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ABSTRACT

C.mmp Is a multi(mlni) processor with up to sixteen processors. This paper presents and

discusses measurements of the C.mmp system at several levels:

1. Basic hardware performance measurements

2. Runtime performance of Hydra, C.mmp’s operating system

3. Overall performance of a particular application: a parallel rootfinding algorithm.

The purpose ot this paper Is to get a detailed look at the performance of an Implementation

of a parallel program on C.mmp. The rootfinding algorithm was chosen because It meets two

constraints: it Is a parallel algorithm with significant irtterprocess communica tion; and it is of

rela tively low comp lexity, enabling us to focus on implementat ion Issues rather than subtleties

In the algori thm itself.

Variations in processor speeds and asynchronousl y executing operating system functions

are shown to have a detrimental ef fec t on the rootfinder ’s performance . However , the most

important implementation decision affecti ng the performance of the rootfinding program is the

type of synchronization semaphore used. We define the threshold for practical application of

a semaphore to be when 501 of the execution time Is attrlkuted to semaphore related

overheads. Using the 501 criteria , we measured thresholds for Inter-synchronization times

from two milliseconds for the most primitive locks, to 200 mIlliseconds for the most

sophis ticated and flexible semaphore. During the course of these measurements, Hydra

underwent several revisions and the 200 millisecond threshold was reduced to 33

milliseconds. The principal concept responsible for this performance tmprov.ment Is

discussed in the paper.
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1. IntroductIon

Most pipers that extol the virtues of multiprocessor computer systems cIt. the higher
throughput and cost/ performance (a g. Sauer 1977 , Fuller 1976) over th. more traditional
uniprocessor. However , both of these performance advantages can b. rea l ized only If the
software effectivel y exp loits the parattelism in the machine. To date , the task of writ ing
effective parallel software is still an a d P~oc procedure of constructing code for a one of a
kind machine. Since multiprocessors are almost as different from one another as they are
from uniprocessors It is difficult to apply insight gained from writing parallel software for one
multiprocessor to another totall y different machine. Yet by documenting the performanc. of
various implementations of several algorithms on one machine we can shed some light on how
effect iv , various strateg ies are at capturing parallelism.

The purpose of this paper then is to provide a firs t-hand look .1 the implementat ion of
parallel algorithms on a mult iprocessor. The nature of this Investigation is experimental
rather than theoretical in that the results we present are derived from the measurement of
real programs running on a real multiprocessor - C.mmp.

The basic structure of C.mmp, as shown in the PMS diagram of Figure 1.1 is that of the
canonical multiprocessor . A detailed description of C.mmp Is provided In th. original artic le on
C.mmp by Bell and Wuif [1972], but the following description should provide a sufficien t
background for this InvestIgation.

C.mmp Is organized as a system of 16 central processors (Pc’s) that share a centra tty
located large primary memory that presentl y consists of 2.5 Megabytes. The 16 Pc ’s are
completely asynchronous computing elements: 5 are PDP- 1t/20’ s and the remaining 11 are
POP-il/dO’s. They are connected to the shared primary memory via a 16 x 16 crosspo lnt
switch. Th. opera tion of the switch is similar to a 16 ported memory in that up to 16
memory transac tions can b. p.rform•d simultaneously. 1/0 devices, un)lk• memory, are

associated with an individual processor. Thus for example, an 1/0 request to a devic, on
Pc[O), perhaps a disk, Is performed by the requesting Pc sending an lnt.rprocessor Interrupt
to Pc (03 causing InitIation of the appropriate I/O interrupt service routine on Pc(0).

Hydra Is C.mmp’s general-purpose multiprogramming operating system (WuIf ci aL, l974i
4 WuIf ci el., 1975; Levin ci eL, 19751 Il ls a collection of basic or kernel mechanisms such as

memory management , process dispatching, and message passing. Upon t his core an arbitrary
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numb.r of systems created from these mechanisms can co-ex ist simultaneously. Hydra is
organi zed as a set of re-entera nt procedures that can be executed by any of the processors.
In tac t , several processors can simultaneously execute he same procedure. This concurrency
Is accomplished by placing locks around the operating system’s critical data structures. These
locks maintain mutual exclusion where necessary. Throughout this paper we will refer to
Hydra as the Kernel or the Operating System.

In th. following sections we develop a parallel algorithm to be used as a case stu dy and
der ive its theoretical performance. We enumerat e the contributions t o p.rforma nc .
fluctuation and degradation from several sources and quantify the magnitud. of each source
In terms of the program’s performance. One domInant influence on performanc e is th~ process
synchronization mechanism. We compare several alternat ive synchronizatIon mechanisms and
conctude with a graph showing the range of Inter-synchronization times for which each
m.chanlsm Is preferable.

L~~ •~_ 
_ _  •~~~
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2. DescriptIon of the Rootfinding Al gorithm

The purpose of this study Is to present quantitative performan ce results for implementing
parallel algorithms on a multiprocessor. Rather than attempting to measure a broad spec trum
of problems we have chosen to study various implementations of a single problem in order to
observe and measure in depth the performance tradeoffs In the implementation process.

Two cri teria that our case study problem had to meet were : the problem must be complex
enough to have Interesting implementation tradeoffs and low enough complexit y to permit the
focus of attention on Implementation issues rather than algorithm issues. The candidate
problem we finally selected is the rootfinding task.

We have chosen to consider this problem not because It particularl y well-suited for parallel
solution, but rather because it is a relativel y straight forward task that requires a significant
amount of Inter -process communication. Accord ing to Stone(1973], algorithms like the
rootfinding algorithm that exhibit speed-up gains proportional to the logarithm of the number
of processes fail Into a class of problems at best considered poor candidates for parallel
processing. However , the underlying control structure present In this procedure, that of the
synchronous parallel algorithm, is representative of many par allel decompositions of
otherwise ser ial algorithms. For this reason il ls worthwhile to understand the nature of the
control structure and to study the Influences on Its performance. Investigations now In
progress are considering larger problems and alternative control structures better able to
exploit the available parallelism of C.mmp (Oleinick 1978J

Specifically we will consider the problem of finding the root of a monotonically Increasing

function in a bounded region. If we assume no special information about the behavior of the
function, the best procedure for a uniprocessor under these circumstances Is a binary search.
An obvious decomposition of the binary search Into n parallel processes on a multiprocessor
Is to evaluate the function simultaneously at n equidistant poInts within the bounded region.

