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AGENDA

* Review from last lecture

« Single-cycle microarchitecture

* Evaluation of single-cycle microarchitecture

Recap of Last Week

* ISA basics and tradeoffs

« Instruction length

* Uniform vs. non-uniform decode
* Number of registers

* Addressing modes

* RISC vs. CISC properties

A Note on RISC vs. CISC
 Usually, ...

* RISC
* Simple instructions
* Fixed length
* Uniform decode
* Few addressing modes

* CISC
« Complex instructions
* Variable length
* Non-uniform decode
* Many addressing modes
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Y86-64 Instruction Set #1

Byte I T I

CmovKX A, B

irmova V, 8 CI I =~ ]
sanovq 1, 08 [7]0 [A[®]D |
nenova 08y, 4 [5[0 [A[®B]® |

OPg TA, 1B

S Dest [ Tr[e= ]

call Dest FI = |

A Very Basic Instruction Processing Engine
* Single-cycle machine

Combinational
Logic

AS (State) AS
r—1

* What is the clock cycle time determined by?

* What is the critical path of the combinational logic
determined by?

Instruction Processing “Stage”

* Instructions are processed under the direction of a “control
unit” step by step.

* Instruction stage: Sequence of steps to process an instruction
* Fundamentally, there are five phases:

* Fetch

* Decode

* Execute

* Memory

* Store Result

* Not all instructions require all stages

Single-cycle vs. Multi-cycle: Control & Data
* Single-cycle machine:
« Control signals are generated in the same clock cycle as the
one during which data signals are operated on

« Everything related to an instruction happens in one clock cycle
(serialized processing)

* Multi-cycle machine:
« Control signals needed in the next cycle can be generated in
the current cycle

« Latency of control processing can be overlapped with latency
of datapath operation (more parallelism)
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Let’s Start with the State Elements

i « Data and control inputs Reg
A Single-Cycle p e
valA
. . PRl
Microarchitecture " ey O _
Register |/ ‘dT
A Closer Look T I P _
srcB | B MUX
Select
Mem
Write
Operation
Instr Address
ﬂ. Instruction — F:)Za‘da A
—
Instruction Write Data —
Mem ﬂ. Mem B
Mem
Bead

Instruction Processing
* 6 (5) generic steps
* Instruction fetch (IF)
* Instruction decode and register operand fetch (ID/RF)
* Execute/Evaluate memory address (EX/AG)
* Memory operand fetch (MEM)
* Store/writeback result (WB)
* PC Update
IF

new PC I

Instruction Processing
* 6 (5) generic steps
« Instruction fetch (IF)
« Instruction decode and register operand fetch (ID/RF)
* Execute/Evaluate memory address (EX/AG)
* Memory operand fetch (MEM)
 Store/writeback result (WB)
* PC Update
IF

newPC |p Instr
¢ Addr Instruction]

Instruction
Mem
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Instruction Processing
* 6 (5) generic steps
* Instruction fetch (IF)
* Instruction decode and register operand fetch (ID/RF)
* Execute/Evaluate memory address (EX/AG)
* Memory operand fetch (MEM)
* Store/writeback result (WB)

* PC Update
IF ID/RF EX/AG
B valg
new PC Instr
Addr  Instruction A Vala p—r
Instruction DestE Register
Mem vale  file

Instruction Processing
* 6 (5) generic steps
* Instruction fetch (IF)
« Instruction decode and register operand fetch (ID/RF)
* Execute/Evaluate memory address (EX/AG)
* Memory operand fetch (MEM)
* Store/writeback result (WB)

* PC Update
IF ID/RF EX/AG MEM
i) valB
new PC Instr Address
Addr  Instruction A ValA =]
Instruction DestE pegister Vgg: Data
Mem Valg file Mem

Read
Data

WB

Single-Cycle Datapath for
Arithmetic and Logical
Instructions

Executing Arith./Logical Operation

OPg rA, rB

*Fetch *Memory
+ Read 2 bytes « Do nothing
*Decode *Write back

« Read operand registers * Update register

*Execute *PC Update
« Perform operation « Increment PC by 2

* Set condition codes

if MEM[PC] ==OPq rA, rB
R[rB] < R[rB] op R[rA]
PC«PC+2
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Stage Computation: Arith/Log. Ops

