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significantly impacts
the way parallel
systems use their

compares systolic
and memory

iWarp system.

1 distributed-memory parallel systems rely on explicit message exchange for
communication, but the communication operations they support can differ
in many aspects. One key difference is the way messages are generated or
consumed. With systolic communication, a message is transmitted as it is generated.
For example, the result computed by the multiplier is sent directly to the communi-
cation subsystem for transmission to another node. With memory communication, the
complete message s generated and stored in memory, and then transmitted to its des-
tination.! Since sender and receiver nodes are individually controlled, they can use
different communication styles. One example of memory communication is message
passing: Both the sender and receiver buffer the message in memory.

These two communication styles place different demands on processor design.
This article illustrates each style’s effect on processor resources for some key appli-
cation kernels. We are targeting the iWarp system because it supports both commu-
nication styles. Two parallel-program generators — one for each communication
style — automatically map the sample programs (see sidebar, “Parallel-program gen-
erators”). Measuring these program executions lets us identify any correlation be-
tween communication style and instruction-type frequencies, evaluate how operands
are stored (in registers or in memory), assess which machine resources are used (or
not used) by specific parallel programs, and determine the impact on instruction-
level parallelism.

Experimental Setup

We are the first to empirically evaluate how communication style affects parallel-
system resource use. The experiments are performed on the iWarp system, which ef-
ficiently supports both systolic and memory communication styles and provides an ex-
cellent platform for parallel-program generators.

The iWarp system. The iWarp is a single-chip, VLSI processor developed by Intel’

that became operational in 1990. I't contains separate floating-point units for addition
and multiplication (20 Mflops single precision, 20 MIPS) and a high throughput (320
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MBytes/second), low latency (200 ns) com-
munication agent, which transfers data be-
tween other iWarp processors. This com-
munication agent provides nonadjacent
nodes with long-distance connections that
reserve bandwidth and reduce communi-
cation start-up overhead.! AniWarp node
contains an iWarp chip and some local
memory (ranging from 0.5 MBytes to 16.5
MBytes on our system). The peak local-
memory bandwidth is 160 MBytes/second.
An iWarp system is organized as a 2D
torus of four to 1,024 iWarp nodes.

Figure 1 depicts a block-level sketch of
the iWarp processor. Each processor’s
communication agent contains first-in,
first-out (FIFO) queues, each eight words
deep. Data received from neighboring
nodes is stored in one of these queues un-
til the program is ready to process it.
Queues can be mapped into systolic
gates, which are special registers in the
register file (shaded in Figure 1). Systolic
gates can be used as instruction operands
with the same access time as any other
register in the register file. When a gate
supplies an input operand, a data word is
transported from the associated queue’s
head to the functional unit. If the queue
is empty, the instruction spins until a data
word arrives. Writing to a gate sends the
data word to the associated queue’s tail.
If the queue is full, the instruction spins
until there is space.

The iWarp instruction set contains two
types of instructions:

 Short instructions contain a single op-
eration and control a single func-
tional unit. Examples include load,
store, floating-point add, floating-
point multiply, and integer add.
Loads, stores, and floating-point op-
erations execute in two cycles (100
ns). Most other short instructions
take one cycle. Short instructions are
encoded in one 32-bit word.

¢ Long instructions contain multiple
operations and control multiple func-
tional units. A multioperation long-
instruction word (LIW) is encoded in
96 bits and contains a maximum of
five constituent operations. Its exe-
cution time is limited by the maxi-
mum execution time of each opera-
tion. A single, two-cycle LIW can
perform one load and one store or
two loads (with the address-register
autoincrement), a floating-point add,
and a floating-point multiply, while
decrementing and testing a counter
for loop implementation.
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Figure 1. The iWarp processor.

