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Single Cycle Processor
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Single Cycle Main Decoder

op Instruct RegWrite ImmSrc¢ ALUSr¢c MemWrite ResultSrc Branch ALUOp PCUpdate

35 sw 0 01 1 1 XX 0 00 0
51 R-type 1 XX 0 0 01 0 10 0
99 beq 0 10 0 0 XX 1 01 0
19 addi 1 00 1 0 01 0 10 0
111 jal 1 11 X 0 00 0 XX 1
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Processor Performance

Program Execution Time
= (#instructions)(cycles/instruction)(seconds/cycle)

= # instructions x CPI x T,
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Single-Cycle Performance

PCSrc

ResultSec, 4,

Memn'Write
unct?y | ALUCarol.

“tunct3d [ALUS

op ImmSre. 4

Zero | ReqWrite
[

Control
Unit

CLK CLK
|

CLK
win] V' WE3 SecA ™~
PCNa M —d A1 RD1
-Fﬁ Nt Mec |, oo e ] A o

Iu l_l AL UResulL " RD‘RCMD”" -
“:::gr';n — A2 TP . - SrcB Data qi].
—{ A3 1 Memory 0

W03 Register WriteData WO

File

Zero NOWE

ALU [

STargat
+Pf‘=fgv

ImmEx!
E Y e—
Extend

PCPlus4

Resut
4

T, limited by critical path (1w)

® Digital Design and Computer Architecture: RISC-V Edition
‘ Chapter 7 <6>

Harris & Harris © 2020 Elsevier



Single-Cycle Performance

e Single-cycle critical path:

Té] - pcq PC + tmem + maX[tRFreada tdec T text T tmux] + ZLALU T ZLmem + ZLmux + tRFsetup

e Typically, limiting paths are:
— memory, ALU, register file

— Loy T pcq PC T 2tmem T tRFread ™ tALU + tmux ™ tRFsetup
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Multicycle RISC-V Processor

* Single-cycle:
+ simple
- cycle time limited by longest instruction (1w)

- separate memories for instruction and data
- 3 adders/ALUs

* Multicycle processor addresses these issues by
breaking instruction into shorter steps
o shorter instructions take fewer steps
o can re-use hardware
o cycle time is faster
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Single-Cycle Performance Example

Element Parameter Delay (ps)
Register clock-to-Q e 40

Register setup tsetu; 50
Multiplexer fux 30

ALU IALU 120

Decoder (Control Unit) | ¢4, 35

Memory read frem 200

Register file read {RFread 100

Register file setup tRFsetup 60

T]:?

c

b RISC-\V/° trerress
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Single-Cycle Performance Example

Element

Parameter

Delay (ps)

Register clock-to-Q e 40
Register setup tsetu; 50
Multiplexer fux 30
ALU IALU 120
Decoder (Control Unit) | ¢4, 35
Memory read frem 200
Register file read {RFread 100
Register file setup tRFsetup 60

1,

cl — tpcq_PC T 2tmem T tRFread T tALU ™ tmux T tRFsetup

= [40 + 2(200) + 100 + 120 + 30 + 60] ps

=750 ps

b RISC-\V/° terrao
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Single-Cycle Performance Example

Program with 100 billion instructions:
Execution Time = # instructions x CPI x T,

= (100 x 10°)(1)(750 x 10?5s)
=75 seconds
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Review: Multicycle RISC-V Processor
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Review: Multicycle Main FSM

State Datapath uOp Reset

Fetch Instr —Mem[PC]; PC — PC+4

Decode ALUOut «— PCTarget i%: Fet_Ch
; rSrc =0

MemAdr  ALUOut «<—rs1 +imm IRWrite

MemRead Data < Mem[ALUOut] ALUSICcA = 00

MemWB rd «— Data ALUSrcB =10

MemWrite Mem[ALUOut] < rd ——eop =0

ExecuteR  ALUOut < rs1 op rs2

Executel ALUOut « rs1 op imm

ALUWB rd < ALUOut op = 1w

BEQ ALUResult = rs1-rs2; if Zero, PC = ALUOut OR

JAL PC = ALUOut, ALUOut = PC+4 op = sw

b RISC

S2: MemAdr
ALUSIrcA = 10
ALUSIrcB =01
ALUOp =00

ALUSIcA =10
ALUSrcB = 00
ALUOp =10

op=1w op = sw

S6: ExecuteR

S1: Decode
ALUSrcA = 01
ALUSrcB =01
ALUOp = 00

op = R-type op = jal op =beq

S$8: Executel S9: JAL S$10: BEQ
ALUSIrcA =10 ALUSIcA = 01 ALUSIcA =10
ALUSIrcB =01 ALUSrcB =10 ALUSrcB =00

