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I. INTRODUCTION

Under Contract DNAOO1—72—C—0057, MAC I has completed the design and imp l e—
-~~~~~~~~

, 1 mentat ion of a prelimina ry version of a Monte Carlo three—dimensiona l, time—de-

pendent radiation penetration in comp lex geometry code for the ILLIAC IV . The

design should serve as a guide to the prog ramming of complex Monte Carlo codes

for any parallel computers , and, wi th  some modif ication, for vector computers.

The implementation was supposed to show the feas ib i l i t y  of such a des ign and

the efficiency of the design. It was also supposed to produce a va l uable tool

for radiation penetration studies.

Under the present contract , work has been done towards the inclusion of the

treatment of neutrons and towards other improvements of the code. The major

effort, however, turned out in attempts to make the prelimina ry version more or

less operationa l on the actual ARRAY processor of the ILL IAC IV , rather than

under translation or under simulation on conventional computers. From the few

short runs which we were able to complete , we extrapolate , for production runs ,

an efficiency of parallelism of about seventy percent. This result has little

statistica l significance , but is consistent with our orig ina l estimate. Other

factors which reduce the speed of calculations are discussed in the body of the

report. The estimated values of these additiona l factors are irre l evant for a

future computing system with improved hardware and systems software.

The attempt to validate our method of para ll elizing Monte Carlo calculations

were unfortunately performed on a computer at the time when its hardwa re and soft-

ware were rather unreliable. The tentative conclusion which we can draw from

this attempt is not in contradiction with the validity of our approach.
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II. EXTRACT I NG PARALLELISM IN MONTE CARLO

The method we desi gned is fully described in references 1 and 2. It

should be applicable to parall el and vector computers in general , but was

particularly designed for radiation penetration calculations on the ILL IAC IV

Computer.

The ARRAY processor of the ILL IAC IV system consists of sixty—four pro-

cessing elements (RE’s), each with its own memory, all under the control of a

single control unit (CU). Data can be transferred between RE memories by an op-

eration called routing. The RE’s all carry out the same operation at the same

time , as prescribed by the CU, each operating on its own memory. Individua l

RE’ s can, however, be disabled for particular operations. With this computer

desi gn , and with perfect code organization , if it could be achieved , it would

be possible to perform a cal culation sixty—four times faster than on a conven-

tional computer with the same hardware component speeds.

The major difficulty with attempting to imp l ement a Monte Carlo code such

as SAM-CE (2) on the (LIlAC lies in the intrinsic disorderly nature of Monte

Carlo logic. Althoug h considerably modified by i mportance samp ling techniques ,

a Monte Carlo history is still a computer simulation of the physica l events

occurring as a particle (neutron or photon) traverses phys i ca l media. The order

and the nature of these physica l events have little , if any, correlation from

history to history. The na i ve approach of follow i ng 64 histories simu l taneously

i s therefore not feasibl e as the parall el i sm breaks down almost linmed i atel y.

Our approach i s to in iti ate many his tor i es i n each RE , and hold al l  of them in

abeyance unti l any calculation is required . “Holding the history in abeyance”

means that all relevant information about the history — or particle (which we

call “la tent particle ”) is to be stored in computer memory. The information

‘4
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consi sts of data such as posit ion , d i rec t ion, energy, time , etc., and temp-

orary information , the most important of which is the type of calculation

which is to be performed next. Only if enough PE’s have at least one la tent

waiting for a given calculation , will that calculation be performed. The differ-

ent calculations are performed by completely i ndependent ca l culationa l modules.

Referring to a conventional flow diagram , each module performs all the calcula-

tions i nvolved from start of a branch up to and including the branch point.

For examp le, a module operating on latents just entering collision retrieves and

interpolates the absorption cross sections , and samples the absorption prob—

abilities. Another module operates on latents entering scattering and selects

the type of scattering to occur, etc. Each module operates on latents of the

correspond i ng type , changes some of the data representing the latents , and

changes the state of the latents.

An executive program keeps a tall y of la tent types , and calls into execu-

tion only those modules which have at least one latent in at least N RE’ s. I t

is attempted to keep the efficiency criterion N as hi gh as possible , but N is

reduced when required .

