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Although massively parallel arrays for spatially mapped applications have been 
proposed since the 1950s42 and built since the 1960s,12 there have been very few sys­
tematic empirical studies that cover more than a small fraction of the design space. 
The problems have included the lack of a test suite of non-trivial application codes; in­
adequate language support; the difficulties of balancing evaluation performance with 
flexibility; and balancing test suite portability with accuracy of evaluation. We de­
scribe an environment that addresses these problems. A realistic workload including 
a series of applications currently being used as building blocks in vision research has 
been constructed. Both flexibility in architectural parameter selection and simulation 
efficiency are maintained with a novel new technique that combines virtual machine 
emulation with trace-driven simulation. The trade-off between fairness to diverse 
target architectures and programmability of the test suite is addressed through the 
use of operator and application libraries for a small set of critical functions. We 
also present examples of the type of results we are obtaining, including the effects 
of changing ALU designs and datapath widths, finding critical points in register set 
and cache sizes, the benefits of various types of router networks, and the performance 
cost of processor visualization. 

Keywords: Architectural evaluation, SIMD arrays, massively parallel processing, low-
level vision, intermediate-level vision, architectures for vision, trace-driven simulation. 

1. INTRODUCTION 

Computer vision is among the most computationally intensive tasks: Estimates have 
been made that a rate of execution several orders of magnitude higher than that 
currently available will be needed to perform real-time image understanding.46 The 
only way such computation rates are physically possible is by using massively par­
allel processors. Other applications use a similar style of computation and also have 
very high performance requirements. These include some VLSI layout algorithms 
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and relaxation-based partial differential equation (PDE) solvers. The question this 
research addresses is how to make architectural decisions for these types of machines 
on spatially mapped computations. As there has been some confusion as to what 
is low-, intermediate- and high-level vision, we instead refer to as spatially mapped 
those tasks that use pixel-PE mappings during a significant part of the computation. 
In particular, we describe a methodology and software system architecture that 
analyzes real program executions to evaluate massively parallel array architectures. 

Empirical computer architecture research requires the collection of performance 
data of a workload on sample architectures, i.e. the evaluation of points in the 
architectural design space. In general there is a choice between obtaining detailed 
information about a small number of architectures (usually one or two), or doing 
high-level studies on a class of architectures. Literature on architecture is filled with 
examples of the former, the latter approach was the basis for the current work on 
the class of architectures that became known as RISC machines; this approach is 
described by Hennessy and Patterson in Ref. 16. 

The analysis of massively parallel array (MPA) architectures for spatially 
mapped applications has not yet employed empirical techniques to examine more 
than a small part of the design space. Most previous architecture studies in this 
domain have been based on either analyzing particular classes of algorithms (e.g. 
Refs. 11, 20, 21), requirements analysis (e.g. Refs. 41, 46), or feedback from bench­
marks (e.g. Ref. 44). The first two of these methods have served their purpose in 
making 'first cuts' at machine architectures, but now these need to be extended 
to yield more specific and detailed results. The third has yielded detailed results 
about specific designs, but has not illuminated much of the design space. 

Two systems that have previously employed empirical techniques for MPA ar­
chitectural analysis are the SIMD Simulator Workbench26-27 and GT-RAW.23'34 

The first of these was developed to examine MPA PE design trade-offs. It is based 
on a detailed simulator of the BLITZEN5 which has been parameterized to enable 
the examination of multiple granularities (the trade-off between PE ALU width 
and number of PEs), support for multiplication and floating point instructions, and 
support for local indexing. The second system, GT-RAW, was developed to ana­
lyze reconfigurable architectures, so multiprocessor simulation is emphasized. The 
overall system design is an execution-driven simulator where the host is a virtual 
machine. As the programs are executed, the instructions in the different streams 
are synchronized, communication simulated, and the timing evaluated. 

Both systems represent significant advances over previous work because of their 
use of real program executions in the evaluation of MPAs. They also have some 
limitations, however. One is the need to rerun simulations for every design change. 
Another is the range of features and parameters that it is possible to examine 
with the SIMD Simulator Workbench, and — because of its emphasis on broader 
questions in the domain of reconfigurable multiprocessors — the detail at which 
features are simulated by GT-RAW. 

Studies that are more comprehensive than those just described — that is, studies 
which combine flexibility of parameter and feature selection, efficient and detailed 
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simulation, reuse of computation, and large test suites — must overcome the fol­
lowing problems. 

1. Computational Intractability. The simulation of massively parallel ar­
rays requires orders of magnitude more processing than the simulation of a serial 
processor. The classic choice in design studies of a given level of accuracy are be­
tween prototyping (efficient, but inflexible), and simulation (flexible, but very slow). 
Previous benchmark studies have been of the former kind and thus have neither ex­
plored a large part of the architectural design space, nor investigated the effects 
of varying multiple parameters simultaneously. Simulation studies have also only 
studied a small part of the design space and generally at a coarse level of detail. 

