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Multicycle Design-1 Computer Architecture
CTKing/TTHwang

Outline
� Designing a processor
� B u il d ing t h e d at apat h
� A  singl e-cy cl e im pl em ent at ion
� A  m u l t icy cl e im pl em ent at ion
� M icroprogram m ing:  sim pl if y ing cont rol  ( A ppend ix  
C .4 )

� E x cept ions
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R ec a p :  A  S ing le-C y c le P r o c es s o r
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PC Inst Memory mux ALU Data Mem mux

PC Reg FileInst Memory mux ALU mux
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Critical Path
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W h a t’s  W r o ng  w ith  S ing le-c y c le?

� L ong cy cl e t im e
� A l l  inst ru ct ions t ak e sam e t im e as t h e sl ow est
� Real  m em ory  is not  so id eal
� cannot always get job done in one (short) cycle

� A  F U  can onl y  b e u sed  once = >  h igh er cost
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Outline
� Designing a processor
� B u il d ing t h e d at apat h
� A  singl e-cy cl e im pl em ent at ion
� A  m u l t icy cl e im pl em ent at ion
� M u lticycle datap ath
� M u lticycle ex ecu tion step s
� M u lticycle control (A p p endix  C . 3 )

� M icroprogram m ing:  sim pl if y ing cont rol  ( A ppend ix  
C .4 )

� E x cept ions
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M ultic y c le I m p lem enta tio n
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= >

� Red u ce cy cl e t im e
� Dif f . I nst . t ak e d if f . cy cl es
� S h are f u nct ional  u nit s

Multicycle Design-6 Computer Architecture
CTKing/TTHwang

� B reak  u p t h e inst ru ct ions int o st eps,  each  st ep t ak es a 
cy cl e
� balance the am ou nt of  work  to be done
� restrict each cycle to u se only one m ajor f u nctional 
u nit

� A t  t h e end  of  a cy cl e
� store v alu es f or u se in later cycles (easiest thing to do)
� introdu ce additional internal registers

M ultic y c le A p p r o a c h
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P a r titio n S ing le-C y c le D a ta p a th
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� A d d  regist ers b et w een sm al l est  st eps
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M ultic y c le D a ta p a th
� 1  m em ory  ( inst r. &  d at a),  1  A L U  ( ad d r,  P C + 4 ,  ad d , …),  
regist ers ( I R,  M DR,  A ,  B ,  A L U O u t )
� S torage f or su bseq u ent inst.  (arch. -v isible) v s.  storage 
f or sam e inst.  bu t in a su bseq u ent cycle
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M ultic y c le D a ta p a th f o r  B a s ic  I ns tr .

� I R  needs w ri te control,  b u t oth ers don’t
� M U X  to select 2  sou rces to memory ;  memory  needs read si g nal
� PC and A to one AL U  i npu t;  fou r sou rces to anoth er i npu t
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Outline
� Designing a processor
� B u il d ing t h e d at apat h
� A  singl e-cy cl e im pl em ent at ion
� A  m u l t icy cl e im pl em ent at ion
� M u lticycle datap ath
� M u lticycle ex ecu tion step s
� M u lticycle control (A p p endix  C . 3 )

� M icroprogram m ing:  sim pl if y ing cont rol  ( A ppend ix  
C .4 )

� E x cept ions
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� I nst ru ct ion F et ch
� I nst ru ct ion Decod e and  Regist er F et ch
� E x ecu t ion,  M em ory  A d d ress C om pu t at ion,  or B ranch  
C om pl et ion

� M em ory  A ccess or R-t y pe I nst ru ct ion C om pl et ion
� M em ory  Read  C om pl et ion ( W rit e-b ack )

INSTRUCTIONS TAKE FROM 3 - 5  CY CL ES!

F iv e E x ec utio n S tep s
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S tep  1 :   I ns tr uc tio n F etc h
� U se P C  t o get  inst ru ct ion and  pu t  it  in t h e I nst ru ct ion 
Regist er ( I R)

� I ncrem ent  t h e P C  b y  4  and  pu t  t h e resu l t  b ack  in t h e 
P C

� C an b e d escrib ed  su ccinct l y  u sing RT L  ( Re g i s t e r -
Tr a n s f e r  L a n g u a g e )

IR = Memory[PC];
PC = PC + 4;

Can we figure out the values of the control signals?

What is the advantage of updating the PC now?
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S tep  2 :   I ns tr uc tio n D ec o d e a nd  R eg is ter  F etc h
� Read  regist ers rs and  rt in case need ed
� C om pu t e t h e b ranch  ad d ress in case t h e inst ru ct ion 
is a b ranch

� RT L :
A = Reg[IR[25-21]];
B = Reg[IR[20-16]];
ALUOut=PC+(sign-ext(IR[15-0])<<2);

W e aren' t  set t ing any  cont rol  l ines b ased  on t h e 
inst ru ct ion t y pe y et
( w e are b u sy  " d ecod ing"  it  in cont rol  l ogic)
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A L U  is perf orm ing one of  t h ree f u nct ions,  b ased  on 
inst ru ct ion t y pe:

� M em ory  Ref erence:
ALUOut = A + sign-extend(IR[15-0]);

� R-t y pe:
ALUOut = A op B;

� B ranch :
if (A==B) PC = ALUOut;

S tep  3 :  E x ec utio n



Multicycle Design-16 Computer Architecture
CTKing/TTHwang

� L oad s and  st ores access m em ory
MDR = Memory[ALUOut];

or
Memory[ALUOut] = B;

� R-t y pe inst ru ct ions f inish
Reg[IR[15-11]] = ALUOut;

Th e  w r i t e  a c t u a l l y  t a k e s  p l a c e  a t  t h e  e n d  o f  t h e  c y c l e  
o n  t h e  e d g e

S tep  4 :  R -ty p e o r  M em o r y -a c c es s
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� L oad s w rit e t o regist er
Reg[IR[20-16]]= MDR;

What about all the other instructions?