OPg rA, rB

icode:ifun « M,[PC]
rArB < M, [PC+1]

valP < PC+2
valA < R[rA]
valB « R[rB]

valE < valB OP valA
Set CC

Decode

Execute

RIrB] « valE

back
PCupdate [-TopSvA

Read instruction byte
Read register byte

Compute next PC

Read operand A

Read operand B
Perform ALU operation
Set condition code

register

Write back result

Update PC

 Formulate instruction execution as sequence of simple

steps

* Use same general form for all instructions

ALU Datapath | Reg

Write ALU
oP
> A valA
Instr
Addr  Instruction] _&=] B Valg t
Instruction e Register
Mem r Valk file

IF ID EX MEM| WB || PC
if MEM[PC] ==OPq rA, rB I I I e I I

Combinational
R[rB] « R[rB] op R[rA]
Pc[<—lpc+z[ HeREEY - state update logic

ALU Datapath Reg

Write
b Instr
ad . i
/ u Instruction DestE pegister
Mem ValE file

if MEM[PC] ==0OPq rA, rB
RIrB] < R[rB] op R[rA]
PC+PC+2

or
L
e
2 L L |

-)

Combinational
state update logic

Single-Cycle Datapath for
Data Movement Instructions
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Executing mrmovqg (Load from Mem to Reg)
rB) ,rA

6 ‘fn |rA‘rB|D |

*Fetch *Memory

* Read 10 bytes * Read from memory
*Decode *Write back

* Read operand registers * Write to Register
*Execute *PC Update

« Compute effective address * Increment PC by 10
if MEM[PC]== mrmovq Disp (rB), rA

EA = Disp + R[rB] isp + R[rB]
R[rA] <~ MEM[EA] R[rA] <~ MEM[EA] :
PC« PC+10 PC« PC+10 2

Stage Computation: mrmovqg

valP < PC+10
Decode

valB « R[rB]

ValE ¢ valB + valC
Execute
[ =M < Mlvale]

RIrA]  valM

PCupdate TSR]

* Use ALU for address computation

Read instruction byte
Read register byte
Read displacement D
Compute next PC

Read operand B
Compute effective address

Write value to memory

Update PC

if MEM[PC]== mrmovq Disp (rB), rA

Ld Datapath: Calculate the Effective Address
Ld Datapath Reg Res
Write ALY Write ALU
opP op
B val
Instr Address Read Add Read
Addr Instruction) - TA Vala 1 | Data_ A Vala — ress Data
v —
Instruction DestE Register Write Data DestE poi Write Data
Data egister Dat:
Mem i I. vae | sile P Mem VaE  file 22 Mem
D | I
I Frdm ALU From ALU
Frofn Mem From Mem
Mux
Select
if MEM[PC]==mzmovq Disp (1 [ ][ _J[EX_[MEM[WB ][PC_] if MEM[PC]== mrmovq Disp (1), rA [F ][0 & [VeM[we [Fc ]

EA = Disp + R[rB R T
RIrA] epMEl\El[E}-\] - Combinational ;ﬁA]DI:p,\;E':,[lr[iL] Combinational
PC < PC+10 state update logic PC< PC+10 - state update logic
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Ld Datapath: Loaded memory needs to be o .
. P . mory Ld Datapath: Need the Destination Register
written to the Register File, e
Write ALY | Write ALY
opP op
ress Read Instr Read
" ValA e ;;r Instructio: A Vala Address
B
Instruction 5 DestE pegister Vite  Data Instruction ; oSt pegister Write  Data
Mem ol x N VAT °° Mem Mem ol file Mem
o b
| From ALU I From ALU 4
10 — I 10
AT S maree (R [P e JMEM[WB[Pc] (VEYRE = mae e B (h [FMEMEMWE][PC_]
EA = Disp +R[B] — EA = Disp + R[B] —
RIrA] < MEM[EA] - Combinational _ RIrA] < MEM[EA] - Combinational »
PC < PC+10 state update logic PC < PC+10 state update logic

Ld Datapath: Update PC Executing rmmovqg (St from reg to Memory)
R
| e
op rmmovq rA, D (rB)
Address Read | 4 ‘0 | rA ‘ rB | D |
A ValA D
*Fetch *Memory
JDestE Register Write Data .
Lo fie Data  pem * Read 10 bytes * Write to memory
*Decode *Write back
From ALU * Read operand registers * Do nothing
!JI *Execute *PC Update
* Compute effective address * Increment PC by 10
if MEM[PC.]== mrmovq Disp (B), rA [ _J[EX_J[MEM[WE ][PT_] if MEM[PQ]:: rmmovq A, Disp (rB)
el S,
PC < PC+10 - state update logic PC < PC+10




