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Recall: Timing

compute new values between rising edges

compute compute compute compute

A A A

registers, memories change at rising edges

address—..
next current

value value
next value—

(if writing)
register

clock signal

Data

Mem.

current value
(if reading)




Recall: Computing components

A OP MUX — output

L

select

MUXes — switches, select one of several inputs as
output based on select signal.

ALU — does the primary ‘math’ for instructions



Recall: Stages

fetch — read instruction memory, split instruction
decode — read register file

execute — arithmetic (including of addresses)
memory — read or write data memory

write back — write to register file

PC update — compute next value of PC



SEQ: Instruction Fetch

read instruction memory at PC

split into seperate wires:
icode:ifun — opcode
rA, rB — register numbers
valC — call target or mov displacement

compute next instruction address:
valP — PC + (instr length)



SEQ: Instruction Decode

read registers
valA, valB — register values



SEQ: srcA, srcB

always read rA, rB?

Problems:
push rA

pop
call
ret

extra signals: srcA, srcB — computed input register

MUX controlled by icode



SEQ: Possible registers to read

instruction srcA  srcB
halt, nop, JCC, irmovq | none none
cmovCC, rrmovq rA none
mrmov(q none rB
rmmovq, OPq rA rB
call, ret none? %rsp
pushq, popq rA %rsp

—

%rspi — MUX — srcB

(none) [F] —

icode —{logic function



SEQ: Possible registers to read

instruction srcA  srcB
halt, nop, JCC, irmovq | none none
cmovCC, rrmovq rA none
mrmov(q none rB
rmmovq, OPq rA rB
call, ret none? %rsp
pushq, popq rA %rsp
—

%rspr — MUX — srcB

(no 1-24' —
icode —{logic function




SEQ: Execute

perform ALU operation (add, sub, xor, neq)
valE — ALU output

read prior condition codes

Cnd — condition codes based on ifun (instruction type
for jCC/cmovCC)

write new condition codes



SEQ: ALU operations?

ALU inputs always valA, valB (register values)?

no, inputs from instruction: (Displacement + rB)
mrmovq valB
rmmovq vale

no, constants: (rsp +/- 8)
pushq
popq
call
ret

extra signals: aluA, aluB
computed ALU input values
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SEQ: Memory

read or write data memory
valM — value read from memory (if any)
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SEQ: Control Signals for Memory

read /write — write enable?

Addr — address

mostly ALU output
tricky cases: popq, ret

Data — value to write

mostly valB
tricky cases: call, push
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SEQ: Write back

write registers
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SEQ: Control Signals for WB

two write inputs — two needed by popq
valM (memory output), valE (ALU output)

two register numbers
dstM, dstE

write disable — use dummy register number OxF

dstE
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SEQ: Update PC

choose value for PC next cycle (input to PC
register)
usually valP (following instruction)
exceptions: call, jCC, ret

15



A Starting Circuit

register file
A srcA R[srcA]
. B R[srcB] q
rB—src ata mem.
| | ToxF dstM All;U Data i
n r. alu ata In
™ st OxF dstE valE Data out
™ Mem. aluB Addr in
ddT/ b write?
next R[dStM] ior/as:d function
PC ’»next R[dstE] gu?nc:tlf_; of opcode
instr.
]
& length

16



A Starting Circuit

register file
A srcA R[srcA]
. B R[srcB] q
rB—src ata mem.
| | ToxF dstM All;U Data i
n r. alu ata In
™ st OxF dstE valE Data out
™ Mem. aluB Addr in
ddT/ b write?
next R[dStM] ior/as:d function
PC ’»next R[dstE] gu?nc:tlf_; of opcode
instr.
]
& length

16



A Starting Circuit

N Instr.
™ Mem.

PC
instr.

length

register file

A srcA R[srcA]

R[srcB]
rB—srcB
OXF dstM
OXF dstE

next R[dstM]
next R[dstE]

I

ALU

aluA
valE
aluB

add/sub
xor/and
(function
of instr.)

data mem.

