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Lab 1. 1D Winograd

« Winograd&B)Z2— AT IIREGFRZEENENE L, TTHEREZINGTRHEMNLE
(CNN) J/oznA, BBIEDRZTDRERINITER, FlEa/I\RIEF%
o« ASCIGP{RIGSCII—NERERY1D Winograd, FHERFUKEHITIL

o ALWHA=AEPD:
. {A&BERI1D WinogradstIl (60 Points)
.« KEERY1D WinogradsLHl (30 Points)
- EFimKERI1D Winogradit—Ei44 (10 Points)

- LI SEREEEIRLRIESIZFEN L, FIBERWiEEMIE Projects —f=
- B AR REImFIESEEDEY

BIEEH REHE <3>
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« Lab 1. 1D Winograd
HE L0 PR AR X4

1. FREE: AXTRFE(EA CLab for EDAIFE, 1ESE Lab0 HITIFREEE.

2. XS EIRIERZXMR /mnt/nfs/ ST, (REEEER Labl XMH3R, ZXMHREH
TALRAFNAEXM. ZEZRE2REN, (REERESHIECHRER TH#HTIN, 7]
DAEFRAN T ap<

cp —-r /mnt/nfs/Labl/ ~/Labl
cd ~/Labl

ZEZPEEMANMESIENXERE, 9505 winograd_comb F] winograd_pipeline ,
M HRPEHES T LHMBATRELE. MIXFEE . MakefileZF X,

EgﬁEEQEE<%E%§;?ﬁQ <4>



pEI=E A
» WRIEEALIE
« Lab 1. 1D Winograd

ez )Y

PEKING UNIVERSITY

Testbench iB17H %

£5 1: EFHEEHEH 10 Winograd EFITER T

519, RBREIM—THEESBEN, ERBKDEEN 1D winograd BRiTHES T, TH

<Verdi:nTraceMain:1> testbench testbench (testbench/testbench_cb.v) - /home/.../testbench.fsdb 25 R
- RENIEHR Fle View Source Onelrace Simulation Tols Window Help el
EMB-LED 2 5 DRe*LCO00L% @ EEl-H. B
A run BE, BT make rerun BIRIE{TAEN, EISR

200

— - B, BTFZRER Instance 2& -0 +sra: _cb.v)| Line |8 [ X~ DrJ
BrRmMEsABELSRES, MEEHEIZTRNHE. RkETGUI, AILATEVS Coderh ETiE{EH, EE:_FT'testbenchEF&ET smonitor @<, gmmlem F
10}
. 7% SREARNZOITEER, FIUBTRIEREEER. 1
SLEGHTE 12
13| integer count,linbo,idks //TEST VRS
) remove data 14 reg  clk, resst, wove_tail, dinl_en, din2_en, doutl_req, dout_req; //input
1. winograd_comb X{REE TIESHENMG. SFEHUMT: g L . PR RIE I e e
= 17] wire  full, full_almosts //output
8 show entry_content 19 vire E‘cn_umm—liol doutl, dout2s //outsut
N 19 wire [ 'CBLIDX-1:0] head, tails //output
— run (HFHEMER) 2
: 21 cb (.CBIX( "CB_IIX), .CBVIDTH( ‘CB_WIDTH), .CB_LENGTH( ‘CB_LENGTH)) cbo (clk,
| Makefile resat, wove_tail, tail_new, dinl_en, dind_en,doutl req, dout? req.dint, din2. doutl.
| winograd. f dout2, full, full_alnost, head, tail):
5 ‘ o
dC (iﬁ 'jé?é‘g"] Ei) Instance | Declaration < ,‘-
e atc r<nWa > [home/almalinux/workplace/alarch _la b24_gold, ch. s S .0 x
| Makefile mat. Imalinux/wvorkplace/alarch_la b24_goldtestbench.fsdb QL&
il [ - W Waveform Analog Tools Window L
& A ok e ) 5 h_ w_Mave ADND . Jools 0o )
I rpts (REERERE) 3 = P, | 0 x1000s (@] (@) % By [Iv[«][»] G Gote ¥
L s

l_
(S
l_
l_

c (Verileg ERBER)

input_transform.v (LWAEEEST
output_transform.v (HAMBEHT

2 Get Signals. A P TP - I
m Ctri+Alt+A

ut De

B9\ b

e

ralled 'Frmm fil
imulation time
€S Simulatien

BRER: ({ERverdi)

— weight_transform.v (HAFEEHET
b— winograd_1d_tb.v
L winograd_1d.v (UtibEEiEE

24

¥ na }
Select > = Oy & b :]

TR IR {4

EEEVerdl, AR RBEIETIRRER, ET#HiTdebug, #A run BE, BT

make all BORI#HT&IMMSRER. BTFHRHGU, Z—SBREFERRRERE. a3
TOP module i F winograd_1d.v A, :

WLEITRETH, S B VerdiE O, EVerdiEOHd, #EETH Signal - Get All
Signals BIR]ERABERH.

2 4FEE v XHFRNER, ST

OFEIFSS maba ~1aan BORTIERRRE IF452E A dhils ot i

BIEEH REHE <5>
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» WRIEEALIE
« Lab 1. 1D Winograd

£5 2: EFHKER 1D Winograd BRIt E$ET

SRUES1PEAHAAME, 10 winogradf] A Eil@d BSBHETMITE, BEXS
R, PHISMERFMEMLRRET, BLEES2F, BNFESIARKLERRX—E)H

SLIOHRR

SHEAN

1. BIAGE A IBHEMIZIT: #A winograd_comb/dc B3R, BT make dc H{THE
BHRIEBEARNRMER, #HTRRSES.

. X

- BRGE: HERGS, (FARIAG 20ns AR, BIURT dc BRTH rpts B

. MEESLL.
- BTRES: SRNHEHR 4ns, EFNEIT make dc HTHRS. RIERER:

- 7 winograd_comb/dc/syn_tcl/syn.tcl X, 4§ set CLK_PERIOD 20.0
8245 set CLK_PERIOD 4.0 ;

- REXMHE, EST make de HITHA.
- EERMRET rpts B3R, BAEXLL.
RETREEANT:

check_error -verbose

emory usage for this session 1107 Mbytes.

emory usage for this session including child processes 1487 Mbytes.
CPU usage for this session 208 seconds ( ©0.06 hours ).

Elapsed time for this session 105 seconds ( @.03 hours ).

hank you...

BIEEH FREHE

BETHE, RALAE rpts BRTEEESHE., {RALAE winograd l1d.area.rpt X
HPEEERIER, AFENER KT winograd 1d.timing.max.rpt 3CfF, ZEHE
ETHRFOFRMBEBR, MSLW, WA SBBRSTRERE 4ns NIFHRH, Z30HN

NEREERE:

Startpoint: r3_w([10] (input port clocked by clk)
Endpoint: rl res[31] (output port clocked by clk)
Path Group: clk
Path Type: max

Fanout Trans

data required time
data arrival time

XK slack BIARFHE, AEETAHEERFYR. REBHE,
r1_res[31] ZEMEERIERET T 4ns WETFLR, FTRTE 4ns ASEAITE.
2. 5| AJEkE: ¥ winograd_pipeline B, ZBRTHNMHEMS winograd_comb B
FEM, EREF src BRETH winograd_ld.v HEPRBERTERALIRXALI.

r3_wl1e]l %

XERBEIFTES1PTRM input_transform.v . weight_transform.v .
output_transform.v E#|¥] winograd_pipeline/src/ BR T, H%E

winograd 1d.v FPEfItxEER, BFIEISE/AR MS%E winograd 1d.v XHFEE

Mo

3. BAIEThEE: # )\ winograd_pipeline/run B&, i&EfT make rerun Z¢ make all &

IEThEE, WRITENEITSES 1P TR,

4, REHITTFE: #N winograd_pipeline/dc BR, BT make dc BTHRS, BEF
RiE, Mo rpts BRTEEHRSIRS, EH%E winograd_1d.timing.max.rpt 3

#, WREFLURBAE. WHREZEEE slack HIEE, RTARFOREHRE.

