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Abstract

The language requirements of the unified model for
compiling systolic algorithms on multicomputers is dis-
cussed. Furthermore, an analysis of existing work to de-
termine their suitability for incorporation into the uni-
fied model is conducted. On the basis of this analysis,
particular components of existing work are identified as
potential components for inclusion or modification into
the unified model. An overview of the unified model is
provided for convenience of the reader.
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1 Introduction

A new model for compiling systolic computations for mul-
ticomputers was recently proposed in 1995 by d’Auriol
and Bhavsar [1, 2, 3, 4] as a model suitable for a com-
piler to analyze a given systolic algorithm as input, con-
sider various high level language program representations
of the input algorithm together with efficiency issues and
generate the source code corresponding to the best choice
implementation. Central to an implementation of the
unified model is the role that systolic language plays in
its various components. For example, some specification
language will need to be adopted for representation of
the input algorithm. Furthermore, as part of the internal
processes of the tasks within the unified model, a systolic
array representation is also necessary. Lastly, code gener-
ation (using language template libraries) is necessary in
two contexts: (a) to be able to estimate execution time
behavior, and (b) to be able to generate the code so that
a native compiler can be used to compile the resulting
implementation into executable code.

We note that much work has been reported on soft-
systolic computing systems (see for example [5, 6, 7, 8, 9,
10, 11]). Much of the work cited herein has been reviewed
in context of the unified model [4], however, what is very

1This work was done while the author was at Dept. of Comp.
Sci., Wright State University, Dayton, Ohio, USA, 45435.

interesting to note in the context of this paper is that
many of these systems incorporate a language or code
model specific to systolic processing.

The scope of this paper 1s to firstly examine the lan-
guage processing requirements of the unified model and
secondly, to discuss elements from existing and past work
which may be incorporated into a language model suit-
able for use in the unified model. A three-criteria ap-
proach is used to establish the utility of existing methods
and components. The criteria consists of the following in
the order given.

1. Can existing methods be incorporated without mod-
ification?

2. Are existing methods suitable for modification so
that they can be incorporated easily?

3. What elements from existing methods can be incor-
porated into a specific language model which can
then be used in the unified model?

This paper will consider some of the existing work as
indicated above in the context of the above three criteria.
In this paper, we will show that the language processing
requirements of the unified model are more complex than
that which exist in existing systems, and consequently, a
selection of existing methods together with new proposed
methods will need to be made.

A brief overview of the unified model is repeated in
the next section for convenience of the reader. Section 3
discusses the language requirements of the unified model
while Section 4 discusses the various elements of exist-
ing work as relating to the unified model. Concluding
remarks are given in Section 5.

2 Overview of Unified Model

The unified model, M, is defined as the quintuplet
M= (AZ,®, M II), where A is the given systolic algo-
rithm requiring implementation, Z is a set of partitioning
strategies, @ 1s the set of implementational objects corre-
sponding to Z, M is the set of allowable multicomputers
and IT is the set of tasks which embody the application
of the various stages proposed in the unified model.



An application of the unified model consists of the ex-
ecution of the tasks represented by IT = {II;, I, I3, T4,
II5}. Here, Iy represents the process of transforming the
given systolic computation into an intermediate form. Il
is the process of determining the partitioning strategy as
well as the details of the implementational objects. II3
represents the process of partitioning the systolic array
intermediate representation from II;, representing it in a
source code intermediate form and evaluating the latter
in terms of its expected execution time. II4 represents
the code generation process. Finally, II5 represents the
final stage of compiling the generated code into object
code.

Formally, this set of procedures is summarized as fol-
lows. There exists a systolic array so that for all parti-
tioning strategies defined by Z there exists an associated
implementational object such that

(D)
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Given Eq. (1) and Eq. (2), the evaluation of the mul-
tiple candidate implementations and subsequent gener-
ation and compilation of the final high level language
program representation is given by:

M3(®,Z,s,M) — I” (3)
OyZ") — 7T (4)
O5(Z) — I° (5)

where, s = (G’, I, F) (i.e. a systolic array is composed of
a graph of vertices and directed edges, a data sequencing
of inputs distributed through time and space and a set of
functions mapped to each vertex in the graph), ( € Z, 7"
is the selected implementation, 7 is the final high level
language program representation of the implementation
and Z°¢ is the compiled version of 7.

