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A B S T R A C T 

The purpose of t h i s p r o j e c t is to compare the Cray-1 and the C.D.C-7600 f o r 

the process ing of a genera l pu rpose s c i e n t i f i c w o r k l o a d . We c o m p a r e t h e t w o 

machines at hardware level , at Fo r t r an level and at optimised For t ran level . 

The f i r s t invest igat ion is to compare the two machines at component l eve l . W e 

c o n c l u d e t h a t t h e s c a l a r p e r f o r m a n c e of t h e C r a y - 1 is more than t w i c e a 

C.D.C-7600. Further research is r e q u i r e d s ince th is compar i son at h a r d w a r e l eve l 

does not include the e f f i c i ency of the Fo r t ran compi lers. 

A l ive benchmark is used to include compi ler e f f i c i e n c y in the compar ison o f 

the two mach ines , and to f ind out how much e f f o r t is required to convert programs 

f r o m the 7600 to the Cray-1 . The benchmark tes t set was f o r m e d by 68 p r o g r a m s 

taken r a n d o m l y f r o m the U . L . C . C work load. The benchmark suggests a per formance 

(in terms of throughput) for the C ray -1 of 1.65 t imes a C .D .C-7600 . The conve rs i on 

of p rograms gave no serious problems. The f luc tuat ions in the per formance ratios of 

the individual programs in the benchmark were very high. T h e r e f o r e a subset of t h e 

benchmark test set is analysed, and the f luc tuat ions are explained. 

A subset of the benchmark test set is op t im ised by r e s t r u c t u r i n g the F o r t r a n 

source code to he lp the a u t o m a t i c vector isa t ion by the Cray For t ran compi ler . The 

performance of the Cray-1 for the opt imised subset is 3 t imes the C.D.C-7600. 
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C H A P T E R 1 

I N T R O D U C T I O N 

1 .1 The need for enhanced f ac i l i t i e s at U .L .C .C . 

1 . 1 . 1 U.L.C.C. 

The U n i v e r s i t y of London C o m p u t e r C e n t r e p rov ides a compu t i ng service to 

research staff in Schools, Inst i tu tes and C o l l e g e s of t he U n i v e r s i t y of London and 

t h i r t e e n other U n i v e r s i t i e s in S o u t h e r n England and Wales. The service is intended 

for users who want to run medium and large jobs, that are too big or use resources 

no t ava i l ab le at t h e i r l oca l i n s t a l l a t i o n , as we l l as p r o v i d i n g serv ices to those 

inst i tut ions wi thout their own f a c i l i t i e s . 

The compu te r i n s t a l l a t i o n at U . L . C . C . cons is ts of a C.D.C-7600 supported by 

C.D.C-6600, C.D.C.6400 and Cyber72. A communicat ions network provides access t o 

the system. 

1 .1 .2 The workload 

The c u r r e n t w o r k l o a d cons is ts of abou t 3500 Jobs processed on the machines 

each day. About 1500 jobs per day are processed by the C.D.C-7600 c o m p u t e r . Most 

of the C . D .C -7600 jobs are w r i t t e n in F o r t r a n . The 7600 jobs are dominated by 

f loat ing point a r i t hmet i c on array elements inside p r o g r a m loops. The w o r k l o a d can 

be described as a 'general purpose s c i e n t i f i c workload' . 
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The U . L . C . C c o m p u t i n g r e s o u r c e s c u r r e n t l y avai lable are almost fu l l y ut i l ised. 

Demand is expected to continue to grow and to provide a sat is fac tory se rv i ce fo r a t 

least the next f i v e years e q u i p m e n t w h i c h is substantial ly more powerful than the 

C.D.C-7600 is needed. In f ac t a c o m p u t i n g power of at least t w i c e a C . D . C - 7 6 0 0 

w i l l be necessa ry . In a d d i t i o n a s u b s t a n t i a l larger amount of in teract ive terminals 

w i l l have to be s u p p o r t e d . Seve ra l of t h e l a rge users f i n d themse lves s e v e r e l y 

r e s t r i c t e d in their research by l im i ted computing resources. Many of the problems o f 

these users i n v o l v e m a n i p u l a t i n g a r r a y s and m a t r i c e s . A t the m o m e n t s e v e r a l 

a r c h i t e c t u r e s are on the market tha t can process arrays and matr ices in a very cost 

e f f e c t i v e w a y . Howeve r not the e n t i r e w o r k l o a d of U . L . C . C cons i s t s of a r r a y 

p rocess ing , i t also inc ludes sca la r p rocess i ng . So the machine required must be a 

good scalar processor and be capable of processing a subs tan t ia l amount of ' v e c t o r 

processing power' in addit ion to t ha t . 

T r a d i t i o n a l l y the emphasis of t he U n i v e r s i t y C o m p u t e r C e n t r e s has been on 

providing large amounts of comput ing power . However the da ta -p rocess ing aspect is 

becoming more i m p o r t a n t a l l t he t i m e and i t w i l l be necessary to extend the 

fac i l i t i es w i th e.g. a data base system in th is area. 
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1 .1 .3 The requirements of a new system 

To p rov ide a s a t i s f a c t o r y s e r v i c e f o r the next f i v e years a new system must 

meet the fo l lowing requirements: 

The m a c h i n e m u s t be c o s t - e f f e c t i v e f o r the process ing of the expec ted 

work load . The p r o g r a m conve rs i on e f f o r t necessary to move p rog rams f r o m the 

c u r r e n t i n s t a l l a t i o n to the new i n s t a l l a t i o n must be acceptable. The maintenance 

costs of the new system must be at an acceptable level; mode rn a r c h i t e c t u r e s tend 

to have lower m a i n t e n a n c e costs t han o lder mach ines . The new machine must be 

ve ry r e l i a b l e . The new mach ine m u s t have s u f f i c i e n t s o f t w a r e to go w i t h i t . 

D e f i n i t e l y t he re must be a F o r t r a n C o m p i l e r , O p e r a t i n g System and a Scheduler. 

Preferably there should also be other compi lers e.g. a Pascal C o m p i l e r and most o f 

the packages c o m m o n l y used at U .L .C .C e.g. N .A .G- l i b ra ry , SHELX, XRAY etc. The 

new machine must be able to p rocess a w o r k l o a d of about t w i c e t h e c u r r e n t 

C .D .C-7600 w o r k l o a d . The of f l o o r space taken up by the new machine must be 

compatible w i th that avai lable in the new bui lding; this l im i ta t i on may rule out some 

of the m u l t i p r o c e s s o r cand ida tes . The new system must be able to support a mult i 

access system w i t h up to about 100 i n te rac t i ve terminals . An advantage f o r the new 

mach ine would be to have some vector capab i l i t y , to provide a more cost e f fec t i ve 

way for process ing v e c t o r p r o g r a m s of many l a r g e users . The amount of vec to r 

processing power needed wi l l be d i f f i c u l t to est imate, since the current workload has 

been wr i t t en w i t h a scalar machine in mind. 
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1.2 The a l te rnat ive arch i tectures to be considered 

1 . 2 . 1 Front End Processor and Rear End Processor 

In t h e p r e v i o u s pa rag raph w e o u t l i n e d the r e q u i r e m e n t s of a new s y s t e m . 

However at this m o m e n t of t i m e t h e r e is no s ing le processor t ha t can meet a l l 

these requirements, the re fo re more than one processor is l ikely to be needed. 

To be able to meet these requi rements w i t h exist ing processors we can sp l i t t h e 

w o r k l o a d in t w o sets of jobs . T h e f i r s t set consis ts of the i n t e r a c t i v e jobs, t h e 

program development jobs and all other short jobs. The second set consists of al l t h e 

ba tch jobs t h a t r e q u i r e l a r g e amoun ts of compu t ing . The processor to process t h e 

f i r s t set of jobs is ca l l ed t he F r o n t End Processor and the p rocessor (s ) f o r t h e 

second set is called the Rear End Processor. 

From here on in this thesis we w i l l only discuss the Rear End Pa r t of the new 

system and the re fo re concentrate on high speed comput ing. 

1 .2 .2 High speed computer arch i tec tures 

The C . D . C - 7 6 0 0 is one of t h e mos t p o w e r f u l comput ing systems available f o r 

the processing of a general purpose sc ien t i f i c wo rk l oad . The mach ine is b u i l t up o f 

f a s t e l e c t r o n i c c o m p o n e n t s , and a s i g n i f i c a n t amount of paral lel ism is achieved by 

the pipelining of instruct ions. 

G e n e r a l l y speak ing , t h e r e a re t he f o l l o w i n g ma jo r techniques to speed up the 

computing process: The use of fast logic componen ts , t he i m p l e m e n t a t i o n of o f t e n 

o c c u r r i n g p r o g r a m c o n s t r u c t s in hardware, paral lel ism in processor arch i tecture and 

memory access, and improvement of s y s t e m and a p l i c a t i o n s o f t w a r e . In a t y p i c a l 

high speed processor all these techniques wi l l be applied. 
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The spec tacu la r d e v e l o p m e n t s in m i c r o e l e c t r o n i c s over the last t h i r t y years 

have enabled a dramat ic i m p r o v e m e n t in the speed of c o m p u t e r s . Since the l og i c 

speeds a re a l r e a d y app roach ing t h e speed of l i g h t , the u l t i m a t e speed, f u t u r e 

developments w i l l be of a much smal ler order . When speeding up the processing u n i t , 

the access to mainstore and registers must also be speeded up. 

When c e r t a i n s e q u e n c e s of i n s t r u c t i o n s o c c u r v e r y o f t e n , t h e y can b e 

imp lemen ted in h a r d w a r e , and the ins t ruc t ion set extended, so that less instruct ions 

are required to p e r f o r m t h i s f u n c t i o n . T h i s ap roach makes such a mach ine w e l l 

s u i t e d to c e r t a i n a p p l i c a t i o n s , e x a m p l e s are the s tack mach ines and vec to r 

processors. In the case of a vector p rocesso r , t h i s inc ludes in the i n s t r u c t i o n s e t 

i n s t r u c t i o n s to hand le v e c t o r s , r e s u l t i n g in more e f f i c i e n t processing of program 

loops. In the case of a stack machine i t includes in the i n s t r u c t i o n set i n s t r u c t i o n s 

to make the r u n t i m e s t o r a g e a l l o c a t i o n f o r block structured languages l ike Pascal 

and Algol easier. On enter ing a p rocedu re a group of v a r i a b l e s , ca l led a block, is 

p laced on t op of a s tack of such blocks, and on exi t f r o m the procedure the block 

is removed. Access to the variables is made possib le v ia a set of p o i n t e r s , that is 

conta ined in the 'd isp lay reg is ters ' . On such 'A lgol Machines' o f ten the current block 

is placed in a cache store to speed up access to the local variables. 

The nex t t e c h n i q u e is to make use of paral le l ism in the computer arch i tecture. 

To obtain a system w i t h a processing power of e.g. t w i c e a C . D . C - 7 6 0 0 , one could 

s imp ly take t w o mach ines of t he power of a C.D.C-7600. The processors of such a 

mult i-processor system can be complete ly separate or c o m m u n i c a t e w i t h each o ther 

v i a F i l e s t o r e , B a c k i n g s t o r e or M a i n s t o r e . A possibly cheaper a l ternat ive to having 

several copies of ent i re processors, would be to copy only part of the p rocessor . A n 

example is t he A r r a y P r o c e s s o r , w h e r e one c o n t r o l un i t t akes care of m u l t i p l e 

a r i t hme t i c u n i t s . Such a m a c h i n e w o r k s on a r rays of da ta . Ano the r approach is 

p i p e l i n i n g . I n a p i p e l i n e d p rocessor t h e i n s t r u c t i o n is segmented i n to several 

subprocesses w h i c h are e x e c u t e d by d e d i c a t e d a u t o n o m o u s p r o c e s s i n g u n i t s . 

Successive i n s t r u c t i o n s can be c a r r i e d out in an overlapped mode. Vectors can be 

processed ex t remely wel l on a pipel ined processor , t h e r e f o r e V e c t o r Processors a r e 

p i p e l i n e d . P a r a l l e l i s m is also re levant fo r memory access. On a lot of large systems 

the mainstore consists of a number of independently accessible banks ( t y p i c a l l y 8, 16 

or 32). 



The e f f i c i e n c y of sys tem and appl icat ion sof tware is very impor tan t . For every 

problem to be solved we must t r y to use the numerical ly most e f f i c i e n t a l g o r i t h m . 

I f the p rog rams are w r i t t e n in a high level language, the associated compiler should 

produce the most e f f i c i e n t o b j e c t code poss ib le . The overhead of the o p e r a t i n g 

sys tem should be as sma l l as possible, and the jobstream must be scheduled in such 

a way to ensure a max imum throughput . 

The w o r k l o a d at U . L . C . C is a genera l purpose sc ien t i f i c workload. Most of the 

programs are w r i t t e n in Fo r t ran , t he re fo re a stack machine seems less s u i t a b l e . The 

m a j o r i t y of U . L . C . C processing t i m e is spent per forming f loa t ing point a r i thmet ic on 

array elements inside p r o g r a m l oops . T h e r e f o r e the most p rom is i ng a r c h i t e c t u r e s 

seem to be the p i p e l i n e d ( V e c t o r ) P r o c e s s o r , the A r r a y Processor and the Mul t i 

Processor systems, which we w i l l discuss in the fo l lowing paragraphs. 

1 . 2 . 3 Mult i Processor 

In th is p a r a g r a p h we look b r i e f l y a t the mul t i processors. The processors in a 

M u l t i Processor s y s t e m can be c o m p l e t e l y sepera te or l i nked v i a B a c k i n g s t o r e , 

Fi lestore or Mainstore. 

The s imp les t f o r m of a M u l t i Processor system is to have completely separate 

processors. Note that t he a l l o c a t i o n of a job to the sys tem takes p lace at input 

t ime . An advantage of this method is tha t i t is very easy to implement . 

In case of a T w i n P r o c e s s o r , each processor uses i t s own loca l s t o r e . The 

s y s t e m s a re c o u p l e d e i t h e r a t d isc s t o r e leve l (e .g . t he C . D . C . 6 6 0 0 and t h e 

C.D.C-6400 at U .L .C .C) or at backing store level . Job al locat ion takes p lace at load 

t i m e . By b a c k i n g s t o r e is m e a n t s low c o r e , e .g . L a r g e Co re M e m o r y on t h e 

C.D.C.-7600. 



In case of a Dual P r o c e s s o r , b o t h t h e processors use a common store. Since 

both processors are competing f o r a s ing le s to re the p e r f o r m a n c e of such a Dual 

Processor is less than t w i c e a s i n g l e p rocesso r . In case of the I . C . L - 1 9 0 5 Dual 

Processor system the per fo rmance is 1.6 - 1.7 of a single p rocesso r . The advan tage 

is t ha t one copy of the v e r y e x p e n s i v e mainstore is required. Job al locat ion takes 

place at run t ime. 

Possib le d isadvan tages of such a Mu l t i Processor system compared w i t h a single 

processor of the same power are: H i g h e r m a i n t e n a n c e costs and more f l o o r s p a c e 

r e q u i r e d . However some m a n u f a c t u r e r s s tack processors on top of each other, so 

f l oo rspace is then no p r o b l e m , assuming your ce i l i ngs are h igh enough. Sma l le r 

processors tend to have a s h o r t e r word length e.g. 32 bits instead of 60 bits on the 

C.D.C-7600, there fo re to obtain the same accuracy many programs must be run w i t h 

double p rec i s i on a r i t h m e t i c which can degrade the per formance of the system. When 

the number of digits in the exponent of the f l o a t i n g po in t r e p r e s e n t a t i o n is less i n 

the M u l t i p rocessor sys tem than in the single processor a problem arises, because a 

smaller range of numbers can be accomodated during computat ion. 

Possib le advantages of a Mu l t i Processor are: Since processors in such a system 

are o f ten 'well established' convent ional t y p e a r c h i t e c t u r e s t h a t ca te r f o r a much 

la rge r m a r k e t than the o f t e n v e r y spec ia l i sed high speed single processors, better 

support tends to be given and more s o f t w a r e is p r o v i d e d . To be advantageous t h e 

p r o c e s s o r s i n a M u l t i P r o c e s s o r s y s t e m s h o u l d p r e f e r a b l y be of the same 

manufac turer , if possible inc lud ing t h e F r o n t End p rocesso r . Ano the r advantage is 

t ha t a m u l t i processor system can grow w i t h the work load, this might result in less 

overcapacity in the beginning of the l i f e of the system, when the system runs out o f 

capacity an ex t ra processor can be added w i t h l i t t l e or no problems. 
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1.2.A Array Processors 

A conven t i ona l processor o p e r a t e s on one pai r of operands at one t ime. A n 

Array Processor processes arrays of operand pairs at a t ime . If the processor has N 

ar i thmet ic units, then N pairs of operands can be processed at one t ime. 

Because one contro l unit takes care of mul t ip le a r i t hmet i c units each a r i t h m e t i c 

un i t must do the same th i ng at t h e same t i m e or else be inhibited or do nothing. 

Not more than one a r i t h m e t i c un i t mus t be a l l owed to m o d i f y the same word i n 

m e m o r y at the same t i m e . Th i s can be ach ieved by al locat ing to each a r i t hme t i c 

unit an exclusive block of memory . 

T he a d v a n t a g e of A r r a y P r o c e s s o r s is t h a t t hey are e x t r e m e l y good i n 

manipulating a r r a y s . H o w e v e r t he s c a l a r p e r f o r m a n c e is gene ra l l y p o o r , because 

sca lars are processed in a serial way . Another equally important problem is the f a c t 

that a lot of p r o g r a m m i n g e f f o r t is r e q u i r e d to w r i t e p rog rams t h a t u t i l i s e t h e 

paral lel ism proper ly . 

An A r r a y Processor is use fu l when the t o t a l w o r k l o a d consists of a smal l 

number of codes, that pe r f o rm a r ray o p e r a t i o n s most of the t i m e ; in such a case 

these codes can be opt imal ly handcoded in 'vector' f o r m . In the case of the U.L.C.C. 

workload, which consists of 3000 d i f f e r e n t jobs a day , i t is most u n l i k e l y t h a t t h e 

m a j o r i t y of users are going to r e w r i t e the i r programs. However i t can be used as an 

'add on fac i l i t y ' to a powerfu l scalar machine. 

Some examples of A r ray Processors are: I l l iac IV , I .C .L -DAP. For references see 

Parkinson77 and Mc Ent i re70. 



1 .2 .5 Pipelined Processors 

The i n s t r u c t i o n s in a compu te r are processed by funct ional units. In a pipelined 

processor a funct ional unit is o f t e n r e f e r r e d to as a ' p i p e l i n e 1 . There are severa l 

d i f f e r e n t f u n c t i o n a l un i t s in a c o m p u t e r , e .g. f o r f l o a t i n g po in t m u l t i p l y , add , 

subtract , divide e tc . The pr inc ip le of p ipel in ing is to recognise t h a t execu t i on of a n 

i n s t r u c t i o n p roceeds as a sequence of subprocesses. A l l subprocesses must compl&te 

in a f i x e d t i m e s l o t , t h e t i m e s l o t is t y p i c a l l y one m a c h i n e c y c l e f o r a l l 

subp rocesses in al l p i p e l i n e s , h o w e v e r f o r some i n s t r u c t i o n s e.g. d i v i d e th is is 

d i f f i c u l t to a c h i e v e . E v e r y subprocess is execu ted by a ded i ca ted a u t o n o m o u s 

process ing u n i t . Success ive i n s t r u c t i o n s can now be c a r r i e d out in an overlapped 

mode. In a ' fu l l y segmented pipel ine' every subprocess is comp le ted in e x a c t l y one 

c lock c y c l e , thus if a c o n t i n u o u s s t r e a m of i n s t r u c t i o n s enters such a pipel ine, a 

result is produced every cyc le , a f te r a s tar tup period. The star tup period is the t i m e 

i t takes to process one ins t ruc t ion , th is is o f ten re fe r red to as funct ional unit time* 

Unfor tunate ly instruct ions cannot always be f u l l y ove r l apped . Delays can occur 

because of seve ra l reasons , e .g . w h e n the input required fo r one instruct ion is t h e 

result of a preceding ins t ruc t ion wh ich has not comple ted y e t , b e f o r e a b ranch can 

be taken in a program all para l le l i sm must have ended e tc . 

A major advantage of p ipel in ing is tha t a s i g n i f i c a n t amount of ove r l ap in t h e 

process ing of ins t ruct ions can be achieved wi thout the programmer having to rewr i t e 

his programs. However a s ign i f i cant improvement in the ' p i p e l i n e u t i l i s a t i o n ' car be 

obta ined if the c o m p i l e r r e a r r a n g e s the sequence of instruct ions, to avoid resource 

c o n f l i c t s . P i pe l i ned p rocessors a re v e r y use fu l f o r p rocess ing a genera l purpose 

sc ient i f i c work load. 

The process ing of v e c t o r s results in the maximum ut i l isa t ion of the pipeline, so 

a result is p roduced e v e r y c l ock c y c l e . Th is exp la ins why a r c h i t e c t u r e s l i k e t h e 

C r a y - 1 and the C y b e r - 2 0 5 c o m b i n e v e c t o r process ing w i t h p ipe l in ing ; both these 

machines have a power fu l set of vector instruct ions. 

Examples of p i p e l i n e d a r c h i t e c t u r e s are : At las, I .B.M-Stretch,Texas Instruments 

T i -ASC, Cray-1 , (C.D.C-6600), C . D . C - 7 6 0 0 , C y b e r 2 0 5 , Bur roughs Pepe and Amdahl 

470 V / 6 . For references see Ramamoor thy77. 



1.3 The approach towards select ion 

1 . 3 . 1 The select ion procedure 

When i t has been c o n c l u d e d t h a t t h e e x i s t i n g s y s t e m cannot meet t h e 

requirements necessary to provide a s a t i s f a c t o r y se r v i ce in the near f u t u r e , a c t i o n 

must be t a k e n . A t th i s s tage t h e r e are t w o op t ions : purchasing a new system or 

upgrading the exist ing one, if this is possible. 

T h e f i r s t s t e p i n s e l e c t i n g a new s y s t e m is s p e c i f y i n g the o p e r a t i o n a l 

requirements needed to p rov i de a s a t i s f a c t o r y s e r v i c e . A P e r f o r m a n c e E v a l u a t i o n 

T e s t is o f t e n p a r t of such a s p e c i f i c a t i o n . Th is s p e c i f i c a t i o n is sent to t h e 

manufacturers who are asked to draw up a proposal to meet those requirements. 

The nex t s tep is the evaluat ion of the proposals submitted by the manufacturers 

including the results of the pe r fo rmance evaluat ion test . 

The f i n a l step is the select ion of the new system. The machine which meets t he 

operational requirements and is most cost e f f e c t i v e is l ike ly to be s e l e c t e d , however 

p o l i t i c a l mot ives can also play a p a r t . E.g. 'Buy Bri t ish' even if there is a more cost 

e f f ec t i ve ' foreign' machine avai lable. 
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1.3 .2 The per formance evaluat ion test 

A l te rna t ive select ion techniques 

F r o m pa rag raph 1.2 we can c o n c l u d e t h a t most archi tectures are designed fo r 

speci f ic appl ications. This is re f l ec ted by s ign i f icant d i f f e rences in the a r c h i t e c t u r a l 

f e a t u r e s of the mach ines a v a i l a b l e . T h e r e f o r e a p e r f o r m a n c e e v a l u a t i o n should 

consist of a comparison of two machines f o r a model of the expected w o r k l o a d , and 

not e n t i r e l y c o n c e n t r a t e on d i f f e rences in a rch i tec ture , since these d i f ferences may 

be i r re levant fo r that par t icu lar work load. 

T h e r e a r e m a n y d i f f e r e n t t e c h n i q u e s to model or r ep resen t the expected 

workload f o r p e r f o r m a n c e e v a l u a t i o n . The t e r m i n o l o g y used in the l i t e r a t u r e on 

compute r e v a l u a t i o n is o f t e n c o n f u s i n g and c o n f l i c t i n g . The mode l l ing technique 

def ini t ions used in this thesis are pa r t l y based on those f r o m T i m m r e c k 7 3 . The most 

common ly used t echn iques a re : I n s t r u c t i o n M i x e s , K e r n e l s , L i v e Benchmark and 

A r t i f i c i a l Benchmark. 

Instruct ion Mixes 

An i n s t r u c t i o n m i x is a set of m a c h i n e i n s t r u c t i o n s w h i c h are t aken to be 

representat ive of a user's w o r k l o a d . By obse rv i ng w h i c h i n s t r u c t i o n s are used and 

how o f t e n they are used in a l a r g e number of p rog rams in our w o r k l o a d during 

execution, we can mode l t h e w o r k l o a d . The advantage of t h i s method is that i t 

r equ i res l i t t l e e f f o r t and t h e r e f o r e i t is cheap. A disadvantage is that i t does not 

take into account para l le l ism tha t m igh t ex is t , e.g. in a pipelined p rocesso r . N e i t h e r 

does i t take i n to accoun t the e f f i c i e n c y of s o f t w a r e l ike compilers and operating 

systems. There fore the method is i n a c c u r a t e . The me thod is use fu l to get a rough 

impression of the power of a machine. 
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Kernels 

This method involves a set of Kerne ls which are taken f r o m the users work load, 

and are opt imal ly handcoded in m a c h i n e language on bo th the mach ines on w h i c h 

they are to be r u n . By K e r n e l s a re meant the parts of the programs which use up 

most of the processing t ime during execut ion. 

This p e r f o r m a n c e e v a l u a t i o n m e t h o d is ex t remely useful if the workload to be 

modelled consists of a smal l number of d i f f e r e n t p r o g r a m s wh ich use up al l t h e 

p r o c e s s i n g t i m e , e s p e c i a l l y w h e n the K e r n e l s of these p rog rams a re a l ready 

handcoded in machine code. Hence the test set is an e x a c t model of the expec ted 

workload. 

In a genera l purpose c o m p u t i n g environment the workload consists of thousands 

of d i f f e r e n t jobs , each w i t h d i f f e r e n t ke rne l s and t he method is t h e r e f o r e n o t 

applicable. 

L ive Benchmark 

In a l i v e benchmark mach ines a re compared by running a representat ive set of 

p rograms d r a w n d i r e c t l y f r o m t h e c u r r e n t user 's w o r k l o a d . These p r o g r a m s a r e 

ar ranged so t h a t when run t hey a c t as a model of the expec ted w o r k l o a d . The 
\ 

programs in the tes t set should be d r a w n in a random w a y , and t he number o f 

p rograms in the test set must be la rge enough to make the set representat ive of t he 

expected workload. 

This me thod assumes t h a t no d r a m a t i c changes occur t o the p r o f i l e of t h e 

expected w o r k l o a d . Th is is in many cases a f a i r assump t i on . H o w e v e r , d i f f e r e n t 

f a c i l i t i e s p rov ided by the new s y s t e m , can e f f e c t t he p r o f i l e of the work load 

s ign i f icant ly . The extent of such a change is d i f f i c u l t to f o r e c a s t , and t h e r e f o r e 

modell ing of the expected work load becomes d i f f i c u l t . 

This per formance compar i son m e t h o d takes p a r a l l e l i s m i n t o account and also 

inc ludes the e f f e c t of c o m p i l e r e f f i c i e n c y and o p e r a t i n g sys tem e f f i c i ency . It is 

p robab ly the best me thod a v a i l a b l e in the d i f f i c u l t case of g e n e r a l p u r p o s e 

computing, but the results should s t i l l be taken w i t h caut ion. 
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A r t i f i c i a l Benchmark 

In an A r t i f i c i a l B e n c h m a r k mach ines are compared by running a small number 

of programs, selected or special ly w r i t t e n , t o model d i f f e r e n t c h a r a c t e r i s t i c s , t h a t 

a f f e c t the per fo rmance in the expected work load. So the f i r s t stage in this proces is 

to determine which workload charac ter is t i cs are l ikely to i n f l u e n c e the p e r f o r m a n c e 

on both machines. Examples of such character is t ics are: Percentage of t ime taken up 

by f loat ing point a r i t hme t i c , integer a r i t h m e t i c , double p rec is ion a r i t h m e t i c , number 

of disc accesses, tape accesses etc . 

An advan tage of this method is that the test set can easily be converted to run 

on many d i f f e r e n t systems s ince t h e s ize of the set is v e r y s m a l l , and t h e r e f o r e 

much cheaper than a L ive Benchmark. 

A d isadvantage is that the compi ler e f fect iveness is d i f f i c u l t to assess by such a 

small set of programs. The most ser ious p r o b l e m is t ha t i t is imposs ib le to p rove 

t ha t al l i m p o r t a n t character is t ics of the expected workload have been represented in 

the test set. The method is in p rac t i ce fa r less accurate than a l ive benchmark. 
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1.4 About the p ro jec t 

The p r o j e c t desc r i bed in th i s thesis is a per formance comparison of the Cray-1 

and the C.D.C-7600 fo r the workload expected at U.L .C.C. A t the present t i m e the 

Ope ra t i ona l R e q u i r e m e n t s of the new system have not yet been speci f ied, therefore 

the comparison in this thes is is not t o be i n t e r p r e t e d as an o f f i c i a l p e r f o r m a n c e 

test , but simply as a pract ica l invest igat ion. 

The reason the Cray -1 has been chosen fo r this compar i son is t h a t t h e genera l 

purpose s c i e n t i f i c w o r k l o a d at U . L . C . C w h i c h is p a r t l y Scalar and par t ly Vector , 

seems ve ry we l l su i ted to a p i p e l i n e d a r c h i t e c t u r e l i k e t h e C r a y - 1 . S i n c e no 

i n v e s t i g a t i o n known to us has t a k e n p lace i n t o the feas ib i l i t y of using a machine 

w i t h ex tens i ve v e c t o r c a p a b i l i t i e s f o r p rocess ing a genera l p u r p o s e s c i e n t i f i c 

workload, the pro jec t is also an in terest ing research p ro jec t . 