2. Programmability. Porting code among massively parallel architectures 
(or potential designs) sometimes requires that functions be recoded to use different 
algorithms. Otherwise the appropriate features will not be properly used and the 
results will be skewed." This problem can be viewed as balancing programmability 
with fairness and accuracy: either the benchmark is task oriented and requires a 
coding effort for each significantly different platform, or it is source code oriented 
and maps unevenly to different designs. Vision architecture benchmarks have leaned 
towards being task oriented34'36'47 and have therefore depended on independent 
efforts by each architecture's advocates to code the test suite. This has again 
limited the performance measurements to a few specific machines. 

3. Appropriate Workload. The benchmark test suites may not have accu­
rately reflected the workload of spatially mapped computations. They have often 
been restricted to relatively small computations and a set of well-known — but 
not necessarily representative — algorithms. Recent efforts have gone some way in 
changing this (see e.g. Ref. 47). 

We address these issues as follows. Flexibility, while maintaining enough effi­
ciency to explore a significant part of the design space, is achieved by combining 
virtual machine emulation — that is, minimal behavioral simulation that generates 
traces of virtual machine code — with trace-driven simulation. The emulation is 
orders of magnitude faster than detailed simulation, while the trace-driven simula­
tion enables flexible analysis. To maintain fairness while still allowing the search 
of a significant part of the design space, we use a combination of task oriented 
test suite specification and architecture dependent object libraries. The basic idea 
is to provide different versions of particular sub-tasks to those architectures that 
require them, but to do this only when they are needed. We address the problem 
of proper workload selection by including applications in our test suite that are in 
continual use in a machine vision research environment, as well as sample codes 
from VLSI layout and a PDE solver. These programs have the size and complexity 
to appropriately exercise sample designs. 

aThe porting problem can usually be handled in serial architecture studies by having a high 
quality compiler available for each target architecture. This is not the case for massively parallel 
architectures for reasons that will be discussed later. 
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The primary result that we present in this paper is an evaluation environ­
ment that is accurate, flexible, efficient, fair, and programmable. We call it 
ENPASSANT (ENvironment for PArallel System Simulation ANalysis Tools). 
We demonstrate this with numerous examples, including a case study evaluating 
register/cache tradeoffs with respect to different processor visualization factors 
(due to varying the size ratio of the data array to the processor array). 

The rest of this paper is organized as follows. The next section presents the 
application and architecture domains. There follows an overview of the simulator 
architecture. The next two sections describe some details of the simulator compo­
nents. We close with our case study and conclusion. 

2. THE ARCHITECTURE AND APPLICATION DOMAINS 

2.1. Project Goals 

The overall goal of any simulation study is to provide data that will be the basis 
for design decisions. Particular questions we wish to address include: 

1. Is there a system level bottleneck? What is the relative importance of improving 
performance on current designs of inter-PE communication, the PE memory 
hierarchy, and the PE internals? 

2. Given a balanced design, what are the minimum attributes for an 'effective' 
design, i.e. one that is competitive with candidates from other architectural 
classes? 

3. What are the relative benefits of increasing the processor array size (number of 
PEs) versus increasing PE complexity? 

4. What are the effects of particular design choices? For example, how does chang­
ing the machine from a one operand to a two or a three operand machine affect 
the datapath/ALU performance? Is it more worthwhile to increase the datapath 
widths? What is more important, adding registers, or adding another level to 
the memory hierarchy? What is more important for a packet switched router 
network, increasing its dimensions (decreasing its diameter) or increasing the 
bandwidth between pairs of nodes? 

5. What is the limit of 'obvious' improvements, e.g. increasing the datapath width? 
What functions are best hardwired? What hardware is best parallelized? 

2.2. The Test Suite 

The primary purpose of any test suite is to reflect the workload likely to be encoun­
tered in the domain being studied. We have two criteria in selecting the tasks. 

The first is to make sure that the tasks, as a suite, contain a representative 
sample of most of the types of computations found in the domain of spatially mapped 
computations (span the computation space). This has been done to ensure that 
all critical components of the designs are exercised fully: even if the weight of a 
particular type of computation does not precisely match that in a true workload, 
no significant architectural deficiency should go undetected. 
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The second criterion is to include applications currently in use. There are at 
least three reasons for this: (1) the programs must be 'big' enough to realistically 
exercise the memory hierarchy; (2) small changes in the proportion of expensive 
instructions (e.g. reduction) can cause a large change in apparent performance; and 
(3) the 'messy' connecting code, e.g. moving and aligning data, that is a significant 
part of most computations must be accurately represented. See Tables 1 and 2 for 
the vision-based test suite elements and the computations they represent. Other 
test suite programs are a VLSI path routing algorithm, and a relaxation-based PDE 
solver. 

