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ABSTRACT

We discuss the evaluation of a recently designed novel ar-
chitecture, called TERASYS for image processing. Our re-
search covers the implemention of various benchmarks; im-
plemented in a new language called data-parallel bit C, (db(').
We explore the TERASYS architecture, the dbC' program-
ming environment and report the results of an evaluation of
applicability of both to image processing tasks. An initial
performance comparison between TERASYS and other par-
allel architectures is presented. Direction of future efforts is
also outlined.

1 INTRODUCTION

The field of image processing in general. provides a strong
incentive for massively parallel processors, because some of
the characteristics of mage processing problems (e.g. vo-
Inminons data, data layout) are often ideally suited to im-
plementation on these machines. Presently, there exists a
variety of image processing architectures of the SIMD mas-
sively parallel type. e.g. CLIPTA, AIS5000. SLiM. PCLIP-
I, [1. 2.3, 4].

Regardless of the type. image processing systems must
have fast execution. great price performance and a hroad
portiolio of image processing capabilities. Up to a decade
ago. it was difficull to make the critical decision of choos-
ing an image processor system. 11 proved unwise to rely on
the vendors of these machines to provide an evaluation of
their machines, hecanse they guoted only the most favor-
able performanee statisties. Conseguently, researchers have
devised ways of benelinarking these image processing sys-
tems in order to ereate a more truthful evaluation. Bench-
marking attempts to produce. in some fashion, a figure of
merit from which the performance of a particular parallel
processing system may be judged, for the further purpose of
Justilving a particular design, [5].

In our work. we focus on evaluating a novel architecture
called TERASYS for image processing tasks. TERASYS is
a massively parallel processing system that belongs to the
SIMD (single instroction, multiple data) category. Our on-
woing researcl involves the implementation of varions heneli-
uirks on TERASYS and the evaluating its performance.
Ourinitial work on implementing the Abingdon Cross Benel-
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mark is diseussed in this paper. Furthermore. our research
covers the comparison of TERASYS with other image pro-
cessing architectures, such as the GAPP-II. MasPar MP-
1216 and AIS3000.

The rest of this paper is organized as follows. Section
2 provides a short description of the TERASYS system. In
addition. it discusses some aspects of the dbC' programming
environment. Section 3 briefly discusses our current imple-
mentation of the henclhmark, preceded by an outline on the
image processing benchmarks that will be covered in our re-
search. In Section 1, we present the results of running the
application on TERASYS. In addition. we include a per-
formance comparison between TERASYS and other parallel
architectures. Finally, Section 5 summarizes our work and
discusses possible Tuture work.

2 TERASYSSYSTEM AND dbC PRO-
GRAMMING ENVIRONMENT

This section describes the architecture of TERASYS and
presents the overall system and structure of the process-
ing clements In addition. it comments on the the dbht" pro-
gramming environment available on TERASYS. Most of the
is taken directly (with permis-
reference manual. [6] and the
The reader may refer to these
mannals for more information. TERASYS is a novel mem-
ory architecture developed at the Supercomputing Research
Center'. TERASYS is a SIMD (single instruction. multiple
data) machine that utilizes special processor chips. called

information presented here
sion) from the TERASYS
dbC' reference manual. [T]

PIM or Process-in-Memory. chips. The main components
of the TERASYS svstem are: (1) Sun SPARC-2 front end
workstation, (2) Processor Array. (3) Shus Interface and (1)
PINM Interface board. Vigure 1 displays a simple sketch ol
these components.

2.1 TERASYS ARCHITECTURE

All programs are stored on the SPARC-2 front end machine.
The SPARC-2 workstation is used for code development and
image display., Communication hetween the SPARC-2 front
end and the PIN chip cards. is performed throngh the SBus.
Packed commands are issned from the SPARC-2 at 280 nsec
intervals. The TERASYS interface hoard splits them into
two commands, and issnes them to the PIN chip cards.
Therefore, the command issue rate between the SBus in-
terface and the PIND interface is 110 nsee per commandd.

trlllll'
Marvhaned.