ALUOp =10 ALUOp =00 ALUOp =01
ResultSrc = 10 ResultSrc = 10
PCUpdate Branch

S3: MemRead S5: MemWrite S7: ALUWB
ResultSrc = 10 ResultSrc = 10 ResultSrc = 10
AdrSrc =1 AdrSrc =1 RegWrite
MemWrite
S4: MemWB
ResultSrc = 01
RegWrite
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Multicycle Processor Performance

e |nstructions take different number of cycles:

Reset

op = 0000011
OR
op = 0100011

S2: MemAdr
ALUSrcA =10
ALUSrcB =01
ALUOp =00

op=
0000011

op=
0100011

S3: MemRead
ResultSrc = 10
AdrSrc =1

S4: MemWB
ResultSrc = 01
RegWrite

ALUSTrcA = 00
ALUSrcB =10
ALUOp = 00
ResultSrc = 00
PCUpdate,

S1: Decode

ALUSrcA =01

ALUSrcB = 01
ALUOp = 00

S6: ExecuteR
ALUSrcA =10
ALUSrcB =00

ALUOp = 10

S8: Executel
ALUSrcA =10
ALUSrcB =01

ALUOp = 10

S$5: MemWrite
ResultSrc = 10

AdrSrc =1

MemWrite

S7: ALUWB
ResultSrc = 10
RegWrite

op =
1100011
S9: JAL $10: BEQ
ALUSIrcA = 01 ALUSIcA =10
ALUSIrcB = 10 ALUSIrcB = 00
ALUOp = 00 ALUOp = 01
ResultSrc = 10 ResultSrc = 10
PCUpdate Branch

b RISC

®
Chapter 7 <14>

Digital Design and Computer Architecture: RISC-V Edition
Harris & Harris © 2020 Elsevier



Multicycle Processor Performance

e |nstructions take different number of cycles:

— 3 cycles:
— 4 cycles:

— 5 cycles:
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Multicycle Processor Performance

e |nstructions take different number of cycles:
— 3 cycles: beqg
— 4 cycles: R-type, addi, sw, jal
— 5cycles: 1w
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Multicycle Processor Performance

e |nstructions take different number of cycles:
— 3 cycles: beqg
— 4 cycles: R-type, addi, sw, jal
— 5cycles: 1w

e CPlis weighted average

e SPECINT2000 benchmark:
— 25% loads
— 10% stores
— 13% branches
— 52% R-type

R I SC ® Digital Design and Computer Architecture: RISC-V Edition
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Multicycle Processor Performance

e |nstructions take different number of cycles:
— 3 cycles: beqg
— 4 cycles: R-type, addi, sw, jal
— 5cycles: 1w

e CPlis weighted average

e SPECINT2000 benchmark:
— 25% loads
— 10% stores
— 13% branches
— 52% R-type

Average CPI = (0.13)(3) + (0.52 + 0.10)(4) + (0.25)(5) = 4.12
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Multicycle Processor Critical Path

* Assumptions:

 RFis faster than memory

* writing memory is faster than reading memory
* Two possibilities:

 Read memory (MemRead state)

e PC=PC+4path (Fetch state)
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‘ Chapter 7 <19> Harris & Harris © 2020 Elsevier



Multicycle Processor Critical Path

Option 1: Read memory (MemRead state)

PCWrite
AdrSre|control
MemWrite| Unit
IRWrite ResultSrcy.o
ALUControl,o
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Tc2 = tpcq + tmux + tmux + tmem + tsetup
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Multicycle Processor Critical Path

Option 1: Read memory (MemRead state)

PCWrite
AdrSre|control
MemWrite [ Unit
IRWrite ResultSrcy.o
ALUControl,o
30 funct? ALUSIcB1.o
5
912 fenet3 ALUSrcAo
6:0 op ImmSrci.0
RegWrite
Zero
——
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CLK
L
OldPC
CLK CLK CLK G0
CLK | I 01
WE 9:15 Rs1 WE3 A
PoNext| |V Pc| o Instr | Al RD1 10 |
-~ E& \ -~ - ALUResult T
Instr/Data| | 2 2] A2 RD2 H N
Memory P R s
WD {‘g_ 41 a3 Register g 4 90
9 wpD3 File g
) 5
CLK /
317 Extend ImmExt
Data | —
Result

Tc2 = tpcq + tmux + tmux + tmem + tsetup

= tpcq + 2tmux + tmem + tsetup
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Multicycle Processor Critical Path

Option 2: PC = PC + 4 path (Fetch state)

PCWrite
AdrSre{control
MemWrite [ Unit
IRWrite ResultSrcy.o
ALUControl,o
30 funct7s ALUSIcB1.o
912 fenet3 ALUSrcAo
6:0 op ImmSrci.0
RegWrite

