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1. OVERVIEW

R
Two topics are treated in this Quarterly Technical Report. First, a model for the contention in

Lo

the Butterﬂym/ Switch is presented and discussed. Second, the results of measurements of
contention using a 16-processor Butterfly machine are presented. These results substantiate the

switch model, and indicate that the Butterfly Switch performs very well.

The efforts reported here were done in preparation for the tests to be conducted in the 128-

processor Butterfly Test Bed in the next quarter.

£

*Butterfly is a trademark of Bolt Beraneck and New man Inc.
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2. CONTENTION IN THE BUTTERFLY SWITCH

P,

2.1. Introduction

cw W
.':" =

One of the characteristics of the ButterﬂyTM Switch is the possibility that two or more

processors will attempt to use the same switch path. In this event, one will succeed and the others

must wait their turn. This effect averaged over the course of running an entire program will result

statistically in a slowdown. The purpose of this section is to derive a model of the process and to

compute the expected value of the slowdown.

722

13

The value of the slowdown will depend, on the program. The critical parameter of the

=

program is the frequency of references to global memory. Let us define the variable E to be the
o interval between such references to memory in the complete absence of a switch. This interval is a
characteristic of the program running on an ordinary MC68000, and can be measured on a Butterfly
system by running the whole program (with its data) in a single node. We want to calculate the
: corresponding value of the slowdown time F of the same program running on a Butterfly system

with the data spread uniformly over the machine, but with all the other processors competing for

g the switch as though they were running the same program (or at least a similar one) - with the
»;5 same value of E.

A

1 The result will depend on the machine configuration one is dealing with. Butterfly machines
I,

differ most obviously in the number of processors they have. They also differ, when the number of

?3

g- processors is not a power of four, in the way the switch is configured. (For powers of four there is

PR

PR a configuration so obvious that we have never built one of the alternatives - such alternatives could
,

exist however).

PR
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e X

The result will also depend on program statistics. If the pattern of reference to global memory

is such that all the processors go to the same memory (or use the same path in the switch) at the

same time, then the machine will slow down dramatically. Our computations assume that global

3
i,

26§ references go to random addresses, and thus we compute the expected values (rather than the worst
ﬁ case) of the delays.

o8
'l

V!

2.2. The Model

>

' Let us first deal with two simple effects. If the global data is distributed at random over the
W
g Y machine, there is some rather small probability that its memory will actually be local to a single
2l processor. In that case the memory reference is faster. This has the effect of lengthening E by the
N factor (P+1)/P (P is the number of processors). We assume that this effect is accounted for in E, and
o7 -

. that "global references” are always non-local.
:.f:{z Next, there will be a mechanical slowdown of every non-local reference simply because it

takes an otherwise empty switch 4 microseconds to make the reference. This number includes

everything, and is the measured difference between a local load and a remote load of a 16-bit

ot quantity. For unknown reasons the time of a double word load measures at 7.5 rather than 8
N

microseconds. Perhaps this is simple measurement noise. We will keep the delay symbolic rather
o
i: than numeric, so let R indicate the mechanical slowdown of the switch, and remember that R = 4.
, We assume that the references are single word transactions; if they are not, one simply adjusts E
& :

accordingly.
-.‘\.
o
L%
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nGlossary of Symbols
Al Time in the absence of contention P:  Number of processors.
=E+R
D: Extra delay due to switch contention. p:  Probability of collision at a single stage of
the Butterfly Switch.
Do:  Time wasted on trial where collision q: Probability of collision on a one way
occurs {measured as about 2 microseconds). reference through the switch.
E: Interval between references to memory in R:  Delay attributable to a mechanical
a program. slowdown (approximately 4
microseconds).
F: Time for program to run on a Butterfly r Number of ranks in the Butterfly Switch.
machine with shared memory.
h: 3r x:  Relative slowdown due to contention
4

compared to the absence of contention.