4k, YREIBAZE winograd_1d.area.rpt X{PEEBMIRRE
winograd_1d.power. rpt 3{EREEINFERS, TRARSITHERAMINESR.

PEKING UNIVERSITY

AES2, RELSLMINEZH T —TEF K& 1D WinogradSiRitE &S, HAFETHEY
. EFE, RalbEidsngititiT i, t— SR mInE,

A,
ny 2

\‘ B
w&‘

B %

1B RS TR BUdEE
winograd_pipeline/dc/rpts/winograd_1d.timing.max.rpt 32{F, FTLAZER/slackm/]y
HEE (ZHEREslackt FHFIMN) , MALLBTEEXLERE, THIITRREMAT
. Boh, IRthRT ARl e I — S 4arE (302ns) , E%ﬁﬂﬁ*—nn FEHNRTA
ETHFEES.

ST R LT AU R RAS L.

2. iRt (RAIAR A ER R AR, WA RNRER SN DAL $RkE
B, EH AR B RESAER, MR BEIGITRmE,

3. WIETHRERIRY e TERTINMLE, EEES2hNFES, WIRMTAGIRIT IHERIE S ERE N
FFENR .

4. tESHA RIS AOMERE : (R 2ns BEEERNNYE R, BEITRS, HLRRCHENNF
M, EEslackiEM, THALHTROREH, E, MEALIERERTMENEL, TH
TRACAITRA

KRS

BRI ENSREERZNRE, ASEE:
1 S NN ENERNE;
2 WEFSPHESERIGTNGES SR (OENFRENERSR)
3. (ES2 iRk R DI IR SR

4. 3tb TS 2P A SIE HIRIT (20ns) Mkl (4ns) RS ER (BENF. BHR.
#EF HEALL) ;

5. (Fli%) EE3NMAIENGREE, URAARGENTES .

<6 >
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Eiia SREBMLL? NPT R
. X86., MIPS, ARM, RISC-V

Besm A, B,
CISC Intel, AMD 35 @’& TP Intel, AMD
et gL Intel. IBM. ¥
MIPS RISC MIPS = ‘jﬂhﬁ*r 5. Oracle.
(KLh#E. Ak, ER. 2. &
i RISt g ERTEINEE S0
SER. B8 e s 1
_ _ A FyTReTe HEFRKE. &
CUDA RISC Nvidia gﬁ%gﬁ%ﬁ Nvidia

BIEEH REHE <8>



S SEII— R TS S? NP XS

- MR BES. ESRES. EillsS. RRAIES

- HUEEM (movig<
- EMIESEFIFERS AR MEEE (IlZkload/{RfFsaveiTE)
o Hp— MR IEmNS TR (FeEER s E A EmEdR)
- BEIIESHESRIEEEAE A/ (movb, movw, movl, movq)
- BARBEEITALUEZRF
« HA— RPN S Fes
- BEIESKIEEXR/IMIEIE (addl, org, andb, subw)
- Bl
TR/ BEEE (cmpq, jmp, je, jne, jl, jge)
- FHIFEER (call, ret)
« AFIES
- RpGBIdOoSEE it "WE" WFEBIIES (eg. int to access certain OS
capabilities, etc.)

<9>



KERMIESE: X86—FhEIBIAYCISCIES
- ESKETE, HAER (SAWIESSE)

NELF TP

598 PEKING UNIVERSITY

oo Operand
Instru.c ton Opcode : ModR/M SIB Displacement Immediate :
Prefixes | | _______\__ _~___ || __ " _____\__ ______ -
Prefixes 1’201- | byte(lf | byte(lf Address Immediate data
1 byte each 3byti/required) required)\A displacement
7 65 32 0 7 6 5 32 0
Mod [ Reg/Opcode R/M Scale Index Base

i}

BEBH &5HE <10 >

C



- RSB

63

:EINE

IRSERND R - (EtES

g

FFATEHF RO — MY

- EA RS FRRIFERR 2 AT mETR

- BIESHRERIEEERA/N (mov[bwlq])
- RN IZBERDIRIHBIE A/ NEERR

(Assume start address = A)

Processor Register

7 0

Byte

63

movb leaves upper bits unaffected

15 0

movw leaves upper bits unaffected

63

31 0

0000 0000

Double Word

63

Quad Word

i}

BIEEH FREHE

C

movl zeros the upper bits

0

Memory / RAM

7654

3210

movb

fedc

ba9gs

7654

3210

movw

fedc

ba98

7654

3210

movl

fedc

ba9s

7654

3210

movq

fedc

ba9sg

A+4

A+4

A+4

A+4

Byte operations only
access the 1-byte at the
specified address

Word operations access
the 2-bytes starting at the
specified address

Word operations access
the 4-bytes starting at the
specified address

Word operations access
the 8-bytes starting at the
specified address

NI )
LD
S, 9
N, o

8 -
> I

7502

ezt ¥

PEKING UNIVERSITY

<11 >



IESRAIDR1 - (BEiE<S: IFSAIIHRT
- IESH—REASMIIHER - LI ZEmIX863MIPS IS

N A 75 F

PEKING UNIVERSITY

X6AEA16164bitE 7, HrasURFHaILURIZ(FN32-, 16-,
8- tuiFSFaaskina), IR

Name Form Example Description

8-byte register | Bytes 0-3 Bytes 0-1 Byte0

%rax %eax %ax %al Immediate $imm movl $-500,%rax R[ra)(] = imm.

xrox %ecx Hex #cl

%rdx %edx %dx %d1 Register ry movl %rdx,%rax R[rax] = R[rdx]

%rbx %ebx #bx #bl

%rsi %esi %si %sil Direct imm movl 2000,%rax R[rax] = M[2000]

%rdi %edi %di Bdil Addressing

%rsp %esp %sp %spl

%rbp %ebp %bp %bpl Indirect (r,) movl (%rdx),%rax R[rax] = M[R]r,]]

%ra #%rad %r8w %r8b AddFESSiﬂg

%rg %rad %row %rob

%r10 %ried %riew  %rieb Base w/ imm(ry) movl 4@(%rdx),%rax R[rax] = M[R]r, ]+40]

%ri11 %r11d %rilw  %rlib Displacement b

%ril2 %ri2d %rl2w %ri2b P

%r13 %ri3d %r13w  %ri3b Scaled Index (Posrs,St) movl (%rdx,%rcx,4),%rax Rlrax] = M[R[r.]+R[r]"s]

%rld %riad %rldw %rldb

Aras %r15d #risw  %risb Scaled Index w/ | im(rerost) | movl 8e(%rdx,%rcx,2),%rax | Rlrax] = M[8O + R[r,]+R[r]s]

Displacement

tKnown as the scale factor and can be {1,2,4, or 8}
Imm = Constant, R[x] = Content of register x, M[addr] = Content of memory @ addr.
HEHEBEH FZFE5HE Purple values = effective address (EA) = Actual address used to get the operand >

i}

C



IBSEMNDE1 - (EMiES: Register Mode

BiE s r e RIS ERIR(ER

s PEKING UNIVERSITY

[
e
11}

Both operands in this
example are using

Register Mode
Processor
ORI i Lo Memory / RAM
Intruc movq :,;ér'ax;:‘g %rdx: y
i 15 0 cc55 aa33 | ©x00208

rax I-aaaa 0000 1234 SE?BI 7654 3210 | 6x60204
fedc ba98 | 6x6062060

rbx 0000 0000 EBBBB 0200

rcx 0000 HBE}BEBBBB 0002

Initial val. of %rdx = FEFF FFEFFIFFFF FFFF
rdx 0000 0000 1234 5678

==

BIEEH FREHE <13>

i}

C



IBSEMNDR1 - (EiES: Immediate Mode

- IEERESPRZANEIEIRIEE |

< ) »
N e 7 ) ¥

PEKING UNIVERSITY

- 5§ FRFRUAE, FRELMEERSHEISE A HE

Source is iImmediate
mode, Destination is

Processor K-I;E{QISIEF mode
e e - M | RAM
Intruc movws, $5, % %dx : emory
'h-:' a =
63 31 15 0 cc55 aa33 | 9x00208
rax 0000 0000 :1234 5678 7654 3210 | 0x00204
rbx | 0000 ©000:0000 0200 fedc bad8 | oxv0200

rcx 0000 0000 0000 0002

Initial val. of %rdx = FFFF FFEFIFFFF FEFF
rdx | fFFf FFFf FFFF 005

i}

,EE\?E\EEE %@#@ <14 >

C



UNIY

::@30:5.4%‘57

PEKING UNIVERSITY

SERD 1 - (BEIES: Direct Addressing Mode
BiE B IEREEI PRI ERYFitssitil £ 8

=
'H

3 [Nz vt ey gt

Source is using Direct

Addressing mode
Pmcessorr.v
......... M | RAM
Intruc movb 3, szaa, %d 1 emory
m_:_.l
63 8l..... 1 R » cc55 aa33 | BxPe208
rax 9080 000 1234 5678 ?65%‘]- 3210 | 9x60204
rbx | 0000 000 BP0 9200 e )| ©x00200
rcx PPEe PEBD PBPE B2
Initial val. of %rdx = ffff ffff ffff ffff :
rdx £FEF FFFF FFEFf FF55 |@sfremmmmmmmmmmmmnns. :

