
Chapter 6
The Hardware Organisation

T h is  c h a p te r  p re se n te d  th e  h a rd w a re  o rg a n isa tio n  m a in ly  c o n s is tin g  o f  tw o  p arts : a 
c u s to m  m ic ro p ro c e s s o r  an d  a  fitn ess ev a lu a to r. T h e  re m a in in g  se c tio n s  a re  o rg a n ise d  as 
fo llo w s . S e c tio n  6.1 p re se n ts  th e  to p -lev e l d e s ig n . S e c tio n  6 .2  p re se n ts  th e  m ic ro p ro c e sso r  
in  d e ta il. S e c tio n  6 .3  p re se n ts  th e  fitn ess eva lua to r.

6 .1  T o p - le v e l  D e s ig n

T h e  d e p a r tm e n t o f  c o m p u te r  e n g in e e r in g  p ro v id e d  US p le n ty  o f  p ro to ty p in g  b o a rd s  
fo r  X ilin x  X C 4 0 1 0  F P G A s  (F ig u re  6 .1 ). A  p ro to ty p in g  b o a rd  c o n s is te d  o f  a  sm a ll-s iz e  
F P G A  p e rm a n e n tly  c o n n e c te d  to  an  E E P R O M  an d  a s ta tic  R A M . T h e re  w e re  fo u r  in - 
p u t/o u tp u t  p o r ts  fo r  c o n n e c tin g  th e  F P G A  to  o th e r  d ev ices . B e c a u se  th e  o v e ra ll d es ig n  
w as to o  la rg e  to  sy n th e s is e  in  o n e  F P G A , it  w as n e c e ssa ry  to  sp lit  th e  d e s ig n  in to  tw o  
p arts : th e  m ic ro p ro c e s s o r  an d  th e  fitn ess ev a lu a to r. T h e  to p -lev e l d e s ig n  is sh o w n  in 
F ig u re  6 .2 .

Microprocessor: T h e  1 6 -b it, lo a d /s to re  a rc h ite c tu re  m ic ro p ro c e sso r  w as  u se d  to  ex ecu te  
th e  G A . T h e  p ro c e s so r  w as c o n n e c te d  to  a  p ro g ra m  m e m o ry  (E E P R O M ) an d  a d a ta  
m e m o ry  (R A M ). T h e  p ro c e s so r  w as ab le  to  w rite  d a ta  to  th e  B U F F E R  an d  ร,:a rt/s to p  
th e  f itn e ss  e v a lu a to r  (E V ).

EEPROM(l): T h e  (3 2 k  X 8 -b it)  E E P R O M  w as u se d  as p ro g ra m  m e m o ry  s to rin g  th e  
m a c h in e  c o d e  o f  G A . T h e  o b je c t c o d e  w as a b o u t 2 k  b y te s . T h e  firs t 5 1 2  b y te s  w ere  
u s e d  to  s to re  th e  c o n s ta n t v a lu e s  u sed  b y  th e  p ro g ra m . T h e  m e m o ry  o rg a n isa tio n  
w a s  sh o w n  in  F ig u re  6 .3 .

RAM: T h e  (3 2 k  X 8 -b it)  R A M  w as u se d  as  d a ta  m e m o ry  s to rin g  a  p o p u la tio n , p ro g ra m  
v a r ia b le s , a n d  C P U  stack . T h e  p o p u la tio n  w as s to re d  at a d d re ss  0 x 0 0 0  0 u p to  
O x O F F F .  T h e  p ro g ra m  v a ria b le s  b e g a n  a t a d d re ss  0 x 1 0  0 0 u p to  0 x 3 F F F .  T h e
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F ig u re  6 .1 : T h e  p ro to ty p in g  b o a rd .

C P U  s ta c k  b e g a n  at a d d re ss  0 x 3 F F F  d o w n to  0 x 0 0 0 0 .  N o te  th a t th e  C P U  stack  
p o ss ib ly  c o ll id e d  w ith  th e  p ro g ra m  v a riab le s . T h e  m e m o ry  o rg a n isa tio n  w as sh o w n  
in  F ig u re  6 .4 .

BUFFER: T h e  B U F F E R  w as a d u a l-p o r t m e m o ry  u sed  to  s to re d  an  in d iv id u a l w h ile  
it  w as  b e in g  ev a lu a ted . T h e  p ro c e s so r  w ro te  an  in d iv id u a l to  th e  B U F F E R , th en  
s ta r te d  th e  E V  to  ev a lu a te  th e  in d iv id u a l.