An example of a 4 x 4 array structure is given in
Figure 1(a) where a circle represents a distinct sub-
computation and a directed edge represents the depen-
dence between the sub-computations. Since several can-
didate partitions ¢ are input to Ils, the execution of Il
leads to the corresponding implementational objects de-
noted by ®..

An implementational object is the three-tuple & =
(E,P,T), where E is a set of prototype codes together
with a set P of implementation parameters and a per-
formance model T. The prototype codes are pre-defined
source code templates which essentially are rules for gen-
erating source code in a language for which a native com-
piler is already available. The set of implementation pa-
rameters describes the ezact characteristics of the im-
plementation and is used in the associated performance
model. The performance model evaluates the expected
execution time for the given systolic algorithm. The per-
formance model is parameterized so that it can provide
a good estimate of the execution time while maintaining
general applicability.
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Figure 1: Systolic array representation, partitioning and
resultant processor networks: (a) an example of s and
two partitions, (gand (s, (b) processor network due to (g4,
and (c) processor network due to (s

The application of II, represents a two-step process.
In the first step, candidate partitions are applied to the
systolic array generating a set of processor topologies re-
quired for each of the candidate partitions. For example,
in Figure 1(a), two representative partitions correspond-
ing to the Diagonal Partition, (4, and the Temporal Par-
tition, (;, are illustrated by heavy dashed lines. From
our previous investigations [3, 4], the processor topol-
ogy associated with Diagonal Partitioning is shown in
Figure 1(b), while that associated with Temporal Par-
titioning is shown in Figure 1(c). We also note that
a master-slave farming execution model applies to the
implementation executed on the topology shown in Fig-
ure 1(c) whereas, a static allocation method applies to
the implementation executed on the topology shown in
Figure 1(b). We lastly note that many other partitions
are possible. In the second step, the three components of
the implementational object are defined.

3 Language Requirements

The language requirements of the unified model are sub-
divided into the following categories.

1. Specification Language: Algorithm specification
requirements can be represented in a sequential lan-
guage which allows for the specification of recurrence
relations, in a parallel language which allows for the
spatial-temporal distribution of the input algorithm,
or as a data dependency graph with associated func-
tions mapped to each point in the graph. A specifica-
tion language must be able to represent the systolic



algorithm in sufficient detail so as to apply Eq. (1).
As we will see in the next section, most of the exist-
ing work has been in this area.

. Systolic Array Language: All requirements of
an algorithm as specified by the Specification Lan-
guage must be represented in a systolic represen-
tation. The components of this representation are
given by (G’, I, F) as derived by Eq. (1). As before,

much work has been reported in this area.

. Template Specification: This form is distinct in
that it represents the structure of the implementa-
tion of the final source code version. That is, it
describes the machine and native compiler environ-
ments necessary so that a program representation
can be constructed. It incorporates the following
five sub-categories.

(a) Configuration: The allocation of processes to
processors and related allocation of communica-
tion channels, together with appropriate start-
up initialization routines.

(b) Routers: The processes which are fully respon-

sible for handling all communication to and

from a computation process across a network

of processors.

Computation: The processes which perform the
actual computation.

Communication: The auxiliary code represen-
tation which provides details on the communi-
cation specific structure (e.g. channel datatyp-
ing).

Input/Output Control: The code representa-
tion which is responsible for controlling the run-
time processing requirements.

(e)

The construction of groups of templates, as in, for
example, a template library, is part of Eq. (2).

. Implementation Specification: This form is de-
rived from the combination of the Template Specifi-
cation and the Systolic Specification. That is to say,
the details of the systolic algorithm are combined
with the details of the final source code implemen-
tation program structure so as to generate a final
source code implementation specific to the given in-
put algorithm. The derivation of this specification is
done as part of Eq. (3).

