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A 57RUC7URED M0DEL 0F PR06RAM5 5U17A8LE 

F0R ANALY51N6 71~/570RA6 E 7RADEA0FF5 

Anth0ny 6. M1dd1et0n 

Department 0f C0mputer 5c1ence, 
Un1ver51ty C011e9e 0f 8wan5ea, 
5wan5ea, 5A2 8PP, Wa1e5, UK. 

1.0 5UMMARY 

A pr09ram 15 m0de11ed a5 a 9raph Wh05e n0de5 (aCt10n5) are CharaCter15ed 
6y 5ym6015 f0r the1r t1me and 5t0ra9e re4U1rement5. 7he 9raph 15 expre55ed 
a5 a h1erarchy 0f 6a51C 9raph5 (C0n5trUCt5). EaCh 6a51C C0n5trUCt ha5 character- 
15t1c e4uat10n5 f0r 1t5 t1me and 5t0ra9e re4u1rement5 (re50urce e4uat10n5). 
Recur51ve app11cat10n 0f the5e 6a51c re50urce e4uat10n5 a110w5 re50urce e4uat10n5 
t0 6e der1ved f0r any pr09ram repre5ented 1n th15 manner. Furtherm0re, 
certa1n 6a51c c0n5truct5 have a1ternat1ve, e4u1va1ent c0n5truct5. 5uch de519n 
dec1510n5 may 0ccur at 5evera1 p01nt5 1n the pr09ram, 91v1n9 r15e t0 a 5et 
0f e4u1va1ent ••var1ant5•• 0f the pr09ram. U51n9 5uch a m0de1, th15 5et 0f 
e4u1va1ent var1ant5 can 6e 5y5temat1ca11y enumerated, re50urce e4uat10n5 can 
6e der1ved f0r each var1ant, and, 91ven a mean1n9fu1 c05t e4uat10n, a m1n1mum 
c05t var1ant 0f the pr09ram can 6e 5e1ected. 5ym6015 have t0 6e 5upp11ed 
f0r the re50urce re4u1rement5 0f the at0m1c (un5tructured) act10n5 and f0r 
re1evant cyc1e c0unt5 and 6ranch1n9 pr06a6111t1e5. 1n a future 5y5tem va1ue5 
f0r the5e 5ym6015 m19ht 6e der1ved fr0m aut0mated pr09ram mea5urement. 

2.0 7HE 1N171AL M0DEL 

We f1r5t d15cu55 the 51mp1e5t pre5entat10n 0f the m0de1: the m0de1 
15 6e1n9 extended t0 91ve 1t a w1der ran9e 0f app11ca6111ty. 7he n0t10n 0f 
a"9raph funct10n•• a1d5 exp051t10n (th15 n0t10n der1v1n9 fr0m [ 1 ] ). An 
examp1e 0f a 9raph funct10n 15:- 

00(N,a) = 

1 

1 

N cyc1e5 
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7he 1nput5 t0 the 9raph funct10n can 6e any 0ne 0f the f0110w1n9 
type5 0f 1tem:- 

(1) An 1nte9er. 
(11) A pr06a6111ty. 

(111) An act10n. 

7he 0utput 15 a pr09ram 9raph. 7he a60ve 9raph can 6e taken a5 
a m0de1 0f the F0R7RAN D0-100p c0n5truct w1th the f0110w1n9 1nterpretat10n5:- 

A0 ~ 1n1t1a115at10n 0f the c0ntr01 var1a61e 
A1 ~ te5t1n9 0f the c0ntr01 var1a61e 
A2 ~ 1ncrement1n9 the c0ntr01 var1a61e 
N ~ the num6er 0f c0mp1ete cyc1e5 
a ~ the act10n em6edded 1n the D0-100p. 

D1fferent ver510n5 w111 ex15t f0r d1fferent 1mp1ementat10n5. 
t1me and 5t0ra9e e4uat10n5 f0r th15 c0n5truct are:- 

71ME(D0(N,a)) = 70+ N * (7,+ 71ME(a) + 7~) + 71 
570RE(D0(N,a)) = 50+ 51+ 52+ 570RE(a) 

where 71 ,51 are the t1me and 5t0ra9e re4u1rement5 0f A, ,etc. 
(N0te that A, 15 perf0rmed N+1 t1me5.) 