Table 1. Description of vision-based test suite programs. 

Application Description and comments 

DARPA IU Benchmark II 

Weymouth-Overton 
preprocessor 

Fast line finder 

Depth from motion 

Boldt's line finder 

Region segmentation 

Synthetic recognition task developed to evaluate complete im­
age understanding systems.47 We use low-level bottom-up pro­
cessing and intermediate-level processing components. 

Information preserving image filter. 
Uses edge-model curve fitting.31 

Based on Burns's algorithm7: segments image by gradient ori­
entation and fits line to resulting regions. 

Computation dominated by correspondence-based matching.15 

Perceptual organization based. Iterative grouping algorithm.6 

Based on Nagin-Kohler system.3 Combines histogram-based 
image splitting and region merging techniques. 

Table 2. Broad classes of array computations found in spatially mapped applications, the particular 
application tasks in which they are used, and the test suite program where they are represented. 

Type of computation Applications where 
used 

Test suite program where used 

Pixel and integer array 
operations 

Floating point array 
operations 

Window-based communication: 
small windows 

Window-based communication: 
large windows 

Non-uniform communication 

Non-uniform reduction 

Use of non-trivial 
data structures 

Internal data movement 
and alignment 

all applications 

image preprocessing 
motion 

all test suite programs 

Weymouth-Overton preprocessor 
DARPA IU Benchmark II 

all test suite programs edge detection 
image filtering 

correspondence problem Depth from motion 

grouping 
segmentation 

segmentation 

grouping 
segmentation 

all applications 

Boldt's line finder 
Fast line finder 
Region segmentation 

Region segmentation 

Boldt's line finder 

DARPA IU Benchmark II 
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2.3. The Architectural Design Space 

The design space is the class of architectures known as massively parallel arrays 
(MPAs), many of which were designed specifically for spatially mapped computa­
tions. Examples include the Goodyear MPP,2 the CLIP-4,14 the Cambridge Par­
allel Processors DAP,32 the Thinking Machines CM-1, CM-2, and CM-200,40 the 
UMass/Hughes CAAPP,44 the BLITZEN,5 and the MasPar MP-1 and MP-2.4 

The architectural design space has two sets of components: the first is the set 
of features common to the entire class of architectures, the second consists of those 
components that will be varied and evaluated. 

We describe the common part first. The architectures all have a number of 
processing elements on the order of the sizes of the input images. With current 
technology, this necessitates SIMD control. PEs are all assumed to have a simple 
ALU, some registers, and some memory. The processor arrays have inter-PE com­
munication networks at least as powerful as a nearest-neighbor mesh. Feedback 
from array to controller is provided by a global-OR circuit. 

We partition the optional part of the architectural design space into features 
and parameters. These can generally be thought of as switches and dials on an 
instrument panel, respectively. The distinction was inspired by Snyder's work38 and 
is discussed in Ref. 18. Roughly speaking, a parameter is a component for which 
a reasonable compiler could be expected to make optimization decisions without 
user input; the opposite is true of features. In general, most components of serial 
processors are parameters. These include the number of registers, the width of the 
datapath, the size of the cache, etc. These components are parameters in MPAs as 
well; another MPA parameter is the number of PEs in the array. 

In MPAs, to a much greater extent than in serial processors, there are also com­
ponents whose presence or absence can cause different algorithms to be optimal. For 
example, we refer to the change of the inter-PE routing network from a broadcast 
mesh to a packet switched hypercube as a change in architectural feature. This is 
because, for several tasks (e.g. connected components, convex hull), these networks 
have different optimal algorithms. See Fig. 1 for an example of how various popular 
MPAs can be viewed as collections of features. 

3. SIMULATOR FLEXIBILITY AND EFFICIENCY: THE VIRTUAL 
MACHINE METHODOLOGY 

The central issue in machine evaluation is the tradeoff between flexibility, i.e. the 
ability to view as much of the design space as possible, and efficiency, i.e. the ability 
to generate quickly significant results for each point that is examined. 

At one extreme is the software simulation of complete machines (see e.g. Ref. 1). 
A simulator can be designed (at least in theory) with enough generality to simulate 
an arbitrary set of features and with enough detail to be able to simulate any 
level of granularity. In practice, however, there are two limitations. The first 
is the complexity of the simulator; simply coding all the options and verifying 
their correctness is an extremely labor intensive task. The second problem is more 
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Fig. 1. Representation of three massively parallel arrays (MPAs) as collections of core and optional 
architectural features. 

critical: simulating beyond the coarsest level of detail is extremely time consuming. 
Complete simulation is generally used either for high-level design (where detail is 
sacrificed for reduced execution time), as a final check before building a prototype 
(where every detail is thoroughly checked, but with a minimum amount of test 
code), or as a software development tool while waiting for hardware to become 
available. 