2/14/17

Stage Computation: rmmovqg

Read instruction byte
Read register byte
Read displacement D
Compute next PC
Read operand A
Read operand B

valE < valB +valC Compute effective address
Execute

MglvalE] < valA

PCupdate  [JeRaRvld Update PC

* Use ALU for address computation
if MEM[PC]== rmmovq rA, Disp (rB)
EA = Disp + R[rB]
MEMIEA] < R[rA]
PC«PC+10

Reg Mem
St Datapath
Write ALU Write
op
B val |
Instr Address Read
Addr  Instruction, - rA Vala —] | Data
! -
Instruction - DestE pegister ‘ﬂéra\:: :‘)Aata
pp e file em
> | ]
| From ALU
From Mem
= : Select
if MEM[PC]== rmmovq rA, Disp (rB) 1°¢'¢ [F ][ J[EX_J[Vem[we ||
EA = Disp + R[rB] —
MEM[EA] < R[TA] Combinational
PC <« PC+10 - state update logic

St Datapath: Calculate the effective address

St Datapath: Store data needs to reach memory

Reg Mem
Write ALY Write
op
val

Instr ddress Read
dr_Instruction rA ValA " Data

Instruction DestE pegister \Aé::: Data

Vale  file Mem

Reg Mem
Write

Read

malpiddress head

Instruction

Write Data
Data
Mem

Mem

if MEM[PCJ== rnmovq rA, Disp (rB)

EA= Disp + RIrB] L L 20 L L

Combinational
MEMIEA] < R[rA .
PC <« PC+10 L - state update logic

if MEM[PC]== rnmovq rA, Disp (rB)

EMAE:/I[[)II::] LRE;?QA] Combinational
PC < PC+10 - state update logic
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St Datapath: Update PC

Reg Mem
Write
Instr ddress Read
ads_struction —r  oat:
Instruction Register vgrai:: Data
\ file Mem
]
; ’ Select
if MEM[PC]== rnmovq rA, Disp (rB) I"?_ll'frll'FY—IWWIFWFI EE
EA = Disp + R[rB]

Combinational
state update logic

MEMIEA] « RIrA]
PC« PC+10

—)

Executing irmovqg (Move imm to Reg)

ir V, rB

_fo [r [re]v |

*Fetch *Memory

* Read 10 bytes * Do nothing
*Decode *Write back

* Read operand registers * Write VtorB
*Execute *PC Update

*AddOtoV

* Increment PC by 10

if MEM[PC]== irmovq V, rB
R[rB] <~V +0
PC«PC+10

Stage Computation: irmovqg

un < M, [PC]
rATB  M,[PC+1]
ValC < Ms[PC+2]

Read instruction byte
Read register byte
Read displacement D

Fetch

valP « PC+10 Compute next PC
Decode
ValE 0 +valC Compute effective address
Execute
RIrB] < valA
iite
back
PCupdate  [JeRmavd Update PC

* Use ALU for address computation
if MEM[PC]== i rmovq V, 1B
R[rB] «- V +0
PC«PC+10

irmov Datapath: Option 1

=

state update logic

Reg Mem
Write Write
] valB
Instr Address Read
Addr  Instruction, A ValA ] Data
Instruction DestE pegister \Aérzw:: Data
Mem ValE il Mem
From ALU
From Mem
if MEM[PC]== irmovq V, B 'T“T"T“WW‘
R[rB] « V +0 —
PC < PC+10 Combinational
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Combinational
state update logic

=

. . . irmov Datapath Option 1: Writeback value
irmov Datapath Option 1: read register and add zero P P
Reg Mem Reg Mem
Write Write Write o ALU Write
p
B valg B valB
Read Read
P inste " - Address Read p Instr ) " o ] Address Data
8 N 8
Instruction DeStE pogister Write  Data Instruction DeStE pegister Write  Data
Mem AR v file O Mem Mem Bpbvae  file 0 Mem
Sl Wl Va
I From ALU 1
From Mem From Mem
if MEM[PC]== i rmovq V, 1B [F [0 X [VEM[We [P ] if MEM[PCJ== i rmovq V, 1B [F ][0 [ [VeM[Ws |
R[rB] <V +0 P R[rB] <V +0 —
Combinational Combinational
PC«PC+10 R PC«PC+10
‘ state update logic ‘ state update logic
irmov Datapath Option 1: Writeback value irmov Datapath Option 1: Update PC
Reg Mem Reg Mem
Write o ALU Write Write o ALU Write
p p
B val rB valB
P tnstr rA v __| Address "D"-;t: P Instr " i | Address 'Ee;‘a‘
Instruction DeStE  posister Write  Data Instruction Write  Data
Mem Vol file O Mem Mem file o mem
‘ b
10 D
if MEM[PC]== irmovq V, rB rrr—lrrr"'EX—IpvrgvlrWB—IrEI if MEM[PC]== irmovq V, B
R[rB] « V + 0
PC«PC+10