Supercompuiing  Research Center s located  in Bowie,




Figure 1: The TERASYS Schematic

2.2 PROCESSOR ARRAY

The processor array is made up of pipelined Processor-in-
Memory (PIM) chips, [R]). The PIM chip is a memory chip
with additional logic on chip for 61 one-bit processing ele-
ments. The current system has 64 processing elements ( PEs)
per PIM chip, 32 PIM chips per card and 16 PIM chip cards;
for a total of 32,768 PEs.

Processing Elements - PEs FEach processing element
(P12} is tightly coupled to its own private (local) memory and
can directly read and write to a 2018 bit column of attached
memory. The PE is a programmable bit-serial processor that
is essentially divided into an upper and lower half. The up-
per hall performs the actual computations on the data. while
the lower hall performs routing and masking operations, A
stmplified version of the PE is shown in Figure 2, There are

Figure 2: A Processing Element

thiree primary registers for each processor, denoted the A,
B. and C registers. These registers feed an Arithmetic Logic
Unit (ALU) whieh performs the bit serial instructions, The
registers have three primary input lines from which to re-
ceive data, each of which also can be inverted to receive the
logical not of that input. The PE can input data through a
MUX from either the parallel prefix network, the global OR
network. or the internal mask/register control. Data are
brought in from the processors™ attached memory through
the load line, circulate through the logic as specified by the
program, and are written back to memory via the store line.
The PE is Tully pipelined. At each clock eyele the processors
can either load data from memory or store data to memory,
but not both at the same time. Also, on each clock cycle, the
AL produces three outputs that either can be selected for
storage (under mask control) or selected for recirculation.
Additionally. data can be sent to other processors via the
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routing network.

2.3 dbC PROGRAMMING ENVIRONMENT

The programming language implemented on TERASYS is
data-parallel bit C, (dbC'). dbC is a superset of ANSI
that has been extended to include programming languages
supporting SIMD programming language constructs. Some
of the dbC* features include, but not limited to:
o Parallel and serial statements can be intermixed within
a program.

e Arbitrary length operations on data parallel operands
is possible,

o Parallel user-defined types, structures, and unions can
be used.

o Parallel control constructssueh as while loops. for loops
and if-else are supported.

o The user can call predefined interprocessor communi-

cation intrinsics.

dbC" supports a simple. easy-to-use programming model so
that programmers can beeome productive rapidly on TERASYS
It allows efficient data parallel computation on TERASYS
and on other SINID wachines, sucl the Connection Macline
('M-2.

dbC* uses intrinsic funetions to perform host-processor,
processor-host. and interprocessor communications. The in-
trinsics allow for greater Language floxibility in supporting
programmer defined processor array configurations than can
be accomplished with specific statements in the languaee,
dh(" supports two forms ol interprocessor communication.
Interprocessor communication can be done using general router
communication or nearest neighbor (net) communication.
Intrinsic functions exist for each of these communications.
Nearest neighbor communication involves a network that
uses a toroidal wrap around the edges. This form of commu-
nication is accomplished with the use of the Parallel Prefix
Network (PPN). General router communication permits any
processor to send or receive data from any other processor.
Generally, router conmmunication is slower and more expen-
sive than nearest neighbor communication and, therefore,
the user should use the nearest neighbor communication net-
work in preference to this method whenever possible,

2.3.1 SIMD INSTRUCTION CODE

dbC' translates all code involving parallel operands into a
generic three address memory-to-memory SIMD assembly
code.  The generic SIMD is mapped to the hardware of
TERASYS using TWIST, TWIST is an acronym for the
Terasys Workstation Interface Software Tools, [9]. The TWIST
microcode lihraries allows complete low-level access to the
parallel architecture of TERASYS. The libraries perform ba-
sic operations such as:
e parallel memory allocation and release

basic arithmetic and logical operations on poly operands
of arbitrary bit length,

nearest neighbor communication and generalized com-
munication,



o data transler between host memory and PIN memory.