At the other extreme we have direct machine evaluation (see e.g. Ref. 9). The 
advantages of this approach are the detail and accuracy of the measurements: there 
are many problems that never become apparent unless they are observed in a work­
ing system. The disadvantages are that one needs a working system, instrumenta­
tion can be complex if not designed into the machine, and it is difficult to change 
parameters. Direct evaluation is often used to measure and tune the performance 
of existing machines. 

Trace-driven simulation has been used for examining the performance of prospec­
tive memory hierarchy and pipeline designs (see e.g. Ref. 37 and 22 respectively). 
Either a memory reference or an instruction trace is generated, usually from an ex­
isting system whose device characteristics (other than those being tested) are similar 
to those of the target machine. In the case of memory evaluation, the memory ref­
erence trace can be processed efficiently for a number of parameters simultaneously 
by using techniques developed in Ref. 28. A disadvantage of trace-driven simulation 
is that different traces must be generated if processor parameters, such as the size 
of the register file are varied. 

In execution-driven simulation, the test program is executed directly on the host 
machine, or on one processor of a multiprocessor (see Refs. 10, 35). Only interpro-
cessor communication and/or distributed memory access are simulated. Execution-
driven simulation is most useful for evaluating multiprocessor network designs. 

MasPar MP-1 

Thinking MachlnM CM-2 

UMasa/HughMCAAPP 
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None of these methods, however, are appropriate for our use. We do not have an 
existing machine, nor one to which we would like to restrict our designs, eliminating 
direct machine evaluation and execution-driven simulation. The design space we 
are interested in searching is too large for complete machine simulation. And since 
we are interested in evaluating more than just the memory hierarchy simple trace-
driven simulation is also inadequate. 

Our method addresses the flexibility/efficiency issue by using a multi-stage pro­
cess. The basic idea is to run the test programs on a virtual machine emulator, gen­
erate a trace, transform the trace with respect to a given architecture model, and 
derive performance results. Where our technique differs from common trace-driven 
simulation is that the emulator does not need to resemble the target architecture in 
any respect: our virtual machine emulator will run efficiently on any machine that 
runs our virtual machine language (ICL), which is simply C + + augmented with a 
parallel class. Naturally, the more the host machine resembles the virtual machine 
programming model (a generic massively parallel array), the better the performance 
of the virtual machine emulator. 

The test suite programs are all written in ICL and do not need to be rewritten to 
run efficiently for any MPA target architecture. ICL has similar semantics to other 
data parallel programming languages.8 It is like C*,41 but with the parallel data type 
restricted to two dimensions and called a Plane rather than a Shape. ICL contains 
the standard C types for scalars and Planes and the standard C operations for scalar-
scalar, scalar-Plane, and Plane-Plane combinations. ICL also contains operations 
to handle Plane characterization (reductions), interplane data movement (permutes 
and scans), and support reconfigurable mesh operations (region formation and PE 
broadcast). 

By excluding target machine implementation details from the virtual machine 
model, we can separate the program execution (and trace generation) from most of 
the architectural analysis. This has two benefits. 

• The test suite code is run with similar efficiency as code written especially for 
a serial processor. While this still yields the inherent slowdown in the trace 
capture/compression process (about a factor of 100), it is approximately 100 
times faster than running the ICL code on a detailed MPA simulator. Also, only 
a fraction of the storage is required. 

• Since the program traces are evaluated off-line, they need to be generated much 
less frequently, i.e. only once for any combination of array size, network, and 
application code. 

We now present an overview of the system architecture for ENPASSANT 
(ENvironment for PArallel System Simulation ANalysis Tools), a framework for 
making architectural decisions about massively parallel arrays. At the highest level, 
ENPASSANT is a black box that takes as input application programs and an 
architectural specification and outputs performance measures (see Fig. 2). At 
a slightly lower level, ENPASSANT contains four major components: the input 
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Fig. 2. ENPASSANT system architecture: highest level view. 

Fig. 3. ENPASSANT system architecture: block diagram. 

constructor, the performance model constructor, the virtual machine simulator and 
trace generator, and the trace analyzer (see Fig. 3). 

• The input constructor takes as input application programs written in ICL and 
outputs code executable by the virtual machine simulator. 

• The model constructor transforms the input architecture parameters into in­
struction, memory, and communication models for use by the trace analyzer. 

• The virtual machine simulator runs the virtual machine code, and generates 
execution traces. 

• The trace analyzer inputs the virtual machine traces and the target machine 
models and outputs performance measures. 

4. THE INPUT CONSTRUCTOR SUBSYSTEM 

The task of the input constructor is to create efficient code for each possible ma­
chine model. See Fig. 4 for its components and flow. Besides the obvious steps 
of compilation and linking, two issues must be addressed. The first is hardware 



12 M. C. HERBORDT & C. C. WEEMS 

Fig. 4. Input constructor subsystem. 

emulation, the second is balancing fairness in evaluation with programmability of 
the test suite. 

