first three as well as the translation of A to
G. The selected graph is illustrated in Figure 2.

We generate a set of possible multicomputer pro-
cessor topologies by considering various partitions
of G. Our viewpoint is that a particular multicom-
puter must have the ability to be configured in at
least one of these pre-determined topologies. For
example, in Figure 2, orthogonal partitioning illus-
trated by lines of the form ¢,, will induce the graph
shown in Figure 3 whereas diagonal partitioning il-
lustrated by lines of the form ¢; will induce the
graph shown in Figure 4. Temporal partitionings
as illustrated by the partition ¢; in Figure 2 lead to
a farming implementation where the various groups
of computations that have been determined by the
partition are ‘farmed’ out to processors. In our
work, we have selected a linear processor topology
as the required configuration induced by a temporal
partitioning.

Lastly, we  have identified M? =
{Mi%, Mio, M5, M&, MZ ,, } where M§, contains the
computational process (the functional equivalent
of A), M provides for necessary communication
routing on the multicomputer, Mj, provides
user file services, M{,, contains communication
specific data type definitions and Mg, provides
for software configuration. These modules are
illustrated in Figure 5 along with other aspects
relevant to such software design. Essentially, these
generic modules allow the representation of module
level parallelism.

In summary, given an input systolic algorithm
A and the definition of M* above, various instan-
tiations of M?, one per each candidate processor
topology, represent the implementation of A4 on a
target multicomputer. Since each instantiation rep-
resents an implementation for a different proces-
sor topology, many essential details of the program



structure necessary to support the implementation
are captured. This relieves a significant burden
from the programmer: hence, lower development
costs may be realized.

5 Experimental Results

A number of experiments have been conducted to il-
lustrate key points of the ISM. In particular, we re-
port: (a) the development of code according to the
program structures of three derived Implementa-
tional Objects, (b) the sensitivity of the code struc-
tures with respect to performance, and (c) and the
execution time comparison between the concurrent
and sequential implementations.

We have defined the three implementational ob-
jects (I0s) by applying the GPPM model as de-
scribed in this paper and the subsequent IOM com-
ponents necessary (not detailed in this paper) in
order to conduct our experiments. Following [10],
we define the three IOs as: (a) the Diagonal IO,
(b) the Farming IO (which results from temporal
cuts on the systolic graph), and (c) the Sequential
I0. These implementations were manually coded
according to their corresponding derived module
structures.

The implementations considered to date have
been influenced by the occam 2 language and trans-
puter architectures. The experiments discussed in
this section were conducted on a nine transputer
multicomputer consisting of one 4 MB, 25 MHz
T800 transputer and eight 1 MB, 20 MHz transput-
ers. The multi-transputer system was mounted as
a back-end to a microcomputer and the connection
board used was the B008 (which itself contained a
T222 transputer not used as a computing device in
our experiments). The B008 contains a reconfig-
urable crossbar switch which provided the ability
to modify the processor topology of the transputer
network. The occam 2 compiler provided in the
IMSD7205 occam 2 Toolset product was used for
all compilations.

Two systolic algorithms were selected for im-
plementation. The Weighted Levenshtein Distance
(WLD) has been used in symbolic [11] processing
while matrix multiplication is heavily used in nu-
merical processing (see for example, [1]). Note that
in both cases, their systolic graphs closely resemble
that shown in Figure 2.

Since the goal of these experiments was to ex-
plore the issues inherent in the ISM, little perfor-
mance optimization of the code was done. Con-
sequently: (a) in the Diagonal 10, each computa-
tion associated with a vertex in the systolic graph
was represented by a distinct process, thus, signifi-

cantly increasing the communications overhead, (b)
in both parallel IOs, the effective load balancing in-
duced by the locations of the cuts on the systolic
graph were not considered, and (c) in the Farming
10, a linear topology using single buffered commu-
nication was implemented. Moreover, the compil-
ing/language environment provided some further
restrictions including: (a) imposing a (relatively)
small number of possible process instantiations for
the Diagonal 10, resulting in our restricting several
experiments to 11 x 11 systolic graph sizes (induc-
ing poor granularity match with the processor and
resulting in little additional speedups), and (b) re-
stricting the generality of communication routers
in the Diagonal 10, thereby significantly adding to
the communications overhead.