The optimal placement of the n processes on the interval is known (Kung 1976], but to
minimize the complexity of the algorithm In order to focus on the synchronous control
structure we will use th. less than ideal ,but good, technique illustrated in Figure 2.1. The is

parallel processes perform function evaluations at the is points that divide the Interval Into
is.! equal subiritervals. Since our function, F(x), is a monotonic functIon, the sub-interval that
contains It,. root Is th. sub-interval w ith Opposite signs for F(x) at its end points. The other

-~~~~~~~~~~~~~~ —•=
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root

First Iteration:

Second Iteration: —

P2 1~
Third Iteration:

~~~~~~~~~~~ 

P

Fourth Iteration: ~P1 P2 P3

Figure 2.1 Rootfinding Program Using Three Processors
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sub-Intervals are discarded and the procedure repeats this basic iteration until one of th
function evaluations Is within ~ ,Le. an acceptabl y small Interval close to zero, of the
zero -crossing.

For he measurements presented here the functIon we are eval uating Is th. normal
integral :

I .. -~F(x) — —
~~~

— .xp~— l 2 t ) dt — h (2.D
.~~~T! x

For a c 2.32 th. following truncated power series was used to evaluate F(x):
3 5 7 4

,c :c x x -~
( x + + + 3*~~j~ 

+ 3*5*7*9 + ... - h (2..

and for larger s we used the continued fraction:

t~ ( x+ I,’( x+ 2~ ( x+J ( ~~~~~~~~ — Pt (2.P

We selected this normal integral because it is an Important transcendental function that
exhibits two char acter ist ics important to our measurement studies: it requires an extensive 

V

amount of computation, arid the type and length of .omputation ar• data dependent.

In order to evaluate the performance of our impI.mentations of the rootfindirig algorithm
we fi rst calculale the theoretical, or overload-free, performance curves.

The basic cycle in the rootfirider is the Independent evaluation of the function by each of
th. cooperating processes and, upon finishing, the communication of each process with the
other processes by posting th. results of its function evaluation. Notice that t P~. new interval
is not located until all of the processes have posted their results t . When the last process

finishes Its function evaluation it assumes the jobs of I ind~ng the new root-containing Interva l
and wa krng up alt of the waiting processes. This basic cycle wi call a STAGE:.

hider Ideal conditions th, cooperating processes lit the roottirtder would exhibit the
execution behavior found in Figure 2.2. tach process performs a function evaluation
Independently. They all finish at the same instant and, after a very brief bookkeeping
calculation perform a new F(x) calculation, on an Interval reduced by t~(n’i.I). In practice , we

seldo m find this to be the case. The fluctuations in performance stem from sources intrinsic
to th. multiprocessor as welt as the rootfindirig program.

‘ The new Interval is located as soon as the sub-interval Is bounded but again we have
opted for a more straight-forwar d algorithm In order to focus on the implementation issues.

_________ - —
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3. Sources of Performance Fluctuation

3.1. IntroductIon

In this c ase study there are three distinct sources of performance fiu .tua~ion: the variation

in the amount of computation required to perform a function evaluation, the individual
hardware elements ’ performance character ist ics , arid the operating system. We will IdentIfy

• the nature and measure the magnitude of each of these sources starting with the variation lit

the F(x) calculation as It is the most strai ght forward of the three.

3.2. The Variation In the F(x) Calculation

The elapsed time to perform a function evaluation is data dependent. The distribution of
the compute time is shaped approximate ly Normal as shown is Figure 3.1. The mean is about
100 milliseconds w~th almost art equal number of samp les on each side of the mean ’. Thus
we might model the expected finishing time for a process performing an F(x) calculation to be

a random variable wi th a Normal distribution. As other func tions would have other compute

time distributions, we derive the theore tical performance for the constant and exponentI~tl

cases also.

Let the t ime taken by the 1th stage in the rootfinding procedure be the random variable T1.
Since all of the processes are performing the same calculation, each process execute~s for a

random amount of time, e (see figure 3.2), taken from some distribution. Because all of the

processes must finish their function evaluations before the new sub-interval is Io~..ated

• T~~ — MAX ( t
1
, t2,  t3, ... , t ) (3.1)

• From elementary order stat istics the expected value of the largest order statistic in random

samples of it from a parent distribution with continuous strictl y Increas ing cdl P(x) Is

E( X~~~) J”~ 
nx{ P(x) )~~ 1 dP(x) (3.2)

If we know nothing about the distribution of the other than the mean u and standard
devia t ion a, the expected value of the largest order statistic Ti, reduces to

‘On an 11/20 processor

- • • • • • ---—— • .-~~,—.~~~~~~~~~~~ • • • •~~~~~ VV
•• • • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~
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C. SAMPL.ES)
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Figure 3.1 Distribution of the Time to Calculate F(x)
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- n-iE( T~ ) ~ i.& ÷ V7(Zn_1) * ( 3 . 3 t

This bound can be rep laced In the exponential case by the equality
n-i

E( T~ ) — n~ 
~~
‘ 

(
n_ I ) (_ 1)

J (3 4\

j —O (j+1)
For the Normal case we consult Teichroow s( 1956) tables for the expected value of the

larges t order statistic drawn from the N(0,J) distribution.

When the expected value of the compute time Is a constant , equation 3.3 is rep laced by the
simple equality E(T 1) - U.

If we are interested in the performance speedups obtained when we put more processes

to work finding roots 1 we need to estimate the average time to b eat, a root as a function of

the number of processes. Since every Iteration in the rootfinding procedure reduces the
interval of uncer tainty, L, by a factor ~I n.j it takes Ceihng(logn+i L) Iterations to locate the
root in a bounded Interval of length L. Thus in our example let R1 denote the number of

iterations necessary to arrive wi thin ( of the root using L processes. For our choice of ,

R— { 5 4 , 34, 27, 23, 21, 19, 18, 17, 16, 16, 15, L5,...~ iterations. Notice tha t it takes the same

number of iterations to locate the root using nin, and ten or eleven and twelve processes.
This is because the number of iteraiions must be an integer . Thus, there is little to be gained

• by incorporting many processes in the procedure. In this study the maximum number of

processes we will use is nine.

We can estimate the runtirne of the rootfinder to be the following:
R

Runt~~ e(n) — R * E( T )

km I
Often we will be Interested In the speedup achieved through parallelism. We wilt usi the
following formula to calculate speedup:

Runt im e(i)Speed up(n)
Runtime(n)

Figure 3.3 is a plot of the speedup vs. number of processes for iF .e following three

dIstributions:
• Distributi~n ~jsnd, d DtvI.tlon

Constant 1000 0
Normal 1000 278

Exponential 1000 1000

V 

_ _____________________________
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FIgure 3.3 Speed up vs. Number of Processes for Ideal Multiprocessor
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The glitches In the curves are a result of the C.iling func!ion In the equation for the
number of iterations to perform. Because the number of Iterations must be an Integer value,
the curves are not smooth.

This figure contains calculated no-overhead performance curves for three sample F(x)
distributions with standard deviations ranging from 0 to u. The performance range is front

neg ligible speedup when the compute time for the function evaluation is exponentlaly

distributed to more than a factor of 3.3 speedup for nine processes when the distribution of
• the F(x) calculation is a constant. The Normal curve between these extremes closely

approxImates the actual F(x) distribution~and is Included for comparison.