The parallelism is extracted in problems of any complexity . The cross

section data representation can be as exact as wished . Geometrica l details can

be described using comb i natorial geometry3.

5
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III. VALIDATION OF THE INTERIM VERS I ON OF THE CODE

The interim version of the code is described in detail in reference 2.

Our firs t task was to make this version operationa l on the ARRAY processor.

This turned out to be the major task of the current project, wh i ch exhausted

the project funds.

Before describing this effort , it is necessary to g ive a short descri ption

of the operationa l env i ronment at the Institute for Advanced Computation. It

should be noted that our operati onal experience ended i n Janua ry, 1976, and

does not reflect improvements (if any) after that date.

The operationa l system includes an impressive configuration of periphera l

equipment with the omission of conven i ent input and output means. The peri-

pheral devices are driven by a powerful control language (ACL). The only means

for I/O are either interactive terminals or file transfer via ARPA network. The

file transfer works most of the time for card i nput , but numerous attempts in

the course of twel ve months were not successful to produce a readable printed

output.

The system is perip hera l to the main computing device , the ARRAY processor,

(AR). The ARRAY processor was down most of the time , and unreliable the remain—

der of the time. The only I/O capabilities between the AP and the “system” are

blocks of 1 024 contiguous words in interna l format, with no supported software

for conversion from internal format to decima l and vice versa.

I t should be understood that , g i ven such a sys tem, one can spend quite a

bi t of time obtaining results from a fully operational code. For instance , a

code computing 2x2 sixty four times will wait for execution for a time rang ing

from a few to many days, and has a very good chance to abor t or g ive wrong

answers. We engaged in test i ng out a code wh i ch is somewhat more comp lex , and

wh ich was partially tested out only under translation 2. The strategy for

6
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testing was to move selected intermediate answers into a reserved memory block ,

and , after storage on the system ’s disk , examine those data via interactive

terminal. After months of perseveration , desperation and determination , a few

bugs have been found and corrected . A few of these were traced to the system

software, and were kindly corrected by AMES personnel. A few were due to differ— I
ent interpretations of GLYPNIR statements by the GLYPLIT translation and the

actual ILL IAC compi ler. The remainder were log i cal errors which did not show

up during test runs under translation. Notwithstanding the fact that we

strongl y suspect that not all branches of the code have been exerc i sed , the

testing stopped as soon as a set of reasonable answers was obta i ned for the

single test problem we were nursing. The code was then exercised without mod i-

fication , and it sometimes reproduced the same answers. The number of Monte

Carlo histories was then increased to a few hundred and the code, after a few

bad runs , calculated answers which appea r to be ri ght — the computed flux being

consistent with the analytical flux , within the computed standard deviation .

Severa l attempts to run the code for a few thousand histories were all unsuccess-

ful.
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IV . ANALYSIS OF EFFICIENCY

During the design stages of the program , we predicted
1 ’2 that the ILL IAC

version of the code will run twenty times faster than the CDC 6600 computer.

We repeat the arguments quoted in Section 9 of reference 1 . On the basis of

learned estimates , we predicted that useful calculations will be performed with

an average RE utilization (e) = 0.7 to 0.8. We recognized the fact that , to

achieve that degree of parallelism , there is a heavy overhead associated with

routing, searching , et c., w i th  no equivalent on a conventional computer. This

overhead reduces the speed of calculations by a factor f which we guesstimated

to be of the order of 0.5. Finall y, the speed of calculation Spe of a single

RE was taken to be equal to the hardware design speed : Spe~
S66~ 

where S66 is

the actual speed of the CDC 6600 computer. -

The overall speed of calculation in the ILLIAC— 4 is equa l to:

S
S~4 = e.f.64 (.~E!.)S66 (I)

66

Subst ituting our estimates of e, f , and Spe/S 66

S 14 ~ 20 S66 (2)

Our (limited ) experience with the “running ” version of the code ind i cates

a speed drastically smaller than that given by Equat ion (2). Althoug h this re-

sult indicates that the current version of the code, run with the current state

of hardware and software is uneconomical , it is important to attempt to analyze

the dIfferent factors of Equation (1), as these may be relevant for the design

of a variety of Monte Carlo codes for a variety of paralle l or p i pel i ne corn—

puters , includ i ng even an upgraded ILL IAC . 
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I. The P—E U t i l i za t ion  Factor e

This is the most interesting factor from the point of view of code design.