Data in
Data out
Addr in

write?

function
of opcode
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Circuit:

Setting MUXes

N Instr.

™ Mem.
PC

instr.

.‘—Iength

register file

A srcA R[srcA]

R[srcB]
rB—srcB
OxF dstM
OxF dstE

I

next R[dstM]
next R[dstE]

ALU

aluA
valE
aluB

add/sub
xor/and
(function
of instr.)

data mem.

Data in
Data out
Addr in

write?

function
of opcode
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Circuit: Setting MUXes

M[PC+2]
register file
8 R[srcA]RE
M[PC+1] “ sreA R{sch}
B—=—IsrcB data mem.
| | 7oxF dstM All;U Data i
nstr. alu ata in
> st OxF = dstE valE Data out
a Mem. RIOT LB Addr in
write?
next R[dStM] m funcTtion
(function of opcode
S PC - ’»next R[dstE] of instr.)
<— InStr' aluA + aluB

length

Four MUXes — PC, dstM, dstE, aluA
Exercise: what do they select when running addq %r8, %r97?

17



Circuit: Setting MUXes

M[PC+2]
register file
8 R[srcA]RIEL
M[PC+1] “ sreA R{sch}
B—=—IsrcB data mem
ALU '
| | 7oxF dstM e Data i
nstr. 9 alu ata in
> st OxF dstE - valE Data out
a Mem. ROV ,hiug Addr in
write?
PC next R[dStM] funcTtion
functi of opcode
PC42 ’-»next R[dstE] (()furncst'f;
<— InStr' aluA + aluB

length

Four MUXes — PC, dstM, dstE, aluA
Exercise: what do they select when running addq %r8, %r97?




Circuit: Setting MUXes

register file ‘
A srcA R[srcA]
R[srcB]
rB—{srcB ALU data mem.
| | ToxF dstM e Data i
nstr. alu ata in
™ st OxF dstE valE Data out
a Mem. aluB Addr in
dd)sub write?
a su
next R[dStM] xor/and function
PC ’»next R[dstE] gu?nc:tlf_; of opcode
instr.
i
] length

Four MUXes — PC, dstM, dstE, aluA
Exercise: what do they select for rmmovq?
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Circuit: Setting MUXes

register file ‘
A srcA R[srcA]
R[srcB]
rB—{srcB ALU data mem.
| | ToxF dstM e Data i
nstr. alu ata in
™ st OxF dstE valE Data out
a Mem. aluB Addr in
dd)sub write?
a su
next R[dStM] xor/and function
PC ’»next R[dstE] gu?nc:tlf_; of opcode
instr.
i
] length

Four MUXes — PC, dstM, dstE, aluA
Exercise: what do they select for rmmovq?
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Circuit: Incomplete (1)

L Instr.
™ Mem.

PC
instr.

length

register file

A SrcA R[srcA]

R[srcB]
rB—srcB
OxF dstM
OxF dstE

next R[dstM]
next R[dstE]

ALU

aluA
valEn

aluB

addT/sub
xor/and
(function
of instr.)

~Addr in

data mem.

Data in
Data out

write?

function
of opcode

18



Circuit: Incomplete (1)

register file ‘
A srcA R[srcA]
. 8 R[srcB] q
rB—src ata mem.
I [ | ToxF dstM AI&U Data i
nstr. e atain
> OxF dstE valER Data out
™ Mem. alB | |~|Addr in
ddT/ b write?
a su
next R[dStM] xor/and function
PC ~Inext R[dstE] fff“i"n?t'ﬁ; of opcode
instr.
-
] length

rrmovq, irmovq, mrmovq, rmmovq, jmp, call, pushq, ret
How many of the above instructions can the above circuit not run?
(Ignore undrawn mux selector inputs.)
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Circuit: Incomplete (1)

register file ‘
A srcA R[srcA]
. 8 R[srcB] q
rB—src ata mem.
I [ | ToxF dstM AI&U Data i
nstr. e atain
> OxF dstE valER Data out
™ Mem. aluB |~ Addr in
ddT/ b write?
next R[dStM] ior/::d function
PC ~next R[dstE] ff“?n?t'ﬁg of opcode
instr.
-
] length

rrmovqg — no way to connect R[rA] to register file input
Option 1: mux on line to next R[dstE]
Option 2: mux on input to aluB
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Circuit: Incomplete (1)

