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Pipeline CPI = Ideal Pipeline CPI
+ Structure Stalls
+ RAW Stalls
+ WAR Stalls
+ WAW Stalls

+ Control Stalls

OiE<SEREEERR

VRMETR (stalls) B ERROR
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Technique Reduces
Eﬁ]ﬂ%@ Forwarding and bypassing Potential data hazard stalls
L IER Delayed branches and simple branch scheduling  Control hazard stalls
icshe s - - -
En‘ﬁg Data hazard stalls and stalls from antidependences
and output dependences
53 3235 T : oTor
=581 Issuing multiple mstructions per cycle Ideal CPI
;Eﬂ)]“#l,?i' Speculation Data hazard and contrel hazard stalls

RfFEXTR; . lisgmbiou d stalls wit
EREH Loop unrolling Control hazard stalls
ﬁi%%giﬁ_l E Basic compiler pipeline scheduling Data hazard stalls
ﬁi%%%*ﬁ* 9 | Compiler dependence analysis Ideal CPI. data hazard stalls
B 7K ee || Software pipelining. trace scheduling Ideal CPI. data hazard stalls
ﬁi%%%j&il}]lj Compiler speculation Ideal CPIL. data, control stalls
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for (i=1; i<=1000; i++)

(1) = x(1) +s;
Loop: LD  FO,0(R1) ;FO=vector element
ADDD F4,F0,F2 ;add F2
SD O(R1),F4 ;store result
SUBI R1,R1,8 ;decrement pointer 8B (DW)
BNEZ RI1,Loop ;branch R1!=zero

1. MAERERIGEFRES, KRARERHZEHAMHRMITA,
m=z VIR B ERESRL?



FO,0(R1)
F4,FO,F2

0(R1),F4
R1,R1,8
R1,Loop
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Instruction [25—-0] y @\

Jump address [31-0]

\ \
26 Wzs

PC+4 [31-28]

>Add

4 —
.| Read
address
Instruction
[31-0]
Instruction
memory

Jump
Instruction [31-26]
> Control
Instruction [25—21] Read
register 1 Read
Instruction [20— 16] Read data 1
| register 2

0 ~ Registers Read

M Write data 2

u register
Instruction [15—-11] | X Write

1 data
Instruction [15-0] 1\6 Sign

chzo

0 1
M M
u u
X X
ALU
Add gyt L/ g\
ALU ALy
Read
result Address data 11
M
u
Data X
memo
Write v 2

1rpy; = CPI < IC X1,

N lextend

Instruction [5—- 0]

"| data




FO,0(R1)

F4,F0,F2
0(R1),F4
R1,R1,8
R1,Loop
/7_,_C—I PCWriteCond/\ PCSource
PCWrite
\—\ lorD I/Outputs\ALUOp
ALUSrcB
MemRead
Memwrite | Control | ALUSICA n C
MemtoReg Regwrite p
IRWrite \ [5‘2”0] / RegDst \
\ 0
Y M
26 28 Jump »| 1y
Instruction [25-0] L [shift address [31-0] X
M \left 2 »\2
Instructizon
1-
)| PC 0 [31-26] l_’(o PC [31-28]
M Instruction Read M
u Address [25-21] " | register 1 — u
X >
Instruction Read Read > A X -
=p-| 1 Memory [20- 16] ™| register 2 data 1 __-l_> 1
MemData — i _Registers — ——g=p| ALUOU
Instruction Write d B m result
) [15-0] Instruction register a2 = emmmd (Y beq
| Write Instruction [15-11] : — |s=p|1 M
data / Write /
register data 2 )lﬂ
Instruction > 0 3
[15-0] M
u
X
»| Memory ‘\1
data 16 Sign 32 ALU
° o R
register H N extend control
Instruction [5- 0]
>

1py =CPI xICX1 10
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Loop: LD FO,0(R1) ;FO=vector element
ADDD F4,F0,F2 ;add scalar from F2
SD O(R1),F4 ;Store result
SUBI R1,R1,8 ;decrement pointer 8B (DW)
BNEZ R1,Loop ;branch R1!=zero
NOP ;delayed branch slot

1N ™MERIR -

FEERNES ERERNES PR AYZERY

FP ALU op Another FPALUop 3 (GGZ=)

FP ALU op Store double 2 (=)

Load double FP ALU op 1 GZER)