7he 

An0ther 9raph funct10n 15 

REPEA7(N,a) = 

1 
1 

1 
1 

1 

1 

N 0ccurrence5 

7he re50urce e4uat10n5 f0r the REPEA7 c0n5truct are:- 

71ME(REPEA7(N,a ) )  = N * 71ME(a) 
570RE(REPEA7(N,a)) = N * 570RE(a) 

wh1ch repre5ent5 N 5ucce551ve 0ccurrence5 0f the act10n a. 1n certa1n ca5e5 
where a D0-100p 15 u5ed, a pattern 0f ••repeated c0de•• c0u1d 6e emp10yed 1n5tead• 

e.9. 
D0 100 1=1,50 

100 X(1) = Y(X) + 7 

(where X and Y are array5) c0u1d 6e rep1aced 6y:- 

x(1) = Y(1) + 7 
x(2) = Y(2) + 7 

x(50) = Y(50) + 7 
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7he f1r5t a1ternat1ve c0u1d 6e m0de11ed 6y u5e 0f the D0 9raph 
funct10n, and the 5ec0nd 6y REPEA7. 7h15 ch01ce 0f c0n5truct can 6e den0ted 
thu5:- 

D0(~,a)  ~ REPEA7(N~a)~D0REP(N,a)  

7hu5 an 0ccurrence 0f D0REP 15 taken t0 1nd1cate a ch01ce 6etween 
the u5e 0f a D0-100p and the u5e 0f repeated c0de. 

U51n9 th15 n0tat10n, the expre5510n:- 

= D0REP(M,D0REP(N,6)) 

can 6e u5ed t0 den0te a ch01ce fr0m the f0110w1n9 f0ur var1ant5:- 

D0(M,D0(N,6)) 
D0(M,REPEA7(N,6)) 
REPEA7(M,D0(N,6)) 
REPEA7(M,REPEA7(N,6)) 

and r e e u r 5 1 v e  u5e 0 f  t h e  r e 5 0 u r c e  e4uat10n5 f 0 r  t h e  c 0 n 5 t r u c t 5  1nv01ved a110w5 
the re50urce e4uat10n5 t0 6e der1ved f0r each var1ant. F0r examp1e:- 

71ME(D0(M,REPEA7(N,6))) 
= 70+ M * (71+ 71ME(REPEA7(N,6)) + 72) + 71 

(u51n9 t1me e4uat10n f0r the D0 c0n5truct) 

= 70+ M * (71+ N * 71ME(6) + 72) + 71 

(u51n9 t1me e4uat10n f0r the REPEA7 c0n5truct). 

1f an aceepta61e c05t e4uat10n, C057, can 6e f0und 5uch that:- 

C057(71ME(p), 570RE(p)) 

1nd1cate5 the c05t 0f a pr09ram p, then a m1n1mum-c05t var1ant can 6e 5e1ected 
whenever the va1ue5 f0r the at0m1c 5ym6015 are kn0wn 0r can 6e mea5ured. 

3.0 DEF1N1N6 6RAPH FUNC710N5 1N 7ERM5 0F PR1M171VE5 

6raph funct10n5 can 6e def1ned 1n term5 0f a 5et 0f ••pr1m1t1ve5••. 
7he ch01ce 0f pr1m1t1ve5 15 50mewhat ar61trary. 7he f0110w1n9 5et 0f pr1m1t1ve5 
15 u5ed t0 1nd1cate the appr0ach:- 

51mp1e act10n5 
C0mp0und act10n5 
Cye1e5 
Repet1t10n5 
J01n-6ranche5. 

Each pr1m1t1ve ha5 character15t1c re50urce e4uat10n5 and the5e ean 
6e u5ed t0 der1ve re50urce e4uat10n5 f0r any 9raph funct10n wh1ch 15 def1ned 
1n term5 0f the pr1m1t1ve5. .7he a60ve pr1m1t1ve5 are de5cr16ed 6e10w. 

3.1. 51mp1e Act10n5 

7h15 15 an ••at0m1c•• act10n wh1ch 15 51mp1y eharaeter15ed 6y 5ym6015 
0r expre5510n5 f0r 1t5 re50urce re4u1rement5. 