The iWarp node contains several fea-
tures that support memory communica-
tion. Each node provides a high band-
width to local memory. The LIW format
allows one load for every floating-point
operation with an 80-MByte/second
peak-memory bandwidth. This band-
width and the flexibility of the LIW for-
mat make sure the processor is not
starved for data, even when none is sup-
plied by the communication system. For
example, a scalar dot product can pro-
ceed at the peak floating-point rate.

The iWarp processor contains eight
spoolers, which are DMA-like controllers
that move medium-sized and large mes-
sages directly from the communication
system to memory. Each spooler moves
40 MBytes/second of data and steals one
50-ns cycle to transfer two 32-bit words.
The total memory bandwidth is 160
MBytes/second. Thus, up to four spoolers
can proceed at full bandwidth but, in this
case, steal all memory cycles from the
computation agent.

Spoolers are valuable when multiple
messages arrive at the same time or when
message arrival and program execution
occur asynchronously. However, spooler
setup requires the execution of instruc-
tions. When only one or two messages
must be moved to memory and the mes-
sage arrival is synchronized with program
execution, then moving the message to
memory via explicit store operations is
faster.

Sample programs. We analyze single-
node resource use for four standard lin-
ear-algebra application kernels: matrix

multiplication (MM), LU decomposition,
QR decomposition, and successive over
relaxation (SOR). There are two parallel
programs for each kernel: one program
based on memory communication and
one based on systolic communication.
Two locally developed program genera-
tors use high-level computation descrip-
tions to automatically produce all pro-
grams except systolic SOR>* (because of
SOR’s structure, the parallel-program
generator cannot automatically create a
systolic program).

There are many memory communica-
tion models, including message-passing
variations used by private-memory com-
puters. These models differ in their func-
tionality and overhead. In this study, we
employ only neighbor-to-neighbor com-
munication and a high-speed broadcast
primitive, since the class of programs that
can automatically be mapped is regular
enough for this choice to yield the fastest
programs. A broadcast message is stored
and forwarded on a word-by-word basis;
this allows the sender to operate at full
speed, determined solely by the commu-
nication bandwidth. Since all parallel-
program connections can be set up during
load time (and the parallel-program gen-
erator takes advantage of this feature),
there is no protocol overhead associated
with a message. More sophisticated mem-
ory communication schemes may produce
programs with different characteristics.
However, the zero-overhead protocol
adopted by our program generator is ad-
equate for the regular programs used in
this study and produces the best overall
results on the iWarp parallel system.
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Table 1. Differences between profiled time and actual execu-
tion time for matrix-multiplication implementations.

Table 2. Mflops measured on a 16-node system for all test
programs. (Maximum rate possible is 320 Mflops.)

Profiled Actual  Difference Memory Systolic
time (ms) time (ms) (percent) communication  communication
Program (Mflops) (Mflops)
Systolic
communication 274 270 1.45 MM 113 302
Memory SOR 98 128
communication 760 710 6.57 LU 41 145
QR 150 174

Profiling and measurement strategy.
Each parallel program generated by its
respective parallel-programming tool
consists of one C program (called a node
program) for each node in the system,
plus information to set up connections
between node programs. A conventional
single-node compiler loaded onto an ar-
ray compiles each node program. We do
not include connection setup in our mea-
surements because it is part of loading
and hardly contributes to execution time.

All programs are compiled to use sin-
gle-precision arithmetic for computations
involving only float values. This format
is sufficient for our application domain:
image processing, computer vision, and
signal processing.

The code generated for each node is
then annotated to gather profiling infor-
mation that determines how often each
basic block is executed. Each node pro-
gram executes on a separate node and
tracks the frequency of entries to each
basic block. After termination of the user
code, the runtime system writes history
information into a log file on the front-
end computer. An auxiliary program
combines the basic-block entry frequency
with the object code to obtain profiling
information.

All programs are given 160 x 160 input
matrices and are run on 16 iWarp nodes.
Because of the regular structure of the
programs, there is almost no program
variation between different nodes.
Therefore, in each case we present num-
bers from a single representative node.