ALU data mem.
aluA Data in

valE Data out
aluB Addr in

T write?
add/sub
xor/and function
(function of opcode
of instr.)

register file
A oA RIsrcA]
R[srcB]
rB—isrcB
| [ | OxF dstM
- nstr. S dstE
i Mem.
next R[dstM]
PC ~(next R[dstE]
instr.
- -
= length g

Option 1: mux on line to next R[dstE]
Option 2: mux on input to aluB

rrmovqg — no way to connect R[rA] to register file input

18



Circuit: Incomplete (1)

register file ‘
A srcA R[srcA]
R[srcB]
rB—srcB data mem.
| [ | oxF dstM All;U D .
nstr. P ata in
> OxF dstE valER Data out
i Mem. 53 —fauB_||-|Addr in
ddT/ b write?
El su
next R[dStM] xor/and function
PC ~Inext R[dstE] fff“i"n?t'ﬁ; of opcode
instr.
]
] length

rrmovqg — no way to connect R[rA] to register file input
Option 1: mux on line to next R[dstE]
Option 2: mux on input to aluB

18



Circuit: Incomplete (1)

register file ‘
A srcA R[srcA]
R[srcB]
rB—1srcB data mem.
| [ | oxF dstM All;U D .
nstr. P ata in
> OxF dstE valER Data out
™ Mem. 5 aluB | ~{Addr in
ddT/ b write?
El su
next R[dStM] xor/and function
PC ~Inext R[dstE] fff“i"n?t'ﬁ; of opcode
instr.
]
] length

irmovq — originally, no way to connect V to register file input
adding mux on aluB already enough
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Circuit: Incomplete (1)

register file

oA RIsrcA]
R[srcB]

srcB

dstM

dstE

next R[dstM]
next R[dstE]

ALU data mem.
aluA Data in

valER Data out
aluB ~Addr in

T write?
add/sub
xor/and function
(function of opcode
of instr.)

rA
rB——
[ | ToxF
L Instr.
OxF
™ Mem.
PC N
instr.
.‘—Iength

pushqg — no way to use rsp
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Circuit: Incomplete (1)

register file

R[srcA]

™ Mem.

instr.

<—

WD—*sch
Instr.
' ] {dstE

srcA
R[srcB]

dstM

next R[dstM]

next R[dstE]

ALU

aluA

aluB

addT/sub
xor/and
(function
of instr.)

valEn

~Addr in

data mem.

Data in
Data out

write?

function
of opcode

length

pushq — no way to use rsp
Step 1: add mux on srcB, dstE

Step 2: add to aluA mux (allow constant)
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Incomplete (1)

Circuit:
L Instr.
™ Mem.
PC
instr.
.‘—Iength

register file

A SrcA R[srcA]

R[srcB

%’SBP?.D—'sch [ ]
OXF dstM
oxF=] J-{dstE

L

ALU

aluA
valEn

aluB

addT/sub
xor/and
(function
of instr.)

~Addr in

next R[dstM]
|_‘next R[dstE]

data mem.

Data in
Data out

write?

function
of opcode

call —no way to connect PC to data memory

18



Circuit: Incomplete (1)

register file

Instr.
Mem.

%’SBP?.D—'sch

oA RIsrcA]
R[srcB]

“oxF= }dstM

PC
e

H—

instr.
length

dstE

L

ALU
2 aluA
valEn
0 aluB

addT/sub
xor/and
(function
of instr.)

~Addr in

next R[dstM]
|_-:next R[dstE]

data mem.

