
Chapter 7
Performance Analysis

7 .1  D e s ig n  V e r i f ic a t io n

A  s im u la to r  w as m ad e  to  v e r ify  th e  m ic ro p ro c e s so r  an d  th e  fitn ess  ev a lu a to r. T h e  
v e rif ic a tio n  w as d o n e  by  e x e c u tin g  a  p ro g ra m  in  th e  s im u la to r, th e n  th e  s im u la te d  re su lt 
w as c o m p a re d  to  th e  re su lt f ro m  th e  a c tu a l h a rd w a re . A  seed , u se d  to  p ro d u c e  ran d o m  
n u m b e rs , w as  fixed . T h e  p ro g ra m  p e rfo rm e d  o n e  g e n e ra tio n  o f  G A , th e n  a  su m  o f  m e m ­
o ry  w a s  c a lc u la ted . T h e  su m  o f  m e m o ry  in  th e  s im u la to r  m u s t b e  e q u a l to  th e  su m  o f  
m e m o ry  in  th e  a c tu a l h a rd w are . T h is  is  to  e n su re  th a t th e  “ s ta te ” o f  th e  c o m p u ta tio n  o f  
th e  s im u la to r  is  eq u iv a le n t to  th a t  o f  th e  a c tu a l h a rd w a re  so  th a t th e  p e rfo rm a n c e  an a ly sis  
co u ld  b e  d o n e  in  th e  s im u la to r.

7 .2  P e r fo r m a n c e  A n a ly s is

A  p ro file  o f  so f tw a re -b a se d  G A , ru n n in g  on  2 0 0  M H z  P e n tiu m P ro  w ith  L in u x  O S , 
is sh o w n  in  T ab le  7 .1 . I t c a n  b e  se e n  th a t  to  m im ic  a p ra c tic a l se q u e n tia l c irc u it, w e 
m u st u se  a  g re a t n u m b e r o f  lo n g  in p u t/o u tp u t se q u e n c e s . A s a  re su lt, th e  ev a lu a tio n  tim e  
in c re a se d  d ra s tic a lly  w ith  th e  c irc u it  s iz e  d u e  to  th e  la rg e  n u m b e r  o f  se q u e n c e s  n e e d e d  to  
y ie ld  h ig h  c o rre c tn e s s  p e rc e n ta g e .

T h e  p ro file  in  T ab le  7.1 sh o w s  th a t th e  fitn ess  e v a lu a tio n  w as a  m a jo r  b o ttle n e c k  
o f  G A . A c c o rd in g ly , th e  h a rd w a re  c o n tr ib u te d  to  sp e e d u p  th e  fitn ess  ev a lu a tio n  is  re a ­
so n ab le . A  c o m p a r iso n  o f  so f tw a re  a n d  h a rd w a re  e v a lu a to r  is  sh o w n  in  T ab le  7 .2 . T h e  
e v a lu a tio n  tim e  o f  se ria l ad d er, in  so f tw a re , w as  p ro filed . In  h a rd w a re , th e  e v a lu a tio n  tim e  
w as c a lc u la te d  fro m  th e  fitn ess  e v a lu a to r  (E V ) o p e ra tin g  at its  m a x im u m  fre q u e n c y  (8 
M H z).

T h e  re su lt in  T ab le  7 .2  sh o w s  th a t  th e  fitn ess  e v a lu a to r  w as  lit t le  s lo w e r th an  the  
so f tw a re  ru n n in g  o n  P e n tiu m P ro . T h e  fitn e ss  e v a lu a to r  is n o t v e ry  fa s t d u e  to  tw o  m ain
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T ab le  7.1 ะ P e rc e n ta g e  o f  e v a lu a tio n  tim e.

C irc u it N u m b e r  o f  
S ta te s

N u m b e r o f  
S eq u en ces

S e q u e n c e
L en g th

E v a lu a tio n
T im e

S e ria l A d d e r 2 10 100 8 .9%
0101  D e te c to r 4 100 100 4 5 .0 %

M o d u lo -4  C o u n te r 4 100 100 5 3 .6 %
R e v e rs ib le  8 -c o u n te r 8 1 ,000 100 6 9 .1 %
R e v e rs ib le  8 -c o u n te r 8 10 ,000 100 9 5 .6 %

T ab le  7 .2 : A  c o m p a r iso n  o f  so ftw a re  an d  h a rd w a re  e v a lu a to r  (se ria l ad d er).