S tep  5 :  W r ite-b a c k
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S um m a r y  o f  th e S tep s
Step name

Action for R-type 
instructions

Action for memory-reference 
instructions

Action for 
branches

Action for       
jumps

Instruction fetch IR = Memory[PC]
PC = PC + 4

Instruction A = Reg [IR[25-21]]
decode/register fetch B = Reg [IR[20-16]]

ALUOut = PC + (sign-extend (IR[15-0]) << 2)

Execution, address ALUOut = A op B ALUOut = A + sign-extend if (A ==B) then PC = PC [31-28] II
computation, branch/ (IR[15-0]) PC = ALUOut (IR[25-0]<<2)
jump completion
Memory access or R-type Reg [IR[15-11]] = Load: MDR = Memory[ALUOut]
completion ALUOut or

Store: Memory [ALUOut] = B

Memory read completion Load: Reg[IR[20-16]] = MDR

F ig. 5 .3 0
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C y c le 1  o f  add
IR = Memory[PC]; PC = PC + 4;
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C y c le 2  o f  add
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A=Reg[IR[25-21]]; B=Reg[IR[20-16]];
ALUOut=PC+(sign-ext(IR[15-0])<<2);
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C y c le 3  o f  add
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ALUOut = A op B;
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C y c le 4  o f  add
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Reg[IR[15-11]] = ALUOut;

Multicycle Design-23 Computer Architecture
CTKing/TTHwang

� H ow  m any  cy cl es w il l  it  t ak e t o ex ecu t e t h is cod e?  
lw $t2, 0($t3)
lw $t3, 4($t3)
beq $t2, $t3, Label
add $t5, $t2, $t3
sw $t5, 8($t3)

Label: ...

� W h at  is going on d u ring t h e 8 t h  cy cl e of  ex ecu t ion?
� I n w h at  cy cl e d oes t h e act u al  ad d it ion of  $t2 and  
$t3 t ak es pl ace?

S im p le Q ues tio n

assume not
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Outline
� Designing a processor
� B u il d ing t h e d at apat h
� A  singl e-cy cl e im pl em ent at ion
� A  m u l t icy cl e im pl em ent at ion
� M u lticycle datap ath
� M u lticycle ex ecu tion step s
� M u lticycle control (A p p endix  C . 3 )

� M icroprogram m ing:  sim pl if y ing cont rol  ( A ppend ix  
C .4 )

� E x cept ions
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I m p lem enting  th e C o ntr o l
� V al u e of  cont rol  signal s is d epend ent  u pon:
� what instru ction is being ex ecu ted
� which step  is being p erf orm ed

� Control mu st speci fy  b oth  th e si g nals to b e set i n any  step 
and th e nex t step i n th e seq u ence

� C ont rol  specif icat ion
� U se a f inite state m achine (grap hically)
� U se m icrop rogram m ing

� I m pl em ent at ion can b e d eriv ed  f rom  t h e 
specif icat ion and  u se gat es,  RO M ,  or P L A
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� S ev eral  possib l e init ial  represent at ions,  seq u ence cont rol  and  l ogic represent at ion,  and  cont rol  im pl em ent at ion = >  al l  m ay  b e d et erm ined  ind ep.
In i t i a l  Re p . F i ni te S tate Di ag ram M i croprog ram

Se q u e n c i n g  E x pli ci t N ex t S tate M i croprog ram
C o n t r o l F u ncti on Cou nter +

Di spatch  R O M s 

L o g i c  Re p . L og i c E q u ati ons T ru th  T ab les

Im p l e m e n t a t i o n PL A R O M

C o ntr o ller  D es ig n:  A n Ov er v iew

“hardwired control” “microprogrammed control”
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� F init e st at e m ach ines:
� a set of  states and 
� nex t state (set by cu rrent state and inp u t)
� ou tp u t (set by cu rrent state and p ossibly inp u t)

� W e will u se a Moore Machine (ou tp u t based only on the cu rrent state)

R ev iew :   F inite S ta te M a c h ines

Next-state 
functionCurrent state

Clock

Output 
function

Next 
state

Outputs

Inputs
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Control State

Next State
Logic

Output Logic

inputs (conditions)

outputs (control points)

State X

Register Transfer
Control Points

Depends on Input 

� S t at e specif ies cont rol  point s f or RT
� T ransf er at  ex it ing st at e ( sam e f al l ing ed ge)
� O ne st at e t ak es one cy cl e

Our  C o ntr o l M o d el
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S um m a r y  o f  th e S tep s
Step name

Action for R-type 
instructions

Action for memory-reference 
instructions

Action for 
branches

Action for       
jumps

Instruction fetch IR = Memory[PC]
PC = PC + 4

Instruction A = Reg [IR[25-21]]
decode/register fetch B = Reg [IR[20-16]]

ALUOut = PC + (sign-extend (IR[15-0]) << 2)

Execution, address ALUOut = A op B ALUOut = A + sign-extend if (A ==B) then PC = PC [31-28] II
computation, branch/ (IR[15-0]) PC = ALUOut (IR[25-0]<<2)
jump completion
Memory access or R-type Reg [IR[15-11]] = Load: MDR = Memory[ALUOut]
completion ALUOut or

Store: Memory [ALUOut] = B

Memory read completion Load: Reg[IR[20-16]] = MDR

F ig. 5 .3 0

C o ntr o l S p ec if ic a tio n f o r  M ultic y c le
IR = MEM[PC]
PC = PC + 4

A = R[rs]
B = R[rt]
S = PC+sx(Imm16)||00

PC = IR ...

R-type

S = A op B

R[rd] = S

S = A +
sx(Imm16)

R[rt] = M

M = MEM[S]

lw/sw

If zero
PC = S

jump
beq

Instruction fetch

Decode/register fetch

Execute

Memory access

Memory read

MEM[S] = B

lw
sw
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Or g a niz a tio n o f  M ultic y c le P r o c es s o r

F ig. 5 .2 8
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C o ntr o l S ig na ls
Signal name Effect when deasserted Effect when asserted
ALUSrcA 1st ALU operand = PC 1st ALU operand = Reg[rs]
RegWrite None Reg file is written 
MemtoReg Reg. data input = ALU Reg. write data input = MDR 
RegDst Reg. write dest. no. =  rt Reg. write dest. no. =  rd
MemRead None Memory at address is read
MemWrite None Memory at address is written 
IorD Memory address = PC Memory address = ALUout
IRWrite None IR = Memory
PCWrite None PC = PCSource
PCWriteCond None If zero then PC = PCSource
Signal name Value Effect
ALUOp 00 ALU adds 

01 ALU subtracts 
10 ALU operates according to func code

ALUSrcB 00 2nd ALU input = B 
01 2nd ALU input = 4 
10 2nd ALU input = sign extended IR[15-0] 
11 2nd ALU input = sign ext., shift left 2 IR[15-0]

PCSource 00 PC = ALU (PC + 4) 
01 PC = ALUout (branch target address) 
10 PC = PC+4[31-28] : IR[25-0]  << 2