FIEEHR F#a5HE <15>



- IEEFHSERAS AHIERFEEFERRIESutLE

IESEMD R - (BEIES:

RMUTEET

- BfESERREERIUHE

Source is using Indirect
Addressing mode

Processor r—v

Intruc

--------
L ¥y

63 31 15

rax

0080 0000 1234 5678

L

rbx g

A= 0000 0000 00O ©200

rcx

0000 0000 0000 B2

Initial val. of %rdx

FFEf FEFF FFFF FFFF

rdx

0000 0000 fedc ba9g

i}

BIEEH FREHE

C

Indirect Addressing Mode

Memory / RAM
cc55 aa33 | OxB0208
7654 3210 | 6x00204
fedc ba98 | 9xPB200

< ) »
N e 7 ) ¥

PEKING UNIVERSITY

y

<16 >



IBSERTHE - (Biig<S: Base/lndirect with Displacement
Addressing Mode

 KRd(%reg)RigEILIL

- [EFREN—EE, FARARNERIEAIRMRMELEF MRS
FRRYE L

Source is using Base with
Processor K.. Displacement Addressing mode

Memory / RAM

Intruc movw ¢ 8(%rbx); %dx ry

"] _'-:-- ™1 : lllllllllllllll ;

63 31 15 0 : cc55 aa33 | 0x00208

3 . Rey—
rax 0000 0PPBP:1234 5678 P06 9200 : 7654 3210 | Ox00204

v . §

rbx 0000 0000 00O 0200 hei T 8 P fedc bads | ©x00200

EA= 9808 06208

rcx 000e VOO BV VB2

Initial val. of %rdx = FFFf FFFF FFFF FFFF :
r.dx -F-F.F-F -F-F.F-F -F-F-F-F aa33 .‘...--.-.--.-.-.--.----.----.---...--.-.----.----.-..-E

FIEEHR F#a5HE <17 >



IBSERTHE - (Biig<S: Base/lndirect with Displacement
Addressing Mode

- At4AZEEBase/Indirect with Displacement AddressingZEfRZE{l

éx‘\”"&;
S ) /
& i
- \
o S
I508%

PEKING UNIVERSITY

* Useful for access members of a struct or object

struct mystruct { rbx
int x; (1) eoee 0oee ooee 6200 Memory / RAM
int y; (:) :
}; 0000 0000:0000 0208
struct mystruct data[3]; (:) 9000 0O :0RO 0210 data[2].y | 6666 6002 | 0x00214
¥ data[2].x | 008 0801 | 0x08210
int main
{ v +eeea 8262 data[1].y | @6ee 8802 | 6xee20c
for(i=0; i<3; i++){ (@ EA- oeo0 0204 data[1].x | @@8e @001 | ©x00208
data[i].x = 1; :
data[i].y = 2; -+» data[0].y | 9666 0002 | 6x00204
} datal0].x | @600 9001 | 6x00200
} C Code

movq $0x0200, %rbx
Loop 3 times {

DE@ mov1 $1, (%rbx)
@ movl $2, 4(%rbx)

Assembly ; addq $8, %rbx

EgﬁEEQEE<%E%§;?ﬁQ <18 >



o HlHgs: Form: (%reg1,%reg2,s) [s = 1, 2, 4, or 8]
- HB%reg1+%reg2*s{EN MBI EEEF(ESE AT ithit

Intruc

rax

rbx

rcx

Initial val. of %rdx =

rdx

i}

BIEEH FREHE

C

Source is using Scaled Index
Processor K' Addressing mode

mov1l 'L%r‘bx, %r‘cx;-&:f:,': %edx

63 31 15 0

0000 9606%1234 5678

0000 0200

v

0000 0000 VB0 0200

s> 10000 0008

"""" EA= 0000 0208

0000 0000 VOO 0002

FFFF FFFF FFFF FFFF

0000 0000 cc55 aa33

HSERNDIE1 - (BHHigS: Scaled Index Addressing Mode

Memory / RAM

lcc55 aa33_

7654 :3210

fedcibaQS

0x00208
0x00204
0x00200

G ) »
N e 7 ) ¥

PEKING UNIVERSITY

<19 >



HSERNDIE1 - (BHHigS: Scaled Index Addressing Mode

- IHAFEEScaled Index Addressing ModeZEfRZEf

* Useful for accessing array elements

éx‘\”"e »
NELFE®]

PEKING UNIVERSITY

rbx
int data[6]; 0000 0000 0000 0200 rCX
: Memory / RAM
e me) (1) | eeoe 0000 0000 0000
{ (2) odoo 0000:0000 0001
for(int i=0; i<6; i++){ @ gégg 0000:0000 0002 data[5] | 0000 0005 | O0x00214
data[i] = i; ; D) data[4] | 000 0004 | 0x00210
// *(startAddr+4*i) = i; :
} : N data[3] | 9000 0003 | Ox0020cC
! 0000 0200
} C Code @ IO 0 e data[2] | @00 0002 | exee208
EA- 0000 0200 data[1] | 0900 0001 | 0x00204
@ +%% 9292 % data[0] | 0000 0000 | ©x00200
r \ EA=_ 0000 9204
A”aVOf} movg $0x0200,%rbx
* chars/bytes => Use s=1 o
* shorts/words => Use s=2 mov1 $6’ %rcx
* ints/floats/dwords => Use s=4 LOOP 6 times {
\. IongIongs/doubles/qwords=>Uses=8J movl %PCX, (%r‘bx,%r‘cx,él)
addl $1, %rcx
3 ’ Assembly

i}

BIEEH REHE <20>

C



ESERNDHE1 - (£fES: Scaled Index w/ Displacement
Addressing Mode

- EE&ScalefliDisplacement: it = d(%reg1,%reg2,s) [s = 1, 2, 4, or 8]