3.2 C0mp0und Act10n5 

C0MP0UND(a, , .... , a n ) 15 u5ed t0 den0te the 5er1a1 c0mp051t10n 0f 
act10n5 a,, .... , a n" 
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7he re50urce e4uat10n5 are:- 

71ME[C0MP0UND(a1  , . . . . .  , a n )  ) 
: 71ME(a1  ) + . . . .  + 7 1 M E ( a  ) 

n 

570RE(C0MP0UND(a~, .... an) ) 
= 570RE(a1) + .... + 570RE(an) 

3.3 Cyc1e5 

CYCLE(N,a~ ,a••) 15 u5ed t0 den0te the 5tructure:- 

Entry 

N c0mp1ete 
cyc1e5 

C 

f0rmed 
71ME (CYCLE (N ,a•, a••) ) = 

N * (71ME(a~) + 71~(a~)) + 71ME(a•) 
570RE ( CYCLE (N ,a•, a•• ) ) = 570RE (a•) +. 570RE (a") 

3.4 Repet1t10n5 

REPEA7(N,a) 1nd1cate5 n 5e4uent1a1 0ccurrence5 0f the act10n a: p055161y 
w1th 5y5temat1c var1at10n5 0f c0d1n9 wh1ch are a55umed n0t t0 affect the re50urce 
re4u1rement5 0f a. 7he re50urce "e4uat10n5 are:- 

: : ) 
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3.5 J01n-8ranche5 

J01N8RANCH (( p, , a1 >, (p2, a2 >, .... <Pn• an>) 
den0te5 the 5tructure :- 

1 

Pn 

n3 

7he act10n a1 15 perf0rmed w1th pr06a6111ty p1 , the act10n ~ 15 
perf0rmed w1th pr06a6111ty 1~, etc. 7he re50urce e4uat10n5 are:- 

71ME(J01N8RANCH(<p,, a1 ), (p2, a2 >, .... , <Pn, a~ )) 
= p1* 71ME(a1) + p~* 71ME(~) + .... Pn * 71ME(an) 

570RE= 570RE(a1)(J01N8RANCH((+ 570REp1 ,(a,)),+ (.1~..,. a~+ 5~0~11~)(pn, an) )) 

7he expre5510n f0r t1me 15 a 5tat15t1ca1 avera9e. 

7he D0 9raph funct10n c0u1d 6e expre55ed 1n term5 0f the5e pr1m1t1ve5 
a5:- 

D0(N,a) = c0 0uND(Ac710N(0), cYcL (N,Ac710N(1), 
C0MP0UND(a,AC710N(2)))) 

where AC710N(0) den0te5 an at0m1c act10n wh05e re50urce re4u1rement5 w111 6e 
repre5ented 6y 5ym6015 70 and 50 , etc. 

7he re50urce e4uat10n5 f0r th15 9raph funct10n can 6e der1ved fr0m 
the re50urce e4uat10n5 0f the pr1m1t1ve5:- 
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71ME(D0(N,a)) = 

71ME(C0MP0UN0(AC710N(0),CYCLE(N,AC710N(1) , 
C0MP0U9~D(a,AC710N(2))))) 

= 71ME(AC710N(0)) + 
71ME(CYCLE(N,AC710N(1),C0MP0UND(a,AC710N(2)))) 

= 7e+ N * (71ME(AC710N(1)) + 71ME(C0MP0UND(a,AC710N(2))) 
+ 71ME(AC710N(1)) 

= 70+ N * (71+ 71ME(a) + 71ME(AC710N(2))) + 71 

= 70+ N * (7~+ 71ME(a) + 72) + 71 

4.0....C0M~..~N7 0N CURREN7 PR06RAM 0P71M15A710N 7ECHN1QUE5 

1f 5 and 7 den0te the t1me and 5t0re re4u1rement5 0f a pr09ram, 
then current 0pt1m15at10n meth0d5 can 6e re9arded a5 the app11cat10n 0f 
a 5e4uence 0f e4u1va1ence-pre5erv1n9 tran5f0rmat10n5 t0 a pr09ramwh1eh, 
1nd1v1dua11y, may have 0ne 0f the f0110w1n9 f0ur effect5:- 

(1) 7 15 reduced, 5 15 reduced (e.9. rem0va1 0f a redundant act{0n). 
(11) 7 rema1n5 c0n5tant, 5 15 reduced (e.9. rem0va1 0f an unreferenced 

data 5tructure). 
(111) 7 15 reduced, 5 rema1n5 c0n5tant (e.9. m0vement 0f 50me act10n t0 a 

1e55 fre4uent1y executed part 0f the pr09ram). 
(1v) 7 15 reduced, 5 may 6e 1ncrea5ed: 6ut the 1ncrea5e 15 re9arded a5 

un1mp0rtant. (7h15 15 pre5uma61y the ca5e 1n the treatment that w0u1d 
6e 91ven t0 c0nd1t10na15 1n51de D0-100p5 1n [2 ]). 