Zero
’7;/

Zero

CLK

PCNext| |>] Pc
u 0] Adr
EN

EjegolliM

CLK
L
OldPC
CLK CLK CLK
| |
WE 19:15 Rs1 WE3 A
A1 RD1 [+
RD Instr
A = Rs2
Instr / Data e 2 A2 rRD2 H
Memory P R
WD §_ o d{ A Register
g wpD3 File
5
CLK /
317 Extend ImmExt
Data | —

Result

b RISC

Tc2 = tpcq

®

+1

mux

Chapter 7 <22>

+ tALU + tmux + tsetup

Digital Design and Computer Architecture: RISC-V Edition

Harris & Harris © 2020 Elsevier



Multicycle Processor Critical Path

Option 2: PC = PC + 4 path (Fetch state)

PCWrite
AdrSre|control
MemWrite [ Unit
IRWrite ResultSrcy.o
ALUControl,o
30 funct? ALUSIcB1.o
5
912 fenet3 ALUSrcAo
6:0 op ImmSrci.0
RegWrite
Zero
——
Zero
CLK
—
OldPC
CLK CLK CLK
CLK | |
WE : Rs1 WE3 A
PcNext| [~ Pc Instr | = A1 RD1 H
- 0] Adr RD
EN A EN ) Rs2
Instr / Data e 2l A2 RD2 H =
Memory P R 2
WD {‘g_ ne 41 a3 Register 5
9 wpD3 File g
5 53
CLK /
317 Extend ImmExt
Data | —
Result
Tc2 tpcq tmux tALU tmux tsetup

b RISC

= tpcq + 2tmux + tALU + tsetup

®
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Multicycle Processor Critical Path

* Two possibilities:
 Read memory (MemRead state)
e PC=PC+4path (Fetch state)

|+t

1 2= tpcq + 2tmux T max [tALU9 4 setup

C mem

R I SC ® Digital Design and Computer Architecture: RISC-V Edition
‘ Chapter 7 <24> Harris & Harris © 2020 Elsevier



Multi-Cycle Performance Example

Element Parameter

Register clock-to-Q e 40
Register setup tsetu; 50
Multiplexer fux 30
AND-OR gate  AND-OR 20
ALU IALU 120
Decoder (control unit) | #4.. 35
Memory read frem 200
Register file read ! RFread 100
Register file setup tRFsetup 60

]::2 - tpcq T 2tmux

+ maX[tALUa tmern] ™ tsetup

= (40 + 2(30) + 200 + 50) ps = 350 ps

b RISC-\V/°
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Multicycle Performance Example

For a program with 100 billion instructions
executing on a multicycle RISC-V processor

— CPIl = 4.12 cycles/instruction
— Clock cycle time: T_, = 350 ps

Execution Time="?

R I SC ® Digital Design and Computer Architecture: RISC-V Edition
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Multicycle Performance Example

For a program with 100 billion instructions
executing on a multicycle RISC-V processor

— CPIl = 4.12 cycles/instruction
— Clock cycle time: T_, = 350 ps

Execution Time = (# instructions) x CPI x T_
= (100 x 10°)(4.12)(350 x 1012

= 144 seconds

This is slower than the single-cycle processor (75 sec.)
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Pipelined RISC-V Processor

e Temporal parallelism

e Divide single-cycle processor into 5 stages:
— Fetch
— Decode
— Execute
— Memory
— Writeback

e Add pipeline registers between stages
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Single-Cycle vs. Pipelined

Single-Cycle

900 1000 1100 1200 1300 1400 15(10
I

0 100 200 300 400 500 600 700 800

I I I I I I
Instr Time (ps)
ime (ps
1 Fetch F?eacc:i Executg) Memory |Wr
Instruction Reeq ALU | Read / Write|Reg
) Fetch Fg)ea(; Executq Memory | Wr
Instruction Reeq ALU | Read / Write|Reg

Pipelined

Instr
1 Fetch Ig)e; Execute Memory | Wr
Instruction Reeo ALU Read / Write|Reg
) Fetch F?ea(; Execute Memory | Wr
Instruction | AL Read / Write|Reg
3 Fetch ge:j Execute Memory | Wr
Instruction Reea ALU Read / Write| Reg

\

(b)

Digital Design and Computer Architecture: RISC-V Edition
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Pipelined Processor Abstraction

1 2 3 4 5 6 7 8 9 10

s0 4
1w s2, 40(s0) IM llle{RF 20 ]:8_ _I_DM_]i RF

>

Time (cycles)

s9 M
3
add s3, s9, sl10 IM add]{ RF [510 :B—]TDM_[IS_RF
M t1
sub s4, tl, s8 IM == -[RFfﬁ itEj ]T_DM
sll <
- {[ B
t4 g <6
SW S6, 20(t4) IM =Ll ]—[RF 20 ]:B_ _I_DM_]_ RF
t2 ™ 57
or s7, t2, t3 IM == ]{RF 3 :D—]—I—DM—[I—RF