This static-profiling approach does
have some limitations, but the effects of
these limitations are minimal. First, be-
cause we base our analysis on the fre-
quency information for each basic block
of the user program, we cannot include
any time spent in system libraries (such as
the C math library) or the runtime sys-
tem. However, only a small fraction of
time is spent in the system libraries and
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no time is spent in the runtime system for
the programs we are investigating.

Second, the information collected is
sufficient to determine which user in-
structions are executed, but does not ac-
count for time spent waiting or spinning
(for example, time owing to instruction-
cache misses or waiting for messages to
arrive). Nevertheless, for the single-node
characterization, the static-profiling in-
formation is sufficient. By design, systolic
programs do not spend any cycles waiting
for data to arrive, and for the given size of
the parallel system (16 nodes), programs
based on memory communication do not
have to wait either.

Table 1 compares the time reported on
anode to overall execution time for a ma-
trix-multiplication program. Discrepan-
cies are due to network-resource delays,
stalls between adjacent instructions
caused by incomplete bypasses between
functional units, and instruction-cache
misses. .

Table 2 shows the measured Mflops for
all programs.

Results and
evaluation

Systolic communication promises two
measurable benefits!:

eincreased instruction-level paral-
lelism (since the communication sys-
tem is another source of operands,
more operations can be performed in
parallel) and

ereduced access to local memory
(operands are received from other
nodes, and results can be sent to
other nodes; there is no need to store
these values in memory).

Dynamic measurement of instruction
and operation frequencies permits em-

pirical evaluation of these benefits. Since
systolic programs are close to optimal for
iWarp, different systolic program gener-
ators are unlikely to produce significantly
different results.

Here, we present instruction-profiling
results and describe the microarchitectural
features responsible for our observations.

Instruction sets. The two iWarp in-
struction formats (short and LIW) let us
directly measure the impact of the two
communication styles on instruction-
level parallelism. Figure 2 illustrates the
percentage of iWarp system operations
performed by LIW instructions during
each communication style’s execution.

Figure 2 reveals that a properly opti-
mized program can effectively use LIW
instructions. Although on average only 5
percent of the (static) instructions in the
systolic object code are LIW instructions,
88 percent of all instructions are part of
LIW instructions. This usually holds true
for memory-based programs as well,
where LIW instructions account for 10
percent of the static instructions in the
code but execute about 52 percent of op-
erations. LIW instructions occurring in
the code are frequently used during run-

. time. The small percentage of static LIW

instructions means that the average in-
struction length — and code size — does
not grow excessively. Programs with sys-
tolic communication average 1.1 words
per instruction, and programs with mem-
ory communication average 1.2 words
per instruction.

Figure 3 shows the average number of
operations per instruction for each pro-
gram. Programs that execute a higher
percentage of operations with LIW in-
structions also execute more operations
per instruction. This proves that each
LIW instruction includes a reasonable
number of operations.

Figure 2 represents the relative contri-
bution of LIW instructions as a percent-
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Figure 2. Percentage of operations
executed in LIW instructions.

age of all instructions, while Figilre 3rep-
resents the contribution as a percentage
of all operations. Both metrics reflect
how frequently the LIW format is used.
But the execution time of LIW instruc-
tions and short instructions can differ:
The execution time of an LIW instruc-
tion is the execution time of its longest
operation (usually 100 ns for single-
precision, floating-point operations; 200
ns for double-precision), whereas the ex-
ecution time of a short instruction typi-
cally ranges from 50 ns (integer opera-
tions) to 200 ns (double-precision,
floating-point operations). A compiler
therefore tries to combine as many time-
consuming operations in an LIW in-
struction as it can. If one operation takes
100 ns, then any other 100-ns operation is
done at the same time, and it is more ad-
vantageous to put such an operation into
this LIW instruction than, for example, to
add a 50-ns operation. Figure 4 presents
the breakdown of execution cycles based
on the instruction format. According to
this metric, the programs with systolic
communication exhibit higher instruc-
tion-level parallelism.