Now we proceed with the model. In the absence of contention in the switch:

F=E+R 2.1)

Figure 2.1 shows this simple relationship, which tends to hold true for most programs running on a

Butterfly machine even in the presence of a little contention. As the period between memory

references (E) gets large compared to R, E approaches F. In the presence of significant contention

there is another term due to contention delay:

F=E+R+2(D) (2.2)

where D is the extra delay due to conflicts in the switch. The point of this section is the
computation of D. The factor of 2 comes from the fact that each request involves two messages
through the switch (one each way), and therefore there are two opportunities for delay. D can be

expressed in terms of the probability of collision (q) on a single try through the switch as follows:

D = q(D, + D) (2.3)

where Dy is the time lost in the trial that failed due to contention. Dg tends to be 2 microseconds.

This simple equation (2.3) ignores two effects. First, the time lost in the trial is not a constant since

- e
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we deliberately make it a random variable. Second, successive trials are not independent,
particularly when the random variable happens to be small, since it is more likely that you will
run into the same message when you simply try again. A more detailed examination of these issues

convinces us that the simple equation is correct, but that the value of Dy is some 10 to 20% larger

than one would calculate by averaging over the random variable. We include all of this in the 2

microseconds allowed for Dy, .
Rewriting equations (2.2) and (2.3) we get:

D = D, [q/A1—q)] (2.4)
F =E + R + 2D, [q/(1-q)] (2.5)
The next step is to express q as a function of the probability (p) of collision at a single stage of the
switch. This function will depend on the details of the switch geometry, but the largest effect will
be from the number of stages or ranks (r) in the switch. If the switch is fully configured (i.e. the
number of processors is a power of four), it is easy to write the expression for q: the chance of

overall success is the product of the chances of individual success:

1-q=QQ-—p)F (2.6)
If the switch is not fully configured, then the probability of collision at the different stages of the

switch is not the same, and the corresponding equation becomes:

1-q=0-=pX1—p)---11-p) Q.7

In the rest of this note we will assume fully configured switches. Since r € 4, it is conceivable to

carry out the computation using these expressions.
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Since both p and q are relatively small, it is a good approximation to say that:

q=rsp - (2.8)
Let us now examine p, which will depend both on the geometry and the load. If the switch is fully

configured, so that the load on the input of a single switch element is fully balanced, then:

p = (3/4) (R/F) (29)
where R is the 4usec roundtrip time a message occupies the switch. Since F is the time between
message starts, R/F is the probability that any particular switch path will be in use. The factor 3/4
comes from the fact that at the time the path is requested, three other paths (in the 4 x 4 Butterfly
Switch implementation) can be delivering data with a probability R/F, and this data is distributed

over four output paths.
Let us express equation (2.8) as:

q=kR/F (2.10)
where k = 3 r/4. Here k depends only on the geometry of the switch since r is the number of

ranks, and is a number vetween 1.5 and 3.0.

We now have two equations which represent our model of the contention delay in the switch:

F=E +R + 2D, [q/1—q)] (2.5)

and

q=kR/F (2.10)

This can be solved directly as:

E + R — kR)? + 8KRD
F=E+R+kn+‘/( 2) BXXDo (2.11)

-l ekl
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We seek the relative slowdown x due to contention relative to the time for a cycle in the absence

of contention. If we set A equal to the time in the absence of contention A = E + R; then:

relative slowdown x = (F—;-i) (2.12)
now;
_1 kR 8kRDoA
x=3 [ A H-\I 1+ Gk ! (213)

We note that as A becomes larger, the slowdown due to contention approaches zero, as it should.

Equation (2.13) is plotted as a function of E, the size of the inner loop, in Fig. 2.2.

The various parameters corresponding to the configuration of the 128-Processor Test Bed are:
R =4, Dp=2, and k = 3. Figure 2.2 illustrates that the slowdown due to contention decreases
rapidly as the length of the inner loop E increases. By the time E is 10 microseconds, the slowdown

is 40%; and at E of 25 microseconds the slowdown is only 4 percent.

One might wonder why the slowdown is not infinite when the inner loop becomes zero. This
is because there is at least the four microsecond delay due to the serializaton of the remote reference
in every loop. Here we are calculating only the contention delay, not the total delay due to the

Butterfly Switch. The total delay is about 4 microseconds even when E approaches zero.
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2.3. Conclusions

Equation 2.13 represents a model of contention slowdown in the Butterfly Switch based upon
the specifics of the switch and the average interval between remote references in the program. For
programs where _the interval between remote references is of the order of 20 microseconds, the
contention delay is dominated by the simple serial delay across the switch. Since typical MC68000

instructions require about 2 microseconds, the balance between processor and switch design is good.