4
> {RF

I

s5

IM and

RF

and s5, sl1l, t5

L
I

R I SC ® Digital Design and Computer Architecture: RISC-V Edition
‘ Chapter 7 <30> Harris & Harris © 2020 Elsevier



Single-Cycle & Pipelined Datapath

CLK CLK
CLK | ! [
' WE3 SrcAE WE
0 rc Mec A RD Instr 110 A RD1 & Zero
U o) ALUResult A RD Readbata o0
Instruction 220] 4o RD2 5 = 10
Memory _11 . SrcBE Data
— A3 Reai 1 ) Memory
WD3 ngillseter WriteData WD
I PCTarget
+
°
Single-Cycle
4 —] ImmExt
317 Extend
PCPlus4
Result
CLK CLK ] CLK
CLK & Y | i L
WE3 RD1E WE
0Yrcr|>]rcr A =o U InstD ] A1 RD1
] 1 ALUResultM A RDH ReadDataW gtl]
Instruction 24:20 RD2E %
[— A2 RD2 Data
Memory 17
A3 Regi i WriteDataM Memory
WD3 egilliter WriteDataE WD
° °
Pipelined e peee |
+
4 L—] |mmEXD ImMEXE
317 Extend
PCPlus4F PCPlus4D PCPlus4E PCPlus4M
i i L L PCPlus4W
PCTargetE us
ResultW
Fetch Decode Execute Memory Writeback
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Corrected Pipelined Datapath

CLK CLK " CLK
CLK v 2 | — L
19:15 WE3 RD1E SrcAE WE
0)pcr| ™ |Pcr A b L InstrD A1 RD1
! >D ALUResultM A =D H ReadDataW 82
Instruction 220) o RD? RD2E 5 3:' oL
Memory SrcBE Data
A Regist 1 WriteDataM Memory
i riteData
WD3 eg_ls er WriteDataE WD
File
PCD PCE I ! |
+
1:7 RdD RdE RdM _RdW
4 — ImmExtD ImmEXtE
317 | Extend
PCPlus4F PCPlus4D PCPlus4E PCPlus4M
o — b e PCPlus4W
PCTargetE
ResultW

* Rd must arrive at same time as Result
* Register file written on falling edge of CLK
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Pipelined Processor with Control

ZeroE
PCSrcE @
CLK CLK CLK
Contrc" RegWriteD €7RegWriteE €7RegWriteM €7RegWriteW
Unit ResultSrcD1 ResultSrcEq.o ResultSrcMy.o ResultSrcWi.
MemWriteD MemWriteE MemWriteM
JumpD JumpE
2| funct7s BranchD BranchE
14:12
funct3 ALUControlD. ALUControlEz
6:0
op ALUSrcD ALUSrcE
ImmSrcD |
CLK CLK ] CLK
oK — 4 - ‘
19:15 WE3 RD1E SrcAE WE
-F PCF ™ |PCE] A rD InstrD A1 RD1
] >D ALUResultM A RD - ReadDataW 8[1)
Instruction 2:20] pp RD2 RD2E 'E 3:' 0
Memory SrcBE Data
A3 1 ) Memory
WD3 Reg.ister WriteDataE WriteDataM WD
File —
PCD pce |
+
L—
117 RdD RdE RdM _RdW
4 —] ImmExtD IMmEXtE
317 Extend
PCPIlus4F PCPlus4D PCPlus4E PCPlus4M
_— _— _— — PCPlus4W
PCTargetE
ResultW

* Same control unit as single-cycle processor

* Control signals travel with the instruction (drop off when used)

b RISC-\V/°
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Pipeline Hazards

 When an instruction depends on result from
instruction that hasn’t completed
* Types:

— Data hazard: register value not yet written back to
register file

— Control hazard: next instruction not decided yet
(caused by branch)
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Data Hazard

1 2 3 4 5 6 7 8
L

Time (cycles)

sd ™

4
1
add sl, s4, s5 v P2 Ul RE S5 :B_ _l_DM_rS/ F
and s2, sl, s3 M f2nd -[RF s3 :B— Dr*"— >~ IRF
4 4 4 4
|
RF

9
or s9, t6, sl M o= -[RF 1 EI DM s? I rr
4
sub s7, sl1, t2 TV il

sl M

4
s
2 :B— TDM—D—RF
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Handling Data Hazards

How do we ensure that our programs run
correctly?
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Handling Data Hazards

How do we ensure that our programs run
correctly?