3 EVALUATION OF TERASYS
FOR IMAGE PROCESSING

OQur research covers the implemention of various image pro-
cessing benelimarks. In this seetion we hriefly describe these

benelimarks followed by a deseription of our current work.,

THE ABINGDON CROSS
BENCHMARK

3.1

lie Abingdon Cross Benclmark. [10. 11 12]. devised during
the Abingdon Workshop in 1982 1s used to benelimark image
processing svstems. The Abingdon Cross Benchmark has
hecome the de fueto standard among many researchers in
the image processing community. [0 has proven to he an
initial step in the direction of vigorous benchmarking. It is
not a specific algorithm. but finds the medial axis of a cross-

shaped structure buried in noise, (see Figure 3 (a)). Kendall

(c)

(d)

Figure 3: Abingdon C'ross Benchmark solution

Preston® at Carnegie Mellon University has spent the last
decade gathering benchmark results from researchers in the
Hnage processing comununity,  More than 70 groups have
subumitted results on the performance of the benchmark on
various architectures,
3.2 OTHER BENCHMARKS

The Preston-Seigart Benchmark is a Carncegie Mellon Upi
versity (CMU) sueeessor to the Abingdon (Cross Benelimark.
It was developed by Kendall Preston and Carol Seigart, out
of the growing concern that the Abingdon Cross Bonechmark
was unfair, in some respects, [12]. The hinage Benchmarking
Toolkit (IBT) is a proposed standard for Hage processing
benchmarking. The tool was proposed as a standard by the
lmage Benchmark Teclinical Work Gronp. (IBTWG). We
are using, proposed Standarvd 0.1, The Image Undorst anding
Benehnark (IUB) was developed throngh the cooperative
offort ol the University of Massachusetts Amherst and the
University of Marvland. 1t is based on the DARPA Image
Understanding Workshop. 1987, where vision experts felt
that standard fmaging benchmarks (sueh as the Abingdon

Cross Benchmark) did not address the key issues facing im-
age recognition and understanding.

“Author of the

Abhingdon Cross Benclinark.
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3.3 IMPLEMENTATION

III I]]{' I]r(\["’j.‘if'll l}"]l('h”l:llk. il !Jrl‘”’rﬂ. !‘\"1'\\ l"fl_ﬂ_i’ i\ ['[J”.\ill'
ered: The dimensions of the cross are known: the midrange
of the gray levels is also known. Our implementation of the
benchmark includes two main factors: Data Layout Model
and Tmage Processing (IP) operations.  The initial image
data is grey-level data (i.e. each pixel is represented by eight
bits of data). In setting up the memory for the implementa
tion. we focused on the problem of mapping of a 2-1) image
to the 11D processor array of TERASYS. We make the fol
lowing assumplions:

o The image is square (256 x 256 pixels)

o # of pixels = kx # ol processors for some integer k

o> il
o # of processors = j x /#prrcls for some integer j > 1

Fach processor is assigned a segment of a column of pixels.
B B
j!f.l-.u.r\

T

I'he segment size s = -7

I'he basic 11 tairﬂ‘l'-ﬂilnnw nsed in our implementation are:
(1) Vertieal Averaging. (2) Horizontal Averaging, (3) Ero-
ston and { 1) Skeletonization. The first step computes a I1x13
vertival averaging on a binarized cross, [Figure 3 (b)]. The
second step computes 13x| averaging of the cross. |! igure 3
(c)]. The third step employs 13 iterations of erosion on the
cross. [Figure 3 (d)]. Frosion is a form ol thinning. Thinning
is an hnage processing aperation in whic I hinary valued im
age regions are redueed 1o lines that approximate the conter
skeletons of the region. [13]. Tt s required that the lines
ol the Heeed result are connected for each single image re
gion, Finallv, in the fourth step.a thinning (skeletonization)
Process reduces the imace to single-line thickness, while pre

serving connectivity, [Figure 3 (e)].