4.1. Hardware Emulation 

The virtual machine model was designed to present a programmer's model that 
contains the union of the set of hardware features available on any particular ma­
chine within the domain of massively parallel arrays. Therefore ICL constructs are 
available for routing, scanning, reduction, global count, and other operations for 
which hardware support exists on some, but not all machines. Since these virtual 
machine constructs are not implemented directly on all target architectures, they 
must be emulated with operations that are available. 

To do this we have created the Operator Emulation Library (OEL). 
For example, the HAX-Scan operation is not supported directly on machines 

that do not have combining router networks. In order for codes containing those 
operations to be evaluated with respect to machines not having that particular 
feature, that operation is replaced with a library call to an emulation function. The 
set of functions that emulate communication operations is described in Ref. 17. 

4.2. Maintaining Fairness and Programmability 

Architects of general purpose processors have established the benefits of using trace-
driven simulation for architectural evaluation.16 They have also determined that 
the criterion for the effective use of this approach is the existence of a portable 
high-level language for each of the designs being evaluated. Thus generic code for 
various benchmark suites such as SPEC39 and LINPACK13 can run with comparable 
efficiency on all target platforms for which a reasonable quality compiler exists. 
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The major difficulty that arises when transferring this method to the domain of 
massively parallel processors is precisely the difficulty in retaining efficiency while 
porting code from one processor to another. The reason is not just a question of 
the existence of a suitable language: it is that algorithms optimal for one parallel 
architecture are likely to be sub-optimal for other parallel architectures, even within 
a class of processors such as massively parallel arrays. It is beyond the capability of 
the current generation of compilers to recognize that an algorithm is inefficient for 
a given target architecture, much less select or create an appropriate new one. We 
recognize that this is a critical problem (and the reason for the task oriented nature 
of most parallel vision benchmarks34,36,47) and address it as follows: sections of the 
test programs that require different algorithms for efficiency reasons will have them 
provided. 

An example of such a task is labeling connected components. The code used 
on the CM-2 uses either pointer jumping or segmented-grid-scan based algorithms,25 

while that on the CAAPP uses multi-associative leader election via region 
broadcast.19 Exchanging or otherwise choosing the inappropriate code would 
result in the architecture having far worse performance than it is capable of 
achieving, thus skewing the entire evaluation. The use of the correct algorithm 
is critical in making fair architectural comparisons. The Application Function 
Library (AFL) contains the various versions of the critical functions that appear in 
the test suite. 

The following experiment demonstrates the necessity of using the correct algo­
rithm for each machine model. We ran two different connected components func­
tions on the virtual machine simulator. One was based on the 'connection machine' 
algorithm, the other on the 'caapp' algorithm. The performance of both traces was 
then measured with respect to both CAAPP-like and CM2-like machine models. 
The slow down resulting from using the incorrect algorithm on the CM2-like model 
was a factor of 13.5. The slow down on the CAAPP-like model was a factor of 81. 

It may seem that the number of tasks in the AFL should be the product of the 
feature space with the task space. However, the actual number is far fewer because 
many architectural features only require distinct algorithms for a few tasks. These 
tasks are, in general, those where global communication dominates. Even here, the 
same code is often optimal (though not equally efficient!) across routing networks. 
For example, the critical task of summing pixels in regions during a segmentation 
algorithm simply uses the global +Reduce function (and its emulations) for most 
architectures. 

5. MODEL GENERATION AND TRACE ANALYSIS 

Once the input has been created, it is run on a virtual machine emulator and 
traces are generated. The traces are then evaluated with respect to three separate 
components, the datapath and ALU, the memory hierarchy, and the communication 
network. See Figs. 5 and 6 for the components and data flow in these parts of 
ENPASSANT. 
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Fig. 5. Virtual machine simulator and trace analyzer. 

Architectural P«mm»>en 

Fig. 6. Model constructor subsystem. 

5.1. Evaluating the Datapath 

The purpose of the datapath (i.e. the PE ALU and other internals) model generator 
is to compute timings of the virtual machine instructions executed on the virtual 
machine emulator. For example, consider a virtual machine instruction that directs 
the array to add two parallel 32 bit integers and leave the result in the first operand. 
On the CAAPP, this instruction takes 65 cycles: 1 to clear the carry bit and, being 
a single operand machine, 2 cycles per bit for the rest of the add. On the MasPar 
MP-1, this operation takes 8 cycles. The ALU is 4 bits wide, both operands are 
loaded simultaneously, and the condition codes are handled in parallel.30 
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The goals of our implementation are (1) to be able to model precisely as many 
existing datapaths as possible (2) to allow for most conceivable extensions, and (3) 
to facilitate the combining of different sets of features. Our implementation strategy 
is to create a generic MPA datapath and an accompanying microcode generator for 
the virtual machine instruction set. The user creates a particular datapath model 
by invoking the model generator, choosing a datapath template from a menu of 
features, and specifying a set of parameters for those features (see Table 3). 

