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Chapter 1 

INTRODUCTION 

1 . 1 INTRODUCTION 

The Monte Car lo method is an exper imenta l mathemat ical 

technique d e a l i n g wi th random numbers. In t h i s method the 

s o l u t i o n is represented by a parameter randomly sampled from 

a h y p o t h e t i c a l popu la t ion designed to represent the phys ica l 

nature of the problem. The requ i red s o l u t i o n is then 

determined by s t a t i s t i c a l e s t i m a t e s of the parameter . 

The Monte Car lo method has found e x t e n s i v e use in the 

f i e l d s of nuclear phys ics , quantum c h e m i s t r y , numerical 

a n a l y s i s , in format ion t h e o r y , b i o l o g y , s t a t i s t i c a l mechanics 

and o t h e r s [ 1 0 , 9 , 2 1 ] . I t p rov ides a powerful too I f o r 

r a d i a t i o n t r a n s p o r t a n a l y s i s in nuc lear e n g i n e e r i n g [ θ ] . 

Although Monte Car lo computat ions are t ime consuming and 

expens ive , they sometimes provide the only mean f o r s o l v i n g 

problems wi th compl icated t h r e e - d i m e n s i o n a l geometr ies or 

fo r v a l i d a t i n g approximate computat iona l methods. So l u t i on 

of these problems wi th o r d i n a r y numerical methods become 

very complex in 3-D i mens ionaI space. A d d i t i o n a l l y , the 

Monte Car lo method a l lows one to e a s i l y v i s u a l i z e the 

- 1 -
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phys ica l aspects of the problem which o t h e r w i s e are bur ied 

in complex e q u a t i o n s . 

In the Monte Car lo method, the accuracy of the r e s u l t s 

is Mm i ted by the computing t ime requ i red to reduce 

s t a t i s t i c a l u n c e r t a i n t i e s . The s o l u t i o n of p r a c t i c a l 

problems is const ra ined because t h e i r s i m u l a t i o n r e q u i r e s 

large execut ion t ime on s e q u e n t i a l computers. 

With computer execut ion t ime as the major d isadvantage of 

the Monte Car lo method, i t is n a t u r a l to cons ider i t s 

implementat ion on p a r a l l e l computers. P a r a l l e l computers, 

o therwise c a l l e d Su percomputers, l i k e the C r a y - 1 and 

Cyber-205 vector computers and the HEP m u l t i p r o c e s s o r 

machine, o f f e r  high execut ion speeds compared t o t h e i r 

s c a l a r c o u n t e r p a r t s . This improvement in speed is due to 

the vector and p a r a l l e l a r c h i t e c t u r e of the supercomputers. 

Supercomputers reach t h e i r peak performance i f the 

computat ions are s u i t a b l y converted t o f i t t h e i r 

a r c h i t e c t u r a l c h a r a c t e r i s t i c s . Convent iona l Monte Car lo 

codes in r a d i a t i o n t r a n s p o r t f o l l o w one p a r t i c l e a t a t ime 

through a random walk . This invo lves t r a c k i n g the p a r t i c l e 

through the problem geometry and randomly sampl ing from 

p r o b a b i l i t y d i s t r i b u t i o n s r e p r e s e n t i n g the physics of the 

problem. However, the Monte Car lo method has some degree of 

i n t r i n s i c p a r a l l e l i s m since the random walks are independent 

of each o ther [ l ] . This p a r a l l e l i s m can be e x p l o i t e d f o r 
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the implementat ion of Monte Car lo computat ions on 

mu 11i processor machines. On the o ther hand, t h i s 

p a r a l l e l i s m is not d i r e c t l y useful f o r implementat ion on 

vector computers. Vector processing demands t h a t o p e r a t i o n s 

should be performed on cont iguous vec tor e lements . Monte 

Car lo codes, however, inc lude p len ty of c o n d i t i o n a l 

s ta tements and very few DO-loops. This makes d i r e c t 

vector i z a t ι on of these codes through e x i s t i n g v e c t o r i z i n g 

compi lers very i n e f f i c i e n t ,  and the improvement in speed 

from local recoding very poor. E f f e c t i v e  v e c t o r i z a t i o n can 

be achieved i f new a lgo r i th ms capable of e x p l o i t i n g the 

vector machines c a p a b i l i t i e s are developed [ 3 , 2 , 1 8 , 2 6 ] . 

Recent e f f o r t s  have demonstrated t h a t v e c t o r i z a t i o n of 

Monte Car lo computet ions r e q u i r e s major changes in the 

g loba l a l g o r i t h m [ 3 , 2 , 1 8 , 2 6 ] . Although some work has been 

done on implementing Monte Car lo methods on vector 

supercomputers, l i t t l e has been repor ted on implementing 

them on mult i processor machines [ 1 6 ] . 

1 .2 §ÇQPE QE THE EBQJiQI 

The main m o t i v a t i o n f o r t h i s work is the d e s i r e to adapt 

a general purpose Monte Car lo R a d i a t i o n Transpor t code such 

as the MORSE code [ 3 l ] , on supercomputers. As a f i r s t s tep 

towards t h i s g o a l , i t was decided to cons ider the 

i mρ I eme η t a t i on of a re I a t i ve I y I ess comp lex Monte Car lo code 

on the supercomputers w i th the f o l l o w i n g o b j e c t i v e s : 
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1. Study the a r c h i t e c t u r a l and programming 

c h a r a c t e r i s t i c s of e x i s t i n g supercomputers. 

2. Develop s k i l l s and become f a m i l i a r w i th 

implementat ion techniques of Monte Car lo codes on 

supercomputers. 

3 . Develop vector and p a r a l l e l a l g o r i t h m s f o r the Monte 

Car lo code. 

4 . Study the behaviour of these a l g o r i t h m s 

In the contex t of these o b j e c t i v e s the contents of t h i s 

repor t are summarized below: 

In Chapter 2, commercial ly a v a i l a b l e supercomputers such 

as the Cyber-205 vector computer and the HEP m u l t i p r o c e s o r 

are descr ibed . The genera l a r c h i t e c t u r a l c h a r a c t e r i s t i c s 

and programming aspects of these computers are a lso reviewed 

and some programming examples are p r o v i d e d . 

In Chapter 3 , the Monte Car lo method as a p p l i e d t o 

r a d i a t i o n t r a n s p o r t a n a l y s i s is d e s c r i b e d . The d i f f e r e n t 

aspects involved in s o l v i n g the Bo Itzmann t r a n s p o r t equat ion 

are exp la ined and a s e q u e n t i a l a l g o r i t h m is g i v e n . Some 

previous work on implementing Monte c a r l o methods on 

su pe rcomputers is revi ewed and some p r i n c i p l e s f o r 

conver t ing s c a l a r codes t o p a r a l l e l codes are s t a t e d . 

In Chapter 4 , the Cente r -o f -Mass Monte Car lo program is 

descr ibed in d e t a i l . Some computat iona l r e s u l t s of COM on 
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the IBM 3081 compute r and the Cy ber -205 s c a l a r ρ rocessor are 

presented . The procedure f o l l o w e d in d e s i g n i n g VCOM ( t h e 

v e c t o r i z e d vers ion of COM) is discussed t o g e t h e r w i th the 

computat ional r e s u l t s of VCOM on the Cyber-205 vector 

machine. 

I n Chapter 5 , the performance of COM on mu 11 iprocessors 

is p r e d i c t e d for d i f f e r e n t  computet i on a I schemes, based on 

a v a i l a b l e theo r e t i ca l fo rmulae . The performance is a lso 

es t imated through s i m u l a t i o n on the IBM 3081 . A p a r a l l e l 

a l g o r i t h m is proposed f o r the implementat ion of COM on 

mu 11 i ρ rocesso rs . 

F i n a l l y , the r e s u l t s of t h i s p r o j e c t are summarized in 

Chapter 6 . Some concluding remarks and recommendations f o r 

f u t u r e work are g i v e n . 

The Job Control Language f o r the NOS Sof tware system [30] 

and s ign on ρ roced ures f o r the Cy be r - 2 0 5 compute r are g iven 

in the Appendix, along wi th l i s t i n g s and sample r e s u l t s f o r 

the COM and VCOM FORTRAN codes. 



Chapter 2 

SUPERCOMPUTERS 

2.1 INTRODUCTION 

Basad on cur ren t t echno logy , a computer is considered a 

supercomputer i f i t can perform over 100 MFLOPS ( m i l l i o n 

f l o a t i n g p o i n t o p e r a t i o n s per second) w i th word length of 64 

b i t s and a main memory c a p a c i t y of a t l e a s t one m i l l i o n 

words [7] . 

Supercomputers can be c l a s s i f i e d i ηto t h r e e a r c h i t e c t u r a l 

c o n f i g u r a t i o n s . Vector computers, a r ray procèssors , and 

mul t ip rocessor systems. A l l t h r e e u t i l i z e p a r a l l e l 

processing but in d i f f e r e n t  forms. Vector computers perforin 

over lapped computat ions on cont iguous data elements 

( v e c t o r s ) . Array ρ rocessors use m u l t i p l e a r i t h m e t i c log ic 

u n i t s t h a t can operate in p a r a l l e l and are synchronized by a 

c o n t r o l u n i t . M u l t i p r o c e s s o r systems cons i s t of m u l t i p l e 

processors which share so f tware /hardware  resources and 

opera te in p a r a l l e l in an asynchronous f a s h i o n . Both vector 

and array supercomputers are designed mainly f o r processing 

of large a r rays of data wh i le m u l t i p r o c e s s o r s have the most 

f l e x i b l e computer a r c h i t e c t u r e in e x p l o i t i n g a r b i t r a r i l y 

s t r u c t u r e d p a r a l l e l i s m . 

- 6 -



At p r e s e n t , most conmerc 

ere vector machines l i k e C 

mul t ip rocessors l i k e HEP. 

a r c h i t e c t u r e and programming 

HEP supercomputers are review 

7 

i a l l y a v a i l a b l e supercomputers 

r a y - 1 and Cyber-205 wi th few 

In the ensuing s e c t i o n s , the 

aspects of the Cyber -205 and 

ed . 

2 . 2 THE Ç!§ER=2Q5 VECIQR COMPUTER 

The Cyber-205 represents more than 20 years of e v o l u t i o n 

in s c i e n t i f i c computing by the Contro l Data C o r ρ r o r a t ¡ o n 

(CDC). As a commercial vec tor computer i t became a va i l a b l e 

in 1981. With four v e c t o r - ρ i pes, i t can pe rform o p e r a t i o n s 

a t 200 and 400 MFL0PS ra tes when o p e r a t i n g on 64 and 3 2 - b i t 

data r e s p e c t i v e l y [ 14] . 

2 . 2 . 1 Arshifets^ara 

The Cybe r - 2 0 5 compute r is a large s c a l e , high speed, 

computing system. The bas ic components of the system are 

[ 2 7 ] : 

1. Cental Processing U n i t - CPU. 

2 . Cent ra l memory - 1 m i l l i o n , 6 4 - b i t words. 

3 . E i g h t 1 / 0 p o r t s . 

4 . Maintenance Control u n i t - MCU. 

A basic block diagram f o r the Cyber-205 is shown in 

Fi gu re 2 . 1 . 



The Cent ra l Processing U n i t c o n s i s t s of a vec tor 

processor , a s c a l a r processor and the I n p u t / O u t p u t p o r t s . 

Both the s c a l a r and vector processors are h e a v i l y p i p e l i n e d 

for i n s t r u c t i o n f e t c h i n g and i n s t r u c t i o n e x e c u t i o n . 

I n s t r u c t i o n execut ion c o n t r o l res ides in the S c a l a r U n i t . 

I t rece ives and de codes a l l i n s t r u c t i o n s from memory, 

d i r e c t l y executes s c a l a r i n s t r u c t i o n s and d ispa tches vector 

and s t r i n g i n s t r u c t i o n s to the four vec tor pipes and to the 

S t r i n g U n i t fo r e x e c u t i o n . 

With independent vec tor and s c a l a r i n s t r u c t i o n c o n t r o l s , 

the s c a l a r u n i t can execute s c a l a r i n s t r u c t i o n s in p a r a l l e l 

wi th the execut ion of most vector i n s t r u c t i o n s . 

The § s i i a r A r i t h m e t i c U η c o n t a i n s f i v e f u n c t i o n a l p ipes 

for a d d / s u b t r a c t , m u l t i p l y . l o g i c a l , s h i f t , and 

d i v i d e / s q u a r e root o p e r a t i o n s over 32 or 6 4 - b i t s c a l a r s . 

The peak speed of the s c a l a r processor is 50 MFLOPS. A 

basic block diagram of the v e c t o r - f l o a t i n g p o i n t p i p e l i n e is 

shown in F igure 2 . 2 . 

The vector processor can have one, two, or four f l o a t i n g 

po in t a r i t h m e t i c p ipes . Each vector p i p e l i n e is d i r e c t l y 

connected to the main memory w i t h o u t using vector r e g i s t e r s . 

The Stream U n i t , manages the data streams between c e n t r a l 

memory and the vector p i p e l i n e s . A vec tor a r i t h m e t i c 

p i p e l i n e can perform a d d / s u b t r a c t , m u l t i p l y , d i v i d e , square 
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F i g . 2 . 2 : Basic block diagram of V e c t o r - F l o a t i n g P o i n t 
ρ i ρ β I i η « 
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roo t , l o g i c a l and s h i f t ovar 32 or 6 4 - b i t vac tor operands. 

With the except ion of d i v i d e and square root o p e r a t i o n s , 

these p i p e l i n e s each accept a new p a i r of operands every 

minor cyc le (20 ns) fo r 6 4 - b i t f l o a t i n g p o i n t o p e r a t i o n s ; 

fo r 3 2 - b i t o p e r a t i o n s the ra te is doubled. 

The §&£i.ng U n i t performs l o g i c a l o p e r a t i o n s on s t r i n g s of 

data to a l low b i t o p e r a t i o n s on b i t boundar ies . 

For the Cyber -205 , a vector may c o n s i s t of 65 ,635 (64K) 

consecut ive memory words. The vector s t a r t - u p t imes are 

large because of the memçry to memory o p e r a t i o n s . 

P i p e l i n i n g ρ rod υces one r e s u l t per c lock per i od of 20 ns. 

The r e s u l t from *ny of the u n i t s can be routed d i r e c t l y to 

the input of o the r u n i t s w i t h o u t the use of i n t e r m e d i a t e 

reg i s te r s . 

With four vec tor p ipes , the Cyber-205 can produce 200 

MFLOPS f o r 6 4 - b i t r e s u l t s and 400 MFLOPS for 3 2 - b i t r e s u l t s 

in vector a d d / s u b t r a c t or in vec tor m u l t i p l y o p e r a t i o n s . I t 

can be a lso used to perform Linked t r i a d o p e r a t i o n s of the 

type 

v e c t o r * ( s c a l a r + v e c t o r ) or v e c t o r + ( s c a l a r * v e c t o r ) 

wi th e f f e c t i v e  ra tes of 800 and 400 MFLOPS for 3 2 - b i t and 

6 4 - b i t r e s u l t s , r e s p e c t i v e l y . 

The Cyber-205 can have 8 to 16 I / O channe ls , each 16 b i t s 

wide. The I / O channels provide the c o n t r o l and data paths 
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for eoMBunîcation between the c e n t r a l memory and the 

e x t e r n a l d e v i c e s . Each I / O channel has a maximum t r a n s f e r 

r a t e of 200 megabits. 

The Centra I memory is a random access memory using 16K 

MOS c i r c u i t s ( s e r i e s 6 0 0 ) . The memory words are 78 b i t s , 

p r o v i d i n g a 6 4 - b i t data word wi th 7 b i t s s i n g l e e r r o r 

S o r r e c t i o n and Rouble e r r o r d e t e c t i o n (SECDED) for each 

3 2 - b i t h a l f - w o r d . The basic memory s i z e is 1 m i l l i o n words 

wi th expansions to 2 , 4 , 8 , 1 2 or 16 m i l l i o n words. I t is a 

v i r t u a l memory system wi th advanced memory management 

f e a t u r e s such as Key and Lock for memory p r o t e c t i o n and 

s e p a r a t i o n , hardware mapping from v i r t u a l to phys ica l 

address and user program data shar ing c a p a b i l i t y . The main 

memory bandwidth is 400 MWords/sec and t h i s is needed to 

support the memory-to-memory p i p e l i n e o p e r a t i o n s . 

A powerfuI f e a t u r e of the Cyber-205 is the b i t vector 

c a b a b i l i t y . For d e c i s i o n making o p e r a t i o n s in vector 

coding, hardware and addressing are provided for b i t 

v e c t o r s , w i th s i n g l e b i t s r e p r e s e n t i n g " t r u e " or " f a l s e " 

c o n d i t i o n s . Microcoded vector macroinstru e t ions t h a t 

dynamica l ly reconf igure the vector pipes provide d i r e c t 

vector implementat ion of dot products , summation of vec tor 

elements and many o ther f u n c t i o n s . A d d i t i o n a l l y , a ha rdware 

i n s t r u c t i o n is provided f o r vec tor square root o p e r a t i o n . 
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Where vector i z ing c o a p i l e r s f e i l , i t becomes the 

p rogr in i i i r ' s task to conver t the s c a l a r i n t o vec tor code 

using vector i n s t r u c t i o n s or c a l l s t o vec tor subprograms. 

The remainder of t h i s s e c t i o n d iscusses some vector 

o p e r a t i o n s a v a i l a b l e on the Cyber-205 f o r vector data 

handl ing and d e c i s i o n making. These are the 

compress/expand, merge, g a t h e r / s c a t t e r , and s e l e c t i v e s t o r e 

o p e r a t i o n s . A complete s e t of i n s t r u c t i o n s and how they are 

used can be found in the F o r t r a n - 2 0 0 re ference manual [ 2 8 ] . 

• The Somgre§s o p e r a t i o n removes unwanted elements from a 

vector by reducing i t s l e n g t h . The elements to be removed 

correspond to the O's in a b i t c o n t r o l v e c t o r . For example, 

compressing a vector A to a vec tor R according to the 

c o n t r o l vector CV r e s u l t s in : 

CV: 1 1 0 0 1 - length 5 

A : 5 4 3 2 1 - length 5 

R : 5 4 1 - length 3 

• The {gerge o p e r a t i o n merges two vec tors 

b i t cont ro l v e c t o r . For example, merging a 

vector Β to produce a vector R accord ing 

vector CV r e s u l t s i n : 

A: 5 4 3 2 1 

B: 6 7 8 9 10 

CV: 1 1 0 0 1 1 0 0 - length 8 

accord t ng to a 

vector A wi th a 

to b i t con t ro I 



R : 5 4 6 7 3 2 8 9 - length 8 
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• The f&£iQ4 o p e r a t i o n c r e a t e s a longer vec tor having 

ze ros placed in eI ements corresponding to zeros in a b i t 

c o n t r o l v e c t o r . For example, expanding a vector C to a 

vector A accord i ηg to CV produces : 

C 

CV 

A 

2 5 

0 1 0 0 1 

0 2 0 0 5 

• The gt&her o p e r a t i o n is used to form a cont iguous 

vector f rot» random d a t a . The e le me η t s are c o l l e c t e d 

according to an index l i s t . For example: 

index l i s t I 

vector A 

r e s u I t vector R 

1 5 3 7 

10 11 12 13 14 15 16 17 18 

10 14 12 16 

• The s c a t t e r o p e r a t i o n s t o r e s the elements of a vector 

i n t o random l o c a t i o n s in another vector according to an 

index l i s t . For example: 

vector A: 10 11 12 13 14 

i ndex I i s t I : 1 5 3 7 9 

o ld vec tor R: 0 0 0 0 0 0 0 0 0 

new vector R: 10 0 12 0 11 0 13 0 14 



• The § s l s s t i v $ 2¿££2 o p e r a t i o n s to res elements in a 

vector according to a b i t cont ro l v e c t o r . For example: 

A: 1 2 3 4 5 

CV: 0 1 1 0 0 

old R: 6 7 8 9 10 

new R: 6 2 3 9 10 

B i t c o n t r o l vec tors are usua l l y generated by l o g i c a l 

expressions i n v o l v i n g two vectors or a vec tor and a s c a l a r 

operand, or by using the vector f u n c t i o n subprograms 

a v a i l a b l e on the Cyber -205 . 

V e c t o r i z a t i o n of d e c i s i o n making c a l c u l a t i o n s can be done 

by combining the o p e r a t i o n s descr ibed above in d i f f e r e n t 

ways, or by using the WHERE F o r t r a n - 2 0 0 i n s t r u c t i o n 

desc r ι bed nex t . 

• The WHERg i n s t r u c t i o n a l lows the execut ion of an 

opera t ion on s e l e c t e d elements of one or two vectors 

according to a b i t c o n t r o l v e c t o r . For example, the 

opera t ion "WHERE ( CV ) R = A + B* is c a r r i e d out as 

fo I Iows: 

A: 1 2 3 4 5 

B: 6 7 8 9 10 

CV: 0 0 1 1 0 

R: 0 0 11 13 0 
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In handl ing d e c i s i o n making w i th data handl ing 

o p e r a t i o n s , a d d i t i o n a l c a l c u l a t i o n s are forced in the vector 

code which are unnecessary in a s c a l a r code. Usua l ly t h i s 

ex t ra work involved is o f f s e t  by the much h igher computet i on 

ra tes obta ined from the νector c a l c u l a t i o n s . 

2 . 3 HEP MULTIPBQCiS§QR 

The Heterogenous Element processor (HEP) became a v a i l a b l e 

in 1982 as the f i r s t t r u l y commercial m u l t i p r o c e s s o r . I t 

can execute a number of s e q u e n t i a l (SISD) or p a r a l l e l (MIMO) 

programs s i m u l t a n e o u s l y . I t can have up to 16 process 

execut ion modules (PEMs) w i th peak performance of 160 

m i l l i o n i n s t r u c t i o n s per second (MIPS) [ 1 6 , 1 4 , 7 , 2 2 , 1 3 ] . The 

a r c h i t e c t u r e and programming aspects of the HEP are 

discussed in the f o l l o w i n g s u b s e c t i o n s . 

2 . 3 . 1 Ä r s h i t e s i a r j 

The HEP mu 11i processor can have up to 16 process 

execut ion modules (PEMs) and up to 128 data memory modules 

(DMMs). These are connected wi th the INPUT/OUTPUT and 

contro I subsystem th rough a h i gh-speed message sw i tched 

network. A basic c o n f i g u r a t i o n of the HEP w i th four PEMs, 

four DMMs, a mass s torage subsystem and an I / O c o n t r o l 

processor is shown in F igure 2 . 3 
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PEM PEM PEM PEM 

DATA DATA DATA DATA 
MEMORV MEMORY MEMORV MEMORY 

PACKET 
SWITCHED 
NETWORK 

I/O CACHE I/O 
CONTROL I/O CHANNELS 

I/O 
CONTROL I/O CHANNELS 

I/O 
CONTROL 

O — O 
OTHER 

6 1/0 
DEVICES 

MASS STORAGE DEVICES 

F i g . 2 . 3 : Basic c o n f i g u r a t i o n of the HEP mu I t i p r o c e s o r w i th 
four processors 
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The mass-storage subsystem cons is ts of t h r e e main 

components. A large MOS buf fe r  memory prov ides an I / O cache 

f u n c t i o n to match the seek and r o t a t i o n a l de lays of d i s k s . 

Disk s to rage mod ules provide s to rage increments of 600 

megabytes. I / O channels couple the disk s t o rage mod ules to 

the I / O cache and are cont ro lad by the I / O c o n t r o l 

processor . The cache memory can handle 32 I / O channels 

s i m u l t a n e o u s l y , y i e l d i n g a p o t e n t i a l t r a n s f e r  ra te of 80 

mega b y t e s / s . 

The I / O c o n t r o l processor c o n t r o l s the communication 

between the disk c o n t r o l l e r s and t h e i r i n t e r f a c e s to the 

cache memory. 

The process execut ion mod u les (PEMs)can execute m u l t i p l e 

i n s t r u c t i o n streams on m u l t i p l e data streams s i m u l t a n e o u s l y . 

This is done by p i p e l i n i n g each ΡEM wi th m u l t i p l e f u n c t i o n a l 

u n i t s . Because the m u l t i p l e i n s t r u c t i o n s executed 

concur ren t ly by an MIMD machine are independent of each 

o ther ( thus they d o n ' t in f luence one a n o t h e r ) , f u l l 

p a r a l l e l i s m in processing can be ach ieved. 

Each PEM has i t s own program memory ( rang ing from 1 to 8 

megabytes) , and own i n s t r u c t i o n processing u n i t ( I P U ) . The 

program memory b u f f e r s  the i n s t r u c t i o n s of a c t i v e processes 

a l l o c a t e d t o the PEM. Up t o 50 i n s t r u c t i o n s may be in 

var ious stages of execut ion o p e r a t i n g on one or so re data 

streams s i m u l t a n e o u s l y , but the speed of execut ion is 

I i m i ted by the 100 ηs i ηst rue t i on fe tch r a t e . 
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There are four kinds of memories in a HEP system: program 

memory, r e g i s t e r memory, constant memory and data memory. 

Program memory is read only and is local t o a PEM. R e g i s t e r 

and constant memories are a lso local t o a PEM and are 

s i m i l a r in use except t h a t constant memory cannot be a l t e r e d 

by a user process. There are 2048 r e g i s t e r s and 4096 

constant l o c a t i o n s in each PEM so t h a t many processes 

running in p a r a l l e l can have access to p r i v a t e working 

s t o r a g e . Data memory is shared between the PEMs. 

A s i n g l e PEM can support up to 128 coopera t ing processes 

of which up to 64 may be user and up t o 64 may be s u p e r v i s o r 

processes. Under the assumption t h a t m u l t i p l e processes 

w i l l cooperate on a given job or task and thus share memory, 

memory is a l l o c a t e d and p ro tec ted on the basis of a 

s t r u c t u r e c a l l e d the Task. Each of up to 16 Tasks is 

descr ibed by a Task S ta tus Word (TSV) c o n t a i n i n g base and 

l i m i t va lues f o r each memory t y p e . A task may have up to 64 

processes. 

P o t e n t i a l l y , an i n s t r u c t i o n may be completed in every 100 

ns. Thus 10 MIPS is an execut ion r a t e r e p r e s e n t i n g a 

maximum u t i l i z a t i o n of the hardware of one PEM. F u n c t i o n a l 

u n i t s are of two types : Synchronous and asynchronous. The 

synchronous f u n c t i o n u n i t s are p i p e l i n e d wi th 8 l i n e a r 

segments; thus , i n s t r u c t i o n s are completed every 800 ns. 

Asynchronous f u n c t i o n u n i t s l i k e the d i v i d e r do not 
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n e c e s s a r i l y complete t h e i r o p e r a t i o n s w i t h i n Θ00 ns. 

Usual ly one process cannot execute f a s t e r than 1 .25 MIPS but 

i f 8 to 12 processes are execut ing in a PEM they are 

s u f f i c i e n t  f o r the I n s t r u c t i o n Processing U n i t to use a l l 

i n s t r u c t i on cyc les and thus achieve 10 MIPS execut ion r a t e . 

P r o t e c t i o n mechanisms, l i k e hardware address check and 

bound check of TSWs, are provided f o r p r o t e c t i o n of one user 

process from another . 

Schedul ing of user processes to PEMs can be e i t h e r s t a t i c 

or dynamic. The HEP mul t ip rocessor uses a d i s t r i b u t e d s e l f -

schedul ing technique to balance the execut ion t ime of 

processes in a t a s k . The number of processes in a task is 

def ined by the programmer. 

Cooperat ing processes synchronize by means of accesses to 

shared d a t a . In data memory, the access s t a t e s are " f u l l " 

and "empty". A t h i r d access s t a t e " reserved" is implemented 

in the r e g i s t e r s . More on sof tware support i s discussed in 

the next S e c t i o n . 

2 . 3 . 2 PjC9grS9!ÍQd Asgeçt§ 

Language sup por t fo r para l l e i process i η g in HEP is 

provided by extended F o r t r a n - 7 7 . A new data type has been 

introduced to enable syne h ron i z a t i on between c o o p e r a t i n g and 

competing processes. Th is is c a l l e d the asynchronous 
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v a r i a b l e which uses the a c c e s s - s t a t e c a p a b i l i t y of the HEP 

hardware t o support the c o r r e c t i n t e r a c t i o n between 

processes. An asynchronous v a r i a b l e is i d e n t i f i e d by a "$" 

symbol and can have any data t y p e . I t may be w r i t t e n i n t o 

only when i t s l o c a t i o n is empty and be read i f i t s l o c a t i o n 

is f u l l . 