. Source Code Language: The representation of
the generated source code program in a standard
computer language for which a native compiler al-
ready exists (e.g. FORTRAN, C or occam). This
form is expected to be similar to that of the Imple-
mentation Specification. This form is generated by

Eq. (4).

4 Previous Work Relating to the
Language Requirements

A graphical interface system has been used by the
Poker/Hearts system [11] to allow the user to specify the
systolic algorithm code in a sequential language. This, in
effect, is similar to the Systolic Array Language specifica-
tion in the unified model although, in the unified model,
the algorithm is specified in a non-systolic form which is
then automatically translated to the systolic form.

The functionality of the interface allows the specifi-
cation for the design of the systolic array For example,
the programmer uses a drawing editor to place commu-
nication links between the processors. Although this also
refers to the systolic array design, in terms of the uni-
fied model, this is similar to some of the requirements in
the Template Specification, particularly the configuration
section.

Another system which employed a graphical user in-
terface in the design of a systolic array is the SDEF sys-
tem [6]. Both Hearts/Poker and SDEF provide for the
generation of source code which can then be executed (or
compiled by a native compiler).

There are numerous computer languages developed or
used to also represent the systolic arrays. These include
C-stolic [7], occam [12], FP [13], and W2 [14]. All of
these examples are used only in the specification of the
algorithm or, when such is specified as a systolic array,
in a systolic array specification.

The Generalized Systolic Computation (GSC) [8]
model extends the ideas of the previously discussed sys-
tems in that the GSC model incorporates a Specification
Language combined with the Systolic Array Language
specification. It also has elements of the Implementa-
tion Specification. However, due to the combination of
the various specifications as well as other limiting fac-
tors, the GSC model may not suitable with respect to
the processing requirements of the unified model.

The Systolizing Compilation Scheme (SCS) proposed
by Lengauer, Barnett and Hudson [10] is a two-step com-
pilation scheme for systolic algorithms. This scheme con-
sists of systolic array design followed by the generation of
code for a target language (occam and W2). The input
for this scheme is essentially a Specification Language.
An intermediate form termed ‘repeaters’ has been intro-
duced in their work. A ‘repeater’ is a triplet which ex-
presses characteristics of a systolic array in a machine
independent form. As such, they may be considered as a
variation of the Systolic Array Language specification.

The preceding discussion of the categories of existing
work with respect to the unified model is summarized in
Figure 2. Here, the three categories of ‘Algorithm Speci-
fication’, ‘Intermediate Form’ and ‘Code Generation’ in-
dicate that the categorized systems provide primarily al-
gorithmic specification, provide primarily some form of
intermediate specification and provide for the generation
of code respectively. We note that only the system by



Lengauer et al. provides for all of the functions which
the unified model requires. Further, we note the inter-
esting properties of the graphical user interface provided
by the Hearts/Poker system and the correspondence to
some of the requirements of the unified model.

C-stolic
Repeaters

OCCAM

Unified
Model

Hearts

Figure 2: Classification of Existing Work

In terms of the unified model’s language requirements,
much of the work surveyed in this section relates to the al-
gorithm and systolic specification. Virtually no work has
been observed in this context in terms of template spec-
ification while the Implementation Specification has also
received little attention. Several of the systems (SDEF,
GSC and SCS) consider the generation of source code.

We note that the SCS system more closely matches the
requirements of the unified model than any of the other
systems reviewed.

5 Conclusion

We have proposed a five category breakdown on the lan-
guage requirements inherent in the unified model for com-
piling systolic computations for multicomputers. These
categories essentially represent the various phases that an
input algorithm to a compiler based on this model would
be represented in during the processing associated with
such a compiler. Further, we have reviewed past work in
the area of implementing systolic computations and have
noted that much work has been reported on the more in-
troductory aspects of the unified model’s requirements.
Some work has been reported on the remaining require-
ments. However, no evidence has been observed on work
relating to the unification of language roles across the
requirements of the unified model — although some uni-
fication is noted across some of the requirements of the
unified model.
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