EEPROM(2): T h e  (3 2 k  X 8 -b it)  E E P R O M  w as u se d  to  s to re d  th e  in p u t/o u tp u t seq u en ces  
c o lle c te d  fro m  th e  ta rg e t c irc u it. T h e  m a x im u m  s ize  o f  in p u t an d  o u tp u t w e re  se t at 
4  b its , an d  th u s  th e  E E P R O M  w as  a b le  to  s to re  3 2 k  in p u t/o u tp u t p a irs .

E V : T h e  e v a lu a to r  w as  u se d  to  sp e e d u p  th e  fitn ess  ev a lu a tio n . T h e  fitn ess  e v a lu a to r  u sed  
th e  in p u t/o u tp u t seq u e n c e s  s to re d  in  th e  E E P R O M (2 ) to  c a lc u la te  th e  fitn ess o f  an  
in d iv id u a l s to re d  in  th e  B U F F E R .

6 .2  T h e  M ic r o p r o c e s s o r

T h e  1 6 -b it, lo a d /s to re  a rc h ite c tu re  m ic ro p ro c e s so r  w as  c u s to m ise d  to  th e  ex ecu tio n  
o f  G A . A t th e  d e s ig n  s tag e , th e  n u m b e r  o f  re g is te rs  w as  se t a t 8. I t w as  la te r  re d u c e d  to  4 
b e c a u se  th e  p ro c e s so r  w as  to o  la rg e  to  b e  im p le m e n te d  in  s in g le  F P G A . T h e  in s tru c tio n  se t
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consisted of load/store instructions and arithmetic instructions. The load/store instructions 
were used to performed loading and storing data between data memory and registers. 
The arithmetic instructions were used to performed arithmetic operations between the 
registers, then the result was stored in a register.

A ll instructions were 16 bits in length. The operand can be an address or a register 
number. The instruction w ill be further described in this format:

LDC (4 ) r l ( 3 )  a d d r ( 9 )  REG[rl] = Pmemo[addr];

In the example, LDC is an opcode. The r l  and a d d r  are operands. The number in the 
braces is the number of used bits, for example, the opcode is 4 bits. The result of an 
execution is shown in the right-hand side.

There were 4 conditional jump instructions: JEQ, JNE, JGR, and JLE. The jump 
action was determined by 3 flags: eq, g r ,  and le .

J E Q (4)  a d d r (12)  

JNE (4)  a d d r (12)  

J G R (4)  a d d r (12)  

J L E (4)  a d d r (12)

i f  eq  flag was set to “ T 

i f  eq  flag was set to “0: 
i f  g r  flag was set to “ T 
i f  l e  flag was set to “ T

then PC = PC + addr; 
then PC = PC + addr; 
then PC = PC + addr; 
then PC = PC + addr;

There was one unconditional jump instruction.

JMP ( 4 ) a d d r  (12)  PC = PC + addr;

The jump-to-subroutine instruction saved the program counter (PC) to CPU stack 
before jumping into subroutine. The Dmemo [ SP ] denoted the data memory pointed by 
the stack pointer.

J S R (4)  a d d r (12) SP = SP- 1; 
DmemofSP] = PC; 
PC = PC + addr;

The C I  J  instruction was a combination of 3 instructions: CMP, INC, and JNE.

CI J (4 ) r l  (2 ) r 2 ( 2 )  a d d r (8) eq = gr = le = 0;
i f  (R E G jr l] = =  R E G [r2]) eq = 1;
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i f  (REG[rl] > REG[r2]) gr = 1; 
i f  (REG[rl] < REG[r2]) le = 1 ;
REG[rl] = REG[rl] + 1;
i f  eq  flag was set to “ 0”  then PC = PC + addr;

The return-from-subroutine instruction had no operand. The PC was restored from 
the CPU stack to continue the execution.

RES (4) PC = DmemofSP];
SP = SP+ 1;

The LD C  instruction was used to load a constant value to a register. The a d d r  in 
the operand pointed to the constant value stored in the program memory (EEPROM).

LDC (4) r l ( 3 )  a d d r  (9) REG[rl] = Pmemo[addr];

The LDD and STD instructions were used to load/store directly to a specified ad­
dress. These instructions always performed with the register number 0.

LDD (4) a d d r  (12) REG[0] = Dmemo[addr];
STD (4) a d d r  (12) Dmemo[addr] = REG[0];

The LDR and STR instructions were used to load/store to an address pointed by a 
register.