Other types of reads or w r i t e s t h a t are a lso a l lowed a r e : 

VALUE($NAME), which accesses the v a r i a b l e $NAME regard less 

of i t s s t a t e ; PURGE which c l e a r s the s t a t e of the v a r i a b l e ; 

SETE($NAME) which reads the value of $NAME regard less of i t s 

s t a t e and se ts i t to empty. In t o t a l , t h e r e are two 

s ta tements added and f i v e i n t r i n s i c f u n c t i o n s f o r t e s t i n g 

and man ipu la t ing access s t a t e s of asynchronous v a r i a b l e s . 

For more d e t a i l s see re ferences [ 1 6 , 1 4 , 2 2 , 1 3 ] . 

P a r a l l e l process c r e a t i o n can be handled in HEP by the 

CREATE/RESUME i n s t r u c t i o n s which are a lso ex tens ions to 

F o r t r a n - 7 7 . CREATE is s i m i l a r to a For t ran CALL but I t 

causes the created subrout ine to run in p a r a l l e l w i th i t s 

c r e a t o r . RESUME is s y n t a c t i c a l l y t i k e a RETURN from a 

s u b r o u t i n e . I t causes the c a l l e r of a subrout ine to resume 

execut ion in p a r a l l e l w i th the s u b r o u t i n e . I f the 

subrout ine was created by a CREATE s ta tement then RESUME has 

no e f f e c t . 

HEP For t ran generates f u l l y r e e n t r a n t code and 

dynamica l ly a l l o c a t e s r e g i s t e r s and loca l v a r i a b l e s in data 
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memory as requi red by the program. Thus, i t is easy to 

c r e a t e severa l processes which execute i d e n t i c a l programs on 

d i f f e r e n t  data s i m u l t a n e o u s l y . 

Process schedul ing can e i t h e r be s t a t i c or dynamic as 

mentioned in the Subsect ion be fo re . The example given in 

F igure 2 . 4 demoηst ra tes the conversion of a s e r i a l code to a 

para l l e i code wi th s e l f s c h e d u l i n g . The DOALL task wi th 100 

i t e r a t i o n s is p a r t i t i o n e d i ηto 10 ρrocesses and each process 

can acqui re the next i t e r a t i o n dynamica l ly when i t f i n i s h e s 

the previous one [13] . 

In the above example two s y n c h r o n i z a t i o n v a r i a b l e s are 

used: $N0I keeps t rack of the i t e r a t i o n count w h i l e $T0TAL 

makes sure t h a t a l l 100 i t e r a t i o n s have been f i n i s h e d before 

the main program c o n t i n u e s . F i r s t , the program c r e a t e s NP-1 

processes a l l execut ing subrout ine D0ALL, and then i t s e l f 

executes the subrout ine D0ALL by c a l l i n g i t , w i th the r e s u l t 

t h a t NP ρrocesses are execut ing DOALL a t the end. 

S e l f schedul ing is mo re e f f i c i e n t  than s t a t i c schedu l ing 

when the number of i t e r a t i o n s is much g r e a t e r than the 

number of processes. I n cases where the execut ion t ime 

between i te r a t i o n s v a r i e s w i d e l y , s t a t i c s c h e d u l i n g may take 

mo re t ime because one process may get a l l the long 

i te r a t i ons. 
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DIMENSION A ( 1 0 0 ) , B ( 1 0 0 ) , C ( 1 0 0 ) , D ( 1 0 0 ) 
NslOO 
DO 10 1=1, Ν 

A(X)=B| I ) + C ( I ) 
D ( I ) = A | l ) * * 2 

10 CONTINUE 

A) SCALAR CODE 

COMMON A ( 1 0 0 ) , Β ( l O O ) , C ( l O O ) , D ( l O O ) , Ν 
N = 100 
NP=10 
PURGE $NOI,$TOTAL 
$NOI=l 
$TOTALsO 
DO 10 I s 1, ( N P - l ) 

10 CREATE DOALL($N0I,$TOTAL) 
CALL DOALL ($N0I ,$T0TAL) 

20 IF(VALUE($TOTAL).LT.Ν) GO TO 20 

B) MAIN PROGRAM FOR PARALLEL CODE 

SUBROUTINE DOALL ($N0I ,$T0TAL) 
COMMON A Í 1 0 0 ) , B ( l 0 0 ) , C ( 1 0 0 ) 
COMMON D ( 1 0 0 ) , D ( l O O ) ,N 

100 Is$NOI 
SN0 I= I+1 
I F ( l . G T . N ) GO TO 200 
Α ί ψ β i U C ( l ) 
D ( I ) = A ( I ) * * 2 
$T0TAL=$T0TAL+1 
GO TO 100 

200 RETURN 
END 

C) SUBROUTINE FOR PARALLEL PROGRAM 

F i g . 2 . 4 : Conversion of s c a l a r to p a r a l l e l code f o r HEP 
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2 . 4 SUMMARY AND CONCLUSIONS 

The a r c h i t e c t u r e and programming aspects of the Cyber-205 

vector computer and the HEP mui t ¡ρrocessor are discussed in 

t h i s Chapter . I t is i n d i c a t e d t h a t todays supercomputers 

can achieve high execut ion r a t e s , provided the computat ions 

a re making f u l l u t i l i z a t i o n of t h e i r a r c h i t e c t u r a l 

c h a r a c t e r i s t i cs. 

The execut ion ra tes of 400 MFLOPS f o r Cyber-205 and 160 

MIPS f o r the HEP mul t ip rocessor are much l a r g e r compared to 

t h a t of convent iona l computers. This s i m u l a t e s i n t e r e s t in 

deve lop ing new a lgor i thms s u i t a b l e f o r supercomputers and in 

c o n v e r t i n g e x i s t i n g s c a l a r a lg o r i th ms to p a r a l l e l ones. 

In the remaining Chapters s p e c i f i c aspects of c o n v e r t i n g 

an e x i s t i n g Monte Car lo s c a l a r code to a p a r a l l e l one are 

d iscussed. F i r s t , the fundamentals of the Monte Car lo 

method are d i s c r i b e d in the next Chapter , in order to 

i l l u s t r a t e the i n h e r e n t p a r a l l e l i s m of the method. 



Chapter 3 

THE RADIATION TRANSPORT MONTE CARLO METHOD AND 
SUPERCOMPUTERS 

3 . 1 INTRODUCTION 

The i n t e r a c t i o n s of p a r t i c l e s ( r a d i a t i o n ) t r a v e l l i n g 

through a Medium are s t o c h a s t i c in n a t u r e . T h e r e f o r e , 

r a d i a t i o n t r a n s p o r t problems may be solved by s i m u l a t i n g the 

random processes involved and then i n f e r i ηg the requ i red 

so l u t i on by observ ing the behavior of t racked p a r t i c l es [ 7 ] . 

The s i m u l a t i o n of the random processes is known as the Monte 

Car lo method. 

Monte Car lo s i m u l a t i o n s are g e n e r a l l y t ime consuming and 

t h e r e f o r e e f f o r t s  d i r e c t e d towards making use of 

supercomputers to reduce the execut ion t ime are encouraged. 

In t h i s Chapter , the Monte Car lo method as a p p l i e d to 

r a d i a t i o n t r a n s p o r t problems is descr ibed in Sec t ion 3 . 2 . 

In Sect ion 3 . 3 , prev ious work done on implementing Monte 

Car lo methods on supercomputers is reviewed and in S e c t i o n s 

3 . 4 and 3 . 5 the aspects of implementing Monte Ca i ro method s 

on supercomputers are d iscussed. Concluding remarks are 

given in Sec t ion 3 . 5 . 

- 26 -
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3 . 2 MONTÉ ÇARLQ MEJdQDS IN RADIATÏQN IgftMSEQRT 

The Monte Car lo method is used to so lve the Bo Itzma η η 

t r a n s p o r t e q u a t i o n . This is achieved by randomly t r a c k i n g 

s u f f i c i e n t  number of p a r t i c l e s through the problem geometry. 

The sampling is governed by p r o b a b i l i t y d i s t r i b u t i o n s 

r e p r e s e n t i n g the physics of the problem. An e s t i m a t e of the 

q u a n t i t y of i ηte r e s t is then obta ined by accumulat ing the 

c o n t r i b u t i o n of i n d i v i d u a l p a r t i c l e s . 

In order to dete rm i ne how the Monte Car lo method is used 

to so lve the Boltzmann t r a n s p o r t equat ion l e t us cons i der 

the i n t e g r a l form of t h i s equat ion [β] 

f(f)  = G(F'-£)*f(F')  df' + S(P) (1) 

Where : Ρ is a p o i n t in phase space w i th 

c o o r d i n a t e s ( r , Ε, (χ) , t ) . 

£ ' is another po in t in space, 

i s pos i t i on ν ecto r 

Ε = energy v a r i a b l e 

Cx) s di r e c t i on cos i ne vec tor 

t s t ime v a r i a b l e 

G(p»-vp)dp s the expected number of p a r t i c l e s emerging 

from a c o l l i s i o n a t Ρ is dP, g iven t h a t a 

p a r t i c l e comes out of c o l l i s i o n a t_P . 
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S ( f ) = dens i ty of source p a r t i c l e s generated 

a t poi n t JP. 

» dens i ty of p a r t i c l e s l eav ing a source or 

emerging from a c o l l i s i o n is d Ρ ' a t J?1 . 

In phys ica l terms the Boltzmann equat ion is simply a 

book keep i ng mechanism f o r p a r t i c l e t r a n s p o r t in space. The 

kernel G(P'-*p) prov ides the p r o b a b i l i t y dens i ty f u n c t i o n 

upon which a Honte Car lo s i m u l a t i o n can be based. This 

kernel a lso accounts for both p a r t i c l e t r a n s p o r t and 

c o l l i s i o n in space. 

The s o l u t i o n of the above equat ion prov ides the neutron 

(gamma-ray) dens i ty d i s t r i b u t i o n in the ( r , E.CJ, t ) space. 

This q u a n t i t y is e s s e n t i a l in de te rmin ing the behaviour of a 

nuclear system. Two of the major a p p l i c a t i o n s in t h i s area 

are r a d i a t i o n s h i e l d i n g design and r e a c t o r c r i t i c a l i t y 

c a l c u l a t i o n s [ l O ] . 

To solve the Bo Itzmann equat ion using the Monte Car lo 

method one must provide the f o l l o w i n g items for each 

p a r t i c l e h i s t o r y (random w a l k ) . 

1. Sou rce p a r t i c l e 

2. Transpor t d i s t a n c e 

3 . Geometry encountered 

4 . Co I I i s i on phys i es 

5 . Scori ng means 
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The above aspects are discussed in the f o l l o w i n g 

paragraphs. 

1 . SQI¿ rce P a R T | Ç j e : A r a d i a t i o n source is def ined by i t s 

p o s i t i o n , energy and d i r e c t i o n a l cosines (χ , E . 

These source v a r i a b l e s are ρ reduced by random I y 

sampling from given p r o b a b i l i t y d i s t r i b u t i o n s . 

Source p a r t i c l e s are assigned a s t a r t i n g w e i g h t , and. 

a s t a r t i n g age in the case of t ime dependent 

problems. This provide the S ( f ) term in the 

t r a n s p o r t equat ion ( l ) . 

2- JrSQ3Bort D i s t a n c e : A p a r t i c l e de f ined by (¿ , Ε ,(jj) 

t r a v e l l i n g through a medium e v e n t u a l l y c o l l i d e s wi th 

a nucleus of the medium and consequent ly changes i t s 

• ne rgy and d i r e c t i o n . The p r o b a b i l i t y d i s t r i b u t i o n 

f u n c t i o n of the d »stance between col I i s ions, 

t r a v e l l e d by a p a r t i c l e is g iven by [ β ] , 

T ( s ) = Y(s)  EXP Γ -Í  Y  ( s ' ) ds ' 1 (2) 
t  J 

where 

y = t o t a l macroscopic c r o s s - s e c t i o n 
τ 

and depends on the energy of the 

p a r t i c l e and the nature of 

the surrounding medium. 

Equation (2 ) prov ides e s s e n t i a l l y the t r a n s p o r t 

pa r t G(P'-»P) of equat ion ( l ) . 
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The d i s t a n c e t r a v a i l e d is determinad in terms of 

the number of mean- f ree -pa ths t r a v e l l e d ( . which 

can be converted to c e n t i m e t e r s by d i v i d i n g ^ by the 

t o t a l c r o s s - s e c t i o n of the medium, 

D = Λ/£ (3) 

The value of s is randomly sampled from T ( s ) . 

3 ' QSQBStry £nçoynters^: G e n e r a l l y the medium invo lved 

is not homogeneous but may c o n s i s t of regions of 

d i f f e r e n t  m a t e r i a l s . I f the lengths of the f l i g h t 

paths for each medium are de f ined as ŝ  , s ^ , s ^ , . . . . f s ^ 

then i f , 

7 W T) 

t h * f l i g h t t a r n i n a t e s in the n - t h r e g i o n , encountered 

a t a d i s t a n c e of 

7? 

= — ( λ - Y Y . . J (5 ) 
¿ A f 

L-n fr ϊ 

beyond the n - t h r e g i o n . is the c r o s s - s e c t i o n of 

the medium in region f and ^ is the number of mean-

f r e e paths t r a v e l l e d . 

Three-d imensiona l geometr ies can be descr ibed 

easi ly using a c o m b i n a t o r i a l concept [31] . Some 
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basic geometr ica l shapes l i k e sphere , c y l i n d e r , box, 

are de f ined and then the geometr ica l shape is de f ined 

by comb in ing the basic shapes using the Append ( + ) , 

D e l e t e ( - ) , and (OR) l o g i c a l o p e r a t o r s . Other methods 

for descr ib ing geometry, l i k e the a n a l y t i c a l or 

f i n i t e d i f f e r e n c e  numerical methods become ν e ry 

complex in the case of 3-D geomet r ies . 

4 · Ç s i i i a i S Q B b y î i s s : I f the p a r t i c l e does not escape 

the system, i t is t e s t e d f o r col I i s i o n consequences 

a t the end of i t s f l i g h t pa th . When a c o l l i s i o n 

takes p l a c e , mainly one of t h r e e events may happen. 

F i r s t , the p a r t i c l e may be absorbed i n t o the medium. 

Second, the p a r t i c l e may be s c a t t e r e d , t h a t i s i t 

leaves the po in t of c o l l i s i o n in a new d i r e c t i o n w i th 

a new energy. T h i r d , f i s s i o n of the struck nucleus 

" y occur ; in t h i s case ( i f the o r i g i n a l p a r t i c l e is 

a neutron) severa l o t h e r neutrons leave the p o i n t of 

co I l i s i on wi th d i f f e r e n t  e n e r g i e s and d i r e c t i o n s . 

Each of these p o s s i b i l i t i e s has a c e r t a i n p r o b a b i l i t y 

s p e c i f i e d by an a p p r o p r i a t e c r o s s - s e c t i o n of the 

med i um t h a t d e f i n e s the i n t e r a c t i o n p r o b a b i l i t y . 

Th i s is the co I I i s i on pa r t of the G (J? kerne l of 

equat ion ( l ) . For the Monte C a r l o purposes, random 

sampling is performed based on these p r o b a b i l i t y 

d i s t r i b u t i o n s . 
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S. §S2£ÍQ9 Mean$: The r e p e t i t i o n of the procedure 

descr ibed above for a large number of p a r t i c l e s can 

y i e l d es t imates of some phys ica l parameters . For 

example, the number of p a r t i c l e s escaping out of the 

medium g ives an e s t i m a t e f o r the escape p r o b a b i l i t y . 

The number of p a r t i c l e s reaching a lower thermal 

energy g ives an e s t i m a t e of the thermal i 2a t i on 

p r o b a b i l i t y . In the same manner, the p r o b a b i l i t y of 

occurence of o ther measurable q u a n t i t i e s such as 

absorpt ion r a t e s may be e s t i m a t e d . 

The above d iscuss ion considers an analog method where the 

p a r t i c l e is a l lowed to be absorbed by the medium. In some 

cases, fo r example in the s i m u l a t i o n of deep p e n e t r a t i o n 

problems, an analog method y i e l d s very poor s t a t i s t i c s s ince 

most of the p a r t i c l e s are absorbed before they reach the 

region of i n t e r e s t . For t h i s reason a non-analog method can 

be used where p a r t i c l e absorp t ion is not p e r m i t t e d . R a t h e r , 

the p a r t i c l e weight is m u l t i p l i e d by the non-absorpt ion 

p r o b a b i l i t y a f t e r the p a r t i c l e encounters a c o l l i s i o n . This 

method y i e l d s b e t t e r s t a t i s t i c s because mo re p a r t i c l e s are 

al lowed to c o n t r i b u t e to the q u a n t i t y of i n t e r e s t , though 

wi th a reduced w e i g h t . 

A t y p i c a l f low diagram of a Monte Car lo program f o r 

r a d i a t i o n t r a n s p o r t problems is shown in F igure 3 . 1 . The 

Monte Car lo random walk f o l l o w s the source p a r t i c l e 



33 

t r a n s p o r t and c o l l i s i o n s u n t i l the p a r t i e l · » and p a r t i c l e s 

generated by f i s s i o n i f any, are ki I led by a b s o r p t i o n , 

escape f r o « the system or reach a low energy c u t - o f f . 

Another source p a r t i c l e is then i ntroduced and f o i l owed 

throughout i t s h i s t o r y and so on. 

Typ ica l problems can invo lve the processing of thousands of 

p a r t i c l e h i s t o r i e s in order to achieve s u f f i c i e n t  accuracy 

in the scores . Since the Monte Car lo a n a l y s i s is based on 

random sampling from e x i s t i n g p r o b a b i l i t y d i s t r i b u t i o n s , 

large memory capac i ty is requi red f o r the s torage of these 

d i s t r i b u t i o n s . Therefore Monte Car lo c a l c u l a t i o n s r e q u i r e : 

large computing t ime and large memory c a p a c i t y . 

For these reasons, i t i s d e s i r a b l e to implement Monte 

Car lo methods on supercomputers to speed up the 

computet i ons. 
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F i g . 3 . 1 : Flow Diagram for th« Monta Car io method in 
r a d i a t i o n t r a n s p o r t 
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3 . 3 REVIEW OF 8QMIÊ ÇAR^g METHQDS QN SUPERQQMPyTgRS 

Ear ly work on impI «meη11 η g Monte Car lo methods on 

supercomputers was repor ted by Troubetzkoy e t a l . ( 1 9 7 3 ) 

[ 2 5 ] , who adapted a vers ion of the cont inuous-energy code 

SAM-CE on the I L L I A C - I V computer. The I L L I A C - I V is a SIMD 

machine wi th 64 processing e lements . The basic approach was 

to f o i l o w a number of h i s t o r i e s in each of the 64 processing 

e lements , and perform a g iven computat ion i f "enough" 

processing elements had a t l e a s t one p a r t i c l e w a i t i n g for 

t h a t p a r t i c u l a r computat ion. The processing elements 

w i t h o u t w a i t i n g p a r t i c l e s were d i s a b l e d f o r t h a t 

computet i on. This study in t roduced the basic techn ique of 

grouping the p a r t i c l e s in s tacks accord i ηg to the type of 

computat ion they have to undergo. This techn ique has formed 

the basis f o r the development of almost a l l the recent 
» 

v e c t o r i z e d Monte Car lo codes. Since the I L L I A C - I V was under 

development a t t h a t t i m e , the code was s i m u l a t e d on a s c a l a r 

computer w i th es t imated speedup of 20 over a s c a l a r code. 

In the f o l l o w i n g subsect ions the prev ious work done on 

vector and mul t ip rocessor computers is rev iewed. 
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3 . 3 . 1 Monif Ç § ρlo Methçds QQ Veçtgr Qgraßute rg 

In 1979, D.A Calahan and h is a s s o c i a t e s [4] # s t a r t e d 

p r e l i m i n a r y s t u d i e s on v e c t o r i z i n g Monte Car lo codes. A 

simple 300 l i n e Monte Car lo code for the cont inuous energy 

t r a n s p o r t of gamma rays was implemented on the C r a y - 1 vec tor 

computer. The v e c t o r i z a t i o n of t h i s code was intended for 

basic a l g o r i t h m i c s t u d i e s and development of ν e c t o r i z a t i on 

t e c h n i q u e s . The speedups obta ined were of the order of 5 - 1 0 

over s c a l a r codes on the CDC 7600 . 

F. Β Brown [ 2 , 3 ] , in 1981, developed a demonstra t ion code 

to i n v e s t i g a t e the p o t e n t i a l of Monte Car lo v e c t o r i z a t i o n . 

This was a mul t igroup Monte Car lo code f o r r e a c t o r s h i e l d i n g 

a p p l i c a t i o n s c a l l e d MCVMG. I t inc luded a subset of the 

basic c a p a b i l i t i e s of the MORSE [ 3 l ] and ANDY [20] codes. 

The speedups reported f o r small t e s t problems were of the 

order of 20 -40 over the codes on the CDC 7600 . Many of the 

v e c t o r i z a t i o n techniques developed f o r t h i s demonstrat ion 

code were used f o r the l a t e r development of a con t i nuous-

ene rgy Monte Car lo code (MCV) f o r the Cyber-205 compute r . 

The MCV code was developed by Brown f o r the K n o l I s Atomic 

Power L a b o r a t o r y , in 1983 [ 2 6 ] . In 1984, Brown and 

Mendel soη [3] developed a genera l pu rpose neutron t r a n s p o r t 

code f o r nuc lear reac tor a n a l y s i s . Th is code uses a 

d e t a i l e d po in tw ise c r o s s - s e c t i o n r e p r e s e n t a t i o n , e x p l i c i t 

c o l l i s i o n physics models, and a cont inuous t r e a t m e n t of 
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neutron energy. Speedups of the order of 10-85 coupe red to 

the corresponding see 1er codes on the CDC 7600 were obta ined 

on running the cod es on the Cyber -205 . 

Bob row i cz e t al ( l 9 8 3 ) [ 2 6 ] , have v e c t o r i z e d a photon 

t r a n s p o r t Monte Car lo code f o r the CRAY-1 computer. In t h i s 

code, each d i s t i n c t se t of computat ions requ i red to so lve 

the problem is assigned t o a d i f f e r e n t  s t a c k . The stack is 

processed only when i t i s f u l l f o r as long as p o s s i b l e . 

This approach is s u i t a b l e f o r C r a y - 1 because i t minimizes 

p a r t i c l e r e d i s t r i b u t i o n s and keeps the vector length opt imal 

( C r a y - 1 has no vactor data s h u f f l i n g  c a p a b i l i t i e s and the 

vector length is l i m i t e d to 6 4 ) . The speedups o b t a i n e d were 

of the order of 7 - 1 0 over an o p t i m i z e d CRAY-1 s c a l a r code. 

M a r t i n e t al (1985) [ l 8 ] , implemented an " a l l zone" 

2 -d imens iona l photon t r a n s por t code on the C r a y - 1 and Cray-

XMP ( s i n g l e processor) supercomputer . Speedups ob ta ined 

from these implementat ions are of the order of 7 - 1 0 . 

3 . 3 . 2 Monte Ça rJ.o Methods on MuJ.t igrçç£5§çrg 

N e i l e t a l . (1982) [ i l ] , implemented the Monte Car lo 

M e t r o p o l i s a l g o r i t h m on the Cm* m u l t i p r o c e s s o r . Th is is an 

exper imenta l MIMD machine developed a t Carnegie Mel lon 

U n i v e r s i t y . I t is a c l u s t e r of L S I - 1 1 processors . Reported 

speedups over the s c a l a r a l g o r i t h m are of the order of 

2 0 - 3 0 . 



38 

A r e p o r t from Los Al amos Laboratory ( 1 9 8 5 ) , demonstrates 

the implementat ion of GAMTEB [ 1 6 ] . a gamma-ray t r a n s p o r t 

s i m u l a t i o n code using the Monte Car lo method, on the HEP 

m u l t i p r o c e s s o r . Since the t r a c k i n g of each p a r t i c l e is 

independent f rom a l l oth e r h » s t o r i es , s i m u l a t i o n is al most 

complete ly p a r a l l e l . Only the accumulat ion of s t a t i s t i c s 

couples one h i s t o r y to ano ther . This crea t e s the need for a 

c r i t i c a l region in the code which is updated by only one 

process a t a t i m e . As implemented on the HEP, each photon 

h i s t o r y is s t a r t e d by a v a i l a b l e ρrocesses using a s e l f 

schedul ing techn ique . S i m u l a t i o n s were done on a s i n g l e 

processing element (PEM), w i th speedups of the order of 7 

over a s c a l a r code. 

3 . 4 PRINCIPLES QF VEÇTQRIZÎNG MQ&IÉ ÇARLQ 

Vector supe rcomputers a t t a i n t h e i r high execut ion ra tes 

when they execute i d e n t i c a l o p e r a t i o n s on cont iguous data 

elements ( v e c t o r s ) . Convent ional Monte Car lo codes, s o l v i n g 

p a r t i c l e t r a n s p o r t problems, t r e a t one p a r t i c l e a t a t ime 

independent ly and randomly according to p r o b a b i l i s t i c taws. 

This may imply t h a t convent iona l Monte Car lo codes are not 

successful candidates f o r vector compute rs . D i r e c t 

t r a n s l a t i o n of s c a l a r t o vec tor cod es may r e s u l t in very 

small improvement in speed up, wh i le d i r e c t ν e c t o r i ζa t i on 

through e x i s t i n g v e c t o r i z i n g compi le rs could be very 

i n e f f i c i e n t .  V e c t o r i z i n g compi le rs [ 2 8 , 2 3 , 1 9 ] can generate 
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v e c t o r i z e d cod es only for DO-I oops not i n c l u d i n g I F 

s te tements , GO TO s t a t e m e n t s , r e c u r s i v e o p e r a t i o n s , 

subrout ine c a l l s e t c . This is not the case in a 

convent ional Monte Car lo code which, because of i t s 

p r o b a b i l i s t i c n a t u r e , inc ludes a large number of c o n d i t i o n a l 

s ta tements and c o n d i t i o n a l branches. E x p l i c i t l y s t a t e d D0-

loops are r a r e l y used, ra ther i m p l i c i t I oops are used 

te rminated by s e t t i n g a c o n d i t i o n w i t h i n the loop. 

From the above d iscuss ion i t is obvious t h a t convent iona l 

Monte Car lo cod es are not d i r e c t l y v e c t o r i z a b l e . Thus, some 

new techniques must be developed f o r v e c t o r i z i n g them 

e f f i c i e n t l y ,  so t h a t the vector hardware of vec tor computers 

can be u t i l i z e d e f f e c t i v e l y . 

V e c t o r i z a t i o n of Monte Car lo codes can take place in two 

s tages . F i r s t , the s c a l a r a l g o r i t h m is r e s t r u c t u r e d so t h a t 

a g loba l s t r u c t u r e su i ted f o r v e c t o r i z a t i o n can be o b t a i n e d . 

Second, v e c t o r i z a t i o n of local coding is done as requi red by 

the g loba l a l g o r i t h m . 

In a convent iona l a l g o r i t h m , a p a r t i c l e is f o l I owed from 

c o l l i s i o n to c o l l i s i o n through i t s random walk u n t i l i t s 

h i s t o r y is t e r m i n a t e d . This approach is forced by the 

a r c h i t e c t u r e of s e q u e n t i a l computers as they can execute 

only one o p e r a t i o n a t a t i m e . Vector computers, on the 

o ther hand, e x p l o i t the idea of e x e c u t i n g i d e n t i c a l 

oper a t ions on cont i guous data elements ( v e c t o r s ) . Thus a 



v e c t o r i z e d a l g o r i t h m should be designed to f o l l o w many 

p a r t i c l e s through t h e i r random walks s i m u l t a n e o u s l y . This 

is done by forming p a r t i c l e vectors and then a p p l y i n g the 

same opera t ions to a l l the p a r t i c l e s in the vector using 

vector i n s t r u c t i o n s to speed up the computat ion r a t e s . 

To do t h i s , a random walk is broken down i n t o blocks with 

each block r e p r e s e n t i n g an event l i k e i n t r o d u c t i o n of 

p a r t i c l e s from a source , sampling the d i s t a n c e to co11 i s i on, 

e t c . 

As was mentioned be fore , the c o n d i t i o n a l branches are the 

main o b s t a c l e in v e c t o r i z i n g Monte Car lo codes. C o n d i t i o n a l 

s ta tements are involved mainly in i m p l i c i t I oops to decide 

the e x i t c o n d i t i o n , in c o n d i t i o n a l coding to s e l e c t between 

o p e r a t i o n s , and in o p t i o n a l cod ing where they decide which 

par t of the code to execute depending on some input value 

( d e c i s i o n of which geometry to use ) . Fo i lowing are some 

techniques useful f o r v e c t o r i z i n g c o n d i t i o n a l s ta tements . 