In the next section, experimental data is presented for switch contention.

-]l-
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3. SWITCH CONTENTION MEASUREMENT RESULTS

3.1. Introduction

LA S A

This section documents a performance test of a 16-node Butterfly system. Several experiments '

were performed, all of which involved a test program that performed a matrix multiplication

37

operation on a pair of 50 by 50 matrices. We designed this series of experiments to verify two

theories: one that predicts hardware contention in the Butterfly switch, and another that addresses

the effective utilization of the processors. Both theories suggest that this should be an "easy” problem

for the Butterfly system and that we should be able to make efficient use of a large number of

processors on a matrix multiplication problem of any reasonable size.

These experiments are not intended to test the arithmetic capabilities of the Butterfly machine, !

which are currently somewhat restricted due to the lack of floating point hardware (Note: this will

.5

be remedied in late 1985). In all of the experiments described, the test program operates on the

() . . .
e elements of two input matrices in such a way that the pattern of memory references and program
B
steps is what one would see if one were doing a matrix multiply. In the first two tests, the program
5 actually doe: the multiplication. In the third test, we replace all multiplication instructions by
% additions. This produces nonsensical answers, but it gives a useful indication of what the
performance of the Butterfly system would be if it had a fast hardware floating point unit. It also
T
e provides a severe test for switch contention.
2 -
<~
o 3.2. The Program
1 \
.. As noted above, the test program was very nearly the same for all experiments. We chose the X

calculation of a single element of the result matrix as the basic unit of work. It would have been 3

-13-
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[}

just as useful to choose a whole row of the answer or the sum of only 10 terms of a single element.

These would have yielded different experiments but much the same results.

The test program uses utilities from the Uniform System reference written by Will Crowther
for the Butterfly machine. The generator primitive "HelpOnArray” is used to distribute the
workload. The primitive "AllocateScatterMatrix” is used to allocate space for the operand and result

matrices.

"HelpOnArray" is a processor allocation routine, which schedules processors from a system-
wide pool of idle machines to a set of tasks defined by a pair of indices. In these tests, a unit of
work is defined by the row and column number of the element in the oufput matrix, to be
computed. The generator is implemented by a pair of counters, which are incremented using

microcode-supported atomic Add-to-Memory primitives, provided by the operating system.

“AllocateScatterMatrix” is a storage allocation routine that allows a program to store a matrix
"by rows” or by columns”. With the first option, each row of the matrix in question is stored on
some random processor; with the second option, each column is stored on a different processor. In
reality, the allocator does not try to be random. It simply walks through the memories of all the

available processors in ascending order.

With either option, the allocator spreads the elements of the matrix evenly among the
memories in the machine in order to minimize contention for any particular memory. We make no
attempt to couple the storage and processor allocators; as a result a processor will usually be
working on data in another processor’s memory. We do this deliberately to insure that tkere is
switch contention to measure. The choice of the row or column options has no impact on switch or
memory contention; the purpose is to simplify the effort required to step through successive

elements of a row (or column) in the array.

Bl Al i ol
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The values of the input matrix elements were generated by a small program. One matrix
featured consecutively increasing entries, and the other was a diagonal matrix with all diagonal
elements being 3. This made it possible. to verify, by inspection, that the program was computing
correct results. The fact that many elements were zero had no effect on the running time of the

program, since neither the hardware nor the software treats zero as a special case.

A subjective result is that the test program was relatively easy to write. The entire program
fits on a single page, and more than half of the code is devoted to setting up the initial matrices and
printing out the final results. One successful aspect of the debugging effort was the use of the
VAX-based simulator for the Uniform System. The application code was fully debugged in the

uniprocessor environment of the VAX.

3.3. System Ov;rhead

The ChrysalisTM* operating system and the Uniform System that runs on top of it impose very
little per-processor overhead. With the exception of the processor that is connected to the console
terminal, Chrysalis background processes have been shown to account for less than 3.5% of the
cycles on any Processor Node. On the processor connected to the console, there is an additional
process that polls the terminal line, using an additional 2% of the cycles. Since the Uniform System
creates only one application process per processor node, the amount of time lost due to context
switching is also very small. The only Chrysalis primitives used to any extent by the Uniform
System are Dual Queue operation and atomic add-to-memory operations. Both of these are

supported by microcode, and are quite fast.