R[rB] « V +0
PC ¢ PC+10

[F e we |

- Combinational

state update logic

10
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Irmov L)atapath Uptlon 2 Irmov L)atapath: Uptlon 2
Reg Mem Reg Mem
Write AL Write Write ALY Write
op op
8 valg | B val |
Instr Address Read P Instr Address Read
Addr i " A Vala 1 | Data_ c " - A Vala r— Data
r ) ) —
Instruction > DestE  pegister Vgr;:: Data Instruction > DestE pegister ‘ﬂéra\: Data
Mem p Vol file Mem Mem i bale  file Mem
D

From Mem

i;?:':]“ﬁpf/]:: AT h i [ J[EX_[MEM[WE |[PC] ‘;{"'!;M[P\C/]“ e Y 12 [ J[Ex_JmeM[we J[PC]
H i rB] « . N
PC < PC+10 - Combinational PC< PC+10 =) Combinational
state update logic state update logic

Executing rrmovg (Move from Reg to Reg)

rrmovqgrA, rB

* Tradeoffs between option 1 and option 2?

* Extra 2-to-1 MUX? *Fetch *Memory
* 3-to-1 MUX? What is the cost for n-to-1 MUX? * Read 2 bytes * Do nothing
* Wire length? «Decode *Write back
* Generality? « Read operand register rA * Write val rA to rB
*Execute *PC Update
« Add 0 to val rA * Increment PC by 2

if MEM[PC]== rrmovq rA, rB
R[rB] < R[rA] + O
PC«PC+2 4

11



2/14/17

Stage Computation: rrmovqg

icodesifun < M,[PC]
TAITB  My[PC+1]

Read instruction byte
Read register byte
Read displacement D
valP < PC+2 Compute next PC

ValA < R[rA]

valE < 0 +valA Compute effective address
Execute

RIrB] € valE

PCupdate  [JeRaRvld Update PC

if MEM[PC]== rrmovq rA, rB
R[rB] < R[rA] + 0

rrmov Datapath: Option 1

From Mem

Reg Mem
Write ALU Write
o op
8 valB
Instr Address Read
Addr Instruction, " rA ValA —1 Data
i
Instruction DestE Register \Aén:e Data
A s a2 pem
s Valg file
o | ]
| From ALU

if MEM[PC]== rrmovq rA, rB
R[rB] «— R[rA] + 0

[F e e we |

Combinational
PC«PC+2
- state update logic

Combinational
PC« PC+2 - .
PCPC+2 B state update logic
rrmov Datapath: Option 1 rrmov Datapath: Option 1
Reg Mem Reg Mem
Write o ALU Write Write o ALU Write
OP op
B val ] valB
Inst . Read Inst . Read
z st Address head z nstr ) . Address Data
B 8|
Instruction - DestE Register V‘é::: :\Jﬂaet; Instruction - DestE Register V\é;\:: 'I\)Aata
Mem vale  file Mem pflaefile em
D D
From ALU | I From ALU
From Mem om Mem
MuUx Mux
if MEM[PC]== rrmovq A, IB gelacy [ ][ J[EX [MEM[WB ][P<_] if MEM[PC]== rrmovq rA, rB Select [F [0 J[EX_[MEM[WE |
R[rB] < R[rA] +0

R[rB] « R[rA] + 0 —
PC < PC+2 - Combinational

state update logic

12
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if MEM[PC]== rrmovq rA, rB
R[rB] < R[rA] + 0
PC«PC+2

[F o VR we ][]

l Combinational

state update logic

. rrmov Datapath: Option Z
rrmov Datapath: Option 1
Reg Mem Reg Mem
Write o ALY Write Write ALU Write
OP op
I valg 8 vais |
P Instr Address Read Instr Address Read
¢ . —al - | Data__ Addr Instruction A Vala - | Data__
B 8
Instruction DestE g Write  Data Instruction Deste o Write  Data
gister Data Register Data
Mem “ e file Mem kol x * RS Mem
D I I D
I From ALU
2

if MEM[PC]== rrmovq rA, rB
R[rB] « R[rA]