Another way to view this data is to plot speedup for the nine processes case vs. the ratio
V 

standard deviation/mean as was done in Figure 3.4. This figure very clearly shows the impact
of the variance on the performance of the rootfinding procedure. When the coeffIc ient of
variation is much greater than one, no speedup can be obtained by Incorporating multIple

processes In the rootf inding task.

Now we compare the calculated no-overhe ad performance of the rootfinder to measured
• data observed on the machine. In order to measure performance as a function of the

distribution of the F(x) compute time a synthetic rootfinder was developed because we did
not want to limit our investigations t9 particular distributions too early In the experIment. The
nature of the calculation was still the real function evaluation, however the length of time

spent computIng was adjustable to reflect the distribution under consideration.

Figure 3.5 graphs performance In terms of elapsed time as a function of the number of
processes for three distributions of the F(x) calculation. In each case we compare theoretical
performance to measured data Since the means of the three distributions were not IdentIcal
the data points for the single process Instantiation do not coincide. Thus In this graph
comparisons across distributions can only be relative approximations. What is important here
is how clos, the measured curves are to their theoretical curves.

For each single process Instantiation the measure d and theoretical curves are f at apart.
This Is because any per tubatlon the process experiences will be additive end will lengthen
the basic cycle time.

As we Incorporate more processes the constant distribution diverges the most from the
theoretical while the exponential diverges the least. The reason for this behavior is that

— ;- ~~~~~ ~ ~~~~~~ rr .r—L~* ~._ — ~~~~~~~ — -
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pertubations experienced by the processes will tend to ncre.se the varianc e of th.
underly ing distribution. However , a smal’ change in the variance of the constant dIstribution
will be a much larger relative change than a similar change to the exponentIal dIstribution.

That the observed data doesn’t agree closely with the calculated curves Is evidence that
there are other influences on performance besides the distribution of the compute time. In
the following sections we discuss measurements that uncover th. other factors influencing
performance.

3.3. The Variat ion in Performanc e of I ndividual Hardware Elements

The fluctuations in performance caused by the hardware will always be present because
Hydra allocates C.mmp’s resources dynamically. While a user cannot accurately predict the

exac t performance of hIs processes , he can estimate the magnitude of the fluctuation in
performanc , by measur ing lit. variat ion In the performance of lit . Indiv idual hardware
elements. -

3.3.1. Processor Related Variations

C.mrnp is a multiprocessor constructed from POP-li model 40 and model 20 minicomputers.
In Table 3.1 we have summarized the basic performance difference between the processors
by comparing their execution of lit. F(x) calculation without the presence of Hydra. Each
processor performed the calculation 100 times in the same memory port. The number of
MSYN’s t was counted and lit , elapsed time measured. These figures appear In the first and
second columns. Th. third column of figures Is th, processor speed relative to Pc(0J. 

V

‘MS~’j~ Is the DEC name for tit. si gnal that indicates a request Is being made fOr the
Unibus . SInce only the processor Is making requests the number of MSYNs Is the number
of memory requests made by the pr oc~ssor.

• 
~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ _-_
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Model elapsed Time 
~~~ KMwn’s/sec Rclath~ ~ PcIOl

0 11/20 15.559 443.3 1.000
1 11/40 10.413 662.4 1.494
2 11/40 9 985 690.8 1.558

• 3 11/40 9.745 707.8 1.596
4 1 1/20 16.144 427.2 0.963
5 11/40 10.060 685.7 1.546
6 11/40 10.238 673.7 1.519
7 11/40 9.829 70 1.8 1.582
8 11/20 14.867 463.9 1.046
9 11/40 10.022 688.3 1.552

10 11/40 10.173 678.0 1.529
11 1 1/40 10.00 1 689.7 1.555
12 11/40 10.129 681.0 1.536
13 11/40 10.005 689.4 1.555
14 11/20 14.965 460.9 1.039
15 11/20 14.999 459.9 1.037

Table 3.1 Speed Variations Among C.mmp’s Processors

Naturally, a process ~n an 11/40 should execute faster than a similar process on an 11/20.
Notice that even among processor of the same type there can be more than a SZ difference

in speed.

Because there are two types of processors , the strategy of dynamically assigning
processes to processors Is complex. It is not sufficient to schedule a ready process to the
best processor available. The following scenario clearl y demonstrates why.

Suppose that the rootfinding processes are performing their function evaluations and are

finishing at random times. After several have finished one would expect to find some idle
11/40’s and computing 11/20’s 1. A good scheduler should handle its resources better. The
idle 11/40’s should Msteal the processes computing on l i t , 11/20’s. Naturally, this

philosophy assumes that a context swap can be performed quickly. This process stealing
philosophy is the scheduling policy on C.mmp.

1During the course of our study the number of processors running in the system varied
day to day. The processor configuration during the experiment with lit , synthetic rootfinder
was 10 PDP-11/40 ’s and 3 PDP-11/20’s. Since we never used more than nine processors to
perform the F(x) calculation aH of our processes ran exclusively on the 11/40’s. However ,
the problem is real. If we could have incorporated more than ten processes Into the
rootfinding procedure we would have had to deal with It. later experiments in this paper
measure the Impact of the non-homogenous processor configuration as the number of
available 11/40’s frequently was less than nine.
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3.3.2. Memory Related Variations

3.3.2. 1. T.chnology Differences

C.mmp’s central ly located primary memory a also a source of fluctuation in performance.
The memory Is divided Into 16 modules, or banks. Each bank can service memory requests
Independently. However, the relative speeds of the banks are different because they contain
different typ es of memory. At the time of this study 5 banks contaIn ed semiconductor
memory and 11 cantained magnetic cores. Table 3.2 summarizes th. speed differences of the
memory banks. In this experiment Pc(15] performed the F(x) calculation 100 tImes In each
memory bank. Th. elapsed times appear in th, table.

Technoloty Ii ~~ tuc~1 ~M yit~Ls,c RelatIve t.q ~,4p1Q.]
0 core 15.243 452.5 1.000
I core 14.943 46 1.6 1.020
2 core 15.127 456.0 . 1.007

• 3 core 14.999 459.9 1.016
4 core 15.087 457.2 1.010
5 semiconductor 15.950 432.4 0.955
6 core 15.272 451.6 0.998
7 core 15.402 447.8 0.989
8 semiconductor 15.887 434.2 0.959

F 9 semiconductor 15.858 434.9 0.96 1
10 semiconductor 15.860 434.9 0.96 1
11 semiconductor 15.855 435.0 0.96 1
12 core 15.070 457.7 1.011
13 core 15.155 455.1 1.005
14 cots 15.034 458.8 1.013

core 15.013 459.4 1.015

Table 3.2 Speed Variation among C.mmp’s Memory Banks

Even among memory banks of thi same techno logy, speed var ies. These variations are
small however , and are caused primaril y by variations In the length of cable conn ecting a
memory bank to the croaspo int switch and In th, timing circuitry for IndIvidual memory
modules .

3.3.2.2. Memory Bandwidth and Memory lntert.r .nc.

V Th. previous experiments show the rates at which Individual processors and memor ies can
communicate. Another Important characteristic Is the max imum bandwidth of a memory bank.

• Th is rate will determine how many processors can compets for cyci., in a single memory

• • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~V
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bank before the bank is saturated with requests. In this experiment all of the processors

simultaneously executed the tight ioop In the same memory bank. Two banks of different
types were chosen to be representat Ive of their respective technologies.

The results in Table 3.3 indicate that performance degradation wilt occur if more than two
or three processors are competing for cycles In a memory bank. Th is Impl ies that sharing
code, a common practice to conserve memory space , will result in slower execution.

Semiconductor 1.49.106 memory rels/sec.
Core 1.71,106 memory ref s/sec.

Table 3.3 Maximum Memory Gandwidth

In tables 3.4 through 3.6 we illustrate the performance degradation that results from
sharing code. All of the measurements were performed on Pc(0). In each case 100,000 total
cyc les were sampled. The first column, Memory Cycle Length, is the elapsed time from MSYN
to SSYN1, a complete memory cycle.

4 Table 3.4 is the control samp le where we monitored the memory accesses while the system
was idle. Although the vast majority of cycles were in the 500ns. to lui. range there were
some cycles that were greater than 14u.s. This is because a processor that doesn’t have a
process to execute runs a task called the Idle job . The idle job consists of a WAIT
Instruction followed by the code that checks to see If there is a process to execute. This
piece of code contains a critical section guarded by a mutual exclusion busy-wait loop. Since
all of the processors are sharing this code and trying to gain exclusive access to the- critical

• section, • great deal of memory contention occurs and the memory cycle lengths grow longer .

- - We will use this table to compare the performance of the root? inding processes a?hen they

execute from one common code page and when they each have a private code page.

Table 3.5 contains the results for when each of the process es executes from a private
code page. ComparIng this table to 3.4 we make two observations: while the average
memory cycle length has Increased slightly, relatively little differenc e exists between the two
tables; the one category where a noticeable change does occur is the long (> 5.0 ui.) cycles.

1SSVN is the DEC name for the signal that indicates the completion of a bus transfer. It is
the signal the memory module uses to tell the processor that the memory access is
completed.

_ 
_ _ _ _ _ _ _

______ - V -~~~~~~~~~ - V
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Less than halt as many long cycles now occur because the processors are kept busy
executing the rootfinding processes.

Compare these two tables to the results in table 3.6 where all of the processes share one
common code page. Again we make two observations: the average memory cycle length has
dramatically increased by 3001; more important still is that the ~percentage of long cycles (>
5.0 us.) has increased from .086Z in table 3.4 to 15.6Z, over two and one-half orders of
magnitude more. This degradation In th. basic cycle time will offset and eventually reverse
speedup obtained by incorporating multiple processes in the rootfindlng procedure.

MEMORY CYCLE I..ENGTH 
~~~~I~~~Q READ-PAUSE WRITE WRITE-BYTE