Si
ng

le
 B

it 
C

on
tr

ol
M

ul
tip

le
 B

it 
C

on
tr

ol F ig. 5 .2 9

Multicycle Design-33 Computer Architecture
CTKing/TTHwang

M a p p ing  R T  to  C o ntr o l S ig na ls
� I nst ru ct ion f et ch  and  d ecod e port ion of  ev ery  
inst ru ct ion is id ent ical :

ALUSrcA = 0 
ALUSrcB = 11 
ALUOp = 00 

 

MemRead 
ALUSrcA = 0 

IorD = 0 
IRWrite 

ALUSrcB = 01 
ALUOp = 00 

PCWrite 
PCSource = 00

Instruction fetch
Instruction decode/ 

Register fetch

 (Op = 'LW') or (Op = 'SW') (Op = R-type)

(O
p 

= 
'B

EQ')

(O
p 

= 
'J

M
P

')

0
1

Start

Memory reference FSM 
(Figure 5.38)

R-type FSM  
(Figure 5.39)

Branch FSM 
(Figure 5.40)

Jump FSM  
(Figure 5.41)

 

F ig. 5 .3 2

A = R[rs]
B = R[rt]
S = PC+

sx(Imm16)||00

IR = MEM[PC]
PC = PC + 4
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M a p p ing  R T  to  C o ntr o l S ig na ls
� F S M  f or cont rol l ing
m em ory  ref erence
inst ru ct ions:

MemWrite 
IorD = 1

MemRead 
IorD = 1

ALUSrcA = 1 
ALUSrcB = 10 
ALUOp = 00

RegWrite 
MemtoReg = 1 

RegDst = 0

Memory address computation

(Op = 'LW') or (Op = 'SW')

Memory 
access

Write-back step

 (Op = 'SW
')

(O
p 

= 
'L

W
')

4

2

53

From state 1

To state 0 
(Figure 5.37)

Memory 
access

F ig. 5 .3 3

P C W r i t e  
P C S o u r c e  =  1 0

A L U S r c A  =  1  
A L U S r c B  =  0 0  

A L U O p  =  0 1  
P C W r i t e C o n d  

P C S o u r c e  =  0 1

A L U S r c A  = 1  
A L U S r c B  =  0 0  

A L U O p =  1 0

R e g D s t  =  1  
R e g W r i t e  

M e m to R e g  =  0

M e m W r i t e  
I o r D  =  1

M e m R e a d  
I o r D  =  1

A L U S r c A  =  1  
A L U S r c B  =  1 0  

A L U O p  =  0 0

R e g D s t = 0  
R e g W r i t e  

M e m to R e g = 1  
 

A L U S r c A  =  0  
A L U S r c B  =  1 1  

A L U O p  =  0 0

M e m R e a d  
A L U S r c A  =  0  

I o r D  =  0  
IR W r i t e  

A L U S r c B  =  0 1  
A L U O p  =  0 0  

P C W r i t e  
P C S o u r c e  =  0 0

In s t r u c t i o n  f e t c h
In s t r u c t i o n  d e c o d e /  

r e g i s t e r  f e t c h

J u m p  
c o m p le t io n

B r a n c h  
c o m p le t i o nE x e c u t i o n

M e m o r y  a d d r e s s  
c o m p u t a t i o n

M e m o r y  
a c c e s s

M e m o r y  
a c c e s s R - t y p e  c o m p le t io n

W r i t e - b a c k  s t e p

 ( O p  =  'L W ')  o r  ( O p  =  'S W ') ( O p  =  R - t y p e )

( O
p  =

 'B
E Q ')

(O
p 

= 
'J

')

 ( O p  =  'S W
' )

(O
p 

= 
'L

W
')

4

0
1

9862

753

S t a r t

C o m p lete F S M

F ig. 5 .3 8

• S t at e nu m b er assignm ent
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F r o m  F S M  to  T r uth  T a b le
� P l ease ref erence t h e l ogic eq u at ions in F ig. C .3 .3  and  
t h e t ru t h  t ab l e in F ig. C .3 .6

O u t pu t E q u at ion
P C W rit e st at e0  +  st at e9
P C W rit eC ond st at e8
I orD st at e3  +  st at e5
… …
N ex t S t at e0 st at e4  +  st at e5  +  st at e7  +  st at e8

+ st at e9
N ex t S t at e1 st at e0
N ex t S t at e2 st at e1  • ( ( op =  ‘l w ’) +  ( op =  ‘sw ’))
N ex t S t at e3 st at e2  • ( op =  ‘l w ’)
… ... 

O u t pu t C u rrent  st at es
0   1   2   3   4   5   6   7   8   9

P C W rit e 1   0   0   0   0   0   0   0   0   1
P C W rit eC ond 0   0   0   0   0   0   0   0   1   0
I orD 0   0   0   1   0   1   0   0   0   0
… …
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state

6

4

11
next
state

op

zero

control points

state op cond
next
state control points

Truth Table

datapath state

Control signals

D es ig ning  F S M  C o ntr o ller
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T h e C o ntr o l U nit
P C W r it e

P C W r i te C o n d
Io r D

M e m to R e g

P C S o u r c e

A L U O p

A L U S r c B

A L U S r c A

R e g W r ite

R e g D s t

N S 3
N S 2
N S 1
N S 0

O
p5

O
p4

O
p3

O
p2

O
p1

O
p0

S
3

S
2

S
1

S
0

S t a te  r e g is t e r

IR W r it e

M e m R e a d

M e m W r it e

I n s t r u c t io n  r e g is te r  
o p c o d e  f i e l d

O u t p u ts

C o n t r o l l o g ic

I n p u t s

F ig. C .3 .2

S eq u ence
C ont rol
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� Need a ROM of 10-b i t  addr es s ,  2 0-b i t  w or d ( 16 -b i t  dat ap at h c on t r ol ,  4 -b i t  n ex t  s t at e)
Address ROM content
op S D a ta p a th contr ol    N S

000000 0000 100101000000100 
000000 0001 000000000011000 
000000 0010 000000000010100 
000000 1010
000000 1111
000001 0000
000010 0000 100101000000100 
000010 0001 000000000011000 
000000 0010 000000000010100 

ROM Implementation

Fig. C.12

L o w e r  4  b its  o f  a d d r e s s B its  19 -4  o f  w o r d
0 0 0 0 10 0 10 10 0 0 0 0 0 10 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 110 0 0
0 0 10 0 0 0 0 0 0 0 0 0 0 10 10 0 0
0 0 11 0 0 110 0 0 0 0 0 0 0 0 0 0 0
0 10 0 0 0 0 0 0 0 10 0 0 0 0 0 0 10
0 10 1 0 0 10 10 0 0 0 0 0 0 0 0 0 0
0 110 0 0 0 0 0 0 0 0 0 10 0 0 10 0
0 111 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11
10 0 0 0 10 0 0 0 0 0 10 10 0 10 0
10 0 1 10 0 0 0 0 0 10 0 0 0 0 0 0 0