Table 3. Options and their parameters in the datapath microcode generator. 

Option Parameters 

Number of register operands per cycle 

ALU parameters 

Datapath parameters 

ALU supports bit types 

Both ADD and ADDC instructions 

Shift register 

Multiplier 

Divider 

Barrel shifter 

Leading one detector 

Floating point registers 

Floating point co-processors 

1,2,3 

Latency, width (1,2,4,8,16,32,64) 

Latency, width (1,2,4,8,16,32,64, and wider 
than ALU) 

T / F 

T / F 

T / F , latency, width (16,32,64,128) 

T / F , latency, width (4,8,16,32,64) 

T / F , latency, width (16,32,64) 

T / F , latency, width (32,64) 

T / F , latency, width (32, 64) 

T / F , width (32,64) 

T / F , width (32,64), # of PEs sharing FP 
unit, load/execution latencies 

Table 4. Tasks of the DARPA IU Benchmark II that are used in the test suite program. 

Low-level processing 

Label connected components 

Compute the /C-curvature 

Extract the corners 

Intermediate-level processing 

Select components with three or more corners 

Find the convex hull of corners of each component 

Compute angles between successive corners on hulls 

Select corners with K-curvature and computed angles indicating right angle 

Label components with three contiguous right angles as candidate rectangles 

Compute size, orientation, position, and intensity of candidate rectangles 
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The model generator uses this information to compute the timings for the vir­
tual machine instruction set. For example, to obtain the behavior of the CAAPP 
datapath as shown above, the user specifies: 1 register operand per cycle, ALU 
latency of 1 (one cycle per ALU micro-instruction), ALU width of 1, and that the 
CAAPP does not support the ADD instruction (i.e. the carry bit must be cleared 
explicitly). 

We now demonstrate datapath design evaluation by presenting simulation results 
from the bottom-up and intermediate portions of the DARPA IU Benchmark. The 
constituent tasks can be found in Table 4, see Ref. 47 for details. We use the 
CAAPP model as a baseline. Besides the characteristics mentioned above, it has 
an 8-bit wide datapath, supports bit addressing, has 40 bytes of register file, load 
and store latency of 5 cycles per bit, a 1-bit nearest neighbor network with 1 cycle 
latency, a 1-bit reconngurable broadcast network with 10 cycle latency, a 3 cycle 
OR feedback circuit, and a 20 cycle count feedback circuit. 
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Fig. 7. Plot of the execution time of the test program described in Table 4 as a function of ALU 
size and number of register operands per instruction cycle. 

The sample results are presented in Fig. 7. Note that most of the gain comes 
from increasing the ALU width from 1 to 8. This is because most of the operations 
are on b i t , char, and short i n t Plane types. Also note that little gain comes 
from increasing the number of registers per instruction from 2 to 3. This is because 
the code is optimized to get rid of 3-operand instructions whenever possible and 
because of the nature of the computation, this can usually be accomplished. 
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Also significant is that there is only a factor of 2.6 improvement from minimum 
to maximum performance. If the datapath is decreased from 8 to 1 in the case 
of the 1 bit ALU, the factor is still only 2.95. This is because there are several 
virtual machine instructions whose execution times are not decreased significantly 
by any changes in the ALU. The proportion of the total execution time of these 
instructions therefore increases in relation to the decrease of the total execution 
time. For example, inter-PE communication instructions go from 13% of execution 
time when the ALU has width 1 and supports a single register reference per cycle 
to 33% when the ALU has width 32 and supports 3 register references per cycle. 
Similarly, the proportion of feedback instruction time goes from 2% to 5%, bit 
operations such as activity bit manipulation from 7% to 19%, and memory reads 
and writes from 4% to 9%. 

5.2. Evaluating the Memory Hierarchy 

The evaluation of the memory hierarchy can be divided into two components: the 
register architecture and the cache/memory architecture. The major difference is 
that registers are explicitly managed, either statically by the compiler or dynam­
ically by the controller, while caches are managed transparently with supporting 
hardware. The performance of both components is obviously affected by their ac­
cess cycle times. However, there are also significant differences. 

The critical metric in evaluating the register architecture is the number of load 
and store instructions required to execute a given program. The register perfor­
mance depends on the number and type of registers. The critical metric in evaluat­
ing the cache performance is the hit rate; the important cache parameters are the 
cache size, block size, and associativity. Other parameters in the evaluation of the 
memory hierarchy are the number of cache levels (and parameters for each), and 
the bandwidth and latency between levels. 