1· l a ß i i s i t J.oo£§ : In a s c a l a r a l g o r i t h m a p a r t i c l e 

i t e r a t e s in an i m p l i c i t loop u n t i l some e x i t 

c o n d i t i o n is s a t i s f i e d . The number of i t e r a t i o n s are 

not known in advance and they d i f f e r  from p a r t i c l e to 

p a r t i c l e . In a v e c t o r i z e d a l g o r i t h m , where many 

pa r t i c I es are fo I I owed a t the same t i m e , some 

p a r t i c l e s may s a t i s f y the e x i t c o n d i t i o n from the 

f i r s t pass through the loop wh i le o t h e r s may requ i re 
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many passes. A genera l technique f o r s o l v i n g t h i s 

d i f f i c u l t y  is t e m e d "SHUFFLING" [ 2 , 3 ] . 

At the end of each pass through an i m p l i c i t loop, 

p a r t i c l e s t h a t s a t i s f i e d the e x i t c o n d i t i o n are 

t r a n s f e r e d to a s to rage area and held t h e r e u n t i l a l l 

p a r t i c l e s have e x i t e d from the loop. The main vector 

is then compressed to provide cont iguous vectors for 

the next pass through the loop. The i m p l i c i t loop 

t e r m i n a t e s when the main vector is empty. 

2 · £SQ4i&iSQi i sedlog : I n a s c a l a r a l g o r i t h m the 

o p e r a t i o n s to be c a r r i e d out on a p a r t i c l e are 

s e l e c t e d or skipped depending on the value of some 

c o n d i t i o n . In a v e c t o r i z e d a l g o r i t h m some of the 

p a r t i c l e s in the main vector may q u a l i f y fo r a 

c e r t a i n o p e r a t i o n wh i le o t h e r s may not . 

Cyber-205 has b i t - c o n t r o l l e d o p e r a t i o n c a p a b i l i t y 

v ia the WHERE or block WHERE s ta tements . A vector 

opera t ion is performed on those elements of the 

vector corresponding t o the ' 1 ' b i t s in a b i t cont ro l 

v e c t o r , wi th the o the r elements remain unchanged. 

The data handl ing o p e r a t i o n s of the Cyber-205 can 

a lso be used to v e c t o r i z e c o n d i t i o n a l coding. The 

GATHER/SCATTER or COMPRESS/EXPAND ope r a t i ons can be 

used so t h a t data can be opera ted on s e l e c t i v e l y . 
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P a r t i c l e s to be operated on are t r a n s f e r e d i ηto 

cont iguous v e c t o r s . The o p e r a t i o n is then performed 

on them and the r e s u l t is t r a n s f e r r e d  back to the 

main vector using the above o p e r a t i o n s . Th is 

approach invo lves a g rea t deal of overhead cost 

because of the s h u f f l i n g  of p a r t i c l e s back and f o r t h . 

3 . Q ß t i ö Q t l çod|Qg: This pa r t of Monte c a r l o code is 

skipped or operated upon by a l l the p a r t i c l e s 

according to some input o p t i o n ( s e l e c t i o n of geometry 

shape) . In the s c a l a r code, a branch over the 

o p t i o n a l code is done by a l l the p a r t i c l e s w h i l e in a 

v e c t o r i z e d code, t h i s can be done by a s i n g l e branch 

f o r a l l the p a r t i c l e s in the main v e c t o r . 

3 . 5 eBÎNÇIÊLÊS QF IMPLEMENTING fJQtjTE ÇARLQ ON 
ByLneSQÇESSQBS 

Monte c a r l o methods f o r p a r t i c l e t r a n s p o r t problems have 

an i n t r i n s i c p a r a l l e l i s m in them s ince the h i s t o r i e s of 

i n d i v i d u a l p a r t i c l e s are independent from one ano ther . 

Regarding the s c a l a r Monte Car lo a l g o r i t h m , the only t h i n g 

t h a t couples the random walks t o g e t h e r is the c o l l e c t i o n of 

s t a t i s t i c a l parameters. 

Thus, s c a l a r Monte Car lo a l g o r i t h m s can be d i r e c t l y 

implemented on mul t ip rocessor supercomputers, wi th only few 

changes. These changes depend on the requirements of the 

t a r g e t machine and on the number of ρrocessors a v a i l a b l e . 
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The a d d i t i o n a l coding requi red is mainly f o r process 

communication and s y n c h r o n i z a t i o n . Processes must be able 

to acqui re access to a data s t r u c t u r e in shared memory so 

t h a t they accumulate t h e i r s t a t i s t i c s . The requi red number 

of random walks is d i v i d e d i n t o processes depending on the 

a v a i l a b l e processors on a machine. Schedul ing of the 

execut ion of random walks can e i t h e r be s t a t i c or dynamic. 

Dynamic schedul ing c r e a t e s mo re overheads but is p r e f e r a b l e 

over s t a t i c schedul ing when the number of random walks is 

much g r e a t e r than the number of ρrocessors [ 13] . 

3 . 6 SUMMARY ANQ ÇQNÇLy§ÏQNS 

I n t h i s Chapter , the Monte Car lo method as a p p l i e d to 

r a d i a t i o n t r a n s p o r t has been descr ibed in g e n e r a l . I t is 

i n d i c a t e d t h a t the Monte Car lo method a l though a very 

powe r f uI too I f o r hand l ing compl icated problems wi th 

3 -d imens iona l geomet r ies , has the drawback of r e q u i r i n g 

large execut ion t i m e s . One can overcome t h i s drawback by 

c o n v e r t i n g Monte Car lo a lgor i thms to s u i t the a r c h i t e c t u r a I 

cha r á e t e r i s t i es of the new supercomputers. 

A review of the prev ious work done on implementing Monte 

Car lo methods on vector computers shows t h a t they can be 

e f f e c t i v e l y  v e c t o r i z e d wi th cons iderab le speedups over 

s c a l a r codes. L i t t l e has been repor ted on implementing 

Monte Car lo codes on m u l t i p r o c e s s o r s . Some p r i n c i p l e s of 
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implementat ion of Monte Car lo cod as on vactor and 

mul t iprocessor machines are d iscussed. V e c t o r i z i n g Monte 

Car lo codes requ i res major changes in the g loba l a l g o r i t h m . 

D i r e c t v e c t o r i z a t i o n is not poss ib le because of the many 

c o n d i t i o n a l s ta tements present in the codes and the absence 

of e x p l i c i t l y s t a t e d I oops. The i n t r i n s i c p a r a l l e l i s m in 

the Monte Car lo a lgor i thms can be e x p l o i t e d f o r implementing 

them on mu 11 i processor mach i η es w i th I i t t I e a d d i t i o n a l 

e f f o r t . 



Chapter 4 

THE CENTER-OF-MASS PROGRAM ON CYBER-205 

4 . 1 IBIBQQyÇTiQN 

While the previous Chapter discussed p r i n c i p l e s of 

vector i z ing Monte Car lo codes in g e n e r a l , t h i s Chapte r 

descr ibes the s p e c i f i c i mpI eme η t a t i on of the Center -o f -Mass 

program on the Cyber-205 vector computer. Prev ious e f f o r t s 

in vec tor i ζ i ng Monte Ca r l o [ 2 6 , 2 , 3 , 1 8 , 2 5 . 4 ] showed t h a t 

major r e s t r u c t u r i n g in the v e c t o r i z e d a l g o r i t h m is needed t o 

achieve high speedups, as op posed to local recoding or 

d i r e c t t r a n s l a t i o n from s c a l a r to vec tor codes. 

In t h i s Chapter , the Center -o f -Mass program is descr ibed 

in d e t a i l in Sect ion 4 . 2 . Some computet i ona I r e s u l t s of COM 

on the IBM 3081 computer and the CYBER-205 s c a l a r processor 

are presented in Sect ion 4 . 3 , in order to provide a bas is 

f o r comρa r ison of the v e c t o r i z e d implementat ion of COM. In 

Sect i on 4 . 4 , the steps f o i t owed in des ign ing VCOM ( the 

v e c t o r i z e d COM ρ rog ram) are descr ibed along w i th the 

computat ional r e s u l t s of VCOM on the Cyber-205 vector 

compute r . The r e s u l t s obta i ned in t h i s Chapte r a re 

summarized in Sect ion 4 . 5 . 

- 45 -
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4 . 2 Tb§ Ç§NTER=QFZMA§§ MONTE CARLO PROGRAM (ÇOM) 

COM i s a Center -Of -Mass Monta Car lo ρ rogram t h a t 

s i m u l a t a s the s c a t t e r i n g of f a s t neutrons i n c i d e n t on a 

water -vapor two-phase f low in a p ipe . The program is used 

to a id in des ign ing neutron dens i tometers for use in two-

phase f low systems [ 1 2 ] . 

The COM program assumes i s o t r o p i c s c a t t e r i n g in the 

can te r -o f -mass system and u t i I i ζes fu net i ona I f i t s fo r 

neutron c r o s s - s e c t i o n s . Seven d i f f e r e n t  f low reg i me 

geometr ies are t r e a t e d using s imple a n a l y t i c a l geometry 

methods. 

The neutron source used in COM is a uniform l i n e source, 

i . e . a beam. A schematic r e p r e s e n t a t i o n of the problem 

so I ved by the COM program is shown in F igure 4 . 1 . Neutrons 

i n c i d e n t on the sur face of the pipa are fo l lowed through the 

pipe u n t i I they reach a lower energy c u t - o f f  or they escape. 

The escape p r o b a b i l i t y and the thermaI i z a t i on p r o b a b i l i t y 

are cal cu I a t a d . 

The p a r t i c l e random walk is def ined in terms of the 

f o l Iow i ng s t e p s : 

1· Ssursa P a r t i c l e PQS±fcign 

The X - c o o r d i n a t e of the source p a r t i c l e p o s i t i o n 

is date rm i ned by choos ing a random pos i t i on on the 

l i n e source. Since no c o l l i s i o n is assumed in the 
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iOURCE 

TEST SECTION 
OF PIPE 

* Positive Z-axis Is 
perpendicular to 
the page towards 
the reader. 

O THERMAL NEUTRON 
DETECTOR 

F i g . 4 . 1 : A schematic r e p r e s e n t a t i o n of the COM problem 
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a i r between the sourca and the wal l of the p i p e , the 

Y - c o o r d i n a t e of the p a r t i c l e pos i t i o n l i e s on the 

pipe s u r f a c e . The Ζ«coord i η ate is equal to t h a t of 

the source. 

Pssi t iQQ s f Najcfc Ç g i i i s i g n 

The d i s t a n c e ( D ) , t r a v e l e d by a p a r t i c l e before 

s u f f e r i n g  a c o l l i s i o n , is randomly picked from an 

exponent ia l d i s t r i b u t i o n such t h a t : 

»a - In ζ/< (6) 

where 

£ = t h e macroscopic c r o s s - s e c t i o n 

measured in cm"* 

¿^uni formly d i s t r i b u t e d random number 

in the i nte rva \ [ θ , l ] . 

The new p o s i t i o n of the p a r t i c l e is then 

c a l c u l a t e d given the incoming p a r t i c l e ' s d i r e c t i o n a l 

cos i ηes. 

P í E Ü S l f i gsstce 

I f the newly c a l c u l a t e d p o s i t i o n of the p a r t i c l e 

l i e s o u t s i d e the pipe or i t is i n s i d e a void zone, 

then the p a r t i c l e escapes the s c a t t e r i n g medium and 

the random walk is t e r m i n a t e d . 
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t isi E s r i i s i é §Q§rgy 

a) Dater«*! na i f neutron co M i d e s wi th the Oxygen 

or Hydrogen of wa te r . 

i f · then c o l l i s i o n is w i th Hydrogen, 

o therwise i t is w i th oxygen. 

Where 

Hydrogen c r o s s - s e c t i o n in water 

t o t a l water c r o s s - s e c t i o n 

random number in the i n t e r v a l [ O . l ] . 

b) The new energy a f t e r a c o l l i s i o n is c a l c u l a t e d 

based on simple p a r t i c l e k i n e t i c s : 

Ε £ í & r « L > (7) 

Where 

\ \ ¿ ~ e n e p 9 y incoming p a r t i c l e 

before s c a t t e r i n g . 

( A - l ) a 

Oi= 
(* + D 2 

A = Mass number ( l f o r Hydrogen, 

16 for Oxygen) 

£ = random number between [ 0 , l ] . 
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5. £n«£fijt £ u i = ö f i 

I f the new neutron energy M e s below e preassigned 

value for the thermal energy, the neutron is 

considered to be thermaI i zed, the thermal neutron 

counter is updated and the random walk is t e r m i n a t e d . 

6 · Nftw D i r e c t i o n * ! Cs2ÍQS5. 

I s o t r o p i c s c a t t e r i n g is assumed in the c e n t e r - o f -

mass system. The po lar angle is randomly chosen in 

the cen te r -o f -mass system and then is t ransformed to 

the labora tory system ( f i x e d frame of r e f e r e n c e ) . 

For the az imuthal d i r e c t i o n , i s o t r o p i c s c a t t e r i n g in 

the labora tory system is assumed, enab l ing d i r e c t 

sampling of the az imutha l a n g l e . 

Sçgr i ng Teç h η i g y es 

The COM prog ram c a l c u l a t e s two q u a n t i t i e s : the 

th e r m a l i z a t i o n p r o b a b i l i t y and the escape p r o b a b i l i t y of 

thermal neutrons to the d e t e c t o r . The product of the two 

provides an es t imate of the d e t e c t o r response. Two 

d i f f e r e n t  est i mators are used f o r the t h e r m a l i z a t i o n 

p r o b a b i l i t y . The f i r s t e s t i m a t o r e v a l u a t e s a t every 

c o l l i s i o n the p r o b a b i l i t y of reaching the thermal energy. 

The second es t i mator is the r a t i o of the number of 

t h e r m a l i z e d par t i c i es over the t o t a I numbe r of pa r t i c I es . 
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The two e s t i m a t o r s are usua l l y in agreement wi th each o t h e r , 

i f a s u f f i c i e n t  number of random walks is used. For each 

t h e r m a l i z e d p a r t i c l e , the escape p r o b a b i l i t y is est imated as 

the p r o b a b i l i t y of the p a r t i c l e reaching the d e t e c t o r a f t e r 

escaping from the p ipe . The escape probabi I i t y is 

exponent ia l in n a t u r e , t h e r e f o r e poo r s t a t i s t i c s are 

obta ined f o r large p ipes . 

At the beginning of the COM program the pipe geometry is 

s e l e c t e d and a source b i a s i n g is in t roduced so t h a t neutrons 

are p r o h i b i t e d from h i t t i n g the void in the p i p e . At the end 

of the run the c a l c u l a t e d p r o b a b i l i t i e s are normal i zed . 

The a lgor i thm and the f low diagram for the random walks 

in COM are shown in F igures 4 . 2 and 4 . 3 , respect i νeI y . 
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ι η put ρ» ra neta rs 
s e l e c t pipe geometry and in t roduce b i a s i n g 
DO UNTIL ( p a r t i c l e s exausted) 

compute p a r t i c l e p o s i t i o n 
WHILE ( not escaped or t h e r m a l i z e d ) DO 

I F ( t h e r m a I i z e d ) THEN DO 
increment thermal counter 
c a l c u l a t e escape p r o b a b i l i t y 
END DO 

ELSE DO 
determine path length 
propagate p a r t i c l e 
IF ( escaped ) THEN 

increment escape counter 
ELSE DO 

determine new energy 
es t imate t h e r m a l i z a t i on p r o b a b i l i t y 
c a l c u l a t e new d i r e c t i o n a l cosines 

END DO 
END DO 

END DO 
END DO 
c a l c u l a t e s t a t i s t i c a l e s t i m a t e s 
output r e s u I t s 
STOP 

F i g . 4 . 2 : A lgor i thm f o r COM program. 
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EXIT 

F i g . 4 . 3 : F l o w d i a g r a m f o r COM r a n d o m w a l k s 
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4 . 3 COMBUTfiUQNAL ROULIS QN SiQUgiJIIAL ÇQMPyT£R§ 

Th· COM program was run on the UNB IBM 3081 computer fo r 

d i f f e r e n t  values of source energy. Two runs wi th d i f f e r e n t 

random number genera tor seeds were performed f o r each value 

of source energy. Convergence of the Monte Car lo s o l u t i o n s 

is assured f o r a large number of random walks as shown in 

F igure 4 . 4 . 

The dura t ion of a random walk in COM can be increased by 

increas ing the source energy, the pipe r a d i u s , and the 

l i q u i d f r a c t i o n a c c o r d i n g l y . In a p r a c t i c a l a p p l i c a t i o n , 

the source energy, pipe rad ius and l i q u i d f r a c t i o n values 

are low. Thus the generated random walks are shor t and the 

var iance of t h e i r lengths is s m a l l . I n the f o l l o w i n g runs 

of the COM program, S T t i f i s i i i l y high source energy, large 

pipe rad ius and high l i q u i d dens i ty are used in an e f f o r t  to 

increase the var iance of the random walk l e n g t h s . This is 

d e s i r a b l e , f o r the study of the behaviour of COM on 

mul t i processors , to c r e a t e var iance in the execut ion t imes 

of the d i f f e r e n t  processors . 

The thermal i z a t i o n p r o b a b i l i t y ob ta ined by f o l I ow ing 5100 

p a r t i c l e h i s t o r i e s , is shown in Table 4 . 1 a long wi th the 

estima ted e r r o r and the CPU t ime consumed by each run. 
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TABLE 4 . 1 

ThermaI i z a t i o n p r o b a b i l i t y by COM on the IBM 3081 

ENERQY 
(MEV) 

SEED1=58756421 SEED2=130948070 
ENERQY 
(MEV) THERMAL. 

PROB. 
TIME 
(SEC) 

THERMAL. 
PROB. 

TIME 
(SEC) 

20 
30 
50 

0 .7610 
0 .7192 
0 .6286 

18 .13 
17 .47 
16 .29 

0 . 7 5 5 7 
0 .7024 
0 . 6 2 4 9 

18 .59 
18 .20 
16 .68 

Note: Pipe rad ius = 20 cm. 
L iqu id f r a c t i o n s 5 . 
5100 p a r t i c l e h i s t o r i e s . 

The t h e r m a l i z a t i o n p r o b a b i l i t y is p l o t t e d in F igure 4 . 4 

fo r batches of 255 p a r t i c l e h i s t o r i e s . As i t is seen from 

t h i s F i g u r e , the Monte Car lo s o l u t i o n s converge r a p i d l y 

regard less of the i n i t i a l random genera to r seed. This is 

due to the r e l a t i v e l y small va r iance of 7 . 0 6 4 , of the random 

walk l engths . The t ime recorded in Table 4 . 1 is the CPU 

t ime consumed by the random wa lks . Time used f o r 

INPUT/OUTPUT o p e r a t i o n s is not inc luded . 

In a d d i t i o n to the runs performed on the IBM 3081 

computer, COM was a lso run on the U n i v e r s i t y of Calgary 

CYBER-205 s c a l a r processor . The Monte Car lo s o l u t i o n s along 

wi th the CPU t ime consumed by each run are shown in Table 

4 . 2 . 
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Comparing Table 4 . 1 w i th Table 4 . 2 i t can be seen t h a t 

the Mon te Car lo s o l u t i o n s obta ined on the Cyber -205 are very 

cI ose t o those obta î ned on the IBM 3081 . Since the 

Cyber-205 uses 6 4 - b i t a r i t h m e t i c , w h i l e the IBM 3081 uses 

3 2 - b i t a r i t h m e t i c , COM was run on double p r e c i s i o n on the 

IBM 3081 so t h a t the r e s u l t s are c o m p a t i b l e . Comparing the 

t i m i n g requirements of COM on the two machines i t is obvious 

t h a t Cyber-205 is f a s t e r than the IBM 3081 by a f a c t o r of 

about 2 . 5 . This was expected because the Cyber-205 s c a l a r 

processor is h e a v i l y p i p e l i n e d and has s h o r t e r clock cyc le 

(20 ns) than the IBM 3081 (26 n s ) . 

The above computet ions were performed in order to provide 

a basis f o r comparison for the v e c t o r i z e d implementat ion of 

the COM ρrogram. 

TABLE 4 . 2 

T h e r m a I i z a t i o n P r o b a b i l i t y by COM on the Cyber -205 

ENERGY 
(MEV) 

MONTE CARLO SOLUTIONS 
TIME 
(SEC) 

ENERGY 
(MEV) THERMAL. 

PR0BAB. ERROR 

TIME 
(SEC) 

20 0 . 7 4 9 8 0 . 0 1 9 1 9 7 . 4 1 1 5 5 5 
30 0 .7002 0 . 0 2 1 4 2 7 . 1 9 7 3 6 8 
50 0 .6276 0 . 0 2 4 4 8 6 .763295 

Note : Pipe rad ius s 20 cm. 
L iqu id f r a c t i o n = 5 . 
5100 p a r t i c l e h i s t o r i e s . 
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4 . 4 YÇQB ζ THE yEÇTQRIZgQ ÇQM 

A r c h i t e c t u r a l and programming aspects of the Cyber-205 

vector compute r fo r which VCOM was designed and some 

p r i n c i p l e s f o r v e c t o r i z i n g Monte Car lo codes in g e n e r a l , are 

discussed in Sect ions 2 . 2 and 2 . 4 , r e s p e c t i v e l y . 

The basic idea f o r v e c t o r i z a t i o n of COM is as f o l l o w s . 

F i r s t the random walk is broken down i n t o e v e n t s . Then meny 

p a r t i c l e s are grouped in to vec tors and they are f o i l owed 

from event to event through the random wa lk . The o p e r a t i o n s 

in each event block are a p p l i e d to a l l the p a r t i e l es in the 

vector using vector i n s t r u c t ions. The s teps f o i l owed i η 

des ign ing the VCOM program are as f o l l o w s : 

STEP 1. Form the fia rt |cJ.g v e ç t g r : 

In COM, a p a r t i c l e is def ined by i t s p o s i t i o n (3 

v a r i a b l e s ) , energy, weight and d i r e c t i o n a l cos i η es (3 

v a r i a b l e s ) . Thus a s t a c k 1 of e i g h t v e c t o r s is requ i red 

to hold a l l the necessary i n f o r m a t i o n about the 

p a r t i c l e s . "VSTAK", a group of e i g h t v e c t o r s of length 

N, is created to form the main working stack where a l l 

the o p e r a t i o n s in d i f f e r e n t  events of the random walk 

are c a r r i e d o u t . At the end of each pass through the 

random walk , the pa r t i c i es t h a t have escaped or have 

1 Not the same es a FIFO STACK but a col l e c t i o n of 
vec tors i n s t e a d . 
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been t h e r m · I i z e d ere d e l e t e d from VSTAK; the stack has 

then to be compressed so t h a t cont iguous vec tors are 

formed for the next pass. D e l e t i n g p a r t i c l e s reduces 

the VSTAK length t h e r e f o r e a d e c i s i o n has then to be 

made on when to r e f i l l  i t w i th new p a r t i c l e s so t h a t 

maximum u t i l i z a t i o n of the vec tors is ach ieved . 

STEP 2. Decide when to r e f i l l  VSTAK : 

Because of the high vector s t a r t - u p t imes of the 

Cyber-205 computer, i t is mo re economical t o work wi th 

long vectors for as much t ime as p o s s i b l e . T h e r e f o r e , 

i t is f e l t t h a t i t would be more e f f i c i e n t  to r e f i l l 

VSTAK a t the end of each pass through the random wa lk , 

regard less of the number of p a r t i c l e s needed ( the 

number of p a r t i c l e s d a l e t e d f rom the stack each t ime 

v a r i e s randomly) . However, the overheads incurred from 

the f r e q u e n t r e f i l l i n g of VSTAK may cancel the b e n e f i t s 

of working wi th f u l l vec tors a t a l l t i m e s . 

Consequent ly , i t was decided t o add an input v a r i a b l e 

to the program to c o n t r o l the minimum VSTAK length 

(MINSTK) below which the stack is r e f i l l e d . By v a r y i n g 

MINSTK, the most e f f i c i e n t  s o l u t i o n can be chosen a t 

run t i m e . 
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STEP 3 . l£±ÇQ of r§ndgm walk t ïSDtS 1 ¿Ó 3 : 

The f i r s t three events of the random walk namely: 

the s e l e c t i o n of source p a r t i c l e , c a l c u l a t i o n of 

d i s t a n c e t r a v e l e d by the p a r t i c l e before c o l l i s i o n , and 

a check to determine i f the p a r t i c l e escaped, are 

v e c t o r i z e d by using b i t c o n t r o l o p e r a t i o n s v ia the 

block WHERE statement f o r the d e c i s i o n p o i n t s and o ther 

vector i n s t r u c t i o n s and c a l l s to vec tor f u n c t i o n s . In 

the s c a l a r a l g o r i t h m , when a p a r t i c l e escapes, i t s 

random walk is te rmina ted immedia te ly . I n our vec tor 

a l g o r i t h m , escaped p a r t i c l e s are kept in the stack and 

thus undergo f u r t h e r  random walk events unecessar i I y . 

This fo rces the execut ion of unecessary o p e r a t i o n s , but 

on the o the r hand saves the compression of the stack 

from being c a r r i e d out more than once in each pass 

through the random walk . The compression of the stack 

is ra ther a t ime consuming par t of the j o b . 

STEP 4 . C a l c u l a t i o n of escage g r o b f b i i i t y : 

One has two a l t e r n a t i ves f o r the c a l c u l a t i o n of the 

escape p r o b a b i l i t y of t h e r m a l i z e d neut rons . The f i r s t 

is to c a l c u l a t e i t every t ime some of the p a r t i c l e s are 

t h e r m a l i z e d , and the second is to s to re the p a r t i c l e s 

in a secondary stack and then c a l c u l a t e the escape 

p r o b a b i l i t y when the stack is f u l l . The l a t t e r 
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approach setas to be sore e f f i c i e n t  because i t cuts 

down on the f requent execut ion of the p a r t of code t h a t 

computes the escape p r o b a b i l i t y . Thus, a second vector 

stack (VDST) is s e t up to hold the necessaary 

in format ion about t h e r m a l ¡ 2 e d p a r t i c l e s . VDST c o n s i s t s 

of four vectors of length NM and holds the p o s i t i o n and 

weight of p a r t i c l e s . To c o n t r o l the process ing of VDST 

another input v a r i a b l e (MAX) was i nt rod uced in the 

prog ram d e f i n i n g the p o i n t above which VDST is to be 

e χ ecuted . 

Overflow of VDST is de tec ted end taken care of by 

the program. In the case where VDST cannot hold the 

new the rmaI i zed p a r t i c l e s , i t i s executed immediately 

and then the new p a r t i c l e s are s to red in i t . 

STEP 5 . Comßr§§§ion ô i S&ÎSfc 

A f t e r the escape p r o b a b i l i t y is c a l c u l a t e d , 

p a r t i c l e s t h a t have escaped or have been t h e r m a l i z e d 

are d e l e t e d from VSTAK and the stack is compressed so 

t h a t the remaining p a r t i c l e s occupy cont iguous 

e lements . The new d i r e c t i o n a l cos ines are then 

c a l c u l a t e d for the p a r t i c l e s remaining in the VSTAK. 

A v e c t o r i z e d a l g o r i t h m and the f low diagram of the random 

walk in VCOM are shown in F igures 4 . 5 and 4 . 6 r e s p e c t i v e l y . 



In F igur« 4 . 6 the o p e r a t i o n s performed in each of the two 

s tacks are enclosed in t h e i r correspondîng squares . 

DO UNTIL ( p a r t i c l e s exausted ) 
IF ( VDST not f u l l ) THEN DO 

ρ ropagate pa r t i c I es 
I F ( escaped ) THEN increment escape counter 
c a l c u l a t e new energ ies 
I F ( thermal i zed ) THEN increment thermal counter 
d e l e t e escaped p a r t i c l e s 
t r a n s f e r  t h e r m a l i z e d p a r t i c l e s in VDST 
compress VSTAK 
c a l c u l a t e new d i r e c t i o n a l cosines 
END DO 

ELSE DO 
c a l c u l a t e escape p r o b a b i l i t y 

END DO 
increment p a r t i c l e counter 

END DO 

F i g . 4 . 5 : V e c t o r i z e d a l g o r i t h m f o r COM random walks 



63 

VSTACK VDST 

F i g . 4 . 6 : F l o w d i a g r a m f o r v e c t o r i z e d r a n d o m w a l k s 
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4 - 5 IMpLIÜÉÜIATIQÍ! AND TESIING QF YQQM 

VCOM has been coded according to the v e c t o r i z e d a l g o r i t h m 

discussed above using FORTRAN-200. Almost 100% of the code 

f o r the random walks has been v e c t o r i z e d . The only non-

vector i zed p a r t s are dec is ion po in ts for stack hand l ing and 

opt i ona I cod ing. A I i s t » η g of VCOM is g iven in Appendix 4 . 