Operation distribution. Figure 4 de-
picts the percentage of cycles executed
by LIW instructions. Although there is
only one LIW format, each LIW instruc-
tion can execute dramatically different
operations.> A more meaningful metric
would identify the operations executed
for each program. This information is in
Figure 5, which shows operation fre-
quencies for different programs and pro-
vides another picture of how processor
resources are used by these programs.
Operations are divided into five major
classes:
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¢ floating-point operations (any oper-
ation that uses the floating-point
multiplier or adder);

¢ load/store operations: memory oper-
ations (loads a value from or stores a
value to local memory);

s address arithmetic (ALU and load-
literal operations that calculate mem-
ory addresses, including shifts and bit
field operations, and count leading
Zeros);

* moves (ALU operations that copy a
value from one register to another;
floating-point units can also copy val-
ues between registers: our profiling
tool counts these moves as floating-

point operations, since a floating-
point unit is busy); and

¢ control {control-flow instructions such
as branches, jumps, procedure call,
and return are included in this group).

In Figure 5, all integer operations are
counted as address computations. This is
not always correct, because some integer
operations are needed solely to compute
loop-trip counts, but the number of such
operations is negligible. Memory-based
programs must retrieve all operands from,
and store intermediate results to mem-
ory, and therefore perform more mem-
ory accesses than systolic programs do

Mapping strategies and system parameters

(see Figure 5). The figure also shows that
memory-based programs have more
address computations: Since memory-
based programs access memory more fre-
quently, they must calculate more mem-
ory addresses. (The sidebar, “Mapping
strategies and system parameters,” de-
scribes how communication style impacts
memory-access patterns.)

Systolic communication programs use
far fewer control-flow operations be-
cause communication and computation
loops are combined. Programs based on
memory communication contain addi-
tional tests to determine the ownership
of data. With systolic communication,

The program generators discussed in this article let us
evaluate the impact of communicatioh style on the iWarp
system. But a compiler can use other mapping strategies, and
there are also many other paraliel systems. Code generation
strategies can affect our resuits, and these results depend on
the communication system architecture’s key parameters.

Many efficient systolic algorithms are not developed by a
program generator. And for some computations, blocking or
tiling may improve memory communication program execu-
tion, since this strategy reduces the number of communication
steps. Therefore, to understand the impact of this strategy, we
use some programs from a fibrary that is based on blocking.

Essentially, biocking or tifing divides a problem into sub-
problems that can be soived with good data locaiity. Each
node solves one of the subproblems and then exchanges data
to combine the subresults into the main result. This problem
division does the same amount of work as the simple program
division employed by our memory-based program generator,
but can have better communication characteristics because of
the increased locality.

Impact of mapping strategy. The systolic communication
model attempts to use network bandwidth instead of memory
bandwidth, while the memory communication mode! performs
computations only on values stored in memory.

Specifically, the memory communication program must
retrieve all computation arguments from memory, but the
systolic communication program can also retrieve arguments
from the network. And the memory-based program must
initially store all messages in memory, whereas the systolic
program avoids all memory accesses, because it never stores
messages.

As an example of computation phase differences, consider
the statement that forms the inner kernel of matrix muitiplica-
tion and L.U decomposition. In a program employing memory
communication, this kernel requires the ¢ and b vectors to be
tetched from memory:

cli] = cfi] + & = bfi]

it requires three memory operations and two floating-point
operations. By contrast, the systolic inner loop passes the ¢

vector along, so that only the b vector must be fetched from
memory:

tmp = receive ()
tmp =tmp + a * bfi}
send {tmp)

The systolic version requires two network operations, two
floating-point operations, and one memory operation, and
trades two memory operations for two network operations.
Therefore, the memory bandwidth requirements for the sys-
tolic version are less than for the message-passing version,
but the communication requirements are greater.