N u m b e r  o f  
S e q u e n c e s

S eq u en ce
L en g th

E v a lu a tio n  T im e  (m s)
S o ftw are H ard w are

10 100 0 .06 0 .25o ๐ r—
■จ 100 0.65 2 .5 0

1 ,000 100 13.50 2 5 .0 0
10 ,000 100 136.94 2 5 0 .0 0

re a so n s . F irs t, th e  P e n tiu m P ro  o p e ra te s  at v e ry  h ig h  fre q u e n c y  (2 0 0  M H z ) w h ile  th e  m a x ­
im u m  fre q u e n c y  o f  th e  F P G A  in  th is  e x p e rim e n t is  20  M H z. S eco n d , th e  b o ttle n e c k  o f  th e  
m e m o ry  l im its  th e  o p e ra tio n a l f re q u e n c y  at 8 M H z. A c tu a lly , th e  e v a lu a to r  can  o p e ra te  
at h ig h e r  freq u en cy . T h is  is  n o t su rp r is in g  s in ce  th e  e v a lu a to r  u ses  v e ry  lit t le  re so u rc e s  
(a b o u t 5 ,0 0 0  g a te s )  w h e re a s  th e  c o m m e rc ia l C P U  u ses  m illio n s  o f  tra n s is to rs . A lth o u g h  
th e  p e r fo rm a n c e  o f  th e  fitn ess e v a lu a to r  is m o d e ra te , fo r  la rg e  p ro b le m  th e  e v a lu a to r  can  
b e  p a ra lle l is e d . B y  u s in g  a  n u m b e r  o f  ev a lu a to rs  in  p a ra lle l, th e  lin e a r  sp e e d u p  is a c h ie v ­
ab le .

N e x t, th e  p e rfo rm a n c e  o f  th e  m ic ro p ro c e sso r  w ill b e  an a ly sed . In  th e  d e s ig n  stage , 
th e  n u m b e r  o f  re g is te rs  w as  se t a t 8. In  th e  sy n th es is  s tag e , n u m b e r  o f  re g is te rs  w as 
re d u c e d  to  4  d u e  to  th e  re a so n  th a t  th e  s ize  o f  F P G A  w as n o t su ffic ien t. T h e  firs t a ssem b ly  
p ro g ra m  w as w e ll-o p tim ise d  fo r  8 -re g is te r  p ro cesso r, th en  th e  8 -re g is te r  p ro g ra m  w as 
s im p ly  tra n s la te d  to  th e  4 -re g is te r  p ro g ra m  in s tru c tio n  by  in s tru c tio n . W e d id  n o t p u t 
m u c h  e ffo r t  to  o p tim ise  th e  4 -re g is te r  p ro g ram . T h e  tra n s la tio n  o f  8 -re g is te r  to  4 -re g is te r  
p ro g ra m  d ra s tic a lly  d ro p p e d  th e  p e rfo rm a n c e  (see  T ab le  7 .3 ).

T h e  re s u lt  o f  e x e c u tin g  4 -re g is te r  an d  8 -re g is te r  p ro g ra m s , d o n e  in  th e  s im u la to r, is
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sh o w n  in  T ab le  7 .3 . In  th e  4 - re g is te r  p ro g ra m , th e  n u m b e r  o f  lo a d /s to re  in s tru c tio n s  in ­
c re a se d  d u e  to  th e  sm a ll n u m b e r  o f  reg is te rs . F o r th e  sa m e  reaso n , th e  n u m b e r  o f  p u sh /p o p  
in s tru c tio n s , u se d  to  lo a d /s to re  th e  p ro g ra m  v a riab le s  to  C P U  stack , in c re a se d . It can  be  
seen  th a t  th e  n u m b e r  o f  re g is te rs  g rea tly  a ffec ted  th e  n u m b e r  o f  e x e c u te d  in s tru c tio n s . B y  
u s in g  a  lit t le  la rg e r  F P G A , th e  p e rfo rm a n c e  o f  th e  m ic ro p ro c e sso r  can  b e  s ig n ific an tly  
im p ro v e d .

T h e  c o m p a r is o n  o f  P e n tiu m P ro  an d  th e  c u s to m  m ic ro p ro c e sso r  is  sh o w n  in  T ab le
7 .4 . T h e  m ic ro p ro c e s s o r  an d  th e  fitness e v a lu a to r  w e re  se p a ra te ly  a n a ly se d , th e re fo re  th e  
e x e c u tio n  tim e  d id  n o t in c lu d e d  th e  fitness ev a lu a tio n . T ab le  7 .3  w as u se d  to  c a lc u la te  th e  
e x e c u tio n  tim e  o f  th e  c u s to m  p ro cesso r. F o r P e n tiu m P ro , th e  ex e c u tio n  tim e  w a s  p ro filed , 
th en  s u b tra c te d  b y  th e  e v a lu a tio n  tim e . T h e  re su lt sh o w s th a t P e n tiu m P ro  is 2 0 0  tim es 
fa s te r  th a n  th e  8 - re g is te r  p ro c e s so r  and  1 ,400  tim es fa s te r  th an  th e  4 -re g is te r  p ro cesso r. 
T h e  e x e c u tio n  t im e  o f  G A  o n  th e  c u s to m  p ro c e sso r  w as s lo w e r th an  th e  P e n tiu m P ro  due  
to  th e  fo llo w in g  re a so n s .