B i t c o n t r o l opera t ions v ia the block WHERE s ta tement of 

F o r t r a n - 2 0 0 are used to v e c t o r i z e d e c i s i o n p o i n t s and 

l o g i c a l branches. The COMPRESS, EXPAND, MERGE o p e r a t o r s are 

u t i l i z e d f o r handl ing the s t a c k s . Vector l i b r a r y f u n c t i o n s 

and hardware coded f u n c t i o n s are a lso used in the v e c t o r i z e d 

cod e . 

In order to debug the vector ρrogram, the random number 

genera to rs in both COM and VCOM were se t to re tu rn a 

constant number of 0 . 5 . At every event of the random wa lk , 

the r e s u l t s were dumped out and compared. This prov ides an 

e f f i c i e n t  way of debugging VCOM which o therw ise would have 

been very d i f f i c u l t . 

To make sure t h a t VCOM was working c o r r e c t l y , Monte Car lo 

s o l u t i o n s were obta ined f o r d i f f e r e n t  numbers of p a r t i c l e 

h i s t o r i e s both for COM and VCOM on the Cyber -205 . The 

s o l u t i o n s obta ined are l i s t e d in Table 4 . 3 and p l o t t e d in 

F igure 4 . 7 . 
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TABLE 4 . 3 

Comparison of the Monte Car lo s o l u t i o n s of COM and VCOM 

NUMBER OF MONTE CARLO SOLUTIONS 
PARTICLE (THERMALIZATION PROBABILITY) 
HISTORIES 

PROBABILITY) 
HISTORIES 

COM VCOM 

100 0 .7300 0 .7700 
500 0 .7460 0 . 7 3 7 0 

1000 0 .7410 0 .7305 
2000 0 .7555 0 . 7 3 6 0 
3000 0 . 7 5 4 7 0 .7312 
4000 0 . 7 4 9 7 0 . 7 3 7 3 
5000 0 . 7 4 9 8 0 . 7 3 5 2 

Note: Parameters for - VSTAK (N=1000, MINSTK=500) 
- VDST (NM=1000, MAX=700) 

As i t is seen from F igure 4 . 7 , the two programs r e s u l t in 

almost the same s o l u t i o n and thus VCOM is c o r r e c t l y coded. 

F u r t h e r , these so l u t ions converge to a constant va lue as the 

number of p a r t i c l e s increases ; t h i s is expected f o r Monte 

Car lo s o l u t i o n s . The small d i f f e r e n c e  in the r e s u l t s 

obta ined for COM and VCOM is due to s t a t i s t i c a l v a r i a t i o n s 

( e . g . sequence of random numbers used) . For d e t a i l s on 

random number genera t ion and t e s t i n g see [ I T ] . 

Table 4 . 4 shows the t i m i n g requirements f o r COM and VCOM 

for d i f f e r e n t  number of p a r t i c l e h i s t o r i e s . For VCOM, the 

vector length used for these runs was 1000. VSTACK was 

r e f i l l e d a f t e r i t was emptied below 500 , w h i l e VDST was 

executed a f t e r i t was f i I led above 700 . These parameters 
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are a lso l i s t a d in F igura 4 . 8 . Tha speedup of VCÛM over COM 

was c a l c u l a t e d and i t is a l so l i s t e d in Table 4 . 4 . This 

speedup represents the r a t i o of the execut ion t i n e f o r COM 

over the execut ion t i n e f o r VCOM on the Cyber-205 e x c l u d i n g 

the i n p u t / o u t p u t t i n e . 

To o b t a i n the speedup of VCOM over the t i n e taken f o r COM 

on the IBM 3081 the nunbers given in Table 4 . 4 should be 

M u l t i p l i e d by a f a c t o r of 2 . 5 . 

As i t can be seen f ron F igure 4 . 8 , up to about 1000 

p a r t i c l e s , the speedup r i s e s s t e e p l y but begins to f l a t t e n 

down as the number of p a r t i c l e s increases beyond t h a t p o i n t . 

This is so because, having a large number of p a r t i c l e s the 

number of i t e r a t i o n s ( i . e . passes through the random walk ) 

inc reases . As a r e s u l t , the vec tor s t a r t - u p overhead 

increases which has negat ive e f f e c t  on speedup. The maximum 

speedup obta ined a t 5000 p a r t i c l e s is of the order of 16 

over the Cyber-205 and of the order of 40 over the IBM 3081 . 

For the previous runs, the s e l e c t i o n of the stack 

pa ra mete rs was done i n t u i t i v e l y . I n orde r to dete rm i ne how 

the speedup is a f f e c t e d by v a r y i n g the var ious stack 

parameters the f o l l o w i n g ex pe r iments were conducted. 

£ΧΕ£8Ι«Ε!! Ι 1 = 

The speedup as a f a c t o r of VSTACK length Ν was 

determined for 5100 p a r t i c l e h i s t o r i e s . The speedup 
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TABLE 4 . 4 

Timing Requirements of COM and VCOM 

NUMBER OF TIME FOR TIME FOR 
PARTICLE COM VCOM SPEEDUP 
HISTORIES (SECONDS) (SECONDS) 

CYBER-205 CYBER-205 

100 0 .161817 0 .029208 5 . 5 4 0 
500 0 .722538 0 .064625 11 .180 

1000 1 .432753 0 .100098 1 4 . 3 1 3 
2000 2 .934277 0 .195696 14 .994 
3000 4 .375813 0 .284513 15 .380 
4000 5 .800019 0 .371672 15 .605 
5000 7 .411555 0 .472985 15 .670 

Note: Parameters for - VSTAK ( N=1000, MINSTK=500) 
- VDST ( NMslOOO, MAXs700) 

obta ined is p l o t t e d in F igure 4 . 9 . The stack 

parameters used for these runs along wi th the t i m i n g 

requirements of VCOM and the speedup over COM are 

I i sted in Table 4 . 5 . The r e l a t i o n between Ν a nd the 

o the r stack parameters are shown in F igure 4 . 9 ; as i t 

can be seen the speedup increases r a p i d l y f o r vector 

lengths up to a 1000. As the vector length increases 

beyond t h i s value the speedup tends t o become constant 

as was expected. The maximum speedup a t vec tor length 

of 5000 is of the order of 16. 
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TABLE 4 . 

Timing Requirements of VCOM and Speedup over COM. 

VSTACK VDST 

TIME 
(SECONDS) 

SPEEDUP LENGTH 
(N) 

MINIMUM 
LENGTH 
(MINSTK) 

MINIMUM 
LENGTH 

(MAX) 

LENGTH 
(NM) 

TIME 
(SECONDS) 

SPEEDUP 

50 25 30 50 1 .706552 4 . 3 4 
100 50 65 100 1 .079389 6 . 8 7 
250 125 180 250 0 .675997 10 .96 
500 250 350 500 0 .546942 13 .55 
750 375 500 750 0 .506006 14 .65 

1000 500 750 1000 0 .479060 15 .47 
2000 1000 1600 2000 0 .459742 16 .12 
3000 1500 2000 3000 0 .452758 16 .36 
4000 2000 3000 4000 0 .455409 16 .27 
5000 2500 3600 5000 0 .455837 16 .26 

Note: Time for COM = 7 .411555 seconds. 

£X£ERIM§*I 2 : 

This experiment was conducted in order to determine 

the e f f e c t  of the minimum VSTAK length on the speedup. 

As discussed e a r l i e r , i t was f e l t t h a t maximum speedup 

can be achieved by working wi th f u l l vec tors as long as 

poss i b l e . Thus, one can expect the speedup t o vary 

cons iderab ly by vary ing MINSTK between a length of 1 

and 1000. Table 4 . 6 , shows the t i m i n g s f o r VCOM and 

the speedup over COM for d i f f e r e n t  va lues of MINSTK and 

for 5100 p a r t i c l e h i s t o r i e s . The speedup versus MINSTK 

is a I so p i o t t e d in f i g u r e 4 . 1 0 . S u r p r i s i n g l y the 
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speedup was found to be almost constant and thus not 

dependent on the minimum vector length (MINSTK). In 

order to f u r t h e r  i n v e s t i g a t e t h i s t rend the f o l l o w i n g 

exper iment was conducted. 

TABLE 4 . 6 

Speedup of VCOM over COM as a f a c t o r of MINSTK 

MINIMUM 
VSTACK TIME SPEEDUP 
LENGTH (SECONDS) 

10 0 .517648 14 .317 
50 0 . 5 0 4 7 8 1 1 4 . 6 8 3 

100 0 .500726 1 4 . 8 0 1 
200 0 .493406 1 5 . 0 2 1 
400 0 .490043 15 .124 
500 0 .480237 1 5 . 4 3 3 
600 0 .473296 15 .659 
700 0 .477753 1 5 . 5 1 3 
800 0 .473736 15 .644 
900 0 .473553 15 .650 

1000 0 .487537 15 .202 

Note: Time for COM = 7 .411555 seconds 
Parameters of - VSTAK ( N=1000) 

- VDST (NM=1000, MAX=700) 

ÍXPEBIMENT 3 : 

The speedup was obta ined by va ry ing a l l the stack 

parameters equa l l y f rom length 1 to 1000. The 

r e s u l t i n g t i m i n g s for VCOM and the speedup are l i s t e d 

in Table 4 . 7 . The p l o t of the speedup versus the stack 

parameters is shown in F igure 4 . 1 1 . 
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TABLE 4 . 

Speedup OF VCOM es e f a c t o r of the length of Stack 
pa rásete rs . 

STACK 
PARAMETERS TIME SPEEDUP 

LENGTH (SECONDS) 

1 42 .169812 0 .175 
2 21 .901034 0 . 3 3 8 
5 9 .348774 0 . 7 9 2 

10 5 .022366 1 .475 
20 2 .922976 2 .535 
50 1 .480099 5 . 0 0 7 
75 1 .137861 6 . 5 1 3 

100 0 . 9 8 8 6 6 1 7 . 4 9 6 
125 0 .858883 8 . 6 2 9 
150 0 .777622 9 . 5 3 1 
200 0 .693978 10 .679 
250 0 .643482 11 .517 
300 0 . 6 0 0 6 9 1 12 .338 
350 0 .585217 12 .664 
400 0 .554737 13 .360 
450 0 . 5 4 7 7 4 1 1 3 . 5 3 1 
500 0 .527785 14 .042 
550 0 .523185 14 .166 
600 0 . 5 1 6 7 6 1 14 .342 
650 0 .507983 14 .590 
700 0 .504616 14 .687 
750 0 .500459 14 .809 

1000 0 .487037 15 .217 

Note: 5100 p a r t i c l e s were used f o r these runs. 
N=NM=MINSTK=MAX, Time f o r C0M*7.411555 sec . 

As i t i s seen f r o · F igure 4 . 1 1 the s lope of the 

speedup r i s e s s t e e p l y u n t i l about 500. Fro·« 500 t o 

1000 length the speedup is a I most c o n s t a n t . Based on 

t h i s , one can e x p l a i n the r a t h e r constant speedup 

obta ined in exper iment 2 as f o l lows: By having N = 1000 

and vary ing MINSTK from 1 to 1000 we were g e t t i n g an 
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average vector length between 500 and 1000. But as i t 

was seen in exper iment 3 the speedup was almost 

constant fo r vector lengths between 500 and 1000. 

ÉXPEBIBENI 4 : 

The speedup was a lso c a l c u l a t e d as a f u n c t i o n of MAX 

(maximum VDST l e n g t h ) , f o r 5100 p a r t i c l e h i s t o r i e s . 

The values of the r e s t of stack parameters are shown in 

Table 4 . θ a long wi th the t i m i n g s for VCOM and the 

speedup. As i t was expected , t h e r e is not much 

v a r i a t i o n in the speedup as MAX v a r i e s f rom a I ength of 

5 to 1000. This is because MAX c o n t r o l s only the 

frequency a t which VDST is executed . The number of 

p a r t i c l e s t h e r m a l i z e d and thus s to red in VDST a t each 

ι te r a t i on is not consta n t . For example, MAX may be 

equal to 5 but 100 p a r t i c l e s may be t h e r m a l i z e d in one 

pass, which is e q u i v a l e n t to MAX being equal to 100. 

ÉXPEBI8EMI § : 

So f a r , the speedups o b t a i n e d , show how much f a s t e r 

VCOM is wi th respect to COM. Th is exper iment examines 

the v a r i a t i o n in the t i m i n g requirements of VCOM as the 

Iength of stack parameters i ne reases as shown in Table 

4 . 7 . The r a t i o of the t ime taken f o r d i f f e r e n t  lengths 
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TABLE 4 . 

Speedup of VCOM over COM as a f a c t o r of MAX f o r 5100 
pa r t ι c I es . 

MINIMUM 
VDST LENGTH TIME SPEEDUP 

(MAX) (SECONDS) 

5 0 .511518 14 .489 
50 0 .495710 14 .951 

100 0 .487737 15 .195 
400 0 .479000 15 .473 
600 0 .472985 15 .670 
800 0 .473209 15 .662 

1000 0 .486870 15 .223 

Note: Pa rásete rs f o r - VSTAK (N=1000. MINSTK =500) 
- VDST (NM = 1000) 

of stack parameters over the t ime taken by stack 

parameters of length one is p l o t t e d in F igure 4 . 1 2 . As 

i t can be seen the slope of the curve r i s e s r a p i d l y up 

to a vector length of 500 and then tends to stay 

c o n s t a n t . The maximum speedup obta ined a t a vec tor 

length of 1000 is of the order of 90. This r e s u l t 

shows very wel l the e f f e c t  of the vec tor length on the 

speedup. An i n t e r e s t i n g o b s e r v a t i o n is t h a t h a l f of 

the maximum speedup is achieved a t a very small vec tor 

length of 125. 
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4 . 6 A PRACTICAL APÇLJÇATIQN OF VCOM 

As i t was mentioned in Sec t ion 4 . 3 , a r t i f i c i a l l y high 

i n c i d e n t neutron ene rgy, high l i q u i d f r a c t i o n and large pipe 

rad ius were used in COM so t h a t the var iance of the random 

walk lengths may i n c r e a s e . In order to f i n d out the speedup 

of VCOM over COM f o r an a c t u a l e n g i n e e r i n g a p p l i c a t i o n , some 

runs w i th r e a l i s t i c parameters have been performed as 

f o l l o w s . For 3 Mev source energy, 5 cm pipe rad ius and 

l i q u i d f r a c t i o n of 1 , the t ime taken f o r COM on the IBM 3081 

is 5 . 2 2 4 1 sec , whi le the t ime taken on the CYBER-205 s c a l a r 

processor is 2 .2968 sec. The t ime taken f o r VCOM on the 

CYBER-205 vector processor is 0 .167039 sec which r e s u l t s in 

a speedup of 3 1 . 2 7 over the IBM 3081 and of 13 .75 over the 

CYBER-205 s c a l a r processor . These speedups are a l i t t l e 

lower than the ones found in Sect ion 4 . 5 ; but r e l a t i v e l y of 

the same o r d e r . This shows t h a t the random walk length does 

not a f f e c t  the speedup very much. 

4 . 7 §UMMARÏ ÄND CQNCLUSIQMS 

In t h i s Chapter , the Cente r -o f -Mass Monte Car lo program 

has been descr ibed . Computat ional r e s u l t s of COM are 

obta ined on the IBM 3081 and the CYBER-205 computers. These 

r e s u l t s show t h a t a speedup of about 2 . 5 over the IBM 3081 

is ob ta ined by running COM on the CYBER-205. 
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The steps fo l lowed in des ign ing the v e c t o r i z e d a l g o r i t h m 

for COM are e x p l a i n e d , a long wi th the implementat ion of the 

v e c t o r i z e d code (VCOM) on the CYBER-205. Computat ional 

r e s u l t s obta ined on the CYBER-205 show t h a t v e c t o r i z a t i o n of 

COM is s u c c e s f u l . The speedup obta ined f o r 5100 p a r t i c l e 

h i s t o r i e s w i th vector lengths of 1000 is of the order of 14 

to 16 compared to t h a t of the s c a l a r mode run on the same 

machine and of the order of 32 to 40 compared t o t h a t of the 

IBM 3081 computer. Some exper iments are c a r r i e d out to 

dete rm i ne the e f f e c t  of va ry ing the d i f f e r e n t  stack 

parameters on the speedup. 

I t i s shown t h a t the speedup increases c o n s i d e r a b l y up to 

a stack length of 1000. A f t e r t h a t the speedup remains 

almost c o n s t a n t . I t was b e l i e v e d t h a t MINSTK should a f f e c t 

speedup a g r e a t d e a l , but t h i s is not c o r r e c t . On the 

contra ry , i t is ρ roved t h a t the speedup remains almost 

unaf fec ted by vary ing MINSTK because of the averag ing e f f e c t 

on the vector l eng th . The v a r i a t i o n of the secondary stack 

parameter MAX does not a f f e c t  the speedup very much. Th is 

was expected s ince MAX does not have c o n t r o l over the number 

of t h e r m a l i z e d p a r t i c l e s a t each i t e r a t i o n . The e f f e c t  of 

the v a r i a t i o n of the vector length on the speedup is 

demonstrated wi th a speedup f a c t o r of 90 f o r vec tor length 

1000 over a vector length of 1. F i n a l l y , i t is shown t h a t 

the speedup does not depend on the length of the random 

walks in VCOM. 
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Comparing the speedups obta ined from t h i s implementat ion 

to those reported in the l i t e r a t u r e , i t can be sa id t h a t our 

νector code is e f f e c t i v e l y  v e c t o r i z e d s ince the obta ined 

speedup is among the h ighes t re p o r t e d [ 2 - 4 , 1 7 , 2 5 ] . 



Chapter 5 

THE CENTER-OF-MASS PROGRAM ON MULTIPROCESSORS 

5 . 1 INTRODUCTION 

General aspects fo r i«ρ I eme η t i n g Monte Car lo Algor i thms 

on mul t iprocessors are discussed in Chapter 3 . This Chapter 

considers the s p e c i f i c implementat ion of the Center -o f -Mass 

program on mu 11i ρrocesssors. I n Sect ion 5 . 2 , the 

performance of COM on such machines is p red ic ted fo r 

d i f f e r e n t  computat ional schemes, based on e x i s t i n g 

theo ret i cal formulae [ l ] . The performance of COM on 

mul t iprocessors is a lso est imated through s i m u l a t i o n on the 

IBM 30Θ1 computer and the r e s u l t s are given in Sec t ion 5 . 3 . 

A p a r a l l e l a lgor i thm f o r the implementat ion of COM on 

mul t iprocessors is proposed in Sec t ion 5 . 4 . The concluding 

remarks fo r t h i s Chapter are given in Sect ion 5 . 5 . 

5 . 2 PRÉBIQTEB PÊBEQBBANCê QU MyLHPRQCÊ§SQRS 

The computation of 4096 ( t h i s number is chosen so t h a t is 

a powe r of 2) p a r t i c l e hi s t o r i es (random waIks) is 

considered fo r the p r e d i c t i o n of the performance of COM on 

mu 11 i ρ rocessor machines. Two basic schemes fo r the 

assignment of the random walks to the processors in a 
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p a r a l l e l computer are used: f i r s t is the s t a t i c computat ion 

assignment scheme, and second is the dynamic computat ion 

assignment scheme. A s t a t i c computat ion assignment (SCA) 

scheme is def ined as the assignment scheme in which a f i x e d 

number of random walks are assigned to each of the 

processors , before any random walks are i n i t i a t e d . A 

dynamic computat ion assignment (DCA) scheme is de f ined as 

the assignment scheme in which the number of random walks 

c a r r i e d out by each process is determined dynamica l ly 

(dur ing the computa t ions ) . The above schemes were designed 

by Bhavsar [ l ] f o r p r e d i c t i n g the Monte Car lo speedups on 

mult i processor machines. 

5 . 2 . 1 ËS£ Î££6 in£ t gf §ÇA ççhemes 

Three SCA schemes are considered based on the number of 

ρrocessors used (P) and the number of random walks to be 

c a r r i e d out ( κ ) . The computat ion of 4096 random walks is 

considered wi th the number of processors v a r y i n g 

I o g a r i t h m i c a I I y from 2 t o 4096. The th ree SCA schemes used 

are as fo I Iows: 

1. Scheme 1 (P << K): The number of processors used is 

much smel le r than the number of random walks to be 

c a r r i e d o u t . The computat ions have been performed 

f o r P=2 , 4 , 8 , 2 5 6 , 5 1 2 . 
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2 . S e h · » · 2 (Κ/Ρ ~ 1 0 ) : The number of processors used is 

•bout one t e n t h of the number of random walks to be 

c a r r i e d o u t . Computations are performed f o r 

P = 2 5 6 , 5 1 2 . 1 0 2 4 , 2 0 4 8 . 

3 . Scheme 3 (P = K) : The number of processors used are 

equal to the number of random walks to be c a r r i e d out 

(P=4096) . 

The formulae used for the p r e d i c t i o n of the upper and 

lower bounds of the speedup f o r each of the t h r e e SCA 

schemes, given in [ l ] , are l i s ted in Table 5 . 1 . The sample 

mean and the standard d e v i a t i o n of the d u r a t i o n of the 

p a r t i c l e h i s t o r i e s obta ined from the runs of COM on the IBM 

3081 were s u b s t i t u t e d in these fo rmulae . 

F igure 5 . 1 . e , shows the upper and lower bounds on the 

speedup expected f rom e x e c u t i n g the COM program on a 

mul t iprocessor machine, on a l o g - l o g s c a l e . These values 

are a lso l i s t e d in Table 5 . 2 . U n t i l about P=128 the two 

bounds are almost the same. The d i f f e r e n c e  in the upper and 

lower bounds increases r a p i d l y as the number of processors 

increase above 128. Th is is because in c a l c u l a t i n g the 

Upper bound of speedup, overheads due to process 

communication and s y n c h r o n i z a t i o n are not taken i n t o 

cons i de r a t ι on. 
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TABLE 5 . 1 

Speedups for D i f f e r e n t Computetion Schemes 
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[1 ] -

SCHEME EXPECTED SPEEDUP 

SCA Scheme 1 

Ρ « Κ 

Ρ 
Γ 1 S ( Ρ,Κ) < Ρ 

1 + | _ ( σ / ρ ) / 2 / Ϊ Γ ] 

SCA Scheme 2 

K / P ~ 10 
1 + / ρ Ρ ( ρ - η i ρ 

/ ( 2 P - D K 

SCA Scheme 3 

Ρ = Κ 

κ < s ( κ ,Κ ) < κ 

1 + (κ -1) (σ/μ) 

/ 2 Κ - 1 

DCA Scheme 1 
S(P,K) = ρ ^ 

1 ( (Ρ-1) ( μ * - σ 2 ) 

2 K U 2 · 

DCA Scheme 2 

< 5<ρ,κ) < a 
0 (ρ-1 )Ρ (σ /μ ) -
3 + 

V 2 P - 1 

w h e r e a = 
(ρ-Γ) ( μ 2 - σ 2 ) 

1 + ^ 

K=desired riumDer of random walks (primary estimates) 
ji=mean of independent identically distributed (i.i.d.) 

random walk times 
cr=standard deviation of i.i.d. random walk times 
P=nurnber of processors 
S(P,K)= Expected speedup 
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TABLE . 

Speedup for COM on mu l t ip rocessors f o r SCA scheues 

NUMBER 
OF 

PROCESSORS 
( Ρ ) 

SPEEDUP 
NUMBER 

OF 
PROCESSORS 

( Ρ ) 

PREDICTED 
NUMBER 

OF 
PROCESSORS 

( Ρ ) ESTIMATED LOWER 
BOUND 

UPPER 
BOUND 

S C A SCHEME # 1 ( Κ << Ρ ) 

2 
4 
8 

16 
32 
64 

128 
256 
512 

1 .975 
3 . 9 1 2 
7 . 7 8 9 

15 .236 
2 9 . 4 5 1 
5 6 . 6 6 6 

104 .565 
188 .277 
341 .505 

1 .075 
2 . 1 5 1 
4 . 3 0 1 
8 . 6 0 2 

17 .204 
3 4 . 4 0 9 
6 8 . 8 1 7 

137 .635 
2 7 5 . 2 6 9 

2 . 0 
4 . 0 
8 . 0 

16 .0 
3 2 . 0 
6 4 . 0 

128 .0 
2 5 6 . 0 
5 1 2 . 0 

S C A SCHEME # 2 ( Κ/Ρ 10 ) 

256 
512 

1024 
2048 

188 .279 
341 .505 
661 .886 

1146 .482 

113 .098 
1 4 5 . 0 1 1 
168 .830 
183 .937 

2 5 6 . 0 
5 1 2 . 0 

1024 .0 
2048 .0 

S C A SCHEME # 3 ( Κ = Ρ ) 

4096 1 1888 .323 I 192 .552 I 4 0 9 6 . 0 

Note : Κ = number of p a r t i c l e h i s t o r i e s . 

5 . 2 . 2 Performance  qf  Q£A gghemes 

Two basic dynamic computat ion assignment schemes are 

cons i dered: 

1. Scheme 1: Can be used in the development of p a r a l l e l 

a l g o r i t h m s employing any number of processors . The 
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computat ional r e s u l t s ara obta ined f o r 

P = 2 , 4 , 8 . . . , 4 0 9 6 . 

2. Scheme 2 : Des » gned f o r pa ra I I e I a I gor ιthms using I ess 

than Κ procèssors . The computat ional r e s u l t s are 

obta ined for P = 2 , 4 , 8 . . , , 4 0 9 6 . 

The expected speedup from using the two DCA schemes is 

computed using the formulae shown in Table 5 . 1 , by 

s u b s t i t u t i n g the sample mean and standard d e v i a t i o n of the 

d u r a t i o n of p a r t i c l e h i s t o r i e s . The expected speedup versus 

the number of ρ rocessors used are p i o t t e d in F igure 5 . 1 . b ; 

the cor res ponding values a re M sted in Table 5 . 3 . 

TABLE 5 . 3 

Speedup of COM on mu l t ip rocessors f o r DCA schemes 

NUMBER 
OF 

PROCESSORS 
(P) 

SPEEDUP 

NUMBER 
OF 

PROCESSORS 
(P) 

DCA 
SCHEME 

# 1 

DCA SCHEME # 2 NUMBER 
OF 

PROCESSORS 
(P) 

DCA 
SCHEME 

# 1 LOVER 
BOUND 

UPPER 
BOUND 

2 1 .997 2 . 0 0 0 2 . 0 0 0 
4 3 . 9 8 2 4 . 0 0 0 4 . 0 0 0 
8 7 . 9 1 5 8 . 0 0 0 8 . 0 0 0 

16 1 5 . 6 4 1 16 .000 16 .000 
32 3 0 . 5 5 2 3 2 . 0 0 0 3 2 . 0 0 0 
64 5 8 . 3 7 6 6 4 . 0 0 0 64 .000 

128 107 .185 128 .000 128.000 
256 184 .176 2 5 6 . 0 0 0 256 .000 
512 287 .402 512 .000 512 .000 

1024 399 .302 3 4 1 . 3 3 3 1024.000 
2048 445 .825 2 5 6 . 0 0 0 2048 .000 
4096 583 .993 195 .048 4096 .000 
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The f o l l o w i n g can be observed from t h i s f i g u r e : 

1. For DCA scheme u n t i l P=128 the speedup is l i n e a r 

( S ( P , K ) = P ) . For h igher va lues of Ρ the slope of the 

speedup decreases. 

2 . For DCA scheme 2 , the upper bound is the same as in 

DCA sc h eme 1. U n t i l about P=512, the lower bound 

f o l l o w s e x a c t l y a l i n e a r speedup of S ( P , K ) = P . A f t e r 

P=512, the slope of the curve f a l l s ra ρ i d l y . 

5 . 3 ESTIMAIÏQN OF PERFQRMANÇE THROyGH SIBUUAIIQS 

During the runs of the COM on the IBM 3081, the d u r a t i o n 

of the random walks we re recorded f o r e s t i m a t i n g the 

performance of the p a r a l l e l a l g o r i t h m . This is p o s s i b l e 

because the c h a r a c t e r i s t i c s of random processes o p e r a t i n g in 

p a r a l l e l can be der ived by successive o b s e r v a t i o n s on a 

s i n g l e process, due to the e r g o d i c i t y p r i n c i p l e [ l ] . 