0001
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Address R O M  c o n t en t
o p S D a t a p a t h c o n t ro l    N S

0 0 0 0 0 0  0 0 0 0 1 0 0 1 0 1 0 0 0 0 0 0 1 0 0  0 0 0 1
0 0 0 0 0 0  0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0  0 1 1 0
0 0 0 0 0 0  0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0  x x x x

0 0 0 0 0 0  1 0 1 0

0 0 0 0 0 0  1 1 1 1
0 0 0 0 0 1  0 0 0 0

0 0 0 0 1 0  0 0 0 0 1 0 0 1 0 1 0 0 0 0 0 0 1 0 0  0 0 0 1
0 0 0 0 1 0  0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0  1 0 0 1
0 0 0 0 0 0  0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0  x x x x

ROM Implementation ( c ont. )

• R a th e r  w a s te f u l ,  
s in c e  f o r  l o ts  o f  
e n tr ie s ,  o u tp u ts  a r e  
s a m e  o r  a r e  d o n ’t-
c a r e
• Co u l d  b r e a k  u p  
in to  tw o  s m a l l e r  
R O M s  ( Fig. C.3 .7 ,  
C.3 .8 )

P L A  Implementation

O p 5

O p 4

O p 3

O p 2

O p 1

O p 0

S 3

S 2

S 1

S 0

Io rD

IR W rite

M e m R e a d
M e m W r ite

P C W r ite
P C W r ite C o n d

M e m to R e g
P C S o u rc e 1

A L U O p 1

A L U S rc B 0
A L U S rc A
R e g W r ite
R e g D s t
N S 3
N S 2
N S 1
N S 0

A L U S rc B 1
A L U O p 0

P C S o u rc e 0

Fig. C.3 .9 S e q u e n c e  Co n tr o l

Multicycle Design-42 Computer Architecture
CTKing/TTHwang

ROM v s P L A
� R O M :  u s e  tw o  s m a l l e r  R O M s  ( Fig. C.3 .7 ,  C.3 .8 )

� 4 state bits give the 16 outputs, 24x 16 bits of  R O M
� 10  bits give 4 n ex t state bits, 2 1 0 x  4 bits of  R O M
� T otal  =  4. 3 K  bits of  R O M  ( c om par ed  to 2 1 0 x  20  bits of  
sin gl e R O M  im pl em en tation )

� P L A  is  m u c h  s m a l l e r
� c an  shar e pr od uc t ter m s
� on l y  n eed  en tr ies that pr od uc e an  ac tive output
� c an  tak e in to ac c oun t d on ' t-c ar es
� S iz e is ( # in puts × # pr od uc t-ter m s)  +  ( # outputs ×
# pr od uc t-ter m s)
F or  th i s  ex a m p l e  =   ( 10x 17 ) + ( 20x 17 )  =  4 6 0 P L A  cel l s

� P L A  c e l l s  u s u a l l y  a b o u t th e  s iz e  o f  a  R O M  c e l l  ( s l igh tl y  
b igge r )

P C W r i t e  
P C S o u r c e  =  1 0

A L U S r c A  =  1  
A L U S r c B  =  0 0  

A L U O p  =  0 1  
P C W r i t e C o n d  

P C S o u r c e  =  0 1

A L U S r c A  = 1  
A L U S r c B  =  0 0  

A L U O p =  1 0

R e g D s t  =  1  
R e g W r i t e  

M e m to R e g  =  0

M e m W r i t e  
I o r D  =  1

M e m R e a d  
I o r D  =  1

A L U S r c A  =  1  
A L U S r c B  =  1 0  

A L U O p  =  0 0

R e g D s t = 0  
R e g W r i t e  

M e m to R e g = 1  
 

A L U S r c A  =  0  
A L U S r c B  =  1 1  

A L U O p  =  0 0

M e m R e a d  
A L U S r c A  =  0  

I o r D  =  0  
IR W r i t e  

A L U S r c B  =  0 1  
A L U O p  =  0 0  

P C W r i t e  
P C S o u r c e  =  0 0

In s t r u c t i o n  f e t c h
In s t r u c t i o n  d e c o d e /  

r e g i s t e r  f e t c h

J u m p  
c o m p le t io n

B r a n c h  
c o m p le t i o nE x e c u t i o n

M e m o r y  a d d r e s s  
c o m p u t a t i o n

M e m o r y  
a c c e s s

M e m o r y  
a c c e s s R - t y p e  c o m p le t io n

W r i t e - b a c k  s t e p

 ( O p  =  'L W ')  o r  ( O p  =  'S W ') ( O p  =  R - t y p e )

( O
p  =

 'B
E Q ')

(O
p 

= 
'J

')

 ( O p  =  'S W
')

(O
p 

= 
'L

W
')

4

0
1

9862

753

S t a r t

C omplete F S M

Fig. 5 .3 8

• S ta te  n u m b e r  a s s ign m e n t
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U s e C ou nter  f or  S eq u enc e C ontr ol

AddrCtl

Outputs

PLA or ROM

State

Address select log ic
O

p[
5–

0]

Adder

Instruction reg ister 
opcode field

1

Control un it

Input

PCWrite
PCWriteCond
IorD

MemtoReg
PCSource
ALUOp
ALUSrcB
ALUSrcA
RegW rite
RegDst

IRWrite

MemRead
MemW rite

BW rite

Fig. C.4 .1

N o  N e x t-
S ta te  L in e s
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A d d r es s  S elec t U nit

State

O
p

Adder

1

PLA or ROM

Mux
3 2 1 0

Dispatch ROM 1Dispatch ROM 2

0

AddrCtl

Address select logic

Instruction register 
opcode field

A d d r C tl V a l u e:
0 Set s ta te to 0
1 D i s p a tch  ROM 1
2 D i s p a tch  ROM 2
3 U s e i ncr em ented

s ta te

Fig. C.4 .2

C ontr ol C ontents
Dispatch ROM 1 Dispatch ROM 2

Op Opcode name Value Op Opcode name Value
000000 R-format 0110 100011 lw 0011
000010 jmp 1001 101011 sw 0101
000100 beq 1000
100011 lw 0010
101011 sw 0010

State number Address-control action Value of AddrCtl
0 Use incremented state 3
1 Use dispatch ROM 1 1
2 Use dispatch ROM 2 2
3 Use incremented state 3
4 Replace state number by 0 0
5 Replace state number by 0 0
6 Use incremented state 3
7 Replace state number by 0 0
8 Replace state number by 0 0
9 Replace state number by 0 0