0 -0.5 0 0 0 0
0.5 - 1.0 65652 • 7787 14089 902.
1.0 - 2.0 9470 1926 8 0
2.0 - 5.0 63 6 2 0
5.0 -14.0 63 6 10 0
14.0-50.0 5 2 0 0

~~> 50.0 0 0 0 0
Table 3.4 HIstogram for Idle System

MEMORY CYCLE LENGTH ~~ Q READ-PAUSE WRITE WRITE-BYTE
0 - 0.5 0 0 0 0
0.5 - 1.0 65827 7461 11024 822
1.0 - 2.0 12705 1133 38 0
2.0 - 5.0 894 54 10 0
5.0 -14.0 28 3 0 0
14.0-50.0 1 0 0 0

> 50.0 0 0 0 0
Table 3.5 HIstogram with Private Code Pages

MEMORY CYCLE LENGTH E~~~~Q READ-PAUSE WRITE WRITE-BYTE
0 -0.5 0 0 0 0
0.5 - 1.0 52784 6504 9404 761
1.0 - 2.0 10810 689 102 0
2.0 - 5.0 3059 201 84 0
5.0 -14.0 14291 843 287 0
14.0-50.0 174 4 3 0

> 50.0 0 0 0 0
Table 3.6 HIstogram with Common Code Page

Figure 3.6 captures the Impact of the finite memory bandwidth problem on the rootfinding

procedure. We have graphed the elapsed time to locate 50 roots versus the number of
processes for two implementations of the rootfinding procedure. The dashed curve results
w hen a single copy of the code page is shared. The solid curve is the performance when the
cooperating processes each have a copy of the code in a private memory bank.

- - ~~~~~~~~~~~~~~~~~~~~~~~~ • L T ~~~~~~~~ V
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This graph also can provide some insight into the speed versus space tradeoff. If we
compare the speedup over the single process instantiation for both the shared and
no-sharing versions of the rootfinder we find that the no-sharing version has a maximum
speedup of 2.60 using nine processes while the shared version’s per formance peaks at 1.53
uting three processes. Neglecting the single global data page we have a achieved a 1701

ii*rease In speed at the cost of a 300~ Increase in size. In this study memory Is plentiful and

we squander space f or speed.

One solution to the speed vs. size tradeoff is to interleave the central memory on the low

order bits rather than the high order bits. This solution would tend to scatter memory

requests more evenly across the 16 banks. To maintain availability It might be recessary to

organize the store as four banks of 4-way interleaved memory. A second solution is to give
each processor a cache to work with. This Is the solution currently being Implemented on

C.mmp.

3.4. Operating System Related Performance Fluctuations

3.4.1. Introduction

The operating system also perturbs the performanc e of the rootfinding procedure.
Although C.mmp was intended to be a multi-user multi-programming facility, it is possible to

use the machine in a dedicated single user mode. In this mode of operation the user can
minimize any interferenc e from Hydra by simply not doing anything that requires operating
system assistance . Most of the measurements in this study were performed ~n th’s way.

However , cer tain functions, I.e. scheduling of processes and I/O interrupts, must be performed
by Hydra and cannot be avoided. The contribution to performance fluctuation from these
basic operating system functions is measured and discussed In the following sections.