In SCA schemes, the Κ p a r t i c l e h i s t o r i e s are s p l i t 

between the Ρ processors . Thus Μ=(Κ/Ρ) h i s t o r i e s are 

assigned t o each processor; note M is an i n t e g e r . Then the 

f o l l o w i n g steps can be used to e s t i m a t e the performance of 

SCA p a r a l l e l a l g o r i t h m s : 

1· § I£P 1: D iv ide the s e t of samples ( l e n g t h of random 

walks) i n t o Ρ d i s j o i n t s e t s w i th only M success ive 

samples in each s e t . 
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2. SIÉE 2 : Est imate the execut ion t ime for the p a r a l l e l 

a l g o r i t h m by f i n d i n g the maximum of the sums of the 

d u r a t i o n s of random walks f o r each of the Ρ s e t s . 

3 · SIEE 3 : Est i mate the speedup t o be equal to the 

s e q u e n t i a l computer execut ion t ime (which is g iven by 

the sum of a I I Κ random walk l engths ) d i v i d e d by the 

maximum obta ined in STEP 2 . 

The speedup est imated using the procedure 

descr ibed above is shown in F igure 5 . 1 . a . and in 

Table 5 . 2 . From t h i s F igure the f o l l o w i n g can be 

obse rved : 

1. Unt i I about P=128, the es t imated speedup I Íes 

between the upper and lower bounds as 

expected» and is very c lose to the upper 

bound. Th is r e s u l t i s expected because the 

fewe r p rocessors we have the less overhead 

there is and thus speedup is almost 

p r o p o r t i o n a l t o the number of processors used. 

2 . As the number of processors increases above 

128, the es t imated speedup droops down from 

the upper bound, s t i l l remaining above the 

lower bound. As expected , the s lope of the 

speedup decreases as the number of ρrocessors 

i ncreases. 
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In g e n e r a l , i t can be sa id t h a t the es t imated 

speedup is almost l i n e a r . Th is r e s u l t can be 

a t t r i b u t e d to the small var iance of the lengths of 

random walks . 

The performance of DCA schemes cannot be es t imated 

through s i m u l a t i o n . The requirements f o r e s t i m a t i n g 

the execut ion t ime of a s e q u e n t i a l a l g o r i t h m and the 

corresponding DCA a l g o r i t h m are i n c o m p a t i b l e , because 

in a DCA a l g o r i t h m some of the h i s t o r i e s can get 

aborted and the s e t of h i s t o r i e s executed on each 

processor may not be successive [ l ] . 

5 - 4 A BÔBÔLLÉL ALQQRIIHM FQR COM 

For the development of the p a r a l l e l a l g o r i t h m , the 

execut ion of Κ p a r t i c l e h i s t o r i e s (random walks) is 

considered on a mu l t ip rocessor system wi th Ρ processors . In 

t h i s a l g o r i t h m , the random walks are assigned dynamica l ly to 

a v a i l a b l e procèssors . The sequence of o p e r a t i o n s is as 

f o l l o w s . Ρ processes are i n i t i a t e d in p a r a l l e l each running 

on a d i f f e r e n t  processor . Each of the processes executes a 

random walk . Whenever a random walk is completed, another 

is i n i t i a t e d on t h a t processor provided t h a t the Κ random 

walks have not a l ready been i n i t i a t e d . When any one of the 

processes d e t e c t s t h a t the Κ random walks have been 

completed, i t immediately t e r m i n a t e s a l l the running 

processes i n c l u d i n g i t s e l f . 
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A p a r a l l e l a l g o r i t h m f o r COM using OCA scheme 2 is given 

in F igure 5 . 2 Synchron iza t ion between processes is done 

using C r i t i c a l Regions [ 5 ] . When a process is in the 

C r i t i c a l Region no o ther process can access i t . In t h i s 

a l g o r i t h m a C r i t i c a l Region is i n d i c a t e d as f o l l o w s : 

REQION varname: o p e r a t i o n on varname 

This means t h a t "varname" is a shared v a r i a b l e between a l l 

the ρrocesses running in p a r a l l e l . In order to prevent more 

than one process from accessing the v a r i a b l e a t the same 

t i m e , the C r i t i c a l Region is i n t r o d u c e d . F ive shared 

v a r i a b l e s g i v i n g r i s e to f i v e C r i t i c a l Regions are used in 

the a l g o r i t h m namely, "escpr" which represents the escape 

p r o b a b i l i t y , "therm" which is a counter fo r t h e r m a l i z e d 

p a r t i c l e s , "esc" which is a counter f o r escaped p a r t i c l e s , 

" thpr" which is the t h e r m a l i z a t i o n p r o b a b i l i t y and "n" which 

keeps t r a c k of the number of completed random walks . 

F igure 5 . 2 compr i ses a ma i η ρ rocess t h a t i n i t i a t e s Ρ 

processes in p a r a l l e l ; the COBEGIN/COEND c o n s t r u c t is used 

[ 5 ] . A f t e r the Κ random walks a re completed, the requi red 

s t a t i s t i c a l e s t i m a t e s ( s o l u t i o n s ) are ob ta ined from the 

s t a t i s t i c s accumulated by d i f f e r e n t  processes. 
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read input parameters 
s e l e c t geometry and in t roduce b i as i ng 
COBEGIN process l ;p rocess2 ; . . . ρrocessp COEND 
c a l c u l a t e s t a t i s t i c a l e s t i m a t e s 
output resu1ts 
END 

A) MAIN PROCESS 

PROCESS î 
i n i t i a l i za ( k , e s c p r , t h e r m , e s c , t h p r ) 
REPEAT 

get a new source p a r t i c l e 
WHILE ( p a r t i c l e not escaped or thermaI i zed) THEN DO 

I F ( the rma I i zed ) THEN DO 
c a l c u l a t e escape p r o b a b i l i t y as ep 
REGION escpr : escpr=escpr+ep 
REGION therm: therm=therm+1 
END DO 

ELSE DO 
determine d i s t a n c e t r a v e l e d by p a r t i c l e 
propagate the p a r t i c l e 
I F ( p a r t i c l e escape d) THEN 

REGION esc: escsesc+1 
ELSE DO 

determine new energy 
c a l c u l a t e t h e r m a l i z a t i on p r o b a b i l i t y as tp 
REGION t h p r : t h p r = t h p r + t p 
compute new d i r e c t i o n a l cos ines 

END DO 
END DO 
REGION n: DO 

n = n +1 
I F (nsk) THEN t e r m i n a t e a l l processes 
END DO 

END DO 
FOREVER 

B) PROCESS i 

F i g . 5 . 2 : A P a r a l l e l a l g o r i t h m f o r COM using DCA scheme 2 
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5 . 5 SUMPJÔBÏ AND CONCLUSIONS 

The upper and lower bounds of the speedup expected front the 

implementat ion of the CON program on m u l t i p r o c e s s o r s are 

p r e d i c t e d using e x i s i n g t h e o r e t i c a l fo rmulae . The 

performance of COM on mu l t ip rocessors is es t imated through 

s i m u l a t i o n on the IBM 3081 computer. The es t imated speedup 

is a I most l i n e a r and l i e s between the upper and lower bounds 

of the p r e d i c t e d speedup. The l i n e a r speedup is due t o the 

r e l a t i v e l y small var iance of the random walk l e n g t h s . 

P r e d i c t i o n of the performance of COM using DCA scheme 1, 

shows t h a t the speedup is almost equal to the number of 

processors used for upto about 128 processors; subsequent ly 

the speedup becomes p r o g r e s s i v e l y s m a l l e r compared to the 

number of processors as the l a t e r i n c r e a s e s . 

A p a r a l l e l a l g o r i t h m f o r the implementat ion of COM on 

mul t ip rocessors is proposed. Since random walks are 

independent , s y n c h r o n i z a t i o n between processes is needed 

only f o r the accumulat ion of o v e r a l l s t a t i s t i c s . Th is 

a l g o r i t h m has not been implemented on a commercial 

mu l t ip rocessor because of lack of access to such machine. 



Chapter 6 

CONCLUSION 

6 . 1 QYgRVIEW QE £R£§£NT ÏQRK 

The Monta Car lo method, a l though t ime consuming and 

expens ive , prov ides a powerful t o o l f o r r a d i a t i o n t r a n s p o r t 

a n a l y s i s in Nuclear Engineer ing problems. The development 

of supercomputers w i th vector and m u l t i p rocessor 

a r c h i t e c t u r e s o f f e r s  large computat ional power. With 

computer execut ion t ime as the main drawback of the Monte 

Car lo method, i t is n a t u r a l to cons ider i t s implementat ion 

on supercomputers. The a d a p t a t i o n of a Monte Car lo 

r a d i a t i o n t r a n s p o r t code on such computers has been 

considered in t h i s p r o j e c t . 

The a r c h i t e c t u r a l and ρ rog ra mm ι η g aspects of two 

supercomputers, namely the Cyber-205 vec tor computer and the 

HEP m u l t i p r o c e s s o r , have been s t u d i e d . 

Prev ious work done on p a r a l l e l implementat ion of Monte 

Car lo codes has been rev iewed; the implementat ion aspects on 

vector and mu 11i ρrocessor su percomputers have been examined. 

I t i s noted t h a t g loba l r e s t r u c t u r i n g of the Monte Car lo 

a l g o r i t h m is needed for e f f i c i e n t  v e c t o r i z a t i o n . For the 
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development of an a lgor i thm for mu 11i ρrocessor machines, the 

a d d i t i o n a l coding is requi red f o r process syηcron i z a t i on and 

commun i c a t i o n . 

A vector ι zed a l g o r i t h m f o r a s p e c i a l pu rpose Monte Car lo 

code, the Center~of-Mass code, has been developed and 

s u c c e s f u l l y implemented on the Cyber-205 2 - p i p e vec tor 

compute r . The speedup obta ined over the Cy be r - 2 0 5 s c a l a r 

processor is of the order of 14 to 16, w h i l e the speedup 

over the IBM 3081 is of the order of 32 to 40 . A number of 

experiments have been c a r r i e d out in order t o study the 

performance of the v e c t o r i z e d a l g o r i t h m . I t has been found 

t h a t the speedup is l a r g e l y dependent on the average vec tor 

l eng th . The length of the random walks in the code does not 

a f f e c t  the speedup very much. The speedups ob ta ined in t h i s 

work prove t h a t e f f o r t s  in v e c t o r i z i n g Monte Car lo codes are 

worth w h i l e and t h a t the v e c t o r i z a t i o n of mo re genera l Monte 

Car lo codes is f e a s i b l e . 

The performance of COM on m υ 11i ρrocessors is p r e d i c t e d 

using the t h e o r e t i c a l r e s u l t s g iven in [ l ] . The p r e d i c t e d 

speedup, using OCA scheme 1, is almost equal t o the number 

of processors used f o r upto about 128 processors ; 

subsequent ly the speedup becomes ρ rog r e s s i v e l y s m a l l e r 

compared t o the number of processors as the l a t e r i n c r e a s e s . 

The performance of COM on m u l t i p r o c e s s o r s is a l so e s t i m a t e d 

by s i m u l a t i o n on the IBM 3081. The es t imated speedup is 
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a I Most l i n e a r ; i t l i e s between the p r e d i c t e d upper and lower 

bounds of speed up. A p a r a l l e l a l g o r i t h m has been ρ roposed 

f o r the implementat ion of COM on mu l t ip rocessor machines. 

Implementat ion of t h i s e l g o r i t h m on a commercial 

mu 11i processor has not been poss i b l e due to the 

i n a c c e s s i b i l i t y of such a machine. 

6.2 EUIUBE YQRK 

Future work may i n c l u d e : 

• The implementat ion of the p a r a l l e l a l g o r i t h m f o r the 

Center -o f -Mass code proposed in t h i s p r o j e c t on 

mul t ip rocessor supercomputers. 

• The a d a p t a t i o n of the COM code on the CRAY-1 vector 

computer and compa r i son of i t s performa nee wi th t h a t 

obta ined on the CYBER-205. * 

• The development of o ther v e c t o r i z a t i o n s t r a t e g i e s to 

improve the e f f i c i e n c y of the vector a l g o r i t h m . 

• The development of a Mathemat ica l mode I f o r the 

p r e d i c t i o n of the performance of vector Monte Car lo 

a l g o r i t h m s , based on s t a t i s t i es coI I ec ted f rom the s c a l a r 

cod es. 

• The implementat ion of a genera l purpose Monte Car lo 

code, l i k e the MORSE [ 3 l ] code, on mu l t ip rocessors using the 



g u i d e l i n e s developed in t h i s 

soné a d d i t i o n a l problems t h a t 

w i th the v e c t o r i z a t i o n of the 

98 

work. Appendix V I d iscusses 

one may encountered in d e a l i n g 

MORSE code. 



â F F I M l U C i l 



Append i χ I 

HOW TO RUN PROGRAMS ON THE CYBER-205 COMPUTER 

I - l SIQN Q* PROCEDURE 

The Cyber-205 is a back-end computer. I n order to access 

i t , one has t o f i r s t s ign on to the f r o n t end mechine, to 

which the Cyber-205 is connected. To s ign on to the system 

from a remote computer, eccess to a communication network 

and to the proper commυ η i c a t i on so f tware is r e q u i r e d . At 

p resen t , the only way of communication between UNB and the 

U n i v e r s i t y of Caigary (where the Cyber-205 is located and 

connected v ia the CDC Cyber-175 f r o n t - e n d computer ) , is 

through DATAPAC, using the PC-TALK [6] sof tware package on 

an IBM-PC. 

An IBM personal compute r and a MODEM (mod υ I a to r -

demodulator) should be a v a i l a b l e . The sign on procedure 

through DATAPAC is as f o l l o w s : 

1. Run PC-TALK and s e t proper communication parameters 

according to the s p e c i f i c a t i o n s of the MODEM, and the 

PC-TALK sof tware (see PC-TALK u s e r ' s Cuide [ β ] ) . For 

the present MODEM the beud ra te has to be s e t to 300; 

a l l o the r parameters are p r e s e t . 
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2 . D ia l the local DATAPAC number through the d i a l i n g 

dι rec tory of PC-TALK, or fo r ma nuaI d i a l i n g ente r : 

ATDT4549462 

3 . A f t e r the response from DATAPAC e n t e r a dot ( . ) . 

4 . Enter the phone number of the t a r g e t computer. 

5 . Sign on to the computer using the account number and 

the password prov ided . 

1 . 2 NQ§ QQMTRQL LANGUAGE 

A f t e r s ign on, the program has to be submit ted using the 

f o l l o w i n g c o n t r o l cards: 

/JOB 
/NOSEQ 
ADEY,loci d. 
USER,U»userno,AC=acctn· 
RESOURCE,TL=100,JCAT=LPRIME. 
FTN200,SC. 
LOAD,t IB=F200LIB,CDF=450. 
GO. 
/EOR 

PROGRAM name(lNPUT,OUTPUT) * 
• The program goes here . 
* 

/EOR * 

* I n p u t data 

/EOF 

where, 
loc id s local i d e n t i f i e r f o r the Cyber-205 

userno s user number 
acctn = account number 
EOR s end of read mark 
EOF = end of f i le mark 

The program is then queued f o r execut ion on the 
Cyber -205 . A f t e r execut ion is completed, the ou tpu t can be 
r e t r i e v e d using the f o l l o w i n g command: 

QGET,j obname,PR 
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For no re in format ion on the NOS-software system see 
refe rences [ 2 7 , 2 8 ] . 



A p p e n d i x I I 

THE COM PROQRAM 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C C O M C 

C COM I S A CENTER-OF-MASS MONTE CARLO PROQRAM THAT S IMULATES C 
C THE SCATTERING OF FAST NEUTRONS I N C I D E N T ON A WATER-VAPOR C 
C TWO-PHASE FLOW I N A P I P E . THE PROQRAM I S USED TO A I D I N C 
C DESIGNING NEUTRON DENSITOMETERS FOR USE I N TWO PHASE FLOW C 
C SYSTEMS. I T ASSUMES I S O T R O P I C SCATTERING I N THE CENTER- C 
C OF-MASS SYSTEM AND U T I L I Z E S FUNCTIONAL F I T S FOR NEUTRON C 
C CROSS-SECTIONS. SEVEN D IFFERENT FLOW REGIME GEOMETRIES C 
C ARE TREATED USINQ S I M P L E ANALYTICAL GEOMETRY METHODS. C 
C C 
C WRITTEN BY : DR. E . HUSSEIN C 
C CHEMICAL ENQ. D E P T . , UNB C 
C DATE WRITTEN : MAY. 1 9 8 5 . C 
C M O D I F I E D BY s T . TASSOU C 
C SCHOOL OF COMPUTER S C . . UNB C 
C DATE M O D I F I E D : AUGUST. 1 9 8 5 . C 
c C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
c 
c 

CHARACTERS J E O M ( 7 ) 
D IMENSION T I T L E ( 2 0 ) 
DOUBLE P R E C I S I O N X ( 3 ) , C ( 3 ) . X I ( 3 ) , C I ( 3 ) 
DOUBLE PRECIS ION E l . P X . P X 2 . P E S C P 2 . P E S C P . P R P X . P R P X 2 
DOUBLE P R E C I S I O N R N R , R N O R M , T H . T H 1 . T H 2 , C T H 2 . X R X . E S C P , E S C P 2 
DOUBLE P R E C I S I O N R H O . R . Z B . T H I C K . E M I N . E 0 1 , X D ( 3 ) . R R . R H O W . R W 
COMMON/INFORM/ R H O . R . Z B . T H I C K . E M I N . E 0 1 . X D . R R . R H O W . R W 
C O M M O N / D F O R M / N S T E P . I C C T . I D E N S . I G E O M 
COMMON/RANGEN/ KSEED 
DATA C I / O . 0 , - 1 . 0 , 0 . 0 / 
DATA J E O M / ' H O M * , * I A N ' , ' A N N ' , » S T D * . ' S T U * . ' S T L * , ' S T R ' / 

C HOMOGENIZED FLOW I S ASSUMED I N T H I S VERSION 
C T I T L E I S THE JOB T I T L E 
C KSEEDsSEED FOR RANDOM NUMBER GENERATOR 
C RHO s L I Q U I D DENSITY 
C R » P I P E RADIUS 
C ZB a P I P E HEIGHT 
C T H I C K » P I P E THICKNESS 
C E l a P A R T I C L E ENERGY 
C E M I N s CUT OFF ENERQY 
C NEV s P A R T I C L E H I S T O R I E S 
C I T » MAXIMUM T I M E I N CPUS 
C IQEOMs K I N D OF GEOMETRY (SEE F IGURE I I . 1 AT END OF L I S T I N G ) 
C XD s DETECTOR P O S I T I O N 
C ( 0 . 0 , 0 ) I S CENTER OF CYLINDER 
C X D I R E C T I O N I S TO BOTTOM OF PAGE 
C Y D I R E C T I O N I S TO L . H . S OF PAGE 
C 

R E A D ( 5 . 5 6 ) T I T L E 
READ ( 5 . 4 · ) KSEED 
R E A 0 C 5 . 4 ) R H O , R , Z B , T H I C K 
R E A D ( 5 . 5 } E l . E M I N 
R E A D ( 6 , β ) N E V . I T . I G E O M 

- 103 -



104 
R E A D ( 6 , 4 ) ( X D ( I ) . 1 . 1 , 3 ) 
R E A D ( 6 , Φ ) I D E N S 

C 
W R I T E ( β . 5 0 0 7 ) KSEED 
I F ( I O E O M . L E . O ) IQEOMsl 
E O l s E l 

C 
HSSmO 
ESCPsO.O 
E S C P 2 = 0 . 0 
NESCPsO 
NTHsO 
INaeO 
PXsO.O 
PX2-0.0 

c 
C NSSsNO. OF EPITHERMAL COLLIS IONS 
C NESCPsNO. OF PARTICLES ESCAPED 
C NTH=NO. OF PARTICLES REACHED THERMAL ENERGY 
C I N s P A R T I C L E NUMBER 
C 
C START A RANDOM WALK 
C A BEAM I N C I D E N T ON THE MIDDLE OF THE CYLINDER I S ASSUMED 
C 
C ΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦ M O D I F I E D PART ΦΦΦΦΦΦΦΦΦΦΦΦΦ 

0 0 TO ( 1 1 . 1 2 . 1 3 , 1 4 , 1 5 , 1 6 , 1 6 ) . I G E O M 
C HOMOGENEOUS 
1 1 RHOWsRHO 

RWkR 
R R - 0 . 0 
RNRsR 
RNORMal. 
GO TO 8 8 

C + * + + + + + * * + * + * 4 * I N V E R T E D ANNULAR φφφφφφφ 
12 RHOWsl.O 

RW«DSQRT(RHO)+R 
RNORM-R/RW 
RRssR 
RNR-RW 
GO TO 8 8 

C ΦΦΦΦΦΦΦΦΦΦΦΦΦΦ ANNULAR φφφφφφφφφφφφφφφφφφφφφφφφφ 
1 3 RHOW-1 .0 

RW«R 
R R = D S Q R T ( 1 . - R H O ) * R 
RNRxRW 
R N 0 R M - 1 . 0 
GO TO 8 8 

C ΦΦΦΦΦΦΦΦΦΦΦΦΦΦ S T R A T I F I E D φφφφφφφφφφφφφφφφφφφφφφ 
14 RHOWsl.O 

RWsR 
RNR-R 
T H « 4 . * R H O * A S I N ( l . ) 
T H l a T H 

19 T H 2 s T H + D S I N ( T H l ) 
C T H 2 - D C 0 S ( T H 2 ) 
T H l * ( T H 2 - T H 1 Φ C T H 2 ) / ( l . - C T H 2 ) 
I F ( D A B S ( Τ Η 1 - T H 2 ) . G T . 1 . E - 0 6 ) GO TO 19 
Rft^DCOS(TH1/2.) 
XRXvR-RR 
RMRxRR 
RN0RM«2*R/XRX 
GO TO 8 8 

1 5 RHOWal.O 

T H « 4 . « R H O ^ A S I N ( l . ) 
T H l e T H 



2 9 T H 2 - T H + D S I N ( T H l ) 
C T H 2 . 0 C 0 S ( Τ Η 2 ) 
Τ Η I s ( T H 2 - T H 1 * C T H 2 ) / ( l . - C T H 2 ) 
I F ( D A B S ( T H 1 - T H 2 ) . 0 T . 1 . E - 0 6 ) 0 0 ΤΟ 2 9 
R R K R # D C O S ( Τ Η Ι / 2 . ) 
X R X — ( R + R R ) 
RMRsRR 
RNRsR 
RNORMsOABS(2+R/XRX) 
00 TO 88 

1 6 RHOWsl .O 
RW*R 
T H « 4 . + R H O # A S I N ( l . ) 
TH1-TH 

3 0 T H 2 » T H + D S I N ( T H l ) 
C T H 2 « O C O S ( T H 2 ) 
T H l * ( T H 2 - T H 1 « C T H 2 ) / ( l . - C T H 2 ) 
I F ( D A B S ( T H l - T H 2 ) . Q T . l . E - 0 6 ) 0 0 TO 3 0 
R R e R t D C O S ( T H 1 / 2 . ) 
RNRsR 
R N O R M - 1 . 0 
I F ( I Q E O M . E Q . 7 ) R R . - R R 

β β CONTINUE 
C 

START OF RANDOM WALKS + + + + + + + + + + + Φ + + + + Φ 
C 

CALL C P U T I M ( I S S ) 
DO 1 0 3 I N - l . N E V 

R N M 1 - U N I R A N ( Y ) 
I F ( I Q E O M . E Q . 4 . 0 R . I Q E O M . E Q . 6 ) T H E N 

Χ ( I ) * X R X # ( R N M I ) + R M R 
ELSE 

X ( l ) « R N R * ( - 1 . + 2 . +RNM1) 
EN O l F 
X ( 2 ) « D S Q R T ( R N R + R N R - X ( l ) * X ( l ) ) 
X ( 3 ) « 0 . 0 
E1-E01 
C ( l W l ( l ) 
C ( 2 } « C I ( 2 ) 
C ( 3 ) « C I ( 3 ) 

C + + + + + + + + + FOLLOW NEUTRON 
NSsO 
N S T E P - 0 
CALL F O L N U T ( X . C . E l , N S . N E S C P , N T H . P T H , E S C P , E S C P 2 ) 
NSSaNSS+NS 

C + • + + + + + + + S T A T I T I C A L PARAMETERS 
PX«PX+PTH 
Ρ Χ 2 * Ρ Χ 2 + Ρ Τ Η φ Ρ Τ Η 

1 0 3 CONTINUE 
CALL C P U T I M ( I S S ) 
R J s F L O A T ( I S S ) / 1 0 0 0 0 . 

I F ( N T H . E Q . O ) QO TO 4 0 0 
XNEVsDFLOAT(NEV)+RNORM 
PRPX-rPX/XNEV 
P R P X 2 « ( P X 2 / X N E V - P R P X + * 2 ) / ( X N E V - 1 . ) 
I F ( P R P X . N E . 0 . O ) P R P X 2 « D S Q R T ( P R P X 2 ) / P R P X 
XNETsDFLOAT(NTH) 
P E S C P * E S C P / X N E T 
P E S C P 2 « ( E S C P 2 / X N E T - P E S C P « * 2 ) / ( X N E T - 1 . ) 
I F ( P E S C P . N E . 0 . O ) P E S C P 2 * D S Q R T ( P E S C P 2 ) / P E S C P 
IN-RNORM»NTOTAL 

C 
4 0 0 W R I T E ( 6 , 6 8 ) T I T L E 

W R I T E ( 6 , * ) » D E N S I T Y OF L I Q U I D - » . I D E N S 
W R I T E ( 6 , 3 0 0 6 ) R , T H I C K . Z B 
W R I T E ( 6 , 3 6 0 ) X D 



W R I T E ( 6 , 5 7 ) RHO.JEOM(IOEOM) 
W R I T E ( β . 3 0 0 ) N E V . E O l . C I 
W R I T E ( 6 . 3 7 8 1 ) 
W R I T E C 6 . 3 7 8 2 ) N E V , N E S C P , N T H , E M I N 
W R I T E ( 6 , 3 7 8 0 ) NSS 
RESP-PRPX+PESCP 
R E S P 2 - S Q R T ( P R P X 2 * « 2 + P E S C P 2 * # 2 ) 
W R I T E ( 6 » 5 7 8 0 ) PRPX,PRPX2 .PESCP,PESCP2 ,RESP,RESP2 

C DIRECT ESTIMATOR 
I F ( X N E V . O T . O ) T H E N 

PRPX-XNET/XNEV 
PRESPmPRPX#PESCP 
W R I T E ( β , 7 7 8 0 ) PRPX,PESCP,PRESP 
W R I T E ( 6 . 6 0 0 8 ) 
W R I T E ( β , φ ) KSEED 

E N D I F 
P R I N T 3 7 7 8 , R J 

C 
0 + + * + + + * + + * * + + * FORMAT STATETMENTS + + + + + + + + + Φ + + + + + + + + + + + + + + + Φ 

3 0 0 F O R M A T ( l H O / 1 7 , · NEUTRONS OF ENEROY OF ' . E 1 0 . 4 , 
1 / , ' I N C I D E N T WITH · , 3 ( l X , F 7 . 4 ) , 
2 · D IRCTIONAL COSINES * , / ) 

3 7 8 0 FORMAT(* NUMBER OF EPITHERMAL C O L L I S I O N S m » , 1 1 0 ) 
3 7 8 1 F O R M A T ( / / , » SUMMARY OF RANDOM WALK' ) 
3 7 8 2 F O R M A T ( 2 X , 1 5 , ' PARTICLES I N TOTAL ' , / , 

1 2 X , 1 6 , * ESCAPED » . / . 
2 2 X , 1 5 , * REACHED » . E 1 0 . 4 , » MEV ENEROY C U T O F F ' , / ) 

5 7 8 0 FORMAT(» THERM. PROB. « » » E 1 0 . 4 , · ( · » E 1 0 . 4 , · ) · 
1 . / t β ESCP. PROB. * » , Ε Ι Ο . 4 , » ( ' , E 1 0 . 4 . · ) · 
2 , / , · THERM. RESP. χ » , E 1 0 . 4 , * ( · , E 1 0 . 4 , · ) · ) 

7 7 8 0 FORMAT(» - D I R E C T ESTIMATOR -
1 » THERM. PROB. « · , Ε 1 0 . 4 , / . 
2 » ESCP. PROB. « ' , E l O . 4 , / , 
3 > THERM. RESP. * · , Ε 1 0 . 4 , / ) 

5 0 0 8 FORMAT ζ / / , · LAST SEED USED . » ) 
5 7 FORMAT( ' L I Q U I D FRACTION s » . F 7 . 3 , » ( · , Α 3 , · ) * ) 
5 8 F O R M A T ( I X , 2 0 A 4 ) 

3 0 0 5 FORMAT(· CYLINDRICAL P I P E OF RADIUS s » . F 8 . 3 , / 
1 , * THICKNESS « · , F 8 . 3 , * (CM)» 
2 , » ,AND H E I G H T . » . F 8 . 3 , * ( C M ) ' ) 