Fig. C.4 .3 ,  C.4 .4
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Ou tline
� D e s ign in g a  p r o c e s s o r
� B u il d in g th e  d a ta p a th
� A  s in gl e -c y c l e  im p l e m e n ta tio n
� A  m u l tic y c l e im p l e m e n ta tio n

� M ul tic y c l e d atapath
� M ul tic y c l e ex ec ution  steps
� M ul tic y c l e c on tr ol

� M ic r o p r o gr a m m in g:  s im p l if y in g c o n tr o l  ( A p p e n d ix  
C.4 )

� E x c e p tio n s



Multicycle Design-48 Computer Architecture
CTKing/TTHwang

� Co n tr o l  is  th e  h a r d  p a r t o f  p r o c e s s o r  d e s ign
� D atapath is f air l y  r egul ar  an d  w el l -or gan iz ed
� M em or y  is highl y  r egul ar
� C on tr ol  is ir r egul ar  an d  gl obal

� B u t,  th e  s ta te  d ia gr a m s  th a t d e f in e  th e  c o n tr o l l e r  f o r  
a n  in s tr u c tio n  s e t p r o c e s s o r  a r e  h igh l y  s tr u c tu r e d
� U se this str uc tur e to
c on str uc t a sim pl e
“m ic r oseq uen c er ”

� C on tr ol  r ed uc es to
pr ogr am m in g this
sim pl e d evic e

=> microprogramming

sequencer
control

datapath control

micro-PC
sequencer

microinstruction

Mic r opr og r ammed C ontr oller

…..
control
signals
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Mic r oins tr u c tion
� Co n tr o l  s ign a l s  :

� T hin k  of  the set of  c on tr ol  sign al s that m ust be asser ted  
in  a state as an  in str uc tion

� E x ec utin g a m ic r oin str uc tion  has the ef f ec t of  asser tin g 
the c on tr ol  sign al  spec if ied  by  the m ic r oin str uc tion

� S e q u e n c in g
� W hat m ic r oin str uc tion  shoul d  be ex ec uted  n ex t ?

� E x ec ute seq uen tial l y  ( n ex t state un c on d ition al l y )
� B r an c h ( n ex t state al so d epen d s on  in puts)

� A  m ic r o p r o gr a m is  a  s e q u e n c e  o f  m ic r o in s tr u c tio n s  
e x e c u tin g a  p r o gr a m  f l o w  c h a r t ( f in ite  s ta te  
m a c h in e )
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1)  S ta r t w ith  a  l is t o f  c o n tr o l  s ign a l s
2)  G r o u p  s ign a l s  to ge th e r  th a t m a k e  s e n s e  ( v s . 
r a n d o m ) :  c a l l e d  fields

3 )  P l a c e s  f ie l d s  in  s o m e  l o gic a l  o r d e r  
( e .g.,  A L U  o p e r a tio n  &  A L U  o p e r a n d s  f ir s t a n d  
m ic r o in s tr u c tio n  s e q u e n c in g l a s t)

4 )  Cr e a te  a  s y m b o l ic  l e ge n d  f o r  th e  m ic r o in s tr u c tio n  
f o r m a t,  s h o w in g n a m e  o f  f ie l d  v a l u e s  a n d  h o w  th e y  
s e t c o n tr o l  s ign a l s
� U se c om puter s to d esign  c om puter s

5 )  T o  m in im iz e  th e  w id th ,  e n c o d e  o p e r a tio n s  th a t w il l  
n e v e r  b e  u s e d  a t th e  s a m e  tim e

D es ig ning  a Mic r oins tr u c tion S et 1-3 )  C ontr ol S ig nals  and  F ield s
Signal name Effect when deasserted Effect when asserted

ALUSrcA 1st ALU operand = PC 1st ALU operand = Reg[rs]
RegWrite None Reg file is written 
MemtoReg Reg. write data input = ALU Reg. write data input = MDR RegDst

Reg. write dest. no. =  rt Reg. write dest. no. =  rd
MemRead None Memory at address is read
MemWrite None Memory at address is written 
IorD Memory address = PC Memory address = ALUout
IRWrite None IR = Memory
PCWrite None PC = PCSource
PCWriteCond None If zero then PC = PCSourceSi

ng
le

 B
it 

C
on

tr
ol

Signal name Value Effect
ALUOp 00 ALU adds 

01 ALU subtracts 
10 ALU operates according to func code

ALUSrcB 00 2nd ALU input = B 
01 2nd ALU input = 4 
10 2nd ALU input = sign extended IR[15-0] 
11 2nd ALU input = sign extended, shift left 2 IR[15-0]

PCSource 00 PC = ALU (PC + 4) 
01 PC = ALUout (branch target address) 
10 PC = PC+4[31-28] : IR[25-0]  << 2M

ul
tip

le
 B

it 
C

on
tr

ol



4 )  F ield s  and  L eg end
Field Name V alu es  f o r  Field Fu n c t io n  o f  Field w it h  S p ec if ic  V alu eALU control Ad d ALU a d d sS u b t. ALU s u b tra ctsF u nc cod e ALU d oe s  f u ncti on cod eS R C 1 P C 1 s t ALU i np u t =  P CA 1 s t ALU i np u t =  A ( R e g [ rs ])S R C 2 B 2 nd  ALU i np u t =  B ( R e g [ rt])4 2 nd  ALU i np u t =  4E x te nd 2 nd  ALU i np u t =  s i g n e x t. I R [ 1 5 -0 ]E x ts h f t 2 nd  ALU i np u t =  s i g n e x .,  s l I R [ 1 5 -0 ]R e g i s te r control R e a d A =  R e g [ rs ];  B =  R e g [ rt];

W ri te  ALU R e g [ rd ] =  ALUou t
W ri te  M D R R e g [ rt] =  M D R

M e m ory R e a d  P C I R  ( M D R )  =  m e m [ P C ]R e a d  ALU M D R  =  m e m [ ALUou t]W ri te  ALU m e m [ ALUou t] =  BP C  w ri te ALU P C  =  ALU ou tp u tALUou t-cond . I F  ALU z e ro th e n P C  =  ALUou tj u m p  a d d r. P C  =  P C S ou rceS e q u e nci ng S e q G o to s e q u e nti a l m i croi ns tru cti onF e tch G o to th e  f i rs t m i croi ns tru cti onD i s p a tch  1 D i s p a tch  u s i ng  R O M 1
D i s p a tch  2 D i s p a tch  u s i ng  R O M 2

C ontr ol S ig nals
Field name Value Signals active Comment

Add ALUOp = 00 Cause the ALU to add.
ALU control Subt ALUOp = 01 Cause the ALU to subtract; this implements the compare for

branches.
Func code ALUOp = 10 Use the instruction's function code to determine ALU control.