•  T h e  c u s to m  p ro c e s so r  ex ecu te s  th e  in s tru c tio n s  in  se q u e n c e  w h ile  
th e  c o m m e rc ia l C P U  u ses  an  ag g re ss iv e  p ip e lin e .

•  T h e  n u m b e r  o f  re g is te rs  is  to o  sm all. T h is  c au se s  th e  e x te n s iv e  
lo a d /s to re  in s tru c tio n s .

•  O u r  p ro c e s so r  e x e c u te s  a t 6  M H z  w h e rea s  P e n tiu m P ro  e x e c u te s  at 
2 0 0  M H z . T h e  F P G A  c a n n o t o p e ra te  a t h ig h  fre q u e n c y  as A S IC  
te c h n o lo g y .

•  T h e  re g is te r  a llo c a tio n  is  n o t o p tim a l. It can  b e  d o n e  b e tte r  by  
u s in g  a g o o d  co m p ile r .

T h e  p e r fo rm a n c e  o f  th e  c u s to m  p ro c e sso r  is  lo w e r th an  P e n tiu m P ro ; h o w ev er, th e  p e rfo r­
m a n c e  d e p e n d s  o n  th e  th e  a v a ila b le  re so u rce s . T h e  c u s to m  m ic ro p ro c e sso r  is  co n s id e ra b ly  
e ff ic ie n t a c c o rd in g  to  th e  F P G A  s iz in g  o f  1 0 ,0 0 0  eq u iv a len t ga tes.

T h e  p e r fo rm a n c e  o f  th e  m ic ro p ro c e sso r  an d  th e  fitn ess e v a lu a to r  c an  b e  s ig n ific an tly  
im p ro v e d  b y  u s in g  th e  la te s t F P G A  tech n o lo g y . T h e  V irtex  F P G A  (X ilin x , 2 0 0 0 ), w h ic h  
is  a  h ig h -s p e e d , h ig h -d e n s ity  F P G A  s iz in g  o f  3 .2 M  e q u iv a le n t g a te s  an d  o p e ra tin g  at 
2 0 0  M H z , c o u ld  b e  u sed . T h e  m e m o ry  b a n d w id th  can  b e  in c re a se d  to  2 0 0  M H z  u s in g  
Z B T  S R A M  (Z e ro  B u s  T u rn a ro u n d  S R A M ) -  a  n ex t g en e ra tio n  o f  S y n c B u rs t S R A M  
sp e c if ic a lly  u se d  fo r  P C  c a c h e  a p p lic a tio n s  su ch  as P e n tiu m  an d  P o w erP C .
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T a b le  7 .5  sh o w s  th e  o v e ra ll p e rfo rm a n c e  o f  th re e  v e rs io n s: ร พ ,  H W (X C 4 0 1 0 ), 
an d  H W (V irte x ) . I t c an  b e  seen  th a t ร พ  to o k  10 m in . 5 0  sec . w h ile  th e  H W (X C 4 0 1 0 ) 
to o k  2 4  m in . 4 0  sec . to  a c c o m p lish  th e  sa m e  task . A lth o u g h  th e  fitn e ss  ev a lu a tio n  is 
a  m a jo r  b o tt le n e c k  c o n su m in g  a b o u t 9 0 %  o f  to ta l tim e , th e  H W (X C 4 0 1 0 )  c o n ta in in g  a 
f itn e ss  e v a lu a to r  c a n n o t o u tp e rfo rm  th e  ร พ .  T h e  u se  o f  V irtex  d e v ic e  an d  Z B T  S R A M  
c a n  sp e e d u p  b o th  th e  m ic ro p ro c e s so r  an d  th e  fitness ev a lu a to r. I t c an  b e  se e n  th a t th e  to ta l 
e x e c u tio n  tim e  o f  H W ( V irtex ) w as  10 .77  tim e s  fa s te r  th an  ร พ .