G ) »
N e 7 ) ¥

PEKING UNIVERSITY

- Fd+%reg1+%reg2*s{EALIRE FREF iR AVE A BIL

Source is using Scaled Index w/
Processor K. Displacement Addressing mode

..................... M | RAM
Intruc movbz‘,;’{g%r‘bx,%r‘cx,_ﬁl 3 %dl derrasmananies ? .mory
S S : v
63 31 15 0 : cc55 aa33 | 0x00208
rax 0000 0000:1234 5678 0000 0200 | :| | 7654 3210 | 0x00204
- 3 2 .
FTEIL .
rbx 0000 0000 0000 0200 e i . t0000 oees | i | fedc bad8 | 0x09200
: 0000 020b :
rcx 0000 0000 0000 0002  (»(D)
Initial val. of %rdx = fFff fFFf FFFF FFFF :
rdx fFff ffff Ffff ffcc ARy SR ;

i}

BIEEH REHE <21>

C



. SCPFiEERTse S #PAddressing ModeltEAR

Processor Registers

0000 000D 0CVO 0200

0000 00O 00VO 0003

— movqg (%rbx), %rax

— movl -4(%rbx), %eax

— movb (%rbx,%rcx), %al

— movw (%rbx,%rcx,2), %ax

— movsbl -16(%rbx,%rcx,4), %eax

— movw %CcX, 0xed(%rbx,%rcx,2)

i}

BIEEH FREHE

C

IESERR X - (EHIES: Addressing ModeZEf

rbx

rcx

Memory / RAM

cdef 89ab

7654 3210

foed face

dead beef

cdef 89ab 7654 3210

0000 0000 feed face

0000 0000 feed fa76

0000 0000 foed cdef

0000 Qe ffff ffce

00600 0000

0603 0000

0x00204
0x00200
Ox001fc
Ox001f8

rax

rax

rax

rax

rax

0x002e8
Ox002e4

ék\\ll,éy »
EN) e 7. ¥

PEKING UNIVERSITY

<22 >
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PEKING UNIVERSITY

IESEMR K2 - i8I5S

- FIBALURS R TS

EHAE

TONT G

C operator Assembly Notes
+ add[b,w,1,q] srcl,src2/dst src2/dst += srcl
sub[b,w,1,q] srcl,src2/dst src2/dst -= srcl
& and[b,w,1,g] srci,src2/dst src2/dst &= srcl
| or[b,w,1,q] srcl,src2/dst src2/dst |= srcil
A xor[b,w,1,q] srcl,src2/dst src2/dst ~= srcl
~ not[b,w,1,q] src/dst src/dst = ~src/dst
neg[b,w,1,q] src/dst src/dst = (~src/dst) + 1
++ inc[b,w,1,q] src/dst src/dst += 1
— dec[b,w,1,q] src/dst src/dst -= 1
* (signed) imul[b,w,1,q] srcl,src2/dst src2/dst *= srcl
<< (signed) sal cnt, src/dst src/dst = src/dst << cnt
<< (unsigned) shl c¢nt, src/dst src/dst = src/dst << cnt
>> (signed) sar cnt, src/dst src/dst = src/dst >> cnt
>> (unsigned) shr cnt, src/dst src/dst = src/dst >> cnt
==, <, >, <=, >=, I= cmp[b,w,1,q] srcl, src2 cmp performs: src2 —src
(src2 7 src) test[b,w,1,q] srcl, src2 test performs: src1 & src2

B REHE

<23 >
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« FIRALUSRSE R SERR TS

Memory / RAM
7654 3210 | 0xe00204

ofef ffee | exee200

* Initial Conditions

Processor Registers | FFFf FFFf 1234 5678 |  rdx

. BT AERIERTIITER BRI e
 PREl: ANMRIESEIA e R — addl $0x12300, %eax | 0000 0000 cc34 cds5 | rax

— addq %rdx, %rax | £FFF FFFF de69 23cd |  rax
* Format mmmmmmmmmmmmm e
______________ I Work from right->left->right I — andw @XZ@@, %aX |-F‘F-F-F ffff de69 2366| rax
— add[b,w,1,q]1src2, sr'cl/dst‘ --------------- . | |

———————————— — FFFF FFFF de69 230f X

— Example 1: addq %rbx, %rax (%rax += %rbx) orb 6x2@3, %al : -

9 X

— Example 2: subq %rbx, %rax (%rax -= %rbx) — subw $14, %ax EEEEEE -
— addl $0x12345, 0x204 gooSpocoll 0x00204

ofef ffee | oxee200

BIEEH REHE <24 >
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// data = %edi fi:

// val = %esi

// i = %edx movl (%esi), %eax

int fi1(int data[], int* val, int i) addl (%edi,%edx,4), %eax
{

int sum = *val;
sum += data[i];

return sum; ret
}
Original Code Compiler Output
struct Data { fi:
char c;
int d; addb $1, (%edi)
}s subl %esi, 4(%edi)
// ptr = %edi
// x = Y%esi ret
int Fl(struct Data* ptr, int x)
{
ptr->c++;
ptr->d -= x;
}
Original Code Compiler Output

\Y

Eﬂﬁ?EQEE %EHT;$fQ <25>
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IS SEMHI - 12HIES

- EHlIe<SHEuEbEEx

&EHFif. caseFlEniEalliMfor, whileFEERIEFEHF
BEEREES STMNER T RN IR

|f(C0nd|t|0n 0) Address Instruction

004937F7 MOV E&X, 200

XXXXX Wh”e(condition 1) 004937FC MOV EDX, 50
XXXXX 00493808 MOV ECX, 430353

XXXXX IXXXXX 00493808 JMP 00497000

XXXXX ;Pretend there is a lot of code inbetween here. s address 497000
XXXXX

XXXXX 00497000 DEC EDX
else

XXXXX 00497001 MOV DWORD [49E6CC],EDX \L then continue the code.
00497007 MOV EAX,EDX

XXXXX

XXXXX

i}

,%T‘\EEE %@#@ <26 >
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KEHISSE: RISC-V—HEBIFIRISCIES

- REHIE, 1R,

ESMRT

31:25 24:20 19:15 14:12 11:7 6:0

funct? rs2 | rs1 |funct3 rd op
IMMy 4 rs1 |funct3 rd op
IMmmy 45 rs2 | rs1 |funct3 | immyg op
IMMy2.105 rs2 | rs1 |funct3 |immy-4 44| OP
IMMs34-12 rd op
imm20,1n:1,11,_19:12 rd op
fs3 |funct2| fs2 | fs1 |funct3 fd op
5bits 2 bits 5bits 5bits 3 bits 5 bits 7 bits

o Tmm:
R_Type o LT mm:

e Uupimm:
I_Type « Address:
S-Type « [Address]:
B-Type « BTA:

« JTA:
U-Type . Tabel:
J'Type « SignExt:
R4-Type » Zerokxt:

.« CSI:

Figure B.1 RISC-V 32-bit instruction formats

BIEEH FREHE

e s Y

PEKING UNIVERSITY

signed immediate in immy 9

5-bit unsigned immediate in immy,,

20 upper bits of a 32-bit immediate, in imms;.;,
memory address: rs1 + SignExt(imm;; )

data at memory location Address

branch target address: PC + SignExt({imm,.;, 1'b0})
jump target address: PC + SignExt({imms.1, 1'b0})
text indicating instruction address

value sign-extended to 32 bits

value zero-extended to 32 bits

control and status register

<28 >



KF|IHIESE: MIPS—HBBERIRISCIES NEEES
. JESKRERE, EEE (REEES)

- 3MCPUIES, #EBE32LER¥I5Fwords
« |-type (Instruction)

« J-type (Jump)

« R-type (Register) R opcode rs Tt rd shamt | funct
31 26 25 21 20 16 15 11 10 6 5 0
*Opcode
_ _ | opcode rs rt immediate
« 6-bit operation code v T T 20 ey 5
« There are 3 different register
opcode address
specifiers: 31 26 25 0

« RD - 5-bit destination register
RS - 5-bit source register

« RT - 5-bit target register

BB/ FFaHE <29 >
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S\ EE

B GPURJCUDAIE

A<

SISD. SIMD. MISD. MIMD#g¥

Single

INSTRUCTION
STREAM

Multiple

instructions

DATA

Single \ STREAM ;| Multiple
Single Instruction | Single Instruction
Single Data Multiple Data

SISD SIMD
Multiple Instruction | Multiple Instruction
Single Data Multiple Data

MISD MIMD

BIEEH FEHE

FHTHE

FT

»

CUDAES

problem

EEHIEIR

~ i 1|
~ i |
~ i |
~ i |

e‘\-.\u./e
< ) at / g
< Z)
- > ‘
l59%
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instructions

Compute Unified Device Architecture

Parallel Thread Execution

<30 >
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KRHEIESE: GPURICUDAIESE
« PTXFISASS

CUDA C/C++IRFRIRIZEE, —FBNVCCERIRTARLPTXF]
SASS, FAFPtERILUISERAERKES—Fh, SASSEHEE

g i BEEHERS, TIEAISMARAS SRIGPURISMARA
s o § Compute Unified Device Architecture . d.,.d4
nveey) AT RNATIEEAREIZITHY
i PTX ) Parallel Thread Execution
e MSASS SR HSRAG—FHEE ARG
;[ SASS J Shader ASSembly i ISA FEfRAY . /)FCUDA C/C++FSASSZ|H]