SRC1 PC ALUSrcA = 0 Use the PC as the first ALU input.
A ALUSrcA = 1 Register A is the first ALU input.
B ALUSrcB = 00 Register B is the second ALU input.

SRC2 4 ALUSrcB = 01 Use 4 as the second ALU input.
Extend ALUSrcB = 10 Use output of the sign extension unit as the second ALU input.
Extshft ALUSrcB = 11 Use the output of the shift-by-two unit as the second ALU input.
Read Read two registers using the rs and rt fields of the IR as the register

numbers and putting the data into registers A and B.
Write ALU RegWrite, Write a register using the rd field of the IR as the register number and

Register RegDst = 1, the contents of the ALUOut as the data.
control MemtoReg = 0

Write MDR RegWrite, Write a register using the rt field of the IR as the register number and
RegDst = 0, the contents of the MDR as the data.
MemtoReg = 1

Read PC MemRead, Read memory using the PC as address; write result into IR (and 
lorD = 0 the MDR).

Memory Read ALU MemRead, Read memory using the ALUOut as address; write result into MDR.
lorD = 1

Write ALU MemWrite, Write memory using the ALUOut as address, contents of B as the
lorD = 1 data.

ALU PCSource = 00 Write the output of the ALU into the PC.
PCWrite

PC write control ALUOut-cond PCSource = 01, If the Zero output of the ALU is active, write the PC with the contents
PCWriteCond of the register ALUOut.

jump address PCSource = 10, Write the PC with the jump address from the instruction.
PCWrite

Seq AddrCtl = 11 Choose the next microinstruction sequentially.
Sequencing Fetch AddrCtl = 00 Go to the first microinstruction to begin a new instruction.

Dispatch 1 AddrCtl = 01 Dispatch using the ROM 1.
Dispatch 2 AddrCtl = 10 Dispatch using the ROM 2.
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T h e Mic r opr og r am

Label
ALU 

control SRC1 SRC2
Register 
control Memory

PCWrite 
control Sequencing

Fetch Add PC 4 Read PC ALU Seq
Add PC Extshft Read Dispatch 1

Mem1 Add A Extend Dispatch 2
LW2 Read ALU Seq

Write MDR Fetch
SW2 Write ALU Fetch
Rformat1 Func code A B Seq

Write ALU Fetch
BEQ1 Subt A B ALUOut-cond Fetch
JUMP1 Jump address Fetch
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T h e C ontr oller
P C W rite
P C W rite C on d
Io rD

M em to R eg
P C S o urce
A L U O p
A L U S rc B
A L U S rc A
R eg W rite

A d drC tl

O utpu ts

M icro co d e m e m o ry

IR W rite

M em R e a d
M em W rite

R eg D st

C o n tro l u n it

Inp ut

M ic ro pro gra m  c ou nte r

A d dre s s se le c t lo g ic

O
p[

5–
0]

A d d er

1

D a ta pa th

In s tru c tio n  reg is ter  
o p co de  fie ld

B W rite

Fig. C.4 .6
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T h e D is patc h  ROMs

Dispatch ROM 2
Op Opcode name Value

100011 lw 0011
101011 sw 0101

Dispatch ROM 1
Op Opcode name Value

000000 R-format 0110
000010 jmp 1001
000100 beq 1000
100011 lw 0010
101011 sw 0010

Fig. C.5 .2

Rformat1
JUMP1

BEQ1

Mem1

Mem1

LW2

SW2
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Ou r  P lan:  U s ing  ROM

Shift 
le ft 2

PC
M  
u 
x

0

1

R egisters
W rite  
reg ister

W rite  
data

R ead 
data 1

R ead 
data 2

Read 
reg ister 1

Read 
reg ister 2

Instruction  
[15– 11]

M  
u  
x

0

1

M  
u  
x

0

1

4

Instruc tion 
[15– 0]

S ign  
ex tend

3216

Instruction  
[25– 21]

Instruction  
[20– 16]

Instruction  
[15– 0]

Ins truction  
reg ister

ALU  
contro l

ALU  
result

ALU
Zero

M emory  
data  

reg is ter

 
A

B

IorD

M emR ead

M emW rite

Me m toR eg

PC W riteC on d

PC W rite

IR W rite

A LU O p

ALU SrcB

ALU SrcA

RegD st

P CS ource

R e gW rite

Co ntrol

O utpu ts

Op  
[5– 0]

Instruction 
[31-26]

Instruction [5– 0]

M  
u  
x

0

2

Jum p 
addre ss [3 1-0 ]Instruction [25– 0] 26 28

Shift 
le ft 2

PC [31-28 ]

1

1 M  
u  
x

0

3
2

M  
u  
x

0

1
ALU Out

Mem ory

M em D ata

W rite  
data

Address

µ-i n s t r u c t i o n
R O M

µ P C
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Main
Memory

execution
unit

control
memory

CPU

ADD
SUB
AND

DATA

.

.

.

User program 
plus Data

this can change!

AND microsequence

e.g., Fetch
Calc Operand Addr
Fetch Operand(s)
Calculate
Save Answer(s)

one of these is
mapped into one
of these

Mic r oins tr u c tion Inter pr etation
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Mic r opr og r amming  U s ing  ROM :  P r os  and  C ons
� E a s e  o f  d e s ign
� Fl e x ib il ity
� Each to adapt to changes in organization, timing, 
technol ogy
� C an mak e changes l ate in design cy cl e, or ev en in the 
f iel d

� G e n e r a l ity
� I mpl ement mu l tipl e inst.  sets on same machine
� C an tail or instru ction set to appl ication
� C an impl ement v ery  pow erf u l  instru ction sets ( j u st more 
control  memory )

� Co m p a tib il ity
� M any  organizations, same instru ction set

� Co s tl y  to  im p l e m e n t a n d  S l o w
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5 )  Mic r oins tr u c tion E nc od ing
State number Control bits 17- 2 Control bits 1- 0

0 1001010000001000 11
1 0000000000011000 01
2 0000000000010100 10
3 0011000000000000 11
4 0000001000000010 00
5 0010100000000000 00
6 0000000001000100 11
7 0000000000000011 00
8 0100000010100100 00
9 1000000100000000 00