2 9 1 0 FORMAT(· CPU T I M E OF » . 1 6 , * EXCEEDS MAX. ALLOWED OF ' . 1 5 . / / ) 
6 FORMAT(315) 
5 F O R M A T ( 2 E 1 0 . 4 ) 
4 F O R M A T ( l O E l 1 . 4 ) 

6 0 0 7 FORMAT(· SEED FOR RANDOM NUMBER GENERATOR « ' . 1 1 2 . / ) 
5 6 FORMAT(20A4) 

3 7 7 8 FORMAT ζ » RANDOM WALK T I M E - » . R 8 . 5 . » S E C O N D S ' ) 
3 6 0 FORMAT(· DISTANCE TO DETECTOR « » , 3 ( 2 X , E 1 1 . 4 ) ) 

€++++++++++*++++*Φ*+ΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦ 
STOP 
END 



ΟΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦ 
0Φ F O L Ν υ Τ ΦΦ 
ΟΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦ 
C 

SUBROUTINE F 0 L N U T ( Χ . C . E l . N S . N E S C P . N T H . P T H T . E S C P . E S C P 2 ) 
C 

DOUBLE PRECISION Χ ( 3 ) , X I ( 3 ) , C ( 3 ) , C N ( 3 ) , W , Ρ Τ Η Τ , Ε Ι , A T O M , Ε 
DOUBLE PRECISION SSOX , S A O X , P A T H , D , X I , Y 1 , X 2 » Y 2 , D l , D 2 
DOUBLE PRECISION DD,CSCM,RMX.RM2.RM1.CSL. Ε 2 . Ρ Τ Η . P H I . E S C P 2 
DOUBLE PRECISION D I S T 2 , A R O . Α R G W , S I Q T H . S I G W . E S C P 
DOUBLE PRECISION R H O , R . Z B . T H I C K , E M I N , E O l . X D < 3 > , R R . R H O W . R W 
C O M M O N / I N F O R M / R H O , R , Z B , T H I C K . E M I N . £ 0 1 . X D , R R , R H O W , R W 
COMMON/DFORM/NSTEP, ICCT, IDENS. IQEOM 
DATA R M 1 / 9 3 9 . 5 6 / , R M 2 / 1 4 Ô 9 7 . 6 1 / , A T O M / O . 0 3 3 4 6 / 
S S H ( Ε ) * ( 1 7 . 6 0 2 3 / ( l . + 7 . 4 1 7 φ Ε + 0 . 1 1 0 5 Φ Ε Φ Φ 2 ) 

Φ + 2 . 7 1 0 1 1 / ( l . + 0 . 2 4 2 7 Φ Ε + 0 . 0 0 2 β φ Ε φ Φ 2 > ) Φ 2 . « A T O M + R H O W 
DATA I C A L L / O / 
DATA S IQTH,S IGW / I . 5 1 2 , 1 . 1 5 5 / 

C DATA S IGTH,S IGW / 3 . 4 5 2 , 1 . 1 6 6 / 
C 

W * 1 . 0 
P T H T * 0 . 0 

2 0 0 0 CONTINUE 
I F ( E l . L E . E M I N ) GO TO 2 0 0 
NSTEP»NSTEP+1 

C FOLNUT I S CALLED ONCE PER I N C I D E N T NEUTRON TO FOLLOW THE 
C NEUTRON THROUGH THE P I P E 
C 

DO 1 0 0 1 * 1 , 3 
1 0 0 X l ( l ) * X ( l ) 

NS*NS+1 
CALL OXY(RHOW,El ,SSOX,SAOX) 
P A T H - 1 . / ( ( S S H ( E l ) + S S O X + S A O X ) Φ ΐ Ο Ε Ν β ) 

C PROPAGATE NEUTRON A DISTANCE D 
0 * - Ρ Α Τ Η φ Α ί 0 α ( U N I R A N ( Y ) ) 
DO 6 1 1 * 1 , 3 

6 1 Χ ( Ι ) * Χ ( Ι ) + 0 Φ 0 ( Ι ) 
C NEUTRON ESCAPED Τ 

Ι Ρ ( ( Χ ( Ι ) Φ Φ 2 + Χ ( 2 ) Φ Φ 2 ) . G E . R W + R W ) GO TO 3 0 0 
I F ( A B S ( X ( 3 ) ) . G E . Z B / 2 . ) GO TO 3 0 0 
GO TO ( 5 0 , 6 0 , 2 3 , 2 4 , 2 5 , 2 6 , 2 7 ) , I Q E O M 

C ANNULAR 
2 3 CALL I N T E R S ( X I , X » R R . X I , Y 1 , X 2 . Y 2 . I N T E R ) 

I F ( I N T E R . L E . θ ) GO TO 5 0 
I F ( ( Χ ( Ι ) φ φ 2 + Χ ( 2 ) Φ Φ 2 ) . L E . Η Η Φ Φ 2 ) GO TO 1 0 1 
D l * ( Χ Ι ( 1 ) - Χ 1 ) Φ Φ 2 + ( Χ Ι ( 2 ) - Υ 1 ) Φ Φ 2 
0 2 * ( Χ Ι ( 1 ) - Χ 2 ) Φ Φ 2 + ( Χ Ι ( 2 ) - Υ 2 ) Φ Φ 2 
I F ( D l . L E . D 2 ) GO TO 6 0 

1 0 1 D D * 1 . - C ( 3 ) Φ Φ 2 
D D * 2 . +SQRT (ΡΡΦΦ2ΦΟΟ- (C (1 )ΦΧ ( 2 ) - C ( 2 ) ΦΧ ( l ) ) ΦΦ2) / D D 
DO 1 0 2 1 * 1 . 3 

1 0 2 Χ ( Ι ) - Χ ( Ι ) + Ο Ο Φ Ο ( Ι ) 
Ι Ρ ( ( Χ ( 1 ) Φ Φ 2 + Χ ( 2 ) Φ Φ 2 ) . G E . R ^ R W ) GO TO 3 0 0 
I F ( A B S ( X ( 3 ) ) . Q E . Z B / 2 . ) GO TO 3 0 0 
GO TO 5 0 

C S T R A T I F I E D DOWN 
2 4 I F ( X ( l ) . L E . R R ) GO TO 3 0 0 * 

GO TO 5 0 
C S T R A T I F I E D UP 

2 5 I F ( X ( l ) . G T . R R ) GO TO 3 0 0 
QO TO 6 0 

C S T R A T I F I E D LEFT 
2 6 I F ( X ( 2 ) . L E . R R ) GO TO 3 0 0 

QO TO 5 0 
C S T R A T I F I E D RIGHT 

2 7 I F ( X ( 2 ) . G E . R R ) QO TO 3 0 0 



5 0 CONTINUE 
C S C M — 1 . -»-2. «UNIRAN ( Y ) 
I F ( ( S S O X + S A O X ) • P A T H . G T . U N I R A N ( Y ) ) GO TO 5 

C C O L L I S I O N WITH HYDROGEN 
RMXsRMl 
GO TO 6 

C C O L L I S I O N WITH 0 
6 RMX«RM2 

W«W*SSOX/(SSOX+SAOX) 
6 CALL K I N N £ R ( R M 1 . R M X , R M 1 , R M X , E l . C S C M . C S L . E 2 ) 

I F ( E 2 . L E . E M I N ) GO TO 5 8 
I F ( R M X . N E . R M I ) GO TO 5 4 

C THERMALIZATION PROBABILTY 
P T H e l . - ( E l - E M I N ) / E l 
GO TO 6 0 

5 4 I F ( 4 9 . / 8 1 . * E 1 . G T . E M I N ) GO TO 5 9 
P T H . 1 . - ( E l - E M I N ) / ( E l - 4 9 . / 8 1 . * E l ) 
GO TO 6 0 

5 8 P T H s l . O 
GO TO 6 0 

6 9 PTHmO.0 
6 0 PTHT-PTH+W+PTHT 

C KINNER I S K INEMATICS ROUTINE I N C . O . M . SYSTEM 
C I S O T R O P I C SCATT. I N LAB I S ASSUMED FOR THE AZIMUTHAL D I R E C T I O N 

PHI«6.2832+UNIRAN(Y) 
C GET NEW DIRECTIONAL COSINES 

CALL SCATT(C.CSL.PHI.CN) 
E1.E2 
DO 9 9 1 * 1 , 3 

9 9 C ( I ) * C N ( I ) 
GO TO 2 0 0 0 

C THRMALIZED 
200 NTHsNTH+1 

C CALCUALTE ESCAPE PROB. (TO DETECTOR) 
DIST2«(X(1)-XD(1))##2+(X(2)-XD(2))**2+(X(3)-X0(3))*42 
CALL OUT(XD.X.DIST2,IGEOM.RW.RR.ARG.R+THICK» A RGW) 
ARG«SIQTH*RHOW+ARQ+SIGW+ARaW 
IF(ARG.LE. 10.) ICCTeICCT+1 
ARGttEXP(-ARQ)/(12.66637*DIST2)*W 
ESCPaESCP+ARG 
ESCP2»ESCP2+ARG#̂ 2 
GO TO 1092 

C ESCAPED 
300 NS-NS-1 

NESCPwNESCP+1 
1 0 9 2 CONTINUE 

RETURN 
END 



ΟΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦ 
ΟΦΦ Κ I Ν Ν Ε R φφ 
ΟΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦ 
ΟΦΦ R E L A T I V I S T I C KINEMATICS ROUTINE I N C - 0 - M ΦΦΦ 
ΟΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦ 
C 

SUBROUTINE K I N N E R ( E M I , E M 2 , Ε Μ 3 , Ε Μ 4 , Τ Ι , C S C M , C S L . Τ 3 > 
C 

DOUBLE PRECIS ION E M I . E M 2 , E M 3 , E M 4 , Τ Ι , C S C M , C S L , T 3 , P I . M l . W C M 
DOUBLE PRECIS ION PCM.BO.QO 

C 
P l - S Q R T ( Τ Ι Φ ( T l + 2 . Φ Ε Μ ί ) ) 
W1-T1+EM1 
WCM>.5Φ(ΕΜ1ΦΕΜ1+ΕΜ2*ΕΜ2+ΕΜ3φΕΜ3-ΕΜ4φΕΜ4+2.ΦΕΜ2ΦΜ1) 
I F ( W C M . L E . O . O ) QO TO 10 
WCM—MCM/SQRT (ΕΜ1ΦΕΜ1+ΕΜ2ΦΕΜ2+2 . ΦΕΜ2ΦΜl) 
I F ( W C M . L E . E M 3 ) QO TO 10 
PCMsSQRT(Μ0ΜΦΜ0Μ-ΕΜ3ΦΕΜ3) 
B 0 « P 1 / ( W 1 + E M 2 ) 
0 0 * 1 . / S Q R T ( l . - Β Ο Φ Β Ο ) 
Τ3-Ο0Φ(Μ0Μ+Β0φΡΟΜΦ050Μ)-ΕΜ3 
IF(T3.LT.0.025E-06) T3-0.026E-06 
CSLSQO» (PCM*CSCM+BO *WCñ) /SQRT(Τ3Φ(T3+2 .ΦΕΜ3) ) 
I F ( C S L . Q T . 1 . ) C S L s l . O 
RETURN 

10 T3SO.0 
CSL—0.0 
RETURN 
END 

C 
ΟΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦ 
Οφφ S C Α Τ Τ φφ 
€ΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦ 
ΟΦΦ CALCULATES NEW DIRECTIONAL COSINES ΦΦ 
ΟΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦ 
C 

SUBROUTINE S C A T T ( C . C O S T H . P H I . C N E W ) 
C 

DOUBLE PRECIS ION C ( 3 ) . C O S T H . P H I , C N E W ( 3 ) . X . C T . S T , S P , C P , S . C X P 
DOUBLE PRECISION CYP.CZP 
S I ( X ) - S Q R T ( 1 . - Χ Φ Φ 2 ) 

C 
C T s C ( 3 ) 
I F ( C T - 1 . ) 6 . 4 . 2 

2 C T - 1 . 
4 S T * 0 . 

S P - O . 
C P - 1 . 
QO TO 3 0 

6 I F ( - C T - 1 . ) 2 0 . 4 , 8 
β C T — 1 . 

QO TO 4 
2 0 S T - S I ( C T ) 

C P = C ( l ) / S T 
I F f C P . Q T . l . ) CP=1 . 
I F (CP . L T . - l . ) C P — 1 . 
S P - C ( 2 ) / S T 
I F ( S P . Q T . l . ) S P - 1 . 
I F Í S P . L T . - l . ) S P s - l . 

3 0 I F t C O S T H . Q T . 1 . ) C O S T H - l . 
I F (COSTH. L T . - l . ) C O S T H — 1 . 
S—SI(COSTH) 
0 Χ Ρ — 8 Φ 0 0 5 ( P H I ) 
C Y P « S * S I N ( P H I ) 
CZPsCOSTH 
C N E W ( l ) « C X P + C T * C P - C Y P * S P + C Z P * S T * C P 



C N E W ( 2 ) a C X P * C T * S P + C Y P * C P + C Z P * S P * S T 
C N E M ( 3 ) « - C X P * S T + C Z P * C T 

RETURN 
END 

C 
FUNCTION U N I R A N ( X ) 

C 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C * A MACHINE DEPENDENT UNIFORM RANDOM NUMBER GENERATOR * 
c******************************************************** 
c 

COMMON/RANGEN/ ΚSEED 
DOUBLE PRECIS ION SEED1 .SEED2 .DBLE.DMOD 

C 
SEEDlsDBLE Í F L O A T ( K S E E D ) ) + 6 . 5 6 3 9 D + 0 4 
S E E D 2 s D M 0 D ( S E E D l , 2 . 1 4 7 4 8 3 6 4 8 0 + 0 9 ) 
K S E E D k I D I N T ( S E E D 2 ) 
I F ( K S E E D ) 1 . 2 . 2 

1 K S E E D * K S E E D + 2 1 4 7 4 8 3 6 4 7 + 1 
2 TEMPsFLOAT(KSEED) 

U N I R A N « T E M P * 4 . 6 5 6 6 1 3 E - 1 0 
RETURN 
END 

C 
C 

SUBROUTINE O X Y ( R H O . E . S S . S A ) 
c 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C * + TO CALCULATE OXYGEN AND HYDROGEN CROSS-SECTIONS. * * 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

DOUBLE PRECIS ION R H O . Ε . S S , S A . S S 0 3 . S S O . S A O , A T O M 
DATA S S 0 3 / 4 . / . S S O / l . 4 / . S A O / O . 0 4 / . A T O M / O . 0 3 3 4 6 / 

C 1 6 - 0 CROSS SECTIONS 
I F ( E - 3 . ) 1 . 2 . 2 

2 SS-SSO*ATOM*RHO 
SABSAO*ATOM*RHO 
RETURN 

1 S S » S S 0 3 * A T 0 M * R H 0 
SAsO.O 

RETURN 
END 



Ill 
SUBROUTINE OUT(XD.X » O I S T . I G E O M . R . R R . D . R t f L » DWL) 

C 
€ΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦ 
ΟΦ DETERMINES I F THE PARTICLE L I E S I N THE P I P E GEOMETRY ΦΦ 
€ΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦ 
C 

DOUBLE PRECISION X ( 3 ) . X D ( 3 ) . D I S T , R . R R , D . R W L . D W L , F , X 1 , Y 1 . X 2 , Y 2 
DOUBLE PRECISION X W 1 , Y W 1 . X E 2 , Y W 2 , Χ Ο Ι , Y O l , X 0 2 . Y 0 2 , X 3 , Y 3 . X 4 . Y 4 
DOUBLE PRECISION D 3 1 . Y L , X L 

C 
F e D I S T / ( ( X ( l ) - X D ( l ) ) Φ Φ 2 + ( Χ ( 2 ) - Χ 0 ( 2 ) ) Φ Φ 2 ) 
CALL I N T E R S ( Χ , X D . R , X I , Y 1 , X 2 . Y 2 , I N T E R ) 
CALL I N T E R S ( X , X D , R W L . X W 1 , Y W 1 , X W 2 , Y W 2 . I N T E R ) 
DWLs ( X l - X W l ) Φ Φ 2 + ( Y l - Y W l ) Φ Φ 2 
DWL-SQRT(F+OWL) 
GO TO ( 1 , 2 . 3 , 4 , 5 . 6 , 6 ) . I G E O M 

C HOMOGENEOUS 
1 D s S Q R T ( Ρ Φ ( ( X ( 1 ) - X I ) Φ Φ 2 + ( Χ ( 2 ) - Y 1 ) + Φ 2 ) ) 

RETURN 
C INVERTED ANNULAR 

2 CALL I N T E R S ( X . X D . R R . X O l . Y O l , X 0 2 . Y 0 2 . I N T E R ) 
DWL» (Χ01-Χ141)ΦΦ2+ ( Υ 0 1 - Υ ¥ 1 ) Φ Φ 2 
DWLaSQRT(DWL*F) 
GO TO 1 

C ANNULAR 
3 CALL I N T E R S ( X . X D . R R . X 3 . Y 3 . X 4 . Y 4 , I N T E R ) 

I F ( I N T E R . L E . O J GO TO 1 
D 3 1 * ( X 3 - X 1 ) Φ Φ 2 + ( Y 3 - Y 1 ) Φ Φ 2 
0 « ( Χ ( 1 ) - Χ 1 ) Φ Φ 2 + ( Χ ( 2 ) - Υ 1 ) Φ Φ 2 
I F ( D . L T . D 3 l ) GO TO 3 3 
D « S Q R T ( D ) - S Q R T ( ( X 3 - X 4 ) Φ Φ 2 + ( Y 3 - Y 4 ) Φ Φ 2 ) 

3 3 DaSQRT(?4D) 
RETURN 

C S T R A T I F I E E D DOWN 
4 GO TO 1 

C S T R A T I F I E D UP 
5 Y L * ( R R — Χ ( 1 ^ ) φ ( Y l - X ( 2 ) ) / ( X l - X ( l ) ) + X ( 2 ) 

D « ( X ( 1 ) - R R ) Φ Φ 2 + ( Χ ( 2 ) - Y L ) Φ Φ 2 
DwSQRT(ΡΦΟ) 
RETURN 

C S T R A T I F I E D ( S I D E ) 
6 D v ( X ( l ) — Χ 1 ) Φ Φ 2 + ( Χ ( 2 ) - Υ 1 ) Φ Φ 2 

X L « ( R R - X ( 2 ) ) Φ ( X l - X ( 1 ) ) / ( Y l - X ( 2 ) ) + X ( l ) 
I F ( ( X L * * 2 + R R * * 2 ) - O T . R * * 2 ) GO TO 66 
0«(Χ(ΐ)-Χί)ΦΦ2+(Χ(2)-ΡΡ)φφ2 

6 6 D « S Q R T ( F * D ) 
RETURN 
END 
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SUBROUTINE I N T E R S ( X , X D . R , X I , Y 1 , X 2 . Y 2 , I N T E R ) 

C 
ΟΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦ 
C * DETERMINES POINTS OF INTERSECTIONS ΦΦ 
ΟΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦ 
C 

DOUBLE PRECISION X ( 3 ) . X D ( 3 ) . R . X I , Y 1 , X 2 , Y 2 . Χ Μ . B . X M 2 . R O O T , X X . Y Y 
C 

I N T E R * 1 
I F ( X D ( l ) . E Q . X ( l ) ) QO TO 10 
XM= f x p ( 2 ) - X { 2 J ) / ( X D ( 1 ) - X ( l ) ) 
B * X ( 2 ) - Χ Μ φ Χ ( ΐ ) 
ΧΜ2*ΧΜΦΦ2+1.O 
R 0 0 T = X M 2 * R 4 . * 2 - B + * 2 
I F ( R O O T . L T . 0 ) QO TO 2 0 
ROOTsSQRT(ROOT) 
X I * ( - Χ Μ Φ β + R O O T ) / Χ Μ 2 
X2= ( -ΧΜΦΘ-ROOT) /XM2 
Υ1*ΧΜφΧ1+Β 
Υ2*ΧΜφΧ2+Β 
QO TO 5 

10 ROOT* ΡΦΦ2-Χ(2 )ΦΦ2 
I F ( R O O T . L T . 0 ) QO TO 2 0 
X1*SQRT(ROOT) 
X 2 = - X 1 
Y 1 * X ( 2 ) 
Y 2 * Y 1 

5 01*(ΧΟ(1)-Χ1)ΦΦ2+(Χ0(2)-Υ1)ΦΦ2 
D2s ( X D ( 1 ) - X 2 ) Φ Φ 2 + ( X D ( 2 ) - Y 2 ) Φ Φ 2 
I F ( D l . L E . D 2 ) RETURN 
XX*X1 
Y Y e Y l 
X l s X 2 
Y 1 * Y 2 
X2*XX 
Y2*YY 
RETURN 

2 0 I N T E R — 1 
RETURN 
END 
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A p p e n d i x I I I 

SAMPLE I N P U T ANO OUTPUT FOR COM 

SAMPLE I N P U T FOR COM 
1 0 0 MM P I P E - 3 MEV - 0 . 2 6 
6 8 7 5 6 4 2 1 
01.0000E+0ÛO5.OOOOE+OOOl.OOOOE+OIOO.OOOOE+OO 
3 . O O O O E + O O O . 6 0 0 0 E - 0 6 
0 5 1 0 0 1 0 0 0 0 0 0 0 0 1 
03.OOOOE+OIOO.OOOOE+OOOO.OOOOE+OO 
1 

SAMPLE OUTPUT FOR COM 

SEED FOR RANDOM NUMBER GENERATOR * 5 8 7 6 6 4 2 1 

1 0 0 MM P I P E - 3 MEV - 0 . 2 6 
DENSITY OF L IQUID— 1 
CYL INDRICAL P I P E OF RADIUS s 5 . 0 0 0 
THICKNESS - 0 . 0 0 0 (CM) ,AND H E I G H T » 1 0 . 0 0 0 (CM) 
DISTANCE TO DETECTOR s 0 . 3 0 0 0 E + 0 2 0.OOOOE+OO 0.OOOOE+OO 
L I Q U I D FRACTION - 1 . 0 0 0 (HON) 

6 1 0 0 NEUTRONS OF ENERGY OF 0 . 3 0 0 0 E + 0 1 
I N C I D E N T WITH 0 . 0 0 0 0 - 1 . 0 0 0 0 0 . 0 0 0 0 D IRECT IONAL COSINES 

SUMMARY OF RANOOM WALK 
5 1 0 0 PARTICLES I N TOTAL 
4 6 1 6 ESCAPED 

4 8 5 REACHED 0 . 5 0 0 0 E - 0 6 MEV ENERQY CUTOFF 

NUMBER OF EPITHERMAL C O L L I S I O N S - 2 1 8 7 6 
THERM. PROB, a 0 . 1 4 6 3 E + 0 0 ( θ . 4 3 3 6 E - 0 1 ) 
ESCP. PROB. • O . 4 7 4 8 E - 0 5 C O . 1 3 8 9 E + 0 0 ) 
THERM. RESP. - 0 . 6 9 0 0 E - 0 6 ( 0 . 1 4 5 6 E + 0 0 ) 

- D I R E C T ESTIMATOR - THERM. PROB. « 0 . 9 6 1 0 E - 0 1 
ESCP. PROB, a 0 . 4 7 4 8 E - 0 6 
THERM. RESP. « 0 . 4 6 1 6 E - 0 6 

LAST SEED USED s 
1 6 7 5 0 1 6 6 8 

RANDOM WALK T I M E s 5 . 2 2 4 1 0 SECONDS 

- -



Append 1 χ I V 

THE VECTOR PROQRAM VCOM 

PROQRAM M A I N ( I N P U T , O U T P U T . T A P E 5 = I N P U T . T A P E 6 = 0 U T P U T ) 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
c V C O M C 

C VCOM I S A CENTER-OF-MASS MONTE CARLO PROQRAM THAT S IMULATES C 
C THE SCATTERING OF FAST NEUTRONS I N C I D E N T ON A WATER-VAPOR C 
C TWO-PHASE FLOW I N A P I P E . THE PROGRAM I S USED TO A I D I N C 
C DESIGNING NEUTRON DENSITOMETERS FOR USE I N TWO PHASE FLOW C 
C SYSTEMS. I T ASSUMES I S O T R O P I C SCATTERING I N THE CENTER- C 
C OF-MASS SYSTEM AND U T I L I Z E S FUNCTIONAL F I T S FOR NEUTRON C 
C CROSS-SECTIONS. SEVEN DIFFERENT FLOW REQIME GEOMETRIES C 
C ARE TREATED USING S I M P L E ANALYTICAL GEOMETRY METHODS. C 
C VCOM I S A VECTORIZED VERSION OF COM FOR THE C Y B E R - 2 0 5 C 
C VECTOR COMPUTER USING F O R T R A N - 2 0 0 . C 
C C 
C WRITTEN BY : T .TASSOU C 
C SCHOOL OF COMPUTER S C . . UNB C 
C DATE WRITTEN: OCTOBER. 1 9 8 5 . C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
c 
c 

CHARACTERS J E 0 M ( 7 ) 
ROWWISE V S T A K ( 8 . l O O O ) . V X ( 2 . 1 0 0 0 ) . V Y ( 2 . l O O O ) 
ROWWISE V X I ( 3 . l O O O ) . V C I ( 3 . 1 0 0 0 ) . V X R ( 2 . 1 0 0 0 ) . V Y R ( 2 . 1 0 0 0 ) 
ROWWISE V D ( 1 0 . 1 0 0 0 3 . V D S T ( 4 . 1 0 0 0 ) . V X O ( 2 . 1 0 0 0 ) . V Y O ( 2 . 1 0 0 0 ) 
ROWWISE V X I ( 2 . l O O O ) . V Y 1 ( 2 . 1 0 0 0 ) , V X 3 ( 2 . 1 0 0 0 ) , V Y 3 ( 2 . 1 0 0 0 ) 
D IMENSION T I T L E ( 2 0 ) . C I ( 3 ) . V I N T E R ( l O O O ) . V P H I ( l O O O ) . V I ( l O O O ) 
DIMENSION V C S C M ( 1 0 0 0 ) . V P A T H ( l O O O ) . V E ( l O O O ) . V C S L ( l O O O ) . V 2 ( l O O O ) 
DIMENSION V X M ( l O O O ) . V B ( l O O O ) . V X M 2 ( l O O O ) . V R O O T ( l O O O ) , V R A N D ( l O O O ) 
DIMENSION V 0 1 ( l O O O ) . V D 2 Í 1 0 0 0 ) . V X X ( 1 0 0 0 ) . V Y Y ( l O O O ) . X D ( 3 ) 
D IMENSION V A R Q ( 1 0 0 0 ) . F F ( 1 0 0 0 ) . F D ( l O O O ) 
B I T V B I T 1 ( l O O O ) , V B I T 2 ( l O O O ) , V B I T 3 ( 1 0 0 0 ) . V S T A T ( l O O O ) . V B B ( l O O O ) 
DATA C I / O . 0 , - 1 . 0 , 0 . 0 / 
DATA S I Q T H . S I G W / I . 6 1 2 . 1 . 1 6 6 / 
DATA R M 1 / 9 3 9 . 5 5 / . R M 2 / 1 4 8 9 7 . 6 1 / . A T O M / O . 0 3 3 4 6 / 
DATA S S 0 3 / 4 . / , S S O / 1 . 4 / . S A O / . 0 4 / 
DATA J E O M / ' H O M ' , » I A N ' , ' A N N ' , ' S T D » . » S T U e , ' S T L ' , ' S T R ' / 

C 
C 
C HOMOGENIZED FLOW I S ASSUMED I N T H I S VERSION 
C T I T L E I S THE JOB T I T L E 
C KSEEDsSEED FOR RANDOM NUMBER GENERATOR 
C RHO » L I Q U I D DENSITY 
C R = P I P E RADIUS 
C ZB s P I P E HEIGHT 
C T H I C K « P I P E THICKNESS 
C E l * P A R T I C L E ENERGY 
C EMIN= CUT OFF ENERGY 
C NEV » PARTICLE H I S T O R I E S 
C I T « MAXIMUM T I M E I N CPUS 
C IGEOM* K I N D OF GEOMETRY 
C XD « DETECTOR P O S I T I O N 
C ( 0 , 0 , 0 ) I S CENTER OF CYLINDER 
C X D I R E C T I O N I S TO BOTTOM OF PAGE 
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C Y D I R E C T I O N I S TO L . H . S OF PAQE 
C 
C++ READ I N P U T PARAMETERS 