Figure 6 shows the code space considered for the
Diagonal IO implementations. The seven selected
implementations of the Diagonal IO are shown with
the prefix ‘cp’. The top two levels represent two fac-
tors impacting upon the module structure. Both
factors pertain to the process representation of the
set of functions associated with each vertex in G.
First, the ‘Single Process Definition’ defines a sin-
gle process abstraction which represents all the
functions whereas the ‘Topological Process Defini-
tion’ defines distinct process abstractions to repre-
sent select groups of these functions. The groups
are determined based upon the impact of the sys-
tolic computation graph topology on the commu-
nication. The topological definition results into
a smaller and more efficient implementation while
increasing the configuration requirements slightly.
Second, a similar grouping relating to the process-
to-process communication datatypes (referred to as
tagged protocols in occam 2) can be considered.
The elimination of tagged protocols not only results
in possibly smaller code, but also has an effect on
the subsequent (and surrounding) program coding
style. These effects combined allow for substantial
simplification of code. The third level shown in
the figure signifies the execution priority. Finally,
the bottom level refers to the two different types
of available router algorithms: the first come first
serve algorithm or normal (N) and a forced round-
robbin (FRR). Essentially, the FRR algorithm pro-
vides a stricter assurance than the N algorithm for
deadlock free communications required in certain
processing cases.

The correspondence between the code space
given in Figure 6 and the generic modules given
in Figure 5 is as follows. The single versus topolog-
ical process definitions impact upon M% and Mg.
Variant versus non-variant communication proto-
cols impact upon all five modules. The priority is



relevant only for M% and must be specified in M.
The two router algorithms impact only M%.

Figure 7 shows the effect of two selected imple-
mentation variations from the code space given in
Figure 6. The curves labeled ‘Systolic, No Opt’
and ‘Systolic, Part Opt’ refer to the ‘cpla’ varia-
tion whereas the curve labeled ‘Systolic, Full Opt’
refers to the ‘cp7’ variation. The ‘cpla’ variation
was compiled both without (the ‘No Opt’ version)
and with (the ‘Part Opt’ version) certain compiler
options which perform (mostly) communication op-
timization. The ‘Full Opt’ implementation also was
compiled with these compile time optimization op-
tions. Our results strongly suggest that the perfor-
mance is sensitive to the refined module structures
representing that implementation. Moreover, na-
tive compiler optimizations must be allowable.

Recall that a partitioning consisting of two diag-
onal cuts determine a three processor requirement;
however, there is no stipulation placed on the lo-
cation of those cuts. Thus, there is considerable
flexibility allowed for load balancing. In most of
our experiments, we have relied on intuitive place-
ments of the cuts. In one experiment (see Figure 8),
we have briefly considered the effects of load bal-
ancing due to the location placement of the cuts on
the systolic computation graph. One cut location
is held fixed with the second varied. The location
labeled ‘Main’ refers to the cut placed just right
of the main diagonal, ‘+1 Offset’ refers to the cut
placed one additional diagonal away etc. For the
three Diagonal 10 variations discussed above, the
figure shows that a small difference in the execution
times result from the different placement of cuts.

The execution time of the three Diagonal 10
implementations discussed above along with two
Sequential 10 implementations (with and without
compiler optimizing options) are also given in Fig-
ure 7. We have briefly considered the granular-
ity problems inherent in the Diagonal 10; relevant
results are shown in Figure 9. In this case, the
computation time was artificially increased, and in
conjunction with the use of a performance model,
we established that the Diagonal 10 (without ad-
ditional modifications to the module structure) can
provide marginal speedup. The execution time of
the Farming 10 along with the Sequential IO are
given in Figure 10. Lastly, we have also considered
the Farming and Sequential IOs for matrix multi-
plication. Figure 11 gives these results.

Based upon the above results, for the given
size(s) of the WLD algorithm, the ISM would se-
lect the Farming IO as the best implementation.
However, for the the selected size(s) of the matrix
multiplication the ISM would select the Sequential

IO as the best implementation.

6 Conclusion

We have proposed an Integrated System Model
(ISM) to address the problem of high economic de-
velopment costs of concurrent programs. The ISM
is composed of multi-level modules that abstract
both the high-level program design as well as the
low-level optimization. The Generic Parallel Pro-
gram Model (GPPM) is central to the ISM. The
main idea of GPPM is that a given systolic algo-
rithm can be translated to a corresponding sys-
tolic graph that exhibits the intrinsic parallelism
of the algorithm. The GPPM is used to induce
a set of generic program structures that are suf-
ficient for generic module definitions. Lastly, we
have reported the results of several experiments
on the concurrent implementations of the derived
modules.
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Figure 1: Overview of the Integrated System Model
(ISM): GPPM - Generic Parallel Program Model,
SAM - Systolic Array Model, IOM - Implemen-
tational Object Model, PSM - Program Structure
Model, PM - Performance Model, MM - Machine
Model.
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