The est imate of the factor has been arr ived at in the fol lowing manner.

As described in reference 2, the ori g in al code has a “debug” feature.

Before calling into execution any operational or main overhead module , the

executive p rogram examines a logical variable DEB. If t rue , it first calls a

subrout ine PR1 and then the module. The subroutine was ori g inall y designed to

print (in the translated version ) the rel evant information on module input .

The routine has been completely modified . Instead of “printing ” anything, it

now tallies the number of calls and the PE utilization. The tallies can be ex-

amined at the end of the run , and statistical information on the efficiency can

be extracted .

As explained in reference 2, the code has been designed to keep the effi-

ciency up while many histories are processed in parallel . The efficiency is

expected to deteriorate towards the end of the run when the processing of the

bulk of histories has been completed , and onl y a few histories remain to be

processed to their random end. This deterioration is expected to have a neg li-

gible effect on the overall efficiency for norma l production runs which , as a

ru le , invo l ve at least severa l thousand histories. As mentioned before, we

were not able to complete any such long runs. For runs consisting of onl y a

few hundred histories , we observed a rather low overall efficiency , and attri-

buted this fact to the “dying stages” of the runs. In order to learn anything

about efficiency for production runs , we simp l y terminated the tall y during

the dying stages of the run. The results we quote below are based on these

truncated tallies.

_._1__
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A grand average over al l  ta l l ies  for al l operationa l modules ind icates

an overall eff iciency of para l l e l i sm of 0.72 , which is consistent w i th  our

origina l est imate - a rewarding result .

The eff ic iency of paral le l ism for individua l modules ranges from 0.9 to

0.1, the lower eff ic iency corresponding to modules less frequentl y cal led into

execution. This property was built into the design of the code.

As discussed in reference 2 , the al gor ithi .~, ut i l i zed by the executive

program to keep the eff ic iency up, can be improved . No major effort in that

direction can be jus t if ied if the eff ic iency is indeed 70*. We repea t , however ,

that this result has been shown only for a single test pro ;’em. The test prob-

lem is such that minimal amounts of memory are necessary for i .put data (geometry

and cross sections ). The room avai lab le  for latents and mini latents is therefore

maxima l (25 of each in every P.E. ). If that room is reduced , the eff ic iency

is expected to decrease, and some optimization of the executive may become de—

s i ra b 1 e.

2. Processing Element Speed

Bei ng aware of the fact that the ILL IAC- IV was operating at reduced speed

and wi th  instruction overlap suppressed , we decided to undertake a fair eva l u-

ation of the factor Spe fS 66~ 
For that purpose , we made up a problem where

both factors e and f are exactl y unity , and where routing is not i nvoked. The

prob l em is to eva l uate the sum of 1 000 random numbers for 64 different sequences.

As the generation of a random number is achieved by mu ltiplication , it is com-

p letel y parall el i zed (see Appendix A of reference 2). Comparing running times

on the ILL (AC—IV and on a COC 6600 computer , we obtain S14/S66 = 6.02. Substi-

tuting tha t result , together with e f = 1 into Equation (I) we obtain

Spe/S66 = 0.094

instead of unity , as we assumed.
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3. Overhead Factor

In its current status the interim code inc ludes a number of consistency

checks , ta l l ies , interrupts , which are necessary in the current operational

environment. This contributes to the overhead and therefore decreases the

f—factor , which is currently estimated to be of the order of 0.1. To deter-

mine the different components of the overhead , one would have to time separatel y

operational and overhead modules in the course of Monte Carlo execution . This

would mean building in interrupts , which would themselves affect the execution

time. A less ambitious anal ysis has been performed . The tallies referred to

in subsection 1 above include the number of calls to the main overhead routines.