* Insert nops in code at compile time
* Rearrange code at compile time

e Forward data at run time

e Stall the processor at run time

R I SC ® Digital Design and Computer Architecture: RISC-V Edition
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Compile-Time Hazard Elimination

e [nsert enough nops for result to be ready
e Or move independent useful instructions forward

1 2 3 4 5 6 7 8 9 10

s4
1
add sl1l, s4, sb5 M LMI]{RF S5 ]:B—]TDM_FS |$|:
4 D#/l
nop
nop IM ]{RF ]:D__T | _H_RF
4 I ]
nop IM “Op]{ RF :D |TDM_ RF
S g s
RF —I—DM—D—RF
t6 o
or s9, t6, sl IM - ]{RF <1 |E |— DM RF
sl <7
sub s7, sl, t2 IM SUb]{ RF [52 |E | || DM I| RF

R I SC ® Digital Design and Computer Architecture: RISC-V Edition
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Time (cycles)

and s2, sl, s3 M e

]
w |-




Data Forwarding

1 2 3 4 5 6 7 8
|
Time (cycles)

s4 ™ ¢ vsl
add s1, s4, s5 M 1229 1 RE oS :Bi DM || Rr

andv == ™ DPL vs2
and s2, sl, s3 IM _-[ RF |53 1 _--|— —_ RF

M t6 < .y vsg
or
or s9, to, sl IM _-[ RF |51 _—[ —_ RF
sl ™ 4 <7

sub s7, sl, t2 IM SUb]-[ RF [ :Bf DM | RF
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Data Forwarding

1 2 3 4 5 6 7 8
|
Time (cycles)

s4 ™ ¢ vsl
add s1, s4, s5 M 1229 1 RE oS :Bi DM || Rr

andv == ™ DPL vs2
and s2, sl, s3 IM _-[ RF |53 1 _--|— —_ RF

M t6 < .y vsg
or
or s9, to, sl IM _-[ RF |51 _—[ —_ RF
sl ™ 4 <7

sub s7, sl, t2 IM SUb]-[ RF [ :Bf DM | RF

* Check if register read in Execute stage matches register
written in Memory or Writeback stage
e If so, forward result

R I SC ® Digital Design and Computer Architecture: RISC-V Edition
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Data Forwarding

PCSreE CICF ZeroE
CLK CLK CLK
Control RegWriteD %7 RegWriteE %7 RegWriteM %7 RegWriteW
Unit ResultSrcDy. ResultSrcEq ResultSrcMy.o Result$rcWi,o
MemWriteD MemWriteE MemWriteM
JumpD JumpE
20| functs BranchD BranchE
14:12
—— funct3 ALUControlD5.o ALUControlE,.g
6:0
op ALUSreD ALUSrcE funct7s
ImmSrcD —
CLK CLK ] CLK
CLK L a - ‘
19:15 WE3 RD1E SrcAE WE
0 Jpcr || PcF A RD InstD  f—— A1 RD1 o
et | _:Llo >3 ALUResultM A rD M ReadDptaW -{E(l)
Instruction 24:20 RD2E 3 o
— A2 RD2 Data
Memory
A3 . — ) Memory
WD3 Reg_lster WriteDataE WriteDataM WD
File
PCD PCE l
+
19:15 Rs1D Rs1E
24:20 Rs2D Rs2E
11:7 RdD RdE! RdM RdW
4 ExtimmD ExtimmH
31:7 Extend
PCPlus4F PCPlus4D PCPlus4fE PCPlus4M
— — — L PCPlus4W
PCTargetE
ResultW
W w
<| o
Bl
© [
gl g
O o
| w

[ |
b RISC
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Data Forwarding

e Case 1: Execute stage Rs1 or Rs2 matches Memory stage Rd?
Forward from Memory stage

* Case 2: Execute stage Rs1 or Rs2 matches Writeback stage Rd?
Forward from Writeback stage
* Case 3: Otherwise use value read from register file (as usual)

Equations for Rs1:

if ((Rs1E == RdM) & RegWriteM) // Case 1
ForwardAE = 10

else if ((Rs1E == RdW) & RegWriteW) [/ Case 2
ForwardAE = 01

else ForwardAE = 00 // Case 3
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Data Forwarding

e Case 1: Execute stage Rs1 or Rs2 matches Memory stage Rd?
Forward from Memory stage

* Case 2: Execute stage Rs1 or Rs2 matches Writeback stage Rd?
Forward from Writeback stage
* Case 3: Otherwise use value read from register file (as usual)

Equations for Rs1:

if ((Rs1E == RdM) & RegWriteM) & (Rs1E '=0) //Casel
ForwardAE = 10

else if ((Rs1E == RdW) & RegWriteW) & (Rs1E '=0) // Case 2
ForwardAE = 01

else ForwardAE = 00 // Case 3
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Data Forwarding

e Case 1: Execute stage Rs1 or Rs2 matches Memory stage Rd?
Forward from Memory stage

* Case 2: Execute stage Rs1 or Rs2 matches Writeback stage Rd?
Forward from Writeback stage
* Case 3: Otherwise use value read from register file (as usual)

Equations for Rs1:

if ((Rs1E == RdM) & RegWriteM) & (Rs1E '=0) //Casel
ForwardAE = 10

else if ((Rs1E == RdW) & RegWriteW) & (Rs1E '=0) // Case 2
ForwardAE = 01

else ForwardAE = 00 // Case 3

‘ ForwardBE equation is similar (replace Rs1E with Rs2E) ‘
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Stalling