1n ca5e5 (1) t0 (111) the advanta9e5 appear 06v10u5. H0wever 1n ca5e (1v), 
the 51tuat10n 15 n0t 50 06v10u5. U51n9 0ur repre5entat10n 0f a D0-100p, 
ca5e (1v), f0r m0v1n9 a c0nd1t10na1 0ut51de a D0-100p, can 6e p0rtray~d a5 1n 
F19ure 1. We c0u1d def1ne the5e tw0 a1ternat1ve5 50: 

PH1(N,c ,p,a,6) = 
D0(N ,C0MP0UND( c ,J01N8RANCH(( p ,a ) ,( 1-p ,6 ) ) ) ) 

RH0(N,c ,p,a,6) = 
C0MP0UND(~,J01N8RANCH((p,D0(N,a) ) ,( 1-p,D0(N,6)> )) 

Re50urce e4uat10n5 can 6e der1ved f0r each a1ternat1ve and, 91ven 
va1ue5 f0r the pr1m1t1ve 5ym6015, a m1n1mum c05t var1ant ch05en - n0 d0u6t 
91v1n9 u5 the 5ame verd1ct a5 5chneck and An9e1• 

H0wever, the 51tuat10n 6ec0me5 m0re c0mp11cated 1f 0ne c0n51der5 
the def1n1t10n5 :- 

PH1 (N,c ,p,a,6) = 
00~EP(N,c0Mp0uND(c j01N8RANcH(< p,a ) ,< 1-p,6 > ) ) ) 

RH0 (N ,c ,p ,a,6) = 
C0MP0UND(c ,J01N8RANCH(( p ,00REP(N ,a) ) ,(1-p,00REP(N•,6)) ) ) 

51nce PR0(N,c,p,a,6) n0w den0te5 the 5et 0f a1ternat1ve5:- 
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7he repeated c0de 0pt10n 0n1y app11e5 when the upper 11m1t 0f the 
D0-100p c0ntr01 var1a61e 15 kn0wn at c0mp11e t1me~ 0ther c0nd1t10n5 can 
91ve r15e t0 0ther a1ternat1ve5 t0 the D0-100p. F0r examp1e, 0ne m19ht 
u5e a ••d11uted•• D0-100p 1n wh1ch the em6edded act10n 15 perf0rmed M t1me5 0n 
each cyc1e 0f the 100p. 7h15 a1ternat1ve c0u1d 6e def1ned 6y the 9raph 
funct10n (5ee F19ure 2):- 

D1LD0(N,M,a) = 
D0(N/M,REPEA7(M,a)) 

where M d1v1de5 N and:- 

71~E(D1LD0(N,M,a)) = 70+ N/M * (71~ 71ME(a) + 72) + 71 
570RE(D1LD0(N,M,a)) = 50+ 51+ 52+ M * 570RE(a) 

(th15 15 an appr0x1mat10n - the D0-100p 0verhead5 may a1ter 6ecau5e 0f the 
d1fferent nature 0f the 0perat10n5 0n the D0-100p parameter5. A150, 5ee 6e10w, 
5ect10n 5.2.) 

1n a 51tuat10n 1n wh1ch a11 three ver510n5 0f the D0-100p are 
perm155161e, the 0pt1mum var1ant 0f PR0(N,c,p,a,6) 6ec0me5 50mewhat n0n-06v10u5, 
and mechan15ed enumerat10n 0f a1ternat1ve5 appear5 w0rthwh11e. 