3.4.2. The Kernel Tracer

The Kernel Tracer Is a software monitor that can obtain informatIon about sIgnificant

activity on C.mmp under the Hydra Operating System. Since it is a software monitor, the

Tracer does perturb the timing data it attempts to measure. However, this can be

- V. — -_ - - - —
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compensate d for in the post-processor sof t~~~t~

The T racer can monitor such things as: co ntex t swaps (this occurs when a processor
c hanges from executing one process to executing another), semaphor , activi ty, process starts
and stops , OS. reques ts (Kernel Calls) and a multitude of other events. Events defined by
user programs may also be traced.

The data is collected In real time and later post-processed ofiline. There are numerous
post-processing programs that produce various forms of output: by process or processor
dumps, time—line execution histories , and various statistical analysis packages.

All of the Tracer data tha t follows is In the form of a processor time-line execution history.
We use various symbols In the trace to encode events in order to compact the data. Table 3.7
contains these symbols and their meanings. Each row of the trace represents the activity on a

processor . The time In seconds appears along the bottom edge. We will dIscuss In detaIl the
first Irate which captures the impact of I/O interrupts on performance.

V 3.4.3. 1/0 Devices and Interrupts

Random interrupts from I/O devices and processors contibute to per~ormgnce fhjchjaHons

in the rootfinder processes. Unlike the memory, i/O devices are not centrall y located and
accessable through an n x m crosapoint switch. Devices are associated with a particular
processor . Thus, for examp le, a read or wr ite from a disk on PctO ]’s Unibus must be
performed by processor 0 regardless of which processor Initiated the request. Since
interrup ts are serviced by stealIng cycles from the currently execu ting process large
fluctuations In compute times can be found for processes running on processors with i/O
devices.

In FIgure 3.7 interrupts associated with I/O perturb the performance of the rootfinding
processes. C mmp ’s processor conliguration during this tr a ce was Pc(O, 3, 4, 5, 6, 7, R, 9, 11,
12, and 13)i and appear from bottom to top as rows of th. trace. Pc(0, 4, and 8] are
POP-I i/20s and the rest are POP-i 1/40s. Processes (35 , 43-50) are the nine rootfinding

processes. Process 29 and the DAEMON are other processes that happened to be awake at
the time. These two processes are doing things that cause a substantial amount of I/O. The
following discussion describes how this I/O activity perturbs the rootfindlng processes.

‘
~~~~~~~~~

— ~~~~~~~~~~~~~~~~~~~~~~~
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PROCESS N : PROCESS uN IS RUNMNG

- CSW - - : A CONTEXT SWAP

lOT aX : SPECIAL TYPE OF KERNEL KALL

KALL aX : KERNEL KAU. i~
RET X : RETURN VALUE FROM A I(ERNEI. KAL.1

START OF AN INTERRUPT AT LEVEL N

I : iNTERRUPT SERViCE ROUTINE EXECUTJON

] : END Of AN INTERRUPT
EVENT X : USER DEFINED EVENT X OCCURS

P : P OPERATION ON A SEMAPHORE

V V OPERATiON ON A SEMAPHORE

DAEMON : OPERATING SYSTEM PROCESS

H~H :

Table 3.7 Tracer Symbols

________________________________ V ~~~ ~~~~~~~~~~~~~~~~ V_V.
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A previous iteration finishes at 0.612~seconds into the trace. Process 50, P(5O), on Pc(11J
was the last to finish Its calculation (the activity on Pct6] Is P(29)) and begins to wake its

sleeping companions by unlocking their semaphores~ One by one the processes wake up and
begin to perform the next iteration. P(5O) finishes waking up all the processes ( P(49) was
the las t to wake up at .641 ) and begins its own function evaluation. One by one the
processes finish their calculations and post their results, alter which they P their

semaphores and wait for the beginning of the next iteration. When they block on the
semaphore they are removed from the processor ( e.g. CSW for P(45) on Pc(5 3 at .700).

Notice that four of the piocessors have large chunks of time shaded between brackets. This

denotes an interrupt service routine performing 1/0 to a device on that Pc’s Unibus.
Interrupt service routines can consume between I and 15 milliseconds of time. This causes
the roolfinding process on that Pc to arrive at the synchronization point late , thus

lengthening the STAGE time.

For examp le, P(49) on Pc(8] is interrupted at .681 for 13 milliseconds and then again at
.707 for 4 more milliseconds. Notice however , that P(49) on Pc(8] switches to Pc(6] at .709

and finishes its function evaluation at .728 uninterrupted. Since it is the last process to finish

It assumes the jobs of finding the new root containing subinterval and dispatching the
V 

processes to perform the next iteration.

- In this exampi~ the Interrupted process was delayed enough to become the last process to
finish thus lengthening the STAGE time. This Is not always the case. For examp le, -P(46) on
Pc(131 was also Interrupted during its function evaluation f or a approximately 21 milliseconds

yet It was not the last to finish and did not cause the STAGE time to lengthen. This is

another advantage the multiprocess implementation of the rootfinding procedure has over its

uniprocess counterpart. In the single process instantiation the interrupt time is additive and
each occurance lengthens the Iteration. In the muitiprocess version only the Interrupt tim.
associated with the last process to finish is additIve.

3.4.4. Kernel Processes and Special Functions

Operating system requests arC frequently handled by special high priority Kernel
processes and as suc h perturb the cooperating rootfinder processes by stea li ng processors.
Of particular interest are the processes that perform scheduling. Because synchronization of

______________________________________________________ —— - ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ VVV ~ V~~VVV_ __ V~~ -~~~V VV; - ~-~- .— ——— .— --—. ... UI-- —-------—
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communica ting processes can involve rescheduling the processes , the special scheduler

processes can become bottlenecks c ausing per for mance degradat ions.

During the t race of Figure 3.8, C.mmp’s processor conf iguration was Pc(0, 2, 4, 5, 6, 7, 8, 9, -

10, 1 1, 12, and 13]. Of these, 4 and 8 are 11/20 ’s (so Is Pc (0)) and are the third and seventh

blank columns with no execution history. Since enough processors of the prefered (11/40)

type were available the 11/20’ s were never used. Similarly PcI 12) was not needed.

In this trace processes (18, 19 , 20, 21, 22) are rootfinding processes. Processes 1 and 2
are Kernel scheduiing processes , and process 1 4 is the Tracer process.

P(22) on Pc(IOJ, the last process to finish the previous function evaluation, initializes the
necessary parameters for the next iteration. At 285 ins, into the trace (.285) it begins to V

V - - 
its sleeping companion processes , and at .309 it begins Its own function evaluation (event

.372).

Meanwhile P(2) on Pc(6] (scheduling process) wakes up CSW at .293 and begins to perform

the task of actually waking up the processes process 22 has Just V-ed. It is a relatively
V painluli task Involving several semaphore operations and several Kernel calls per process.

Finally process 18 (the first to be V-ed) wakes up and begins its function evaluation .t .348,
approximately 60 ms. alter process 22 performed the V operation.

To expedite th. costly wake up procedure processes 1 and 2 (scheduling processes )

cooperate to start •nd~ stop the rootfinding processes. Moreover , by the time they get
around to start ing process 21, the last process that is to wake up, three of the other V

root finding processes have already finished their function evaluations and have gon. back to

steep (P followed by CSW). A full 130 ins, have transpired since process 22 performed the V

to wake process 21.

Another side-effect related to the O.S. that can affect the performance of cooperating
processes is the round-robin scheduiing of processes under Hydra. This traditional policy is

implemented using the notion of 5time -slIced~ Intervals of execution to provide equal service
to all tasks. Occasionally a process exhausts Its time slices and must ask for more. This

request can take more than ISO milliseconds to execute. Whether or not the time-slice end

anomaly will perturb th. performance of the cooperating processes depends upon the

average duration of the function evaluation and the frequency of the time-sl ice end condition.

In this study a process must consume 10 one half second slices before encountering the
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—