[F e e we |

PC«PC+2

I Combinational

state update logic

Single-Cycle Datapath for
Control Flow Instructions

Executing Jumps

jxx Dest [ 7 ]n] pest |
fallthru: - [0} Not take!
target: [} Taken
*Fetch *Memory
- Read 9 bytes « Do nothing
* Increment PC by 9 «Write back
*Decode * Do nothing
* Do nothing +PC Update
*Execute

* Set PCto Dest if branch taken or

+ Determine whether to take to incremented PC if not branch

branch based on jump condition
and condition codes

if MEM[PC]== jmp Dest

if (cond) PC € Dest else PC € PC+9

13
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Stage Computation: Jumps
g P P Jump
° Reg Mem
icode:ifun < M,[PC] Read instruction byte Write o ALU Write
op
valC « Mg[PC+1] Read destination address 8 valB
valP < PC+9 Fall through address tr Address Read
dr Instruction] A Vala - | Data__
rB| }
Instruction DeSIE  pogister Write  Data
Execute Mem rA| ValE il Data Mem
Cnd « Cond(CG,ifun) Take branch? PL lle
B | ]
2 —pf | From ALU
TEEC PC < Cnd ? valC : valP Update PC 10 m—p | From Mem
9
* Compute both addresses
* Choose based on setting of condition codes and branch condition
o . IF ID EX MEM[WB
NIV ()= 5y 2l TR S Combinational
if (cond) PC € Dest else PC & PC+9 = PC € Dest - ) ;
tate update logic
Unconditional Jump Conditional Jump
e Reg Mem ° Reg Mem
Write ALU Write Write ALU Write
0 op o op
n B val ] valB
Instr Read Instr Read
P Address Address
- A ValA | | Data Addr  Instruction, rA ValA - | Data
Instruction DestE pegister Write  Data Instruction DestE pegister Write  Data
g At pem Data  Mem
Mem vale  file vale  file
2 pf . From ALU | From ALU
10 b From Mem From Mem
9
if MEM[PC]== jmp Dest D _E - El B IEI if MEM[PC]== jmp Dest IF ID .EX - MEM[WB
PC < Dest mm)  Combinational . if (cond) PC € Dest else PC & PC+9 mm)  Combinational
state update logic tate update logjc

14



2/14/17

Executing call

call Dest Dest

return:

target:

*Fetch
« Read 9 bytes
« Increment PC by 9
*Decode
+ Read stack pointer
*Execute
« Decrement stack pointer by 8

*Memory
* Write incremented PC to new
value of stack pointer
*Write back
* Update stack pointer
*PC Update
* Set PC to Dest

if MEM[PC]== call Dest
MEM [R[rsp]-8] € PC+9
Rlrsp] € R[rsp] -8

Stage Computation: call

Decode

ValE < valB +-8
Execute

Memory Ms[valE] « valP

Rl4rsp] < valE

PCupdate  [Jor i Fl(e

* Use ALU to decrement stack pointer
* Store incremented PC

Read instruction byte

Read destination address
Compute return point

Read stack pointer
Decrement stack pointer

Write return value on stack
Update stack pointer

Set PC to destination
if MEM[PC]== call Dest

MEM [R[rsp]-8] € PC+9
R[rsp] € R(rsp] - 8

PC € Dest . PC € Dest
_ Reg Mem ° Reg Mem
Write ALY Write B Write ALY Write
0 op oP
valg Read ) 5, Read
Instr Address Patg _gér_r_/ g Address P
Addr Instruction] ol viia l— T Instruction, y rA ValA —
8
i : = I i :
Instruction Registpr o '\Dnaw Instruction DestE pegister V‘é;'t: Data
Mem file [+ 1 em ValE  file Mem
|
ol
' From ALU From ALU
From Mem From Mem
MUX  From PC +x MUX _From PC +x

T MEM[PCJ== call Dest
MEM [R[rsp]-8] € PC +9
Rlrsp] € R[rsp] - 8

PC & Dest

Jerea

[F 0 VR wE ][]

- Combinational

state update logic

if MEM[PC]== call Dest fjselect

MEM [R[rsp]-8] € PC+9
RIrsp] € R[rsp] - 8
PC € Dest

o 0 |

- Combinational

tate update logic

15
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Call: Write return address to memory