*Chrysalis is a trademark of Bolt Beranck and New man Inc.
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3.4. Results

- -

These early experiments were conducted in January 1985 with a 16-processor Butterfly

rt ’ 555

machine using a 2-rank switch. Further experiments will be performed with 128 processors and a

=

o Rt a2 e

: 4-rank switch. The programs were coded and debugged on a VAX 780, and then loaded into the

Butterfly machine. Once loaded, the program was run from the Butterfly console.

FEE

For each experiment we ran a test program on a series of configurations ranging from one to

&

sixteen processors. We measured and recorded the execution time for each trial. In each trial the

e sop
T
‘e tw

allocation of memory remained the same, so that we ran the program with the processor part of

some nodes turned off but the memory part turned on. Although this method is somewhat different

S A R,

e from measuring a series of machines each with a different number of processor boards, it is the best
A . . .
: ' way to measure the effect of contention. We repeated each set of trials several times. There was
‘ little variation in the results from trial to trial, and the execution times varied quite smoothly as a
f
{ function of the number of processors. This suggests that there were no artifacts present introducing
b Ta .
i noise into the results.
! There are many ways to present the results of this kind of experiment. The most
t
~ "::. straightforward way is to plot the number of effective processors in use vs. the number of actual
R
§ L
processors in use. If all the processors are being used with 100% efficiency, the resultant plot should
;&
: o be a straight line. This kind of plot is included for each of the experiments performed here. Since,
'
) ':.‘ in many of the experiments the deviation from the ideal straight line is small, we also present the
;ls;
percentage deviation from the ideal straight line in tables.
L s
r A . :
! For each experiment then, we have a plot of effective processors vs actual processors, plus a
,

four column table showing the raw data (time in clock ticks), the time in seconds, the number of

w

effective processors, and the percentage deviation from a line of 100% efficiency. Usually the table

Ly

'y

P
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will extend from 1 to 16 processors (although we made some of the measurements on a machine
missing two processors). Occasionally the percentage deviation will be slightly negative, showing a
better than linear speedup. As explainec'i elsewhere in the test, this anomaly is due to the fact that
the first processor has an extra task relative to the rest, since it must maintain the keyboard and
display. The effect is in fact real, and two processors do slightly more than twice the work of one
processor where the one is connected to the console. The effect is also small, around 2 to 3 percent,

and should be ignored.

We based the reported times and efficiencies on measurements of the matrix multiplication
itself. The setting up the operand matrices and the printing of the results are not included in the
measurements. The overhead necessary to capture the attention of the extra processors and to direct

them to start work on the multiplication is included in the measurements.

Note that t.he Butterfly Switch introduces two sources of delay: one is the fixed cost of a
remote reference, which is due entirely to the time that it takes to clock a read request, and the
corresponding reply through the switch. The other is contention delay, which is a function of the
average number of times that a message fails to reach its destination because some other message has
blocked its way. The current series of experiments is devoted to measuring the second kind of delay
— contention delay, and comparing it to the theoretical predictions derived in Section 2. The first

kind of delay can be calculated precisely from microcode instruction counts, and is 4 microseconds.

The efficiency quoted here is therefore the EXTRA loss attributable to conflicts, after the fixed
cost of a remote reference in the absence of contention has been added. There are other measures of
efficiency that are just as useful (as long as their definitions are clearly stated). We chose this one
because we found it easy to relate to the actual performance application software running on the

Butterfly Parallel Processor.
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3.4.1. Experiment 1: Floating Point Matrix Multiply

In this experiment, two 50x50 matrices of floating point numbers were multiplied together,

E using the methods described previously. Table 3.1 shows that the per processor efficiency is
h essentially constant (at 1) for all configurations. This means that the program achieves linear
:"% speedup over the whole experiment. Looking at the tiny variations in the data leads to the
'z}‘.; surprising conclusion that efficiencies are in fact slightly greater than one. This due to the fact that
" the "baseline” experiment, which established the value of T(1) was run in the processor connected to
e

E':-’, the console. As noted earlier, this processor is subject to slightly greater system overhead than the
tﬁ' rest of the processors in the system. Figure 3.1 shows the same results in a different form by
b plotting the number of actual processors versus the number of effective pracessors for each
Ej configuration.