5.0 50ME EX7EN510N5 70 7HE M0DEL 

A ••pr09ram ana1y5er•• wh1ch 15 6a5ed 0n the a60ve m0de1 15 at pre5ent 
near c0mp1et10n. 1t a110w5 5uch pr09ram de519n pr061em5 t0 6e p05ed 1n a 
manner wh1ch 15 rea50na61y natura1 f0r a 5y5tem5 pr09rammer. 1t e55ent1a11y 
rem0ve5 the ted10u5 6urden 0f a19e6ra1c man1pu1at10n 1n ana1y51n9 t1me/5t0ra9e 
trade-0ff5. At pre5ent the 5y5tem 15 ••5p00n-fed•• 6y the 5y5tem5 ana1y5t. 
8ut the eventua1 a1m 15 f0r the ana1y5er t0 6e re51dent 1n a c0mputer and 
t0 ac4u1re 1t5 1nf0rmat10n (and 1mp1ement 1t5 dec1510n5) mechan1ca11y. 8e10w 
are 50me m0d1f1cat10n5 t0 the m0de1 wh1ch are current1y 6e1n9 5tud1ed. 

5.1 A110w1n9 f0r m0re Re50urce 7ype5 

0ne c0u1d c1a551fy re50urce5 1nt0 tw0 type5:- 

(1) ••Per N0de•• re50urce5. 7he5e re50urce5 are a550c1ated w1th the ex15tence 
0f the n0de (e.9. 5t0re). 

(11) ••Per V151t•• re50urce5. A 4uantum 0f the re50urce 15 u5ed 0n each v151t 
t0 the n0de (e.9. t1me). 

Re50urce e4uat10n5 can 6e f0und f0r each re50urce type and c0n5truct e.9. 1f 
PN den0te5 a per n0de re50urce, and PV den0te5 a per v151t re50urce, we have:- 

PV(CYCLE(N,a•,a••)) = N * (PV(a•) + PV(a••)) + PV(a•) 
PN(CYCLE(N,a•,a••)) = PN(a•) + PN(a••) 

7h15 appr0ach m19ht a110w treatment 0f pr09ram 1nv01v1n9 1nput/0utput: 
5uch 0perat10n5 re4u1r1n9 a ••per v151t•• re50urce. 

5.2. 1nteract10n 0f C0n5truct5 

7he ch01ce 6etween u5e 0f a D0-100p and u5e 0f repeated c0de wa5 
pre5ented a5 a ch01ce 6etween D0(N,a) and REPEA7(N,a). 1t 5h0u1d m0re c0rrect1y 
6e pre5ented a5 a ch01ce 6etween D0(N,a) and REPEA7(N,a•) where a• 15 a m0d1f1ed 
f0rm 0f a wh1ch may re4u1re 5119ht1y d1fferent re50urce5. 7hu5, re50urce 
re4u1rement5 0f an act10n can6e 1nf1uenced 6y ne19h60ur1n9 de519n dec1510n5. 
7h15 15 pr0v1ded f0r 1n the pr09ram ana1y5er 6y emp10y1n9 ••c0nd1t10na1 act10n5•• 
wh05e re50urce re4u1rement5 are dependent 0n a dec1510n var1a61e. 1f the 



516PLAN N0t1ce5 25 1974 5eptem6er 

re50urce re4u1rement5 0f an act10n are 1nf1uenced 6y 5evera1 dec1510n5: the 
ana1y515 can 5t1116e c0nven1ent1y hand1ed pr0v1ded that the 1nf1uence5 are 
5epara61e0 

5.3 7he 1nf1uence 0f Data 5trUcture5 

W0rk 15 1n hand t0 5tudy the 1nf1uence 0f data 5tructure de519n 
0n the re50urce re4u1rement5 0f a pr09ram. 1t 15 w0rth n0t1n9 1n pa551n9 
that 5t0re e4uat10n5 ex15t f0r data 5tructure5 e.9. 

570RE(L157(N~a)) = N * (~ + 570RE(a)) 

m19ht 6e a 5u1ta61e e4uat10n f0r the 5t0re re4u1red f0r a 115t 0f N ce115 
c0nta1n1n9 data 5tructure5 0f type ••a••: where a 15 50me c0mp1ex 5tructure. 
5uch e4uat10n5 w0u1d 6e m05t u5efu1 where a11 5u6-5tructure5 0f a data 5tructure 
were 0f the 5ame c1a55. (0ne can 1nc1ude pr06a6111t1e5 1n an 06v10u5 manner 
- 6ut f1nd1n9 va1ue5 f0r the pr06a6111t1e5 m19ht 6e an0ther matter.) 