SASSIES EE S5GPURISMZEM B BN KERK, —BEIEHZR
RIS A A

i}

BIEEH REHE <31>
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https://zhida.zhihu.com/search?content_id=124049964&content_type=Article&match_order=1&q=SM%E6%9E%B6%E6%9E%84&zhida_source=entity
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https://zhida.zhihu.com/search?content_id=124049964&content_type=Article&match_order=1&q=NVCC&zhida_source=entity

KRHEIESE: GPURICUDAIESE
« PTXFISASS

PTX SASS
mov.u32 %rl, %clock; S2UR R356
add.u32 $%rll, 6, %r7; DEPBAR.LE
add.u32 %rl2, %r5, 7; ﬁﬁgg; EE REE’ RRig?
add.u32 %rl3, %rl2, %rl; i
nov.u32 %12 . %clock : IADD3 R14 R14 R35 R23

’ ! ’ CS2R.32 R322

PTX SASS
mov.u64 %rd50, %clocké64; CS2R R128
add.u32 %rll, 6, %r7; IADD3 R14 R1915 R231
add.u32 %rl2, %r5, 7; ﬁIADDB R141 R123 R335
add.u32 %rl3, %rl2, %ril; IADD3 R32 RI146 R123 R231
mov.u64 %rd51, %clock64; CS2R R133

Mapping

i}

BIEEH FREHE

C

of PTX to SASS

NI )
C ol
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N o
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« PTXFISASS

BIEEH FEHE

SO GPURICUDAIESEE

PTX SASS | cycles PTX SASS cycles
Add / sub instruction Min/Max instructions
add.ul6 UIADD3 2 Min.ul6 ULOP3.LUT+UISETPLT U32. AND+USEL 8
addc.u32 [ADD3.X 2 min.u32 IMNMX.U32 2
add.u32 IADD 2 min.ub4 UISETPLT.U32. AND+2*USEL 8
add.u64 UIADD3 .x+ UIADD3 4 min.sl6 PRMT+IMNMX 4
add.s64 UIADD3 x+UIADD3 e min.s32 IMNMX 2
add.f16 HADD 2 Min.s64 UISETP.LT.U32. AND+UISETPLT.AND.EX+2*USEL 8
add.f32 FADD 2 min.f16 HMNMX2+PRMT -+
add.t64 DADD 4 min.f32 FMNMX 2
Mul instruction min.f364 DSETEMIN. AND+IMAD MOV.U32+UMOV+FSEL 10
mul.wide.ul6 LOP3.LUT+IMAD 4 Neg instruction
mul.wide.u32 IMAD 4 neg.s16 UIADD3+UPRMT 5
mul.lo.ulé LOP3.LUT+IMAD B neg.s32 IADD3 2
mul.lo.u32 IMAD 2 neg.s64 IMAD MOV.U324HFMA2 MMA+MOV+UIADD3 10
mul.lo.u64 IMAD 2 neg.f32 FADD or IMAD MOV.U32 # 2
mul24.lo.u32 PRMT + IMAD 3 neg.fo4 DADD+(UMOV) 4
mul24 hi.u32 UPRMT+USHER . U32 HI+IMAD.U324PRMT 9 FMA instruction
mul.rn.f16 HMUL2 2 fma.rm.f16 HFMAZ2 2
mul.rn.f32 FMUL 2 fma.m.f32 FEMA 2
mul.rn.f64 DMUL 4 fma.rn.f64 DFMA 4
MAD Instruction Sqrt Instruction
mad.lo.ulé LOP3.LUT+IMAD 4 sqre.rm.f32 [multiple instrs including MUFU.R5Q] 190-235
mad.lo.u32 FFMA 2 sqrt.approx.fi2 [multiple instrs including MUFU.SQRT] 2-18
mad.lo.u64 IMAD 2 sqrt.mn.fo4 [multiple insts including MUFU.RSQ64] 260-340
mad24.1o.u32 SGXT.U32 + IMAD 4 Rsqrt Instruction
mad24 hi.u32 USHER.U32 HI+UIMAD WIDE. U324 2*UPRMT+IADD3 11 rsgrt.approx.f32 [multiple insts including MUFU.RSQ] 2-18
mad.rn.f32 FFMA 2 rsqrt.approx.f64 MUFU.RSQ64H 8-11
mad.m.f64 DFMA -+ Rep Instruction
Sad Instruction rep.rn.f32 [multiple insts including MUEU.RCP] 198
sad.ulé/sle (2*LOP3) +ULOP3+ VABSDIFF 6 rep.approx.f32 [multiple insts including MUFU.RCP] 23
sad.u32/s32 VABSDIFF +IMAD (1 IMAD + 1 Umov for 3 instrs) 3 rep.rn.fo4 [multiple insts including MUFU.RCP64H] 244
sad.ub4/s64 UISETP.GE.U32. AND+UIADD+IADD 10 ex2.approx.f32 FSTEP + FMUL + MUFU.EX2 + FMUL 14

<33>



KRHEIESE: GPURICUDAIESE

« PTXFISASS

1

Div / Rem Instruction

Pop Instruction

rem/div.ul6/s16 multiple instructions 290 pope.b32S POPC [
rem/div.s32/u32 multiple instructions 66 popc.b64 2#UPOPC + UIADD3 7
rem/div.ub4/s64 multiple instructions 420 Clz Instruction
div.rn.f32 multiple instructions 525 clz.b32 FLO.U32 + IADD 7
div.rmn.f64 multiple instructions 426 clz.bbd UISETP.NE.U32. AND+USEL+UFLO.U32+2*UIADD3 13
Abs Instruction Bfind Instruction
abs.s16 PRMT+IABS+PRMT 4 bfind.u32 FLO.U32 6
abs.s32 IABS 2 bfind.u64 FLO.U32+ISETP.NE.U32. AND+IADD3+BRA 164
abs.s64 UISETP.LT. AND+UIADD3 X +UIADD3+2*USEL 11 bfind.s32 FLO i
abs.f16 PRMT 1 bfind.s64 multiple instructions 195
abs ftz.f32 FADD.FTZ 2 testp Instruction
abs.f64 DADD or (DADD+UMOV) 4 testp.normal.f32 IMADMOV.U32+2*ISETP.GE.U32.AND 0 or 6
Brev Instruction testp.subnor.f32 ISETPLT.U32.AND 0or6
brev.b32 BREV + SGXT.U32 2 testp.normal.f64 2*¥UISETP.LE U32 AND+2*UISETP.GE.U32. AND 13
brev.b64 2¥*UBREV+MOV 6 testp.subnor.f64 UISETP.LT.U32. AND+2*UISETP.GE.U32 AND.EX 8
copysign Instruction Other Instruction
copysign.f32 2*LOP3.LUT or 1L.5*LOP3.LUT 4 sin.approx.f32 FMUL + MUFU.SIN 8
copysign.fo4 2*ULOP3 LUT+IMAD U324++MOV 6 cos.approx.f32 FMUL.RZ+MUFU.COS 8
and/or/xor Instruction lg2.approx.f32 FSETP.GEU.AND+FMUL+MUFU.LG2+FADD 18
and.bl6 LOP3.LUT or 1.5*LOP3.LUT 2 ex2.approx.f32 FSETP.GEU. AND+2*FMUL+MUFU.EX2 18
and.b32 LOP3.LUT 2 ex2.approx.fl6 MUFU.EX2.F16 6
and.b64 ULOP3.LUT 2-3 tanh.approx.f32 MUFU. TANH 6
Not Instruction tanh.approx.f16 MUFU.TANH.F16 [
not.blé LOP3.LUT 2 bar.warp.sync: NOP changes
not.b32 LOP3.LUT 2 fns.b32 multiple instructions 79
not.b64 2*ULOP3LUT 4 everzis32.432 F2LTRUNC.NTZ 6
lop3 Instruction setp.ne.s32 ISETPNE.AND 10
lop3.b32 IMAD.MOV.U32+LOP3.LUT 4 mov.u32 clock CS2R.32 2
cnot Instruction Bfi Instruction
cnot.b16 ULOP3.LUT+ISETP.EQ.U32. AND+SEL 5 bfi.b32 3*PRMT+2*IMAD MOV+SHEL U32+BMSK+LOP3.LUT 11
cnot.b32 UISETP.EQ.U32. AND+USEL 4 bfi.b64 UMOV+USHEL.U32+(UIADD3+ULOP3.LUT)* 5
cnot.b64 multiple instructions 11 dp4a.u32/s32 Instruction
bfe Instruction dp4a.u32.u32 IMAD.MOV.U32+IDP.4A . U8.U8 135-170
bfe.s32/.u32 3*PRMT+2*IMAD MOV+SHFER.U32 HI+SGXT/.U32 11 dp2a.u32/s32 Instruction
L bfe.u64 UMOV+USHEL.U32+(UIADD3+ULOP3.LUT)* 5 dp2a.lo.u32.u32 IMADMOV.U32+IDP2ALO.U16.US 135-170
:%,H\ZFE\ E Bﬂ %é#@ bfe.s64 multiple instructions 14