Call: Update rsp in the register file
° Reg Mem ° Reg Mem
Write ALY Write B Write Write
oP
Read Read
Instr Address Pt q'gé'—r-"’ g Address Dat;
=P Tnstruction, = A ValA — T Instruction, = A ValA —
Instruction 7 DestE  pegister \Wite  Data Instruction A DestE  pegister \Wite  Data
Mem 1 ¢ N I | Mem 3 valg  file Mem
o I From ALU o From ALU
From Mem From Mem
° L MUX  From PC+ x MUX_ From PC +
T MEM[PC]== call Dest : if MEM[PC]== call Dest T
Y (RIS e D J[EX_|[MEM[WE J[Fc] MEM [Rirsp]-8] € PC +9 F ][0 _J[EX_|[MEM[WE ]
RIrsp] € R[rsp] -8 - Combinational RIrsp] < R[rsp] -8 - Combinational
PC € Dest state update logic PC € Dest tate update logic
Call: Update PC Executing ret
D
Reg Mem
B | Write ALU Write ret Dj
op
B alB Read
Datd
Instr @ Address .
P, :
Instruction DestE i Write Data *Fetch *Memory
i Register Data  pem « Read 1byte + Read return address from old
Mem 3 vale  file "
stack pointer
I *Decode .
+ Read stack pointer *Write back
N A i} From ALU “Execute * Update stack pointer
5 Tom Mem + Increment stack pointer by 8 *PC Update
« Set PC to return address
MUX_ From PC +x / I
T MEMIPCI== call Dest T i MEMPCI==ret
MEM [R[rsp]-8] & PC+9 F ][ X JMEMWE [P ] PC € MEM (Rirsal]
Rlrsp] € RIrsp] - 8 - Combinational Rirsp] € Rlrsp] +8
PC < Dest state update logic

16
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H Rot
Stage Computation: ret
D
ret Reg
icode:ifun < M,[PC] Read instruction byte B, Write o ALU
OR
8 valB
P Instr rs|
i A
Read operand stack pointer uction B K ValA
8
valB < R[%rsp] Read operand stack pointer . i
valE va[IB . ;] nrement s pm:ler Instruction i P Register
Execute Mem TS r vale  file
Memory  |[CIVESIVANAR} Read return address I I
sp] < valE Update stack pointer . o |
2 5 From ALU
[ZTECER PC < valM Set PC to return address 10 =—p| D From Mem

9
* Use ALU to increment stack pointer ;'!'2" From PC+x
« Read return address from memory " - IRET(OE= = [oetest
s PC € MEM [Rrspl] Y
2[C <-] l*(/l_El'\‘/; lR[]rsp;] 51 < G - Combinational
+ . .
i i tate update logic
Ret: Increment stack pointer Ret: Read return address from Memory
b D
Reg Mem Mem
B | Write ALU Write Write
0 op
) 15,
P Instr Address P instr Address
= 4 = A ValA - 5 -
8
Instruction DestE pegister Write Data Instruction DestE pooi Write Data
Dat: egister Dat:
Mem vale  file & °? Mem Mem ValE  file °° Mem
Read Read
Data Data
From ALU 2 From ALU
From Mem 10 From Mem
MUX_ From PC +x ° MUX__ From PC + x
if MEM[PC]== ret g if MEM[PC]== ret TSefect
PC € MEM [Rrsp]] F ][ X JMEMWE [P ] PC & MEM [R[rsp]] TF_|[0_J[EX_J[MEM[WE ]
Rlrsp] € R[rsp] +8 - Combinational B RIrsp] € R[rsp] + 8 - Combinational .
state update logic tate update logjc

17
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Ret: Update PC Ret: Update rsp —
A | ) |
° Mem ° Reg Mem
B, Write B, Write o ALV Write
op
] st T~ ] frsr T
C p— C —
. ; . 5. )
Instruction r DestE  pegister V‘é"a‘:: :Iata Instruction e DestE  pegister V‘é‘;‘:z Data
Mem R pf e fie lem Mem 5 biae  file Mem
Read Read
Data . Data
o I From ALU 2 w—pf 3 o From ALU
From Mem 10 w—p| D
MUX  From PC+x ° MUX  From PC +x
FMEM[PCI—= rot Jereet TFMEM[PCI== ret TSetect
IFE < W[ oeF) D J[EX_|[MEM[WE J[Fc] PC € MEM [R[rsp]] [0 [ J[VeM[We |
Rlrsp] € R[rsp] + 8 ‘ Combinational RIrsp] < R[rsp] + 8 ‘ Combinational
state update logic tate update logic
Executing popg
pgrA
Single-Cycle Datapath for
+ Read 2 bytes « Read from old stack pointer
*Decode *Write back