1 2 3 4 5 6 7 8
|
Time (cycles)

sb ™ 4 vsl

1w s1, 40(s5) IM lLD{RF 20 E+} DM R
- Trouble! - l

andv sl ™ 7 DI‘PI vs8

and s8, sl, t3 IM _-[ RF |3 1 _--|— —_ RF
] s6 ¢ th

or t2, s6, sl M = H| RF [s1 —[D'V'— RF

b sl ™M <3
sub s3, sl, s7 M =2 ]{RF <7 :Bf DM | RF
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Stalling

1w s1,

and s8,

or t2,

sub s3,

1 2 3 4 5 6 7 8 9
|
Time (cycles)
1 s5 M g - vsl
Y
40 (sb) M —D—[ RF | 40 _:B—_—I: | IFF
andv s F:I: M DM s8
sl, t3 IM _{ RF 3 _1Rpt3_ ks RF
S 6 o S
s6, sl YR = IV oot ) I :B_ | Jom| 11 TRe
M sl ] <3
sl, s7 M =2f Hl RF (<7 :B— TDM—D—RF
®

b RISC
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Stalling Hardware

PCSreE @ ZeroE
CLK CLK CLK
'Contrc" RegWriteD :5 RegWriteE 6 RegWriteM %7 RegWriteW
Unit ResultSrcDy.q ResultSrcE o ResultSrcM.q Result$rcWi.o
MemWriteD MemWriteE 0 MemWriteM
JumpD JumpE
01 funct7s BranchD BranchE
14:12
— funct3 ALUControlDs.q ALUControlEz
6:0
— %P ALUSrcD ALUSIrcE
ImmSrcD ]
CLK CLK - CLK
cLK - & - 1
19:15 WE3 RD1E SrcAE WE
0 Jpcr | PCEf o rp H InstrD  J—— A1 RD1 %
114 = _:Llo > aresunt | | oo ReadDataW -@2
Instruction 2z I RD2 RD2E 00 0 e 10
Memory o1 SrcBE Data
. —T110 1 ) Memory
WD3 Reg_lster =1 WritdDataE WriteDataM WD
File
PCD pce | '\I
+
19:15 Rs1D Rs1E
24:20 Rs2D Rs2E
117 RdD RdAE RdM RdW
4 —] ExtlmmD ExtimH
317 Extend
PCPlus4F . PCPlus4D | | PCPlus4E PCPlus4M
e - — — PCPlus4W
PCTargetE
ResultW
wlw if
4= £
u o) b= gl g E
5 5 g £l g g
17} »n i g [ o
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Stalling Logic

* |s either source register in Decode stage the same
as the one to be written by instruction in Execute
stage? AND

* |sthe instruction in Execute stage a 1w?

IwStall = ((Rs1D == RdE) | (Rs2D == RdE)) &
ResultSrcE,

StallF = StallD = FlushE = IwStall

R I SC ® Digital Design and Computer Architecture: RISC-V Edition
‘ Chapter 7 <48> Harris & Harris © 2020 Elsevier



Stalling Logic

* |s either source register in Decode stage the same
as the one to be written by instruction in Execute
stage? AND

* |sthe instruction in Execute stage a 1w?

IwStall = ((Rs1D == RdE) | (Rs2D == RdE)) &
ResultSrcE,

StallF = StallD = FlushE = IwStall
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Stalling Logic

* |s either source register in Decode stage the same

as the one to be written by instruction in Execute
stage? AND

* Isthe instruction in Execute stage a 1w? AND
* |sthe 1w’s destination register (RdE) not x0?

IwStall = ((Rs1D == RdE) | (Rs2D == RdE) & ~ALUSrcD) &
ResultSrcE, &
(RdE != 0)

StallF = StallD = FlushE = IwStall
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Stalling Logic

* |s either source register in Decode stage the same
as the one to be written by instruction in Execute
stage? AND

* Isthe instruction in Execute stage a 1w? AND
e |sthe 1w’s destination register (RdE) not x0? AND
* Are the source registers (Rs1D and Rs2D) used?
IwStall=  ((Rs1D == RdE) | (Rs2D == RdE) & ~ALUSrcD) &
ResultSrcE, &
(RAE !=0) &
(~JumpD)

StallF = StallD = FlushE = IwStall
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Stalling Logic

* |s either source register in Decode stage the same
as the one to be written by instruction in Execute
stage? AND

* Isthe instruction in Execute stage a 1w? AND
e |sthe 1w’s destination register (RdE) not x0? AND

* Are the source registers (Rs1D and Rs2D) used?
IlwStall=  ((Rs1D == RdE) | (Rs2D == RdE) & ~ALUSrcD) &