SUBI BNEZ 1 (ER)

BNEZ XXX 1 (BR. 9%LR)

FEEH R installs? (R4 X 1EIDE A2 HbE R4
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1Loop: LD F0,0(R1) ;FO=vector element

2 stall

3 ADDD F4,F0,F2 ;add scalar in F2

4 stall

5 stall

6 SD O(R1),F4 ;store result

7 SuBI R1,R1,8 ;decrement pointer 8B (DW)
8 stall Why Stall here?

9 BNEZ R1,Loop ‘branch R1!=zero

10 stall ;delayed branch slot
FEERRES (EREERMNES FREERIFERS
FP ALU op Another FP ALU op 3

FP ALU op Store double 2

Load double FP ALU op 1

SUBI BNEZ 1

BNEZ XXX 1
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1Loop: LD F0,0(R1)

2 SUBI "R1,R18 10->6 Clocks
3 ADDD F4,F0,F2

4 stall

5 BNEZ R1,Loop ;delayed branch

6 SD 8(R1),F4 ;altered when move past SUBI

Swap BNEZ and SD by changing address of SD

FEERNIES [ERERNES PR AYRERY
FP ALU op Another FP ALU op 3
FP ALU op Store double 2
Load double FP ALU op 1
SuUBI BNEZ 1
BNEZ XXX 1

A RINEA ARSI LIRS MRS
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1 Loop: LD

2 ADDD
3 SD

4 LD

5 ADDD
6 SD

7 LD

38 ADDD
9 SD
10 LD
11 ADDD
12 SD
13 SUBI
14 BNEZ
15 NOP

FO,0(R1) stall
F4,FO,F2 stall stall
O(R1),F4 ;drop SUBI & BNEZ

F6,-8(R1) stall

F8,F6,F2 stall stall

-8(R1),F8 ;drop SUBI & BNEZ
F10,-16(R1) stall

F12,F10,F2 stall stall

-16(R1),F12 ;drop SUBI & BNEZ
F14,-24(R1) stall

F16,F14,F2 stall stall

-24(R1),F16
R1,R1,#32 stall
R1,LOOP

‘alter to 4*8

F TR

ce and Technology of China

O EANEFEEFE
O EmAFRWAW-
WARHEX

15+ 4 x (1+2) + 1 = 28 cycles, or 7 per iteration
Assumes R1 is multiple of 4
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1 Loop: LD
2 LD
3 LD
4 LD
) ADDD
6 ADDD
7 ADDD
8 ADDD
9 SD
10 SD
11 SUBI
12 SD
13 BNEZ
14 SD

FO,0(R1)
F6,-8(R1)
F10,-16(R1)
F14,-24(R1)

F4.FOF2 O PEEaE

F8,F6,F2
F12,F10,F2 v'S
F16,F14,F2
O(R1),F4
-8(R1),F8
R1,R1 #32
16(R1),F12
R1,LOOP
8(R1),F16 . 8-32 = -24

~7v

DIZENZEISUBIfE,

TR ERZH

14 clock cycles, or 3.5 per iteration
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IF ID EXWR IF ID EXWR

I‘Ill]. [ I (RN (NN S— | I I I | I T |
L II} | I I R —
0 1 2 3 4 5 6 7 8 9 10111213 2 34 5 6 7 8 9 1011 12 13
(a) iEK (b) EIrERK
C1I ] ] 1 |
IF ID EXWR

' . 'l 1 'l L

Y i
i i i I i L i i 'l | 1 l} i i [ L i i
01 2 3 4 5 6 7 8 9 1011 12 13 2 34 5 6 7 8 9 1011 12 13

(c) HEMKLE (d) HEHKE\ELF
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Type Pipe Stages

Int. instruction I= ID EX MEM WB

FP instruction I= ID EX MEM WB

Int. instruction I= ID EX MEM WB

FP instruction 1= ID EX MEM WB

Int. instruction 1= ID EX MEM WB

FP instruction IF ID EX MEM WB



*@ ff#é.&f# é

and Techn lthl

Integer instruction FP instruction Clock cycle
Loop: LD FO,0(R1)
LD -8(R1)
LD F10,-16(R DD F4,F0,F2
LD F14,-24(R1) ADDD
LD F18,-32(R1) A
SD O0O(R1),F4
SD -8(R1
SD -16(R1),F12
SD -24(R1),F16
SUBI R1,R1,#40 10
BNEZ R1,LOOP 11
SD +8(R1),F20 12