ELE
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[EIER: {+ARiHRKESRS

- KENEITH N - IReTHENBWFER (JRSinstruction/cycle, CPI)

| add |

icroprocessor

|nor|

fetch decode ALU mem writeback

(w1 O O OOO%

A

2

nor

add

noop
add

i}

,EE\?E\EEE %@#@ <37 >
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Writeback

Fetch Decode Execute Memory
M
]
X
1 +
+
-1 PC Inst Register f
mem file
- M U Data
U memory
: Sign extend I' X

BIEEH REHE

=%/

0-2

|15-—:I.E
h

= =

18
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add
nor

add
SW

(TSI N T N T S,

~l U B U0~

20

10

BIEEH REFHE

; reg3=regl+reg2

; regb=regdnorregb
; reg 4= Mem[reg2+20]
; regS>=reg2+regs

; Mem[reg3+10] =reg 7

RSTESHRIKE L

® o =

PC

Inst
mem

l éﬂt}i*d

PEKING UNIVERSITY

4

target
PC+1 PC+1]™ ]
roj O "
aq:
- | resa]l M =] AL L S
= R2 It
2 [[ess) vala X — |u
& I i ALU X
g' = L result mdata
=] _E RS valB M U Data
o RE
]
o R7 X memary data
offset dest
valB
Bits 0-2 — — —
Bits 16-18 37 dest dest dest
Bits 22-24
op op op
IF/ID ID/EX EX/Mem Mem/WB
<39 >
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M
u
x
1 0
= u u — P
add 1 2 3 ;reg3=regl+reg2 ol O
nor 4 5 ; rego=regdnorreg5 r1| 36 0 0
Iw 2 4 20 ; regd= Mem[reg2+20] = - I:'
add 2 5 5 ;regS=reg2+regb — pc Inst | E . P2 A X
z || =»fE |18 j L 0 0
SW 3 7 10 ; Mem[reg3+10] =reg7 5 sl 7 — E—
— * E P D 5 ] M u Data
a0 R6 41 U memory
&= grl22  — X data
N ' dest
0
Bits 0-2
Bits 16-18 Eﬁ 0 0 0
Bits 22-24
oo 0o oo
IF/ID ID/EX EX/Mem Mem/WB

Sehicl=]an %gﬂ:@ %}Jtﬁ){ﬁ%ﬁ\ . tO <40 >
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add 1 2 3
. nor :,I 5 i;;
Time1l-Fetch:add 123 w3 ¢ 20
sw 3 7 10
M
u
X
add 1 2 3 ;reg3=regl+reg?2 + 0
nor 4 5 ; rego=regdnorreg5 L > 0
RO
lw 2 4 20 ; regd= Memreg2+20] w36 0
add 2 5 5 ;regS=reg2+regb E R2) 9 = g
12
SW 3 7 10 ; Mem[reg3+10] =reg7 < rc Inst H = o A
mem || ™ g ol ) L = L
» -’E “IZ 0 M U Data
o rel4l U memaory
&= gy 22 X data
0 dest
0
Bits 0-2
Bits 16-18 Ju 0 0 0
Bits 22-24
fole] Qo (=]a]s
IF/ID ID/EX EX/Mem Mem/WB
add123

BEEH FREHE <41>
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add
nor

add
SW

(FVI NCT N S

~l U B U0~

20

10

BIEEH REFHE

; reg3=regl+reg2

; regb=regdnorregb
; reg 4= Mem[reg2+20]
; regS>=reg2+regs

; Mem[reg3+10] =reg 7

NELF TR
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ESTESRimIKE L

FLRAE

(="

nor -li :‘7
Time 2 - Fetch: nor456 w3 220
sw 3 7 10
M
u
X
+ I
2 1
roj O
' ri| 36 0
= r2] 9 v 0
S 2 r3j12 -
— pc nst H & H w A
mem || ¥ =pic MAE j L 0 0
< -’E “I= 9 M U Data
o reldl U / memory
e gy 22 X data
3 dest
0
Bits 0-2
Bits 16-18 37 3 0 0
Bits 22-24
add oo oop
IF/ID ID/EX EX/Mem Mem/WB
hor456 add 123
<42 >
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add
nor

add
SW

(FVI NCT N S

~l U B U0~

20

10

BIEEH REFHE

; reg3=regl+reg2

; regb=regdnorregb
; reg 4= Mem[reg2+20]
; regS>=reg2+regs

; Mem[reg3+10] =reg 7

NELF TR
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add 1 2 3
nor :,I 5 i;;
Time 3 - Fetch: lw 2 4 20 w3 320
sw 3 7 10
M
u
X
3
1 2 B
2 2
rof O
4 r1] 36 0
s e rz] 9 36 0
PC inst H L] o 12 18
» = raf18 45 0
mem N -PE wsl 7 5
S 1| =pls 7 M Data
B0 R6 41 U memory
= grif22 X data
6 dest
9
Bits 0-2
3
Bits 16-18 B 6 3 0
Bits 22-24
nor add 00
IF,’ID IDfEK E}{fMEm MemeB
lw 2420 nor456 add123
<43 >
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add
nor

add
SW

(FVI NCT N S

~l U B U0~

20

10

BIEEH REFHE

; reg3=regl+reg2

; regb=regdnorregb
; reg 4= Mem[reg2+20]
; regS>=reg2+regs

; Mem[reg3+10] =reg 7

-1 PC Inst H
add 255

NELF TR
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add 1 z J
nor :,l 5 5‘;
Time 4 - Fetch:add 255 w3 220
sw 3 7 10
3
) 8
4 3
rof O
2 r1] 36 0
E_ a rz] 9 18 45
: | o 12 9
O | N ey 18 M Data
o Re 41 u memory
e grf22 X data
20 dest
7
Bits 0-2
6 3
Bits 16-18 3 4 B 3
Bits 22-24
I nor add
IFf'ID IDfE}( EXfMEm Mem[WB
lw 2420 nhor456 add 123
<44 >
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nor 4 5§ 6
Time 5 - Fetch:sw3 710 ‘ w3 2020
sw 3 7 10
M
u
X
20
add 1 2 3 ;reg3=regl+reg2 e 2 3 * 23
nor 4 5 ; rego=regdnorreg5 rol O
lw 2 4 20 ; regd= Memreg2+20] 2 r1136 0 By 45
add 2 5 5 ;regS=reg2+regb £ 5 :iﬁ 9 >
w
sw 3 7 10 ; Mem[reg3+10] =reg7 | P "tS] —plE wfas 29 0
meim = E 8
S || =plz “HE 7 M Data
& R6 41 U memory
= grf22 20l x data
5 dest
18
Bits 0-2
4 ] 3
Bits 16-18 Eﬁ 5 4 6
Bits 22-24
add lw nor
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add 255 w2420 nor456 add