Stack Operations

* Read stack pointer

*Execute
« Increment stack pointer by 8

+ Update stack pointer
* Write result to register

*PC Update

+ Increment PC by 2

if MEM([PC]== pop
R[rA] € MEM [R[rsp]]
R[rsp] € R[rsp] + 8

18
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. Po
Stage Computation: popg D
D
o rA Reg Mem
icode:ifun < M,[PC] Read instruction byte B, Write ALU Write
B < My[PC+1] Read register byte op
q Ve ]
valP « PC+2 Compute next PC P Instr e Address
valA « R[%rsp] Read stack pointer c Addr  Instruction A ValA i
valB ¢ R[rsp] Read stack pointer . . y
e Increment stack pointer Instruction OetE Register Ty D@
Execute Mem T: r vale  file v Mem
Memory  |[CIVESIVANAR} Read from stack
Read
%rspl < valE Update stack pointer n - Data
RIFA] « valM Write back result 2 —p D
PCupdate [ Update PC 10 =—mp b From Mem
9
* Use ALU to increment stack pointer MUX__ From PC +x
* Must update two registers if MEM{PC]==pop " . o T Select
* Popped value if MEM[PC]== pop
+ Popp, : RIrA] < MEM [RIrsp]] F_[®_J[EX_|[MEM[WB
New stack pointer RI[rA] € MEM [R[rsp]] —
RIrsp] € Rlrsp] +8 Rirsp] < Rlrsp] +5 - Combinational
tate update logic
Pop Pop: Increment stack pointer
D D
Reg Mem Reg Mem
B Write ALU Write B, Write ALU Write
0 op op
] valB I
P Instr X rspl Address P Instr st Address
¢ [Addr  Instruction — A Vala - - agar_instruction — A ValA -
8,
Instruction r DestE pegister M[l);': Data Instruction prq DestE pegister "‘E’;t: Data
Mem = I file Mem Mem m ValE file Mem
1 M It ; *
DestM  valm Read DestM  valm Read
\ Data A Data
2 —pf D q From AU 2= D D From ALU
10
o o From Mem 10 Y From Mem
9
From PC +x From PC+x
MU MUX
Select
d : Select if MEM[PC]== pop
R[rA] € MEM [R[rsp]]
R[rsp] € R[rsp] + 8
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Pop: Read pushed value from Memory Pop: Move the value to register file
° Reg Mem ° Reg Mem
B Write ALU Write Write ALU Write
opP op
sl | el |
P Instr rspl Address P Instr Address
Addr _Instruction S BE— - addr_Instruction [ —— b
8, ’ ’
Instruction - DestE pegister Write  Data Instruction DestE pegister Write  Data
B Data  pem 4 Data  pem
Mem B r vale  file Mem vale  file
DestM  valm Read DestM  valm Read
. Data X Data
2= D D From 2 = b From ALU
190-. 3 PF———. 10 = D From Mem
From PC +x ° From PC +
MUX
d if MEM[PC]== pop : Select if MEM[PC]== pop
R[rA] € MEM [R[rsp]] R[rA] € MEM [R[rsp]]
R[rsp] € R[rsp] + 8 R[rsp] € R[rsp] + 8
Pop: Writeback rsp value Pop
° Reg Mem ° Reg Mem
Write ALY Write B Write ALY Write
op 0 op
sl | i) valg
13 Instr Address P instr s Address
Addr Instruction AE— - - c Addr  Instruction = rA ValA i
8
Instruction apDestE Register Write Data Instruction A DestE Register Write Data
5 Data Mem S Data Mem
Mem vale  file Mem Ed x o vale  file }
Valm Read DestM  valm Read
\ Data A Data
p— . 2 =—pf D D From AU
10 b 10 b
— From Mem
9 9
Frond PC +x
MUX
if MEM[PC]== pop Select
R[rA] € MEM [R[rsp]]
R[rsp] € R[rsp] + 8
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Pop
0 Reg Mem
B Write o ALY Write
op E H 1
PR— valuating the Single-
P Z\dS;r X rSPk A Address . .
q = 5 v fo- , — Cycle Microarchitecture
Instruction 7 DestE pegister \Wite  Data
Mem B r il file : i Mem
DestM  valm Read
n Data
2 pf - D From ALU
10 ] D From Mem

From PC +x

A Single-Cycle Microarchitecture

* Is this a good idea/design?
* When is this a good design?
* When is this a bad design?