LDR (4) r l ( 3 )  r 2 ( 3 )  REG[r2] = Dmemo[REG[rl]];
STR (4) r l  (3)  r 2  (3)  Dmemo [REG [r2]] = REG[rl];

The LDX and STX instructions were used to load/store to an address pointed by the 
sum of two registers.

LDX (4) r l  (3 ) r 2 ( 3 )  r 3 ( 3 )  REG[r3] = Dmemo[REG[rl] + REG[r2]];
STX (4) r  1 (3) r2  (3) r 3 ( 3 )  Dmemo[REG[r2] + REG[r3]] = REG[rl];

The SEV, REV, LFH, and LFN instructions were used to control the fitness evalu­
ator. The EV was operated by the following steps. First, the EV was reset using REV 

instruction. Second, the EV was started using SEV instruction. Next, the EV evaluated 
the fitness of an individual stored in the BUFFER. While the individual was being eval­
uated, the LFN instruction gave a value 0x0  00 0. Once the evaluation was finished, the
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LFN instruction gave a value 0x0 0 01. Finally, the LFH insfruction was used to read the 
fitness value from the EV.

S E V (10)

R E V (10)

LFH (10)  r l (3)  

L F N (10)  r l (3)

start the evaluator; 
reset the evaluator;
REG[rl] = fitness value (from the evaluator); 
REG[rl] = finish signal (from the evaluator);

The HLT instruction was used to halt the microprocessor.

HLT ( 10: halt processor;

The SED instruction was used to seed the random number generator.

SED ( 10 )  r 1 ( 3 ) seed = REG[rl];

The MOV instruction was used to duplicate a register value.

MOV (10 )  r l  (3)  r 2 ( 3 ] REG[r2] = REG[rl];

The CMP instruction was used to compare the values between two registers, then the 
flags were set according to the comparison.

CMP(10)  r l  (3)  r 2  (3) eq = gr = le = 0;
i f  (REG[rl] == REG[r2]) eq = 1; 
i f  (REG[rl] > REG[r2]) gr = 1; 
i f  (REG[rl] < REG[r2]) ๒ =  1;

The following instructions were used to performed the arithmetic operations: 1 ’ร 
complement, shifting left, shifting right, increment, decrement, and clearing.

COM(1 0 ) ท  (3) REG[rl] = ~REG[rl];
S F L (1 0 ) ท  (3) REG[rl] = REG[rl] <  1;

S F R ( 1 0 ) ท  (3) REG[rl] = REG[rl] »  1;

I N C ( 1 0 ) r l  (3) REG[rl ] = REG[r 1 ] + 1 ;

DEC (1 0 ) r l  (3) REG[rl] = REG[rl] - 1;

C L R (1 0 ) ท  (3) REG[rl] = 0;

The POT instruction was used to display a register to the output port.
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POT (10 ) r l  (3 )  output port = REG[rl];

The PSH and POP instructions were used to push and pop CPU stack.

PSH (10 ) r l  (3) SP = SP - 1;
Dmemo[SP] = REG[rl];

POP (1 0 ) r l  (3) REG[rl] = DmemofSP];
SP = SP+ 1;

The following instructions were used to perform the arithmetic and logical opera­
tions: add, and, or, exclusive or. The result was stored in REG[rl].

ADD( 1 0 )  r l  
AND( 1 0 )  r l  
ORR(1 0 )  r l  
XOR(IO) r l

The STI  
was pointed by

S TI  ( 1 0 )  r l

(3) r 2  (3) REG[rl] = REG[rl] + REG[r2];
(3) r 2  (3) REG[rl] = REG[rl] & REG[r2];
(3) r 2  (3) REG[rl] = REG[rl] 1 REG[r2];
(3) r 2  (3) REG[rl] = REG[rl] ® REG[r2];

instruction was used to store a value to the BUFFER of which the address 
a register.

(3) r2  (3) BUFFER[REG[r2]] = REG[rl];

The RND instruction was used to produce a random number.

RND(10)  r l (3 ) REG[rl] = random number;

The AD 3 instruction was used to store the sum of two registers to another register.

AD3 ( 7 ) r l  ( 3) r 2 ( 3 )  r 3 ( 3 )  REG[r3] = REG[rl] + REG[r2];

The instruction set was summarised in Table 6.1. We designed the microproces­
sor that was capable of executing those instructions. The design of the microprocessor 
is shown in Figure 6.6 and Figure 6.7. The microprocessor consisted of the following 
components: LATCH, REG, ALU, MUX, IR, PC, SP, MIM, PORT OUT, CONTROL 
UNIT.