The basic problem in evaluating a potential memory hierarchy design in our 
system is that the virtual machine has a flat memory space with locations specified 
only by variable name and type: the execution traces do not reference physical 
memory and register locations. This is a side effect of being able to evaluate the 
traces with respect to any number of target machine register/cache designs without 
having to rerun the simulations. As a consequence, the physical memory, cache, and 
register behavior of the program execution must be (re)constructed a posteriori. 

The performance is derived by executing a series of trace transformations to 
extract information implicitly contained therein. At a very high level, the general 
flow is as follows: 

• Virtual machine tags are determined as being either static, dynamic, or temporary 
variables. 

• Expressions are extracted and optimized. 
• The variables are assigned virtual memory addresses. 
• Registers are allocated and loads and stores inserted into the trace. 
• The load/store trace is used for cache simulation using standard techniques.28 
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For our register file evaluation example, we use the same test program as above. 
However, since there were few memory references in the original version (the working 
set is relatively small), we have this time simulated a processor that is one fourth 
the size of the images being processed so that each physical PE must simulate 4 
virtual PEs. The effect of varying the register file size on the number of memory 
references is shown in Figs. 8 and 9. The two knees shown in the different figures 
probably correspond to working set sizes of different parts of the test program. 
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Register File Size in Bytes 
Fig. 8. Plot of the execution time of the memory reads and writes as a function of register file 
size in bytes. The application is the test program described in Table 4 runs with a virtualization 
factor of 4, i.e. each physical PE simulates 4 virtual PEs. Note knee in curve at register file size 
of 40. 

5.3. Evaluating the Communication Network 

Those inter-PE communication operations with data independent performance — 
for most target architectures this includes nearest-neighbor moves — can be eval­
uated in the same way as datapath operations. In dedicated routing networks, 
however, the communication performance is often data dependent.29'33 For these 
networks, detailed simulation is necessary. We have written parameterized sim­
ulators both for self-routing circuit-switched and for combining packet-switched 
networks. These subsume the MP1 and CM-2 routing networks, respectively. The 
network simulation parameters are given in Tables 5 and 6. 

D memory reads 
O memory writes 
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□ D memory reads 
O O memory writes 

10 20 30 40 50 60 70 80 90 100110120130 
Register File Size in Bytes 

Fig. 9. Plot of the execution time of the memory reads and writes as a function of register file size 
in bytes. The application is the test program described in Table 4 run with a virtualization factor 
of 4, i.e. each physical PE simulates 4 virtual PEs. Note second knee at register file size of 80. 

Table 5. Options and their parameters for the circuit-switched router simulator. 

Option Parameters 

Topology 

Switch size in each level 

Number of switches per level 

Redundancy per output port per level 

Number of levels 

Latency per switch 

Latency per wire 

Startup latency 

PEs per router port 

Butterfly, Omega, Baseline 

2 x 2 , . . . ,n X n 

1 , . . . ,n /2 

1 ,2 , . . . , (switch size)2 

1 , . . . ,log(n) 

time 

time 

time 

1 , . . . ,n 

One problem with this scheme is that data dependent communication has a very 
large context, on the order of a megabyte per operation. This amount of information 
is far too great to carry along as part of the virtual machine execution trace. Instead, 
we perform the router simulations during the initial program execution. Although 
this does slow down the virtual machine execution, the cost of simulating these 
instructions (e.g. global permutations) is critical only when they also dominate the 
cost of program execution on the target machine itself. 
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Table 6. Options and their parameters for the packet-switched router simulator. 

Option Parameters 

Number of dimensions 1 , . . . , log(n) 

Path width 1 , . . . ,64 

Queue size 1 , . . . , 

Latency per switch time 

Latency per wire time 

Startup latency time 

PEs per router port 1 , . . . , n 

We demonstrate the use of the packet routing simulator on a region segmentation 
application. A critical routing pattern that is used during the region characteriza­
tion phase of a region merging algorithm3 is for every PE in a region to send data to 
a unique destination within that region. This facilitates the computation of region 
parameters such as size, border length, and the moments of various spectral values. 
The label images we wish to characterize are of the type shown in Fig. 10. 

Fig. 10. Segmentation of a 128 x 128 subimage of a house scene. 
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Fig. 11. Plot of the number of data transfer steps required to perform region reductions of image 
shown as a function of the number of dimensions of a 4096 node fc-ary n-cube routing network. 

The number of packet transfer steps was measured as a function of the number 
of dimensions in the network. For example, a fc-ary n-cube with 4096 nodes can 
have the (fc,n) pairs (2,64), (3,16), (4,8), (6,4), or (12,2). The last of these is a 
12-dimensional hypercube. The results are presented in Fig. 11. Observe that, at 
least for these routing patterns, the utility of using more than four dimensions is 
questionable. Also observe that for two dimensional networks, the capability of 
using wires to transfer packets in both directions (on alternating cycles) results in 
a factor of two speed-up. 