4 RESULTS

The Abingdon Cross Benelinark on TERASYS is evaluated
from point of view of two eriteria; Quality Factor and Price
Performanee Factor. 'Uhe Quality Factor is the ratio of the
size ol the image processed divided by the exeention time.
The Price Perlormance Factor is the total number of pixels
processed divided by the product of the execution time aud
the pl"u'l‘ of the system in US dollars. These two eriteria

are used in the comparison of TERASYS with other hinage

Processing (I1’) systems.

4.1 TIMINGS
Benchmark _;lll.ﬂll‘l ol | Time i’l']'i"i'tlf;t_j_"{'_.
Operations Iterations | (ms) of Total
Vertical Averaging 1 T T8 l
Horizontal Averaging 1 3 | 23.2
Erosion 3 | o4 | 304 |
2 5 386 |
[ Total [ 5 1007 ]

Table 1: Benclmark results on TERASYS

Table | shows the timings of running the benchmark. nsing

32768 processors and an image size of 256 x 256 pixels. The
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Figure 4: Abingdon Cross Benchmark Results

L o |

Number Architecture

° TEHASYS (92K

1 TH00 (Seottish Regional Transputer Support Center)

2 Magiscan-2 (Juyee-Lobel) QF = 10)

a TH00 Avray (Seottish Regional Transputer Support Center)
I THAPIX S50 {Hecoguition Coneepts Ine.)

] PIEAot (ADS Company Lid.)

" PSICON 027 (Perveplive Systems)

T TS (111 Zarich)

N MYP/AT (Matrox) (QF = 100)

1] TOSPIN T Tomhibia)

1 TASPlus (Leins Gy

11 TEHAGON { Tevagon)

12 T (Peveeptives)

1 VICOM VYME-IT (Vieom)

1 PINAR/L-Chal® (Vieom-Pixar) (QF = 1000)
15 Seupe-20 | wilis)

16 AP L5 { Nownis Vision)

17 VIiTee-t (Visual Information Technalogies)
18 CM-2 (Thinking Machines - using €%}

(E] Max Video (DataCube}

0 DAL s10 (Active Memory Technology )

21 om - tming PARIS)
2 igent Systems)
2 Zephive-s | Wavetpweer)
2 NI 1208 (Masl"ar)
4 NI E216 [ Masltar)
| AP (Mo Marietta)

Table 2: Architectures in Fignre |

Quality Factor is 256/0.013 = 19,692, The TERASYS sys-
tentis a non-commercial and so, it was difficult to established
a specific price for the system. We estimate that the price
of the system ranges over the values $75.000 and $150,000,
Therefore, the Price Performance Factor ranges over the
values 2562/(0.013 x $150,000) = 33.6 and 2564/(0.013 x
575.000) = 67.2.

4.2 TERASYS VERSUS OTHER IP
ARCHITECTURES

The performance of the Abingdon Cross Benehmark on TERASYS

compared with other image processing systems is shown in
Figure I with its legend given in Table 2 7. Aecounting for
the range in Price Performance Factor, the reader may ob-
serve that the performance of TERASY'S is competitive witl
the leading machines.

Fhe graph contained in this paper 5 a modilication of the resulis
published by Kendall Preston and is used with permission of Advanced
hmaging. copyright Sept. 1992,

5 SUMMARY AND FUTURE
WORK

We liave briefly deseribed a SIMD machine (TERASYS) and
the Tundamentals of a high level langnage (dbC) for it, In ad-
dition. we focused on the benelimarking of TERASYS for im-
age processing tasks using the Abingdon Cross Benchmark.
We have shown that TERASYS has performed tremendously
well with respect to the image processing benchmark. In
comparison to other image processing svstems., this paper
shows that TERASYS has great potential as being a vi-
able architecture for low level image processing tasks. The
langnage dbC’" appears to be able to support convenient pro-
gramming models with very efficient mappings to the hard-
ware, In our future work. we are interested in implement-
ing the more rigorous benchmarks: IBT and [UB. We he-
lieve that TERASYS is suitable for other application areas.
Therefore, we are looking other applications. Specifically,
we are in the process of implementing cellular automata ap-
plications on TERASYS. [11].
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