The f i r s t stage in the p ro jec t is a comparison of the Cray-1 and the C .D .C -7600 

at component l e v e l . The purpose of t h i s inves tga t ion is to establish if the Cray-1 

ha rdware is poss ib ly capab le of m e e t i n g our r e q u i r e m e n t s and t o s t u d y t h e 

archi tectural features and d i f fe rences of the two machines. 

The next s tage is t h e c o n s t r u c t i o n and runn ing of a L i v e B e n c h m a r k . The 

mode l l i ng of the expec ted work load at U.L .C.C is very d i f f i c u l t because the pro f i le 

of the w o r k l o a d is l i k e l y t o change i f a v e c t o r mach ine l i k e t h e . C r a y - 1 was 

i n t r o d u c e d . I t is hoped t h a t many of t h e l a r g e users would r e s t r u c t u r e or ,even 

be t te r , rewr i t e their programs to make e f f e c t i v e use of the vec to r c a p a b i l i t i e s t o 

speed up t h e i r p r o g r a m s ; u n f o r t u n a t e l y we do not know how extensive this change 

would be. There fo re the L ive Benchmark which is based on the current w o r k l o a d w i l l 

g ive a p e r f o r m a n c e m e a s u r e m e n t c o r r e s p o n d i n g to the case in which none of the 

users opt imise their p r o g r a m s , t h i s is t h e most pess im is t i c e s t i m a t e t h a t can be 

achieved and in that sense is very s i gn i f i can t . 
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A second test should be done to i n v e s t i g a t e what the e f f e c t would be if the 

programs in the Benchmark set were res t ruc tu red , so only p a r t l y r e w r i t t e n , to su i t 

the C r a y - 1 and the C.D.C-7600 b e t t e r . This w i l l give us the performance ra t io when 

all users are prepared to put in a l i t t l e b i t of e f f o r t to opt imise their programs. 

F i n a l l y one s h o u l d t e s t w h a t the e f f e c t would be if the p rog rams in t h e 

Benchmark set w e r e e n t i r e l y r e w r i t t e n , w i t h the t w o a r c h i t e c t u r e s in m ind . I n 

p r a c t i s e th is would be too t i m e c o n s u m i n g and because extensive knowledge about 

the physics of the problems represented in the programs is r e q u i r e d , wh i ch is o f t e n 

not available. 

F r o m th is we can conc lude t h a t i t is imposs ib le to g ive a s ing le f i g u r e or 

possibly even a narrow range of f i gu res f o r the per formance ra t io of the C r a y - 1 and 

t he C . D . C - 7 6 0 0 . The p e r f o r m a n c e t h a t w i l l be rea l i sed i f a C r a y - 1 or an other 

vector processor would be instal led is going to depend largely on the coope ra t i on o f 

the users. However this study w i l l g ive us a clear idea of what is possible. 
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C H A P T E R 2 

C O M P A R I S O N A T C O M P O N E N T L E V E L 

2 .1 Introduct ion 

In th is chap te r we compare the C r a y - 1 and the C.D.C-7600 at component level. 

We concentrate on those components and f e a t u r e s t h a t are l i k e l y to i n f l u e n c e the 

t h roughpu t t i m e s f o r the p rocess ing of a genera l purpose sc ien t i f i c work load. The 

features we concentrate on are: the e x e c u t i o n t i m e s of i n tege r and f l o a t i n g po in t 

a r i t h m e t i c , how f a s t t he operands can be delivered f r o m memory and registers, and 

f ina l ly pipel ining and vector processing. 

The C r a y - 1 and the C.D.C-7600 have both been designed by the same arch i tec t , 

Seymour Cray . Both machines have been designed f o r a genera l purpose wo rk l oad 

cons is t ing of s c i e n t i f i c p r o g r a m s requ i r ing large amounts of comput ing. The Cray-1 

and the C . D . C - 7 6 0 0 are bo th p i p e l i n e d . T h e C r a y - 1 i n s t r u c t i o n se t i n c l u d e s 

i n s t r u c t i o n s to m a n i p u l a t e v e c t o r s . A p p e n d i x 1, conta ins a detailed descr ipt ion of 

both machines. 

A t the end of t h i s chapter is a ve ry br ief summary of an extensive comparison 

of the two machines for a sc ien t i f i c work load at Los A lamos . The tes t was done in 

1976. The reason this summary has been included is because i t is the most extensive 

comparison of the two machines tha t we know o f . The f u l l t e x t of t h e Los A lamos 

tes t is found in Ke l le r76 . The work at Los Alamos was done on the Cray-1 serial 1, 

this machine is cur ren t ly instal led at Daresbury Laboratory and was used f o r a l l the 

pract ical work in this thesis. 
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2.2 Comparison at storage level 

2 . 2 . 1 Organisational d i f fe rences 

The C r a y - 1 has a large main store consisting of up to 1 mi l l ion words of bipolar 

memory organised in 16 banks, every word being 64 bits. The 7600 has a Small Co re 

Memory of 32k or 64K words organised in 16 indepently accessible banks, each word 

being 60 bits. Since the S.C.M is ra ther small t h e r e is also a 8-bank l inear access 

s to re ca l led L a r g e Co re Memory (L .C .M) of 256K or 512K words. The memory sizes 

given are decimal numbers and not oc ta l . 

The C r a y - 1 has a large amount of register store, about 4K bytes. Al l a r i thmet ic 

is done on the V,S and A registers, sometimes re fe r red to as the p r i m a r y r e g i s t e r s . 

The re are 8 V ( e c t o r ) r e g i s t e r s , each V r e g i s t e r consis ts of 64 words of 64 bits. 

There are 8 S(calar) registers of 64 b i t s . As an i n t e r m e d i a t e s to re be tween the S 

reg i s te rs and M e m o r y t h e r e are 64 T registers of 64 bits each. The T registers are 

used to contain in termedia te resu l t s and l o c a l va r i ab les to reduce access t i m e t o 

m e m o r y . The S and A registers can also be loaded d i rec t ly f r o m memory . There are 

also 64 in termediate B registers of 24 bits fo r the A reg i s te rs . The A r e g i s t e r s are 

used to contain addresses and counters. 

The C . D . C - 7 6 0 0 has much less register store. There are eight X registers of 60 

bits for scalar processing. There are also eight A registers of 18 bi ts. The load ing o f 

A7 and A6 w i t h a m e m o r y address resul ts in the contents of the corresponding X6 

or X7 register being stored at that address in memory . In the same way A 1 t i l l A 5 

are used f o r load ing da ta f r o m memory into corresponding X registers, hence since 

these are only 5 registers no more than 5 memory f e t c h e s can be done in p a r a l l e l . 

The re are e i g h t index registers BO t i l l B7 of 18 bits long. Since the B registers on 

the C.D.C-7600 and the A reg is ters on t h e C r a y - 1 are used f o r l o o p c o u n t e r s , t he 

maximum loopcounter on the Cray -1 is bigger since there are six ex t ra bits available. 

The i n s t r u c t i o n s tack on t he C . D . C - 7 6 0 0 is also much sma l l e r t han on t h e 

C r a y - 1 . The i n s t r u c t i o n stack on the 7600 is a group of twelve 60 bit registers. The 

i n s t r u c t i o n s tack on t h e C r a y - 1 cons is ts of 4 b u f f e r s each of w h i c h h o l d s 6 4 

consecu t i ve 16 b i t i n s t r u c t i o n parcels. The stack on the Cray-1 is about f i v e times 

as big as the C.D.C-7600 stack. 
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The code dens i t y is much higher on the Cray-1 than on the C.D.C-7600. This is 

because in the case of two parcel inst ruct ions the second parcel can be in the next 

w o r d . On the C D C - 7 6 0 0 i t is also not possible to jump to a parcel address inside a 

word ; the C r a y - 1 a l l ows t h i s . T h e resu l t on the C r a y - 1 is much less need f o r 

N o - O p e r a t i o n ins t ruc t ions , and t he re fo re a more compact code. This is also useful in 

the instruct ion stack since more inst ruct ions can be contained in the stack. 

On the 7600 blocks of data can only be moved between the Large Core Memory 

and the Small Core Memory . The C r a y - 1 has i n s t r u c t i o n s to move b locks of da ta 

between memory and the T,B or V registers at very high speeds. 

Data copy execut ion t imes 

The f o l l o w i n g t a b l e shows t h e e x e c u t i o n t i m e s f o r the most i m p o r t a n t data 

transfer instruct ions on the C ray -1 and the C.D.C-7600. 

For al l i n s t r u c t i o n s there are special conditions where d i f fe ren t execution times 

apply, for detai ls see t h e C r a y - 1 h a r d w a r e manual and t he C . D . C - 7 6 0 0 ha rdware 

manual . Examp les of such spec ia l cond i t ions are: bank con f l i c ts , inst ruct ion in two 

d i f fe ren t inst ruct ion buf fe rs or ins t ruc t ion not in inst ruct ion stack. 

The i n s t r u c t i o n for moving data between X registers and L.C.M on the 7600 has 

two d i f fe ren t t imings. This is because access to L . C . M resu l t s in an e igh t word 

reg is te r being f i l l e d ca l l ed S u p e r w o r d , this takes 17*27.5 nano seconds; if the next 

reference to L.C.M is in the SWORD r e g i s t e r the access t i m e is now on ly 3*27.5 

nano seconds. T h e r e f o r e sequential access results on average in an access t ime of 5 

cycles. In p r a c t i s e t h i s is not so easy t o ach ieve . Append ix 3 discusses in more 

detail how to access L.C.M and S.C.M op t ima l l y . 

The N parameter used in case of block t ransfers , indicates the number of words 

to be moved. 
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The C.D.C-7600 

Transfer Cycles Nano Seconds 

SCM —> X 8 220 

X * SCM 1 27.5 

X< > X 2 55 

x — > LCM 3 82.5 

LCM ~> X 3 or 17 82.5 or 467.5 

LCM—> SCM 16+N 440+N*27.5 

S C M — L C M 12+N 330+N*27.5 

The Cray-1 

Transfer Cycles Nano Seconds 

Mem —>T 14+N 175+N*12.5 

T » Mem 6+N 75+N*12.5 

S > Mem 1 12.5 

Mem —> S 11 137.5 

Mem — 9+N 112.5+N*12.5 

V Mem N N*12.5 

1 <* >S 1 12.5 

S ^ — * S 1 12.5 
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2.3 Comparison at ins t ruct ion level 

2 . 3 . 1 Instruct ion sets 

On the C r a y - 1 f u n c t i o n a l un i t s are p rov ided f o r 24 b i t integer addit ion and 

m u l t i p l i c a t i o n . T h e r e is a l s o a f u n c t i o n a l u n i t f o r a d d i n g 64 b i t i n t e g e r s . 

M u l t i p l i c a t i o n and d iv i s ion of 64 b i t integers is done in so f tware . The mul t ip l i ca t ion 

of 48 bit integers on the 7600 is done in hardware, and 48 b i t i n teger d i v i s i on dene 

in s o f t w a r e , bu t less i n s t r u c t i o n s are required than on the Cray-1 because use can 

be made of the double p rec i s ion r e s u l t of t he f l o a t i n g po in t u n i t . In the case o f 

i n tege r d i v i s i on operands are packed w i t h exponent zero, then normalised and f ina l l y 

divided in the f loa t ing point un i t , the result is unpacked and sh i f ted . The C r a y - 1 has 

no f loat ing point divide unit but a f l oa t i ng point rec iprocal unit instead. 

Double precision a r i t hme t i c (dp) is also done in s o f t w a r e on bo th mach ines but 

f e w e r i n s t r u c t i o n s are required on the 7600 because of the avai lab i l i ty of the double 

precision results of the f l oa t ing point mu l t i p l y and divide units. 

The C r a y - 1 has a spec ia l set of i n s t r u c t i o n s to manipulate vectors. Paragraph 

2.5 discusses the vector instruct ions in more deta i l . 

Branch i ns t ruc t i ons on the C ray -1 and on the 7600 are s l ight ly d i f f e r e n t . On the 

7600 i t is only possible to j u m p t o the beg inn ing of a w o r d , on the C r a y - 1 it is 

possib le to j ump to any of the four parcels inside a word. In condit ional branches on 

both machines the content of a register is tes ted and depend ing on the con ten t o f 

t h e reg i s te r t he b ranch is t a k e n or n o t . The Cray-1 is res t r ic ted by the fac t that 

only register AO and SO can be used fo r test ing. 
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2.3.2 Instruct ion t imings 

T h e i n s t r u c t i o n s in t h e t a b l e on the next page t h a t are i m p l e m e n t e d i n 

hardware(H/W) have funct ional units t o support them, these t imings were t aken f r o m 

the manuals and are accurate. By implemented as ' inl ine' is meant that the funct ion 

of the instruct ion is per formed by a sequence of i ns t ruc t i ons i nse r ted in t h e ac tua l 

code, so no j u m p to a s u b r o u t i n e t akes p l ace . The number of instruct ions in the 

sequence is i n d i c a t e d b e t w e e n b r a c k e t s in the t a b l e . T h e t i m i n g s f o r ' i n l i n e ' 

imp lemen ted p rocedu res were obtained by running small Fo r t ran (CFT) programs and 

checked by analysing the object code produced. These resu l t s should be t aken w i t h 

some c a u t i o n , the CFT compi le r m igh t have done some clever opt imisat ion, thereby 

obscuring the results. By implemented as ' sub r t ' is mean t t h a t t he f u n c t i o n of the 

i n s t r u c t i o n is per fo rmed by a subrout ine constructed by Cray Research. The name of 

the subroutine is given be tween b r a c k e t s in the t a b l e . A d isadvan tage of using a 

sub rou t i ne is t h a t a sub rou t i ne cannot be processed in paral lel w i th the instruct ions 

preceding or fo l low ing that subrout ine. By i n t e g e r ( I o n g ) is mean t 60 b i t f o r adding 

and 48b i t in the case f o r m u l t i p l i c a t i o n and division on the 7600. For the Cray , 64 

bit addition, mu l t ip l y and division. 

The b ranch i n s t r u c t i o n t i m i n g s are f o r c o n d i t i o n a l branch instruct ions on the 

Cray-1 and the C.D.C-7600. Depending on t he con ten t s of t h e AO r e g i s t e r on the 

C r a y - 1 or any of t he B r e g i s t e r s on the 7600 a branch is taken or not. Testing on 

the contents of B0 is t he u n c o n d i t i o n a l b r a n c h on the 7600. When the b r a n c h is 

t a k e n , the d e s t i n a t i o n i n s t r u c t i o n may be in the i n s t r u c t i o n stack, result ing in a 

shorter execution t ime . I f t he d e s t i n a t i o n is not in t he i n s t r u c t i o n s tack a delay 

o c c u r s . No te t h a t t he t i m i n g s g iven apply to one type of inst ruct ion, but for three 

d i f f e ren t condit ions. 

The i n s t r u c t i o n issue t ime is 1 clock cycle for most instruct ions, but two parcel 

instructions have an issue t ime of 2 c lock cycles on both machines. 
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C.D.C-7600 C R A Y - 1 C D C / C R A V 

T ime Imp T ime Imp Rat io 

* Real(sp) 137.5 H/W 87.5 H/W 1.57 

/ Real(sp) 550 H/W 362.5 Inl ine(4) 1.52 

+ Real(sp) 192.5 In l ine(2) 75.5 H/W 2.57 

Real(sp) 192.5 In l ine(2) 75.5 H/W 2.57 

* Real(dp) 615 Inl ine(8) 2900 Subrt(DMSS) 0 .21 

/ Real(dp) 2117 Inl ine(18) 11000 Subrt(DDSS) 0 .19 

+ Real(dp) 577 In l ine( lO) 1975 Subrt(DASS) 0.29 

Real(dp) 577 In l ine( lO) 1975 Subrt(DSSS) 0 .29 

* Integer(long) 137.5 H/W 462 Inl ine(30) 0.30 

/ Integer(long) 797.5 In l ine(5) 987 Subrt(LDSS) 0 .81 

+ Integer(long) 55.5 H/W 37.5 H/W 1.5 

Integer(long) 55.5 H/W 37.5 H/W 1.5 

Branch out stack 302.5 H/W 215.0 H/W 1.40 

Branch in stack 82.5 H/W 62.5 H/W 1.32 

Branch not taken 55.5 H/W 25.0 H/W 2.22 
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2.4 Pipelining 

In a p ipe l i ned processor t he i n s t r u c t i o n is segmented into several subprocesses 

which are executed by dedicated autonomous processing u n i t s . Successive o p e r a t i o n s 

can be c a r r i e d out in an overlapped mode. The funct ional unit clock cycle t imings in 

the previous paragraph indicate the number of subprocesses requ i red to execu te a n 

i n s t r u c t i o n on t h a t u n i t . The C r a y - 1 is fu l l y segmented, so all functional units are 

capable of producing a result every c lock c y c l e . Vec to r i n s t r u c t i o n s on t h e C r a y - 1 

p lace r ese rva t i ons on the source reg is te rs , destination registers and funct ional units. 

Scalar i n s t r u c t i o n s on t he 7600 and t h e C r a y - 1 only p lace rese rva t ions on t h e 

d e s t i n a t i o n r e g i s t e r s . V e c t o r i n s t r u c t i o n s can be overlapped if they do not con f l i c t 

w i th each other in resource needs, i .e . they must use d i f f e r e n t f u n c t i o n a l u n i t s , and 

d i f f e r e n t source and dest inat ion reg is te rs . When a vector instruct ion uses the results 

of a preceding vector ins t ruct ion as source, but uses a d i f f e r e n t f u n c t i o n a l un i t and 

d i f f e r e n t dest inat ion registers, these instruct ions can be 'chained' together. In case of 

chaining the second vector ins t ruc t ion can s ta r t at ' cha in s lo t t i m e ' , i .e f u n c t i o n a l 

u n i t t i m e p l u s t w o c lock c y c l e s . N o t e t ha t when vec to r i n s t r u c t i o n s run i n 

p a r a l l e l , two and even t h r e e r e s u l t s can be produced eve ry c lock c y c l e . The 

C .D .C-7600 is not f u l l y segmented. The div ide unit is not pipelined at a l l , so no two 

divide instruct ions can operate in para l le l . This is because the algor i thm for d i v ide is 

an i t e r a t i v e p rocess , and cannot be segmented. This explains why there is no divide 

funct ional unit on the Cray -1 , and a rec iproca l funct ional unit instead, w h i c h can be 

s e g m e n t e d . T h e m u l t i p l y f l o a t i n g p o i n t u n i t on t h e 7600 has t w o p e r i o d 

segmentation. So when a mu l t ip l y i ns t ruc t i on has been issued the next m u l t i p l i c a t i o n 

can only be issued t w o pe r i ods l a t e r . S ince an 'ou t of instruct ion stack' condit ion 

prevents any fu r the r para l le l ism at tha t p o i n t , the s ize of t he i n s t r u c t i o n stack is 

also s i g n i f i c a n t , the C r a y - 1 s t a c k is f i v e t i m e s the s ize of the 7600 stack. The 

higher code density has also some e f f e c t on the speed. In t h e C .D .C-7600 mach ine 

code a l o t o f ' no o p e r a t i o n ' i n s t r u c t i o n s are r e q u i r e d , e v e r y cyc le t h a t a ' no 

operation instruct ion' is issued no other ins t ruct ion can issue. The f o l l o w i n g example 

i l lustrates the e f f e c t of pipel ining on the Cray-1 . 
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For t ran source code: 

X=X*V+Z 

V=W*W 

Implementat ion 

The i m p l e m e n t a t i o n language is 'pseudo Cray-1 machine code1. By ( X ) is meant 

the contents of the address of va r iab le X in m e m o r y . The B co lumn i n d i c a t e s t h e 

s t a r t i n g t i m e ( i n machine beats) of the ins t ruc t ion . The E column indicates the t ime 

( in mach ine b e a t s ) in w h i c h the i n s t r u c t i o n ends. N o t e t h a t i n s t r u c t i o n s t h a t 

r e f e r e n c e m e m o r y are t w o pa rce l i n s t r u c t i o n s , 32 b i t s , which take two cycles to 

issue. Note that (S2+S4) can only s ta r t when (S2*S3) has completed. We assume t h e r e 

are no bank con f l i c t s when re ferenc ing m e m o r y . 

B E 

S1=(W) 0 10 

S2=(X) 2 12 

S3=(Y) 4 14 

S4=(Z) 6 16 

S1=S1*S1 11 17 

S2=S2*S3 15 21 

(V)=S1 18 18 

S2=S2+S4 22 27 

(X)=S2 28 28 
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2.5 Vector processing 

2 . 5 . 1 De f in i t i on of vector processing 

In t h e p r o c e s s i n g of s c i e n t i f i c p r o b l e m s most t i m e is spent p e r f o r m i n g 

ar i thmet ic operations on a r r a y e l e m e n t s ins ide a F o r t r a n D o - l o o p . W i t h i n a l oop , 

a r ray ind ices are t y p i c a l l y l i nea r f u n c t i o n s of the loop contro l var iable. In scalar 

mode the operand arrays are processed element by element; e.g. f i r s t a r ray e l emen t 

is fe tched f r o m m e m o r y , second e l e m e n t is f e t c h e d , o p e r a t i o n is done, result is 

stored, if not end of loop do next i t e r a t i o n . In vector mode f o r each o p e r a t i o n , t h e 

a r ray elements that are referenced in the subsequent loop i terat ions are grouped in to 

sets of data called vectors; e.g. the vector operand is fetched f r o m m e m o r y , second 

vec tor is f e t c h e d , same o p e r a t i o n is done on all operand vector elements, result is 

stored in memory . A vector processor is a computer arch i tec ture w i t h an i n s t r u c t i o n 

set tha t inc ludes inst ruct ions to manipu la te vectors and has the hardware to support 

them. The fo l low ing examples i l l us t ra te the d i f f e rence b e t w e e n process ing in sca lar 

mode and v e c t o r mode . The i n s t r u c t i o n s used and the t im ings given apply to t h e 

Cray-1. 

- 3 3 -



For t ran source code: 

Dimension AA(15),BB(10,15),CC(15) 

Do 20 i=l ,15 

CC(I )=AA(I )*BB(J, I ) 

20 CONTINUE 

Scalar mode implementat ion: 

In the f o l l o w i n g code sequence ( A A ) indicates the base-address of array AA in 

memory. A A points to the word be fo re t h e f i r s t e l emen t of a r r a y A A in m e m o r y . 

Reg is te r A1 is used as l o o p c o u n t e r and as index r e g i s t e r . Register A2 is used as 

index register. M a t r i x BB is accessed by r o w , the d istance b e t w e e n the e lements is 

10. S1,S2,S3 are scalar registers. 

B E 

A l = l 

A2=J 

S1=(AA)+A1 0 10 

S2=(BB)+A2 2 12 

S3=S1*S2 13 19 

(CC)+A1=S3 20 20 

A1=A1+1 21 22 

A2=A2+10 22 23 

IF(A l<16)GOTO Loop 24 27 

=27*15=405 cycles 
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Vector mode Implementat ion: 

The vec to r l e n g t h is i n d i c a t e d by V L , and the d is tance between consecutive 

elements in memory is indicated by SKIP. 

A0=(AA) 0 1 

V1=(A0,VL=15,SKIP=1) 2 20 

A0=(BB)+J 3 4 

V2=(AO,VL=15,SKIP=10) 21 39 

V3=V1*V2 29 52 

A0=(CC) 30 31 

(A0,VL=15,SKIP=1)=V3 53 53 

=53 cycles 
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2 .5 .2 The advantages and disadvantages of vector processing 

The previous example demonstrates tha t vec to r p rocess ing can be much f a s t e r 

than scalar p rocess ing . In th i s p a r a g r a p h we t r y t o d e t e r m i n e why i t is f a s t e r . 

Vectorising results in the remova l of some ove rheads , e.g. loop c o n t r o l and a r r a y 

e lement address c a l c u l a t i o n . In add i t ion the amount of overlap in processing of t h e 

instructions can be pushed to its max imum. The penalty paid is the overhead caused 

by start ing up the vector operat ion. 

A loop is a sequence of i n s t r u c t i o n s t h a t is executed unti l the loop reaches a 

certain value. There fo re loop cont ro l consists of i n c r e m e n t i n g the loop counter and 

tes t i ng at the end of every loop i t e ra t i on if the loop counter has reached a cer ta in 

value, if not , a jump is made to the beginning of the loop sequence. 

Address c a l c u l a t i o n is e s p e c i a l l y r e l e v a n t in case of access to a r r ays \ / i t h 

mul t ip le dimensions, e.g. AA(5 ,6 ,7 ,8 ) The ind ices of t he e lemen t to be r e f e r e n c e d 

and the dimensions of that array on declarat ion are used to calculate the address. 

The amount of overlap is i nc reased because the tes t and jump i n s t r u c t i o n no 

l o n g e r p r e v e n t s the o v e r l a p of t h e c u r r e n t l o o p - i n s t r u c t i o n - s e q u e n c e w i t h t h e 

instructions in the p r e c e d i n g and f o l l o w i n g loop i t e r a t i o n . Ano the r f a c t o r tc be 

considered is the amoun t of e f f o r t required to res t ruc ture or r ewr i t e programs to 

make them vector ise and the percentage of programs in a general purpose s c i e n t i f i c 

work load t ha t can be v e c t o r i s e d . In our opinion there is no doubt that the ma jo r i t y 

of s c i e n t i f i c p rob lems can be r e p r e s e n t e d in a v e c t o r i s e d f o r m . However m o s t 

a l g o r i t h m s have been w r i t t e n w i t h a sca la r processor in m i n d . Conver t ing these 

programs into vector f o r m by r e s t r u c t e r i n g is p robab l y not easy and r e w r i t i n g t o o 

expens ive . In Chap te r 5 we invest igate how much e f f o r t is required to restructure a 

subset of the U.L.C.C workload to al low vector isat ion on the C r a y - 1 , and how much 

is gained in per fo rmance. 
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2 .5 .3 The e f f e c t of scalar pe r fo rmance and short vectors on the per formance 

Before a v e c t o r i n s t r u c t i o n can be i n i t i a t e d a number of r eg i s t e r s must be 

loaded w i t h the r e q u i r e d i n f o r m a t i o n , this is called the star tup t ime of the vector . 

For very short vectors the star tup t i m e f o r m s a s i g n i f i c a n t p a r t of the e x e c u t i o n 

t i m e . Ve ry shor t v e c t o r s p e r f o r m worse than their scalar equivalents, since there is 

no startup overhead in scalar mode . I t is essent ia l f o r a vec to r processor t h a t is 

used in a genera l purpose e n v i r o n m e n t to reduce the star tup t ime to an absolute 

min imum. A good example of such a mach ine is the C r a y - 1 , vec to r process ing fo r 

elements longer than 3 are already more e f f i c i e n t than the scalar equivalent. 

Ano the r i m p o r t a n t po in t is t h e e f f e c t of sca lar p r o c e s s i n g p o w e r on t h e 

e f f e c t i v e n e s s of a v e c t o r p r o c e s s o r . A s ign i f icant part of every workload is scalar. 

This scalar part includes the t ime spent in the operat ing sys tem be tween j obs ,wh i ch 

is essen t ia l l y s e q u e n t i a l , and p r o b l e m s t h a t are sca lar by n a t u r e and cannot be 

vector ised, unl ike many of the i t e ra t i ve processes. If i t is assumed t h a t 50% of the 

w o r k l o a d r u n on a p a r t i c u l a r s c a l a r p r o c e s s o r can be v e c t o r i s e d , then the 

replacement of the scalar p rocessor by a v e c t o r processor w i t h the same scalar 

power but w i t h an i n f i n i t e l y fas t vector un i t , w i l l give a per formance improvement 

of only a fac to r 2. If the vector p o r t i o n is 70% the i m p r o v e m e n t would be about 

3.3. This shows that scalar processing should not be neglected in a vector processor. 

2 . 5 . 4 Vector processing on the C ray -1 

T he C r a y - 1 i n s t r u c t i o n set i n c l u d e s i n s t r u c t i o n s to m a n i p u l a t e v e c t o r s . A l l 

a r i thmet ic operations are done on vector registers. A vec to r r eg i s te r cons is ts of 64 

w o r d s of 64 b i t s . T h e r e are 8 v e c t o r r e g i s t e r s . The C r a y - 1 is a t h r e e address 

machine, a r i t hmet i c instruct ions i n v o l v e 2 operand r e g i s t e r s and a resu l t r e g i s t e r . 

The operands can be two vectors, two scalars, or a scalar and a vector . 
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If the operand v e c t o r is l onger t h a n 64, then th is vec to r w i l l not f i t into a 

vector register and has to be broken up in segments of 64 e lemen ts and a segment 

f o r the r e m a i n i n g e lements . Vector registers are used for the same reason as scalar 

registers are used for scalar p rocess ing . R e g i s t e r s have a v e r y sho r t access t i m e . 

A n o t h e r p o i n t is t h a t no b a n k c o n f l i c t s can occur du r i ng a r i t h m e t i c v e c t o r 

operations, the re fo re instruct ions f in ish at p r e d i c t a b l e t i m e s , w h i c h p r o b a b l y makes 

the design of the processor easier. 

A vec to r can be cop ied f r o m m e m o r y to the vector registers, or f r o m vector 

registers to memory by a single i ns t ruc t i on . Spacing between the vec to r e lemen ts t o 

be copied f r o m m e m o r y must be constant , there fore a row or diagonal of a ma t r i x 

can be copied by one ins t ruc t ion . 