Data in
Data out

write?

function
of opcode

call —no way to connect PC to data memory
add mux on data memory data in (allow PC)
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Circuit: Incomplete (1)

1

PC

Instr.
Mem.

instr.
length

register file

A SrcA R[srcA]

R[srcB

%’SBP?.D—'sch [ ]
OxF dstM

oxF=] J-{dstE

L

8

[¢]

L

LU

aluA
valEn

aluB

addT/sub
xor/and
(function
of instr.)

~Addr in

next R[dstM]
|_‘next R[dstE]

data mem.

Data in
Data out

write?

function
of opcode

18



Circuit:

More complete

Instr.
Mem.

%rs

instr.
length

R

e le]

[ X

o |l o

register file

srcA  RlsrcA]
R[srcB]

srcB

dstM

dstE

next R[dstM]
next R[dstE]

L

L

8
valE
0.,D—> aluB

add}sub
xor/and
(function
of instr.)

data mem.

Data in
Data out
Addr in

write?

function
of opcode

19



Circuit: More complete

register file ‘ L
A——lsrcA R[srcA]
R[srcB]
%rSp srcB ALU data mem.
I [ | oxF dstM A Data i
j nstr. -D’ e ata in
: %%Ezﬁ F~dstE 8 valE Data out
Mem. o3 —{aluB Addr in
T write?
dd/sub
next R[dStM] ior//asnd function
PC ’-snext R[dstE] gf” :‘ncstt'?'; of opcode
instr.
453'—| h
engt

Seven MUXes — PC, srcB, dstM, dstE, aluA, aluB, data memory in
Selectors for pushq?




Circuit: More complete

register file ‘ L
A——lsrcA R[srcA]
R[srcB]
%rSp srcB ALU data mem.
I [ | oxF dstM A Data i
; nstr. .D' e ata in
: s&ggﬂ@*dstE 8 valE Data out
Mem. o3 —{aluB Addr in
T write?
dd/sub
next R[dStM] ior//asnd function
PC ’-snext R[dstE] gf” :‘ncstt'?'; of opcode
instr.
453'—| h
engt

Seven MUXes — PC, srcB, dstM, dstE, aluA, aluB, data memory in
Selectors for pushq?




Circuit: More complete

»D Instr.
™ Mem.

PC

instr.
length

453._

register file ‘ L
rA—srcA RlsrcA]
R[srcB]
B }{srcB ALU data mem.
OxF dstM 8’D>aluA Data in
mdsﬂ; valE Data out
0_,D—>a|uB Addr in
dd} X write?
al S|
next R[dStM] xor/arl;ld function
’-snext R[dstE] S,f: ,nncsttlfl; of opcode

Instructions not covered: ret, popq, cmovCC, jCC
Missing condition codes for cmov CC, j CC.
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Circuit: More complete

register file ‘ L
A——lsrcA R[srcA]
R[srcB]

%rsp srcB ALU data mem.
| ~ W:B—»dstM = Dt
nstr. .Dnu ata in

:D %%EE@ dstE ® valE Data out
Mem. SE e Addr in
write?
next R[dStM] m funcTtion
PC ’-snext R[dstE] gf” :‘ncstt'?'; of opcode
instr.
I
length

What's wrong with this implementation of popq?
How could it be fixed?




Circuit: More complete

register file ‘ L

A——lsrcA R[srcA]
R[srcB]
%rsp srcB AI_U data mem.
dstM ;)->aluA Data in

OxF
*D-v Instr. ng;@*dstE 8 vaIET Data out
" Mem. SE e -LID-Addr in

write?

next R[dstM]
next R[dstE]

function
(function of opcode
of instr.)

PC

instr.
length

453._

What's wrong with this implementation of popq?
How could it be fixed?