ResultSrcE, & /S
I-type Instructions
(RdE 1= 0) & don’t use rs2
JAL doesn’t
use rsl, rs2 (~“JumpD) (ALUSrcD = 1 selects
’ ExtImm as SrcB of ALU)

StallF = StallD = FlushE = IwStall
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Stalling Logic

* |s either source register in Decode stage the same
as the one to be written by instruction in Execute
stage? AND

* Isthe instruction in Execute stage a 1w? AND
* |sthe 1w’s destination register (RdE) not x0? AND
* Are the source registers (Rs1D and Rs2D) used?
IwStall=  ((Rs1D == RdE) | (Rs2D == RdE) & ~ALUSrcD) &
ResultSrcE, &
(RdE != 0) &
(~JumpD)

StallF = StallD = FlushE = IwStall
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Control Hazards

* beq:
— branch not determined until the Execute stage of
pipeline

— Instructions after branch fetched before branch
OCCUrs

— These 2 instructions must be flushed if branch
happens
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20

24

28

2C

58

Control Hazards

Ll:

beq sl1, s2,

L1

sub s8, tl1,

or s9, to,

s3

s5

1 2 3 4 5 6 7 8 9 10
|
Time (cycles)
sl
el

. il M= ™ —_— |
0] g W |
| these :
M 22 H| rF ]:D—I]T DM —D— RF instructions |
)

v

add s7, s3,

s4

Branch misprediction penalty

 number of instruction flushed when branch is taken (2)

b RISC

®
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Flushing Hardware for Control Hazards

PCSrok @ ZeroE
CLK CLK CLK
Control RegWriteD :5 RegWriteE 6 RegWriteM %7 RegWriteW
Unit ResultSrcD1.o ResultSrcE.jp ResultSrcM.q Result$rcWi.o
MemWriteD MemWriteE 0 MemWriteM
JumpD JumpE
01 funct7s BranchD BranchE
14:12
funct3 ALUControlDs.q ALUControlks.
6:0
op ALUSrcD ALUSIrcE
ImmSrcD ]
CLK CLK - CLK
CLK %7 & || |
19:15 WE3 RD1E SrcAE WE
0 Jpcr | PCEf o rp H InstrD  J|——1 A1 RD1 %
L i _:Llo > AResud | | | oo ReadDataW -{Eg
Instruction a2l RD2 RD2E ~ ol = 10
Memory o1 SrcBE Data
A3 . f—t—1 10 _ Memory
WD3 Reg_lster 1 WriteDataE WriteDataM WD
File
PCD pce | '\I
+
19:15 Rs1D Rs1E
24:20 Rs2D Rs2E
117 RdD RdE RdM RdW
4 ExtimmD Extipmi
31:7 Extend
PCPlus4F n: PCPlus4D | o PCPlus4M
- L O] | LJ | pcPiusaw
PCTargetE
ResultW
w| w
<|a
a w g1 E
w o< =
5 5| |3 3 5| 5
(2] [2] L L | W

[ Hazara i ]
b RISC-\V/°
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Control Flushing Logic

* |f branch is taken in execute stage, need to
flush the instructions in the fetch and

decode stages

— Do this by clearing Decode and Execute Pipeline
registers using FlushD and FlushE

* Equations:

FlushD = PCSrcE
FlushE = IwStall | PCSrcE
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Pipeline Hazard Summary

Forward to solve data hazards when possible
if ((Rs1E == RdM) & RegWriteM) & (Rs1E != 0) then
ForwardAE = 10
else if ((Rs1E == RdW) & RegWriteW) & (Rs1E !=0) then
ForwardAE =01
else ForwardAE = 00

Stall when a load hazard occurs
IwStall = ((Rs1D == RdE) | (Rs2D == RdE) & ~ALUSrcD) & ResultSrcE, &
(RJE '=0) & ~JumpD
StallF = IwStall
StallD = IwStall

Flush when a branch is taken or a load introduces a bubble
FlushD = PCSrcE
FlushE = IwStall | PCSrcE
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RISC-V Pipelined Processor with Hazard Unit

PCSrecE C@F ZeroE
CLK CLK CLK
'Contr N | RegWriteD %7 RegWriteE %7 RegWriteM %7 RegWriteW
Ol
Unit ResultSrcD1 ResultSrcE+j ResultSrcM Result$rcWi.
MemWriteD MemWriteE 0 MemWriteM
JumpD JumpE
20 funct7s BranchD BranchE
14:12 L
— funct3 ALUControlDy ALUControlE 5.
6:0
[—1 °P ALUSrcD ALUSIrcE
ImmSrcD |
CLK CLK B CLK
- Q __ |
o WE3 RD1E SrcAE WE
A RD st A1 RD1 0 =
sl = jm >3 ALUResultM A RD M |ReadDataw -IE?
Instruction 24:20 RD2E = 10
A2 RD2 00 0 ) sreBE
Memory 01
A3 . =t 10
WD3 Reg_lster -1 WriteDataE WriteDataM WD
File
PCD pce | '\+I
19:15 Rs1D Rs1E
24:20 Rs2D Rs2E
11:7 RdD RdE RdM RdW
4 —] ExtimmD ExtimmH
317 Extend
PCPlus4F o PCPlus4D| «f PCPlus4E PCPlus4M
L
= - e — PCPlus4W
ol PCTargetE
ResultW
wl w
3|8
w ol |2 u g ‘g
8 3|3 3 5| S
n (2] L L | W