LATCH

The latch was used to block a signal sent to the bus. If the signal was blocked, the 
output will be high impedance. The signal pins of latch(l) and latch(2) were presented as 
follows.
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LATCH(l)
P i n  nam e T y p e W i d t h D e s c r i p t i o n
reg.outl in 16 signal sent to data bus
Ldata out 16 Ldata = (ll_ena == 1 ? reg_outl ะ Z)
ll_ena in 1

LATCH(2)
P i n  nam e T y p e W i d t h D e s c r i p t i o n
alu.out in 16 signal sent to address bus
Laddr out 16 Laddr ะ= (12_ena == 1 ? alu_out : Z)
12_ena in 1

REG

The register bank consisted of 4 16-bit registers. The selected registers were sent to the 
arithmetic unit (ALU). The value sent from MUX was stored in a specified register when 
the r e g . l o a d  was positive edge (posedge denoted positive edge).
P i n  nam e T y p e W i d t h D e s c r i p t i o n
reg_sell in 2 register number (0-3)
reg_sel2 in 2 register number (0-3)
reg.outl out 16 reg.outl = REG[reg_sell]
reg_out2 out 16 reg_out2 = REG[reg_sel2]
mux_out in 16 a value to be stored in a register
regJoad in 1 if (posedge regJoad)

REG[reg_sell] = mux_out;

A L U

The ALU was used to perform the arithmetic and logical operations of the selected regis­
ters. When the a l u _ l o a d  was positive edge, the ALU performed the arithmetic operation 
according to the opcode sent from IR.
Pin name Type Width Description
reg_outl in 16 register value
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reg_ou t2
a lu J o a d

in  16 re g is te r  v a lu e  
in  1 i f  (p o sed g e  a lu J o a d )

do  a r ith m e tic  o p e ra tio n ;
a lu_ou t o u t 16 re su lt o f  th e  a r ith m e tic  o p e ra tio n
i r J n s t r in  10 o p c o d e  se n t f ro m  IR

T h e  1 6 -b it ra n d o m  n u m b e r  g e n e ra to r  (H o rten s iu s , 1989), e m b e d d e d  in  th e  A L U , 
w as an  o n e -d im e n s io n a l,  2 -s ta te  c e llu la r  a u to m a ta  (C A ) in  w h ic h  th e  ru le  w as  1 50 -150-
9 0 -1 5 0 -9 0 -1 5 0 - ............-9 0 -1 5 0  (se e  F ig u re  6 .5 ). T h e  C A  c o n s is te d  o f  16 c e lls  u p d a ted
s y n c h ro n o u s ly  a c c o rd in g  to  th e  ru le . T h e  ru le  9 0  an d  ru le  150 w e re  d e fin ed  as:

w h e re

R u l e  9 0 :  Si —  Sj_i © Sj+ 1 

R u l e  1 5 0 :  Si =  Sj_i e  Si ® Sj+ 1

Si
ร1- ! 
ร 1+!

is  a  s ta te  o f  ce llj
is  a  s ta te  o f  th e  le f t n e ig h b o r  o f  ce llj 
is  a  s ta te  o f  th e  r ig h t n e ig h b o r  o f  cellj

T h e  C A  w ith  th e  ru le  1 5 0 -1 5 0 -9 0 -1 5 0 - . . .  -9 0 -1 5 0  can  p ro d u c e  a ra n d o m  n u m b e r  b e tw e e n  
0 x 0 0 0 1  a n d  OxFFFF. W e c h o o se d  th e  C A  in s te a d  o f  lin e a r  fe e d b a c k  sh if t  reg is te rs  
(L F S R ) b e c a u se  C A  u se d  a  sm all n u m b e r  o f  g a te s  an d  p ro d u c e d  a ra n d o m  n u m b e r  in  o n e  
c lo ck .

M U X

T h e  m u lt ip le x o r  w as  u se d  to  se le c te d  th e  d a ta  to  b e  s to red  in  a  reg is te r. F o r  lo ad  in ­
s tru c tio n s , th e  d a ta  w as  se le c te d  fro m  i _ d a t a .  F o r  a rith m e tic  in s tru c tio n s , th e  d a ta  w as 
s e le c te d  fro m  a l u _ o u t .

P i n  nam e T y p e  W i d t h  D e s c r i p t i o n
a lu .o u t in  16 d a ta  to  b e  se le c te d
L d a ta in  16 d a ta  to  b e  se le c te d
m ux_sel
m ux-O ut

in 1 se le c t p in
o u t 16 m u x_ou t =  (m ux_sel = =  0  ?

alu_ou t : L d a ta );
m u x .o u t o u t



Figure 6.2: Top-level design.