A vec to r i n s t r u c t i o n is execu ted by e n t e r i n g eve ry c lock per iod one pair of 

vector elements to the f unc t i ona l u n i t . A f t e r t he f i r s t pa i r has been processed a 

r e s u l t is p roduced e v e r y c l ock cyc le . The length of a vec tor , V L , is the number of 

elements in i t . The funct ional unit t i m e indicates the number of cyc les r e q u i r e d t o 

process t w o s c a l a r s . The execut ion t i m e of a vector inst ruct ion can now be defined 

as funct ional uni t t ime + VL + 2 c lock periods. Th is is in f a c t t h e t i m e t h e resu l t 

register is reserved. 

The C r a y - 1 F o r t r a n c o m p i l e r t r i e s t o v e c t o r i s e the 'most inner Do-loops' in 

standard For t ran programs. The compi ler is s t i l l be ing i m p r o v e d to recogn ise more 

comp lex c o n s t r u c t s ins ide t he D o - l o o p . Cer ta in constructs can never be vector ised, 

e.g. recu rs ion and the p r o g r a m has to be r e s t r u c t u r e d or r e w r i t t e n to make i t 

v e c t o r i s e . Ano the r p r o b l e m is t h a t at c o m p i l e t i m e i t is not known how long the 

vectors are, if the vector length is shorter than 4 scalar mode process ing m i g h t be 

fas te r . 



2 .5 .5 Vector processing on the C.D.C-7600 

The 7600 has no ins t ruc t ion set t o m a n i p u l a t e v e c t o r s . Howeve r by c o m b i n i n g 

t h e loop i n s t r u c t i o n sequences of seve ra l loop i t e r a t i o n s i n t o one i n s t r u c t i o n 

sequence, a sor t of v e c t o r is o b t a i n e d . The same advantages as f o r the vec to r 

processor apply bu t t he r e s u l t is f a r less spectacular. The 'length' of such a vector 

at wh ich m a x i m u m p e r f o r m a n c e is a t t a i n e d is d e t e r m i n e d by t h e s i z e of t h e 

i n s t r u c t i o n s t a c k . The size of the ins t ruc t i on stack is twelve 60 b i t words, there fore 

not more than f ou r t y eight 15 bi t ins t ruc t ions can be c o n t a i n e d . In case of m a t r i x 

m u l t i p l i c a t i o n i t was found t h a t the max imum vector length was f i ve . Factors that 

prohibit producing a r esu l t e v e r y c y c l e a re the f o l l o w i n g : T h e r e are on ly f i v e X 

reg i s te rs to f e t c h operands f r o m m e m o r y in para l le l . Two parcel instruct ions take 

two cycles to issue. The mu l t i p l y unit has 2 period segmenta t ion . The d i v i de un i t is 

not pipelined at al l . Chaining of vectors is of course not possible on the 7600. 

V e c t o r i s a t i o n on t h e 7600 g ives an i m p r o v e m e n t of a f a c t o r 2 f o r t i g h t 

Do- loops , and less f o r Do - l oops w i t h a longer i ns t ruc t ion sequence, which already 

tend to have some over lap. 

There ex is ts a l i b r a r y of o f t e n o c c u r r i n g p r o g r a m cons t ruc ts called Stackl ib, 

these codes are o p t i m a l l y handcoded in Compass and make use of t h e ' v e c t o r 1 

techniques descr ibed in t h i s p a r a g r a p h . Compass is the machine level language for 

the C.D.C-7600. 

The f o l l o w i n g e x a m p l e d e m o n s t r a t e s how v e c t o r i s a t i o n in scalar mode can be 

done. The F o r t r a n source code is t h e v e c t o r m u l t i p l i c a t i o n f r o m the p rev i ous 

examples . The assumpt ion made is t h a t t he vec to r l eng ths used are mult ip les of 

three. In pract ice this is of course not always the case and t h e r e f o r e code has t o 

be added to process t he r e m a i n i n g e l e m e n t s . The code used and t imings given are 

fo r the Cray-1 in scalar mode. 
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B E 

A2=J 

A1=0 

A3=A3+1 0 1 

S0=(AA+1)+A1 1 11 

S1=(BB+1)+A2 3 13 

S2=(AA+2)+Al 5 15 

S3=(BB+2)+A2 7 17 

S4=(AA+3)+Al 9 19 

S5=(BB+3)+A2 11 21 

S6=S0*S1 14 20 

S7=S2*S3 18 24 

S0=S4*S5 22 28 

(CC+1)=S6 21 21 

(CC+2)=S7 25 25 

(CC+3)=S0 29 29 

A2=A2+30 30 31 

A l = A l + 3 31 32 

IF (A3<5) GOTO Loop 33 36 

=5*36=180 cycles 
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2.6 Comparison at Kernel level , the Los Alamos test 

2 . 6 . 1 Object ives of the test 

The c o m p u t a t i o n a l power needed at Los Alamos Sc ient i f i c Laborator ies exceeded 

the capac i t y of t he f a s t e s t c o m p u t e r a t t ha t momen t i n s t a l l e d at L . A . S . L , t h e 

C . D . C - 7 6 0 0 . T h e r e f o r e L . A . S . L . in c o n j u n c t i o n w i t h the Energy Research and 

Deve lopmen t A d m i n i s t r a t i o n ( E . R . D . A ) u n d e r t o o k t o e v a l u a t e a new c l a s s o f 

s c i e n t i f i c c o m p u t e r sys tems. This class has been ident i f ied by E.R.D.A as 'Class VI ' , 

one t h a t is capab le of e x e c u t i n g 20 to 60 m i l l i o n f l o a t i n g po in t ope ra t i ons per 

second. In 1976, the C ray -1 was the only machine that could possibly meet the Class 

VI requirements and that was operat iona l . 

The t h r e e areas of i n v e s t i g a t i o n were : scalar per fo rmance, vector per formance 

and re l i ab i l i t y . The scalar c r i t e r i on is tha t the C r a y - 1 is at leas t two t i m e s f a s t e r 

than the 7600. The v e c t o r o p e r a t i o n s c r i t e r i a are defined fo r three vector lengths. 

The c r i te r ia are that the Cray-1 be capable of executing vector operations at a r a t e 

of at least 3, 4 and 5 t i m e s at w h i c h t he C.D.C-7600 can pe r fo rm the equivalent 

f u n c t i o n s f o r v e c t o r s of l e n g t h 20 , 100 and 500 r e s p e c t i v e l y . R e l i a b i l i t y is 

d e t e r m i n e d by t h r e e f a c t o r s : S y s t e m A v a i l a b i l i t y (S .A , Mean T i m e To F a i l u r e 

(M.T.T .F) and Mean T i m e To R e p a i r ( M . T . T . R ) . The r e l i a b i l i t y c r i t e r i a are t h a t 

M . T . T . F be at leas t f o u r hours . M . T . T . R be at most one hour, and S.A be at least 

0 .8 . F u r t h e r m o r e t he c r i t e r i a mus t be c o l l e c t i v e l y me t du r i ng any c o n t i g u o u s 

20-workday per iod. 
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2.6 .2 The Kernels 

S ince no c o m p i l e r was a v a i l a b l e on t h e C r a y - 1 at t h a t t i m e , any code 

imp lemented on the mach ine was w r i t t e n in assembly code. O p t i m a l code was 

imp lemented on bo th mach ines ; o p t i m a l is a y a r d s t i c k fo r compar i son . Since all 

coding has to be done in assembly c o d e t h e t o t a l amount of tes t code had to be 

l imi ted. 

An analys is of the w o r k l o a d s a t L .T .S .S and L . A . S . L was done to determine 

wh ich codes w e r e used most o f t e n . The ana lys is shows t h a t a r e l a t i v e l y s m a l l 

number of codes use up most of the C.P.U t ime . A measure of at least one run per 

week g rea te r t han one hour on t h e C . D . C - 7 6 0 0 was c h o s e n as t h e l e v e l o f 

signif icance to mer i t inclusion in the tes t . 

However i t was not poss ib le t o r i g o r o u s l y es tab l ish representat ive kernels for 

testing the vector per formance of the Cray -1 . This was because none of the ex i s t i ng 

codes c o m p r i s i n g the w o r k l o a d had been conve r ted for vector operations and such 

conversion e f f o r t s were outside the eva lua t ion ' s t i m e f r a m e . I ns tead , a set of f i v e 

' t y p i c a l ' vec to r operations was def ined to f o r m an a r t i f i c i a l benchmark. However the 

scalar per formance was tested by us ing k e r n e l s r e p r e s e n t a t i v e of t he w o r k l o a d a t 

Los Alamos. 
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2.6 .3 The results 

The ke rne l t i m i n g s in Table 6 show that the Cray -1 meets the workload scalar 

performance c r i t e r i on (more than t w i c e a 7600). 

The vec to r p e r f o r m a n c e c r i t e r i o n was met by the f i ve vector operations fo r t h e 

three vector lengths. The average speed rat ios we re 3 .39, 4.50 and 5.12 f o r v e c t o r 

lenths of 20, 100 and 500. The d i f f e rences are p r imar i l y caused by the length of t h e 

vec to r r e g i s t e r s on t h e C r a y - 1 , w h i c h is 6 4 . T h e C r a y - 1 r e a c h e s i t s b e s t 

p e r f o r m a n c e f o r v e c t o r s of l e n g t h 64. Hence a v e c t o r of 500 is spl i t into seven 

vectors of 64 and one of 52 e lements. A vec to r of 100 is s p l i t i n t o one vec tor of 

64 and one vector of 36 elements. 

R e l i a b i l i t y of the Cray -1 was evaluated by running a re l iab i l i t y test code on t h e 

machine for long periods of t i m e . M e a n t i m e to f a i l u r e ranged f r o m 0.34 to 0.52 

h rs . System a v a i l a b i l i t y ranged f r o m 0.85 to 0.95. An analysis of machine fa i lures 

revealed that memory par i ty er rors were the major cause. The i n d i c a t i o n s are t h a t 

the Cray-1 w i t h error cor rec t ing memory would be an exceptional ly rel iable machine. 

The f inal conclusions are t h a t t h e C r a y - 1 mee ts eve ry p e r f o r m a n c e c r i t e r i o n 

established by L.A.S.L and E .R.D.A. 
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2 . 6 . 4 Appl icat ion of these results to the U.L .C.C. workload 

The workloads at U.L.C.C and L .A .S .L are s i m i l i a r in t he sense tha t they a re 

b o t h s c i e n t i f i c w o r k l o a d s , c o n s i s t i n g p r i m a r i l y of f l o a t i n g po in t a r i t h m e t i c and 

manipulat ing arrays inside Do loops. However the work load at L . A . S . L consis ts of a 

r e l a t i v e l y smal l number of v e r y long r u n n i n g d i f f e r e n t codes. U.L .C.C processes 

about 3000 d i f f e r e n t jobs eve ry d a y , a rea l genera l purpose w o r k l o a d . A possib le 

consequence of th is is t h a t a s i g n i f i c a n t p o r t i o n of the U.L.C.C workload is less 

e f f i c i e n t t han wou ld be t he case in a m o r e spec ia l i sed c o m p u t i n g e n v i r o n m e n t . 

Doub le p rec i s i on a r i t h m e t i c and ' i m p r o p e r ' use of the 7600 L.C.M store did not 

occur in the L.A.S.L kernels, wh i le they are quite common in the U.L.C.C workload. 

A m o r e s e r i o u s p r o b l e m is t h e f a c t t ha t t he L . A . S . L - t e s t is essent ia l l y a 

hardware comparison, the e f f e c t of compi ler e f f i c i ency and a u t o m a t i c v e c t o r i s a t i o n 

in p a r t i c u l a r is not i n c l u d e d . In a gene ra l purpose env i ronment the programs a re 

gene ra l l y not o p t i m a l l y handcoded in assembler code b u t w r i t t e n i n F o r t r a n . 

T h e r e f o r e t h e q u a l i t y of t he o b j e c t code i n f l u e n c e s the mach ine p e r f o r m a n c e 

enormously, especially on pipel ined machines. 

Since the U.L.C.C workload is p r i m a r i l y w r i t t e n in For t ran i t is also essential to 

f ind out how much conve rs i on e f f o r t is r e q u i r e d to t r a n s f e r p rog rams f r o m t h e 

C.D.C-7600 to the Cray -1 . 

The conc lus ion is t h a t a l t hough t h e results are to a large extent applicable to 

the U . L . C . C w o r k l o a d , they are not s u f f i c i e n t . C o m p i l e r e f f i c i e n c y , a u t o m a t i c 

vector isat ion and conversion costs w i l l have to be invest igated. 
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2.7 Conclusions 

The e x e c u t i o n t i m e s of the f l oa t i ng point a r i thmet ic instruct ions on the Cray-1 

suggest a scalar per fo rmance ra t io of 1.5 t imes a C . D . C - 7 6 0 0 . The m e m o r y access 

t i m e s sugest a ra t i o of 1.6 t imes a 7600. In addit ion to this the Cray-1 has a larger 

main store, fa r more reg is ters , a la rger ins t ruc t ion stack, a h igher code dens i ty and 

f u l l y s e g m e n t e d p i p e l i n i n g . T h e r e f o r e i t seems reasonab le to assume tha t t he 

processing power of the Cray -1 hardware is at least tw ice a C.D.C-7600. 

The Los A l a m o s tes t c o n f i r m s th i s conclusion by comparing opt imal ly machine 

coded kernels that model the L .A.S.L s c i e n t i f i c workload on both machines. 

H o w e v e r t h i s c o m p a r i s o n at c o m p o n e n t leve l is not s u f f i c i e n t s ince it is 

essentially a hardware comparison of the C r a y - 1 and the 7600. The ma in areas s t i l l 

to be i n v e s t i g a t e d are : compiler e f f i c i e n c y , automat ic vector isat ion, the amount of 

e f f o r t required to conver t Fo r t ran p r o g r a m s f r o m the 7600 to the C r a y - 1 , and a 

m o r e d e t a i l e d a n a l y s i s of c h a r a c t e r i s t i c s of the U . L . C . C w o r k l o a d . The most 

e f f e c t i v e way to i n v e s t i g a t e t hese a reas is to c o n s t r u c t a l i ve b e n c h m a r k , b y 

selecting a large number of programs randomly f r o m the U.L.C.C workload. 

The e f f e c t of the vector c a p a b i l i t y on t he p e r f o r m a n c e of the C r a y - 1 cannot 

p o s s i b l y be q u a n t i f i e d e x a c t l y . T h i s is because the w o r k l o a d at U . L . C . C has 

essentially been w r i t t e n w i t h a scalar processor in mind. However we can i n v e s t i g a t e 

how we l l the c u r r e n t w o r k l o a d is s u i t e d t o a vec to r processor f o r the fo l lowing 

three extreme cases: the f i r s t case is to assume that none of t he users bo the rs t o 

ad jus t t he i r p r o g r a m s t o t ake a d v a n t a g e of the vec to r c a p a b i l i t y , so the only 

vector isat ion that takes place is due to the a u t o m a t i c v e c t o r i s a t i o n by t h e C r a y - 1 

F o r t r a n c o m p i l e r ( C . F . T ) . The second case is to assume that all users restructure 

t h e i r most inner Do - l oops to m a k e t h e a u t o m a t i c v e c t o r i s a t i o n by t h e C . F . T 

comp i l e r more e f f e c t i v e . The t h i r d case is to assume t h a t all users redesign the 

algori thms of thei r programs, w i t h the vec tor capabil i t ies of the Cray-1 in mind. 
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C H A P T E R 3 

C O M P A R I S O N A T B E N C H M A R K L E V E L 

3.1 Summary of the benchmark ing process 

In C h a p t e r 2 we c o n c l u d e d t h a t the C ray -1 hardware is capable of processing 

our t ype of workload at a ra te of m o r e t h a n t w o t i m e s t h e C . D . C - 7 6 0 0 . H o w e v e r 

f u r t h e r i n v e s t i g a t i o n in t h e p e r f o r m a n c e of the Cray -1 using a ' l ive benchmark' is 

necessary. In a l ive benchmark a rep resen ta t i ve set of programs, called the T e s t Set , 

is chosen d i r e c t l y f r o m t h e user ' s w o r k l o a d . These programs are arranged so that 

when run t hey ac t as an mode l of t h e w o r k l o a d . The m a i n o b j e c t i v e s o f t h e 

b e n c h m a r k a re t o d e t e r m i n e t h e t h r o u g h p u t of t he C r a y - 1 when p rocess ing the 

workload compared to t h e C . D . C - 7 6 0 0 , and also to f i n d ou t how much e f f o r t i s 

required to convert the Fo r t r an programs f r o m the 7600 to the C ray -1 . 

In May 1979 a set of p rograms was s e l e c t e d f r o m the U . L . C . C w o r k l o a d , by 

members of t he U . L . C . C s t a f f . Dur ing the fo l l ow ing three months debugging of the 

selected programs that did not work p rope r l y on the 7600 took p lace. Th i s w o r k was 

c a r r i e d out by t he A u t h o r w i t h t h e help of M. Langton and W.H.L Wi l l i ams, and i t 

was supervised by C . Lazou and R . Baker . 

In Ju l y 1979 the c o n v e r s i o n of t h e C.D.C programs to make them run on the 

C ray - 1 took place. This was done by C . Lazou , G. Ashley and the A u t h o r . I t took JS 

6 manweeks of wo rk . 

In Sep tember 1979 t h e b e n c h m a r k was run on the two systems and a detailed 

internal repor t was produced by R . Baker and J. Down fo r U . L . C . C . T h e r e was also 

an i n t e r n a l r e p o r t d i scuss ing the benchmark results produced by G. Ashley fo r Cray 

Research U . K . The contents of these repor ts have contr ibuted to the present chapter. 
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3.2 Considerations for opt imal cons t ruc t ion and execution of a Test Set 

To make sure t h a t t he Tes t Set of a benchmark is r e p r e s e n t a t i v e of t h e 

expected w o r k l o a d we must i d e a l l y s e l e c t our p r o g r a m s randomly f r o m the user's 

workload, and the number of jobs in the sample must be l a r g e enough to make the 

tes t ' s t a t i s t i ca l l y s ign i f icant ' . If a ce r ta i n change in the workload pro f i le is expected, 

we should adjust our Test Set accord ing ly . 

When runn ing the Test Set on d i f f e r e n t machines, we want the programs ideally 

to be logically equivalent . By this is mean t t h a t when using t he same source code 

and equ iva len t j ob cont ro l language, exac t l y ident ical results must be produced. This 

implies that only jobs that run to a we l l d e f i n e d c o m p l e t i o n are to be inc luded i n 

t h e Test Se t . When changes are m a d e t o p r o g r a m s on one mach ine , equ i va len t 

changes should be made on t he o t h e r m a c h i n e . In p r a c t i c e p r o g r a m s a r e no t 

equ i va len t . T h i s is due to d i f f e rences in computer arch i tec ture and system so f tware . 

For example d i f fe rences in word length w i l l inevi tably give d i f ferences in t h e resu l t s 

p roduced, because of d i f f e r e n t a c c u r a c i e s . Howeve r we should t r y to l i m i t the 

di f ferences to an absolute m in imum. T h e r e f o r e we must es tab l i sh ru les to i n d i c a t e 

wha t changes are a l l owed to be made t o the p r o g r a m s , and what d i f f e rences i n 

results are acceptable. 

C h e c k s must be made to ensure t h a t the o b j e c t i v e s ment ioned are met as 

closely as possible, that the rules have been f o l l o w e d and t h a t the b e n c h m a r k was 

run and t i m e d c o r r e c t l y . To check t h a t the benchmark is r e p r e s e n t a t i v e of the 

expected workload one could c o m p a r e c e r t a i n p e r f o r m a n c e c h a r a c t e r i s t i c s of the 

Test Set w i t h those in our w o r k l o a d . Examp les of such c h a r a c t e r i s t i c s are: i,o. 

ac t i v i t y , percentage of jobs using a pa r t i cu la r compi ler and the pe rcen tage of t i m e 

p e r f o r m i n g i n t e g e r or double precis ion a r i t h m e t i c . The problem is that there are so 

many factors a f f e c t i n g the p e r f o r m a n c e t h a t o b t a i n i n g a h igh degree of c e r t a i n t y 

about the rep resen ta t i ve nature of the Test Set may be d i f f i c u l t . Some people argue 

that because so many d i f f e r e n t f a c t o r s i n f l uence t h e p e r f o r m a n c e of t he w o r k l o a d , 

t h e r e should be such a large number of programs in the bencmark test set that the 

operation becomes impract ica l and t h e r e f o r e re jec t the whole benchmark idea. 



3.4 The conversion of the Test Set 

A b o u t s i x t y p r o g r a m s w e r e t a k e n r a n d o m l y f r o m the inpu t queue of the 

C.D.C-7600 over a pe r iod of s e v e r a l days . A group of e i gh t p r o g r a m s , t h a t was 

o r i g i n a l l y used in a p rev ious t e s t , was added to t h i s . Th i s p rev ious tes t was a 

Synthetic Benchmark, t he tes t set used i n t h i s benchmark also consisted of user 

p rog rams .The o b j e c t i v e of t h i s S y n t h e t i c Benchmark was to investigate part icular 

character ist ics of t he C r a y - 1 . E .g . an i .o bound job was inc luded to examine i t s 

e f f e c t on the Cray -1 compared to the 7600. 

Jobs in the Test Set of our L ive Benchmark t h a t made use of abso lu te b i n a r y 

f i l e s , b ina ry d a t a , user secure p r o g r a m s , jobs using m ic ro f i che etc . were removed. 

Programs which terminated on a t i m e l i m i t on the 7600 were m o d i f i e d to t e r m i n a t e 

w i t h i n a spec i f i ed t i m e l i m i t , fo r example by changing the number of i terat ions the 

ma in p r o g r a m loops p e r f o r m e d . T w o p r o g r a m s w e r e found to be c h a r a c t e r se t 

d e p e n d e n t and w e r e o m i t t e d s ince t i m e did not p e r m i t equ i va len t code to be 

produced. Programs that produced compi le t ime errors were cor rec ted. 

To es tab l i sh the expected balance of large to small jobs, mul t ip le copies of the 

small jobs were i nc luded in t he f i n a l s e t . The s ize of t he f i n a l tes t set was 68 

p rog rams , r ough l y t w o hours of C.D.C-7600 t i m e . Cer ta in character is t ics of the test 

set were compared w i t h those of a large s a m p l e of jobs t aken f r o m the w o r k l o a d . 

We compared the amount of S.C.M usage, amount of L.C.M usage and the amount of 

input /output to disc. And a f te r taking into account the s l ight ly d i f f e r e n t d i s t r i b u t i o n 

of jobs in the b e n c h m a r k t es t se t , a higher percentage of large jobs, we concluded 

that the parameters measured were iden t i ca l . 

The cost of produc ing the benchmark test set was considerable, 10 manweeks of 

programming e f f o r t and several hours of C.D.C-7600 t ime. 
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3.4 The conversion of the Test Set 

3 . 4 . 1 The rules 

When t h e T e s t Set is c o n v e r t e d to run on another mach ine some of the 

representativeness may be lost . To ensure t h a t t he Tes t Sets on the t w o mach ines 

are closely logical ly equivalent we established the fo l lowing rules: 

1) Job con t ro l language was to be c o n v e r t e d to m a t c h the 7600 job c o n t r o l 

language as c l ose l y as poss ib le . In p a r t i c u l a r , leve ls of For t ran l ist ings had to be 

matched (e.g. cross re ference l is t ings) , and a l l runs on the C . D . C - 7 6 0 0 produced a 

source l is t ing. 

2) On ly t he min imum changes necessary to produce ' identical ' results to the 76DO 

were al lowed. 

3) No program opt imisat ion was a l lowed. 

4) Programs that require very h igh c o n v e r s i o n e f f o r t , but run only f o r a v e r y 

short t ime can be re jec ted . 
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3 .4 .2 The results 

The U . L . C . C tes t set was t r a n s f e r r e d to the Cray-1 on magnetic tape in card 

image f o rm . The conversion took th ree people f i ve '15 hour days ' . The 68 p r o g r a m s 

in our benchmark tes t set c o n t a i n e d abou t 54000 l ines of code and 34000 ca rd 

images of data. 

A lmos t 30 p e r c e n t of jobs executed complete ly on the f i r s t a t tempt . About 670 

lines of code produced e r r o r s at c o m p i l a t i o n t i m e , ha l f of w h i c h were caused t>y 

h a v i n g m o r e than one F o r t r a n s t a t e m e n t on a s ing le l i ne of code. Th is is n3 t 

allowed in the Cray -1 Fo r t ran (C.F.T) . 

Both C r a y - 1 F o r t r a n and C . D . C F o r t r a n support extensions to the A.N.S.I 1966 

For t ran standard. However the new F o r t r a n 77 A.N.S.I standard, w i l l tend to f o r c e a 

convergence of f a c i l i t i e s in the t w o F o r t r a n compi lers. A t the t ime of conversion, 

August 1979, these extensions w e r e not e n t i r e l y c o m p a t i b l e and d i f f e r e n c e s w e r e 

d iscovered du r i ng the c o m p i l a t i o n phase. Append i x 2 gives a descript ion of kno\*rn 

d i f ferences between Cray For t ran (C .F .T ) and C.D.C For t ran (F .T .N) 

The cost of conversion was est imated at 6 manweeks and a few hours of Cray-1 

t ime. 

3 . 4 . 3 Conclusions 

T h e c o n v e r s i o n of F o r t r a n p r o g r a m s f r o m the U . L . C . C wo rk l oad c u r r e n t l y 

running on the C.D.C-7600 to the C ray -1 gives no serious problems. 
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3.4 The conversion of the Test Set 

3 . 5 . 1 The rules 

To e n s u r e t h e r e p r e s e n t a t i v e n e s s of our Test Set i t must be run on bo th 

machines in an iden t i ca l way and t h e t i m i n g s must be done in an i den t i ca l w a y . 

Therefore we established the fo l l ow ing rules: 

1) Jobs are loaded and executed f r o m the system discs. 

2) The measured t h r o u g h p u t t i m e is f r o m star t of processing to complet ion of 

the last job. 

3) The Test Set is run three t imes and the average is taken as the f ina l resul t . 

A member of U.L.C.C s ta f f was present 

4) The on ly package used by the Test Set (Shelx) was compiled and stored as a 

binary image on t h e C r a y - 1 discs f o r use by any p r o g r a m s , ( i .e the c o m p i l a t i o n 

would not be part of the Test Set) 

5) The t h r o u g h p u t t i m e is a f f e c t e d by the job mix in the Test Set. If the last 

job to be processed would be a large i / o bound job, and i t was t he on ly job present 

i n t h e s y s t e m , e v e r y i / o reques t w o u l d r e s u l t in the C .P .U being i d l e f o r the 

durat ion of the request. This e f f e c t is o f t e n ca l l ed t a i l i n g . T h e r e f o r e t h e Tes t Set 

presented to t he sys tem must have t he r i gh t mix of large and small jobs and the 

r igh t mix of i / o bound and C.P.U bound jobs. On the 7600 this is done a u t o m a t i c a l l y 

by the s c h e d u l e r , w h i c h makes use of t h e j ob c l a s s i f i c a t i o n w h i c h indicates the 

resource usage of that job. Since no job c lass i f i ca t ion was ava i l ab le on the C r a y - 1 , 

i t was a l l o w a b l e to a l l o c a t e a p p r o p r i a t e p r io r i t ies to the jobs to obtain the same 

e f f e c t . Hence the i / o bound and large jobs were given a high p r i o r i t y . 
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3 . 5 . 2 The so f tware and hardware used 

The conve rs ion w o r k and the r u n n i n g of t he C r a y - 1 benchmark test set was 

carr ied out at the S.R.C Nuc lea r Phys i cs L a b o r a t o r y in D a r e s b u r y . The mach ine 

ins ta l l ed at D a r e s b u r y was the f i r s t C ray -1 to be bui l t (ser ial-1) and is d i f f e ren t i n 

several areas f r o m subsequently ins ta l led p r o d u c t i o n C r a y - l ' s . In p a r t i c u l a r , i t has 

on ly p a r i t y b i t check i ng f o r m e m o r y accesses rather than fu l l SECDED correct ions 

on the other C r a y - l ' s . For th i s reason S e r i a l - 1 is a f e w p e r c e n t f a s t e r than the 

o ther C r a y - l ' s . S e r i a l - 1 has a m a i n s tore of half a mi l l ion words distr ibuted across 

16 memory banks. Other C ray - l ' s e i ther have one m i l l i o n words across 16 memory 

banks or hal f a m i l l i o n words across 8 m e m o r y banks . The sof tware used on the 

Cray-1 was based on the 1.05 release. However the For t ran compiler used was C.F.T 

1.06. 

The c o n s t r u c t i o n of the Test Set and the running of the 7600 Test Set was of 

course done at U.L .C.C London . T h i s m a c h i n e has a sma l l co re m e m o r y of 64 K 

words d i s t r i b u t e d across 16 i ndependen t banks. The l a r g e co re m e m o r y ( L . C . M ) 

consists of 256 K words d ist r ibuted over 4 independent banks. E v e r y bank i n L .C .M 

is e igh t words w i d e . The L . C . M is a s e r i a l access store. The S.C.M is a random 

access store. The operat ing system used was Scope 2.1.4 level 228H. The c o m p i l e r s 

used were F . T . N and M . N . F . A l so a l i b r a r y of sc ien t i f i c rout ines called N.A.G v/as 

used. This l ib rary is opt imised fo r the 7600. The Cray-1 version of the N . A . G l i b r a r y 

was not optimised for the Cray-1 , and in par t icu lar i t is not vector ised. 
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3 .5 .3 The results 

The Throughput rat ios 

A f t e r runn ing our Test Set t h r e e t i m e s on bo th mach ines we ob ta ined the 

fo l lowing results: 

C.D.C-7600 Cray-1 

Time:Hrs:Mins:Secs Time:Hrs:Mins:Secs 

RUN1 2 :17 :12 1 :23:50 

RUN2 2 :16 :00 1 :23 :50 

RUN3 2 :17 :55 1 :23:50 

Mean 2 :17 :02 1 :23:50 

The throughput r a t i o was 1.65 

Individual Ratios 

Tab le 1 records the measurements made on the two machines for individual jobs. 