* How can we design a better microarchitecture?

A Single-Cycle Microarchitecture: Analysis

« Every instruction takes 1 cycle to execute
* CPI (Cycles per instruction) is strictly 1

* How long each instruction takes is determined by how
long the slowest instruction takes to execute
* Even though many instructions do not need that long to
execute

* Clock cycle time of the microarchitecture is determined
by how long it takes to complete the slowest instruction
« Critical path of the design is determined by the processing
time of the slowest instruction
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What is the Slowest Instruction to Process?

Let’s go back to the basics

All six phases of the instruction processing cycle take a single
machine clock cycle to complete

Fetch

Decode

Evaluate Address
Fetch Operands
Execute

Store Result

.

—-

Instruction fetch (IF)

2. Instruction decode and

register operand fetch (ID/RF)
Execute/Evaluate memory address (EX/AG)
Memory operand fetch (MEM)
Store/writeback result (WB)

o« e s e

urw

* Do each of the above phases take the same time
(latency) for all instructions?

Single-Cycle Datapath Analysis

¢ Assume
* memory units (read or write): 200 ps
* ALU and adders: 100 ps
« register file (read or write): 50 ps
« other combinational logic: 0 ps

steps IF ID EX MEM WB
Delay

resources mem RF ALU mem RF
Reg-RegOp| 200 50 100 50 400
ir mov 200 50 100 50 400
w 200 50 100 200 50 600
Sw 200 50 100 200 550
Call 200 50 100 200 50 600
Jump 200 200

JAddress

Write
Data

Read

Data
Mem

_

if MEM[PC]== mrmovq Disp (rB), rA

[0 J[EX_JMEM[WE J[PC]

EA = Disp + R[rB]
RIrA] < MEM[EA]

Combinational
PC <« PC+10 - state update logic

Single Cycle uArch: Complexity

* Contrived
* Allinstructions run as slow as the slowest instruction

* Inefficient
« Allinstructions run as slow as the slowest instruction
* Must provide worst-case combinational resources in parallel as required by any
instruction
« Need to replicate a resource if it is needed more than once by an instruction
during different parts of the instruction processing cycle

* Not necessarily the simplest way to implement an ISA
+ Single-cycle implementation of REP MOVS (x86) or INDEX (VAX)?

* Not easy to optimize/improve performance
* Optimizing the common case does not work (e.g. common instructions)
* Need to optimize the worst case all the time
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(Micro)architecture Design Principles

* Critical path design
* Find and decrease the maximum combinational logic delay
* Break a path into multiple cycles if it takes too long

* Bread and butter (common case) design
* Spend time and resources on where it matters most
* i.e., improve what the machine is really designed to do
« Common case vs. uncommon case

* Balanced design
 Balance instruction/data flow through hardware components

« Design to eliminate bottlenecks: balance the hardware for the
work

Single-Cycle Design vs. Design Principles
M Critical path design
HBread and butter (common case) design

MBalanced design

How does a single-cycle microarchitecture fare in light of
these principles?

Intro to Microarchitecture:
Single-Cycle

CS 3330

Samira Khan
University of Virginia
Feb 14,2017

Stage Computation: Cond. Move

in < My[PC] Read instruction byte
rAB < My[PC+1] Read register byte

Compute next PC
Read operand A

Decode

valE « valB + valA Pass valA through ALU
If 1 Cond(CC,ifun) rB < OXF (Disable register update)

Execute

RIrB] « valE Write back result

PC update PC « valP Update PC
* Read register rA and pass through ALU
+ Cancel move by setting destination register to OxF

* If condition codes & move condition indicate no move [ if MEM[PC]== cmov rA, r8
if (cond) R[rB] € R[rA]
If (cond) R[rB] € OxF
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Reg Mem
B Write ALU Write
o op
8 valg
b instr rspl N Address
; -
¢ jo-lpcar — val [
Instruction P DestE  pegister e Dot
Mem TS| r Vale file v Mem
[ | e
) Py I Data
) 2 From ALU
0 o From Mem
9

MUX

From PC + x

if MEM[PC]== cmov rA, rB
if (cond) R[rB] €< R[rA]
If (!cond) R[rB] € OxF

I Serect

e 80 L i |

‘ Combinational

state update logic

2/14/17
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