ﬁ A simple bu.t useful measure of the load on the Butterfly Switch is the frequency with which

a single processor makes remote references while executing the inner loop of the test program. This

o

number can be deduced from the time a single processor takes to complete the problem and the total

number of external references required to complete the problem. There are 2500 elements in the

2.

result matrix and 100 references to the operand matrices for each dot product, so the total number of
-
L
<.
~ references to do the multiply is 250,000 (plus another 3000 or so for setup and storing the results).
e Since a single processor requires about 100 seconds to complete the problem, the time between
o

memory references is about 400 microseconds. Each of these references is a double word reference

that requires 8 microseconds of "switch time."
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.p’

4

B '
\ b N

§

i

Clock Ticks Total Time (sec) Effective Processors* Deviation (%)

N
L 1 1618572 101.160750 1.000000 0.000000
. . 2 794906 49.681625 2.036180 -1.809019
EE . 3 527552 32.972000 3.068080 -2.269350
':s E.x‘ 4 394706 24.669125 4100703 2517570
“ @ 5 315607 19.725437 5.128441 -2.568828
‘;: | 6 262630 16.414375 6.162936 -2.715608
?:- 5@ 7 225224 14.076500 7.186499 -2.664268
8 196877 12.304813 8221235 -2.765432
la
MRS 9 175265 10.954062 9.234998 -2.611094
D i 10 15769 9.856000 10.263875 -2.638748
by 11 143475 8.967187 11.281213 -2.556480
12 131686 8.230375 12.291147 -2.426226
’:‘ f 13 121478 7.592375 13.323993 -2.492252
é ’ 14 112809 7.050562 14.347898 -2.484984
‘;.‘ :_'-;t 15 105504 6.594000 15.341333 -2.275554
ot
- 16 98831 6.176937 16.377169 -2.357307
',::1‘ i * (normalized to the task running on the first processor using remote memory)
. Floating Point Matrix Multiply 2-Column Switch
X c., Table 3.1
1
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3.4.2. Experiment 2: Fixed Point Matrix Multiply

In this experiment, the same computation was done using 32-bit integer arithmetic. For real
problems this represents marginal precision, since numbers larger than about S000 lead to overflow.
However, that is not important for the purposes of the experiment. Table 3.2 shows that after an
expected initial rise of 1%, the efficiency falls gently to 95% at 14 processors. The runtime was 15.4
seconds for the single processor case, which works out to roughly 62 microseconds between

references. We are still not using the switch heavily.

From the results of this experiment, the rate of conflict in the switch appeared to grow nearly
twice as fast as predicted by the theoretical model aescribed in Section 1. Examination of the test
program indicated a systematic cause for this growth. The task generator hands out elements of the
result matrix in ascending order (column 1, row 1; column 1 row 2; etc). This means that some of
the columns in o;xe of the operand matrices are being accessed very frequently, while the rest of the
columns in that matrix are not being accessed at all. To see whether this was the cause of the
problem, the test program was modified to compute element (i, (i+)) mod 50) when given the

coordinates (i, j) to spread references to the operand matrices more evenly across the machine.

The results from this version of the experiment are shown in Table 3.3 and Figure 3.2. The
qualitative behavior is the same, but the efficiency now increases to 97% instead of 95%, which

matches the expected results predicted in Section 2.