Every job consists of execut ion t ime plus c o m p i l a t i o n t i m e . We see t h a t most jobs 

e x e c u t e f a s t e r on the C r a y - 1 t h a n on t h e C . D . C - 7 6 0 0 . However f i v e p rog rams 

per fo rm better on the 7600. Two of these jobs U2 and U5 were found to p e r f o r m al l 

t h e i r c a l c u l a t i o n s in doub le p r e c i s i o n (128 b i t a r i t hmet i c ) . The program U20 spends 

60 percent of i ts t ime evaluat ing ALOG and R A N F , these 2 r o u t i n e s appear to be 

s lower on the C r a y - 1 than on t he 7600. The program U17 spends most of its t ime 

per forming 64 b i t integer a r i t hme t i c . Since th is job f o r m s about 25 p e r c e n t of the 

C r a y - 1 t h r o u g h p u t t i m e , the throughput r a t i o for our benchmark test is s ign i f icant ly 

a f fec ted . The program U18 was found to spend 91 p e r c e n t of i t s t i m e in a N . A . G 

rout ine that uses double precision a r i t h m e t i c . 

The ra t io (7600 job t i m e ) / ( C r a y - l job t i m e ) f o r t h e i n d i v i d u a l p r o g r a m s va r ies 

f r o m 0.39 to 9 .57 . S i x t een of t he 68 jobs have a per formance ra t io of below two. 

Almost f i f t y percent of jobs have p e r f o r m a n c e r a t i o s be tween two and f o u r . The 

very small jobs seem to p e r f o r m ext remely wel l on the Cray-1 . 
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3 . 5 . 4 Conclusions 

The o v e r a l l t h r o u g h p u t t i m e is 1 .65 . The range of ra t ios varies f r o m 0.39 t o 

9.57. These results i l l us t ra te the enormous variance in the per fo rmance r a t i o s of t h e 

p r o g r a m s . A n d i n f a c t m o r e q u e s t i o n s ar ise than are answered . Some of t he 

questions that arise are: 

Most jobs t h a t are r e l a t i v e l y smal l have a very high performance ra t io (3-5), i s 

this due to d i f fe rences in compi la t ion t imes? 

What is t he e f f e c t of v e c t o r i s a t i o n , do programs w i t h high performance rat ios 

vectorise? 

Jobs U17 plus T i m f o r m t o g e t h e r 40 percent of the Cray-1 throughput t ime . I s 

a throughput tha t is dominated by a small number of jobs s tat is t ica l ly valid? 
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3.6 L imi ta t ions of a l ive benchmark 

3 . 6 . 1 Modell ing the f u tu re work load 

I t is v e r y d i f f i c u l t to design a test set that models exact ly the fu tu re workload 

in a general purpose env i ronment . Th is is because the work load is a lways sub jec t t o 

change. I t is t h e au tho rs o p i n i o n t h a t t h e r e w i l l be no d r a m a t i c changes to the 

U.L.C.C w o r k l o a d , but because of poss ib le changes, t he r e s u l t s of a benchmark 

should always be taken w i t h some caut ion . 

3 . 6 . 2 The size of the test set 

I f a smal l p e r c e n t a g e of jobs in a workload uses up most of the execution t ime 

necessary to process t h a t w o r k l o a d , t h e n the t h r o u g h p u t t i m e of t h e t e s t se t 

m o d e l l i n g t h a t w o r k l o a d is also dependent on a small number of jobs and therefore 

possibly subject to a high degree of e r r o r . The best way to solve this p r o b l e m is t o 

t a k e more of these large jobs and to ma in ta in the r ight balance between smaller and 

large jobs by making mu l t i p le copies of the smaller jobs . In case of our benchmark 

we could t a k e 10 e x t r a jobs of the size of U17 and T IM. The disadvantage of such 

an approach would be that the throughput t i m e would become unacceptably l ong . The 

l eng th of the t h r o u g h p u t t i m e fo r our test set would be extended by several hours. 

This approach of course suggests t h a t j obs w i t h a longer e x e c u t i o n t i m e behave 

d i f f e r e n t l y . In t he case of the U .L .C .C workload there is serious doubt whether this 

is the case. 

M o r e u s e f u l r e s u l t s c a n p r o b a b l y be ob ta ined by ana lys ing the i nd i v i dua l 

behaviour of the programs in the test set. 
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3 .6 .3 Representativeness of the test set 

E a r l i e r on in t h i s chap te r we discussed how d i f f i c u l t i t is to v a l i d a t e the 

representativeness of a test set. Because U17 uses up such a high pe rcen tage of the 

t h r o u g h p u t t i m e , i t is poss ib le t h a t t h e resu l t is biased by f u l l word in teger 

a r i t h m e t i c . In M a r c h 1981, a h a r d w a r e m o n i t o r w i l l be used to d e t e r m i n e t h e 

i n s t r u c t i o n m i x in the b e n c h m a r k t e s t se t . The same m o n i t o r w i l l be used t o 

determine the ins t ruc t ion mix in t h e a c t u a l U . L . C . C w o r k l o a d over severa l hours . 

Th is w i l l g ive us mo re i n f o r m a t i o n about the representativeness of the benchmark 

test set. A serious problem is that i t is impossible to d i f f e r e n t i a t e be tween in teger 

mu l t ip ly and double precision m u l t i p l y , since they use the same instruct ion. 

3 . 6 . 4 Optimising the workload 

In a d d i t i o n to t he l i v e b e n c h m a r k we need an e x t r a tes t to f i n d out what 

performance can be obtained when the work load is opt imised. 
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3.6 .5 Hidden problems 

There are a g rea t many f a c t o r s that can inf luence the results of a benchmark. 

An example is program U20, which computes a random number and then uses i t as a 

count to a loop . The two systems use d i f f e r e n t random number generators and hence 

the number of i te ra t ions were not equ iva lent . For the benchmark test the count was 

set to a f i x e d number of i te ra t ions . Another example was the use of a sof tware tool 

called Mantrap on the C.D.C-7600. T h e use of t h i s debugging tool r esu l t ed in the 

F .T .N comp i l e r p r o d u c i n g less e f f i c i e n t ob jec t code, this fac tor is i l lustrated in the 

analysis of the test set in the next chapter . 

3 .6 .6 The cost of the benchmark 

The cost of the benchmark is ex t r eme l y high: 10 manweeks construct ing the test 

set plus 6 manweeks convert ing i t t o the C ray -1 , plus severa l hours of C . D . C - 7 6 0 0 

t ime and several hours of Cray-1 t i m e . 
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3.7 Conclusions 

The enormous v a r i a n c e in i n d i v i d u a l p r o g r a m resul ts shows that care must be 

taken in drawing the conclusions f r o m this benchmark. More i n f o r m a t i o n is r equ i red 

on individual program per formance resu l ts . 

To f i nd out what the capabi l i t ies of the Cray-1 and the 7600 are i t w i l l also be 

a requirement to compare the C ray -1 and the 7600 for an optimised benchmark. 

Benchmark i ng is a v e r y expens i ve p rocess , but there is no cheaper a l ternat ive 

available that produces results of the same gual i ty . 
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C H A P T E R 4 

A N A L Y S I S OF T H E B E N C H M A R K RESULTS 

4 . 1 . Int roduct ion 

In the p rev ious chap te r we c o n c l u d e d t h a t the v a r i a t i o n in the performance 

rat ios for the individual programs was very high. In the c u r r e n t chapter we t r y t o 

d e t e r m i n e the f a c t o r s t h a t cause these big f luctuat ions in per formance rat ios. The 

results of this study might enable us to obta in a better throughput. This is espec ia l l y 

r e l e v a n t f o r t he C . D . C - 7 6 0 0 at U . L . C . C s ince the w o r k l o a d w i l l soon reach the 

maximum capacity of the system and a new system wi l l p robab l y not be i n t r o d u c e d 

w i t h i n a y e a r . N o t e t h a t this t ype of tuning does not e f f e c t the actual source code 

of the user programs. 

In the nex t chap te r we t r y t o o b t a i n a better system ut i l isat ion by optimising 

the source code, the programs are res t ruc tu red to allow object code to be genera ted 

by t h e c o m p i l e r t h a t makes b e t t e r use of the p a r a l l e l c a p a b i l i t i e s of the two 

pipelined machines. 

4 .2 Approach to the analysis 

Because t he ana lys is is v e r y t i m e c o n s u m i n g , only a subset containing twenty 

programs f r o m the or iginal test set was analysed. Programs were se lec ted r a n d o m l y , 

bu t p rog rams using Shelx w e r e not i n c l u d e d . One job was not included because i t 

was a dupl icate. 

The i n v e s t i g a t i o n c o n c e n t r a t e d on t he f o l l o w i n g t h r e e areas: D i f f e r e n c e s in 

arch i tec ture, d i f fe rences in compi lers and d i f fe rences in so f tware tools and packages. 

4 . 2 . 1 D i f fe rences in a rch i tec tu re 

A r c h i t e c t u r a l d i f f e r e n c e s of the C r a y - 1 and the C.D.C-7600 have been discussed 

in Chapter 2. 
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A.2.2 D i f fe rences in compi lers 

The task of a c o m p i l e r is to t r a n s l a t e the h igh leve l language (e.g. For t ran) 

source code program into a logical ly equivalent machine code p r o g r a m and to check 

if t he re are any syn tax e r r o r s in t h e source p r o g r a m . If there are any er rors , i t 

produces diagnostic messages. The ob jec t i ves of a compiler should be to p roduce the 

most e f f i c ien t machine code possible and/or to give clear and meaningful messages. 

In a student environment the syntax analysis part of the c o m p i l e r is cons idered 

to be e x t r e m e l y i m p o r t a n t , s ince i t makes i t easier f o r t he s tudent t o f ind his 

syntax errors when clear diagnostic messages are given. A lso t he e x e c u t i o n t i m e of 

jobs in such a s t u d e n t e n v i r o n m e n t is o f t e n ve ry s h o r t , o f t e n shor te r than the 

compilat ion t ime . There fo re compi lers were constructed that per formed an e x t r e m e l y 

good syntax ana lys is and c o m p i l e d jobs in a ve ry shor t t i m e , this being done by 

omi t t ing the op t im isa t ion passes of t h e o b j e c t code. Such a c o m p i l e r is ca l l ed a 

teach ing c o m p i l e r . The M.N.F compi ler on the C.D.C-7600 at U.L.C.C is an example 

of such a compi ler . 

In a p r o d u c t i o n e n v i r o n m e n t the e f f i c i ency of the object code is important and 

therefore all possible opt imisat ions are done to produce the best code poss ib le . Such 

a compi le r is ca l l ed an opt imis ing comp i l e r . The C.F.T compiler on the Cray-1 and 

the F.T.N compiler on the C.D.C-7600 are examples of opt imising compi lers. 

The F . T . N compi ler even t r ies to rearrange the sequence of instructions to make 

them go smoother down the pipel ine. The F . T . N c o m p i l e r has been developed over 

the last f i f t e e n years and is an e x t r e m e l y good opt imiser . The F.T.N compiler has 

several levels of opt imisat ion: OPT=0, O P T = l , OPT=2 and UO (=unsave) . The level 

of optmisation is indicated as an compi ler opt ion. 

In the OPT=0 compi la t ion mode, compi le t ime evaluations are made of cons tant 

s u b e x p r e s s i o n s , redundan t i n s t r u c t i o n s and express ions w i t h i n a s t a t e m e n t are 

el iminated and P.E.R.T c r i t i c a l pa th s c h e d u l i n g is done to u t i l i s e the p i pe l i ne as 

much as possible. 
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In t he OPT = l c o m p i l a t i o n m o d e t h e f o l l o w i n g o p t i m i s a t i o n s t ake place: 

Redundant i n s t r u c t i o n s and exp ress ions w i t h i n a sequence of i n s t r u c t i o n s a r e 

e l i m i n a t e d (dead code) . Subscript calculat ions are s imp l i f ied . An at tempt is made t o 

keep values of i n t ege r v a r i a b l e s i n m a c h i n e r e g i s t e r s t h r o u g h o u t inner Do - l oop 

execution. 

In the OPT=2 compi la t ion mode the fo l low ing addit ional optimisations take place: 

Values of s imp le v a r i a b l e s are no t r e t a i n e d when they are no t r e f e r e n c e d by 

succeeding s ta tements . Invar iant ( loop independent) subexpressions are evaluated prior 

to entering t he loop c o n t a i n i n g t h e m . Fo r a l l loops , t he e v a l u a t i o n of subsc r i p t 

express ions c o n t a i n i n g a r e c u r s i v e l y d e f i n e d integer var iable (such as i when i=i-»-l 

appears w i th in the loop) is reduced f r o m mu l t i p l i ca t i on to add i t i on . A r r a y addresses, 

values of s imp le var iab les in cen t ra l memory and subscript expressions are stored in 

mach ine r e g i s t e r s t h r o u g h o u t loop e x e c u t i o n f o r a l l loops. In a l l l o o p s and i n 

comp l i ca ted sec t ions of s t ra igh t - l i ne code, array references and subscript values are 

stored in machine registers. 

In the UO (unsave) c o m p i l a t i o n mode the user must also specify OPT=2. The 

fo l lowing opt imisat ions are done: In t i g h t Do - l oops , indexed a r r a y r e f e r e n c e s are 

p r e f e t c h e d uncond i t iona l ly w i thou t any sa fe ty checks. When a basic external funct ion 

is referenced, the comp i l e r assumes t h a t t h e con ten t s of c e r t a i n B r e g i s t e r s are 

preserved for use fo l lowing the func t i on processing. 

The C.F.T Fo r t ran c o m p i l e r on t h e C r a y - 1 p e r f o r m s o p t i m i s a t i o n s i m i l i a r t o 

F . T . N but in a d d i t i o n i t ana lyses inner Do- loops t o f ind out whether they can be 

vector ised. This is called automat ic vec to r i sa t ion . In the next chapter we discuss the 

v e c t o r i s a t i o n process in greater de ta i l . The Cray -1 has far more registers available 

for storing operands and i n t e r m e d i a t e r e s u l t s than t he C . D . C - 7 6 0 0 . T h e r e f o r e a 

C r a y - c o m p i l e r e m p l o y i n g a s o p h i s t i c a t e d register a l locat ion scheme can reduce the 

number of ma in s to re r e f e r e n c e s d r a m a t i c a l l y . E s p e c i a l l y i n t h e case of b i g 

c o m p l i c a t e d inner D o - l o o p s , t h a t o f t en do not vector ise, the improvement would be 

s ign i f icant . Such a r e g i s t e r a l l o c a t i o n scheme is e x t r a c o m p l i c a t e d because the 

i n t e r m e d i a t e r e g i s t e r s mus t be a l l o c a t e d at c o m p i l e t i m e , i n d i r e c t or m o d i f i e d 

addressing of t he i n t e r m e d i a t e r e g i s t e r s is not suppor ted by the a r c h i t e c t u r e . 

Hence an automat ic cache store would make the task easier. 
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4 . 2 . 3 D i f fe rences in packages and so f twa re tools 

Our test set con ta i ned seve ra l p r o g r a m s r e f e r e n c i n g t w o p a c k a g e s v e r y 

c o m m o n l y used a t U . L . C . C . T h e packages we re SHELX and the N A G l i b r a r y . 

SHELX is used in chrysta l lographic x - ray analysis. The NAG l i b r a r y is a m a t h e m a t i c 

subroutine l i b ra r y . 

Bo th SHELX and the N A G l i b r a r y have been optimised on the C.D.C-7600. The 

Cray-1 versions of the packages were not o p t i m i s e d . In 1981 t he N A G l i b r a r y w i l l 

probably be vectorised by Cray- research . 

T h e t e s t se t a l so i n c l u d e d s e v e r a l p rog rams using a s o f t w a r e t oo l ca l led 

Mantrap.This f a c i l i t y enables t he user to o b t a i n r u n t i m e d iagnos t i cs to debug his 

p r o g r a m . Un fo r tuna te ly the use of Man t rap results in opt imisat ion level 0 being used. 

This is done because the rearrangement of t h e i n s t r u c t i o n sequence would make i t 

imposs ib le to o b t a i n p roper d iagnos t i cs . The reason that a f a i r l y high proport ion of 

the programs have Mant rap in them, is t h a t a l o t of t he p r o g r a m s in the test set 

when selected were in the debugging mode, used extensively by the users. 
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4.3 Analysis of the C.D.C-7600 resul ts 

The resu l ts of the ana lys is are shown in Table 2 at the end of this thesis. The 

ident i f ier column indicates the program iden t i f i e r of the jobs in the original test set. 

The commen t c o l u m n i n d i c a t e s character is t ics of that program, relevant for i ts 

performance on the C.D.C-7600 in the or ig inal benchmark r u n . MNF means t h a t the 

job was comp i led using the M . N . F comp i le r . FTN(2) means that the F.T.N compiler 

was used w i t h o p t i m i s a t i o n l eve l 2. M A N i nd i ca tes t h a t t he debugging f a c i l i t y 

M a n t r a p was used. DP indicates tha t the program per forms a lot of double precision 

ar i thmet ic . LEV2 indicates that the p rogram makes use of L .C .M. 

The next 2 co lumns show the comp i la t i on and execution t imes of the programs 

in the original benchmark run. 

The MNF F T N ( 2 ) c o l u m n shows t h e c o m p i l a t i o n and e x e c u t i o n t i m e s of the 

p rog rams run under F T N ( 2 ) t h a t w e r e o r i g i n a l l y run under M . N . F . The tab le i s 

continued on the next page. 

The F T N ( 1 , 0 ) F T N ( 2 ) c o l u m n shows the compi lat ion and execution t imes of the 

programs using FTN(2) that were o r ig ina l l y compiled w i t h opt imisat ion level 0 or 1. 

The be t t e r m e m o r y m a n a g e m e n t c o l u m n shows the compi la t ion and execution 

t imes for programs a f te r improving m e m o r y m a n a g e m e n t , by mak ing b e t t e r use of 

S.C.M. and L .C.M. A l l of these programs were run w i t h FTN(2) . 

The DP SP column indicates the compi la t ion and execution t imes a f t e r changing 

double p rec i s ion to s ing le p r e c i s i o n . These p rog rams w e r e run w i t h F T N ( 2 ) and 

improved memory management. 

The ra t i os shown i n the f o l l o w i n g pa rag raphs were calculated in the fol lowing 

way: (o r i g ina l b e n c h m a r k t i m e ) / ( m o d i f i e d benchmark t i m e ) so t he t i m i n g in the 

original benchmark is used as base 1. 

- 6 3 -



4 . 3 . 1 M.N.F versus F.T.N(2) 

In tab le 2 we see t h a t s ix of the twenty programs in our subset were run v / i t h 

the M.N.F compiler during the benchmark run . The comp i la t i on t imes of M . N . F . are 

much short er than those of F . T . N ( 2 ) bu t the execution t imes are much longer. We 

obtain the fo l low ing rat ios for ( M N F ) / ( F T N ) : 

id compil exec comp+exec seconds saved 

U2 0.18 1 .1 1 .1 6 
U3 0.28 2 .9 2.7 17 
U6 0.37 2.8 2.7 25.5 
U9 0.44 1.7 1.7 69 
U16 0.48 1.25 0 .86 - 1 . 5 
U51 0.39 1 .5 1 .4 23 

139 sec 
=4% of the subset to ta l 

We see that only in the case of U16 the use of M.N.F resulted in a l owe r job 

t i m e and t h a t 4% of the t o t a l t i m e used by the subset was wasted by M.N.F. The 

compilat ion of M.N.F programs is t w o t o t h r e e t i m e s f a s t e r than F . T . N p r o g r a m s . 

The e x e c u t i o n t i m e of F . T . N o b j e c t programs is 1.5 to three t imes faster than the 

M.N.F ones. There fo re we can conclude t h a t , w h i l e i g n o r i n g o ther f a c t o r s , M.N.F 

should only be used if the compi la t ion t ime is of the same order as the execution 

t ime . Since the main purpose of M.N.F is tha t of syntax checking i t wou ld be w o r t h 

cons ider ing r e m o v i n g the code g e n e r a t i n g part of the compiler to prevent i t being 

used for execut ion. 

A p r o b l e m was encoun te red when jobs we re changed f r o m M.N.F to F . T . N . 

Three of the programs that worked under M.N .F , did not work under F .T .N (2 ) . A l l of 

these t h ree jobs had p rob lems w i t h t h e use of Level-2 statements. So if M.N.F is 

removed as a compiler some user problems could be expected. 
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4 .3 .2 FTN(1,0) versus FTN(2) 

On t h e U . L . C . C i n s t a l l a t i o n F T N ( o p t = 2) is used as a d e f a u l t level of 

o p t i m i s a t i o n . To make sure t h a t t h i s is the most e f f i c i e n t way of runn ing t he 

w o r k l o a d , we ran our subset w i t h F T N ( l ) and FTN(2). The results are shown in Table 

4. We see that the compi la t ion t ime of O p t = l jobs t w e n t y pe rcen t sho r t e r is than 

comp i led w i t h O p t = 2 . The execu t ion t i m e is in most cases about ten percent faster 

w i t h Opt=2 and in a f e w cases s i x t y p e r c e n t or m o r e f a s t e r . No te t h a t if the 

p r o g r a m TIM had been run w i t h O p t = l t he p r o g r a m wou ld have run 600 seconds 

slower!!! So there is no doubt that F T N ( 2 ) is the cor rect defaul t option. 

In our benchmark run we had th ree programs that used Mantrap. Mantrap results 

in opt imisat ion level zero. One program spec i f i es o p t i m i s a t i o n leve l one e x p l i c i t l y . 

A f te r changing these jobs to FTN(2) we obta in the fo l lowing rat ios: 

ID Comp Exec Sees saved 

U4 0.82 1.25 0 . 0 
U10 0.72 1.72 210 
U14 0.90 0.93 -19 
U52 0.89 1.27 9 

200 sec 
=5.7% 

We see t h a t 5.7 percent of the execut ion t ime of our subset is accounted for by 

a lower opt imisat ion than FTN(2) . In case of U14 t he use of F T N ( l ) gave a lower 

job t ime. 
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4 . 3 . 3 Better memory management 

In th is paragraph we invest igate how much can be gained by a better use of the 

Large Core Memory . L .C.M is an four bank l inear select m e m o r y . Every bank is o f 

w i d t h e ight words; a re ference to L .C.M results in eight consecutive words f r om one 

bank being moved to a r e g i s t e r c a l l e d Super Word (SWORD) , and t h e r e is one 

SWORD fo r e v e r y bank . An L . C . M request for a word that resides in the SWORD 

can be served very f as t , since the SWORD does not have to be re loaded . Random 

access to L.C.M is very i ne f f i c i en t because a SWORD is loaded every t ime. 

The programming language Fo r t r an has defined that m u l t i d i m e n s i o n a l a r r ays are 

s to red by c o l u m n . Howeve r 90 p e r c e n t of the programmers population inst inct ively 

re fer to their mat r ices by row. Access by row means random access. 

In Append ix 3 we g i ve gu ide l ines fo r better memory management. By applying 

these guidelines to our subset we obtained the fo l lowing results. 

ID Comp Exec Sees saved 

U4 1.08 1.06 0 . 1 
U8 1.00 1.07 30.5 
U9 1.03 1.83 44.7 
U10 1.01 1 .11 30.8 
U14 1.06 1.22 47 .2 
U15 1.00 2.46 153 
U31 1.00 1.00 0 .0 
U51 1.01 1.80 20.5 
WNG 1.00 1.00 0 .0 
TIM 1.03 1.03 24.9 

351.7 
=9.78% of the subset tota l 
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4 . 3 . 4 Double precision a r i t hme t i c 

Double p r e c i s i o n a r i t h m e t i c on a s i x t y b i t mach ine l i k e C .D .C-7600 is very 

rarely required. I t is d i f f i c u l t to t h i n k of a p r o b l e m t h a t wou ld r e q u i r e such an 

amount of p r e c i s i o n . Most p r o g r a m s t h a t have double precis ion in them or iginate 

f r o m a machine w i t h s h o r t e r w o r d l e n g t h e .g . 16 or 32 b i t s , in wh i ch case using 

double p rec i s i on wou ld make sense. Many users are sa t i s f i ed when they get their 

programs to work and do not bother about the e f f i c iency of thei r program. 

In the subset we have t h r e e p r o g r a m s w i t h doub le p r e c i s i o n . A f t e r changing 

t h e m to s ing le p r e c i s i o n they p r i n t e d i d e n t i c a l r e s u l t s , so t o our o p i n i o n t h e 

conversion was j us t i f i ed . The rat ios f o r (double precision)/(single precision) were: 

Id Comp Exec Sees saved 

U2 1.56 3.22 39.5 

U10 1.03 1.10 24 

U30 1.06 1.07 0 .0 

63.5 seconds 

=1.8% of the subset tota l 
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4.4 Analysis of the Cray-1 results 

The resu l t s of the analysis are shown in Table 3 near the end of the thesis. The 

ident i f ier column indicates the p r o g r a m i d e n t i f i e r of the p r o g r a m in the o r i g i na l 

benchmark run. 

The commen t co l umn i n d i c a t e s c h a r a c t e r i s t i c s of the p rog rams dur ing the 

original benchmark run on the Cray -1 . DP indicates double p r e c i s i o n , INT i nd i ca tes 

t h a t in teger a r i t h m e t i c is e x t e n s i v e l y used. RMS/WMS indicates that the program 

reads f r o m and wr i tes to disc. 

The next t w o columns indicate the compi la t ion t imes of the programs during the 

original benchmark. 

The novec c o l u m n indicates the execut ion t imes of the programs w i t h automat ic 

vectorisat ion switched o f f . This is done by a special compiler option (CFT(OFF=V)). 

The DP SP c o l u m n shows the e x e c u t i o n t i m e s of the programs af ter changing 

double precision to single precision but w i t h vector isat ion switched on. 
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4 . 4 . 1 The ef fect iveness of au tomat ic vec tor isa t ion by CFT 

To find out how e f f e c t i v e automat ic vector isat ion was w i t h o u t any he lp by the 

use r , we run our subset of the t e s t set w i t h automat ic vector isat ion switched o f f . 

The results for (V=OFF)/(V=ON) were as fo l lows: 

Id Rat io Sees saved 

U2 1.0 2 . 0 
U3 1.06 0 .5 
U4 1.0 0 . 0 
U6 1 .0 0 . 0 
U8 1.0 0 . 0 
U9 1.0 1 . 0 
U10 1.06 21.0 
U13 1.05 7 . 0 
U14 1.02 2 .0 
U15 1.07 3 . 0 
U16 1.16 0 . 0 
U30 1.0 0 . 0 
U31 1.87 141.0 
U32 1.14 0 . 0 
U51 1 .84 11.5 
U52 1 .11 3 . 0 
U57 1.03 1 . 0 
U58 1.10 1 . 0 
WNG 1.0 0 . 0 
TIM 1.0 0 . 0 

194 seconds 
=7.6% of the subset to ta l 

F r o m these r e s u l t s we see t h a t o n l y t w o , U31 (1 .87 ) and U51 (1.84) of the 

twenty programs in our subset did vec to r i se w i thout the help of the user. 

In the nex t chap t er we t r y to help the automat ic vector isat ion by rest ructur ing 

the source code. 
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4 . 4 . 2 Double precision a r i t hme t i c 

T h r e e p r o g r a m s of our subset used double p r e c i s i o n . A f t e r changing these 

programs to single precision we obtained f o r (double p rec i s i on ) / ( s i ng le p rec i s i on ) the 

fo l lowing rat ios: 

Id Exec Sees saved 

U2 
UIO 
U32 

22.46 
1.52 
1.80 

156.7 
130.4 

0.53 

287.6 seconds 
=11.4% of the subset tota l 

We see t h a t t he e f f e c t of doub le precision is rather d ramat ic . In program UIO 

and U32 only part of the a r i t hme t i c is double precision. A l l t h r e e p rog rams p r i n ted 

the same resu l t s as w i t h double prec is ion, so the conversion was jus t i f ied . Also note 

that double precision prevents vec to r i sa t ion . 

4 . 4 . 3 Integer a r i t hme t i c 

Fu l l word i n t e g e r a r i t hme t i c is also implemented in so f tware , so performance of 

such jobs w i l l be poor. The number of inst ruct ions genera ted wou ld be s i g n i f i c a n t l y 

less i f f u l l word integer a r i t hme t i c was changed to 48 b i t a r i t hme t i c . Cray research 

is cur rent ly invest igat ing t h i s . Some of t h e p rog rams w i t h i n t ege r a r i t h m e t i c are 

U17 , U13 and U 3 2 . Because U17 f o r m s such a substantial part of the test set (1229 

seconds on t he C r a y - 1 ) t he e f f e c t of t h i s job on t he t h r o u g h p u t t i m e is q u i t e 

s ign i f icant . 

4 . 4 . 4 Faster discs 

The p r o g r a m U16 spends a l o t o f i t s t i m e read ing f r o m and wr i t i ng to disc. 