Whether the program with systolic communication can
perform better than the inner ioop based on memory commu-
nication depends on the balance of network and memory
access provided by the processor. And this balance depends
on how network accesses are implemented. Two forms of
network access are memory-mapped and register-mapped
network queues. One example of the memory-mapped ap-
proach can be found in the connection machine CM-5.2 There,
network access requires memory bandwidth. Hence, sacrific-
ing memory access for network access only makes sense
when accessing the network interface is faster than directly
accessing local memory, or when access to the memory-
mapped network interface uses processor resources that are
separate from those used by ordinary memory operations.

A processor’s number of parallel instructions is limited by the
memory bandwidth, network bandwidth, and number of func-
tional units supported by the machine. If a processor can multi-
ply and add in the same cycle, the limiting function is retrieving
the arguments from memory or the network. If a processor can
perform three memory accesses in parallel, the inner loop of a
memory-based program can be performed in one instruction.
On iWarp, no more than two memory accesses can be per-
formed in parallel, so the memory-communication inner loop
must use two instructions. Of course, a processor with a single
path to memory (like many contemporary microprocessors)
requires at least three instructions. But the systolic inner loop
can be performed in one instruction.

The blocking-based matrix multiplication algorithm rearranges
the loop order so that it uses a slightly different inner loop:



data flows through the program, so the
program doesn’t need to calculate data
addresses; it only needs to read the next
value from the neighbor node.

Program access. The iWarp architec-
ture includes systolic gates to allow fast
program access to the communication
system. A systolic gate is a port to the
communication system that is mapped di-
rectly (with hardware) into the proces-
sor’s register file, as shown in Figure 6.
There is no operating or runtime system
overhead involved in reading or writing
to a gate. Using a gate as a source or des-
tination of operands provides the mech-

Figure 6. Per-
centage of vari-
able accesses
through gates.

¢ =c +afi} = bli}

This loop requires only two memory accesses, because ¢ can

be stored in a register. This kernel still requires one more mem- _

ory access than the systolic algorithm does, but a machine such
as iWarp that can issue two memory accesses in paralle! lets
the loops be executed in the same number of cycles.

The systolic algorithm still has an advantage, because it avoids
initially storing the messages in memory. As problem size grows,
this advantage becomes less significant. In matrix multiplication,
the program sends O{(n?) words in messages but performs O(n3)
inner-loop iterations. However, this effect is still quite noticeable
for common array sizes (see Subhlok et al.? for a discussion of
data set sizes encountered in sensor-based computing).

Table A shows the Mflop measurements for the three matrix
multiplication programs (mapped onto 16 nodes for comparison
with results presented in the article body). There is a noticeable
difference between systolic communication programs and
blocking programs even though the inner loop is computed in
the same amount of time. As the size of the problem grows, the
difference in Mflops between the blocked and systolic imple-
mentations decreases.

In summary, Table A underlines three points about parallel
computations: First, with blocking, systolic and memory commu-
nications perform comparatively only when the matrices are
large. If we map a computation onto a larger system (for exam-
ple, one with 64 or 256 nodes), even larger inputs are required
to obtain the same performance on each node. Many applica-
tions cannot scale the input set’s size to match the parallel
system’s size, since the input set’s size is limited by external
constraints.? For these applications, systolic communication
allows performance on a parallel system.

Second, the iWarp processor supports one memory operation
in parallel with each floating-point operation. Memory-communi-
cation performance in processors without this balance (for
example, those that support only one memory access for every
two floating-point operations) cannot approach systolic-commu-
nication performance.

Finally, iWarp supports static connection setup, so there is no
protocol overhead for memory communication. Therefore, since
any protocol overhead reduces performance effectiveness, our
analysis of memory communication is actually optimistic.
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Table A. Mflops measured on a 16-node system for three
matrix-multiplication implementations of n X n matrices.
(Maximum rate possible is 320 Mflops.)