-2‘-

.. - . - A AT Tt A AT T AT AT e e T T T S T s e T T NS
. ﬁ.:-." . \")\-“ .J_\.’.. --(‘- ‘n-,"\- v y .I" n.(“(,."-‘_. ‘.-".‘\v" -’-‘ '} E A >

Y . NP




AL Sak Sl Sk Sk i At AT B Bl B PRI UL BUE A £ A A
y

: i Report No. $§875 BBN Laboratories Incor por ated
) :“,\
;
! Raw Data  Time (sec) Effective Processors Deviation (%)
1 246434 15402125 1.000000 0000000 |
" 2 122502 7.656375 2.011673 -0.583664
3 81517 5004812 3023099 0.769983
, 4 61202 3.825125 4.026568 -0.664194
5 49281  3.080062 5.000588 0.011769
g 6 41183 2573938 5983877 0.268719
% 7 35597 2224812 6.922887 1.101618
| 8 31278 1954875 7.878829 1.514643
. 9 27884 1742750 8.837828 1.801909
' 10 25335 1583437 9.727018 2.729820
11 23164  1.447750 10638663 3284878
::33 12 21429 1.339312 11.500023 4166472
8 13 19918 1244875 12.372427 4.827485 |
8 14 18655  1.165937 13.210078 5642302 ]
e ]

.
x

t

Fixed Matrix Multiply Without Skew
-~ Table 3.2
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3.4.3. Experiment 3: High Switch Utilization Test

In this experiment, the multiply- instruction of the dot product was replaced by an add
instruction. This produces a nonsense answer, but it does so much faster than the multiply —
greatly increasing the traffic through the switch. It is also a reasonable simulation of hardware
floating point. In a slightly different version of this experiment, we tuned the inner loop of the test
program by declaring ileavily used local variables to be register variables. In all previous
experiments this fine tuning would have caused little change in the results. In this version of the
test program, however, the inner loop was so short that the tuning made a difference. We avoided
systematic contention for rows and columns of the operand matrices by using the technique

described in the previous experiment.

Table 3.4 shows the result of untuned torture test where the efficiency falls almost linerarly to

83% at 14 processors. The runtime was 7 seconds for the single processor case, which works out to

roughly 27.5 microseconds between references.

When the tuning was done, the interval between remote references in the inner loop was 1.7
microseconds. Since it takes 8 microseconds to fetch a 32-bit word across the Butterfly Switch in the
absence of contention, each processor is spending half of its time making references through the
switch in this experiment. As shown in table 3.5, the efficiency drops off to 65% in a 16-processor

configuration.
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.
l‘|
o
:;:
% n
' Raw Data Time (sec) Effective Processors  Deviation (%)
s
W 1 247920  15.495000 1.000000 0.000000
m 2 122973 7.685812 2.016052 -0.802615
. 3 81795 5112187 3030992 -1.033070
‘ = w
o t‘ 4 61363 3.835187 4.040220 -1.005492
e 5 49222 3076375 5036772 -0.735444
W
¥
1 - 6 41165 2.572813 6.022592 -0.376553
L
" % ' 7 35361 2210062 7011114 -0.158771
4
L. 8 31151 1.946937 7958653 0.516837
V.
VIS
0
4 ig 9 27765 1.735312 8.929227 0.786362
k) i 10 25135 1.570937 9.863537 1.364631
is‘. 11 22873 1.429562 10.838980 1.463814
4 Ve
l. iy
;g by 12 21017 1.313562 11.796165 1.698625
L}
) ! 13 19403 1.212687 12.777406 1.712265
L
.‘ 14 18159  1.134937 13.652734 2.480470
) o
0 '; 15 17071 1.066937 14.522875 3.180833
)
- 16 16077 1.004812 15.420787 3620078
:g X
)
:': o Fixed Matrix Multiply 2-Column
R Table 3.3
) \
r N4
IRJ
' (N
o E
WS
By
2 -25-

. , - - a I LR W IO
A 2 A i ) - ¥ gt ? \ L ! Q0
SRS "IN A UL M A 10w, SR 0 TN T e s AWM AN WS



L oa el a oo g A AM-a a-s gim sk il A d asd aith s L atacad

" & Report No. 587§ BBN Laboratories Incorporated
o
» 3 _ )
0’. :}5 16 )
' Y S
“C 7
:.! 157 , Vs
n o}
: 141 %
B s
3y }‘\ Re
SR 13t h
X 5
’.
2 12 ,
g +
i IS ®
&‘ /.
7
N ,j 111 /'_,6
12 IR, y /
101 ’ &
& :‘; e p
). A
[ ! gt o
9 1 P
N i p
" i p
; H p 8T Y-
€ r L /_/ ’
a - o .
0 4 : y,
b 6"' -~ 'g
(3 S,
H 7
)00 54 ﬁ
, |
) = ,'" |
SR ; |
S at >
4 |
[\ y
;
Ly y
) , |
¥ J |
. 1
“" A : 2 /Q ;
{ i; //
! 1+ o I
[} -~
b ~"
o |
0*'" + + + Il — ' 4 .
oY
& procs
P
. ---- X
™
]« '
-1 Simulated Floating Point Matrix Multiply
I Figure 3.3
I
] R A
' - - -
" 26