R E A D ( 5 , 5 6 ) T I T L E 
R E A D ( 6 . Φ ) KSEED 
R E A D ( 6 , 4 } R H O . R . Z B . T H I C K 
R E A D 1 5 . 5 ) E l . E M I N 
R E A D ( 5 . 6 ) N E V . I T . I Q E O M 
R E A D C S . 4 ) ( X D ( I ) . I « 1 , 3 ) 
READ(5 .ΦJRDENS 
R E A D ( 5 . Φ ) Ν . M I N S T K . M A X . N M 
W R I T E ( 6 . 5 0 0 7 ) KSEED 
I F ( I Q E O M . L E . 0 ) I Q E O M a l 

C 
NSSsO 
ESCPsO.O 
E S C P 2 - 0 . 0 
NESCPmO 
LESCPsO 
NTH»0 
NTOT-O 
INbNEV 
PXbO.O 
PX2-0.0 
NNkN 

c 
C++ SELECT GEOMETRY TO PROCESS 

QO TO ( 1 1 . 1 2 . 1 3 . 1 4 . 1 5 . 1 6 . 1 6 ) . I Q E O M 
1 1 RHOWkRHO 

RWsR 
R R - 0 . 0 
RNR-R 
RNORMsl . 
QO TO β θ 

1 2 RHOWal .O 
RW«SQRT(RHO)+R 
RNORM*R/RW 
RR.R 
RNRssRW 
QO TO 8 8 

1 3 RHOWal .O 
RW*R 
R R s S Q R T ( 1 . - R H O ) * R 
RNRkRW 
RNORMbI .O 
QO TO 8 8 

1 4 R H 0 W - 1 . 0 
RW-R 
RNRsR 
T H « 4 . « R H O + A S I N ( l . ) 
TH1-TH 

1 9 T H 2 » T H + S I N ( T H l ) 
C T H 2 . C 0 S ( T H 2 ) 
Τ Η 1 » ( Τ Η 2 - Τ Η 1 Φ Ο Τ Η 2 ) / ( l . - C T H 2 ) 
I F ( A B S ( T H l — T H 2 ) . Q T . 1 . E - 0 6 ) QO TO 1 9 
ΡΗ«Ρφ005(ΤΗ1/2.) 
XRXatR—RR 
RMRbRR 
RN0RM.2+R/XRX 
QO TO 8 8 

15 RHOWsl .O 
RWbR 
T H « 4 . « R H O ^ A S I N ( l . ) 
ΤΗ1.ΤΗ 

2 9 T H 2 — T H + S I N ( T H l ) 
C T H 2 & C 0 S ( T H 2 ) 



n e 
T H l » ( T H 2 - T H 1 + C T H 2 ) / ( l . - C T H 2 ) 
I F ( A B S ( T H 1 - T H 2 ) . G T . 1 . E - 0 6 ) GO TO 2 9 
R R » R + C O S ( T H l / 2 . ) 
X R X — ( R + R R ) 
R M R S R R 
RNRvR 
RNORM-ABS(2+R/XRX) 
0 0 TO 6 8 

16 R H O W - l . O 
RW-R 
T H s 4 . + R H O + A S I N ( l . ) 
T H l e T H 

3 0 T H 2 - T H + S I N ( T H l ) 
C T H 2 » C 0 S ( T H 2 ) 
T H 1 = ( T H 2 - T H 1 » C T H 2 ) / ( l . - C T H 2 ) 
I F ( A 8 S ( T H l — T H 2 ) . Q T . 1 . E - 0 6 ) 0 0 TO 3 0 
R R » R * C 0 S ( T H l / 2 . ) 
R N R - R 
RNORMal .O 
I F ( I G E O M . EQ. 7 ) R R s - R R 

8 8 CONTINUE 
C 
Ο » * » » : : » · » « » » » » RANDOM WALK — • 

L « 0 
L D S - 0 
NTERMal 

C + + SET THE COUNTER TO TRACK RANDOM WALK T I M E 
N B E G « 2 * * 3 2 - 1 
CALL Q8WJTIME(NBEG) 

C 
C++ I N * PARTICLES REMAINING TO BE PROCESSED 
C++ I F I L - NUMBER OF PARTICLES TO PUT I N STACK 
C++ L « NUMBER OF RETURNING PARTICLES I N STACK 
C++ Ν ,NN « LENGTH OF STACK. I N CASE REMAINING PARTICLES 
C ARE LESS THAN Ν THEN NkREMAININO P A R T I C L E S . 
C I F THE STACK I S NOT R E F I L L E D THEN Ν TAKES 
C THE VALUE OF L . 
C++ MINSTK » I F PARTICLES I N STACK FALL BELOW MINSTK 
C THE STACK I S R E F I L L E D . 
C++ I F L A G * I F ZERO THEN ALL PARTICLES ARE GONE. 
C++ I F ALL THE PARTICLES ARE PROCESSED E X I T 
C 
9 9 9 I F ( N T E R M . E Q . O . A N D . I N . L E . O ) G O TO 9 9 9 9 

I F ( L . L E . M I N S T K . A N D . I F L A G . N E . 0 ) THEN 
N-NN 
I F I L a N - L 
I F ( I F I L . G E . I N ) THEN 

I F I L x I N 
N - L + I F I L 
I F L A O - O 

ENDIF 
C 
C++ I F PARTICLES REMAIN ING, OR STACK EMPTY BELOW 
C++ A MIN IMUM THEN GENERATE " I F I L " PARTICLES AND STORE 
C++ THEM I N THE S T A C K . S I N C E THE STACK MAY ALREADY CONTAINS 
C++ PARTICLES Q8VMKZ GENERATES A CONTROL VECTOR WITH » 1 * I N 
C++ THE P O S I T I O N S TO BE F I L L E D AND »O'S ELSEWHERE. THEN, BY 
C++ USING Q8VXPND THE RANDOM NUMBERS ARE PUT I N THE PROPER 
C++ P O S I T I O N . 
C 

CALL V R A N F ( V D . I F I L ) 
V B I T 1 ( 1 ; N ) « Q 8 V M K Z ( L , Ν » Ν) 
VRAND ( l j N)SSQ8VXPND(VD(1 , 1 ; I F I L ) , V B I T 1 ( l ¡ Ν ) ; N ) 
I F ( I G E O M . E Q . 4 . O R . I G E O M . E Q . 5 ) T H E N 

W H E R E ( V B I T l ( l ; N ) ) V S T A K ( 2 , 1 ; N ) « X R X * V R A N D ( l ; N ) + R M R 
ELSE 



W H E R E ( V B I T l ( l ; Ν ) ) V S T A K ( 2 . 1 ; N ) * R N R + ( - 1 . + 2 . + V R A N D ( l ; Ν ) ) 
E N D I F 
W H E R E ( V B X T l ( l ; N ) ) 

V D ( l . 1 ; N ) « R N R * R N R - V S T A K ( 2 . 1 ; N ) 4 V S T A K ( 2 , 1 ; N ) 
V S T A K ( 3 . 1 ; N ) « V S Q R T ( V D ( l . 1 ; Ν ) ; N ) 
V S T A K i 4 , 1 ; Ν J = 0 . 0 
V S T A K C l . l j N J e E l 
V S T A K ( 5 , 1 ; Ν J — C I ( l ) 
VSTAK ζ β , 1 ; Ν ) = C I ( 2 J 
V S T A K ( 7 . 1 ; N ) s C I ( 3 ; 
V S T A K ( 8 , 1 ; N ) « 1 . 0 

END WHERE 
ELSE 

N - L 
I F I L = 0 

E N D I F 
I N a l N - I F I L 

C 
C++ I F VDST I S EMPTY OR F I L L E D BELOW »MAX» 
C++ THEN PROCEED WITH THE RANDOM WALK ELSE PROCESS 
C++ THE VDST (CALCULATE ESCAPE P R O B A B I L I T Y ) 
C++ LDSa NUMBER OF K I L L E D PARTICLES 

I F ( L D S . L T . M A X ) T H E N 
V X I ( l , 1 ; N ) - V S T A K ( 2 , 1 ; N ) 
V X I ( 2 . 1 ; Ν ) - V S T A K ( 3 , 1 ; ΝJ 
V X I ( 3 . 1 ; N ) « V S T A K ( 4 . 1 ; N ) 

C 
C++ DETERMINE DISTANCE TRAVELLED BY PARTICLE USINQ THE 
C++ MACROSCOPIC CROSS SECTION OF WATER. 

SCVALsATOMtRHOW 
W H E R E ( V S T A K ( 1 . 1 ; N ) . L T . 3 . ) 

V D ( 5 , 1 ; N ) - S S 0 3 + S C V A L 
V D ( 6 . 1 ; N ) « 0 . 0 

OTHERWISE 
V D ( 5 , 1 ; N ) « S S O + S C V A L 
V D ( β » 1 ;N )«SAO+SCVAL 

END WHERE 
S C V A L . 2 . + S C V A L 
F F ( 1 : N ) * V D ( 5 , 1 ; N ) + V D ( 6 , 1 ; N ) 
F D ( l ; N ) » V D ( 5 . 1 ; N ) / F F ( l ; N ) 

V D ( 4 . 1 ; N ) « ( 1 7 . 6 0 2 3 / ( l . + V S T A K ( l . 1 ; N ) • ( 7 . 4 1 7 + . 1 1 0 6 + V S T A K ( l . 1 ; N ) ) ) 
1 + 2 . 7 1 0 1 1 / ( l . + V S T A K ( l , 1 ; N ) • f . 2 4 2 7 + . 0 0 2 8 # V S T A K ( l . 1 ; N ) ) ) ) + S C V A L 

V D ( 7 . 1 ; N ) - l . / ( ( V D ( 4 , 1 ; N ) + F F ( 1 ; N ) ) * R D E N S ) 
CALL VRANF(VRAND.N) 
V D ( 8 , 1 ; N ) — V L O Q ( V R A N D ( l ; N ) ; N ) 
V P A T H ( 1 ; N ) — V D ( 7 , 1 ; N ) * V D ( 8 . 1 ; N ) 
V S T A K ( 2 , 1 ; N ) « V S T A K ( 2 , 1 ; N ) + V P A T H ( l ; N ) + V S T A K ( 5 , 1 ; N ) 
V S T A K ( 3 . 1 ; N ) « V S T A K ( 3 . 1 ; N ) + V P A T H ( 1 ; N J + V S T A K ( 6 . 1 ; N ) 
V S T A K ( 4 . 1 ; N ) - V S T A K ( 4 , 1 ; N ) + V P A T H ( 1 ; N ) * V S T A K ( 7 , 1 ; N ) 

C 
0 = » » = « , . , NEUTRON ESCAPED? 

V S T A T ( l ; N ) » ( V S T A K ( 2 , 1 ; N ) • • 2 + V S T A K ( 3 , 1 ; N ) + + 2 ) . Q E . R W + * 2 
V D ( 4 . 1 ; N ) - V A 8 S ( V S T A K ( 4 . 1 ; Ν ) ; Ν) 
V S T A T ( l ; N ) « ( V D ( 4 . 1 ; N ) . Q E . Z B * . 6 ) . O R . V S T A T ( l ; N ) 
I F ( I Q E O M . E Q . 3 ) THEN 

V I N T E R ( l ; Ν ) * ! . 0 
V B I T 3 ( 1 ; Ν ) — V X I ( l . 1 ; N ) . N E . V S T A K ( 2 . 1 ; N ) 
WHERE ( V B I T 3 ( l ; N ) ) 

V X M ( l ; N ) — (VSTAK ( 3 , 1 ; N ) - V X I ( 2 , 1 ; Ν ) ) / ( V S T A K ( 2 . 1 ; N ) - V X l ( l . 1 ; Ν ) ) 
VB ( 1 ; N ) as V X I ( 2 . 1 ; N ) - V X M ( l ; N ) * V X I ( l , 1 ; Ν ) 
V X M 2 ( 1 ; N ) - V X M ( 1 ; N ) * V X M ( 1 ; N ) + 1 . 
V R O O T ( l ; N ) « V X M 2 ( l ; N ) « R R * R R - V B ( l ; N ) * V B ( l ; N ) 

OTHERWISE 
V R O O T ( 1 ; N ) « R R * R R - V X I ( 2 , 1 ; N ) » V X I ( 2 . 1 ; N ) 

END WHERE 
V B I T 2 ( l ; Ν ) « ( V R O O T ( l ; N ) . Q E . O . ) . A N D . ( . N 0 T . V B I T 3 ( l ; N ) ) 



V B I T 1 ( 1 ; N ) « ( V R O O T ( 1 ; N ) . 0 6 . 0 . ) . A N D . V B I T 3 ( l ; Ν ) 
WHERE ( V B I T l ( l i N ) ) 

V R 0 0 T ( l ; N ) « V S Q R T ( V R O O T ( 1 ; Ν ) ; Ν) 
V D ( 1 , 1 ; N ) « - V X M ( 1 ; N ) « V B ( 1 ; N ) 
V X R ( 1 . 1 ; N ) ® ( V D C 1 , 1 ; N ) + V R 0 0 T ( 1 ; N ) ) / V X M 2 ( 1 ; N ) 
V X R ( 2 . 1 ; Ν ) . ( V D ( 1 , 1 ; N ) - V R O O T ( l ; Ν ) ) / V X M 2 ( 1 ; Ν ) 
VYR C 1 . 1 ; N ) « V X M C l ; N ) « V X R ( l . 1 j N ) + V B ( l ; N ) 
V Y R ( 2 . 1 ; N ) » V X M ( l ; N ) « V X R ( 2 . 1 ; N ) + V B ( l ; N ) 

END WHERE 
WHERE ( V B X T 2 ( l ; Ν ) ) 

V X R ( 1 . 1 ; Ν ) « V S Q R T ( V R O O T ( l ; N ) Î Ν ) 
VXR C 2 . 1 ; N ) « - V X R ( 1 . 1 ; N ) 
VYR C l . 1 ; N J a V X I ( 2 . 1 ; N ) 
V Y R ( 2 , 1 } N ) s V Y R ( l , 1 ¡ N ) 

END WHERE 
V D 1 ( l ; N ) « ( V S T A K ( 2 , 1 ; N ) — V X R ( l , 1 ; N ) ) « « 2 

# ( V S T A K ( 3 , 1 ; N ) - V Y R ( l , 1 ; N ) ) « « 2 
V D 2 ( 1 ; N ) . ( V S T A K ( 2 . 1 ; N ) - V X R ( 2 . 1 ; Ν ) ) « « 2 

( V S T A K ( 3 . 1 ; N ) - V Y R ( 2 . 1 ; Ν ) ) « « 2 
WHERE C V D 1 ( l ; N ) . O T . V D 2 ( l ; N ) ) 

V X X i l ; N ) « V X R ( l . 1 ; N ) 
V Y Y C 1 ; N ) « V Y R ( 1 , 1 ; N ) 
V X R ( 1 . 1 ; N ) « V X R ( 2 . 1 ; N ) 
V Y R ( 1 , 1 ; N J s V Y R C 2 , 1 ; N ) 
V X R ( 2 . 1 ; N J « V X X ( 1 ; N ) 
V Y R ( 2 , l ; N ) « V Y Y ( l ; N ) 

END WHERE 
WHERE ( V R O O T ( 1 ; N ) . L T . 0 . ) V I N T E R ( l ; Ν ) « - 1 
V B I T 3 ( 1 ; N ) « V I N T E R C l ; Ν ) . O T . O . 
V B I T l Cl ; Ν ) » (VSTAK ( 2 . 1 ; Ν ) ««2+VSTAK ( 3 , 1 ; Ν) « « 2 ) . O T . RR+RR 
WHERE Ç V B I T 1 ( 1 ; Ν ) . A N D . V B I T 3 ( i ; Ν ) ) 

V 1 Ç 1 ; N ) « V X I C I . 1 ; N ) - V X ( 1 . 1 ; N ) 
V 2 C l ; N ) « V X I ( 2 . 1 ; Ν ) - V Y C l . 1 ; Ν) 
V D l l » 1 ; N ) = ( V 1 ( l ; N ) « V 1 C l ; N ) ) + ( V 2 ( l ; N ) « V 2 ( l ; N ) ) 
V I C l ; N j . V X I ( l . 1 ; N ) - V X C l . 1 ; N ) 
V 2 C l ; N ) « V X I ( 2 . 1 ; N ) - V Y C 2 . 1 ; N ) 
V D ( 2 . 1 ; N ) « ( V 1 ( 1 ; N ) « V 1 ( 1 ; N ) ) + ( V 2 ( 1 ; N ) « V 2 ( 1 ; N ) ) 

END WHERE 
W H E R E C ( V D ( 4 . 1 ; N ) . G T . V 0 ( 5 . 1 ; N ) ) . A N D . V B I T 3 ( l ¡ N ) ) 

VD C 6 , 1 ; N ) « l . - ( V S T A K ( 7 . 1 ; N ) « V S T A K ( 7 . 1 ; N ) ) 
VD C l . 1 ; N ) s V S T A K ( 5 . 1 ; N ) « V S T A K ( 3 , 1 ; N ) 
V I C l ; N ) « V D ( 1 , 1 ; N ) - ( V S T A K ( 6 . 1 ; N ) « V S T A K ( 2 . 1 ; N ) ) 
V D Ç 7 , 1 ; N ) « V 1 ( 1 ; N ) « V 1 ( 1 ; N ) 
V D Ç 6 » 1 ; N J = R R « R R « V D ( 6 . 1 ; N ) - V D ( 7 . 1 ; N ) 
V D ( 7 . 1 ; N ) « 2 . « V S Q R T C V D ( 8 , 1 ; N ) ; N ) / V D ( 6 . 1 ; N ) 
V S T A K ( 2 , 1 ; N ) « V S T A K C 2 . 1 ; N ) + V D ( 7 . 1 ; N ) « V S T A K ( 5 , 1 ; N ) 
VSTAK ( 3 . 1 ; N ) = V S T A K ( 3 , 1 ; N ) + V D < 7 . 1 ; N ) « V S T A K C 6 . 1 ; N ) 
V S T A K ( 4 . 1 ; N ) « V S T A K ( 4 , 1 ; N ) • VD ( 7 . 1 ; N ) « V S T A K ( 7 . 1 ; N ) 

V D ( 2 , 1 ; N ) « V S T A K ( 2 . 1 ; N ) « V S T A K ( 2 . 1 ; N ) + V S T A K ( 3 , 1 ; N ) « V S T A K ( 3 . 1 ; N ) 
V D ( 3 . 1 ; N ) s V A B S ( V S T A K ( 4 , 1 ; N ) ; N ) 

OTHERWISE 
V D ( 2 , 1 ; N ) « 0 . 
V D ( 3 . 1 ; N ) s O . 

END WHERE 
V S T A T ( l ; N ) e ( V D ( 2 . 1 ; N 5 . 0 E . R W « « 2 ) . O R . ( V D ( 3 , 1 ; N ) . 0 E . 2 B « . 5 ) 
VSTAT C l ; N ) « V S T A T ( l ; N ) . A N D . . N O T . V B I T 3 ( l ; N ) 

ELSE I P ( I G E O M . E Q . 4 ) THEN 
VSTAT C l ; N ) « V S T A K ( 2 . 1 ; N ) . L E . R R 

ELSE I P ( I G E O M . E Q . 5 ) THEN 
V S T A T ( l ; N ) « V S T A K ( 2 . 1 ; N ) . O T . R R 

ELSE I P ( I G E O M . E Q . 6 ) THEN 
V S T A T ( 1 ; N ) « V S T A K ( 3 . 1 ; Ν ) . L E . R R 

ELSE I P ( I G E O M . E Q . 7 ) THEN 
V S T A T ( 1 ; Ν ) « V S T A K ( 3 . 1 ; N ) . Q E . R R 

E N D I F 



THERMAL ENERQY + + + + + + + + + + + + + + + + + 
CALL V R A N F ( V R A N D . N ) 
VCSCM ( 1 ; N ) = - 1 . + 2 . « V R A N D ( l ; N > 
CALL V R A N F ( V R A N D , N ) 
W H E R E ( F F ( l ; N ) * V D ( 7 , 1 ; N ) . L E . V R A N D ( l ; Ν ) ) 

V D ( 4 , 1 ; N ) « R M 1 
OTHERWISE 

V D ( 4 , 1 ; N ) = R M 2 
V S T A K ( β , 1 ; N ) Ä V S T A K ( β . 1 ; N ) + F O ( l ; Ν ) 

END WHERE 
VD Í 6 , 1 ; N } s V S T A K ( l , 1 ; Ν ) φ ( V S T A K ( 1 , 1 ; Ν ) + 2 . + R M l ) 
V D ( β , 1 ¡ N J s V S Q R T ζ V D ( 6 , 1 ; Ν ) ; N ) 
V D C 5 , 1 s N j » V S T A K ( 1 , 1 ; N ) + R M 1 
V 0 ( 9 , 1 ; N ) » ( 2 . # R M 1 # * 2 + 2 . * V D ( 4 , 1 ; N ) * V D ( S . 1 ; N ) ) * . 5 
W H E R E ( V D ( 9 , 1 ; N ) . Q T . Ο . θ ) 

V l ( l ; N ) e ( R M l + R M l U ( V 0 ( 4 . 1 ; N ) + V D ( 4 , l ; N ) ) 
V D Í 8 . 1 ; N ) ? V 1 ( 1 ; N ) + 2 . * V 0 ( 4 , 1 ; N ) * V D ( 5 , 1 Í N ) 
V D ( 1 0 , 1 ; N ) - V D ( 9 , 1 ; N ) / V S Q R T ( V D ( 8 , 1 ; Ν ) ; Ν ) 

OTHERWISE 
V E ( l ; N ) s O . 0 
V C S L ( l ; N ) k O . 0 

END WHERE 
W H E R E ( V D ( l O , 1 ; Ν ) . O T . R M l ) 

V D ( 8 , 1 ; N ) s ( V D ( 1 0 , 1 ; N ) + V D ( l 0 , 1 ; N ) ) - R M 1 + R M 1 
V D ( 9 , 1 ; N ) = V S Q R T ( V D ( Β , 1 ; Ν ) ; N ) 
V D ( 8 . 1 ; N ) = V D ( 6 . 1 ; N ) / ( V D ( 5 . 1 ; N ) + V D ( 4 . 1 ; N ) ) 
V D C 6 , 1 ; N I E L . - V D ( 8 , 1 ; N ) < T V D ( 8 , 1 ; N ) 
V D L 5 , 1 ; N ) » L . / V S Q R T ( V D ( 6 . 1 ; N ) ; N ) 
V D ( β , 1 ; N ) = V D ( 9 . 1 ; N ) # V C S C M ( l ; N ) * V D ( 8 , 1 ; N ) + V D ( l O . 1 ; N ) 
V E ( 1 ; N ) a V D ( 5 , 1 ; N > * V D ( 6 . 1 ; N ) - R M 1 

END WHERE 
W H E R E ( V E ( 1 ; Ν ) . L T . O . 0 2 6 Ε - 0 6 ) V E ( l ; N ) = 0 . 0 2 6 E - 0 6 
W H E R E ( V D ( 1 0 . 1 ; N ) . Q T . R M l ) 
V D ( l , l ; N ) ® V D ( 5 . 1 ; N } * ( V 0 ( 9 , l ; N ) * V C S C M ( l ; N ) + V D ( 8 , l ; N ) + V D ( l 0 . 1 j N ) ) 

V D ( 8 , 1 ; N ) s V E ( l ; N J * ( V E ( l ; N ) + 2 . * R M l ) 
V C S L ( 1 ; N ) * V D ( 1 , 1 ; N ) / V S Q R T ( V D ( 8 , 1 ; N ) ; N ) 

OTHERWISE 
V E ( l ; N ) s O . 0 
V C S L ( l ; N ) s O . 0 

END WHERE 
W H E R E ( V C S L ( 1 ; N ) . Û T . 1 . ) V C S L ( l ; N ) s l . 0 

C 
C- ••••«R̂ IR—===== TH ERMALI Ζ ATION P R O B A B I L I T Y * » — = » » = = = 

V B I T l ( 1 ; N ) « V E ( 1 ; N ) . L E . E M I N 
V B I T 2 ( 1 ; N J s ( V D ( 4 , 1 ; N ) . N E . R M l ) . A N D . ( . N O T . V B I T l ( l ; N ) ) 

V D ( 6 . 1 ; N ) s O . 
V D ( 6 . 1 ; N ) * L . - ( V S T A K ( L . 1 ; N ) - E M I N ) / ( V S T A K ( L , 1 ; N ) - 4 9 . / 8 1 . • 

2 V S T A K ( L , 1 ; N ) ) 
W H E R E ( V D ( 6 , 1 ; N ) . L T . 0 . ) V D ( 6 , 1 ; N ) s O . 
W H E R E ( V B I T 2 ( l ; N ) ) 

V D ( 5 , 1 ; N ) * V D ( 6 . 1 ; N ) 
OTHERWISE 

V D ( 5 , 1 ; N ) = l . - ( V S T A K ( l , 1 ; N ) - E M I N ) / V S T A K ( l , 1 ; N ) 
END WHERE 
W H E R E ( V B I T l ( 1 ; N ) ) V D ( 6 . 1 ; N ) e l . 
P T H « Q 8 S D 0 T ( V D ( 5 . 1 ; Ν ) , V S T A K ( β . 1 ; Ν ) ) 
P X s P X + P T H 
Ρ Χ 2 « Ρ Χ 2 + Ρ Τ Η Φ * 2 

C++ LESCP * NUMBER OF ESCAPED NEUTRONS 
C++ ΝESCP - TOTAL NUMBER OF ESCAPED NEUTRONS 
C++ NTH a NUMBER OF T H E R M A L I Z E D NEUTRONS 
C++ NTOT s TOTAL NUMBER OF T H E R M A L I Z E D NEUTRONS 

L E S C P . Q 8 S C N T ( V S T A T ( l ; N ) ) 
NESCPKNESCP+LESCP 
N T H . Q 8 S C N T ( V B I T l ( l ; N ) ) 
ΝΤΟΤΒΝ TOT+Ν TH 



L * N - ( L E S C P + N T H ) 
NTERMbL 

E N D I F 
2 9 9 CONTINUE 
C 
C + + CHECK I F VDST OVERFLOW I S GOING TO OCCUR. 
C+ 

IF(LOS.LT.MAX)THEN 
IF(NTH.GT.O)THEN 
VBB(1 ;NM)*Q8VMKZ(LDS.NM; NM) 
IF(NTH.GT.(NM-LDS))THEN 

I F L . 1 
GO TO 1 9 9 

E N D I F 
C++ TRANSFER THERMALIZED P A R T I C L E S I N VDST 

LDSaLDS+NTH 
V D ( l . 1 ; N T H ) s Q 8 V C M P R S ( V S T A K ( 2 . 1 ; Ν ) . V B I T 1 
V D ( 2 . 1 ; N T H ) « Q 8 V C M P R S ( V S T A K ( 3 . 1 ; ΝJ . V B I T 1 
V D ( 3 . 1 ; N T H ) = Q 8 V C M P R S ( V S T A K ( 4 . 1 ; Ν ) . V B I T 1 
V D ( 4 . 1 ; N T H ) » Q 8 V C M P R S ( V S T A K ( 8 . 1 ; Ν ) . V B I T 1 
VDST ( 1 . 1 ; N M ) « Q 8 V M E R G ( V D ( l . 1 ; N M ) . V D S T ( l . 1 ; NM 
V D S T ( 2 , 1 ; N M ) = Q 8 V M E R G ( V D ( 2 . 1 ; N M ) . V D S T ( 2 . 1 ; NM 
V D S T ( 3 . 1 ; N M ) « Q 8 V M E R G ( V D ( 3 . 1 ; N M ) . V D S T ( 3 . 1 ; N M 
V D S T ( 4 . 1 ; N M ) » Q 8 V M E R G ( V D ( 4 , 1 ; N M ) . V D S T ( 4 . 1 ; NM 

E N D I F 

I F YES EXECUTE V D S T . 