Simple-distribution Blocked (tiled)

memory memory Systolic
communication communication communication
n (Mflops) (Mflops) (Mflops)
128 102 163 291
256 114 209 304
120 259 310

512

Impact of communication system parameters. Another
parameter that influences the trade-offs between memory com-
munication and systolic communication is the way the processor
and program handle message arrival. The message-passing
program generator we used and the block matrix multiplication
explicitly store network data in memory. Other message-passing
implementations move message data to the background by
stealing memory cycles. However, performing the communication
in the background does not avoid memory-bandwidth bottleneck
and still requires time to set up data transfers.

The performance of the three matrix multiplications (memory-
based, systolic, and block-based) can be compared by defining
performance equations in terms of the message start-up over-
head S, the transfer time to send each word T, the time to exe-
cute the body of the inner loop L, the number of processors p,
and the size of the matrix n. The execution time Eyp of matrix
multiplication with simple memory communication is expressed
below (there are n® computation steps evenly divided over p
processors, and 2n? data elements must be moved):

EMP=2I7(S-V- Tn)+n3/pXLMp

The execution time Eg, ¢ for matrix multiplication based on
systolic communication is

Egys = m/p x Lgys




anism that reduces the number of load or
store operations. Figure 6 shows the per-
centage of operands supplied by or written
to a gate for the different applications.
Operands are read from a gate about as
often as they are written to a gate.

The iWarp is a load/store architecture:
The operands for all computations must
be retrieved from a register or gate, and
the destination of all computations is €i-
ther a register or gate. As shown in Figure
6, only programs with systolic communi-
cation use gates for a significant fraction
of computation operands. Only these
programs contain instructions that write

the result of a floating-point computation
directly to a gate.

Gate operands occur in memory com-
munication programs solely in the data
distribution loops. Since the program al-
ways stores a complete block in memory,
the operands must still be fetched from
there for the computation. Therefore, the
percentage of gate operands is much
lower than for systolic communication.

Other factors

A comparison of communication styles

must consider several factors. The input
data size, instruction-level parallelism,
available memory bandwidth, and paral-
lelization strategy all contribute to the ef-
fectiveness of executing a parallel system
program. For large data sets, the perfor-
mance difference caused by the commu-
nication style diminishes if the processor
supports sufficient memory bandwidth.
For common input sizes, a systolic pro-
gram enjoys a noticeable performance
advantage. There are some computations
for which systolic programs currently
cannot be automatically generated but
memory communication programs can.

an O(n?) effect, and blocking adds
O{p xn?ip) steps.

Figure D illustrates the impact of varying
the communication system parameters S and
T for the three mapping strategies and shows
the efficiency (node utilization) for different
input sizes. To emphasize the communication
system’s effect, all other parameters (number
of paths to memory, number of functional
units, and degree of paralielism) are kept
constant and equal the iWarp-system values.

031 o Systolic ~-Simple, S=100, T=0
0.21 -e-Simple, S=0, T=2  «-Blocked, S=100, T=0
0.1 -0-Blocked, $=0, T=2 —Simple, S=100, T=0.5

: —+-Blocked, $=4100, T=0.5
00 T T T T T T T T T T T T 1

Parameters S=0, T=2 model a system with
no start-up overhead and a transfer time of 2
cycles (for example, iWarp).

The simple message-passing inner loop

requires two instructions because of insuffi-

Input size (n)

40 80 120 160 200 240 280 320 360 400 440 480 520

cient memory bandwidth; the other two
strategies pack the operations into a single
instruction. Therefore, the simple message-

Figure D. Matrix-multiplication performance for p = 16.