Fig. C.4 .5
• B its  7 -13  c a n  b e  e n c o d e d  to  3  b its  b e c a u s e  o n l y  o n e  b it 

o f  th e  7  b its  o f  th e  c o n tr o l  w o r d  is  e v e r  a c tiv e
Multicycle Design-61 Computer Architecture
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Minimal v s .  Max imal E nc od ing
� Minimal (Horizontal ):
+  more control  ov er the potential  paral l el ism of  operations in 

the datapath
- u ses u p l ots of  control  store

� Max imal (V e rtic al):
+  u ses l ess nu mb er of  control  store
- ex tra l ev el  of  decoding may  sl ow  the machine dow n
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� Co n tr o l  is  s p e c if ie d  b y  a  f in ite  s ta te  d ia gr a m
� S p e c ia l iz e d  s ta te -d ia gr a m s  e a s il y  c a p tu r e d  b y  
m ic r o s e q u e n c e r
� simpl e increment and “b ranch” f iel ds
� datapath control  f iel ds

� Co n tr o l  c a n  a l s o  b e  s p e c if ie d  b y  m ic r o p r o gr a m m in g 
� Co n tr o l  is  m o r e  c o m p l ic a te d  w ith :
� compl ex  instru ction sets
� restricted datapaths

� S im p l e  in s tr u c tio n  s e t a n d  p o w e r f u l  d a ta p a th = >  
s im p l e  c o n tr o l
� cou l d redu ce hardw are
� O r go f or speed = >  many  instru ctions at once!

S u mmar y  of  C ontr ol
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Ou tline
� D e s ign in g a  p r o c e s s o r
� B u il d in g th e  d a ta p a th
� A  s in gl e -c y c l e  im p l e m e n ta tio n
� A  m u l tic y c l e im p l e m e n ta tio n
� M u l ticy cl e datapath
� M u l ticy cl e ex ecu tion steps
� M u l ticy cl e control

� M ic r o p r o gr a m m in g:  s im p l if y in g c o n tr o l
� E x c e p tio n s
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E x c eptions
User Program

System
Exception
HandlerException

return from
exception

� N o r m a l  c o n tr o l  f l o w :  s e q u e n t i a l ,  j u m p s ,  b r a n c h e s ,  c a l l s ,  r e t u r n s
� E x c e p tio n  =  u n p r o gr a m m e d c o n tr o l  tr a n s f e r
� sy stem tak es action to handl e the ex ception

� m u s t  r e c o r d  a d d r e s s  o f  t h e  o f f e n d i n g  i n s t r u c t i o n
� s h o u l d  k n o w  c a u s e  a n d  t r a n s f e r  t o  p r o p e r  h a n d l e r
� i f  r e t u r n s  t o  u s e r ,  m u s t  s a v e  &  r e s t o r e  u s e r  s t a t e
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� B y  p r o v id in g tw o  m o d e s  o f  e x e c u tio n  ( u s e r / s y s te m ) ,  
c o m p u te r  m a y  m a n a ge  its e l f
� O S  is a special  program that ru ns in the priv il eged 
sy stem mode and has access to al l  of  the resou rces of  
the compu ter
� P resents “v irtu al  resou rces” to each u ser that are more 
conv enient than the phy sical  resou rces
� f i l e s  v s .  d i s k  s e c t o r s
� v i r t u a l  m e m o r y  v s .  p h y s i c a l  m e m o r y

� protects each u ser program f rom others
� E x c e p tio n s  a l l o w  th e  s y s te m  to  ta k e n  a c tio n  in  
r e s p o n s e  to  e v e n ts  th a t o c c u r  w h il e  u s e r  p r o gr a m  is  
e x e c u tin g
� O S  b egins at the handl er

U s er / S y s tem Mod es
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T w o T y pes  of  E x c eptions
� I n te r r u p ts :
� cau sed b y  ex ternal  ev ents and asy nchronou s to ex ecu tion= >  may  b e handl ed b etw een instru ctions
� simpl y  su spend and resu me u ser program

� E x c e p tio n s :
� cau sed b y  internal  ev ents and sy nchronou s to ex ecu tion, e. g. , ex ceptional  conditions ( ov erf l ow ) , errors ( parity ) , f au l ts
� instru ction may  b e retried or simu l ated and program continu ed or program may  b e ab orted

Multicycle Design-67 Computer Architecture
CTKing/TTHwang

MIP S  C onv ention of  E x c eptions
� M I P S  c o n v e n tio n :
� exception means any  u nex pected change in control  f l ow , w ithou t distingu ishing internal  or ex ternal
� u se inter r u pt onl y  w hen the ev ent is ex ternal l y  cau sed

Type of event F r om  w h er e? M I P S  ter m i nol og y
I/O device request E x tern a l In terrup t
In vo k e OS  f ro m  user p ro g ra m In tern a l E x cep tio n
H a rdw a re m a l f un ctio n s E ith er E x cep tio n  o r

In terrup t
A rith m etic o verf l o w  In tern a l E x cep tio n
U sin g  a n  un def in ed in st. In tern a l E x cep tio n
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Precise Interrupts
� Precise: machine state is preserved as if program 
ex ecu ted u pto the offending inst.
� Same system code will work on different 
imp lementations of th e arch itectu re
� P osition clearly estab lish ed b y I B M ,  and taken b y M I P S
� D ifficu lt in th e p resence of p ip elining ,  ou t-ot-order 
ex ecu tion,  . . .

� I m p recise: sy stem softw are has to figu re ou t w hat is 
w here and pu t it al l  b ack  together

� P erformance goal s often l ead designers to forsak e 
precise interru pts
� system software dev elop ers,  u ser,  markets etc. ,  u su ally 
wish  th ey h ad not done th is

Multicycle Design-69 Computer Architecture
CTKing/TTHwang

H a nd l ing  E x ceptio ns in O ur D esig n
� C onsider tw o ty pes of ex ceptions:
u ndefined instru ction &  arithmetic overfl ow

� B asic actions on ex ception:
� Sav e state:  sav e th e address of th e offending  
instru ction in th e exception program counter ( E P C )
� T ransfer control to O S at some sp ecified address
= >  need to know th e cau se for th e ex cep tion
= >  th en know th e address of ex cep tion h andler
� A fter serv ice,  O S can terminate th e p rog ram or 
continu e its ex ecu tion,  u sing  E P C  to retu rn
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� P u sh it onto the stack
� V ax ,  6 8 k,  8 0 x 8 6

� S ave it in special  registers
� M I P S E P C ,  B adV addr,  Statu s,  C au se

� S hadow  R egisters
� M 8 8 k
� Sav e state in a sh adow of th e internal p ip eline reg isters

S a v ing  S ta te:  G enera l  A ppro a ch es
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iv_base
cause

handler
code

iv_base
cause

handler 
entry code

� T raditional  approach: in t erru p t  v ect o r
� T h e cau se of ex cep tion is a v ector
g iv ing  th e address of th e h andler
� P C  < - M E M [  I V _ b ase +  cau se | |  0 0 ]
� 6 8 0 0 0 ,  V ax ,  8 0 x 8 6 ,  .  .  .