I
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EEPROM(2)
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Constants

Object code

0x0000

0x01 FF 
0x0200

0X3FFF

F ig u re  6 .3 : E E P R O M (l) .

Population

Variables

CPU stack

0x0000

OxOFFF
0x1000

i
!

0x3FFF

F ig u re  6 .4 : R A M .

Rule
State of a cell V

~ 150 150 90 150 90 150 90 150 90 150 90 150 90 150 90 150
1 0 h H > 0  | l l l | o | l | o | l | l | l | o | o | o l o | o l l | ( P ) — 1 0 1

F ig u re  6 .5 : R a n d o m  n u m b e r gen era to r.
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IR

T h e  in s tru c tio n  re g is te r  (IR ) w as u se d  to  s to re d  an  in s tru c tio n  w h ile  it w as  b e in g  ex ecu ted . 
T h e  o p c o d e  a n d  th e  o p e ra n d  w e re  e x tra c te d  fro m  th e  in s tru c tio n , th en  se n t to  th e  A L U  
an d  th e  c o n tro l u n it.

P i n  n am e T y p e W i d t h D e s c r i p t i o n
ir_ena in 1 e n a b le  p in
i r J o a d in 1 lo ad  p in
L d a ta in 16 in s tru c tio n

i r J n s t r o u t 10
if  (p o se d g e  i r J o a d )  IR  =  L d a ta ; 
o p c o d e  e x tra c te d  fro m  IR

ir_m g o u t 9 re g is te r  n u m b e rs  e x tra c te d  fro m  IR
L a d d r o u t 16 d ire c t a d d re ss  e x tra c te d  fro m  IR

ir_rel o u t 12

L a d d r  =  (ir_ena  = =  1 ?
d irec t_ ad d re ss  ะ Z ); 

re la tiv e  a d d re ss  e x tra c te d  fro m  IR

PC

T h e  p ro g ra m  c o u n te r  (P C ) w as in it ia l is e d  a t a d d re ss  0 x 0 2 0 0 .  E v e ry  e x e c u tin g  an  in s tru c -
tio n , th e  P C  w as in c re a se d  b y  o n e . F o r  ju m p  in s tru c tio n , th e  P C  w as a d d e d  to  th e  re la tiv e
a d d re s s  se n t f ro m  IR . T h e  P C  in v o lv e d  th e  C P U  s ta c k  w h en  ju m p in g  in to  su b ro u tin e .

P i n  nam e T y p e W i d t h D e s c r i p t i o n
ir_rel in 12 re la tiv e  ad d re ss
p c _ e n a l in 1 e n a b le  p in  1
p c_ena2 in 1 e n a b le  p in  2
p c_ m o d e in 2 o p e ra tio n a l m o d e
p c J o a d in 1 i f  (p o se d g e  p c J o a d )

L a d d r o u t 16

i f  (m o d e  = =  0 0 ) P C  =  0 x 0 2 0 0 ; 
i f  (m o d e  = =  0 1 ) P C  =  P C  +  1; 
i f  (m o d e  ะ== 10) P C  =  P C  +  ir_rel; 
i f  (m o d e  = =  11) P C  =  L d a ta ;

e n d if
L a d d r  =  (p c .e n a l  = =  1 ? P C  : Z )

L d a ta in o u t 16 L d a ta  =  (pc_ena2  = =  1 ? P C  : Z )
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SP

T h e  s ta c k  p o in te r  (S P ) w as u sed  to  s to re d  th e  to p -o f-s ta c k  ad d re ss . T h e  S P  w a s  in itia lise d  
a t 0 x 4  0 0 0 . F o r  p u sh  o p e ra tio n , th e  S P  w as d e c re a sed  by  o n e . F o r  p o p  o p e ra tio n , th e  S P  
w as in c re a se d  b y  one .