Since the discs connected to the C r a y - 1 system are faster t h a n the discs connec ted 

to the C.D.C-7600 this program pe r f o rmed much better on the Cray-1 . 
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4.5 Comparison of the Cray -1 and the C.D.C-7600 

Table 5 shows three h istograms. The top histogram shows the o r i g i n a l r a t i o s of 

the execu t ion t i m e s of the programs in our subset of the benchmark test set. They 

were calculated by dividing the execut ion t i m e for a program on the C .D .C-7600 by 

the execu t i on t i m e f o r t h a t program on the Cray-1 . The ra t i o for these two subset 

totals is (3867=CDC)/(2329=Cray)=1.66. The middle histogram shows the ra t ios fo r the 

execu t i on t i m e s a f t e r m a k i n g t he f o l l o w i n g ad jus tments : MNF changed to FTN(2), 

double precision changed to single p r e c i s i o n , and F T N ( 1 , 0 ) changed to F T N ( 2 ) . The 

r a t i o f o r t h e s e t w o s u b s e t t o t a l s is ( 3 4 6 4 = C D C ) / ( 2 0 7 7 = C r a y ) = 1 . 6 7 . The t h i r d 

h i s t o g r a m shows r a t i o s f o r p r o g r a m s w i t h t he same a d j u s t m e n t s as t h e m i d d l e 

d i a g r a m , but a d d i t i o n a l l y the vec to r i sa t ion is switched o f f and C.D.C programs have 

i m p r o v e d m e m o r y m a n a g e m e n t . T h e r a t i o f o r t h e s e t w o subse t t o t a l s i s 

(3107=CDC)/(2241=Cray)=1.39. 

The m i d d l e h i s t o g r a m is a bet ter comparison of the Cray and the 7600 because 

the Cray has no equivalent of Mant rap and no M.N.F c o m p i l e r , so these should not 

be inc luded in t he c o m p a r i s o n of the t w o mach ines . A lso double p rec i s ion was 

changed to s ing le p r e c i s i o n f o r t h i s c o m p a r i s o n s ince i t is s i l l y to use d o u b l e 

p rec i s ion on these m a c h i n e s , i t could however be argued that this is unfa i r because 

double precision w i l l be par t of our work load. 

The t h i r d h i s t o g r a m has been c o n s t r u c t e d t o assess t he e f fec t i veness of the 

Cray-1 compiler in scalar mode. The program U16 per fo rms very we l l on t h e C r a y - 1 

because of the f a s t e r d iscs , and U9 p e r f o r m s v e r y we l l because a f t e r improved 

memory management the program s t i l l pe r fo rms a large amount of random access in 

L . C . M . The v a r i a n c e of t he r a t i o s is s m a l l . T h e ra t io fo r the execution t ime 

totals of these two sets is 1 .39. T h i s seems r a t h e r p o o r , espec ia l l y when w e 

compare these r e s u l t s w i t h the Los Alamos results. The Los Alamos tes t , see Table 

6, compared the scalar per fo rmance of the two mach ines f o r o p t i m a l l y handcoded 

k e r n e l s . A l l t he k e r n e l s w e r e in SCM and no vector instruct ions were used, neither 

was there double precision a r i t h m e t i c . The re fo re these kernels are comparab le to t he 

p rog rams in the t h i r d h is togram. The conclusion is that the object code produced by 

CFT is i n e f f i c i e n t . A study of the o b j e c t code produced by t h e CFT comp i l e r f o r 

s e v e r a l of the p r o g r a m s in our t e s t set c o n f i r m e d t ha t the code was not ve ry 

e f f i c i e n t . 
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4 .6 Conclusions 

In th is chap te r we conc luded t h a t t h e throughput ra te of both the Cray -1 and 

the C.D.C-7600 could be imp roved and t h a t the benchmark resu l t s would a l t e r i f 

jobs were modif ied as described below 

How to improve the throughput ra te of the C.D.C-7600 at U.L.C.C 

Do not use the M . N . F c o m p i l e r f o r product ion runs. This can be done by 

r e m o v i n g t he M . N . F c o m p i l e r a l t o g e t h e r or by r e m o v i n g t h e code 

g e n e r a t i o n pa r t of the compi ler and so turn i t into a syntax checker or by 

better education of the users. 

Do not use M a n t r a p f o r p r o d u c t i o n runs. This can be helped by pr int ing a 

message box on the users l i s t ing to remind the user t h a t M a n t r a p should 

only be used for debugging purposes 

Do not use double p r e c i s i o n a r i t h m e t i c , i f poss ib le . Th is can aga in be 

helped by a message box. 

Cons ide rab le i m p r o v e m e n t can be obtained by bet ter memory management. 

This can be helped by p r o v i d i n g t he user w i t h m o r e i n f o r m a t i o n , e.g. a 

b u l l e t i n , about how to use L . C . M and S .C .M . Since this process is f a i r l y 

simple i t is possible to prov ide th is i n f o r m a t i o n in a message box on the 

users l i s t i n g . So when t h e compi ler f inds a LEVEL 2 statement the box is 

pr in ted. 

How to improve the Throughput of the Cray-1 

Do not use double p r e c i s i o n a r i t h m e t i c . I t is v e r y slow and i t p reven ts 

vector isat ion. The user should be reminded of this by a message box 

Since only ten percent of the programs vec to r i se , i t is use fu l to he lp the 

a u t o m a t i c v e c t o r i s a t i o n by res t ruc tu r ing the source code. This is discussed 

in the next chapter. 
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The e f f e c t of the results on the Benchmark results 

In t he c u r r e n t chap te r we have been ab le t o e x p l a i n a l l of t h e b ig 

f luctuat ions in the per fo rmance ra t ios . 

We conc lude t h a t M .N .F and M a n t r a p should not have been used in the 

test set fo r the 7600, since equivalent fac i l i t i es were not a v a i l a b l e on the 

C r a y - 1 . But m e m o r y m a n a g e m e n t of the p r o g r a m s in the 7600 test set 

should not be m o d i f i e d s ince t h i s p rob lem resu l t s f r o m the C .D .C -7600 

a r c h i t e c t u r e . We cou ld a lso r e m o v e double precision a r i thmet ic since i ts 

use in many cases can not be j us t f i ed . However i t could be argued t h a t i t 

s h o u l d be l e f t i n t h e t w o t e s t se ts , s ince i t is pa r t of the U . L . C . C 

workload and the users are l i ke ly to continue to use i t in fu tu re . 

A f t e r r e m o v i n g M . N . F and M a n t r a p by using FTN(2) , and changing double 

precision to s ing le p r e c i s i o n we found t h a t t h e t h r o u g h p u t r a t i o stayed 

about the same but the var iance in rat ios was smal ler . 

When examining the object code produced by the C.F.T compiler we found 

t ha t th i s was in severa l cases very i ne f f i c i en t . In the Los Alamos tests, a 

number of kernels were o p t i m a l l y handcoded fo r t h e C r a y - 1 and t h e 7600. 

The k e r n e l s in these t es t s w e r e s i m i l i a r to our w o r k l o a d , however the 

Cray-1 per fo rmed much be t te r in that scalar t es t t han in ou rs . S ince the 

Los A lamos tes t did not i n c l u d e c o m p i l e r e f f i c i e n c y , the d i f f e r e n c e in 

re la t ive per fo rmance must be a t t r i bu ted to the compi ler . 
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CHAPTER 5 

VECTORISING A SUBSET OF THE TEST SET 

5.1 Int roduct ion 

In chap te r 2 we have described vector isat ion at inst ruct ion level. In the current 

chapter we look at vector isat ion at language level . T h e r e are a f e w languages t h a t 

inc lude vec to r operat ions. Examples are Tranqui l for I L L I A C IV and DAP For t ran f o r 

ICL's Dis t r ibuted Ar ray Processor . The p r o b l e m is t h a t such languages are only 

s u p p o r t e d by a f e w m a c h i n e s . T h e mos t c o m m o n l y used language in a general 

purpose workload is standard F o r t r a n . O f t e n t h e r e is also some work using Pascal 

and Algol.These languages in thei r standard f o r m do not include vector operations. 

Vector isat ion of standard F o r t r a n programs on the C r a y - 1 is done by t h e C.F.T 

c o m p i l e r . U n f o r t u n a t e l y many p r o g r a m s do not v e c t o r i s e s t r a i g h t a w a y . In t h e 

current chapter we discuss why ce r ta in program constructs do not vec to r i se and g i ve 

some gu ide l ines how they can be res t ruc tu red to vector ise. Appendix 3 contains a 

de ta i l ed d e s c r i p t i o n of d i f f e r e n t t e c h n i q u e s t h a t can be appl ied to make these 

p rog rams v e c t o r i s e . The r e s t r u c t u r i n g techn iques have been applied to a subset of 

the benchmark test set. We discuss the results and our experiences doing these tests. 

Ex tens i ve suppor t to the p r a c t i c a l w o r k in t h i s chap te r was g iven by Cray 

Research U .K . They provided s u f f i c i e n t C r a y - 1 t i m e and suppor t to c o m p l e t e t h e 

work in t ime . 
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5.2 Opt imisat ion 

When w r i t i n g a p r o g r a m to so l ve a p rob lem, our ob jec t ive must be to use the 

numerical ly most e f f i c i e n t a l g o r i t h m f o r t h a t p r o b l e m and f o r the mach ine (s ) on 

w h i c h we in tend to run the p r o g r a m . Hence know ledge of the physics of the 

problem and knowledge of the ta rge t machine(s) features may be essential to ach ieve 

an optimal resul t . 

In p r a c t i c e , a large proport ion of programs are i ne f f i c i en t . This is o f ten because 

a program has been designed w i t h a d i f f e r e n t t ype of computer a rch i tec ture in m i n d , 

or the p r o g r a m has been under d e v e l o p m e n t for a long per iod, sometimes tens of 

years, result ing in u n s t r u c t u r e d code and a less e f f i c i e n t a l g o r i t h m . F u r t h e r m o r e 

s i g n i f i c a n t p rogress has been made in the f ie ld of numerical analysis, so algori thms 

can be 'outdated1 rather qu ick ly . 

Since vec to r processors have been scarce unt i l r ecen t l y , most sc ien t i f i c programs 

have been w r i t t e n w i t h a scalar processor in mind. There fo re a lo t of p rob lems have 

been solved w i t h a lgor i thms which are not suitable to a vector processor. 

One can spl i t methods of op t im isa t ion i n two categories: i n t e l l i g e n t o p t i m i s a t i o n 

and non i n t e l l i g e n t op t im isa t ion . . In case of non in te l l igent opt imisat ion one t r ies to 

opt imise the code of the exist ing programs, thereby accepting the a lgo r i t hm used, no 

k n o w l e d g e of t h e p h y s i c s of t h e p r o b l e m being r e q u i r e d . An examp le is the 

opt imisat ion work done by the c o m p i l e r . I n case of i n t e l l i g e n t o p t i m i s a t i o n one 

looks at the phys ics of the problem and the features of the ta rget machine, to f ind 

the best a lgor i thm fo r the problem. I n t e l l i g e n t o p t i m i s a t i o n o f t e n means r e w r i t i n g 

the e n t i r e program. A d i f f i c u l t y is tha t i n fo rma t i on about the physics of the problem 

is not always avai lable. 
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5.3 Automat ic vector isa t ion 

5.3.1 Automat ic vector isa t ion and non automat ic vector isat ion 

In case of non a u t o m a t i c v e c t o r i s a t i o n i t is the user w h o has t o s p e c i f y 

e x p l i c i t l y whe re v e c t o r i s a t i o n has to t ake place. If a 'vector language' is available 

then the vector operations can be neat ly speci f ied in the p rogram. An a l t e r n a t i v e is 

t o have a set of v e c t o r i s e d r o u t i n e s w h i c h can be cal led f r o m standard Fort ran 

programs. Such a set of rout ines cou ld cons is t of t he basic v e c t o r ope ra t i ons and 

s c i e n t i f i c r o u t i n e s w h i c h are used most c o m m o n l y . The Cray -1 has such a set of 

routines called Sci l ib. A disadvantage of non-automat ic v e c t o r i s a t i o n is t h a t a l ready 

e x i s t i n g s tandard F o r t r a n p rog rams w i l l not vector ise, and that vectorised programs 

are machine dependent. 

In case of a u t o m a t i c v e c t o r i s a t i o n a p r o g r a m t h a t is w r i t t e n in a high level 

language is vec to r i sed by a c o m p i l e r or v e c t o r i s i n g p r o g r a m . The C r a y - 1 F o r t a n 

c o m p i l e r t r i e s to v e c t o r i s e most i nnner Do - l oops . I f the p r o g r a m does s t i l l not 

vector ise the user can res t ruc ture the code in the inner Do-loop whe re most t i m e is 

spent dur ing e x e c u t i o n to make i t v e c t o r i s e . Hence automat ic vector isat ion is an 

example of non- in te l l igent op t im isa t ion . An other example is the v e c t o r i s i n g package 

by Levesgue. Th i s v e c t o r i s e r is in f a c t a p r e c o m p i l e r w h i c h recogn ises imp l ic i t 

vector operations in Fo r t r an Do-loops and rep laces t h e m w i t h an equ i va len t vec to r 

s y n t a x . Only se lec ted C . P . U - i n t e n s i v e port ions should be run by this vec tor iser , the 

v e c t o r i s e r d i agnos t i cs should se rve as an aid to r e s t r u c t u r i n g by the user . The 

p a c k a g e can be used f o r t h e C . D . C - 7 6 0 0 , t h e C r a y - 1 and t h e Cybe r 205. 

Advantages of automat ic vec tor isa t ion are t h a t p rog rams when v e c t o r i s e d are s t i l l 

w r i t t e n in s tandard F o r t r a n , and t h a t many p rog rams o r i g i n a t i n g f r o m a scalar 

processor w i l l vector ise. 
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5 .3 .2 The C.F.T compi ler 

C.F.T is the o p t i m i s i n g F o r t r a n c o m p i l e r f o r the C r a y - 1 . The For t ran source 

programs are b roken up i n t o b l o c k s of code by the c o m p i l e r . A b lock in wh ich 

v e c t o r i s a t i o n takes p lace is c a l l e d a v e c t o r block. Compi ler option (ON=B) can be 

used to display at the end of every p r o g r a m pa r t w h i c h b locks have been c rea ted 

and wh ich of these do v e c t o r i s e . A l l opt imisat ion is done on a block basis, and a 

de ta i led ana lys is of severa l p r o g r a m s in the b e n c h m a r k t e s t se t s h o w e d t h a t 

c o n s i d e r a b l e i n e f f i c i e n c i e s r e s u l t f r o m th is app roach . A s i g n i f i c a n t amount of 

improvement in e f f i c i ency of the code cou ld be ob ta ined i f g lobal o p t i m i s a t i o n i n 

add i t i on to the b lock o p t i m i s a t i o n took place. Maybe an ext ra pass over the object 

code is possible to opt imise the code. 

U n f o r t u n a t e l y i t is not poss ib le t o v e c t o r i s e a l l the inner D o - l o o p s . In the 

fo l lowing paragraphs we discuss some of t h e cond i t i ons t h a t p reven t v e c t o r i s a t i o n 

and some sugges t ions f o r r e s t r u c t u r i n g t he code t o make some of these loops 

vector ise. I t is unnecessary to v e c t o r i s e a l l Do- loops in the p r o g r a m . C .F .T has a 

specia l co r f i p i l e r o p t i o n ca l l ed F l o w t r a c e ( O N = F ) , which a f te r a program has been 

executed generates a table contain ing i n fo rma t i on on how o f ten eve ry p rocedu re has 

been ca l led and how much t i m e has been spend in eve ry p r o c e d u r e . F l o w t r a c e 

enables us to locate the procedure(s) in which most t i m e is spent dur ing e x e c u t i o n . 

A l l our opt imisat ion e f f o r t s should be concentrated on these procedures. 

The automat ic vector isat ion by the compi ler can be sw i t ched o f f by a comp i le r 

op t i on ( O F F = V ) or by i n s e r t i n g a c o m p i l e r d i r e c t i v e in the source program (CDIR 

NOVECTOR). The d i rec t i ve might be u s e f u l in case of v e c t o r i s a t i o n of v e r y shor t 

vec to r s w h i c h degrade p e r f o r m a n c e . I t is also possible that the compiler concludes 

that a loop is recursive but that the user knows t h a t t he loop is not r e c u r s i v e , i n 

w h i c h case he can insert a compi ler d i rec t i ve before that loop (CDIR IVDEP), which 

results in the compi ler avo id ing v e c t o r dependenc ies . Th is s i t u a t i o n is somet imes 

r e f e r r e d to as imaginary recurs ion.The C.F.T compiler is s t i l l under development, and 

i t is expected that the c o m p i l e r w i l l be able to v e c t o r i s e m o r e comp lex Do- loop 

cons t r uc t s in t he f u t u r e . H o w e v e r i t is hoped t h a t f u r t h e r development wi l l not 

solely concentrate on automat ic vec to r i sa t ion but more on scalar p rocess ing . A very 

i n t e r e s t i n g d e v e l o p m e n t is t he change of 64 b i t integer mu l t ip ly and division t o 48 

b i t . Since less i n s t r u c t i o n s are r e q u i r e d , a s i g n i f i c a n t number of p rog rams v i l l 

pe r fo rm fas te r . 



5 . 3 . 3 Conditions prevent ing vec to r i sa t ion 

There are t h r e e ma in reasons why program loops may not vector ise, these are 

i r regular addressing, recursion and con t ro l t ransfers . 

V e c t o r s a r e m o v e d f r o m m e m o r y to the V r e g i s t e r s by the vec to r copy 

i n s t r u c t i o n . The v e c t o r copy i n s t r u c t i o n s can access consecu t i ve e l e m e n t s and 

e lements w i t h a cons tan t spac ing b e t w e e n t h e m . So a row or diagonal of vector 

e lements can be moved by one i n s t r u c t i o n . The v e c t o r a r i t h m e t i c i n s t r u c t i o n 

opera tes on c o n s e c u t i v e e l emen ts in V registers only . Hence a problem arises when 

the spacing b e t w e e n v e c t o r e l e m e n t s is not c o n s t a n t . In t h e f o l l o w i n g examp le 

assume that INDEX( I ) contains random numbers, and that (;) indicates a new l ine. 

Example: (J=INDEX(I ) ;V1( I )=V2(J)*C) fo r I f r o m 1 to N step 1 

The p i p e l i n e p r i n c i p l e s d iscussed in chapter 1 and chapter 2 apply also to the 

processing of vector inst ruct ions. If in the same vector operat ion a resu l t is used as 

ope rand , the operand might not be avai lable when needed. If such a recursive vector 

operation was al lowed on the Cray -1 , processing would have to proceed w i t h o u t any 

overlap at a l l , and a s ign i f icant degradat ion of per formance would be the resu l t . 

Example: (TEMP=V1(I+L)*V1(I )*1/B;V1(I )=TEMP) fo r I f r o m 1 to N step 1 

I f the s ign of L is the same as t h e loop c o u n t e r , t hen t he re is never any 

recursion. If L larger than N there is never any r e c u r s i o n . I f t he sign of L is t h e 

opposite of the loop counter (I) then there probably is recursion. 
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The v e c t o r i s i n g method used by C . F . T invo lves a m a j o r change in the way the 

expressions in a part icu lar loop are e v a l u a t e d . In sca lar mode the express ions are 

eva lua ted f o r the i n d i v i d u a l operand variables in a part icular loop i te ra t ion . In case 

of vector mode the expressions are evaluated for groups of variables. 

Example: (V1(I-1)=5;V2(I)=V1(I)) f o r I f r o m 2 to 3 step 1 

Scalar mode evaluat ion: V1(1)=5;V2(2)=V1(2);V1(2)=5;V2(3)=V1(3) 

Vector mode evaluation: V1(1)=5;V1(2)=5;V2(2)=V1(2);V2(3)=V1(3) 

Hence in vec to r mode t h e c o n t e n t of V l ( 2 ) is p r e m a t u r e l y o v e r w r i t t e n and 

there fore the wrong value, 5, is assigned to V2(2) 

Examples of con t ro l t r a n s f e r s a r e : B ranches ins ide l oop , b ranch out of loop , 

b ranch i n to l oop , call subrout ine, and If s tatements. These t ransfers cause problems 

because they cannot be vector ised and prevent the group-wise processing of va r iab les 

in a loop . I n t r i n s i c funct ions l i ke SIN, COS etc . cause no problems, cer ta in types of 

IF statements can be replaced by specia l ly bui l t in f u n c t i o n s l i k e C V M G T , C V M G Z , 

A M A X 1 etc. For more detai l see Appendix 4. 
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5 .3 .4 Restructur ing techniques 

The o b j e c t i v e of r e s t r u c t u r i n g is t o i m p r o v e the per formance of programs by 

increasing the amount of vec tor isa t ion that takes place. Appendix 4 con ta ins a short 

guide to v e c t o r i s a t i o n , i n c l u d i n g e x a m p l e s of several res t ructur ing techniques. For 

more examples see Higbie79 and Brode78. 

The f o l l o w i n g techn iques have been appl ied to a subset of the benchmark test 

set: maximising DO-loop lengths, removing IF statements, summation, s w i t c h i n g inner 

and outer D O - l o o p s , r e p l a c i n g t e m p o r a r y sca la rs w i t h t e m p o r a r y vectors, making 

funct ions and subroutines ' inl ine' and solving i r regular addressing. 

I f the D o - l o o p l e n g t h is less t han 64 i t m i g h t be w o r t h invest igat ing if i t is 

possible to extend the vector length. 

The r e m o v a l of IF s ta temen ts is qui te easy in some cases; as mentioned before 

we can make use of bui l t in rout ines l i ke CVMGT. 

Summat i on ins ide a D O - l o o p can be v e c t o r i s e d by the current CFT compi ler . 

Unfor tunate ly this results in a degradat ion of per formance for short vectors. 

S w i t c h i n g inner and outer DO-loops can be very useful in removing recursion or 

extending the length of the DO-loop. 

Rep lac ing t e m p o r a r y sca la rs w i t h t empoary vectors was necessary in the early 

versions of the CFT compi le r , now i t is vector ised automat ica l ly . 

Mak ing f u n c t i o n s and s u b r o u t i n e s ' i n l ine ' is useful when these rout ines do not 

vector ise and are not too big. 

I r r e g u l a r address ing can be so lved by f i r s t c o n c e n t r a t i n g the scattered array 

elements i n t o a ' r e g u l a r addressed a r r a y ' , t hen the requ i red v e c t o r o p e r a t i o n is 

performed and f i na l l y the results are scat tered back again. 
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5.4 Vector is ing a subset of the benchmark test set by rest ructur ing 

5 . 4 . 1 Hardware and so f tware used 

The v e c t o r i s a t i o n work was done on the Cray-1 ser ia l -1 at the Science Research 

council Laboratory in D a r e s b u r y , t h e same mach ine on w h i c h we did the o r i g i na l 

benchmark t e s t . A copy of the or ig ina l test set was available on the Cray-1 discs. 

Modi f icat ions to this set were sent f r o m the I .B .M f r o n t end sys tem at D a r e s b u r y , 

the updates w e r e kept in the I.B.M f i l es to re . The Update f a c i l i t y on the Cray-1 v/as 

used to produce the updated versions of the p rog rams . The C r a y U p d a t e f a c i l i t y is 

v e r y s im i la r to the C . D . C U p d a t e f a c i l i t y . For r e f e r e n c e s see at the end of this 

thesis. 

I n t e r a c t i v e c o m m u n i c a t i o n w i t h t h e I . B . M - T S O f a c i l i t y was poss ib le v ia the 

S .R .C . n e t w o r k . The S . R . C . n e t w o r k connec ts many U n i v e r s i t i e s and r e s e a r c h 

es tab l i shmen ts in B r i t a i n . R o u t i n g back of o u t p u t f r o m the Cray-1 v ia the S.R.C. 

network caused a lot of problems because the U.L.C.C. w o r k s t a t i o n had no p r i n t e r s 

connected to i t . T h e r e f o r e o u t p u t had t o be r ou ted v i a R u t h e r f o r d to I m p e r i a l 

Col lege, and then v ia the Met ronet high speed l i nk to U . L . C . C . The C r a y - 1 had t o 

be accessed v i a t h e I . B . M f r o n t - e n d at D a r e s b u r y . Th i s f r o n t end is heav i l y 

over loaded and t h e r e f o r e i t was on l y poss ib le to access i t in the even ings and 

weekends. 
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5 . 4 . 2 The results 

The same subset of the benchmark tha t was used for the analysis in Chapter 4 

was rest ructured. Before res t ruc tu r ing all double precision a r i thmet i c was changed t o 

single precision, since double precision prevents vector isat ion. 

A t the end of this thesis are two m i c r o f i c h e s . One dated 1 8 / 1 2 / 8 0 con ta ins 

t h e p rog rams b e f o r e r e s t r u c t e r i n g . The other dated 19/12/80 contains the programs 

a f te r res t ruc tur ing. Appendix 5 gives more i n f o r m a t i o n about t h e subset p r o g r a m s , 

and con ta ins an index to the f i ches . The res t ruc tu r ing techniques used are described 

in Appendix 4. 

The e x e c u t i o n t i m e s of t he p r o g r a m s af ter res t ructur ing are given in the last 

c o l u m n of T a b l e 4. T w e l v e out of t w e n t y p r o g r a m s d id v e c t o r i s e . T h e t o t a l 

execution t ime of the subset was halved by res t ruc tu r ing . 

The Table on the next page gives the amount of vector isat ion that takes p lace , 

w i t h and w i t h o u t r e s t r u c t u r i n g . T h e r a t i o s in the f i r s t c o l u m n are f o r : (original 

benchmark subset w i t h vec tor isa t ion swi tched o f f ) / (o rg ina l subset w i t h v e c t o r i s a t i o n 

s w i t c h e d on and no res t ruc tu r ing ) . The ra t ios in the second column are fo r : (original 

subset w i t h v e c t o r i s a t i o n s w i t c h e d o f f ) / ( r e s t r u c t u r e d subset w i t h v e c t o r i s a t i o n 

switched on). 

I f we compare the o p t i m i s e d subset f o r the CDC-7600 (FTN(2), single prec., 

bet ter mem. mngment) w i t h the res t ruc tu red subset fo r the C ray -1 we get t h e r a t i o 

( 3107 /1176 )=2 .64 . H o w e v e r i f t he C D C - 7 6 0 0 code was also restructured this ra t i o 

would be lower . Expected improvements f r o m res t ruc tu r i ng 7600 code, to achieve a 

better pipel ine u t i l i sa t ion , are on average in the order of ten to twenty percent. 
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id or ig inal restructured 

U2 1 .0 1.0 

U3 1 .0 1.0 

U4 1 .0 1.0 

U6 1 .0 2.57 

U8 1 .0 3.39 

U9 1 .0 1 .0 

UIO 1 .06 2.17 

U13 1.05 2.20 

U14 1 .02 1.02 

U15 1.07 6.25 

U16 1 .16 1 .2 

U30 1 . 0 1 .0 

U31 1 .87 1.87 

U32 1 .14 1.23 

U51 1 .84 3.62 

U52 1 .11 1.11 

U57 1 .03 3.42 

U58 1 .10 1.55 

X X X 1 .0 3.18 

TIM 1 .0 2.0 
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5 .4 .3 Problems encountered 

The Sc i l i b rout ines proved ex t reme ly usefu l , although some of the routines gave 

l i t t l e or no improvement in p e r f o r m a n c e . Examp les of such r o u t i n e s are: C O P Y V , 

M A X and SSUM. I t wou ld be u s e f u l i f t h e S c i l i b d o c u m e n t a t i o n would give some 

indicat ion of the improvement in pe r fo rmance that can be expected. This i n f o r m a t i o n 

is ve ry usefu l when d e c i d i n g w h e t h e r r e s t r u c t u r i n g the code to inc lude a Scil ib 

rout ine is wor th the e f f o r t . The c u r r e n t S c i l i b d o c u m e n t a t i o n is i n s u f f i c i e n t , e.g. 

d o c u m e n t a t i o n on m a t r i x i n v e r s i o n is v e r y poor espec ia l l y in the case when the 

m a t r i x a c t u a l l y be ing i n v e r t e d is s m a l l e r t h a n t h e m a t r i x d e c l a r e d in t h e 

D I M E N S I O N s t a t e m e n t . A n o t h e r p r o b l e m encoun te red is t he f a c t t h a t a lo t of 

programs manipulate symmet r i c mat ices , wh ich are represented as t r i a n g u l a r and not 

as square m a t r i c e s . S c i l i b r o u t i n e s on ly hand le square mat r ices . Before the Scil ib 

operation the t r iangle has to be converted t o a square m a t r i x and a f t e r t h e Sc i l i b 

o p e r a t i o n the square m a t r i x has t o be c o n v e r t e d back to a t r iangle again. These 

overheads are considerable, especial ly when the vectors are shor t . I t would be usefu l 

if the Sc i l i b r o u t i n e s themselves could do the conversion work . An a l ternat ive is to 

convert all tr iangles and references to t r iangles in the e n t i r e p r o g r a m , w h i c h o f t e n 

means rewr i t ing the program en t i r e l y . 

The analys is of t he o b j e c t code p roduced by the C .F .T c o m p i l e r is in many 

cases far f r o m opt ima l . The reason is probably the block o r i e n t a t e d o p t i m i s a t i o n by 

C . F . T , i n e f f i c i e n c i e s apparent ly occur r ing because of lack of communicat ion between 

the blocks. This is demonstrated by p rogram T IM. When most common subexpress ions 

w e r e removed the p r o g r a m p e r f o r m e d 25% faster on the Cray -1 and 4% faster on 

the 7600. The o p t i m i s a t i o n in C .F .T can be i m p r o v e d by an e x t r a pass over the 

o b j e c t code, the c o m p i l a t i o n speed of C.F.T is on average about three t imes faster 

than F.T.N, there fo re the ex t ra compi la t ion t ime should be no problem. 
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The la tes t ve rs ion of the C.F.T compi ler can recognise summations in DO-loops 

and vectorises them. This results in many cases in a d e g r a d a t i o n of p e r f o r m a n c e . 

Th is f a c i l i t y should on ly be avai lb le as an option of the compi le r , so that i t can be 

switched on when appropr ia te. 