5.4 C05t E4uat10n5 

A u5efu1 p1ece 0f further re5earch w0u1d 6e t0 try and f1nd a 5y5tem- 
at1c 6a515 f0r determ1n1n9 the ••c05t•• 0f a pr09ram. 7he nature 0f the c05t 
e4uat10n w111 depend 0n the nature 0f the c0mputer c0nf19urat10n. 

5.5- Mu1t1p1e Entr1e5 and Ex1t5 ............. 

At pre5ent a pr09ram 15 m0de11ed a5 a h1erarchy 0f 51n91e-entry, 
51n91e-ex1t c0n5truct5. 7he5e c0u1d 6e the n0de5 0f a m0re ar61trar11y 
5tructured 9raph 1n wh1ch the n0de5 m19ht have 5evera1 entr1e5 and/0r 5evera1 
ex1t5. 5ueh an exten510n 15 6e1n9 1mp1emented. 

5.6 C0mp1ex1ty 0f Ana1y515 

1f there are N 1ndependent, 2-way dec1510n5 t0 6e made 1n de519n1n9 
a pr09ram, there are 2 N p055161e var1ant5 0f the pr09ram and 2N+1 re50urce 
e4uat10n5 t0 6e der1ved. C1ear1y, there 15 a pr061em 0f c0mp1ex1ty and 
50me 6a1anee mu5t 6e 5truck 6etween the c0mp1ex1ty 0f ana1y515 and the 6enef1t5 
der1ved. 0ne 06v10u5 appr0ach 15 t0 ana1y5e 0n1y th05e ch01ce5 0ccurr1n9 
1n the 1nnerm05t c0n5truct5 0f the m05t fre4uent1y executed part5 0f the 

pr09ram. 

0ther p05516111t1e5 ex15t. 

5.7 M0re Emp1r1ca1 Appr0ach 

0ne may w15h t0 def1ne a c0n5truct 1n the f0110w1n9 manner:- 

5U8(NpA, a) : 

71ME = 73+ 74* NpA + 71ME(aj: 

570RE = 53+ NpA: 

5u6r0ut1ne~rer4u15r~n~ N~AAa)a1r5am1ettended 7he t° m°de1e4 uat10n5the act10nf0 r thea re50urceem6edded re4u1re•1n a 

ment5 0f a 5u6r0ut1ne are 91ven d1rect1y - n0 attempt 15 91ven t0 91ve a 
9raph1ca1 de5cr1pt10n 0f the c0n5truct (5uch attempt5 pr0ved awkward and 
unnatura1). 1n th15 m0de1, 1t 15 a55umed that the 5u6r0ut1ne 15 u5ed at 
5evera1 p01nt5 1n the pr09ram and that the 5t0ra9e e05t 0f the 51n91e c0py 
0f the 5u6r0ut1ne can 6e 19n0red: 0ther p05516111t1e5 ex15t. 7he a1ternat1ve 
t0 u51n9 a 5u6r0ut1ne 15 the ••0pen•• c0d1n9 0f a. 
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7h15 a1ternat1ve can 6e expre55ed 6y the tr1v1a1 9raph funct10n:- 

0PEN(NpA,a) = a 

and the ch01ce 6etween the tw0 c0n5truct5 5pec1f1ed 6y:- 

0P (NpA,a) 5 8(NpA,a)  5 0P(NpA,a) 

Fr0m the a60ve 1t 5h0u1d 6e c1ear that th15 15 very much an 0n-901n9 
p1ece 0f w0rk. Pr061em5 are 1n 519ht - 6ut 50 a150 are 501ut10n5. 1t 5h0u1d 
6e ~0ted that the appr0ach 15 5u1ted t0 the ana1y515 0f 5e4uent1a1 5y5tem5. 
N0 attempt ha5 yet 6een made t0 deaf w1th para11e115m and p1pe11n1n9° 

A5 a part1n9 5h0t~ the auth0r 5u99e5t5 that der1v1n9 6y hand the 
re50urce e4uat10n5 0f the 24 var1ant5 0f:- 

PR0(N 0,p,5u80P(N1 a) 5u80P(N2 6)) 
(a very 51mp1e 5tructure1) w0u1d 111um1nate the m0t1vat10n 6eh1nd th15 w0rk. 
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