P i n  nam e T y p e W i d t h D e s c r i p t i o n
sp_ena in 1 en a b le  p in
sp_ m o d e in 2 o p e ra tio n a l m o d e
s p .lo a d in 1 i f  (p o sed g e  sp  J o a d )

i f  (m o d e  = =  0 0 ) S P  =  
i f  (m o d e  = = 0 1 ) S P  =  
i f  (m o d e  = =  1 0 ) S P  =

0 x 4 0 0 0 ; 
S P +  1; 
S P  - 1;

e n d if
L a d d r o u t 16 L a d d r  =  (sp_ena = =  1 ? S P  : Z );

M I M

T h e  m e m o ry  in te rfa c e  m o d u le  (M IM ) w as u sed  to  c o n n e c t to  th e  m e m o ry  d e v ic e s  (E E P - 
R O M , R A M , an d  B U F F E R ) o f  w h ich  th e  d a ta  w id th  w as 8 b its . In  re a d  m o d e , th e  M IM  
read  a  v a lu e  fro m  an  e x te rn a l d ev ice , th en  th e  v a lu e  w as p la c e d  on  i _ d a t a .  In  w rite  
m o d e , th e  M IM  w ro te  a  v a lu e  fro m  i _ d a t a  to  an  ex te rn a l d e v ic e  u s in g  th e  a d d re ss  on  
i - a d d r .  T h e  b f _ l o a d  s ig n a l w as  u se d  to  w rite  th e  B U F F E R . O n ce  th e  b f - l o a d  w as 
p o s itiv e  e d g e , th e  d a ta  on  e _ d a t a  an d  th e  ad d ress  on  e _ a d d r  w ere  u se d  to  w rite  th e  
B U F F E R . T h e  e v _ s e l e c t  s ig n a l w as u se d  to  se lec t 3 s ig n a ls  fro m  th e  E V  to  e _ d a t a .  
T h e  th re e  s ig n a ls  w e re  f i tn e s s [ l5 :8 ], f itn e ss[7 :0 ], an d  fin ish  v a lue .

P i n  nam e T y p e W i d t h D e s c r i p t i o n
L a d d r in 16 in te rn a l ad d ress  bus
L d a ta in o u t 16 in te rn a l d a ta  bus
e lk in 1 c lo ck
m im _ m o d e in 3 i f  (m im _ m o d e  = =  0 0 0 ) rese t;

i f  (m im _ m o d e  = =  0 0 1 ) read  E E P R O M ; 
i f  (m im _ m o d e  = = 0 1 0 )  read  R A M ; 
i f  (m im _ m o d e  = = 0 1 1 )  w rite  R A M ; 
i f  (m im _ m o d e  = =  100) w rite  B U F F E R ; 
i f  (m im _ m o d e  = =  101) re a d  fitn e ss  fro m  EV ;
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ce , CS, o e , w e o u t 4
if  (m im _m ode  = =  110) re a d  fin ish  fro m  EV ; 
E E P R O M , R A M  co n tro l s ig n a ls

b f J o a d o u t 1 i f  (p o sed g e  b f J o a d )  w rite  B U F F E R ;
ev  .s e le c t o u t 2 i f  (e v .se le c t = = 0 1 )  E V  g av e  h ig h  im p e d a n c e

e .a d d r o u t 16

if  (e v .s e le c t  = =  10) E V  g av e  f itn e ss[1 5 :8 ]; 
i f  (e v .s e le c t  = = 0 1 )  E V  g av e  fitn ess [7 :0 ]; 
i f  (e v .se le c t = = 1 1 )  E V  g av e  fin ish  v a lu e ; 
e x te rn a l a d d re ss  bus

e .d a ta in o u t 1 e x te rn a l d a ta  bus

Port.Out

T h e  p o r t .o u t  w as  u se d  to  d isp la y a re g is te r  value .

P i n  nam e T y p e W i d t h D e s c r i p t i o n
p o J o a d in 1 if  (p o se d g e  p o J o a d )  p o .o u t  =  i .d a ta ;
p o .o u t o u t 16 o u tp u t p o rt (c o n n e c te d  to  L E D )

Control Unit

T h e  c o n tro l u n it  w as  a  1 6 -s ta te  F S M  u sed  to  co n tro l th e  p ro cesso r. T h e  c o n tro l u n it  s im p ly
fe tc h e d  an d  e x e c u te d  th e  in s tru c tio n s  in  seq u en ce .

P i n  nam e T y p e W i d t h D e s c r i p t i o n
e lk in 1 c lo ck
re se t in 1 re se t s ig n a l
eq , gr, le in 3 flags
i r J n s t r in 10 o p co d e
ir-rg n in 9 o p e ra n d  (re g is te r  n u m b e rs )
i r .e n a o u t 1 IR  en ab le
i r J o a d o u t 1 IR  lo ad
p c .e n a l o u t 1 P C  e n a b le  1
p c_ena2 o u t 1 P C  en ab le2
p c_ m o d e o u t 2 P C  m o d e
p c J o a d o u t 1 P C  lo ad
s p .e n a o u t 1 S P  en ab le
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sp_m ode o u t 2 S P  m o d e
s p J o a d o u t 1 S P  load
p o J o a d o u t 1 P o r t .O u t lo ad
11 _ena o u t 1 la tch  1 en ab le
12_ena o u t 1 la tch 2  en ab le
m ux_sel o u t 1 M U X  se lec t
r e g J o a d o u t 1 R E G  lo ad
reg _ se ll o u t 2 R E G  se le c t 1
reg_sel2 o u t 2 R E G  se lec t2
a lu J o a d o u t 1 A L U  lo ad
m im _ m o d e o u t 3 M IM  m o d e
ev  .re se t o u t 1 E V  rese t