T h e F l o w t r a c e o p t i o n in C . F . T w a s e x t r e m e l y u s e f u l . U n f o r t u n a t e l y the 

overheads of F lowt race are considerable, especial ly when procedures are being ca l led 

a g rea t many t i m e s . In many cases t h e i n f o r m a t i o n suppl ied by F l o w t r a c e v/as 

i nsu f f i c i en t , a procedure can contain several DO-loops and it i s j no t obv ious in wh i ch 

D O - l o o p most t i m e is spen t . In such a case counters are put in the loops to f ind 

which is executed most o f ten . An a l t e rna t i ve to F lowt race would be s imp ly to g ive 

t he number of t i m e s e v e r y p r o c e d u r e is executed. The t imings given by F lowt race 

should be another compi ler o p t i o n , because they cause the v e r y h igh ove rhead . A 

use fu l th ing to have wou ld be a c o m p i l e r d i rect ive to indicate that the number of 

i terat ions in each loop of a par t icu lar procedure must be counted and p r i n t e d at the 

end of the program. 

I t is i m p o r t a n t t o r e a l i s e t h a t t h e o p t i m i s e d programs in some cases may be 

'data set' dependent, s ince f o r a d i f f e r e n t da ta set mo re t i m e m i g h t be spent i n 

other parts of the program which have not been opt imised. 
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4.6 Conclusions 

F r o m the resu l t s we conclude tha t res t ruc tur ing of For t ran source code to help 

the automatic vector isat ion by the CFT compi ler is very e f f e c t i v e . The p e r f o r m a n c e 

of the C r a y - 1 was i m p r o v e d by a f ac to r two af ter res t ruc tur ing the source code of 

a subset of the b e n c h m a r k tes t s e t . I t took us on average one or t w o days t o 

r e s t r u c t u r e a p r o g r a m . The t ime i t takes an inexperienced user to rest ructure his 

program is half a 'manweek'. 

S c i l i b , the l i b r a r y of s c i e n t i f i c s u b r o u t i n e s and basic vec to r o p e r a t i o n s , is 

extremely useful . But the Sci l ib documentat ion is i nsu f f i c i en t . Sc i l ib r o u t i n e s should 

be able to handle t r iangular shaped ma t r i ces . 

The F l o w t r a c e f a c i l i t y is e x t r e m e l y u s e f u l , b u t t h e t i m e o v e r h e a d s a re 

considerable. An a l te rnat ive loop-based F low t race , w i thout t imings, is suggested. 
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CHAPTER 6 

T H E C O N C L U S I O N S 

6.1 The results of the invest igat ions 

Summary 

The f i r s t i n v e s t i g a t i o n in our p ro jec t consisted of a comparison of the Cray-1 

and the C.D.C-7600 at component leve l . 

The i n v e s t i g a t e the amount of programming e f f o r t to convert For t ran programs 

f r o m the 7600 to the Cray-1 , and to study the e f f i c i e n c y of t he F o r t r a n c o m p i l e r s 

on both machines we run a l ive benchmark. 

A subset of t he b e n c h m a r k was analysed, to explain the enormous variance in 

performance rat ios of the individual programs. 

Final ly the e f f e c t of au tomat ic vector isa t ion was invest igated. 

The results of the comparison at component level 

In th is i n v e s t i g a t i o n we compare the Cray -1 and the C.D.C-7600 hardware. We 

look at memory o r g a n i s a t i o n , m e m o r y access t i m e s , i n s t r u c t i o n sets , i n s t r u c t i o n 

t imings pipel ining and vector isa t ion . 

The f o l l o w i n g d i f f e r e n c e s c o n c e r n i n g m e m o r y were observed: The Cray-1 has 

far more register store avai lable, wh ich reduces t h e number of r e f e r e n c e s to m a i n 

s t o r e . The access t imes to the bipolar memory of the Cray -1 is shor ter , 137 versus 

220 nano seconds. The access t i m e to t h e L a r g e C o r e M e m o r y of t h e 7600 is 

dependent on the way i t is being accesssed, random access results in an access t ime 

of 467 nano seconds. References to d i f f e r e n t banks, in S.C.M, L.C.M and t h e C r a y - 1 

m e m o r y can be processed s imul taneously. The code density in the Cray-1 memory is 

h i g h e r . The i n s t r u c t i o n s tack of t h e C r a y - 1 is f i v e t i m e s l a r g e r t h a n on t h e 

C.D.C-7600. 
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The f o l l o w i n g d i f f e r e n c e s at i ns t ruc t ion level were observed: Full word integer 

mul t ip l ica t ion and division on the C r a y - 1 is done in s o f t w a r e . I n tege r m u l t i p l i c a t i o n 

of 4 8 - b i t i n t e g e r s on t h e C . D . C - 7 6 0 Q is done in h a r d w a r e . Double p rec i s i on 

ar i thmet ic is done in sof tware on both mach ines , but on the 7600 less i n s t r u c t i o n s 

are requ i red because of the a v a i l a b i l i t y of double precision results of the f loat ing 

point mul t ip ly and divide units. The condi t ional branch i n s t r u c t i o n on the C r a y - 1 is 

less f l e x i b l e than on the 7600, s i nce on l y r eg i s te r AO and SO can be used f o r 

test ing. The f loa t ing point mu l t i p l y un i t on the Cray-1 is 1.57 t i m e s f a s t e r than on 

the 7600. The f l o a t i n g po in t add is 2.57 t i m e s f a s t e r than on the 7600. Double 

precision f loat ing point mu l t i p l y is f i v e t imes slower on the C ray -1 . In teger m u l t i p l y 

is three t imes slower on the C ray -1 , but has more accuracy. 

The Cray-1 and the 7600 are both p i p e l i n e d . The C r a y - 1 has f u l l y segmented 

p i p e l i n i n g . The 7600 is not f u l l y segmented , the f loa t ing point mul t ip ly having tv/o 

per iod s e g m e n t a t i o n and the d i v i d e u n i t n o t b e i n g s e g m e n t e d at a l l . V e c t o r 

i n s t r u c t i o n s on the C r a y - 1 can be processed simultaneously if they do not conf l i c t 

w i th each other in resource needs. So on the Cray-1 more than one resu l t per c lock 

cycle can be produced. 

F r o m t h e s e resu l t s we c o n c l u d e t h a t i t is f a i r t o assume tha t the scalar 

performance of the Cray -1 is more than t w i c e the 7600. 
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Results of the comparison at benchmark level 

The tes t set of t he b e n c h m a r k cons is ted of 68 p r o g r a m s t a k e n f r o m t h e 

U . L . C . C w o r k l o a d . The tes t set contained about 54000 lines of code and 34000 card 

images of da ta . I t took us 6 m a n w e e k s of p r o g r a m m i n g e f f o r t to c o n v e r t these 

p rograms f r o m the C.D.C-7600 to the Cray -1 . Appendix 2 gives a descr ipt ion of the 

known d i f f e r e n c e s b e t w e e n C r a y F o r t r a n ( C F T ) and C . D . C F o r t r a n ( F T N ) . T h e 

conversion gave no serious problems. 

T h e b e n c h m a r k t e s t se t was r u n t h r e e t i m e s on bo th mach ines . The average 

throughput t ime on the 7600 was 2 hrs, 17 mins, 2 sees. The r a t i o (7600 t h roughpu t 

t i m e ) / ( C r a y - l t h r o u g h p u t t i m e ) was 1.65. The ra t i o (7600 j o b t i m e ) / ( C r a y - l jobt ime) 

f o r i nd i v idua l p r o g r a m s va r i es f r o m 0.39 to 9 . 5 7 . S i x t e e n of 68 j o b s have a 

p e r f o r m a n c e r a t i o of be low t w o . A l m o s t f i f t y pe rcen t of jobs have per formance 

rat ios between 2 and 4. Because of the enormous va r i ance in p e r f o r m a n c e ra t ios i t 

was ve ry d i f f i c u l t to draw conclusions f r o m these results. Because 40 percent of the 

throughput t ime on the Cray -1 is used by only two programs (U17 and T I M ) there is 

a danger t h a t t he t o t a l t h r o u g h p u t t i m e is biassed by these programs. Therefore 

there is c lear ly need fo r an analysis of the individual programs. 
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The results of the analysis of the test set 

A subset of t w e n t y p r o g r a m s was t a k e n f r o m the b e n c m a r k tes t se t . The 

analys showed t h a t t he p e r f o r m a n c e of t h e 7600 was a f f e c t e d by the f o l l o w i n g 

f a c t o r s : t h e use of t h e M N F c o m p i l e r , t h e use of t h e F T N c o m p i l e r w i t h 

opt imisat ion level 0 or 1, double p rec i s ion a r i t h m e t i c and m e m o r y management by 

t he p r o g r a m m e r . We conc luded tha t 4 percent of the tota l t ime used by the subset 

was wasted by MNF. The use of o p t i m i s a t i o n leve l 0 or 1 w i t h the F T N comp i l e r 

r e s u l t e d in 5.7 p e r c e n t of the t i m e being wasted. Poor memory management by the 

p rog ram m er r e s u l t e d in 9 p e r c e n t of t h e t i m e being w a s t e d , the use of double 

precision a r i thmet i c resulted in 1.8 percent being wasted. 

The p e r f o r m a n c e of t he C r a y - 1 was a f f e c t e d by t h e f o l l o w i n g f a c t o r s : 

a u t o m a t i c v e c t o r i s a t i o n , double p r e c i s i o n a r i t h m e t i c and in teger a r i t hmet i c . The 

automat ic v e c t o r i s a t i o n r e s u l t e d in a 9 p e r c e n t sho r te r p rocess ing t i m e f o r the 

s u b s e t . The use of doub le p r e c i s i o n a r i t h m e t i c resu l t ed in a 10 pe rcen t longer 

processing t i m e . F u r t h e r i n v e s t i g a t i o n is r e q u i r e d to see how much is ga ined in 

per formance when the user res t ruc tures his code to help automat ic vector isat ion. 

The results of vector is ing a subset of the tes t set 

T h e s a m e s u b s e t of t w e n t y p r o g r a m s t h a t was used f o r the ana lys is was 

r e s t r u c t u r e d to he lp t h e a u t o m a t i c v e c t o r i s a t i o n by t h e C F T c o m p i l e r . T h e 

rest ructur ing resulted in an improvement in per formance of a fac to r two. 

The per formance ra t io (7600 o p t i m i s e d ) / ( C r a y - l res t ruc tured) fo r the subset was 

2 .65 . 

T h e S c i l i b r o u t i n e s w e r e e x t r e m e l y u s e f u l , but t he d o c u m e n t a t i o n was 

insu f f i c ien t . 
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6.2 Major conclusions 

F r o m the c o m p a r i s o n of t he C D C - 7 6 0 0 and the Cray-1 at hardware level , we 

conclude t h a t the C r a y - 1 sca la r p e r f o r m a n c e f o r the process ing of a w o r k l o a d 

dominated by s ing le p r e c i s i o n f l oa t i ng point a r i t hmet i c (sc ient i f i c work load) is more 

than twice a CDC-7600. This conclusion is based on inst ruct ion t im ings , s t o re access 

t imes and arch i tec tura l features of the two machines. 

The comparison of the two machines fo r a general purpose s c i e n t i f i c w o r k l o a d 

model led by a l i v e b e n c h m a r k suggests a per formance for the Cray-1 of 1.65 t imes 

a CDC-7600. The b e n c h m a r k t es t set cons is ted of jobs taken f r o m the U . L . C . C 

w o r k l o a d . None of the p r o g r a m s had been optimised for the Cray-1, so this is the 

'minimum performance' est imate fo r the Cray -1 . The f luctuat ions in the p e r f o r m a n c e 

ra t i os of the i n d i v i d u a l p r o g r a m s in t h e b e n c h m a r k tes t set were very high, the 

ratios ranging f r o m 0.2 to 9. 

An ana lys is of t w e n t y p r o g r a m s t a k e n f r o m the U.L.C.C benchmark test set 

showed t h a t most of these f l u c t u a t i o n s are caused by t h e f o l l o w i n g f a c t o r s : 

a u t o m a t i c v e c t o r i s a t i o n , d o u b l e p r e c i s i o n f l o a t i n g po in t a r i t h m e t i c , i n teger 

a r i t h m e t i c , r a n d o m access t o L a r g e C o r e M e m o r y use of t w o d i f f e r e n t F o r t r a n 

c o m p i l e r s on the C . D . C - 7 6 0 0 , d i f f e r e n c e s in c o m p i l a t i o n t i m e s and t he use of 

d i f f e ren t levels of opt imisat ion w i t h the F T N compi le r . A f t e r these f a c t o r had been 

r e m o v e d , f o r as f a r as possible, 16 out of twenty programs had a per formance ra t io 

between 1.5 and 2. 
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The a u t o m a t i c v e c t o r i s a t i o n by the C.F .T c o m p i l e r on the original U.L.C.C 

benchmark test set was not very e f f e c t i v e . In the subset of t w e n t y p rog rams f r o m 

the benchmark tes t set on ly 6.8 p e r c e n t in pe r fo rmance was gained by automatic 

vector isat ion. 

A f t e r th is subset had been r e s t r u c t u r e d to he lp the automat ic vector isat ion 

process the tota l execut ion t i m e f o r t h e subset on the C r a y - 1 was ha l ved . Hence 

t h i s is the p e r f o r m a n c e t h a t is o b t a i n e d if a l l users were to r e s t r u c t u r e their 

programs. The t ime it takes an i n e x p e r i e n c e d user to r e s t r u c t u r e his p r o g r a m is 

e s t i m a t e d a t h a l f a ' m a n w e e k ' . R e s t r u c t u r i n g can in s o m e cases resu l t in 

'unstructured code' which is d i f f i c u l t to mod i f y or to extend. 

When p r o g r a m s are complete ly r e w r i t t e n w i t h the Cray-1 and the CDC-7600 in 

mind f u r t h e r i m p r o v e m e n t s in p e r f o r m a n c e a r e p o s s i b l e . In many cases t h e 

p e r f o r m a n c e f o r the Cray -1 is more than f i v e t imes a CDC-7600. Many examples of 

this are given in l i t e ra tu re . 

- 9 2 -



6.3 Suggestions for fu r ther research 

F u r t h e r r esea rch is requi red to invest igate how the performance of the Cray-1 

and the C D C - 7 6 0 0 can be i m p r o v e d by m o d i f y i n g the a r c h i t e c t u r e s . The m a j o r 

weakness of b o t h mach ines , bu t e s p e c i a l l y the 7600, is t h a t operands cannot be 

delivered fast enough to the scalar reg is ters . The C r a y - 1 a t t e m p t s to so lve th i s by 

the p rov i s ion of 64 i n t e r m e d i a t e T r e g i s t e r s , but since these registers have to be 

allocated at compi le t ime i t is d i f f i c u l t f o r a c o m p i l e r to make e f f e c t i v e use o f 

t h e m . A n a l t e r n a t i v e wou ld be t o have an a u t o m a t i c cache to rep lace t h e m . 

Research can be done by s imulat ing the arch i tectures. 

Fu r t he r r e s e a r c h is r e q u i r e d t o i n v e s t i g a t e how the For t ran compiler of the 

Cray-1 (CFT) and the 7600 (FTN) can be opt imised to improve p e r f o r m a n c e . A ve ry 

i n t e r e s t i n g p r o b l e m is the design of a sophist icated a lgor i thm for the opt imal use of 

the T registers on the C r a y - 1 . A n o t h e r p r o b l e m is t h a t t he CFT c o m p i l e r breaks 

p r o g r a m s i n t o b l o c k s , o p t i m i s a t i o n t a k i n g p lace on a b lock basis . I t should be 

investigated whether global op t im isa t ion is possible by an ex t ra pass over the ob jec t 

code. Th is should also i nc lude a r e s c h e d u l e of t he ins t ruc t ions, to make them go 

more smoothly down the pipel ine. 
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A P P E N D I X 1 

D E S C R I P T I O N OF T H E C D C - 7 6 0 0 and C R A Y - 1 A R C H I T E C T U R E S 

1 The CDC-7600 computer system 

1 .1 Basic system descr ip t ion 

The des ign of the C D C - 7 6 0 0 a r c h i t e c t u r e is based on the CDC-6000 series 

machines. The CDC-6000 series was designed between 1960 and 1964. The design was 

a imed at t w o kinds of use, the very large sc ien t i f i c problem and the t ime sharing of 

sma l le r p r o b l e m s . For t h e l a r g e p r o b l e m s , a h igh speed f l o a t i n g p o i n t c e n t r a l 

processor to a l a r g e c e n t r a l s to rage was obviously chosen. An important fea ture of 

the 7600 and i t s ances to rs is t h e i s o l a t i o n of th i s c e n t r a l a r i t h m e t i c f r o m any 

p e r i p h e r a l a c t i v i t y . The C D C - 7 6 0 0 c o m p u t e r consis ts of a c e n t r a l processor and 

severa l p e r i p h e r a l p r o c e s s o r s . The c e n t r a l processor can c o m m u n i c a t e w i t h the 

central storage and in addi t ion has several fas t storage registers w i th in i t se l f . 

The system storage consists of t h e S m a l l C o r e M e m o r y (SCM) and the L a r g e 

C o r e M e m o r y ( L . C . M ) . SCM cons is t s of 16 or 32 banks of m e m o r y capab le o f 

simultaneous operat ion, delays occur w h e n success ive r e f e r e n c e s are made to the 

same bank (bank c o n f l i c t ) . The size of SCM is 32K or 64K words. LCM is a 4 or 8 

bank linear select t y p e m e m o r y , e v e r y bank is 8 words w i d e . A r e f e r e n c e t o an 

L C M bank r e s u l t s in 8 consecutive words being t ransferred to an eight word register 

called the Superword, o f ten re fe r red to as Sword. Every bank has a Sword assoc iated 

w i t h i t . The size of LCM is 256K words. 

C o m p u t a t i o n is p e r f o r m e d by a se t of f unc t i ona l uni ts. Each unit consists of 

c i r cu i t r y capable of pe r fo rm ing a spec i f i c opera t ion (e.g A d d ) and c e r t a i n r eg i s t e r s 

f o r ho ld ing of a r g u m e n t s and r e s u l t s . A n a r i t h m e t i c i ns t ruc t i on requires that the 

funct ional unit involved reads two arguments f r o m the set of data regis ters, compu te 

a r e s u l t and s t o r e t he r e s u l t i n t o a d a t a r e g i s t e r ( t h r e e address mach ine ) . The 

funct ional units are independent and capable of simultaneous operat ion (pipel in ing). 

The ten p e r i p h e r a l p rocessors ( P P U ' s ) have access to the central memory on 

one side and the p e r i p h e r a l channe ls on t h e o t h e r . The e x e c u t i v e c o n t r o l of t h e 

sys tem is a lways in one of these per iphera l processors, w i t h the others operating on 

assigned peripheral or contro l tasks. 
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U n l i k e the IBM-370 w h i c h can read m e m o r y in f ou r d i f f e r e n t sized words, 

namely bytes, half words, words and double words, the CDC-7600 i ns t r uc t i ons a lways 

f e t c h e x a c t l y one 60 b i t wo rd on a read f r o m SCM and always store exactly one 

60-bits word on a w r i t e . 

T he c l o c k c y c l e of t he C D C - 7 6 0 0 is 27.5 nanoseconds. Since t h e cen t ra l 

processor is theore t ica l l y capable of processing a r e s u l t eve ry c y c l e , t he power o f 

t h e p rocesso r is 36 MIPS ( m i l l i o n s of i n s t r u c t i o n s a second) . O r d i n a r y F o r t r a n 

programs have a much lower pe r fo rmance . 

1.2 The central processor descr ip t ion 

T w e n t y f o u r r e g i s t e r s a r e p r o v i d e d to m i n i m i z e m e m o r y r e f e r e n c e s f o r 

a r i thmet ic operands and results. They are divided into eight address r e g i s t e r s (named 

A 0 - A 7 ) 18 b i t s l ong , e ight index registers (named B0-B7) 18 bits long, eight operand 

registers (named X 0 - X 7 ) 60 bits long. 

When a m e m o r y a d d r e s b is put i n t o A l , the con ten ts of t ha t address is 

automat ical ly loaded in X I . S im i l i a r l y loading A2 to A5 w i t h an address causes X 2 

to X5 to be loaded w i t h t he c o n t e n t s of the memory word in the corresponding A 

register . When an address is loaded in to A6 or A7 the contents pf t he co r respond ing 

X reg i s te r is s to red i n t o m e m o r y . AO and X0 are independent of each other and 

have no connect ion w i t h S C M . L o a d i n g an A r e g i s t e r is t he on ly mechan ism f o r 

t rans fer r ing data between SCM and reg is te r . BO is by hardware ident ical to zero. 

To represent negative numbers, one's c o m p l e m e n t is used. Th is app l ies to the 

18 b i t addresses as w e l l as to t h e 60 b i t a r i t h m e t i c operands . N o t e t h a t o re ' s 

complement implies the existence of d i f f e r e n t representations fo r +0 and -0. 

The X reg is te rs also serve as addres registers for re ferenc ing single words f rom 

LCM. X0 is used as the LCM re la t i ve s tar t ing address in a block copy o p e r a t i o n . AO 

is used as t h e r e l a t i v e s t a r t i n g a d d r e s s i n a b l o c k copy o p e r a t i o n and f o r 

in termediate results. 
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1 .2 .2 Instruct ion fo rma ts 

The C D C - 7 6 0 0 is a three address machine. There are 78 instructions which can 

be divided into 15 b i t , 30 b i t and 60 b i t i n s t r u c t i o n s . The 6000 ser ies used 6 b i t 

opcodes, hence more b i t s are needed on the 7600. A seven b i t opcode would be 

awkward because most i n s t r u c t i o n s r e q u i r e the r e g i s t e r s , each of w h i c h requ i res 

t h ree b i ts to s p e c i f y . A 7 b i t -opcode plus three 3-bi t register f ields yields a 16-bit 

instruct ion which does not f i t neat ly in a 60 bi t word the way a 15-b i t i n s t r u c t i o n 

does. In order t o expand the opcode t h e l e f t m o s t th ree-b i t f ie ld of Format -2 (see 

below) became p a r t of t he opcode , r e s u l t i n g in f o r m a t 3. F o r m a t 3 is used fo r 

b ranch i n s t r u c t i o n s , in f a c t t h i s was a l ready done on the 6600 because not enough 

bits were available to encode all the inst ruct ions. 

The instructions of the C.D.C-7600 are: 

Format 1 : F I J K 

6 3 3 3 

Format 2 : F I 3 Memory address 

6 3 3 18 

Format 3 : F I Memory address 

9 3 18 

F = Operation code (which also def ines the register classes involved. 

I = Index of the resul t register 

J = Index of the f i r s t operand register 

K = Index of the second operand register 

In c e r t a i n (sh i f t and mask) inst ruct ions the J and K f ie ld together f o r m a 6 bi t 

operand. The processor is able to execute 30 bi t instruct ions only i f they are s tored 

in the same inst ruct ion word. 
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Data representat ion 

N e g a t i v e numbers are r e p r e s e n t e d using l ' s complement notat ion. Integers can 

be 60 bits, 48 bits and 18 bits long. However when integers longer than 48 b i ts are 

m u l t i p l i e d or d i v ided w r o n g r e s u l t s are produced and no e r r o r message is given. 
e 

Float ing point a r i t hme t i c expresses a number w i t h the general express ion MB . M is 

the man t i ssa , B is the base number and E is the exponent. B is assumed to be 2 fo r 

binary coded quant i t ies. The f o r m a t of f l oa t i ng point numbers on the C .D .C-7600 is 

as fol lows: 

S B Exponent Integer mant issa 

1 1 10 48 

S = mantissa sign 

B = bias 

C h a r a c t e r s on the 7600 take up 6 b i t s , characters can be l e f t jus t i f ied w i th 54 

unused bits to the r igh t or r i gh t j us t i f i ed w i t h 54 unused bits to t h e l e f t . N o t e tha t 

a str ing of ten characters f i t s into one 60 bits word. 
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Ar i t hme t i c instruct ions 

The f l o a t i n g point a r i t hme t i c ins t ruct ions on the 7600 generate double precision 

results. Two inst ruct ions, one single precis ion and one double p r e c i s i o n , are requ i red 

to r e t r i e v e an e n t i r e doub le precis ion resu l t . Integer mu l t ip ly is done by the double 

precision f loat ing mu l t i p l y ins t ruc t ion , both operands must have an exponent value of 

+0 or -0 and neither coe f f i c i en t can be normal ised. The result is sign extended to 60 

bits and sent to an X reg is ter . Integer div ide is done in so f tware . 

Data copy instruct ions 

The C . D . C - 7 6 0 0 has ins t ruc t ions avai lable for moving 18 bi t numbers f r o m any 

registers (A,B or X ) to any r e g i s t e r s . T h e r e is an i n s t r u c t i o n to copy a 60 -b i t X 

register into another 60-bi t X reg is te r . 

No spec ia l i n s t r u c t i o n s f o r l o a d i n g registers f r o m memory or storing registers 

in memory because s e t t i n g A 1 t h r o u g h A 5 a u t o m a t i c a l l y loads the assoc ia ted X 

reg i s t e r f r o m m e m o r y and s e t t i n g A 6 or A7 a u t o m a t i c a l l y s to res X6 or X7 into 

memory . 

I t is not poss ib le to move blocks of data f r o m SCM to the registers. However 

i t is possible to move a block of consecut ive words in LCM t o SCM, at t he r a t e of 

one word per clock cyc le. 
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1 . 2 . 4 Pipel ining 

T h e c e n t r a l p r o c e s s o r of t h e C . D . C - 7 6 0 0 is based on a h igh degree o f 

funct ional paral le l ism (p ipel in ing) , th is is provided by segmented f u n c t i o n a l un i t s and 

a number of essential supporting f a c i l i t i e s . 

The n ine f u n c t i o n a l un i t s a r e independen t of each o ther and may operate 

simultaneously. A special case is the f l oa t i ng divide un i t , which can not be p ipe l i ned 

because the a l g o r i t h m t o d i v i d e is e s s e n t i a l l y i t e ra t i ve . There fore only one divide 

i n s t r u c t i o n can be processed at a t i m e . The f l o a t i n g p o i n t m u l t i p l y u n i t has 

t w o - c l o c k - p e r i o d segmentat ion, th is means that the next mu l t ip l i ca t ion can only start 

two periods a f te r the previous m u l t i p l y has s t a r t e d . A l l t he o ther f u n c t i o n a l un i ts 

have 1 c lock pe r i od s e g m e n t a t i o n . The f u n c t i o n a l un i t s on the 7600 are: Boolean 

un i t , f loat ing mu l t i p l y un i t , s h i f t u n i t , n o r m a l i s e u n i t , f l o a t i n g add u n i t , long add 

un i t , f loat ing divide un i t , populat ion count and f ixed add. 

The inst ruct ion stack is a group of t w e l v e 6 0 - b i t r e g i s t e r s t h a t hold p r o g r a m 

i n s t r u c t i o n wo rds f o r e x e c u t i o n . T h e ins t ruc t ion stack is f i l l ed two words ahead of 

the program address c u r r e n t l y be ing e x e c u t e d . A sma l l loop occupy ing up to ten 

i n s t r u c t i o n wo rds may be en t i re ly contained w i t h i n the stack. When this happens the 

loop may be executed repeatedly w i t h o u t f u r the r references to SCM. 

A group of t w e l v e 1 8 - b i t address registers are associated w i th the instruct ion 

stack. These regis ters, called the i ns t ruc t i on address stack ( I A S ) hold r e l a t i v e SCM 

p r o g r a m addresses on a o n e - f o r - o n e basis w i t h p r o g r a m words in the instruct ion 

stack. A l l entr ies in the ins t ruct ion s t a c k a re compared w i t h t he c u r r e n t p rog ram 

a d d r e s s . I f c o i n c i d e n c e o c c u r s f o r any e n t r y , t he co r respond ing e n t r y in the 

instruct ion stack is sent to the C u r r e n t Ins t ruc t ion Word reg is ter . 



The CIW r e g i s t e r is d i v i d e d i n t o four f i f t e e n bit parcels. Al l four parcels are 

loaded when an ins t ruc t ion word is read f r o m the IWS. An i n s t r u c t i o n isssues f r o m 

the CIW r e g i s t e r when condi t ions in the funct ional units and operating registers are 

such that the ins t ruc t ion w i l l be executed wi thout con f l i c t i ng w i t h p rev ious l y issued 

i n s t r u c t i o n s . The other parcels are then shi f ted l e f t in the CIW register by either 15 

or 30 bits, depending on the ins t ruc t ion f o r m a t . The issue t ime of 15 bit i n s t r u c t i o n s 

is 1 clock period, and the issue t ime of 30 bi t instruct ions is 2 clock periods. 

A major advantage of p ipel in ing is that a s igni f icant amount of o v e r l a p in the 

process ing of i n s t r u c t i o n s is achieved w i thou t the programmer having to rewr i t e his 

programs. However s ign i f icant improvements in the ut i l i sa t ion of t he p i p e l i n e can b e 

obtained if the compiler rearranges the sequence of the instruct ions. 
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2 Arch i tec tu re of the Cray -1 computer system 

2 .1 Basic system descr ip t ion 

The C r a y - 1 is a large scale compute r , par t i cu la r ly intended for large numerical 

calculations and other appl icat ions where an appreciable amount of c o m p u t i n g power 

is needed. 

A s i g n i f i c a n t p o r t i o n of t he l a r g e numer ica l calculations involve manipulat ing 

a r r a y s of numbers ( v e c t o r s ) . T h e r e f o r e v e c t o r ope ra t i ons w e r e i nc luded i n t h e 

i n s t r u c t i o n se t . The advan tage of v e c t o r instruct ions is that the overheads of loop 

control and array index ca lcu la t ion are avoided, ins tead t h e r e is only t h e overhead 

of the vector ins t ruct ion. 

By i n t r o d u c i n g v e c t o r r e g i s t e r s t h e s t a r t u p t i m e of vectors is reduced, even 

short vectors can be processed fas ter in v e c t o r mode than in scalar mode . Th i s is 

espec ia l l y i m p o r t a n t in case of a general purpose workload where a large proport ion 

of the workload concerns short vectors . 