The execution time Eg) for the block-based matrix multipli-
cation is

Eg :4(J;_7 —1) (S+ Tnz/p)

+n%/p x Ly,

Note that the communication time differs for the three ver-
sions. The time to compute the innermost loop is of the same
order for each, but different constant factors, Lyp , Lgys ,and
Lgi , serve to offset possible differences in the processors’
local computation capabilities. In our program implementation
on iWarp, $= 0. In an implementation that performs the com-
munication completely in the background, T = 0. if message
storing steals no resources from the foreground computation
(T = 0), then simple memory communication contributes only
about O(n) time steps asymptotically, and the blocked algo-
rithm contributes only O(yp) . However, if message storing
requires foreground resources, simple message passing adds

passing program's performance can be at
most half that of the other cases. A machine
with completely noninterfering background
. transfers and a start-up overhead of 100
cycles (S = 100, T=0) models a system with direct memory
access (DMA).

In practice, a zero-cost transfer is difficult to realize (unless
there are separate busses or memory ports), so Figure D also
includes a more realistic scenario with a 0.5 transfer cost. For
all models, as the matrix size increases, the performance is
dominated by the cost of performing the inner loop. But for
smaller sizes, there are noticeable performance differences.
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The processor features that support
systolic communication can also be em-
ployed to implement novel memory com-
munication schemes. A parallel-program
generator manages the memory of all
nodes and may determine where incom-
ing data should be stored. Either the
sender or receiver node must compute
these addresses.

Address computations for programs
with cyclic or block-cyclic distributions
(such as those included in high-perfor-
mance Fortran) can be very elaborate.
When multiple messages arrive, it is
sometimes advantageous to compute
these addresses on the sender node.® In-
stead of first receiving a message and
then copying the data, the program im-
mediately deposits the data into.its final
location.

The sender transmits address-data
pairs. On the receiver node, a message is
read word by word, and the address de-
termines where the data is locally stored.
The gates make this step easy: The ad-
dress is moved from a gate to a register;
then the data value is moved from the
gate to the memory location determined
by this register.

¢ have shown that programs
generated to implement sys-
tolic algorithms contain a

smaller number of memory-access oper-
ations than programs based on memory
communication. This fact has been men-
tioned before, but we are the first to
demonstrate this characteristic by mea-
suring and monitoring the execution of
real programs on a real system. We also
observed something surprising: Not only
is the number of load or store operations
reduced when using systolic communica-
tion, but the number of control-flow op-
erations is affected as well. This is due to
the systolic program’s more regular struc-
ture. The programs produced by our par-
allel-program generator using memory
communication contain more conditional
tests, which mainly determine when and
. how to transmit or receive data.

We also found that systolic programs
exhibit a higher degree of instruction-level
parallelism. The multioperation instruc-
tion format is employed more frequently
for systolic programs than for memory-
based programs, and multioperation in-
structions in systolic programs average
more operations. Both observations ex-
plain why systolic program versions take
fewer cycles to execute; this performance
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advantage is reflected in more efficient
processor resource allocation.

Finally, to capitalize on the reduced
number of memory accesses, there must
be an operand source independent of the
memory system. In the iWarp case, the
systolic gates act as a register-mapped
window to the communication system
and provide this additional operand
source. Systolic programs use fine-
grained (small message size) communi-
cation effectively via these gates; from
approximately 10 to 20 percent of all
operands/results are either supplied by
or written to a gate.

In summary, a parallel system that
aims to support fine-grained programs
must identify how operands are supplied
to functional units. Systolic communica-
tion requires a direct path from the com-
munication system to the functional units.
If data supplied by the communication
system can be read or written indepen-
dently of the memory system, then this
operand source enables a higher degree
of instruction-leyel parallelism. B
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Parallel-program generators

A parallel-program generator uses a high-ievel program
description to map computations and data onto a parallel
system’s nodes. At each node, a program without explicit
communication is turned into a one with explicit communica-
tion. Although a human programmer may assist with direc-
tives or hints, the parallel-program generator is responsible
for all parallelism management details.