The computer time spent by these routines depends very much on the actua l status

of latents and min ilatents . We “guessed” a typica l status , and timed the exe—

cution of these routines outside the Monte Carlo code. The onl y reliable result

we obtained from this study is that minilatent routing is the chief contributor

to the overhead. 
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V. CODE IMPROVEMENTS

The interim vers i on of the code
2 

included a complete treatment of radia-

tion penetration by the Monte Carlo method, It was designed 1 to t reat both

neutron and gamma radiati ,~n, but was implemented 2 on ly for gamma rays. The

version included no input/output capabilities , the “input ” for a sirT~ Te test

problem be i ng coded—in as replacement statements. Considerable effort has been

app lied to comp lete the imp l ementation in all these areas. The effort has been

dropped before comp letion . A minor effort to improve the overall efficiency

of the interim version was par t ia l l y  success ful.

1. Improvements in Paral le l ism

As described in reference 2 , the executive program imp lements given al-

gorithms for maintaining a high deg ree of e f f ic iency. The a lgorithms dif fer

in degree of sophist icat ion depend ing on the type of operational module in-

vol ved. In Section 8.3 of reference 2, it is recommended that all al gorithms

be changed to conform with the best one. This has been successfully done in

the ILL IAC vers i on. The results of our efficiency study (Section IV) were ob-

tained with the improved version .

2. Reduction in Overhead

As discussed in Section IV.3, it is felt that the major contribution to

the high overhead in the operation of the code can be ascribed to the routing of

minilatents.