T h e p r o c e s s o r o f t h e C r a y - 1 is p i p e l i n e d . The f u n c t i o n a l un i ts are f u l l y 

segmented. Note that processing of v e c t o r s r e s u l t in an o p t i m a l u t i l i s a t i o n of the 

f u n c t i o n a l un i t (one f l oa t i ng point resul t every clock cycle) . When successive vector 

instruct ions do not con f l i c t w i t h each other they can be processed s i m u l t a n e o u s l y , so 

more than one result per cyc le is produced. 

The Cray-1 has a very short c lock cycle (12.5 nano seconds) t h i s is due to the 

use of v e r y f a s t ' s t a t e of t he a r t ' componen t s and by keep ing the w i r e s in the 

machine as short as poss ib le , t h e r e b y r e d u c i n g the p ropaga t i ona l de lays . For the 

t h r o u g h p u t r a t e of a compu te r to increase i t is not su f f i c ien t solely to speedup the 

a r i thmet ic uni t . If the f u n c t i o n a l u n i t s t h a t have been speeded up spent mos t o f 

t h e i r t i m e w a i t i n g f o r operands to be supplied to them, nothing is gained. Therefore 

the Cray-1 has an e x t r e m e l y f a s t b i p o l a r ma in m e m o r y , in a d d i t i o n t h e r e is 4K 

bytes of fast register store avai lable. 
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The s t a n d a r d C r a y - 1 p rocessor hand les al l I .O i t s e l f . However a r e c e n t l y 

re leased processor the C r a y - 1 S has p e r i p h e r a l p r o c e s s o r s c o m p a r a b l e to t h e 

C D C - 7 6 0 0 , th i s processor w i l l p e r f o r m much better in case of 1.0 bound jobs than 

the standard Cray -1 processor. 

The smal l number of d is t inc t hardware components used in the Cray-1 leads t o 

increased re l iab i l i t y through s imp l i f i ed c i r cu i t design. Only f ou r d i f f e r e n t i n t e g r a t e d 

c i rcui ts and two d i f f e ren t resistors have been used. 

The s ize of t he ma in m e m o r y of t h e C r a y - 1 is 0 .25M, 0.5M or 1M words , 

w o r d l e n g t h being 64 bi ts. A 1M word memory is interleaved in 16 independent barks. 

A 0.5M word memory is in ter leaved in 8 i ndependen t banks. T h e r e are 72 modules 

per bank , each module contr ibutes 1 bi t to a 64 bit word. The other 8 bits are used 

to store an 8 bi t check byte required fo r single bi t error cor rect ion double b i t e r r o r 

d e t e c t i o n (SECDED). Data words are stored in 1-bank increments throughout memory. 

This organisation al lows 16-way in te r leav ing of m e m o r y accesses and p reven t s bank 

c o n f l i c t s e x c e p t i n t he case of m e m o r y accesses t h a t step through memory w i th 

either 8 or 16 word increment . The cyc le t i m e of each bank is 50 nanoseconds. The 

m a x i m u m t r a n s f e r r a t e , asssuming f u l l i n t e r l e a v i n g , is thus 16*64 bits in 50 nano 

seconds or 320M w o r d s / s e c o n d . In p r a c t i c e , i n s t r u c t i o n s a r e s u p p l i e d to t h e 

i n s t r u c t i o n b u f f e r s at th i s ra te . Da ta is supplied to registers at a maximum ra te of 

80 M words per second ( one word every clock per iod). This r a t e w i l l be reduced i n 

case of bank con f l i c t s . 

The C r a y - 1 is equipped w i t h up to 12 input and output channels connecting the 

main memory to external devices, of wh ich any number may be a c t i v e at one t i m e . 

Channel w i d t h s v a r y ; f o r a 16 b i t c h a n n e l , t ransfer rates of 160M bits per second 

are ach ievab le . The da ta t r a n s f e r r a t e of a s ing le disc s to rage dev ice used as 

back ing s t o r e / f i l e s t o r e , is 36 M bits per second, a number of such devices can be 

act ive at one t ime . 
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2.2 The registers 

A spec ia l f e a t u r e of the C r a y - 1 is the large amount of register storage that 

is provided, in total more than 4K bytes of registers storage. 

The a r i t h m e t i c f u n c t i o n a l u n i t s t a k e inpu t operands f r o m and store result 

operands only to the A , S and V p r i m a r y regis ters. The two in termediate reg i s te r s (B 

and T ) can only be accessed by the data copy instruct ions. 

There are eight vector r e g i s t e r s . Each vec to r r e g i s t e r cons is ts of 64 words 

each word is 64 b i t s . The advantage of vector registers is that the vector operands 

can be supplied fast enough and t h e r e s u l t vec to r can be s to red fas t enough. A 

d isadvantage is t h a t t he l og i ca l vec to r being manipulated might be longer than the 

f ixed length reg is ter . There fo re vector operat ions that m a n i p u l a t e vec to r s of l eng th 

64 or m u l t i p l e s of 64 p e r f o r m o p t i m a l l y . A b lock of da ta may be t r a n s f e r r e d 

between vector register and memory by a single inst ruct ion. 
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The C r a y - 1 has s i x t y four 24-bi t B registers, which are used as intermediate 

storage for the A registers. The Bregis ters typ ica l l y contain coun te rs and addresses. 

B locks of da ta may be t r ans fe r red between memory and the B registers by a single 

instruct ion. 

There are s i x t y four 64 bit T reg is ters , they are used as aux i l ia r ly storage for 

the 5 registers. A b lock of da ta may be t r a n s f e r r e d be tween m e m o r y and the T 

registers by a single ins t ruc t ion . 

There are e i gh t 2 4 - b i t A r e g i s t e r s . They are used as address registers for 

memory references and as index reg is ters . A r e g i s t e r s can be loaded d i r e c t l y f r o m 

memory. 

There are e igh t 2 4 - b i t S r e g i s t e r s . They are used for data handling and for 

scalar operations. I t is possible to load S registers d i rec ly f r o m m e m o r y . B l o c k moves 

between memory and 5 or A registers are not possible 

In addit ion to support-registers used in I.O opera t ions (e .g . a channel address 

and channel l i m i t r e g i s t e r f o r each c h a n n e l ) t w o sca lar registers are provided t o 

support vector operations 

VM: V e c t o r m a s k r e g i s t e r , used t o s e l e c t v e c t o r e lemen ts in m e r g e or sor t 

operations. 

Vis Vec to r l e n g t h r e g i s t e r , used t o d e f i n e t he leng ths of vectors used in vector 

operations. 
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2.3 Instruct ion f o rma t 

The C r a y - 1 is a t h r e e address machine. Each inst ruct ion is either a one parcel 

(16 b i t ) instruct ion or a two parcel (32 -b i t ) ins t ruct ion. I n s t r u c t i o n s are packed fou r 

pa rce ls per w o r d . Parcels in a word are numbered f r o m le f t to r ight as 0 through 3 

and can be accessed in branch ins t ruc t ions . A two parce l i n s t r u c t i o n may begin i n 

any parce l of a word and may span a word boundary. A two parcel instruct ion that 

begins in the f o u r t h parcel of a word ends in the f i r s t parcel of the next word. 

The formats are: 

Format 1: F 1 J K 16 bits 

7 3 3 3 

Format 2: F l* Constant 32 bits 

7 3 22 

Format 3: F H I Memory address 32 bits 

4 3 3 22 

Format 4: F Memory address PN 32 bits 

7 23 2 

F = operat ion code 

H = index of index register 

I = index of result register 

3 = index of the f i r s t operand regis ter 

K = index of the second operand register 

PN = parcel number 

F o r m a t 1 is used f o r a r i t h m e t i c and l o g i c a l i n s t r u c t i o n s . The J and K fields 

designate the two operand registers or a re comb ined to des igna te a 6 b i t B or T 

r e g i s t e r address. In case of sh i f t and mask instruct ions the 6-b i t combined JK f ie ld 

specif ies a sh i f t or mask count. F o r m a t 1 is also used f o r i n s t r u c t i o n s t h a t enter 

immediate constants into A regis ters. The combined JK f i led gives a 6-b i t quant i ty . 
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F o r m a t 2 is used f o r i n s t r u c t i o n s t h a t enter i m m e d i a t e constants i n to A 

registers. The constant f ie ld gives a 22-bit quant i ty . 

F o r m a t 3 is used f o r i n s t r u c t i o n s t h a t t rans fe r data between S or A registers 

and memory. 

F o r m a t 4 is used fo r branch ins t ruc t ions. Since the parcel number is included in 

the address, i t is al lowed to branch to a quar ter -word-boundary. 

2.4 Data representat ion 

In tegers are r e p r e s e n t e d in 2's c o m p l e m e n t f o r m . F loa t i ng point numbers are 

represented in signed m a g n i t u d e f o r m . T h e f o r m a t is a packed s igned b i n a r y 

man t i ssa and a biased b i n a r y i n t e g e r e x p o n e n t . The man t i ssa is a 49 -b i t signed 

magnitude value. The exponent is r e p r e s e n t e d as a biased i n t e g e r in 15 b i t s . The 

bias that has been added to the exponent is 40000 . 

-20000 
The unbiased exponent range is : 2 to 

+17777 

Exponent 

15 

Mantissa 

48 

64 bits 

T h e F o r t r a n c o m p i l e r on the C r a y - 1 uses ASCII 8 b i t c h a r a c t e r s . Hence 8 

characters f i t into one w o r d . 
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2.5 Instruct ion types 

Data copy instruct ions 

A block of da ta may be t r a n s f e r r e d to or f r o m memory . A simi l iar instruct ion 

exists for the T reg is ter . A b lock l oad f r o m m e m o r y to B or T r e g i s t e r takes 14 

c lock cyc les p lus 1 c y c l e per w o r d to be t r a n s f e r r e d . A block load f r o m memory 

takes 6 clock cycles plus 1 cycle per word to be t rans fer red . 

To copy the c o n t e n t s of a T r e g i s t e r to a S register takes 1 cyc le, f r o m B to 

A register also takes one cyc le . Block moves f r o m T to S registers do not exist . 

The A and S r e g i s t e r s can be loaded d i r e c t l y f r o m m e m o r y , the instructions 

issue in two cycles and the data is avai lable in 11 cycles. 

Vectors may be t ransfer red f r o m the V registers to and f r o m memory . 

In case of a t ransfer f r o m V register to m e m o r y , t he V r e g i s t e r is ready a f t e r VL 

c lock pe r iods . In case of a t r a n s f e r f r o m memory to V reg is te r , the V register is 

ready af ter VL plus 9 clock periods. 

An i m p o r t a n t po in t is t h a t m e m o r y must be quiet before issue of the B and T 

register block copy inst ruct ions. Subsequent ins t ruc t ions may not issue f o r 14 c lock 

periods plus one clock period for every word being t ransfer red 
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Ar i thmet i c instruct ions 

The only in teger f u n c t i o n a l u n i t p rov ided is for 24 bi t integer mul t ip l i ca t ion . 

Mul t ip l icat ion and division of 64 bi t in tegers is accomplished by packing the in tegers 

in to f l o a t i n g po in t f o r m a t w i t h a z e r o - e x p o n e n t value. The f loa t ing point mul t ip ly 

unit recognises the conditions where both operands have zero exponents as a specia l 

case and r e t u r n s the upper 48 bits of the product of the mantissa's as the mantissa 

of the result and leaves the mantissa f ie ld zero. D i v i s i on of i n t e g e r s wou ld r e q u i r e 

t h a t they f i r s t be c o n v e r t e d to f l o a t i n g po in t f o r m a t and then divided using the 

f loat ing point units. 

No f u n c t i o n a l u n i t is p r o v i d e d f o r f l o a t i n g point division, this is because the 

a lgor i thm to divide is essential ly i t e r a t i v e w h i c h makes the s e g m e n t a t i o n requ i red 

f o r p i pe l i n i ng i m p o s s i b l e . To p e r f o r m f l oa t i ng point division, the Cray-1 is provided 

w i t h a r e c i p r o c a l f u n c t i o n a l u n i t w h i c h can be f u l l y segmen ted . F l o a t i n g po in t 

d i v i s i on is ach ieved by a division a lgo r i t hm based on Newton's method, which makes 

use of reciprocal approx imat ion. F loa t ing point division is done in the C r a y - 1 F o r t r a n 

comp i l e r by an ' i n l ine ' p r o c e d u r e of 4 i n s t r u c t i o n s . In v e c t o r mode, results are 

produced at a one c lock pe r i od r a t e . These resu l t s may be used in o the r vec to r 

opera t ions du r i ng cha in ing because all funct ional units in the Cray-1 have the same 

result rate. 

The C r a y - 1 does not provide special hardware for per forming double or mul t ip le 

p rec i s i on f l o a t i n g po in t o p e r a t i o n s . Doub le p rec i s i on c o m p u t a t i o n s w i t h 95 b i t 

accuracy are available through so f tware rout ines. 
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2.6 The processing of instruct ions 

2 . 6 . 1 The ins t ruc t ion stack 

The i n s t r u c t i o n s tack in t h e C r a y - 1 consists of 4 instruct ion bu f fe rs , each of 

which holds 64 consecutive 16-bit i ns t ruc t ion parcels. Ins t ruc t ion parce ls are held i n 

the buf fers pr ior to being del ivered t o the NIP or CIP registers. 

The beginning inst ruct ion parcel in a bu f fe r always has a parcel address t h a t is 

an even m u l t i p l e of 100. This al lows the en t i re range of addresses for instruct ions in 

a buf fer to be def ined by the h igh-order 16 bits of the beginning parcel address. For 

each b u f f e r , there is a 16 bi t beginning address register that contains this value. 

The beginning address registers are scanned each clock per iod. If the h igh order 

18 b i t s of t h e P r e g i s t e r m a t c h one of the beg inn ing addresses, an i n - b u f f e r 

condit ion exists and the proper i n s t r u c t i o n pa rce l is se lec ted f r o m the i n s t r u c t i o n 

b u f f e r . An i n s t r u c t i o n parce l to be executed is normal ly sent to the NIP. However, 

the second half of a two-parcel ins t ruc t ion is blocked f r o m e n t e r i n g the NIP and is 

sent to the L I P , i n s t e a d , and is a v a i l a b l e when the upper half issues f r o m the 

CIP. Instructions issue f r o m CIP at a max imum ra te of one per b e a t . Th is r a t e w i l l 

decrease if there is delay in fe tch ing an ins t ruc t ion . 

On an in-stack condi t ion, if the i n s t r u c t i o n is in a d i f f e r e n t b u f f e r t han the 

p rev ious i n s t r u c t i o n , a change of b u f f e r s occurs necess i ta t ing a two clock period 

delay of issue. 

In case of o u t - o f - s t a c k c o n d i t i o n new instruct ions must be loaded into one of 

the instruct ion bu f fe rs fo r memory . The f i r s t g roup of 16 pa rce ls de l i ve red to the 

b u f f e r a l w a y s c o n t a i n s t h e i n s t r u c t i o n r e q u i r e d f o r e x e c u t i o n . The branch 

ou t -o f -bu f fe r t ime is a constant 14 clock periods. The r e m a i n i n g groups a r r i v e at a 

ra te of 16 parcels per clock period and c i r cu i l a r l y f i l l the b u f f e r . 

Both fo rward and backward branching is possible w i t h i n t he b u f f e r s . A branch 

does not cause reloading of an ins t ruc t ion bu f fe r if the instruct ion being branched to 

is w i th in one of the bu f fe rs . Mu l t i p le copies of i n s t r u c t i o n pa rce ls cannot occur in 

the instruct ion b u f f e r . 
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Functional unit reservat ions 

Each f u n c t i o n a l u n i t is a s e p a r a t e p i p e l i n e , accep t i ng scalar operands and 

generating a scalar result at a rate of one result per clock c y c l e . A f u n c t i o n a l un i t 

may be suppl ied w i t h o p e r a t i o n s a t a r a t e of one per c y c l e , e i ther by issue of 

instructions at this rate (scalars) or by r e p e a t e d a p p l i c a t i o n to an o p e r a t i o n or a 

s ing le pair of v e c t o r e l e m e n t s . Hence no reservat ion need be made of a funct ional 

unit applied to a scalar i n s t r u c t i o n , s ince t he r a t e of i n s t r u c t i o n issue can never 

exceed the r a t e at w h i c h a f u n c t i o n a l u n i t can accep t ins t ruc t ions . Reservations 

must be made of a funct ional unit applied to a vector i n s t r u c t i o n , h o w e v e r , since a 

f o l l o w i n g i n s t r u c t i o n cou ld issue w h i l s t t he un i t is unable to accept a f u r t h e r 

instruct ion. 

F u n c t i o n a l un i ts are rese rved by v e c t o r i n s t r u c t i o n s f o r VL+4 clock periods. 

Memory is reserved fo r VL+5 clock periods on a w r i t e operat ion, VL+4 c lock per iods 

on a read operat ion. 

Register reservat ion 

Reg is te rs a re rese rved at i ns t ruc t i on issue t ime . The reservat ion is removed by 

the appropriate funct iona l un i t . Reservat ions are used to delay issue of instruct ions. 

For scalar i n s t r u c t i o n s , the resul t register is reserved for funct ional unit t ime + 

2 beats af ter ins t ruc t ion issue. 

For vec to r i n s t r u c t i o n s , the r e s u l t r e g i s t e r is reserved fo r the funct ional unit 

t ime + (VL)+2 clock periods. The result register is reserved f o r t he f u n c t i o n a l un i t 

t ime +7 clock periods if the vector length is less than 5. 

For vector inst ruct ions, the vector operand reg is te rs are rese rved f o r V L c lock 

pe r iods . Vec to r operand r e g i s t e r s a re r ese rved f o r 5 c lock periods, if the vector 

l eng th is less t han 5. The v e c t o r r e g i s t e r used in a b lock s t o r e to m e m o r y is 

reserved for VL clock periods. Scalar registers are not reserved. 
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In genera l , an e n t i r e vec to r r e g i s t e r is reserved dur ing the pe r iod wh i l s t a 

funct ional unit requires access to any element in that register . This r e s e r v a t i o n may 

be l i f t e d in r espec t of one e l e m e n t of the result register at 'chain slot' t ime , the 

clock period ocurr ing at funct iona l un i t t ime plus 2 clock pe r iods . D u r i n g th is c lock 

p e r i o d , the r e s u l t is a v a i l a b l e f o r use as source operand in a subsequent vector 

ope ra t i on ; d u r i n g subsequent c l o c k p e r i o d s , success ive resu l t e l e m e n t s b e c o m e 

ava i l ab le as success ive source e l e m e n t s . V e c t o r cha in ing may be appl ied to any 

sequence of v e c t o r o p e r a t i o n s w i t h t h e e x c e p t i o n of vec to r r e g i s t e r to memory 

t r a n s f e r s w h e n m a i n m e m o r y b a n k c o n f l i c t s a p p l y ( w h e n d i s tance be tween 

consecutive vector elements in memory is 8 or 16). 

Instruct ion issue condit ions 

I n s t r u c t i o n s issue f r o m the C IP reg is te r at a maximum ra te of one per clock 

cycle. The fo l low ing condit ions must be met before issue of a scalar inst ruct ion: 

1) The f u n c t i o n a l un i t must be f r e e . No c o n f l i c t can a r i se w i t h o t h e r scalar 

instruct ions because they do not reserve the f u n c t i o n a l un i t s . H o w e v e r vec to r 

f l o a t i n g p o i n t i n s t r u c t i o n s do r e s e r v e the f l o a t i n g po in t u n i t s . Memory 

references may be delayed due to con f l i c t s . 

2 ) The r e s u l t r e g i s t e r must be f r e e . Scalar instruct ions place reservations only on 

result registers. 

3 ) The operand r e g i s t e r mus t be f r e e . No r e s e r v a t i o n is placed on the operand 

registers by scalar inst ruct ions. 

4 ) One i npu t pa th exists fo r each group of the four register groups (A,B,S and T ) . 

The result register group must be f r e e at the t ime the results would be stored. 

5 ) No b lock t r a n s f e r s b e t w e e n m a i n m e m o r y and in termedia te registers must be 

going on. 
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The fo l lowing conditions must be met be fore issue of a vector instruct ion: 

1) The funct ional unit must be f r e e . 

2) The result register must be f r e e . 

3) The operand registers must be f r e e or at chain slot t ime . 

4 ) Memory must be quiet if the ins t ruc t i on references memory . 

5 ) No block t ransfer between m a i n m e m o r y and i n t e r m e d i a t e r e g i s t e r s must be 

going on. 
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APPENDIX 2 

FTN and CFT differences 

The ac tua l d i f fe rences at the t i m e of the conversion of the U.L.C.C benchmark 

test set are l isted below: 

1) CFT v a r i a b l e s can c o n t a i n up to e i g h t H o l l e r i t h characters: e.g. 8H01234567; 

and not 10H0123456789 as in F T N . 

2) CFT v a r i a b l e s c o n t a i n 64 b i t s ; i n t e g e r values FLOATed or FIXed must be 46 

bits or less. FTN allows 47 b i ts . 

3 ) CFT DO loop i t e r a t i o n count is c a l c u l a t e d as a 24 b i t q u a n t i t y (8,388,607 

maximum), FTN uses 18 bits (131,071 maximum). 

4 ) In C F T , s u b s c r i p t s are e v a l u a t e d as 24 b i t quant i t ies as are all in termediate 

results. 

5 ) CFT uses ASCII 8 b i t charac ters . F T N uses CDC sc ien t i f i c 6 bit characters. 

6 ) CFT does not r ecogn i se n o n - A N S I m u l t i p l e r e p l a c e m e n t s t a t e m e n t s : e . g . 

A=B=C=D=0. FTN does recognise them. 

7 ) CFT does not recognise more than one statement per l ine: 

e.g. A=B $ C=D. FTN does recognise them. 

8) The CFT s h i f t f u n c t i o n is l e f t c i r c u l a r w i t h a p o s i t i v e s h i f t count (second 

a r g u m e n t ) . The C D C SHIFT f u n c t i o n is l e f t c ircular for posit ive sh i f t counts; 

r ight end o f f w i t h sign e x t e n s i o n f o r n e g a t i v e coun ts . CFT does not have a 

r ight sh i f t func t ion w i t h sign b i t extension. 

9 ) The Cray-1 is a two's complement machine; division by a power of t w o d i f f e r s 

f r o m a r i g h t s h i f t when t he n u m e r a t o r is negative. The CDC 7600 is a ore's 

complement machine. 
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10) A CFT E N T R Y statement w i t h no dummy argument list may not be called w i th 

an actual l ist speci f ied. 

e.g. 

CALL SAM(A,B,C) 

.. •. 
SUBROUTINE G E O ( X , Y , Z ) 

ENTRY SAM 

is i l legal , FTN allows i t . 

11) CFT suppor ts ANSI s tandard P R O G R A M s t a t e m e n t s p e c i f i c a t i o n and f i l e or 

dataset replacements/equivalences are handled w i t h operat ing system job c o n t r o l 

language statements. FTN handles them in the PROGRAM statement. 

12) The Maximum line length f o r F O R M A T conve rs ion is 152 c h a r a c t e r s in CFT 

and c a n n o t be c h a n g e d by a P R O G R A M c a r d : e . g . P R O G R A M SAM 

(TAPE2=4000/153) is not a l lowed. FTN allows i t . 

13) CFT r e q u i r e s r u n - t i m e c o m p a t i b i l i t y of type between an I .O. l ist i tem and the 

FORMAT conversion: e.g. 

PRINT 10, INTEGER 

10 FORMAT(FIO.O) 

causes a run - t ime abor t , wh i le F T N allows i t . 

14) In CFT, the f i r s t character (no t t h e f i r s t non-space c h a r a c t e r ) in a v a r i a b l e 

FORMAT must be the open parenthesis: 

A(1)=8H(F10.0) runs whi le A(1)=8H(F10.0) does not, FTN allows both constructs. 
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CFT does not allow indexing in to an array for a f o rma t : e.g. 

READ(10,INFMT(I))X 

does not wo rk , i t works on F T N . 

CFT does not allow D A T A ( X = 0 . 0 ) wh i ls t FTN does. 

CFT does not a l low using an array name to reference the f i r s t element of an 

array in a expression: e.g. 

ARRY=0 

is i l legal and does not mean A R R Y ( l ) as in F T N . 

In C F T , e x e c u t i o n of a c o m p u t e d GO TO s t a t e m e n t con t inues at the nex t 

s t a t e m e n t i f t h e e x p r e s s i o n is ou t of range : e .g . t he compu ted GO TO 

statement in 

1=3 

GO T0(10,20)l 

does not cause a jump or a r u n - t i m e e r ro r . In FTN i t does. 

CFT DO-loops are processed as per ANSI For t ran 77 standard s p e c i f i c a t i o n ; the 

i t e r a t i o n c o u n t being c o m p u t e d b e f o r e the loop is execu ted . The loop is 

bypassed if the count is zero or negat ive. FTN DO- loops are processed as per 

ANSI F o r t r a n 66 standard spec i f i ca t ions ; the loop is executed once if the count 

is zero or negative 

CFT does not support the non-standard l ist directed I.O: e.g. 

READ(5 , * )A ,B ,C,D, 

is i l l e g a l . F T N does suppor t i t and also supports other variants of this which 

have t he i m p l i c a t i o n of r e q u i r i n g r e - f o r m a t of t he i n p u t d a t a t o enab le 

programs to work on the C r a y - 1 . 
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21) CFT does not r ecogn i se a L E V E L 2 s t a t e m e n t . F T N uses th is non-standard 

statement to place variables in to Large Core Memory . 

22) P r o g r a m pa th t a k e n as a consequence of t e s t i n g f l o a t i n g point numbers for 

equality can d i f f e r due to d i f f e rences (no t e r r o r s ) in the a r i t h m e t i c un i t and 

d i f fe rent machine word lengths. This technigue is dangerous in any circumstance. 

23) CFT requires that a STOP statement must normal ly te rmina te a ma in p r o g r a m . 

FTN allows a RETURN as a subst i tu te . 

24) CFT only allows a 'C' or an '*' in c o l u m n 1, des igna t i ng c o m m e n t l i nes . FTN 

does allow other characters . 

25) CFT does not r ecogn i se the EOF tes t f o r end of i n f o r m a t i o n on a f i l e or 

dataset. FTN does recognise i t . 

26) CFT does not support the Double precision Funct ion DCOSH. FTN supports i t . 

27) CFT does not support numer ic name COMMON blocks FTN supports them 

28) Compiler options for l is t ing levels, e t c . in FTN d i f f e r s f r o m that of CFT . 

29) Faci l i t ies fo r Random access I npu t /Ou tpu t ex is t on bo th sys tems but a re at a 

d i f fe ren t language level . Equivalent rout ines exist in non-Cray l ibrar ies. 
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APPENDIX 3 

STORAGE MANAGEMENT FOR THE CDC-7600 

1. Introduction 

The access t i m e s to operands in s t o r e can v a r y s i g n i f i c a n t l y , depending on 

where they are stored and how they are accessed. In this chapter we i n v e s t i g a t e the 

f a c t o r s tha t i n f l uence the access t imes and give some guidelines for opt imal storage 

management. 

The C e n t r a l p rocess ing un i t o f t h e 7600 contains two levels of main storage: 

Large Core Memory ( L C M ) and Sma l l C o r e M e m o r y (SCM) . I t is also possib le t o 

h a v e a S e m i c o n d u c t o r M e m o r y i n s t e a d of the Smal l Co re M e m o r y . The Senni 

Conductor Memory is much faster than the SCM. 

The s ize of SCM is 32K or 64K wo rds assigned i n t o 16 or 32 independent 

banks. This organisation allows 16 or 32 way in ter leav ing. 

The s ize of L C M is 250K or 500K words assigned i n t o 4 or 8 independent 

banks. Every bank is 8 words wide. . 

The f a c t and f i g u r e s g iven in t h e fo l low ing paragraphs apply spec i f ica l ly to a 

CDC-7600 conf igura t ion l ike the machine at ULCC. 
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2. Factors a f f ec t i ng access t imes to LCM and SCM 

The number of accesses to mainstore tha t can be processed s imu l taneous ly is 

l i m i t e d by the number of A and assoc ia ted X registers. There are only 5 registers 

available for load ing e l e m e n t s f r o m s t o r e and 2 r e g i s t e r s f o r s t o r i ng words in to 

store. Hence no more than 5 load inst ruct ions can go on in paral le l . 

Instruct ions that re ference SCM are 2 parcel instruct ions, 2 pa rce l i n s t r u c t i o n s 

take two cycles to issue. 

The SCM at U L C C cons is ts of 64K words over 32 independent banks. Every 

bank is one word wide. If no bank c o n f l i c t occurs i t takes 8 cyc les to load a wo rd . 

Consecu t i ve accesses to t he same bank in SCM are possible every 10 clock periods. 

The change of bank c o n f l i c t s o c c u r r i n g is r a t h e r sma l l s ince t h e r e are 32 banks 

a v a i l a b l e . T h e number of bank c o n f l i c t s in SCM can be reduced by accessing 

consecutive words in SCM, which are in d i f f e r e n t banks. 

The L C M at U L C C cons is ts of 256K words over 4 independent memory banks. 

Every bank is eight words wide. Every bank has an e igh t word r e g i s t e r , ca l led the 

superword (SWORD) , assoc ia ted w i t h i t . If a word referenced in LCM is already i n 

one of the SWORD registers the access t i m e is only 3 cyc les . I f n o t , t h e superword 

of the r e l e v a n t bank has to be loaded w i t h 8 consecutive words and the access t ime 

is 17 cycles. The delays caused by bank con f l i c t s can be ve ry long since t h e cyc le 

t i m e of a bank in L C M is 64 cycles. The change of bank conf l i c ts occurr ing is very 

high since there are only 4 i ndependen t banks . Se r ia l access in L C M can be ve ry 

fas t , since words that are already avai lable in a SWORD can be accessed in 3 cycles. 