� R I S C  H andl er T ab l e
� P C  < - I V _ b ase +  cau se | |  0 0 0 0
� Sav es state and j u mp s
� Sp arc,  P A ,  M 8 8 K ,  .  .  .

� M I P S  approach: fix ed entry
� u se a statu s reg ister ( caus e regis ter)
to h old a field to indicate th e cau se
� P C  < - E X C _ addr

A d d ressing  th e E x ceptio n H a nd l er
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A d d itio ns f o r O ur D esig n
� E P C : reg.  to hol d address of affected inst.
� C au se: reg.  to record cau se of ex ception
� A ssu me L SB  encodes th e two p ossib le ex cep tion 
sou rces:  u ndefined instru ction= 0  and arith metic 
ov erflow= 1

� T w o control  signal s to w rite E P C  (E P C W rite)  and 
C au se (C au seW rite) ,  and one control  signal  
(I ntC au se)  to set L S B  of C au se register

� B e ab l e to w rite ex cep t io n  a d d ress into P C ,  assu ming 
at C 0 0 0  0 0 0 0 hex = >  needs a 4 -w ay  M U X  to P C

� M ay  u ndo P C  =  P C  +  4 ,  since w ant E P C  to point to 
offending inst.  (not its su ccessor)
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D a ta pa th w ith  E x ceptio n H a nd l ing

Shift 
left 2

Memory

MemData

Write 
data

M 
u 
x

0

1

Instruction 
[15– 11]

M 
u 
x

0

1

4

Instruction 
[15– 0]

Sign 
extend

3216

Instruction 
[25– 21]

Instruction 
[20– 16]

Instruction 
[15– 0]

Instruction 
register

ALU 
control

ALU 
result

ALU
Zero

Memory 
data 

register

 
A

B

IorD

MemRead

MemWrite

MemtoReg

PCWriteCond

PCWrite

IRWrite

Control

Outputs

Op 
[5– 0]

Instruction 
[31-26]

Instruction [5– 0]

M 
u 
x

0

2

Jump 
address [31-0]Instruction [25– 0] 26 28

Shift 
left 2

PC [31-28]

1

Address

EPC

 CO 00 00 00 3

Cause

ALUOp

ALUSrcB
ALUSrcA

RegDst

PCSource

RegWrite

EPCWrite
IntCause
CauseWrite

1

0

1 M 
u 
x

0

3
2

M 
u 
x

0

1

M  
u 
x

0

1

PC

M 
u 
x
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Registers
Write 
register

Write 
data

Read 
data 1

Read 
data 2

Read 
register 1

Read 
register 2

ALUOut

F ig.  5 . 3 9
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� U n d ef in ed  in st ru ct io n : detected w h en  n o  n ex t sta te is 
def in ed f ro m  sta te 1  f o r th e o p  va l ue
� H andle th is b y defining  th e nex t state v alu e for all op  
v alu es oth er th an lw,  sw,  0  ( R -typ e),  j mp ,  and b eq as a 
new state,  “oth er”

� A rit h m et ic o v erf l o w : detected w ith  th e O ver fl ow sig n a l  o ut 
o f  th e A L U
� T h is sig nal is u sed in th e modified F SM  to sp ecify an 
additional p ossib le nex t state

N ote: ch a l l en g e in  desig n in g  co n tro l  o f  a  rea l  m a ch in e is to  
h a n dl e dif f eren t in tera ctio n s b etw een  in structio n s a n d o th er 
ex cep tio n -ca usin g  even ts such  th a t co n tro l  l o g ic rem a in s sm a l l  
a n d f a st
� C omp lex  interactions makes th e control u nit th e most 
ch alleng ing  asp ect of h ardware desig n

E x ceptio n D etectio n F S M  w ith  E x ceptio n H a nd l ing
ALUSrcA = 1 

ALUSrcB = 00 
ALUOp = 01 
PCWriteCond 

PCSource = 01

ALUSrcA = 1 
ALUSrcB = 00 
ALUOp = 10

RegDst = 1 
RegW rite 

Mem toReg = 0
MemW rite 
IorD = 1

Mem Read 
IorD = 1

ALUSrcA = 1 
ALUSrcB = 00 
ALUOp = 00

RegWrite  
M emtoReg = 1 

RegDst = 0 

ALUSrcA = 0 
ALUSrcB = 11  
ALUOp = 00  

 

M emRead 
ALUSrcA = 0 

IorD = 0 
IRWrite  

ALUSrcB = 01 
ALUOp = 00 

PC Write 
PCSource = 00

Instruction fetch
Instruction decode/ 

Register fetch

Jump 
completion

Branch 
com pletionExecution

Mem ory address  
computation

Memory 
access

Memory  
access R-type completion

Write-back step

 (Op = 'LW ') or (Op = 'SW ') (Op = R-type)

(O
p =

 'B
EQ')

(O
p 

= 
'J

')

 (Op = 'SW
')

(O
p 

= 
'L

W
')

4

0
1

9862

7 11 1053

Sta rt

 (Op = other)

Overflow

Overflow

ALUSrcA = 0 
ALUSrcB = 01  
ALUOp = 01  

EPCWrite  
PCWrite 

PCSource = 11

IntCause = 0 
CauseW rite

ALUSrcA = 0 
ALUSrcB = 01 
ALUOp = 01 

EPCW rite 
PCW rite 

PCSource = 11

 

 

In tCause = 1 
CauseWrite

PCWrite  
PCSource = 10

F ig.  5 . 4 0
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� S pecial iz e state diagrams easil y  captu red b y  
microseq u encer
� simp le increment and b ranch  fields
� datap ath control fields

� C ontrol  design redu ces to microprogramming
� E x ceptions are the hard part of control
� N eed to find conv enient p lace to detect ex cep tions 
and to b ranch  to state or microinstru ction th at sav es P C  
and inv okes O S
� H arder with  p ip elined C P U s th at su p p ort p ag e fau lts on 
memory accesses,  i. e. ,  th e instru ction cannot 
comp lete A N D  you  mu st restart p rog ram at ex actly th e 
instru ction with  th e ex cep tion

S um m a ry