In d e e d  th e  e n o rm o u s  s iz e  o f  V irtex  d e v ic e  co u ld  p ro v id e  a  p ip e lin e  an d  an  ad eq u a te  
n u m b e r  o f  re g is te rs  fo r  th e  m ic ro p ro c e sso r . T h is  c o n s id e ra b ly  e n h a n c e  th e  p e rfo rm a n c e  
o f  th e  m ic ro p ro c e sso r . H o w ev er, T ab le  7.1 sh o w s th a t  th e  ev a lu a tio n  tim e  in c re a se d  
d ra m a tic a lly  w ith  th e  s iz e  o f  in p u t/o u tp u t seq u en ces . A c co rd in g ly , th e  c o n tr ib u tio n  to  
im p ro v e  th e  m ic ro p ro c e s so r  d o es  n o t y ie ld  m u ch  b en e fit fo r  la rg e r p ro b le m s . A  p a ra lle l 
o f  f itn e ss  e v a lu a to rs  w ill h e lp fu lly  re d u c e  th e  ev a lu a tio n  tim e . S u p p o s in g  th e  V irtex  d ev ice  
o p e ra te s  a t 2 0 0  M H z , an d  th e  e v a lu a tio n  tim e  d e c re a se s  lin e a r ly  w ith  th e  n u m b e r  o f  fitness 
e v a lu a to rs . T h e  c o m p a r iso n  o f  th e  u se  o f  fitn ess  e v a lu a to rs  in  p a ra lle l is  sh o w n  in  T ab le
7 .6 . I t c a n  b e  se e n  th a t th e  ev a lu a tio n  tim e  (E V ) o f  H W (V irtex ) w ith  8 E V s  w as 8 .0  tim es 
fa s te r  th a n  th e  H W (V irte x )  w ith  s in g le  ev a lu a to r. T h is  re d u c e d  th e  o v e ra ll p e rfo rm a n c e  
(G A + E V ) to  18 sec . th a t w a s  3 .4  tim e s  fa s te r  th an  th e  u n p a ra lle le d  v e rs io n .

B y  u s in g  th e  s ta te -o f- th e -a r t  F P G A , th e  H W  (V irtex ) w ith  8 E V s  c o u ld  p e rfo rm  36  
tim e s  fa s te r  th an  th e  so f tw a re (S W ) ru n n in g  o n  a  co n v e n tio n a l w o rk s ta tio n .
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Table 7.3: A comparison of 8-register and 4-register program.

Instruction The number of instructions executed
8-register program 4-register program

JEQ 1,563,564 1,563,564
JNE 12,032 2,569,992
JGR 266,530 266,530
JLE 1,803,465 1,803,465
JMP 896 896
JSR 373,057 373,057
C IJ 2,557,960 0
RES 373,057 373,057
LDC 4,119,586 45,969,859
LDD 0 0
STD 0 0
LDR 2,800,706 30,321,047
STR 66,249 19,875,840
LDX 5,460,812 5,460,812
S IX 1,294,820 1,294,820
SEV 896 896
REV 897 897
LFH 896 896
LFN 896 896
HLT 1 1
SED 1 1
MOV 317,385 104,407
CMP 2,082,761 4,640,721
COM 257 257
SFL 174,525 174,525
SFR 3,747,799 3,747,799
PSH 2,322,942 24,461,722
POP 2,322,942 24,461,722
POT 2 2
INC 1,499,715 4,057,675
DEC 0 0
CLR 0 0
ADD 1,395,780 1,395,780
AND 468,628 468,628
ORR 910,792 910,792
XOR 911,360 911,360
S T I 7,168 7,168
RND 10,900 10,900
AD 3 0 0
Total 36,869,277 175,229,984
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Table 7.4: A comparison of PentiumPro and the custom microprocessor (serial adder).

PentiumPro Custom microprocessor
(8 registers) (4 registers)

0.28 sec. 56 sec. 6 min. 32 sec.

Table 7.5: A comparison of overall performance 
(serial adder, sequence length = 100, number of sequences = 10,000).

Version GA EV GA + EV
ร พ 0:29 min. 10:21 min. 10:50 min.
HW(XC4010) 6:32 min. 18:08 min. 24:40 min.
HW( Virtex) 0:12 min. 0:49 min. 1:01 min

GA denoted the
EV denoted the
ร พ denoted the
HW(XC4010) denoted the
HW(Virtex) denoted the

execution time of GA except the fitness evaluation
evaluation time.
software version of GA.
custom hardware running on XC4010 device.
custom hardware running on Virtex device.

Table 7.6: A comparison of the use of fitness evaluators in parallel 
(serial adder, sequence length = 100, number of sequences = 10,000).

Version GA EV GA + EV
HW(Virtex) with 1 EV 0:12 min. 0:49 min. 1:01 min.
HW(Virtex) with 2 EVs 0:12 min. 0:25 min. 0:37 min.
HW(Virtex) with 4 EVs 0:12 min. 0:12 min. 0:24 min.
HW(Virtex) with 8 EVs 0:12 min. 0:06 min. 0:18 min.

HW( Virtex) denoted the custom hardware running on Virtex device.
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