Subroutine MINIRT (described in Section 7.2 of reference 2) has been corn-

pletely redesigned for greater efficiency. Attempts to make the new version

opera t iona l were , however , unsuccessful.

~~~ 12
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3. Incorporat ion of Input/Output Capabi l i t ies

The bulk of the input consists of geometry data and of cross section data.

Both sets of data are (successfull y) preprocessed in a conventiona l computer.

The data are organized according to the designed 2 layout of the ARRAY memory,

and transferred to AMES via ARPA network. Before loading on the ARRAY processor ,

these f i les  need to be translated to ILL IAC bina ry format. None of the numerous

attempts to use (unreleased and unsupported) system software routines to perform

that translation were completely successful.

The bulk of the output consIsts of fluxes averaged over phase space regions.

This output is transferred onto the system ’s mass storage. It can be success-

fu lly examined interactivel y using an (unreleased and unsupported) system soft-

ware routine . Severa l steps are needed to obtain a printed formatted output.

The first step is to translate the files from ILL IAC binary to another repre-

sentation (either decima l or host-binary). Numerous attempts to use (unreleased

and unsupported ) system software routines were unsuccessful. The next steps

were not even attempted : file transfer to a host computer , and formatted output

by a (trivial) code (not yet developed) operating on that host computer.

Transfer of ASCII files from AMES to host were achieved with partial success

but with enough difficulties to warrant an indefinite postponement of this effort.

4, Inclusion of Neutronics

It has been anticipated that this task would be the major one of the project .

Work on this task started in parallel with the installation of the code. The

task had, however, been termin ated before completion in order to allow work to

proceed on the validation of the interim version .

~n reference 1 , we proposed a complete desi gn of the treatment of neutron

interactions. The design was aimed at optimizing the efficiency of the data

13
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retrieva l modules . The design required a specific memory layout of cross

section data — it is given in tables 3, 4 and 5 of reference 1 . Some waste of

memory can be observed in the storage of angular distributions (table 4) and

energy distributions (table 5). Our experience2 with the detailed design of

the code pointed out the importance of reduc i ng the memory requirements. The

memory l ayout has therefore been completel y rearranged in the case of angular

and energy distributions (at the burden of increasing running time in data re-

trieval).

A Fortran program has been written to produce such a layout. The input is

a “universal” cross section library . The program has been successfully tested

out in severa l (but not all possible) situations .

The ILLIAC retrieva l routines have been all coded up and underwent some

testing. The testing has not been completed. The subroutines have not been in-

corporated into the Monte Carlo code.

14 
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VI . CONCLUSIONS

The attempt to validate our method of parallel izing Monte Carlo ca l cula-

tions were unfortunatel y performed on a computer at the time when its hardwa re

and software were rather unreliable. The tentative conclusions which we can

draw from this attempt are not in contradiction with the validity of our approach. 
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Harry Diamond Laboratories ATTN : George Staehle , L—24

ATTN : Chief , Nuc. Vulnerabil i ty Branch AIIM : M . Custavson , L—2l
ATTN : DRXDO—EM AIIM : R. Barker , L—96
ATTN : DRXDO—T I , Tech. Lib. ATTN: Auston Odeli, L-53l
ATTN : DRXDO—NP
ATTN : DRXDO—RBF Los Alamos Scientific Laboratory
ATTN: DRXDO—RBC ATTN : Doc. Con, for F. P. Young

ATTN: Doc. Con, for E. Chapin
Commander ATTH: Doc. Con, for Donald Harris
Picatinny Arsenal ATTN: Doc. Con, for W. Lyons

ATTN : R. Kesselman ATTN: Doc. Con. for R. Sandoval
ATTN : T. Derosa ATTH : Doc . Con. for T. Dowier
ATTN: SARPA—ND—C , P. Angelotti
ATTN : ND—C—T Sandia Laboratories

Livermore Laboratory
Director ATTN : Doc , Con , for Tech. Library
TRASANA

ATTN: R. E. DeKinder , Jr. Sandia Laboratories
ATTN: Doc. Con, for 3141, Sandia Rpt. Coil.

Director ATIN: Dot. Con, for N. Bunting
US Army Ballistic Research Labs.

ATTN: Tech. Lib., Edward Baicy US Energy Rsch. & Dev. Admin .
ATTN : DRXBR—X , Julius J. Meszaroa Brookhaven National Lab.
ATTN : DRXBR—AM , W. R. Vanantverp ATTN : Supervisor , Ri.. 13 for Nat. Neu. Cross
ATTN: DRXB R , J. Saccenti Sec. Sol Pearistein
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(Continued)

McMillan Science Associates, Inc.
US Energy Rsch. & Dev. Admin. ATTN: Robert Oliver

- . Controlled Thermonuclear Rsch. Div .
AIIM: Doc. Con, for Lester Price Mission Research Corporation

AIIM: Dave Sowle
US Energy Each. & Dev, Admin. AIIM: Conrad L. Longmire
Division of Reactor Each. & Dcv.

AIIM: Doc. Con, for Phil Hemmig Pacific—Sierra Research Corp.
AIIM : Gary Lang

- 
- Union Carbide Corporation

Holifield National Laboratory R & D Associates
AIIM: Dot. Con, for C. E. Clifford AIIM: Cyrus P. Knowles
AIIM: Dot. Con, for Tech. Lib. AIIM: Harold L. Erode
AIIM: Dot. Con, for Fred Mynatt
ATIM: Dec. Con, for Rad. Shielding Center Radiation Research Associates, Inc.

AIIM: Library
OTHER GOVERNMENT AGENCIES

Science Applications, Inc.
Central Intelligence Agency Chicago Office

ATIM: RD/SI Ri.. 5G48, Hq. Bldg. for AIIM: Dean Kaul
B. Sheffneer , 2922

Science Applications, Inc.
Department of Commerce AIIM: E. A. Straker
National Bureau of Standards ATTN: W. W. Woolson
Center for Radiation Research AIIM: Marvin Drake

ATTN : J. Hubell
Stanford Research Institute

DEPARTMENT OF DEFENSE CONTRACTORS AIIM: Ph ilip J. Dolan

The BDM Corporation Vector Research Incorporated
AIIM: Joseph V. Braddock AIIM: Seth Bonder

General Electric Company University of Wisconsin
TEMPO—Center for Advanced Studies Nuclear Engineering Department

AIIM: DASIAC AIIM: Prof essor Charles W. Maynard for
Charles Maynard

Lovelace Foundation for Medical Education & Rsth.
AT’IN: Clayton S. White

Mathematical Applications Group, Inc. (NY)
AITN: Martin 0. Cohen
ATTN : Malvin H . Kalos
ATFN: Rerb Steinberg
AIIM: Eugene S. Troubetzkoy
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