~~~~~~~ _ _ -
~~~~~~~~~

- 
~~~~~~~~~~~~~~~~~~~~~~ ~

_______



i~~~~ ~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~

THE IMPLEMENTAT ION AND EVALUATION OF A PARALLEL ALGO RITHM ON C hIMP PACE 29

~ V!S!I

H HE
• 30. 1 I

____  
H 1

~ —~. ,,, 
v

__________ 

~~~~~~~~ ~~~~~~~~

I r 
~ I~I~5’1~ 

I ,I

I
~~ 

I’.I

~~~~~
S
~~~~~, i ~~~~

l

___ q~ f t t  I~~1 t
~~

I ~i,ç~, t b

_ _ _ _  ~ ~ 
I 

1

_ _ _  
I ~~~~ 

I I )
.L’SS 

~ 
—
.~~~~

— — : :
I
~~~ij ili ‘ 4

I I  
-

I ~~~ E ~
_______ 

I ~~ ul 
~ h i I

‘ ‘ 

~1!Th’1 ~~ I
I ~ ~~~~~~~~~~~~~ : V

r

II ~~~~~~~~~~~~~~~~ :~:
tii -

Figure 3.8a Pertubations Induced by Operating System Processes

rHIS PAGE IS B~~T QUALITY P?AC?LCABIJ
fl~OM 0OP1~~~i.~~~US1iEt~ I’ODDC —I.

-- --- -V— V~~~V V~~~ ~- -— .- -



- ‘
~~~~ i~~~ ~~~.T__

- -— —

~~~~

—-- —

~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V~~~~~~:V V

THE IMPLEMENTATION AND (VALUATION OF A PARALLEL ALGORITHM ON C’k4MP PAGE 30

“1 p1,11,, 1 ‘ —c~~l.4~ ‘f”” I I -

0 ~~~~~ 

_________ ~,I : ~ ~)IIL1 I ‘

I~~~~_~~
-1— I’, 5

‘t1~~~~~I uI, v
s I

~~ E

*1 S 
I

~ 11 

~ : I I I .
I r I i i

‘ 

- 
V

I~~~~~~~~~
VVT :~:

1 I~~~ I ;

_ _ _  

‘ t I
1 

~‘ I I  I I I  I I
1: I 

I I 
~
, fl

I I I  .. 
a I I

_____ 

I
- I I I  I

I ~~~~~~~~~
I r I I I I  I I  I j

I l l  I I ’ ‘ I~ — “
I ! I ~~~III~~~II

I1’T
~~~~

S
l a

_ _ _

a I I

Figure 3.8b Pertubations Induced by Operating System Processes

L mis PAGE IS BEST QUAL ITY PRAC?LI~.L~~4M ~~~X F~~~us~~~~r0 DDC



-
~~ — ~~~~~~~~VV~_  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —V.

THE IMPLEMENTAT ION AND EVALUA T ION Of A PARALL EL ALGORITHM ON C hIMP PAGE 31

time -slice end condition.

Fi gure 3.9 Is the distribution of the elapsed time to perform an F(x) calculation in the
presence of l4ydra. The tong tail in the distrIbution is a result of the time-slice end condition
occurring for the process performing the function eva luation. Compare this histogram to the

one in Figure 3.1.

3.5. Summary

The sources of performance fluctuation we have discussed can be class ified into one of

three types-- application, hardware , or operating system related. In the table below we rank V

the sources of pertubation by their potential for causing performance fluctuations. Each
source Is measured and the observed range calculated by dividing the maximum measurement
by the minimum observed value. The larger the range, the more potential for performance

fluctuation.

In the next section we eliminate several sources of pertubation in order to measure the
performance of various synchronization primitives. We do this by carefully selecting
processors and memory banks to execute the rootf inding program.

Rank ~~~~ 
Source Measurement Range

1 Application F(x) Calculation Function Evaluation 1 3.4

2 Hardware Memory Contention Average Cycle Length 1:  3.0

3 Operating System Kernel Processes Bottleneck ing of 1: 2.8
SchedulIng Processes

4 l4ardware Processors Speed I : 1.6

5 Operating System I/O Devices and F(x) Calculation 1: 1.3
Interrputs Degradation

6 Hardware Memories Speed 1: 1.07
V 

Table 3.8 The Sources of Performance Pertubation
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4. The Effect of Sychronizat ion ort Performance

4.1. IntroductIon -

V

Newell and Robertson[1975) identif led seven programming Issues for multiprocessor

computer systems. Since synchronization of cooperating processes is a fundamental problem

in the implementation of a parallel algorithm we wilt measure the performance and discuss the

tradeof fs  of the various synchronization mechanisms available to the C.mmp user .

Up until l now we have used a very simple form of busy-wai ting loop to synchronize the

cooperating processes. Although synchronization using this method is extremely fast ,

undesirable side effec ts can cause serious performan ce problems. We will di~cuss several

alternative synchronization mechanisms , describe their func tionality and any Interesting side

ef fects , compare their performance in the context of the rootfinding algor ithm, and conc lude

by presenting the range of usefuliness for each.

4.2. Description of Synchronization Primitives V

We first examine the nature of the synchronization problem for the rootfinding processes.

In fi gure 4.1 we present a more detailed view of the STAGE time and in particular focus on

the mechanics of synchronization. The segment labeled FIND is the time spent locating the
new root containing sub-interval . The V(&ls correspond to waking up each of the rootfinding

processes. One quickly notices that the overhead of synchronization can be a signif icant part

of the STAGE time In certain instances. Because we have used a spus lock, a form of busy
wa iting, to synchronize the processes , the overhead of synchronization has been negligable.

However , it is not always desirable to Implement synchronization with thIs mechanism.

4.2.1. The Spin Lock

Of the three synchronization primitives considered in this study, the spin lock is the most

rudimentary. This primitive Is actually implemented independently of any Hydra support and

is - only a tight loop in which the process continually tests a semaphore until It can set it
successful ly. The P and V operations are the following POP-Il code sequences:

_ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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CkIP SEMAP HOR E, Ut ;SEMAPHOPE - 11
13NE P ;loop until it is — 1
DEC SEMAPHORE ~decr ement SEMAPHORE
BNE P ;if SEMAPHORE neq 0 then go to P

MOV .1. SEMAPHORE ,reset SEMAPHORE — 1

The re peated polling of the semap hore , although ex t rem e l~. fast , has t w ~~ very nasty
char ac ter is t ic s .

The f i r s t  is that when the process completes its function e~aluation and starts to poll the

semaphore while waiting for its counterpart s for f inish, the processor is not fre e to perform
useful work.

The second major drawback is that the polling process consumes many cycles in the
memor~ bank tha t contains the semaphore. As more process finish their function evaluations

and begin to poll the semaphore , the bandwidth of the memory bank Is quickl y consumed.
The process that has its code page located in the bank with the semaphore will be competing
for c’.cles with many •‘busy processors. This second problem can be circumvented by

inserting a tiny delay loop in the semaphore code, e , decrement a reg ister to zero before
checking the semaphore. This deiay will decreas e the frequency of memory requests in the
semap hore memory bank, but not slo* the sychroni~ation primitive appreciabl y. However ,

the primary problem still remains: a “spinning process preven ts a processor from doing
useful work.

4.2.2. The Kernel Semaphore

The Kernel semap hore (K-SUM) is implemented by the Hydra opera ting system. It is the
low level synchronizat ion mechanism used by system processes. When a process blocks or
wakes up, a state change for that process Is made inside the Kernel. Because It Is
implemented within the domain of the Kernel the user evokes operations on the semaphore (P
and V) by IssuIng kernel calls. If the process blocks while try ing to F’ the semaphore, the

Kernel swaps the process from the processor and places the process in the semaphore ’s
blocked-queue , where It remains until another process Vs the semaphore. When the process
can proceed again , it is swapped back onto an available processor and continues executIon
from the point where it was blocked. The Important attributes of the Kernel semaphore are:

- A blocked process Is swapped from a processor .

-~ ~—~::--- 
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- When a process blocks Its pages are kept In primary memory. This ensures that
the process wilt quickly resume execu tion when it is swapped back onto a
processor.

- The Kernel semaphore is approximately two orders of magnitude slower than the
spin lock.

4.2.3. The Policy Module Semaphore

The policy module semaphore (P-SEM) is implemented by the scheduling subsystem called
the Policy Meda~e (PM). This primitive Is Intended as the user ’s pr imary mechanism for
performing sync hronization.

Because the synchronization is performed wit hin the context of a system process, more

f lexibility is available in handling a blocking/waking process. The first policy that was
adopted to handle blocking/waking processes was the following:

- Two PM processes would cooperate to perform synchronization operations for
• users; one would start and stop processes a~d the other would handle

communicat,or, between the Kernel and user.

- When a process blocked on a semaphore it would be context swapped from the
processor.

V 
- Any ‘dirty’ pages belong ing to the process would be updated on secondary

storage.

- When a process was to wake up it would be restar ted by one of the PM
processes af ter all the swapped out pages belonging t o the pr ocess were
brought back in to central memory.

This policy has evolved into a much faster arrangement of multiple processes In the current
version of the PM.

One modification to the PM that was found to improve performance substantially was to

delay the updating of a process ’ dirty pages onto secondary storage. Often a process Is
blocked for very short amounts of time and wilt quickly resume execution after only several
milliseconds of waiting for a certain condition to be true. However , when a page is to be V

updated onto secondary storage it is written onto one of several IMSTM fixed head disks
which wilt take at least 32 milliseconds per page. The swapping disks revolve once every
16.67 milliseconds. It takes two revolu tions to update a page: one to write It out and the
second to perform a read-check operation to validate the copy. Thus it Is quite possible for

V 
~~~~~~~~~ V _ ~~~~~ V~
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a process to spend most of its time blocking and unbiocking If the Inter-synchronizat ion

intorvat Is small enough. The problem would be even more severe If there were a task forc e
of cooperating processes , e.g. the rootfinding processes , blocking and unbiocking every few

milliseconds.
V 

The current version of the PM Init IalIzes the delay time parameter , (, to 300 milliseconds.
Table 4.1 Is a summary ‘. t  the time It takes to perform the basic semaphore operations on the
various primitives.

Meass~re~~nj Sp.ju L~~ K~SEM EMQ PMI(c -Q1 PMIt( 3QQ~Time for a process
to do a V (us.) 30 3000 6000 5000 5000

Time till a process
wakes up from a V (us.) 30 5000 55000 50000 13000

Time from P to CSW (us.) - a 3000 9000 6600 6000

Time spent in PM while
waking a process (us.) na na 62000 20000 0

J Table .. I Comparison of Execution Times for
Sema~~~ a Primitive Operations

4.3. The Impact of Synchronization on Performance

4.3.1. IntroductIon V

J Now that we have described the functionality m d  presented the Individual performance
¶ statistics for the basic primitive operations , we can observe the impact of synchronization on

the performance of the rootflnder. We have eliminated most of the overheads associated
— with synchronization by using the spin lock primitive. Th. remainder of the paper examines

the rootfinder ’s performance as we employ the alternative synchronization primitives.

4.3.2. ComparIson of Primitives When Compute Tim. Synchronization Time

The first graph, FIgure 4.2, compares the performance of the various Implementat Ions of

the rootf inder using different primitives to perform the process synchronIzatIon. We have

I
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plotted the elapsed t in~e to fInd 50 roo ts as a function of the number of processes. This data
was genera ted by the authentic , not ‘~thetlc , roootfl nder . The dist ribution of the F(x)
computat ion is approxi matel y Normal w i th mean 72 milliseconds and standard deviatIon 18
milliseconds t . We compare the perform a nce of tour alternative synchronization primitives :
sp in lock , K-SCM, PML( . -300), and PMO semaph ores.

The curve for the PMO se’map horr implementation exhibits degradation as we Inc rease

parallelism. The reason for this behasio r is tha t the ose rh ead of synchronization Is greater
than the average compute time. A process sper~ds more time synchron izing than computing. In
t his instance we would be better of f using a sing ie process.

The curve for the PMI(( -300) semaphore Implementation dep ic ts substantiall y better
perform ance than its predeces sor. Perfor n%an(e reac. hes a masi rnum speedup of 2.00 at six
processes. No additional speedup is gained by employing more processes. Moreover , a
not keabte degrada tion occurs at nine process es . This sudden degradation occurs bec ause of
the rion-hornogenous pro escor confi guration (NHPC). During this experIment C.mmp s
processor confi gura tion was  eight 1 1/40’ s and one 11/20. Thus when we incorporated the
ninth procoss , it ran on the slower 11/20 t ype pro*.essor . The STAGE time lengthed, thus
yielding an overall slower per f o rm an ce.