Circuit: More complete

register file ‘ L
A——lsrcA R[srcA]
R[srcB]
B }{srcB ALU data mem.
| [ | oxF dstM A Data i
nstr. -D’ A ata in
*D* ng;ﬁj—’dstE 8 valER Data out
i Mem. o3 —{aluB ]D—Addr in
dVeb write?
next R[dStM] ior//asrl;ld function
PC (next R[dstE] gf” :‘ncstt'?'; of opcode
instr.
I
length

What do we need to add for ret?

19



Circuit: More complete

register file

%rs

IWhat do we need to add for ret?

:D Instr.

™ Mem.
PC

instr.

Bﬂ'—Iength

R[srcA]
R[srcB]

srcA
srcB
dstM
dstE

next R[dstM]
next R[dstE]

8

G

L

ata mem.

valEn

aluB ]D-

Data in
Data outf—
Addr in

write?

add/sub
xor/and
(function
of instr.)

R

e le]

[ X

o |l o

function
of opcode

19



Circuit:

More complete

register file ‘ L
A——lsrcA R[srcA]
R[srcB]
== {srcB ALU data mem.
| ™| o F={{dstM = Dt
nstr. .D>au ata in
—E %ng;ED—’dstE 8 valER Data out
Mem. o3 —falue ]D—Addr in
dVeb write?
—{next R[dStM] ior//asrl;ld function
PC (next R[dstE] gf” :‘ncstt'?'; of opcode
instr.
S
length

19



Circuit

register file ‘
A srcA R[srcA]
R[srcB]
=S rcB ALU data mem.
| | ToxF=J-ldstM " Data i
nstr. alu ata in
—~ Téﬁ;ﬁj—’dstE s valER Data out
e Mem. o2 —{aluB ]D—Addr in
write?
dd/sub
—|next R[dStM] ior//as::d function
PC ’-snext R[dstE] S}ulnnc:t'f'; of opcode
instr.
Hﬂ%l h
engt
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Stages:

stage

fetch

decode

execute

memory

write back

PC update

pushq/popq

pushq

icode : ifun < M;[PC]
rA : rB < M;[PC + 1]
valP < PC+ 2

valA < R[rA]
valB < R[%rsp]

valE + valB + (—8)

Mg|valE] < valA
R[%rsp] < valE

PC + valP

popq

icode : ifun < M;[PC]
rA : rB < M;[PC+ 1]
valP < PC+2

valA < R[%rsp]
valB < R[%rsp]

valkE < valB + 8
valM < Mg valA |

R[%rsp] + valE
R[rA] < valM

PC «+ valP
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Stages:

stage

fetch

decode

execute

memory

write back

PC update

pushq/popq

pushq

icode : ifun < M;[PC]
rA : rB < M;[PC + 1]
valP < PC+ 2

valA < R[rA]
valB < R[%rsp]

valE + valB + (—8)

Mg|valE] < valA
R[%rsp] < valE

PC + valP

popq

icode : ifun < M;[PC]
rA : rB < M;[PC+ 1]
valP < PC+2

valA < R[%rsp]
valB < R[%rsp]

valkE < valB + 8
valM < Mg valA |

R[%rsp] + valE
R[rA] < valM

PC «+ valP
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Conditional movs

absoluteValueJumps:
andq %rdi, %rdi
jge same
irmovqg $0, %rax
subqg %rdi, %rax

ret
same: rrmovq %rdi, %rax
ret
absoluteValueCMov:

irmovg $0, %rax
subq %rdi, %rax
andq %rdi, %rdi
cmovge %rdi, %rax
ret

)
)

M

if rdi >= 0, goto same
rax <— 0
rax <— rax (0) — rdi

; rax <— —rdi

; if (rdi > 0) rax <— rc
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Using condition codes: cmov

(always) 1 —»
(le) SF | ZF —
— ——1, OXF —] dstE

(from instr)
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Systematic construction

MUX OPq ret callg
next PC PC + len memory out from instr
srcB rB — —

pushq
PC + len
%rsp

24



Summary

each instruction takes one cycle

divided into stages for design convenience
read values from previous cycle

send new values to state components

control what is sent with MU Xes
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