T h e  m ic ro p ro c e s so r  c o n su m e d  ab o u t 9 0 %  o f  th e  to ta l c h ip  a rea . D u e  to  th e  p lace - 
an d -ro u te  m e th o d  o f  th e  sy n th e s is  to o ls , th e  F P G A  c a n n o t b e  fu lly  u tilised . T h e  p ro c e sso r  
w as ab le  to  o p e ra te  a t 6 M H z  (th e  b o ttle n e c k  o f  th e  m em o ry  w as 8 M H z).

6 .3  T h e  F itn e s s  E v a lu a to r

T h e  fitn ess  e v a lu a to r  c o n su m e d  a  h a lf  a rea  o f  th e  ch ip . T h e  e v a lu a to r  w as ab le  to  
o p e ra te  a t 2 0  M H z  (h ig h e r  th an  th e  b o ttle n e c k  o f  th e  m em o ry ). It c an  b e  seen  th a t th e  
d e s ig n  y ie ld e d  a  sa tis fa c to ry  re su lt. T h e re fo re  it w as n o t n e c e ssa ry  to  p u t m o re  e ffo rt 
fo r  o p tim is in g  a re a  an d  c lo c k  sp eed . S in ce  th e  fitness e v a lu a to r  w as d e s ig n e d  as s in g le  
b e h a v io ra l m o d u le , w e  d id  n o t k n o w  th e  in s id e  s tru c tu re  o f  th e  ac tu a l c irc u it sy n th e s ise d  
b y  th e  X ilin x  to o l.

T h e  b e h a v io ra l d e sc r ip tio n  o f  th e  fitn ess e v a lu a to r  is sh o w n  in  A lg o r ith m  6 .1 . T h e  
fitn ess  e v a lu a to r  p e rfo rm e d  a 4 -s ta g e  p ip e lin e . A t first s tag e , th e  e v a lu a to r  fe tc h e d  an 
in p u t/o u tp u t fro m  th e  E E P R O M (2 ). A t se co n d  stage , th e  c u rre n t s ta te  an d  th e  in p u t read  
fro m  th e  E E P R O M (2 ) w ere  u se d  to  c lo c k  th e  in d iv id u a l s to red  in  th e  B U F F E R , th en  
th e  B U F F E R  g av e  a  n ex t s ta te  an d  an  o u tp u t. A t th ird  s tag e , th e  o u tp u t re ad  fro m  th e  
E E P R O M (2 ) w as c o m p a re d  to  th e  o u tp u t re a d  fro m  th e  B U F F E R . T h e  n u m b e r  o f  s im ila r  
o u tp u t b its  w as  re c o rd e d . A t fo u rth  s tag e , th e  fitn ess w as  in c re a se d  b y  th e  n u m b e r o f  
s im ila r  o u tp u t b its . I f  e n d  o f  th e  seq u en ce , th e  c u rre n t s ta te  w as  re se t to  th e  s ta r t state .
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A lg o r i th m  6 .1  F itn e s s  ev a lu a tio n .
m d e n o te d  number o f  s e q u e n c e s .
ท d e n o te d  sequence l e n g t h .

i n p [ 1 . . m ] [ 1 . . ท] d e n o te d  th e  i n p u t  sequences s t o r e d  i n  EEPR0M(2). 
o u t [ 1 . . m ] [ 1 . . ท] d e n o te d  th e  o u tp u t  sequences s t o r e d  i n  EEPR0M(2).

n e x t _ s t a  d e n o te d  n e x t  s t a t e  re a d  f ro m  th e  BUFFER. 
n e x t _ o u t  d e n o te d  n e x t  o u tp u t  re a d  f ro m  th e  BUFFER.