A block of consecutive words can be m o v e d , at a r a t e of 1 word per cyc l e , 

be tween L C M and SCM a c c o r d i n g t o t h e CDC-7600 hardware manual. The LCM a t 

U.L.C.C has only 4 banks of e ight w o r d s . The c y c l e t i m e of a bank is 64 cyc les . 

T h e r e f o r e in 64 cyc les on ly 32 words can be t rans fe r red . To our opinion i t takes 2 

cycles for each word to be t rans fe r red during a block t rans fe r . 
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3. Examples 

In the f o l l o w i n g exp ress ion a row or a column in ma t r i x V I is mult ip l ied by 

a constant (0.14). The result assigned to a row or a column in ma t r i x V2 

V1(I,J)=V2(I,J)*0.14 

We run and t imed this DO-loop for the fo l l ow ing f i ve cases: 

1) V I and V2 both in SCM and access both matr ices by row 

2 ) V I and V2 both in SCM and access both matr ices by column 

3) V I and V2 both in LCM and access both matr ices by row 

4 ) V I and V2 both in LCM and access both matr ices by column. 

5 ) We place V I in SCM and V2 in L C M and access by column. Data is t ransferred 

f r o m LCM to SCM via block t rans fe rs processed and w r i t t e n to SCM. M a t r i c e s 

are s tored in m e m o r y by co lumn, as defined by For t ran . Since only consecutive 

words in store can be moved by a block t rans fe r , access by row is not t es ted . 

T h e d i s t a n c e b e t w e e n t w o c o n s e c u t i v e row e lemen ts is equ iva len t to the 

number of elements in a co lumn, as def ined in the DIMENSION s t a t e m e n t "for 

the m a t r i x . 
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The fo l lowing results were obtained: 

SCM LCM Block t ransfer 

By row 

By column 

0.63 

0.52 

3.52 

0 . 7 4 , 0 . 4 6 , 0 . 4 6 , 3 . 3 1 

X 

0.69 

The access t i m e to m e m o r y depends also on w h e r e the arrays are stored in 

memory. If the arrays s tar t in the same bank or ne ighbour ing banks b a n k f l i c t s can 

o c c u r . Th is is very impor tant in L C M since there are only four banks. In the case of 

access by column to LCM we sh i f ted t he v e c t o r V I over a d i s tance of 8 , 16, 24 

and 32 w o r d s , the f o u r t i m i n g s we ob ta i ned are given in the table.The shi f t ing in 

memory was done by calculat ing: 

V1(I+L)=V2(I)*0.14 for L=8, 16, 24 and 32 

The major conclusion f r o m the tab le above is t h a t access to L C M is up to 6 

t i m e s f as te r than access to L C M and tha t block t ransfers can be very useful when 

accessing LCM. 
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Guideline fo r improved memory management 

Stepl : Find t he p a r t ( s ) of the p r o g r a m in w h i c h m o s t t i m e is s p e n t d u r i n g 

execution. We call this the nucleus of the program. 

Step2: If L C M is not being r e f e r e n c e d in t h e n u c l e u s t h e r e is no need f o r 

res t ructur ing the nucleus and go to Step6. Else go to Step3. 

Step3: T r y to move a l l a r r ays r e f e r e n c e d in the nucleus to SCM. T h e a r r a y s 

r e f e r e n c e d only outside the nucleus can be moved to LCM if necessary. This 

is done by changing t he L e v e l 2 s t a t e m e n t s and the associated Common 

d e c l a r a t i o n s in the program. This can be done very quick ly . If all the arrays 

referenced in the nucleus do f i t in SCM then go to Step6. Else go to Step4. 

Step4: I f the L C M arrays are re fe renced sequent ial ly, or if matr ices are referenced 

by column, use can be made of t h e C D C - F o r t r a n i n s t r u c t i o n M O V L E V t o 

move b locks of c o n s e c u t i v e w o r d s f r o m L C M to a working space in SCM 

and go to Step6. Else go to Step5 

Step5: T r y t o r e s t r u c t u r e the nucleus to access arrays seguentially or to reference 

matr ices by column and go to Step4. Else you have to rewr i te your p rog ram 

or give up. 

Step6: Ready! 

These gu ide l i nes we re used v e r y succes fu l l y on the subset of 20 programs 

taken f r o m the benchmark test set 
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APPENDIX 4 

RESTRUCTURING TO HELP AUTOMATIC VECTORISATION 

4 . 1 Finding the nucleus of the p rog ram 

When o p t i m i s i n g , the f i r s t ac t ion to take is to f ind the part of the program in 

which most t ime is spent during execut ion. 

The C r a y - 1 has a spec ia l f a c i l i t y ca l led F l o w t r a c e to f i n d the most t i m e 

intensive parts of the program. F l o w t r a c e is enabled by using the c o m p i l e r op t i on 

ON=F on the CFT s t a t e m e n t or by using a CDIR$ FLOW compiler d i rec t ive in the 

For t ran source deck. There is a match ing CDIR$ NOFLOW to disable f l o w t r a c e . The 

f l o w t r a c e r o u t i n e p r i n t s a s u m m a r y on d a t a s e t $ O U T , l i s t i n g the f o l l o w i n g 

in format ion about each subroutine in a program: 

The t ime spent in the subrout ine 

The percent of the to ta l t i m e spent in the subroutine 

The number of t imes the subroutine was called 

The average t ime per call spent in the subroutine 

A l ist of the f i r s t 14 rout ines called by the subroutine 

A l ist of the f i r s t 14 rout ines that call the subroutine 

For more i n fo rma t ion on f l o w t r a c e see the C R A Y - 1 For t ran Reference Manual. 

A procedure in w h i c h a l a r g e p o r t i o n of the e x e c u t i o n t i m e is spen t , may 

c o n t a i n severa l D O - l o o p s . I t is i n many cases not possible to determine f r o m the 

For t ran code which DO-loops the most t i m e is spent in . T h e r e f o r e coun te rs must be 

used to count the number of l oop i t e r a t i o n s in each loop. These counters must be 

placed in a Common b lock, because otherwhise they would be lost on p rocedure e x i t . 

I t would be n i ce if C r a y - r e s e a r c h p r o v i d e d a c o m p i l e r d i r e c t i v e to do this of ten 

occurr ing job. 

A t the end of e v e r y p r o g r a m p a r t on the l i s t i n g is p r i n t e d w h i c h 'b locks' 

contain vector isable DO-loops. O f ten i t is useful to l i s t a l l ' b locks ' t h a t have been 

generated by the compi le r . This is done using the compiler opt ion ON=B. 
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If the inner D O - l o o p does vec tor ise , one should check the vector length. If the 

vector length is shorter than64, one should t r y to extend the vector l eng th . Hence a 

p i pe l i ne achieves i ts m a x i m u m p e r f o r m a n c e for vectors of length 64, the size of a 

vector register. 

If the inner D O - l o o p does not v e c t o r i s e we have to res t ruc tu re the loop to 

make it vector ise, if possible. In the next paragraph we discuss some techn iques t o 

restructure the DO-loop. 
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4.2 Restructur ing 

In th is pa rag raph we discuss some techn igue f o r rest ructur ing DO-loops. For 

more examples see Brode79 and Higbee79. 

1 ) S w i t c h i n g inner and o u t e r D O - l o o p to avoid recursion, or to extend the 

vector length. 

100 

DO 100 1=1,N 

DO 100 J=2,N 

A(I ,J)=A(I ,J-1)*B(I ,J) 

replace this by: 

100 

DO 100 J=2,N 

DO 100 1=1, N 

A(I ,J)=A(I ,J-1)*B(I ,J) 

2 ) Spl i t t ing a loop in a scalar loop plus a vector loop 

DO 100 1=2,N 

A(I)=B(I)*C(I) 

100 D(I)=D(I-1)*A(I)+C(I) 

replace this by: 

DO 100 1=2,N 

100 A(I)=B(I)*C(I) A vector loop 

DO 200 1=2,N 

200 D(I)=D(I-1)*A(I)+C(I) A scalar loop 

3 ) Non subscript use of loop counter 

DO 100 1=1,N 

.100 A(I)=SIN(B(I)*I) 
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replace this by: 

D A T A C/1.0,2.0,3.0, N/ 

DO 100 1=1,N 

100 A(I)=SIN(B(I)*C(I)) 

4) Irregular addressing 

DO 100 1=1,N 

100 D(E(I))=A(I)*SIN(B(I)) 

replace this by: 

DO 100 1=1,N 

100 TEMP(I)=A(I)*SIN(B(I)) vector loop 

DO 200 1=1,N 

200 D(E(I))=TEMP(I) scalar loop 

5) Make subroutines inline 

DO 100 1=1,N 

100 C A L L SUBRT(I) 

SUBROUTINE SUBRT(I) 

COMMON X 

X(I)=Y(I)*B(I) 

RETURN 

END 

replace this by: 

DO 100 1=1,N 

100 X(I)=Y(I)*B(I ) 
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3 Inline CFT fuct ions to remove IF statements 

DO- loops c o n t a i n i n g IF s t a t e m e n t s w i l l not v e c t o r i s e . T h e CFT c o m p i l e r 

con ta ins a set of b u i l t i n l i n e f u n c t i o n s to help to remove IF statements, to make 

DO-loops vector ise. 

The rou t i nes a re : C V M G , M A X and M I N . These routines are ofen slower than 

the code n o r m a l l y gene ra ted f o r t h e m by the c o m p i l e r . T h i s is b e c a u s e b o t h 

branches of the IF statement are evaluated for all cases, the two result vectors are 

merged to f o r m the f inal result vec to r . These rou t i nes are n o r m a l l y used to a l l ow 

the other statements in a DO-loop to be vector ised. 

The available MAX and MIN func t ions are listed in the Cray F o r t r a n Manual i n 

Appendix B-4. 

For example the A M A X O r o u t i n e re tu rns the maximum value of a l is t of real 

variables passed to i t as parameters. So AMAX(R1 ,R2 ,R3 ) r e t u r n s the m a x i m u m of 

R1 and R2 and R3. This can be used as fo l lows: 

DO 100 1=1,N 

IF(B(I)).GT.O.O)GO TO 200 

A(I)=0.0 

GO TO 100 

200 A(I)=A(I)*B(I)100 CONTINUE 

replace this by: 

DO 100 1=1,N 

100 A( I )=A( I ) *AMAX0(B( I ) ,0 ) 
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The r o u t i n e C V M G Z ( X , V , Z ) does t h e f o l l o w i n g : Express ion X is evaluted and 

returned by the funct ion CVMGZ if expression Z is zero. Expression Y is eva lua ted 

and returned by the funct ion CVMGZ if the expression Z is nonzero. 

Y(I)=1.0 

IF(XO).EQ.O) GO TO 100 

Y( I )=1 .0 /X( I ) 

100 CONTINUE 

replace this by: 

Y( I )=1.0/CVMGZ(1.0,X(I ) ,X( I ) ) 

4 . Scil ib rout ines 

The S c i l i b r o u t i n e s are o p t i m a l l y handcoded and vectorised procedures. These 

rou t i nes are e x t r e m e l y use fu l in o p t i m i s i n g p r o g r a m s . E s p e c i a l l y , bas ic v e c t o r 

opera t ions l i k e m a t r i x mu l t ip ly and dot -product of two vectors are ext remely useful. 

These routines should be used w h e n e v e r poss ib le . U n f o r t u n a t e l y , some of the the 

r o u t i n e s , l ike summation of the elements of a vec tor , are not much faster than their 

scalar equivalents. 

In our b e n c h m a r k we found t h a t a l a r g e p o r t i o n of the m a t r i x opera t ions 

involve tr iangular shaped (symmet r i c ) mat r i ces . The Sc i l i b r o u t i n e s can on ly handle 

square m a t r i c e s . The overheads of conver t ing f r o m sguare to t r iangle and back were 

o f t e n so h igh t h a t l i t t l e was g a i n e d . Maybe a separa te set of r ou t i nes can be 

provided for t r iangular shaped mat r i ces . 

For a f u l l d o c u m e n t a t i o n on S c i l i b see the L i b r a r y R e f e r e n c e Manual . The 

fo l lowing l ist of impor tant Sci l ib rout ines shows only a part of the Scil ib l ib rary : 
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Name Funct ion 

SDOT Dotproduct of two real arrays 

CDOTCjCDOTU Dot product of two complex arrays. 

CCOPV Copies a complex array into another complex array. 

5COPY Copies a real ar ray in to another array 

M X M A M a t r i x mu l t ip l y 

MINV Returns the solut ion of a general eguation set, ma t r i x 

inversion opt ional . 

SSUM Sums the elements of a real a r ray . 

CSUM Sums the elements of a complex ar ray. 

CFFT ,RCFFT ,CRFFTAre used for Fast Four i r Transformat ions 
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APPENDIX 5 

THE RESTRUCTURURED PROGRAMS 

1. Introduct ion 

A t the end of th is thes is are t w o m ic ro f i ches . . These microf iches contain the 

most t i m e i n t e n s i v e p a r t s of t he p r o g r a m s in the b e n c h m a r k subse t t h a t was 

r e s t r u c t u r e d . The f i r s t f i che , dated 18-12-80, contains the unmodif ied 'programs'. The 

only modi fat ion to these programs was the conversion of double p rec i s i on a r i t h m e t i c 

to s ingle precision a r i t hme t i c . Double precision a r i thmet i c prevents vector isat ion. The 

second f iche, dated 19-12-80 c o n t a i n s t h e r e s t r u c t u r e d p r o g r a m s . Some p rog rams 

have not been inc luded in t h i s f i c h e because no res t ruc tu r ing was possible. These 

p rograms are: U9 , U16 , U 3 0 , U 3 1 . P r o g r a m s U2 and U3 w h i c h c o u l d not be 

restructured were included in this f i c h e . 

In pa rag raph two of th is append i x is a very br ief descr ipt ion of the programs 

in the subset that was res t ruc tured. 

Paragraph three contains an index to the programs on the two micro f iches. 

2 . Brief descr ipt ion of the programs in the subset 

U2,U3 A f t e r the r e m o v a l of doub le p r e c i s i o n a r i t hmet i c in U2, this program was 

identical to U3. The execut ion t i m e in the two programs is d i s t r i b u t e d over 

severa l DO-loops in which vector isa t ion is prohibi ted by many IF statements. 

The IF statements can be removed to make the program v e c t o r i s e , but th is 

would have meant to r e w r i t e the ent i re program. 

U4 This p r o g r a m cannot be v e c t o r i s e d . Most t i m e was s p e n t in r o u t i n e s 

FSHAPE and F M A T R I X . In F M A T R I X smal l m a t r i c e s , of tr iangular shape, 

are manipulated. In both procedures were the vectors too short. 

U6 In th is p r o g r a m we r e m o v e d r e c u r s i o n by s p l i t t i n g a DO-loop in a vector 

loop and a scalar loop. See f i che 2 at lines 791 and 840. 
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LIB This p r o g r a m was w r i t t e n v e r y i n e f f i c i e n t l y . A f t e r making several routines 

at d i f f e ren t levels in l ine, we managed to v e c t o r i s e the p r o g r a m . Ex tens ive 

use was made of the SCILIB rout ine SDOT. 

U9 This p r o g r a m s p e n d s 4 2 % of i t s t i m e in a r o u t i n e c a l l e d L I S O L V . 

V e c t o r i s a t i o n is not possible because of recursion and irregular addressing. A 

small amount of vec tor isa t ion can be obtained by sp l i t t ing the DO-loop. 

UIO This p r o g r a m is easy to v e c t o r i s e . I t contains basic vector operations l ike 

ma t r i x mu l t ip ly which can be replaced by Sci l ib rout ines. 

U13 This p r o g r a m can be v e c t o r i s e d qu i te easi ly, 98 percent of execution tinne 

being spend in one procedure. The program v e c t o r i s e d a f t e r remova l of an 

IF s tatement . This program also per fo rms some integer a r t i t hme t i c . 

U14 This program per fo rms most of i t s t i m e comp lex a r i t h m e t i c . Most of the 

t i m e is spent in a l i t t l e rou t ine called RESPOT. This rout ine is used to f ind 

the maximum in a grid of complex numbers. Since RESPOT was ca l led tens 

of m i l l i o n s of t i m e s we made it inl ine w i t h the main program, this gave no 

improvement . Fur ther res t ruc tu r ing work on the ma in p r o g r a m DO- loops i n 

w h i c h most t i m e was spent n o w , gave no i m p r o v e m e n t s to our surprise. 

Further improvements on th is programs should be possible. 

U15 This p r o g r a m spends 95 percent of its t ime in a rout ine called M A T . It did 

vector ise a f ter removal of recurs ion. 

U16 F o u r t y one pe rcen t of t h e e x e c u t i o n t i m e of this program is spent in one 

rout ine. There are 5 DO- loops in t h i s r o u t i n e w h i c h are accessed equa l ly 

o f ten . These DO-loops are d i f f i c u l t or impossible to vector ise. 

U30 Four ty nine percent of t h e e x e c u t i o n t i m e of t h i s p r o g r a m is spent in a 

rout ine called SKEX5. This rou t ine could not be vector ised. 

U31 The p r o g r a m did a l r e a d y v e c t o r i s e q u i t e w e l l ( a u t o m a t i c v e c t o r i s a t i o n ) . 

F o u r t y one pe rcen t of i ts t i m e is spent in one rout ine called FORIT. This 

procedure per forms a sort of Fast Four i r T rans fo rmat ion . Scil ib does p rov ide 

a v e c t o r i s e d ve rs i on of F F T , bu t we we re not sure how to use i t in this 

par t icu lar case. 
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U32 S ix ty t w o pe rcen t of the E x e c u t i o n t i m e of th is p r o g r a m is spent in a 

rout ine called SELECT. The IF statements and i r r e g u l a r addressing p reven t 

vector isat ion. 

U51 Seventy e igh t p e r c e n t of t h e t i m e is spent in SOLV. Some DO-loops are 

cases of i m a g i n a r y r e c u r s i o n . They can be f o r c e d to v e c t o r i s e by t h e 

compiler d i rec t ive CDIR$ IVDEP. 

U52 F o u r t y t h r e e pe rcen t of t h e t i m e is spent in a rout ine called MASUB. By 

l o o p s p l i t t i n g and r e m o v i n g i m a g i n a r y r e c u r s i o n w e can o b t a i n some 

vector isat ion. 

U57 More than 90 p e r c e n t of the t i m e is spent in a rout ine called SINNER. We 

can make use of the Scil ib rou t ine SDOT to speed up the program. 

U58 T h i r t y f i v e p e r c e n t of t he t i m e is spent in FRATYS. The DO-loop in this 

procedure is a case of 'non subscr ipt use of a loop counter ' . This was solved 

by l o o p - s p l i t t i n g . T h i r t y n ine p e r c e n t of the t i m e is spent in C06AAX in 

which some so r t of F o u r i r t r a n s f o r m a t i o n takes p l ace . I t was again not 

clear how to apply the Sci l ib FFT rout ine. 

X X X This program was easy to o p t i m i s e . F i r s t some IF s t a t e m e n t s had to be 

r e m o v e d u s i n g C V M G T and t h e n C D I R $ I V D E P was used t o remove 

' imaginary recursion' . 

TIM Th is p r o g r a m spends al l of i t s t i m e in an unusua l l y l a rge DO- loop. This 

DO- loop con ta i ns many IF s t a t e m e n t s . Some v e c t o r i s a b l e c o d e at the 

b e g i n n i n g of t h e loop can be sp l i t o f f . An i n t e r e s t i n g aspect of the 

program are the 'common subexpressions'. The F T N c o m p i l e r seems to pick 

up most of t h e m w h i l e t h e C F T compi le r does not. Restructur ing work by 

G. Ashley f r o m Cray Research resulted in the execut ion t i m e being ha lved. 

The number of m o d i f i c a t i o n s - was h igh . F u r t h e r res t ructur ing work is stil l 

going on by the Author of the program. 
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3. Index to the programs on the m ic ro f iches 

The p rog rams on each f i c h e are l i nenumbered c o n t i n u o u s l y . F i c h e 1, t h e 

u n m o d i f i e d p r o g r a m s , is n u m b e r e d f r o m 00000011 to 00005586. F i che 2, the 

restructured programs, is numbered f r o m 00000000 to 00003672. 

A t the end of e v e r y ' p r o g r a m ' t h e r e is a F l o w t r a c e . E .g . the f l owt race f o r 

program U2 is found on l i n e 190 of f i c h e 1. The R O U T I N E co l umn i nd i ca tes t h e 

name of the r o u t i n e . T IME i n d i c a t e s t h e number of seconds spend in the rout ine. 

The (:) column specif ies the percentage of the total e x e c u t i o n t i m e of the p r o g r a m 

t h a t is spent in t h a t p r o c e d u r e . The C A L L E D co lumn s p e c i f i e s the number of 

seconds spent per call in the procedure. T O T A L specif ies the e x e c u t i o n t i m e of t h e 

program wi thout the F lowt race overheads. 

Modif ied lines are marked on the r i gh t hand side w i th G N A G N A . 

The f o l l o w i n g t a b l e is an index t o the micro f iches. The numbers indicate the 

line numbers at which the programs are found. So p rog ram U8 s t a r t s at l i nenumber 

00000973. 

Fiche-1 F iche-2 

U2 11 2 
U3 209 200 
U4 411 403 
U6 685 678 
U8 973 993 
U9 1562 -

U10 1916 3475 
U13 2078 1692 
U14 2323 3578 
U15 3017 1939 
U16 3071 -

U30 3380 -

U31 3665 -

U32 3783 1997 
U51 4133 2360 
U52 4448 2617 
U57 4650 2830 
U58 4699 2876 
X X X 5282 3053 
TIM 4877 -
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T A B L E 1 

The results of the L ive Benchmark 

Id CDC-7600 C R A Y - 1 7600 
Job T ime Job T ime Rat io 
(sees) (sees) CRAY 

U1 29.32 12.76 2.29 
U2 63.23 162.16 0.39 
U3 26.34 6.26 4 .21 
U4 3.09 1.09 2.83 
U5 56.71 142.75 0.40 
U6 39.57 7.66 5.17 
U8 473.07 268.64 1.76 
U9 169.48 17.70 9.57 
UIO 513.25 388.10 1.32 
U l l 246.93 116.33 2.12 
U12 570.17 226.01 2.52 
U13 191.36 115.96 1.65 
U14 246.49 112.11 2.20 
U15 258.73 57.22 4.52 
U16 10.21 2.85 3.58 
U17 905.47 1229.25 0.74 
U18 137.83 338.14 0 .41 
U19 0.29 0.05 5.80 
U20 17.58 41 .01 0.43 
U21 2.34 1.41 1.66 
U22 1.21 0.32 3.78 
U23 4.53 3 .01 1.50 
U24 1.86 0.47 3.96 
U25 0.72 0.24 3.00 
U26 0.56 0.09 6.22 
U27 5.27 1.11 4.75 
U28 0.39 0.06 6.50 
U29 1.31 0.42 3.12 
U30 3.77 1.66 2.27 
U31 383.58 160.70 2.39 
U32 8.30 3.86 2.15 
U33 1.31 0.60 2.10 
U34 15.86 5.65 2.81 
U35 2.71 11.01 2.68 
U36 28.83 15.42 1.87 
U37 1.13 0 .31 3.64 
U38 1.96 0.47 4.17 
U39 1.61 0.47 3.42 
U40 86.55 26.14 3.31 
U41 5.23 0.72 7.26 
U42 0.53 0 .11 4.82 
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T A B L E 1 c o n t i n u e d 

Id CDC-7600 C R A Y - 1 7600 
Job T ime Job T ime Rat io 
(sees) (sees) CRAY 

U44 2.15 0 .44 4.89 
U45 0.57 0 .11 5.18 
U46 1.89 0.35 5.40 
U49 1.45 0.27 5.37 
U50 21.56 5.57 3.87 
U51 71.22 12.13 5.87 
U52 49.45 20.90 2.37 
U54 71.28 34.73 2.05 
U57 49.38 38.47 1.28 
U58 32.07 14.45 2.22 
U59 1.86 0.45 4.13 
U60 1.99 0.83 2.40 
U61 6.48 1.18 5.49 
U62 97.76 33.19 2.94 
U63 15.49 12.40 1.25 
U64 280.10 122.78 2.28 
X X X 355.26 154.09 2.31 
U66 30.94 13.64 2.27 
U67 46.53 40.40 1.15 
TIM 979.81 802.84 1.22 
U70 1.41 0.46 3.06 
U71 1.65 0 .31 5.32 
U72 32.28 11.59 2.79 
U73 20.73 6.85 3.03 
U74 15.16 9.95 1.52 
U75 20.47 8.86 2.31 
U76 80.49 20.52 3.92 
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T A B L E 1 

Analysis of indiviual benchmark programs on the CDC-7600 

Or ig ina l Run MNF FTN(2) 

Id Comment Compi l Exec Compil Exec 

U2 MNF,dp 0.134 62.969 0.739 57.181 

U3 MNF 0.128 26.063 0.495 9.114 

U4 FTN(2) ,MAN,LEV-2 1.354 1.511 

U 6 MNF 0.282 39.126 0.768 13.621 

U8 FTN(2),LEV2 2.397 470.516 

U9 MNF,LEV2 1.687 167.418 3.816 98.668 
UIO FTN(2) ,dp,MAN,LEV2 6.573 506.503 

U13 FTN(2),INT 0.704 191.039 

U14 FTN(1) ,MAN,LEV2,CMPLX 3.594 242.860 

U15 FTN(2),LEV2 1.185 256.801 

U16 MNF,RMS/WMS 2.809 6.982 5.786 5.582 
U30 FTN(2),dp 2.946 0.620 

U31 FTN(2),LEV2 12.125 370.978 

U32 FTN(2) 3.583 4.496 

U51 MNF,LEV2 1.393 69.512 4.510 46.099 
U52 F T N ( l ) 5.908 43.217 

U57 FTN(2) 0.828 48.352 

U58 FTN(2) 2.334 29.535 

X X X FTN(2),LEV2 3.724 351.351 

TIM FTN(2),LEV2 3.053 976.851 
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T A B L E 1 c o n t i n u e d 

FTN(1,0) FTN(2) Be t te r Mem Mangmnt Dp Sp 

Id Compil Exec Compi l Exec Compil Exec 

U2 0.473 17.760 

U3 

U4 1.622 1.193 1.502 1.186 

U6 

U8 2.340 439.0 

U9 3.700 53.915 

UIO 7.625 295.766 7.567 264.981 7.401 241.045 

U13 

U14 4.011 261.329 3.780 214.170 

U15 1.1821 103.792 

U16 

U30 2.792 0.581 

U31 12.125 370.978 

U32 

U51 4.457 25.6 

U52 6.573 34.017 

U57 

• U58 

X X X 3.724 351.351 

TIM 2.945 951.976 
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T A B L E 1 

Analysis of individual benchmark programs on the C R A Y - 1 

Original Run No-Vector is SP DP Restructured 

Id Comment Compil Exec Exec Exec Exec 

U2 dp 0.103 162.0 164.0 7.30 7.3 

U3 0.09 6 .1 6.6 6 .1 

U4 0.300 0.76 0.757 0.76 

U6 0.158 7.5 7.67 2.99 

U8 0.422 267.6 268.4 79. 

U9 0.825 16.8 18.0 16.8 

UIO dp 1.539 387.0 408.7 269.6 188. 

U13 INT 0.141 125.0 132.7 56. 

U14 0.673 98.0 100.0 98. 

U15 0.348 56.6 60.0 9 .6 

U16 WMS,RMS 1.405 1.37 1 .6 1.37 

U30 dp 0.500 1.08 1.08 0.547 0.55 

U31 1.951 159.0 298.3 159. 

U32 INT 0.643 3.20 3.67 2.98 

U51 0.843 11.5 21.0 5.8 

U52 1.661 17.7 20.7 17.7 

U57 0.126 37.0 38.0 11.1 

U58 0.365 13.4 14.71 9.5 

X X X 0.7259 154.0 153.8 49. 

TIM 0.497 803 .0 ' 820.0 454. 
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T A B L E 1 

Comparison of F T N ( l ) and FTN(2) 

OPT=2 OPT=l RAT IO(OPT l /OPT2) 

Id Compil Exec Compi l Exec Compil Exec 

U2 0.739 57.18 0.571 60.334 0.77 1.06 

U3 0.495 9 .11 0.373 9.688 0.75 1.07 

U4 1.622 1.19 1.340 1.517 0.82 1.25 

U6 0.768 13.62 0.611 15.571 0.80 1.15 

U8 2.397 470.516 1.986 529.656 0.83 1.13 

U9 3.816 98.668 3.588 101.045 0.94 1.03 

UIO 7.625 295.77 6.573 506.503 0.86 1.7 

U13 0.704 191.04 0.533 311.618 0.76 1.63 

U14 4.011 261.33 3.594 242.860 0.90 0.93 

U15 1.185 256.80 1.443 256.667 0.8 1.00 

U16 5.790 5.582 4.864 5.934 0.84 1.05 

U30 2.946 0.620 2.303 0.628 0.77 1.11 

U31 12.125 370.970 478.883 — • ~ 1.29 

U32 3.583 4.496 2.847 4.720 0.80 1.04 

U51 4.510 46.890 3.885 51.109 0.87 1.11 

U52 6.573 34.017 5.908 43.217 0.89 1.27 

U57 0.828 48.352 0.687 117.159 0.83 2.44 
U58 2.334 29.535 1.938 39.808 0.83 1.34 

X X X 3.724 351.351 3.185 402.032 0.86 1.15 

TIM 3.053 971.851 2.225 1612.576 0.74 1.65 
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TABLE 6 

LOS ALAMOS SCALAR TEST 
CDC-7600 PERFORMANCE IS TAKEN AS UNITY 

KERNELS 
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