1 ; N M ) ; NM; 
. V B 8 ( 1 ; N M J ¡ N M ; 
. V B B ( 1 ; N M ) ; N M : 
. V B B ( 1 ; N M ) ; NM 

C++ COMPRESS STAK BY D E L E T I N G ΤΗERMALIZED à ESCAPED P A R T I C L E S . 
I F ( L . G T . O ) THEN 

V S T A K ( 1 . 1 ; N ) » V E ( 1 ; N ) 
I F ( ( N T H + L E S C P ) . G T . O ) THEN 
V B I T 2 ( 1 ; N ) · . N O T . ( V S T A T ( l ; N ) . O R . V B I T 1 ( l ; N ) ) 
V S T A K ( 1 , 1 ; L 
V S T A K ( 2 . 1 ; L : 
V S T A K ( 3 . 1 ; L , 
V S T A K ( 4 . 1 ; L 
V S T A K ( 5 . 1 ; L ) 
V S T A K ( 6 . 1 ; L 
V S T A K ( 7 . 1 ; L 
V S T A K ( θ . 1 ; L ] 

E N D I F 

cQ8VCMPRS 
E Q S V C M P R S 
•Q8VCMPRS 
bQBVCMPRS 
cqeVCMPRS 
«Q8VCMPRS 
«Q8VCMPRS 

V S T A K ( 1 . 1 ; Ν . 
V S T A K ( 2 . 1 ; Ν 
V S T A K ( 3 . 1 ; N 
V S T A K ( 4 . 1 ; N 
V S T A K 1 5 . 1 ;N 
V S T A K ( 6 » 1 ; N 
V S T A K ( 7 . 1 ; Ν 

. V B I T 2 ι 

. V B I T 2 1 

. V B I T 2 1 

. V B I T 2 1 

. V B I T 2 
, V 8 I T 2 
. V B I T 2 

Q 8 V C M P R S ( V S T A K ( 8 . 1 ; N J . V B I T 2 

,1 ; Ν 
,1;N 
,ΙίΝ 
,llHt 

.1 i  Ν, 

» L 

;L; 
iL 
iL, 

C++ CALCULATE NEW D I R E C T I O N A L COSINES FOR P A R T I C L E S I N STAK 
NSSvNSS+L 
CALL V R A N F ( V R A N D . L ) 
V P H I ( 1 ; L ) * 6 . 2 8 3 2 * V R A N D ( l ; L ) 
V D ( 4 , 1 ; L ) s V S T A K ( 7 . 1 ; L ) 
W H E R E ( V D ( 4 . 1 ; L ) . G T . 1 . ) V D ( 4 . 1 ; L ) » 1 . 
W H E R E ( V D ( 4 . 1 ; L ) . L T . - l . ) V D ( 4 . 1 ; L ) « - l . 
W H E R E ( V A B S ( V D ( 4 » 1 ; L ) ; L ) . E Q . l . ) 

voce.1;L)XO. 
V D ( 6 . 1 ; L i s O . 
V D ( 7 , 1 ; L ) « 1 . 

OTHERWISE 
« l . - ( V D ( 4 . 1 ; L ) « V D ( 4 . i ; L ) ) 
b V S Q R T ( V D ( 8 . 1 ; L ) ; L ) 

V D ( 8 . 1 ; L 
V D ( 5 . 1 ; L 
V D ( 7 . 1 ; L 
V D ( 6 . 1 ; L 

END WHERE 
W H E R E ( V D ( β . 1 ; L 
W H E R E ( V D ( 6 * 1 ; L 
W H E R E ( V D ( 7 . 1 ; L 
W H E R E ( V D ( 7 . 1 ; L 
W H E R E ( V C S L ( 1 ; L 
WHERE(vCSL(l;L 

V S T A K ( 5 . 1 ; L ) / V D ( S . 1 ; L ) 
V S T A K ( 6 . 1 ; L ) / V D ( δ . 1 ; L ) 

. G T . l ) V D ( 6 . 1 ; L ) » l . 

. L T . - l ) V D ( e . l ; L ) « - l . 

. G T . 1 ) V D ( 7 . 1 ; L ) ® 1 . 

. L T . - 1 ) V D ( 7 . 1 ; L ) « - 1 . 

. G T . 1 ) V C S L ( 1 ; L ) » 1 . 

. L T . - 1 ) V C S L ( 1 ; L ) « - 1 . 
V D ( 9 . 1 ; L ) « 1 . - V C S L ( 1 ; L ) + + 2 
V D ( 8 . 1 ; L ) » V S Q R T ( V D ( 9 . 1 ; L ) ; L ) 



V D ( 9 . 1 ; L ) s V D ( β . 1 ; L ) + V C O S ( V P H I ( l ; L ) ; L ) 
V D ( 1 0 . 1 ; L ) « V D ( 8 , 1 ; L ) * V S I N ( V P H I ( l ; L ) ; L ) 
V D ( 3 . 1 ; L ) « V C S L ( l ; L ) 
V S T A K ( 5 . 1 ; L ) - V D ( 9 . 1 ; L ) * V D ( 4 , 1 ; L ) * V D ( 7 . 1 ; L ) - V D ( 1 0 , 1 

\ + V D ( 6 . 1 ; L ) + V D ( 3 . 1 ; L ) # V D ( S . 1 ; L ) » V D ( 7 . 1 
V S T A K ( 6 . 1 ; L ) « V D ( 9 , 1 ; L ) + V D ( 4 . 1 ; L > * V D ( 6 , 1 ; L ) + V 0 ( l 0 . 1 

l· * V D ( 7 . 1 ; L ) + V D ( 3 , l ; L ) * V D ( 6 , l ; L ) * V D ( S . l 
V S T A K ( 7 . 1 ; L ) « - V D ( 9 . 1 ; L ) * V D ( 6 . 1 ; L ) + V D ( 3 . 1 ; L ) Φ Υ 0 ( 4 , 1 

E N D I F 
E N D I F 

: = s = s s s s = * « E S C A P E PROBABILITY«-· -r a a a . n j . a - M M M 
CONTINUE 

I F ( L D S . G E . M A X . O R . I F L . E q . 1 . O R . L . E Q . θ ) T H E N 
MsLDS 
V D ( 4 . 1 ; M ) » ( V D S T ( 1 , 1 ; M ) - X D ( l ) ) Φ Φ 2 + ( V D S T ( 2 . 1 ; M) -XD(2 ) )ΦΦ2 

5 +(VDST(3.1;M)-XD(3))ΦΦ2 
V D ( 5 . 1 ; M ) « V D ( 4 . 1 ; M ) / ( ( V D S T ( l . l ; M ) - X D ( l ) ) * * 2 

S (VDST(2 .1 ;M) -XD(2 ) )ΦΦ2) 
CALL V I N T E R S ( V D S T , X D , R W , V X , V Y . V I N T E R . M ) 
CALL VINTERS ( V D S T . X D , R + T H I C K . V X I . V Y 1 . V I N T E R . M ) 
V D ( 6 . 1 ; M ) « ( V X ( l . l ; M ) - V X l ( l . l ; M ) ) + * 2 + ( V Y ( l . 1 ; M J - V Y l ( l , 1 ; Μ ) ) Φ Φ 2 
V D l 7 » 1;MJ « V D ( 5 . 1 ; M ) + V D ( 6 » 1 ; MJ 
V D ( 6 . 1 ; M ) s V S Q R T ( V D ( 7 , 1 ; M) ; M) 
I F ( I G E O M . E Q . 1 . O R . I G E O M . E Q . 4 ) T H E N 

V D ( 2 , 1 ; M ) « ( ( V D S T ( 1 . 1 ; M ) - V X ( 1 . 1 ; M ) ) * * 2 + ( V D S T ( 2 . 1 ; M ) -
r  VY ( 1 . 1 ; Μ ) ) Φ + 2 ) * V D ( δ , 1 ; M ) 

V D ( 1 . 1 ; M ) S V S Q R T ( V D ( 2 . 1 ; M ) ; M ) 
ELSE I F ( I G E O M . E Q . 2 ) T H E N 

CALL V I N T E R S ( V D S T . X D . R R . V X O . V Y O . V I N T E R . M ) 
V D ( 6 . 1 ; M ) c ( V X û ( l , 1 ; M ) - V X 1 ( l . 1 ; M ) ) + + 2 + ( V Y O ( l . 1 ; M ) -

3 V Y 1 ( 1 . 1 ; M ) ) * * 2 
V D ( 7 . 1 ; M ) « V D ( 5 . 1 ; M ) * V D ( β . 1 ; M ) 
V D ( 6 . 1 ; M ) » V S Q R T ( V D ( 7 . 1 ; M ) ; M ) 
V D ( 2 , 1 ; M ) « ( ( V D S T ( l , 1 ; M ) — V X ( l . 1 ; Μ ) ) Φ Φ 2 + ( V D S T ( 2 , 1 ; M ) -

9 V Y ( l . 1 ; Μ ) ) φ φ 2 ) φ ν ϋ ( 6 . 1 ; M) 
V D ( l . 1 ; M ) s V S Q R T ( V D ( 2 , 1 ; M ) ; M ) 

ELSE I F ( I G E O M . E Q . 3 ) THEN 
CALL V I N T E R S ( V D S T . X D , R R . V X 3 . V Y 3 . V I N T E R . M ) 
W H E R E ( V I N T E R ( 1 ; Ν ) . L E . O . ) 

V I ( 1 ; M j « V D S T ( 1 . 1 ; M ) - V X ( l . 1 ; M ) 
V 2 ( 1 ; M ) « V D S T ( 2 . 1 ; M ) - V Y ( 1 . 1 ; M ) 
ν θ ( 2 , 1 ; Μ ) β ( ν ΐ ( ΐ ; Μ ) φ ν ΐ ( ΐ ; Μ ) + ν 2 ( ΐ ; Μ ) φ ν 2 ( ΐ ; Μ ) ) φ ν θ ( 5 . 1 ; Μ ) 
V D ( l . 1 ; M ) s V S Q R T ( V D ( 2 . 1 ; M ) ; M ) 

OTHERWISE 
V l ( l ; M ) = V X 3 ( l . l ; M ) - V X ( l . l ; M ) 
V 2 C 1 ; M ) « V Y 3 ( 1 . 1 ; M ) - V Y ( 1 , 1 ; M ; 
V D Ç 7 , 1 ; M ) * V 1 ( l ; M ) * V 1 ( l ; M ) + V 2 ( l ; M ) # V 2 ( l ; M ) 
V I ( 1 ; M ) s V D S T ( l . 1 ; M ) - V X ( l » 1 ¡ M ) 
V 2 Ç 1 ; M 5 S V D S T C 2 . 1 ; M ) - V Y ( 1 . 1 ; M ) 
ν θ ( 1 . 1 ; Μ ) « ν ΐ ( ΐ ; Μ ) φ ν ΐ ( ΐ ; Μ ) + ν 2 ( ΐ ; Μ ) φ ν 2 ( ΐ ; Μ ) 

END WHERE 
W H E R E ( V D ( l . l ; M ) . G E . V D ( 7 , 1 ; M ) . A N D . V I N T E R ( l ¡ M ) . G T . O ) 

V I ( 1 ; M ) « V X 3 ( l . 1 ; M ) - V X 3 ( 2 . 1 ; M ) 
V2 C l ; M ) « V Y 3 ( 1 . 1 ; M ) - V Y 3 ( 2 . 1 ; M ) 
V D C 2 . 1 ; M ) « V 1 ( l ; M ) Φ ν ΐ ( l ; M ) + V 2 ( l ; M ) Φ ν 2 ( l ;  M) 
VD C 3 . 1 ; M ) « V S Q R T ( V D ( l . 1 ; M ) ; M ) - V S Q R T ( V D ( 2 . 1 ; M ) ; M ) 
ν θ ( ΐ . 1 ; Μ ) « ν θ ( 3 . 1 ; Μ ) φ ν θ ( 3 . 1 ; Μ ) 

END WHERE 
W H E R E ( V I N T E R ( l ; M ) . G T . θ ) 

V D ( 2 . 1 ; M ) « V D ( 5 , 1 ; M ) * V D ( 1 , 1 ; M ) 
V D ( l . 1 ; M ) s V S Q R T ( V O ( 2 . 1 ; M) j M) 

END WHERE 
ELSE I F ( I G E O M . E Q . 6 ) THEN 

V D ( 2 . 1 ; M ) « ( R R - V D S T ( l . l ; M ) ^ ( V Y ( l . l ; M ) - V D S T ( 2 . 1 ; M ) ) / 
(VX ( 1 . 1 ; M ) - V D S T ( l . 1 ; M ) ) + V D S T ( 2 . 1 ; M ) 

V D ( 3 , l ; M ) = ( V D S T ( l , l ; M ) - R R ^ 2 + ( V D S T ( 2 . 1 ; M ) - V D ( 2 . 1 ; Μ ) ) Φ Φ 2 



V D ( 2 , 1 ; M ) « V O ( 3 , 1 ; M ) « V D ( B , 1 5 M) 
V D ( 1 . 1 ; M ) » V S Q R T ( V D ( 2 , 1 i M ) ; M ) 

ELSE 
V D ( 1 , 1 ; M W V D S T ( 1 , 1 ; M ) - V X ( 1 . 1 ; M ) ) * * 2 + ( V D S T ( 2 . 1 ; M ) - V Y ( 1 . 1 ; M ) ) 4 « 2 
V D ( 2 , 1 ; M ) « ( R R - V D S T ( 2 , 1 ; M ) ) * ( V X ( 1 , 1 ; M ) - V D S T ( 1 . 1 ; M ) ) / 

$ ( V Y ( 1 , 1 ; ñ ) — V D S T ( 2 * 1 ; M ) ) + V D S T ( l . 1 ;M) 
W H E R E ( ( V D ( 2 , 1 ; M ) « V D ( 2 . 1 ; M ) + R R * R R ) . L E . R « R ) 

V I ( l ;M)«VOST ( l , 1 ; M ) — V D ( 2 , 1 ; M ) 
V2 C l ; M ) « V D S T ( 2 , 1 ; M ) - R R 
V D ( l , l ; M ) = V l ( l ; M ) « V l ( l ; M ) - f V 2 ( l ; M ) « V 2 ( l ; M ) 

END WHERE 
V D ( 2 » l ; M ) e V D ( l . l ; M ) * V D ( 5 . 1 ; M ) 
V D ( 1 , 1 ; M ) » V S Q R T ( V D ( 2 . 1 ; M ) ; M ) 

E N D I F 
V A R Q ( 1 ; M ) « S I O T H 4 R H O W 4 V D ( l , 1 ; M ) + S I Q W 4 V D ( 6 . 1 ; M ) 
V D ( 2 , 1 ; M ) « V E X P ( - V A R Q ( l ; M ) ; M ) 
V A R O ( 1 ; M ) « V D ( 2 , 1 ; M ) / ( 1 2 . 5 6 6 3 7 + V D ( 4 . 1 ; M ) « V D S T ( 4 , 1 ; M ) ) 
ESCPSESCP+Q8SSUM(VARG(1;M) ) 
V I ( 1 ; M ) « V A R Q ( l ; M ) « « 2 
E S C P 2 « E S C P 2 + Q 8 S S U M ( V 1 ( l ; M ) ) 
LDSsO 

I F ( l F L . E Q . l ) THEN 
I F L B O 
QO TO 2 9 9 

E N D I F 
E N D I F 
0 0 TO 9 9 9 

9 9 9 9 CONTINUE 
C 

CALL Q 8 R J T I M E ( , , N E N D ) 
C S T A T I T I C A L PARAMETERS 

I F ( N T O T . E Q . 0 ) Q O TO 4 0 0 
XNEV«FLOAT(NEV)«RNORM 
P X - P X / X N E V 
P X 2 » ( P X 2 / X N E V - P X « « 2 ) / ( X N E V - 1 . ) 
I F ( P X . N E . 0 . 0 . A N D . P X 2 . Q E . O . ) P X 2 = S Q R T ( P X 2 ) / P X 
X N E T . F L O A T ( N T O T ) 
ESCPaESCP/XNET 
E S C P 2 = ( E S C P 2 / X N E T - E S C P + + 2 ) / ( X N E T - 1 . ) 
I F ( E S C P . N E . 0 . 0 . A N D . E S C P 2 . G E . 0 . ) E S C P 2 « S Q R T ( m S e P 2 ) / E S C P 

C 
4 0 0 WRITE 

WRITE 
WRITE 
WRITE 
W R I T E 
W R I T E 
W R I T E 
W R I T E 
W R I T E 
W R I T E 
W R I T E 

¡ 6 , 5 8 ) T I T L E 
, 6 , 4 ) » D E N S I T Y OF L I Q U I D « * . R D E N S 
6 , 3 0 0 6 ) R , T H I C K , Z B 
, 6 . 3 5 0 ) X D 
6 . 5 7 ) RHO,JEOM( IOEOM) 
6 , 3 0 0 ) N E V . E l , C I 
6 , « ) · S T A C K PARAMETERS,Ν,MISTK,MAX » 
, 6 . 4 ) N , M I N S T K , MAX 
6 , 3 7 8 1 ) 
, 6 , 3 7 8 2 ) N E V . N E S C P , N T O T , E M I N 
6 . 3 7 8 0 ) NSS 

RESP«PX4ESCP 
R E S P 2 s S Q R T ( P X 2 4 4 2 + E S C P 2 4 4 2 ) 
W R I T E ( 6 , 5 7 8 0 ) P X . P X 2 . E S C P » E S C P 2 . R E S P , R E S P 2 

C D IRECT ESTIMATOR 
RPX«XNET/XNEV 
RESPssPX«ESCP 
W R I T E ( 6 . 7 7 8 0 ) R P X . E S C P , R E S P 
W R I T E ( 6 , 5 0 0 8 ) 
CALL RANQET(KSEED) 
W R I T E ( 6 , « ) KSEED 

^ W R I T E ( 6 , * ) ' T I M E I N MICROSECONDS « ' . Ν B E G - Ν E N D 

C 4 4 4 4 4 4 4 4 4 4 4 4 4 4 FORMAT S T A T E T M E N T S Φ 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
3 0 0 F O R M A T ( 1 H 0 / I 7 , ' NEUTRONS OF ENERGY OF ' . E 1 0 . 4 , 



1 / . ' I N C I D E N T WITH · , 3 ( l X . F 7 . 4 ) . 
2 ' D I R C T I O N A L COSINES » . / ) 

3 7 8 0 FORMATC* NUMBER OF EPITHERMAL C O L L I S I O N S « ' . 1 1 0 ) 
3 7 8 1 F O R M A T C / / . ' SUMMARY OF RANDOM WALK * ) 
3 7 8 2 F O R M A T ( 2 X , 1 5 . · PARTICLES I N TOTAL ' , / . 

1 2 X . 1 5 . · ESCAPED · , / . 
2 2 X . I 5 , * REACHED f . E 1 0 . 4 . · MEV ENEROY C U T O F F · . / ) 

6 7 8 0 FORMAT(* THERM. PROB. • · . E 1 0 . 4 . · ( · , £ 1 0 . 4 . O » 
1 . / . » ESCP. PROB. > · . E 1 0 . 4 . » ( · . E 1 0 . 4 . » ) » 
2 . / . ' THERM. RESP. * · . E 1 0 . 4 . ' ( · . E 1 0 . 4 , · ) · ) 

7 7 8 0 FORMAT( · - D I R E C T ESTIMATOR - » . 
1 · THERM. PROB. - ' . E 1 0 . 4 . / . 
2 · ESCP. PROB. « * . £ 1 0 . 4 . / . 
3 · THERM. RESP. * » . E 1 0 . 4 . / ) 

5 0 0 8 F O R M A T ( / / . » LAST SEED USED * » ) 
5 7 FORMAT(» L I Q U I D FRACTION « ' . F 7 . 3 . » ( ' . Α β . ' ) · ) 
6 8 F O R M A T ( 1 X . 2 0 A 4 ) 

3 0 0 5 FORMAT( · C Y L I N D R I C A L P I P E OF RADIUS » » . F 8 . 3 . / 
1 THICKNESS * * . F 8 . 3 . * ( C M ) * 
2 . ' .AND H E I G H T » » . F 8 . 3 . » ( C M ) · ) 

6 F O R M A T ( 3 1 5 ) 
6 F O R M A T ( 2 E l 0 . 4 ) 
4 F O R M A T ( l O E l l . 4 ) 

5 0 0 7 FORMAT(» SEED FOR RANDOM NUMBER GENERATOR s » . 1 1 2 . / ) 
5 6 FORMAT(20A4) 

3 6 0 FORMAT( · D ISTANCE TO DETECTOR . 3 ( 2 X . E l l . 4 ) ) 

STOP 
END 



ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C T H I S SUBROUTINE DETERMINES POINTS OF I N T E R S E C T I O N C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
c 

SUBROUTINE V I N T E R S ( V D S T , X D , R . V X R . V Y R , V I N T E R , Ν ) 
c 

DIMENSION V I N T E R ( l O O O ) , X D ( 3 ) . V X X ( l O O O ) , V Y Y ( l O O O ) 
DIMENSION V D 2 ( l O O O ) , V D ( l O O O ) 
DIMENSION V X M ( 1 0 0 0 ) , V B ( 1 0 0 0 ) , V X M 2 ( l 0 0 0 ) , V R O O T ( l O O O ) . V D l ( l O O O ) 
ROWWISE V D S T ( 4 » 1 0 0 0 ) . V X R ( 2 . 1 0 0 0 ) . V Y R ( 2 . l O O O ) 
B I T V B I T ( l O O O ) , V B I T 1 ( l O O O ) , V B I T 2 ( l O O O ) 
V I N T E R ( l ; N ) » l . 0 
V B I T ( l ; N ) « X D ( l ) . N E . V D S T ( l , 1 ; N) 
WHERE ( V B I T ( l ; N ) ) 

V X M ( 1 ; N ) » ( X D ( 2 ) - V D S T ( 2 . 1 ; Ν ) ) / ( X D ( l ) - V D S T ( l , 1 ; N ) ) 
V B ( 1 ; Ν ) « V D S T ( 2 . 1 ; N ) - V X M ( l t N ) * V D S T ( l , 1 ; N ) 
VXM2 ( 1 ; N ) « V X M ( l ; N ) * V X M ( l Î Ν ) * ! . 
V R O O T ( l ; N ) « V X M 2 ( l ; N ) + R # R - V B ( l ; N ) * V B ( l ; N ) 

OTHERWISE 
V R O O T ( 1 ; N ) « R * R - V D S T ( 2 . 1 ; N ) « V D S T ( 2 . 1 ; Ν ) 

END WHERE 
V B I T 1 ( 1 ; N ) = ( V R O O T ( 1 ; N ) . O E . θ ) . A N D . V B I T ( l ; N ) 

W H E R E ( V R O O T ( l ; N ) . G E . O ) V R O O T ( l ; N ) « V S Q R T ( V R O O T ( l Í Ν ) Ϊ Ν ) 
WHERE ( V B I T l ( l ; N ) ) 

V D ( l ; N ) « - V X M ( l ; N ) + V B ( l ; N ) 
V X R ( l , 1 ; N ) s ( V D ( 1 ¡ Ν ) * V R O O T ( l j N ) ) / V X M 2 ( l ¡ Ν ) 
V X R 1 2 , 1 j N ) « ( V D C1 j Ν ) - V R O O T ( l ; N ) ) / V X M 2 ( 1 ; N ) 
V Y R i l , 1 ¡ Ν J « V X M ( 1 ; N J * V X R ( l , 1 j N i + V B ( l ; N ) 
V Y R ( 2 . 1 ; N ) « V X M ( l ; N J + V X R ( 2 . 1 ; N ) + V B ( l ¡ Ν ) 
V X R 1 1 , 1 ; Ν ) « V R O O T ( 1 { Ν ) 
VXR ( 2 , 1 ; Ν ) « - V X R ( l , 1 ·. Ν ) 
V Y R ( 1 , 1 ; N ) « V D S T ( 2 , 1 ; Ν) 
V Y R ( 2 , 1 ί Ν ) » V Y R ( l , 1 j Ν ) 

END WHERE 
V D l ( l f N ) » ( X D ( l ) - V X R ( l , l ; N ) ) # « 2 

S ( X D ( 2 J - V Y R ( 1 , 1 ; N ) } * * 2 
V D 2 ( l ; N ) « ( X D C l ) - V X R ( 2 , 1 ; N ) } * + 2 

$ ( X D ( 2 ) - V Y R ( 2 , 1 : N ) ; * + 2 
W H E R E ( V D 1 ( l ; N ) . Q T . V D 2 ( l ; H ) ) 

V X X ( 1 j N ) « V X R ( 1 · 1 ; N ) 
V Y Y ( l i N ) « V Y R ( l . l î N ) 
V X R ( 1 , 1 i N ) s V X R ( 2 , 1 ; N ) 
VYR C l , 1 ; N J s V Y R ( 2 W Y v N ) 
VXR ( 2 . 1 ; N J m V X X ( 1 ; N ) 
V Y R ( 2 , 1 * N ; » V Y Y ( 1 ; N ) 

END WHERE 
WHERE ( V R O O T ( 1 ; N ) . L T . 0 . ) V I N T E R ( l ; Ν ) » - ! 
RETURN 
END 



A p p e n d i x V 

SAMPLE I N P U T AND OUTPUT FOR VCOM 

SAMPLE INPUT FOR VCOM 

1 0 0 MM P I P E - 3 MEV - 1 . 0 
5 8 7 5 6 4 2 1 
0 1 . O O O O E + 0 0 0 6 . 0 0 0 0 E + 0 0 0 1 . O O O O E + O I O O . O O O O E + O O 
3 . O O O O E + O O O . 6 0 0 0 £ - 0 6 
061001000000001 
03.OOOOE+OIOO.OOOOE+OOOO.OOOOE+OO 
1 
1 0 0 0 5 0 0 7 0 0 1 0 0 0 

SAMPLE OUTPUT OF VCOM 

SEED FOR RANDOM NUMBER GENERATOR a 6 8 7 5 6 4 2 1 

1 0 0 MM P I P E - 2 0 MEV - 0 . 1 0 0 
DENSITY OF L I Q U I D A I . 0 0 0 0 0 0 0 0 0 0 0 0 0 
C Y L I N D R I C A L P I P E OF RADIUS s 5 . 0 0 0 
THICKNESS s 0 . 0 0 0 (CM) .AND H E I G H T « 1 0 . 0 0 0 (CM) 
D ISTANCE TO OETECTOR « 0 . 3 0 0 0 E + 0 2 0.OOOOE+OO 0.OOOOE+OO 
L I Q U I D FRACTION • 1 . 0 0 0 (HON) 

5 1 0 0 NEUTRONS OF ENERQY OF 0 . 3 0 0 0 E + 0 1 
I N C I D E N T WITH 0 . 0 0 0 0 - 1 . 0 0 0 0 0 . 0 0 0 0 D I R C T I O N A L COSINES 

STACK PARAMETERS.N.MISTK,MAX 
1 0 0 0 . 5 0 0 9 0 0 

SUMMARY OF RANDOM WALK 
5 1 0 0 PARTICLES I N TOTAL 
4 5 4 8 ESCAPED 

5 5 2 REACHED 0 . 5 0 0 0 E - 0 6 MEV ENEROY CUTOFF 

NUMBER OF EPITHERMAL C O L L I S I O N S « 2 1 3 1 9 
THERM. PROB, s O . 1 6 2 3 E + 0 0 ( θ . 1 6 4 2 E + 0 0 ) 
ESCP. PROB. * 0 . 6 4 1 9 E - 0 5 C O . 1 2 8 3 E + 0 0 ) 
THERM. RESP. * 0 . 1 0 4 2 E - 0 6 ( 0 . 2 0 8 3 E + 0 0 ) 
- D I R E C T ESTIMATOR - THERM. PROB, s 0 . 1 0 8 2 E + 0 0 
ESCP. PROB. - O . 6 4 1 9 E - 0 5 
THERM. RESP. * 0 . 1 0 4 2 E - 0 5 

LAST SEED USED β 
2 8 7 1 4 0 0 0 3 4 5 1 6 5 
T I M E I N MICROSECONDS * 1 6 7 0 3 9 

- 127 -



Append i χ V I 

ON VECTORIZING MORSE-CG CODE 

The COM program has the e s s e n t i a l f e a t u r e s of a Monte 

Car lo code in terms of the random walk process. However, 

there are some basic d i f f e r e n c e s  between a general purpose 

code l i k e MORSE and the COM code. 

In MORSE and o ther codes, e x t e n s i v e t a b l e look-up process 

is involved f o r the c r o s s - s e c t i o n process ing . I n the COM 

code, t h i s is s i m p l i f i e d by usi ng f u n c t i o n « I f i t s . 

In COM a s i m p l i f i e d a n a l y t i c a l method is used for 

geometry t r a c k i n g wh i le in MORSE a c o m b i n a t o r i a l geometry 

method is used. The combina to r ia l geometry method invo lves 

the i d e n t i f i c a t i o n of the neigh borhoud bodies in order to 

determine the next c o l l i s i o n s i t e . A l e a r n i n g process is 

introduced here to reduce the t ime consumed in geometry 

t r a c k i n g . 

Both the t a b l e Iook-u ρ and the geometry l e a r n i n g 

processes were not inc luded in the COM program. These 

processes may have nega t ive e f f e c t  on the speedup and may 

g ive r i se to o the r c o m p l i c a t i o n s due t o the s imul taneous 

request of in format ion f rom d i f f e r e n t  p a r t i c l e s . 
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In order to examine the i m p l i c a t i o n s on the speedup of 

the above mentioned d i f f e r e n c e s  between COM and MORSE, a 

t a b l e look-up and a geometry l e a r n i n g process should be 

included in the COM code before the a d a p t a t i o n of the MORSE 

on supercomputers is a t tempted . 
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