BUFFER[ s t a t e ] [ i n p u t ]  r e t u r n e d  th e  n e x t  s t a t e  and th e  o u tp u t  o f  an FSM
s t o r e d  i n  th e  BUFFER.

l i n e 1 ะ i  = 0;
l i n e 2 ะ j  = 0;
l i n e 3 ะ f i t n e s s  = 0;
l i n e 4 ะ n e x t _ s t a  = s t a r t _ s t a t e ;
l i n e 5 ะ do i n  p i p e l i n e
l i n e 6: s ta g e  1 : re a d  i n p [ i ] [ j ] ,  o u t  [ i ] [ j ] f ro m  EEPROM( 2 ) ;
l i n e 7 ะ s ta g e  2 : ( n e x t _ s t a ,  n e x t _ o u t )  = B U F F E R [n e x t_ s ta ] [ i n p [ i ] [ ] ] ;
l i n e 8 ะ s ta g e  3: s im  = number o f  s i m i l a r  b i t s  be tw een
l i n e 9: o u t [ i ] [ j ]  and n e x t _ o u t ;
l i n e 10 : s ta g e  4 ะ f i t n e s s  = f i t n e s s  + s im ;
l i n e 11 : j  = j  + 1;
l i n e 12 ะ i f  ( j  eq ท)
l i n e 13: 3 = 0;
l i n e 14 ะ i  = i  + 1 ;
l i n e 15 ะ i f  ( i  eq m) s to p  p i p e l i n e ;
l i n e 16: e n d i f
l i n e 17 : enddo
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T ab le  6 .1 : T h e  in s tru c tio n  set.

In s tru c tio n O p c o d e D e sc rip tio n C lo ck s
JEQ 0 00 0 ju m p  i f  e q u a l 8
JNE 0 001 ju m p  i f  n o t eq u a l 8
JGR 0 01 0 ju m p  i f  g re a te r  th an 8
JLE 0 01 1 ju m p  i f  le ss  than 8
JMP 0 10 0 ju m p 8
JS R 0 101 ju m p  su b ro u tin e 10
C I J 0 11 0 co m p a re , in c re m e n t an d  ju m p 9
RES 0 111 re tu rn  su b ro u tin e 9
LDC 1 00 0 lo a d  c o n s ta n t 9
LDD 1 001 lo ad  d irec t 9
STD 1 010 s to re  d irec t 8
LDR 1 011 lo ad  re g is te r 10
STR 1 100 s to re  re g is te r 9
LDX 1101 lo ad  X 10
STX 1 110 s to re  X 10
SEV 1 111  0 0 0 0  00 s ta r t ev a lu a to r 7
REV 1 11 1  0 0 0 0  01 s to p  ev a lu a to r 7
LFH 1 11 1  0 0 0 0  10 lo ad  fitness 8
LFN 1 1 1 1  0 00 1  00 lo ad  fin ish 8
HLT 1 111  0 00 1  01 h a lt 7
SED 1 11 1  0 00 1  10 seed 8
MOV 1 111  0 00 1  11 m o v e 10
CMP 1 11 1  0 0 1 0  00 c o m p a re 8
COM 1 111  0 0 1 0  01 c o m p le m e n t 9
SFL 1 111  0 0 1 0  10 sh if t le ft 9
SFR 1 111  0 0 1 0  11 sh if t r ig h t 9
PSH 1 11 1  0 0 1 1  00 p u sh 9
POP 1 11 1  0 0 1 1  01 p o p 9
POT 1 11 1  0 0 1 1  11 p o rt o u t 8
INC 1 11 1  0 1 0 0  00 in c re m e n t 9
DEC 1 11 1  0 1 0 0  01 d e c re m e n t ' 9
CLR 1 11 1  0 1 0 0  10 c le a r 9
ADD 1 111  0 1 0 0  11 ad d 9
AND 1 111  0 10 1  00 an d 9
ORR 1 111  0 10 1  01 or 9
XOR 1 111  0 1 0 1  10 ex c lu s iv e  o r 9
S TI 1 111  0 1 1 0  00 s to re  in d iv id u a l 9
RND 1 111  0 1 1 0  01 ra n d o m ise 9
AD 3 1 111  111 ad d  th ree 10



54

03

F ig u re  6 .6 : 16 -b it m ic ro p ro c e sso r.

e_
da

ta
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elk —
reset — ^

eq, gr, le 4 -

irjns tr 10- 7 ^

ir_rgn 9/

ir_ena
irjoad
pc_ena1
pc_ena2
pc_mode
pcjoad
sp_ena
sp_mode
spjoad
pojoad
I1_ena
I2_ena
mux_sel
regjoad
reg_sel1

reg_sel2 
alu joad 
mim_mode 
ev reset

F ig u re  6 .7 : C o n tro l un it.
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