BEEH FREHE <45>
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nor 4 5 6
Time 6 — no more instructions w3 2
sw 3 7 10
M
u
X
5
add 1 2 3 ;reg3=regl+reg2 a + A
nor 4 5 ; regb6=regdnorreg5 zol O .
lw 2 4 20 ; regd= Mem[reg2+20] .| =|z8 0 2
add 2 5 5 ;regS5=reg2+reg5 1 LS = cl 2
ra] 45
SW 3 7 10 ; Mem[reg3+10] =reg7 PC Inst -P'"_: N 16 |5 -
mem EI 7
e 22 M Data
@ RSH U memory
= grf22 X data
10 dest
7
Bits 0-2 a 6
Bits 16-18 Eﬁ 7 B2 5 4
Bits 22-24
SW add Iw
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add 255 lw 2420 nor

FEEH FaHE <46 >
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nor 4 5 6
Time 7 — no more instructions w3 220
sw 3 7 10
M
w
X
10
add 1 2 3 ;reg3=regl+reg2 s + 15 [~
nor 4 5 ; regb6=regdnorreg5 ~To
Iw 2 4 20 ; regd= Mem[reg2+20] 36 0
add 2 5 5 ;regS=reg2+reg5 Rzl 9 45 =L
r3] 45
SW 3 7 10 ; Mem[reg3+10] =reg7 - pc Inst - k- 99
mem -P.E M! 55 16 0
=1 5 " M Data
g Re 24 U memory
e grl22 10| x data
dest
22
Bits 0-2 5 a
Bits 16-18 \:-" Z 7 5
Bits 22-24
sw add
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add 255 Ilw

FEEH FaHE <47 >
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add 1 2 3
nor 4 5 6
lw 2 4 20
add 2 5 5
SW 3 7 10
FEEE F5HE

; reg3=regl+reg2

; regb=regdnorregb
; reg 4= Mem[reg2+20]
; regS>=reg2+regs

; Mem[reg3+10] =reg 7
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add 1 L 05
- - - llc!]: 1 5 2’
Time 8 — no more instructions w3 220
sw_ 3 7 10
M
u
X
+
roj O
rR1| 36 16
r2] 9 55
PC Inst P 1 o iy =
mem g il = 55 - 0
_’E F*5- M Data
a0 R6 -24 U memory
e grl22 X data
22 dest
Bits 0-2 }I 5
Bits 16-18 ;J 7
Bits 22-24
sw
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add

<48 >
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- BQETIAMESESFRKE L

add 1 2 3
nor 4 5 6
lw 2 4 20
add 2 5 5
SW 3 7 10
BRREE FE5HE

y reg3=regl+reg? |/+
; regb=regdnorregb
; reg 4= Mem[reg2+20] 1] 36

; reg5=reg2+reg5 i
; Mem[reg3+10] =reg 7 — rc Inst [

Time 9 — no more instructions

®xc =

0

N

rofj O

NELF TR

PEKING UNIVERSITY

raf 45

mem

'y

Register file

rejle M Data

ref-24 U memory
rR7j22 X

Bits 0-2 \"h

data

dest

Bits 16-18 | U

Bits 22-24

IF/ID ID/EX EX/Mem

Mem/WB
sSw

<49 >
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- BIZETLAT

add 1 2 3
nor 4 5 6
lw 2 4 20
add 2 5 5
SW 3 7 10
BRREE FE5HE

; reg3=regl+reg2

; regb=regdnorregb
; reg 4= Mem[reg2+20]
; regS>=reg2+regs

; Mem[reg3+10] =reg 7

RSTESHRIKE L

NELF TS

PEKING UNIVERSITY

Time: 1 2 3 4 5 6 7 8 9
add | fetch | decode |execute |memory |writeback
nor fetch | decode | execute fmemory |writeback
Iw fetch | decode | execute |memory Jwriteback
add fetch | decode | execute [memory |writeback
W fetch decode | execute [memory |writeback

<50 >
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- Data hazards : since register reads occur in stage 2 and register writes occur in stage 5

it is possible to read the wrong value if it is about to be written.

« Control hazards : A branch instruction may change the PC, but not until stage 4. What

do we fetch before that?

- Exceptions: Sometimes we need to pause execution, switch to another task (maybe the

0OS), and then resume execution... how to we make sure we resume at the right spot

i}

FE?F“EEE %gﬁ:@ <52>
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|a)8%1: Data Hazards
- RAW[@fi: Read After WriteZ§ifEhze

< ) »
N e 7 ) ¥

PEKING UNIVERSITY

Recall: registers add 1 2 E
are read fsourced
In the “decode” stage nor g Q
RAW Dependency
time

| | | | | | ’

add fetch decode execute memory writeback
/ Hazard
nor fetch decode execute memory writeback

If not careful, nor will read a stale value of register 3

i}

BEBH &5HE <53 >
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|a)8%1: Data Hazards
- RAW[@fi: Read After WriteZ§ifEhze

NELF TP

598 PEKING UNIVERSITY

add
hor

W =
AN
VW

time

-

add fetch decode execute memory writeback

nor fetch decode* decode* d%e execute

BIERFRRINE: KZEM (Pipeline Stall)

i}

BEBH &5HE <54 >
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|a)8%1: Data Hazards
- RAW[a)gi: Read After Write#{

add123

bt A W N
v >
2 9

0\ o W
N

REG
file

IF/
ID

IS SR R

ID/
EX

& SE

[

n‘\lla
<l Y }7
9 ) t )
5 Xs
89 %

+ target
PC+1 PC+1
rol O
?
- regA Ri ea: ALU
=1 R2 result
5] B
Inst =1 == R3 valA
1°¢ 15 @ A ALU
mem{l & = R4 j L B ~Imdata
s a R5
= b valB M U Data
& R U memory
& gy X
valB
—
dest dest
op op op
IF/ ID/ EX/ Mem/
ID EX Mem WB

HIMN#RRINE: Detect and Forward

PEKING UNIVERSITY

c

data
dest

< 55>



|a)8%1: Data Hazards
- RAWI|a8A: Read After WriteZ{iE hzs

<] ]; .
-ff e 7. .
{598 PEKING UNIVERSITY

Time: 1 2 3 4 H b 7 8 g9 10 1 12 13
add1?2 IF ID EX. ME WB
1. add 123 \
5 nor 3 ?5 nor 3 4 IF ID EX \ME WB
3. add 6
4. 36 10 add6 37 IF 1D EX ME WB
5. SW {2 12
w3610 IF ID EX ME . WB
swb212 F ID* 1D EX ME WB

#A ) / \: :
e HM LT E: Detect and Forward o



|a)8R1: Data Hazards 9”?*3”
« Detect and ForwardZ{jl Cycle 35IER
-
add123 //r3=r1+1r2 2 S — !
Rr1| 14
nand 345 //r5 = r3 NAND r4 g (Sl o5 N
ool mst || & [, =[10 14 A g
add 637 //r7=r3+16 meml e | Pl J1 i
o data_/ 'gn - 7 11\31 U Data
w3610 //r6 = MEM[r3+10] EEE < TR
swb6212 // MEM[r6+12]=r2
add
[t [ [fw]
IF/ ID/ EX/ Mem/
D EX Mem WB

i}

,EL!,H\?F~\§EE| %ﬁ#@ <57 >
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|a)8%1: Data Hazards

ONIELE B

PEKING UNIVERSITY

« Detect and ForwardZ{jl Cycle 3/53E&
-
3 2
add123 //r3=r1+71r2 [ 0
) /—\—“"gA— :: 1-; M
nand 345 //r5 =3 NAND r4 N (e | ST < U
mem || a i &:) R4 11 ) L 21 ] X
add637 //r7=1r3+7r6 = ) ais o oD 11 M[ U Data
—1 % RO U memory
W3610 //r6 = MEM[r3+10] “ ol 8 X
swb212 // MEM[r6+12]=r2
an add
1F/ 1D/ EX/ Mem/
1D EX Mem WB

i}

,EL!,H\?F~\§EE| %ﬁ#@ <58 >
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|a)8%1: Data Hazards