[ Hazard Unit ]
b RISC
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Pipelined Performance Example

e SPECINT2000 benchmark:
— 25% loads
— 10% stores
— 13% branches
— 52% R-type
e Suppose:

— 40% of loads used by next instruction
— 50% of branches mispredicted

e What is the average CPI?
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Pipelined Performance Example

e SPECINT2000 benchmark:
— 25% loads
— 10% stores
— 13% branches
— 52% R-type

e Suppose:

— 40% of loads used by next instruction
— 50% of branches mispredicted

e What is the average CPI?
— Load CPI = 1 when not stalling, 2 when stalling
So, CPl,,, =1(0.6) + 2(0.4)=1.4
— Branch CPIl =1 when not stalling, 3 when stalling
So, CPlyeq = 1(0.5) + 3(0.5) = 2

Average CPI = (0.25)(1.4) + (0.1)(1) + (0.13)(2) + (0.52)(1) =1.23
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Pipelined Performance

Pipelined processor critical path:

T.; = max of

theg + tmem + Lsetup Fetch
2(trrread + tsetup) Decode
theg + Huxt tau + tanp-ort tsetyp  EXecute
theqg + tmem T tsetup Memory
2(t,cq + tux + tREwrite) Writeback
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Pipelined Performance

Pipelined processor critical path:

T.; = max of
theg + tmem + Lsetup Fetch
2(tRFread + tsetup) Decode
theg + Huxt tau + tanp-ort tsetyp  EXecute
theqg + tmem T tsetup Memory
2(t,cq + tux + tREwrite) Writeback

 Decode and Writeback stages both use the register file in each cycle
* So each stage gets half of the cycle time (T,/2) to do their work
* Or, stated a different way, 2x of their work must fit in a cycle (T,)
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Pipelined Processor Critical Path

PCSrok @ ZeroE .
CLK CLK CLK be g N
Contr N | RegWriteD %7 RegWriteE %7 RegWriteM %7 RegWriteW E
0Ol
Unit ResultSrcDyo ResultSrcE 4}y ResultSrcMy.o Result$rcWi,o Xe C u te
MemWriteD MemWriteE 0 MemWriteM h
JumpD JumpE Sta ge t at
20| funct7s BranchD BranchE .
412 funct3 ALUControlD,o ALUControlE; re q u I res
60
—1 °P ALUSrcD ALUSIrcE o
| forwarding
CLK CLK CLK
) — ‘
: WE3 RD1E AE WE
A RD st ] A RD1 [o57 Sre
] __L% AResuiM | | o ReadDataW
. 0} L]
Instruction 2420] 1o RD2 RD2E m sreBE
Memory
A3 — 1tﬂ 1
WD3 Reg.ister 1 WritdDataE WriteDataM WD
File
PCD PCE | '\l
+
19:15 Rs1D RS1E |J
24:20 Rs2D Rs2E
11:7 RdD RdE RdM _RdW
4 — ExtimmD xtimmH
31:7 Extend
PCPlus4F of PCPlus4D| PCPIus4E PCPlus4M
~ L L L1 | PCPIusaw
PCTargetE
ResultW
W w
<|m
a w g1E
w [a] = <
= sl le @ gl 2
> AR £ 2|8

[ Hazard Unit ]

tpcq +4t_ .t tau + tanpor T tsetup Execute
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Pipelined Performance Example

Element Parameter

Register clock-to-Q e 40
Register setup tsetu; 50
Multiplexer fux 30
AND-OR gate  AND-OR 20
ALU IALU 120
Decoder (control unit) | #4.. 35
Memory read frem 200
Register file read ! RFread 100
Register file setup tRFsetup 60

Cycle time: 7 ;=1t,., + 4t * taww + tanp-or + Lsetup
— (40 + 4(30) + 120 + 20 + 50) ps = 350 ps

b RISC-\V/°
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Pipelined Performance Example

Program with 100 billion instructions

Execution Time = (#instructions) x CPl x T_
= (100 x 10°)(1.23)(350 x 1012
=43 seconds
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Processor Performance Comparison

Execution
Time Speedup
Processor (seconds) (single-cycle as baseline)
Single-cycle |75 1
Multicycle |144 0.5
Pipelined |43 1.7
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