6. CASE STUDY: MEMORY HIERARCHY AND VIRTUALIZATION 

In this section, we show the effect on performance of processor virtualization (the 
simulation of multiple virtual PEs by a single physical PE) on a CAAPP-like target 
machine. We again use the bottom-up and intermediate portions of the DARPA 
IU Benchmark as our test program. 

The graph in Fig. 12 shows the effect of virtual processor emulation on the 
execution time. There are two things to notice. The first is the nearly linear 
slowdown (over the ideal behavior) that occurs when the virtualization factor is 
2, 4, or 8. This can be attributed to the ever greater proportion of time needed 
to emulate communication among virtual PEs. The second is the leap that occurs 
when the virtualization factor goes to 16. The reason for this can be seen in Fig. 13: 
for smaller virtualizations, most of the working set can fit into a register file of 100 
bytes per PE; this is no longer the case when the virtualization factor reaches 16. 

D D unidirectional transfer 
O - O bidirectional transfer 

I I I I I I I I I I I I I 
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Fig. 12. Plot of the execution time of the test program described in Table 4 as a function of the PE 
virtualization factor. The register file size is 100 in each case. The second plot depicts behavior 
that would occur if there were no slowdown due to virtual processor emulation. 
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Fig. 13. Plot of the percentage of the total execution time spent on memory access as a function of 
the size of the register file for different virtualization factors. Test program is described in Table 4. 
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Fig. 14. Plot of the hit rate versus the cache size in 8 byte blocks. The cache is fully associative. 

The practical result given in Fig. 13 is the minimum register file size for different 
virtuaJization factors so that memory fetches do not dominate the total execution 
time. The memory access time is assumed to be 5 times that of an arithmetic 
operation. For virtuaJization factors of 1 and 2, only a relatively small register file 
(25-30 bytes per PE) is needed. The small size is not surprising because most of 
the Plane types used by the benchmark require only single byte storage. It is also 
apparent, however, that for larger virtuaJization factors very little of the context 
remains after all of the virtual PEs in a code block have been emulated. Since 
the register file size cannot be increased indefinitely, the architectural answer is to 
interpose a level of cache into the design. 

Figure 14 contains the hit rates of caches of various sizes on the memory refer­
ence traces generated for Fig. 13. For simplicity, the cache is assumed to be fully 
associative with a block size of 8 bytes. As expected, the hit rate improves with 
the size of the cache. Also as expected is the result that a smaller cache suffices 
for a smaller virtuaJization. Less obvious is that the hit rate should decrease as the 
register file size increases. This is explained as follows: the larger register file size 
reduces the absolute number of memory references, thereby decreasing the locality 
of those that remain. 

Another result from Fig. 14 is that a cache size of 400 bytes per PE suffices to 
achieve a 90% hit rate even for a virtuaJization factor of 16. Figure 15 shows how 
balance is achieved when a cache of that size is added to the design. 

O D virtualization-4 register file s i ze -50 
O O virtualizalion - 8 register lile size - 50 
X JK virtualization-16 register file s i ze -50 
O O virtualization - 8 register (He s ize -100 
A A virtualization-16 register file s ize -100 

J 1 
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Fig. 15. Plot of the execution time of the test program described in Table 4 as a function of the 
PE virtualization factor. The register file size this time has been decreased to 50, but a 400 byte 
cache has been added. Graphs from an earlier figure are included for comparison. 

7. CONCLUSION 

In this article we have presented a software system architecture for use in evaluating 
massively parallel arrays for spatially mapped computation. This system enables 
us to extend previous evaluation efforts by simultaneously addressing the issues 
of flexibility of the design space, efficiency of the simulations, programmability of 
the test suite, and fairness to all target architectures within our domain, all while 
maintaining a high level of accuracy. In particular: 

• In order to achieve maximum flexibility in evaluating the design space while still 
allowing efficient simulations, we have combined trace-driven simulation method­
ology with the emulation of the generic MPA presented by the ICL virtual machine 
model. 

• We have addressed the problem of programmability of the test suite while main­
taining comparable efficiency on all target architectures in our design space by 
using operator and application function libraries. The first is general purpose, 
consisting of emulations of useful parallel constructs. The second is application 
specific and contains different versions of critical sub-tasks. 

• We are modeling the workload with a series of application tasks used in a real 
computer vision research environment. 

Another interesting result is the transformation process that is performed on 
the virtual machine traces to reconstruct o posteriori the compiler optimizations, 

X X observed: modified memory hierarchy 
□ D observed: original momory hierarchy 
O - O ideal: original memory hierarchy 
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register allocation, and caching behavior. This is an essential component in being 
able to run programs on a generic MPA emulator and yet tell what would have 
taken place had the program been run on any given target architecture. Finally, we 
have demonstrated the usefulness of our system on the critical problem of assessing 
memory architectures with respect to varying factors of processor virtualization. 
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