L |

4 LIACAL s 1 Wy
MBS ANARE . ; 3 Ce D0 I o OLOLO =) X 3/ \ T ‘ﬂ. 3
LR 'T Al ?'—?;‘Q?g*g‘a' a‘ .“Ia,l’ﬁi"?‘:.'!a‘,h‘:‘g‘!h‘t!;‘ R ’\“‘?l‘ ,_'.':h‘ﬂ.‘,’.‘g"‘!" ‘,l o ’..“ R 4 .'gq..gg' N P '. .* ‘f‘j‘,“ o )"_ “!D".l‘ &y, .'9‘%* A



JUTE LTI T BT W Wy T W W W T W T T T e rmm o e e | e e e

Report No. 5875 BBN Laboratories Incorporated

»

wrE

1-Raw Data  2-Time (sec)  3-Effective Processors  4-Deviation (%)
L% 1 6759 4224750 1.000000 0.000000
2 34908 2.181750 1.936404 3.179787
& 3 23192 1.487000 . 2.841123 5295898
g 4 18173 1.135812 3.719584 7.010400
. 5 15003 0937687 4.505499 9.890022
E" 2 6 12792 0.799500 5284240 11.929331
»E':':, ‘« 7 11280 0.705000 5992553 14.392097
] 8§ 10191 0.636937 6632911 17.088608
.
E " 9 9204 0.575250 7.344198 18.397798
" i 10 8747 0.546687 7.727907 22.720933
H 11 8105 0.506563 8.340037 24.181482
5 12 7606 0.475375 8.887194 25.940047
L 13 7325 0457813 9.228123 29.014439
;. & 14 7011 0.438187 9.641421 31.132710
‘::;3 £~. 15 6705 0.419062 10081432 32790455
:": _ 16 6601 0.412563 10240267 35998334
0,
%E fie Matrix Multiply Torture Test
Y ’Ii Table 3.4
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2 4. CONCLUSIONS

! The experiments described in this report explore the parallel use of the Butterfly Parallel

2 Processors, measure contention in the Butterfly Switch, and prepare for measurements of the 128-

Processor Test Bed with a 4-rank switch. They also validated the switch contention model for a 2-

rank switch.

As indicated by the results of the experiments, parallel processors work effectively on the
matrix-multiply task. In effect all inefficiencies noted were due to switch contention. We did see
one "performance bug” when the program naively computed elements in a simplistic order. This
introduced a systematic coupling between the processor allocation and the storage allocation, causing
a minor performance degradation. By introducing a little more randomness into the order of

calculations, we confirmed switch contention to be the key inefficiency.

In the matter of contention, the Butterfly machine performed as predicted by the model

developed in Section 2. When the interval between references was 400 microseconds, switch

contention had essentially no effect. As we increased the load on the switch, switch contention took
a gradually increasing toll. At the extreme of the experiments (the "torture” test of experiment 3),
where a memory reference occurred every 17 microseconds, the sixteen processors performed as ten

effective processors. More typical results yielded fifteen effective processors out of sixteen.

It is difficult to write a useful program on the MC68000 with a smaller loop than the one used
in Experiment 3; this gives an upper bound on the efficiency loss due to contention in a Butterfly
system with a two-rank switch. It is also easy to expand the switch to more ranks with parallel

paths for sixteen processors to substantially lower the contention over that measure.
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It should also be noted also that we designed these programs to create switch contention so that
it could be measured. An efficient matrix multiply program, using block transfers and cached rows,

can achieve contention rates of less than 5% in the simulated hardware case, where the interval

between remote 32-bit references is about 9usec. We are now preparing to repeat these experiments

with a larger machine (128 processors) and a four-rank switch. These results will be reported in a

’
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future report.
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