The K-SCM implementa tion has its peak performance of 2.4 a t eight processes . It too is
affec ted by the NHPC problem and perform ance degrades slightly at nine processes. The

V overal l per formance of the K-SCM implementat ion Is about midway between the PMI( —300)
and the spin lock versions.

The spin lock implety~cntation has by far the best speed up masimum of about 2.8 for eight
process es. The NHPC problem causes a much more severe performance degradation for this
semap hore than for the others 2. The reason is that the processes blocked on th. spin loc k
semap hore remain on their processors , whereas the other Implementations free the faster
11/40 type processors to steal the process that is still running on the slower 11/20
processor.

t On an 11/40 processor

2The PMO implementation performance curve has a greater degradation than the spin lock
version. However , the reason Is not merel y the NHPC problem. The primary reason is that
the two PM processes that perform the semaphor. operations are almost constantt y running.

- V ——— —
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4.3.3. Comparison when Compute Time Is Much Greater Than Synchronization

Tim.

In the previous experiment the overhead of synchronization was In some cases a
considerable fraction of the STAGE time. If we make the compute time for th. function
evaluation much larger , thus reducing the percentage of time spent synchronizing, the

performance differences between the various implementations Is also reduced. Fi gure 4.3
graphs performance In terms of speed up as a function of the number of processes. We used
the synthetic rootfinder again to generate F(x) computations that take 375 milliseconds to
compute with the distribution a constant. The dashed curve is the performance obtained using
the PMO semaphore and the solid curve the performance obtained using the spin lock.

We expected the curves to be closer together yet the spin lock version outperforms the
PMO semaphore 2.8 to 2.1 at maximum speed up. The reason for the large difference is that
the PM processes must perform the semaphore operations sari aUy each V operation taking
about f i f ty-f ive milliseconds. Thus the ~th rootfinder process is not started until 55*n
milliseconds Into the STAG E time. in this manner the ninth root finder process does not
complete its function evaluation until 870 milliseconds have past. Slmilart y, when the
rootfinder processes complete their F(x) calculations, the PM processes again serially perform
t he P operations on the semaphores causing still further performanc e degradations.

The severe performance degradation that occurs at eight and at nine processes for the

spin-loc k Implementation is another instance of the NHPC problem. This time, wi th only seven
11/40 type processors , performance peaks at seven processes , declInes slightly at eight , and
then plummets from a speed up of more than 2.7 to slightly more than 2.0. The performance
of th. two Implementations is nearly identIcal at nine processes.

However , In Figure 4.4, where the distribution is exponential, relatively little difference
exists between the performances of the tw o implementations. Because the distribution of the

compute phase causes the processes to arrive at random tImes, the PM does not become a
bottleneck when the processes finish their work. When they are restarted , the last one to be
started Is still delayed by 55.n mIlliseconds. However, since the distribution Is exponential,
t he process that must compute the function evatuation with a compute time that lIes in the
long tilt of the distribution always finishes last. Thus the overhead of synchronization Is
again hidden by the MAX function that governs the STAGE time.

~~~~~ A 4
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5. Summary of Results: The Useful Range for Various Semaphores

In Figure 4.5 we have summarized the results of this investigation by graphing the useful
r ange for each of the synchronization primitives. We have grap hed the performance of the
rootf inder using each primitive as we vary the size of the computation phase between
synchronization points. For each point, fIve cooperating processes performed 1000 total
function evaluations to find 50 roots. The distribution of th. function evaluation was a
constant and ranged In size from 2 milliseconds to 375 milliseconds.

The NO-OVERHEAD curve is the ideal performance we would see if no degradation occured
due to hardware , operating system or synchronization overheads. -

The SOZ line represents our threshold for adequate performance. It parallels the
NO-OVERHEAD curve but represents exactly half of the performance tha t would be achieved
In the best case. The point at which a performance curve crosses the 50Z tine Is the
threshold of usability for that synchronization primitive.

From these results we see that the spin lock Is the only primitive that performs adequately
when the length of the compute phase Is less than 15 ms. At the other extreme , all of the
primi tives with the exception of the initial version of the policy-module semaphore, become
Indistinguishable beyond 400 ms. In the reg ion between these two endpoints the user can

select the appropriate primitive to match the length of the computation phase. The cross -over
points for the various semaphores appear in the table below.

5ema~hpre Tv~~ Cross- over 
~~~ 

(rnsecs.)
Spin Lock 2

K-Scm 18
PMI(c-300) 33

PM1( -O) 80
PMO 200

Table 4.2 Cross-over Points for the Various Semaphores
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C.mmp is a multi(mini) processor with up to s ixteen processors. This paper presents and

dIscusses measurements of the C.mrnp syste m at several levels: 
V

1. Basic hardware performance measurements

2. Runtime performance of Hydra , C.mmp’s operating system

~~ ~473 551 10N 0, I NOV OS 1 OSSO LSf t  
UNC~S~~N 0:O:~ 5t 4• $50 : — —

~~
S1CU~~( T V  C~~A$$,PI C A T 4 0 N  01 t,4I1 °A G C  (~~ .en O..o $n$o..4)



- ~~~~~~~~~~~~~~~~~~~~~ -—--—- - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~

UNCLASSIFIED
~~~~~~~~~~ c LA S SIFICA T ION OF TwIS PA~~(,W1~~., ~~~~~ fnt.r.4 ~

3. Overall performanc e of a particular application: a parallel rootf inding al gorithm.

—- -
~~T Th. purpose ot this paper is to get a detailed look at the performa nce of an implementation

of a parallel program on C.mrnp. The roottinding algorithm was chosen because It meets two
constraints: it is a parallel aigorithm with sign ificant inte rprocess communication; and it is of

relatively tow complexity, enabling us to focus on implementation issues rather than subtleties
In th. algorithm itself.

‘
~~~. ‘Var iations in processor speeds and asynchronously executing operating system functions

are shown to have a detrimental effect on the rootfinder’s performance. However, the most

important implementation decision affecting the performance of the rootfinding program i~ the
typ. of synchronization semaphore used. We define the threshold for practical application of
a sema phore to be when 5O~ of the execution time is attr ikuted to semaphore re ’ated

over heads. Using the 5O~ criteria , we measured thresholds for inter-synchronizat ion times

from two milliseconds for the most primitiv, locks , to 200 milliseconds for the most
sophisticated and flexible semaphore. During the course of these rneasurenients, Hydr a

underwent several revisions and the 200 millisecond threshold was reduced to 33
milliseconds. The principal concept responsible f or this performance improvement Is

discussed in the paper.
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