Here we use matrix multiplication to illustrate the funda-
mental differences in data movement and mapping between
systolic and memory communication. Figure A shows the
conventional sequential algorithm to compute C= C+ AB.
Both the systolic and memory communication programs
compute the same result, given A and B, but each program
gets this result in a significantly different order.

Basically, both programs multiply two N x N matrices on an
N processor array. Both multiplication schemes can easily be

extended to handle matrices that do not exactly fit on the
parallel system.

of communication and computation. A node first sends data
needed by other nodes or receives the data it needs. Then it
updates all C elements stored on this node.

In this case, matrices are divided by rows. The p rows from
A, B, and C are assigned to node p. Therefore, node pis
responsible for computing the pth row of C. Here is a
pseudocode for the computation executed by node p:

for(k=0; k<N; k++)
if (k ==p)
broadcast row p of B
copy row p into Brow
else
receive row k of B into Brow

for(j=0;j<N;j++)
Clpllil = Clpllil + Alp]ik] = Brow(j];
Figure B illustrates the first two steps for the multiplication

of two 3 x 3 matrices. First, node 0 broadcasts the row of B
stored on node 0 to all other processors. Next, all nodes add

Memory communication. The memory communi-

cation program follows the standard data-paraliel for

paradigm and uses memory communication to move
data to the node that performs the computation. The
matrices are divided, and every element is assigned
to a node. The nodes that “own” C elements are
responsible for computing C values and so must
fetch nonlocal data needed to compute their C ele-

(k=0); k <N; k++)
for (i=0; i <N; i++)
for (j=0; j < N; Jj++)

C[i1[J] = C[il[3] + A[i]l(k] * B[k][]]

ments. The program proceeds in alternating phases

Figure A. Matrix multiplication.
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Broadcast row (k = 0)

e
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Coj= Coj+ Aw * By

Cij=Cy+ Ajo* By

Coj= Cy+ Ay * By

Computation row

Figure B. Parallel matrix multiplication based on memory communication.




A[il[0] = B{O][j} into the CIil[j] elements of C that they own.
Then node 1 broadcasts row 1 of B, and so on. After all rows
of B have been broadcasted, C (distributed over all nodes)
contains the results of C+ AB.

All communication is performed from memory to memory:
a row of B (stored in memory) is sent to all other nodes,
where it is also stored in memory.

Systolic communication. Basically, the systolic program
pumps data through the parailel system during computations
instead of reading all operands from memory.' Aand Bare
stilt assigned to local memory, but the elements of the C
matrix flow through the system. Unlike memory communica-
tion, no single node is responsible for completely computing
the value of a particular element of C. Instead, each node
partially computes every C element that passes through it.

Again, matrix Bis divided by rows, but matrix A is divided
by columns. Each node pis assigned the pth row of Band
the pth column of A. The initial values of C are pumped into
node 0. Below is the pseudo code for node p:

for(i=0;i<N;i++)
for(j=0;j<N;j++)
receive partial result for C[ilfj] intoc
¢ =c + Afillp] = Bpli};
sendctonodep+ 1;

Figure C shows the computation of C[0]{0] by the array
nodes. The partial result ¢ + Ali}{p] = B{p}lj} is immediately
passed to the next node, where it is used as an operand. The
output of the last node is the new value of C.

The inner computation foop of the memory communication
program performs three memory accesses but no communi-
cation, for each iteration. The systolic program performs one
memory access and two communication steps per inner-loop
iteration. So, in tight computation loops, the systolic program
takes advantage of communication system bandwidth in
addition to memory bandwidih.

We omitted some details in the above presentation. First,
since only parts of the arrays are stored locally, an additionat
level of mapping takes place so that memory is only allo-
cated for locally resident data.?2 Second, multiple rows or
columns are usually stored on a single node, further compli-
cating the loop structure and address arithmetic. Third, un-
rolling the bodies is usually difficult unless the bounds of
various matrices are known during compile time.
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Figure C. Parallel matrix multiplication based on systolic communication.