OfERESIRLAEFRIERT

012 clocks, or 2.4 clocks per iteration

F12,F10,F2
ADDD F16,F14,F2
ADDD F20,F18,F2

OO ~NO OIS, WN PR
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VRGN 2 NEEEERE, 2NMNFRRRE, 210 1FiEEE
5|H, 11D >E<S
B—MEER163124 8 FK
=> *E7*16 =112 bitsEl7*24 = 168 bits wide
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Memory Memory FP FP Int. op/ Clock
reference 1  reference 2 operation 1 op. 2 branch
LD FO,0(R1) LD F6,-8(R1) 1
LD F10,-16(R1) LD F14,-24(R1) 2
LD Flmw;);éggz ADDD F8,F6,F2 3
LD F26,-48(R1) A +£10,F2 ADDD F16,F14,F2 4
ADDD E20,F18,F2 ADDD F24,F22,F2 5
SD O(R1),F4  SD-8(R1),F DD F28,F26,F2 6
SD -16(R1),F12 SD - 1),F16 SUBI R1,R1,#48 7
SD 16(R1),F20~ SD 8(R1),F24 8
SD -0(R1),F28 BNEZ R1,LOOP 9

Unrolled 7 times to avoid delays
7 iterations in 9 clocks, or 1.3 clocks per iteration
23/9=2.5 ops per clock, 50% efficiency

i EVLIWA, —FZBERKIESHEZHIEES 7%
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O  for (i=1; i<=100; i=i+1)

{
Ali] = A[i] + B[i];: /*S1%
B[i+1] = C[i] + D[i]; /* S2 */
}
O S1{ERAES2ERI—/REAFITERYE.
O f@ A EEX- A/ REX

v XFRETEIAEREX, BElIFRA  "loop-carried

dependence” . “inter-loop dependence” . XZFE<

BINEF 7_ BxX, b'ﬁHUEE’J@?EJﬁWN*‘B@?&\ &
INEB]FSK “intra-loop dependence” EBEX3IAY
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for (i=1; i<=100; i=i+1) {

Ali] = A[i] + B[il, /*S1*
B[i+1] = C[i] + D[i]:} /* S2 */

U

A[1] = A[1] + B[1];

for (i=1; i<=99; i=i+1) {
B[i+1] = C[i] + D[i];
A[i+1] = A[i+1] + B[i+1];

}
B[101] = C[100] + D[100];
XABIANEH. SFF=sEmaSFHN




FRABZLL*X S

University of Science and Technology of China

SERRAYGIF?



Source: Cambricon

ANBGRAERE W OGESTEICHRE AlphaGolf
AR ARFEWIFEIL R MG, ZHE

GoogleNet
ILSVRC 20142
22/ECNN
LeNet-5 AlexNet ZFNet VGGNet
SECNN#=8 ILSVRC 2014 ResNet SqueezeNet
R ILSVRC 2012F | ILSVRC 20138 | ILSVRC 201535 AlexNetfSipisE!
8ECNN 7ERCNN 152/ECNN RE<0.5MB

S loos ) (oo2)  less)  lawa]  lais)  law]
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for (row=0; row<R; row++) {

for(col=0; col<C; col++) {
for (to=0; to<M; to++) {
for(ti=0; ti<N; ti++) {

for(i=0; i<K; i++) {
for(j=0; j<K; j++) {
L: output_fm[to][row][col] 4=
weights[to ][ ti][i][]j]*
K . . . .
weights  Input feature maps Output feature maps input_fm [ti][S*row+i][S*col+j];

I

13
12
i iz
K
N

C-S+K

SRR .

e R: E@ﬁ%‘iﬂ:ﬁ@ﬁ?ﬁ?ﬂ . ENEUEE=N*(C-S+K)(R-S+K)
o C: WBERERESEL A LR HRE _ N *R*
‘ d « BHHWEE=M*R*C
- S: %j E’J;‘%‘Ebﬁft’t N ¢Q1E§Q¢EE=M*N*K*K
- M: BRI EIEE & SR EiHEE = 2*M*N*R*C*K*K

N: Eﬁ)\ ?IE%EBE B2 & FERIXEEE

RaEE: WARENERRADIINERFAEN, Rzafaii?
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'study the past if you would define the
future.”

by Confucius