¢ \ »
N A 75 F
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 Detect and ForwardZfl Cycle 4B7#E% (forwarding)
) » J
add123 //r3=r1+12 7] prommp— |>/
nand 345 //r5 =r3 NAND r4 . /_D w 1;1 N
_ mst || & 3 cesp rs[10 u
add 637 // r/7 = I‘3 + r6 1PC mem [l © 'Wé re| 11 - X
Q 2 rs[77
w3610 //r6 = MEM[r3+10] \ dataA%h xo| 1 mg;t:
~ r7| 8 >
swb6212 // MEM[r6+12]=r2
an / add
1FE/ ID/ EX/ Mem/
ID EX Mem WB

i}

,Eé,H\ZngEE %@#@ <590 >
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|a)8%1: Data Hazards

- Detect and ForwardZ#l Cycle 4/53E%

¢ \ »
N A 75 F

PEKING UNIVERSITY

S |
add123 //r3=r1+1r2=21 . — :
r1| 14
nand 345 //r5 = r3 NAND r4 z/——f:\f;— wl7 - 2L
L ] w | _u_j :: A [ | X
add 637 //r7=r3+16=22 = 5 o Jt
w3610 //r6 = MEM[r3+10] & w8 - x >
swb6212 // MEM[r6+12]=r2
add an add
TF/ ID/ EX/ Mem/
D EX Mem WB

i}

,Eé,H\ZngEE %@#@ <60 >
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|a)8%1: Data Hazards

¢ \ »
N A 75 F

PEKING UNIVERSITY

- Detect and ForwardZ{jl Cycle 5EIHER
-
4 3
add123 //r3=r1+12 No Hazard["xo[ 0
- 3 rega] 1.:,‘ 21
nand 345 //r5 =r3 NAND r4 ] BEE 1
1 mem || : i é RrR4| 11 u
add637 //r7=r3+r16 - @im 5 n(77 m e
.(.I:-tﬁ/-g” Re| 1 — memory
w3610 //r6 = MEM[r3+10] Zwl 8
sw6212  // MEM[r6+12]=r2 /
add 7 an add
IF/ ID/ EX/ Mem/
1D EX Mem WB

i}

,Eé,H\ZngEE %@#@ <61>
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|a)8%1: Data Hazards

- Detect and ForwardZ#l Cycle 5/53E&

NPT

PEKING UNIVERSITY

N
\T/
L |

add123 //r3=r1+712 ——
nand 345 //r5=r3 NAND r4 2 T 2 =i o
| - regB an— 21 A U
add 637 /J/r7=1r3+716 mem|] E re[ 11 jL 22 - X
laHa \ %Rs 717 M Y Data
w3610 //r6 = MEM[r3+10] gt me memory
sw6212 // MEM[r6+12]=r2

IF/ ID/ EX/ Mem/
ID EX Mem WB

i}

,EL!,H\?F~\§EE| %Fﬁ‘q#@ <B62>

C



|a)8%1: Data Hazards
- WAWFHIWAR|[a)ZE: Write After Write¥JWrite After Read

S N »
NPT TS

PEKING UNIVERSITY

« False or Name dependencies

— WAW — Write after Write
R1=R2+R3
R1=R4+R5

— WAR - Write after Read
R2=R1+R3
R1=R4+R5

+  EFFRIRFRS K LA LI A
- IESELERITUISHINEEE, TFIARegisterEMBFR (FEELFEMITENRER)

,Eé,H\ZFE\QEE %@#@ <63 >



|a)§5H2: Control Hazards

 Branch3g$

S N »
NPT TS

PEKING UNIVERSITY

Fetch: read instruction from memory
beq 11 10

Decode: read source operands from reg

sub 345
 Execute: calculate target address and
test for equality t, t, b, ottt
. Memory: Send target to PC if test is equal °ed L LD Il E | M LW
sub F D !E_ squash A,J

Writeback: Nothing left to do

i}

,Eé,H\ZngEE %@#@ <64 >
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[A)ER2: Control Hazards B e 7

s PEKING UNIVERSITY

. WfaIfiERControl Hazards

Avoidance (static)
« No branches?
« Convert branches to predication
« Control dependence becomes data dependence
Detect and Stall (dynamic)

« Stop fetch until branch resolves

Speculate and squash (dynamic)

« Keep going past branch, throw away instructions if wrong

i}

,Eé,H\ZFwQEE %@#@ < 65>
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|a]8%2: Control Hazards
- Detection and Stall: 1&M-{=4mE

Detection

« In decode, check if opcode is
branch or jump

Stall
« Hold next instruction in Fetch

« Pass noop to Decode

beq
CPI increases on every branch
Are these stalls necessary? Not always! b
Assume branch is NOT taken sU
Keep fetching, treat branch as

noop

time

G »
NECE R

PEKING UNIVERSITY

A 4

fetch

If wrong, make sure bad Target:

instructions don’ t complete

BIEEH FREHE

decode

fetch

execute

fetch

memory

fetch

writeback

fetch

or

fetch

<66 >



|a)§5H2: Control Hazards

- Speculate and Squash: Z#1-HI1EHH

Speculate “Not-Taken”

« Assume branch is not taken

Squash

« Overwrite opcodes in Fetch,

Decode, Execute with noop

« Pass target to Fetch

i}

BIEEH FREHE

C

S N »
NPT TS

PEKING UNIVERSITY

IF/ 1D/ EX/ Mem/
ID EX Mem WB

<67 >
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|a)gk2: Control Hazards
- Speculate and Squash: &#1-#LEFHIAYRIER

Always assumes branch is not taken

Can we do better? Yes.
« Predict branch direction and target!

« Why possible? Program behavior repeats.

More on branch prediction to come...

i}

,%ZF~\§EE| %Fé‘-#@ <68 >
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* Instruction-level parallelism

Processor Performance = ------emeee---
Program

Instructions I Cycles I Time

~|"Brogram [ | instruction | 1| Cycie

(code size) I (CPI) I(cycle time)
BAiERER | BRGIGEE | RE0E/8IE

Architecture -->|Implementation |-> Realization

Compiler Designer I_Processor Designer Chip Designer

Bl FEAFE

N e 7.5 ¥

s PEKING UNIVERSITY

P KBRE :

1. Upper Bound on Scalar Pipeline

Throughput

2. Performance Lost Due to Rigid In-

order Pipeline

<069 >
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- ERFH{TIRKE
m

More complex hazard detection

 2X pipeline registers to forward from
« 2X more instructions to check
« 2X more destinations (MUXes)

* Need to worry about dependent instructions in the same stage

i}

,%ZF~\§EE| %Fé‘-#@ <70 >
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Superscalar: @EfFr=EAIHS

* Instruction-level parallelism

Instruction parallelism
Number of instructions being worked on

Scalar Pipeline (baseline)
Instruction Parallelism = D
Operation Latency = 1

Peak IPC =1
D
A
r N\
UJ%) 1 I | | | 7 ::|
29 | S ”: DE EX WB
B 2 3
LIJS 4 |
S 51 5
i A
2
w | | | | | | | | |
= [ | [ | | [ | [ |

0 1 2 3 4 5 6 7 8 9
TIME IN CYCLES (OF BASELINE MACHINE)

i}

BIEEH FREHE

C

¢ \ »
N A 75 F

PEKING UNIVERSITY

Peak IPC
The maximum sustainable number of instructions that can
be executed per clock.

Superscalar (Pipelined) Execution

IP = DxN
OL = 1 baseline cycles
Peak IPC = N per baseline cycle

- N

[N I 8

© oo~

wB

<71>
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PEKING UNIVERSITY

« Missed Speedup in In-Order Pipelines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
addf £0,fl,£f2 F D E+ E+ E+ W
mulf £2,£3,£2 F D d° d° E* E* E* E* E* W
subf £0,fl,f4 F p* p* D E+ E+ E+ W

What' s happening in cycle 4?
« mulf stalls due to RAW hazard
« OK, this is a fundamental problem
« subf stalls due to pipeline hazard

« Why? subf can’ t proceed into D because mulf is there
« That is the only reason, and it isn’ t a fundamental one

Why can’ t subf go into D in cycle 4 and E+ in cycle 57

i}

,%T‘\EEE %@#@ <72>
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* Instruction-level parallelism

S N »
NPT TS

PEKING UNIVERSITY

« CPI of in-order pipelines degrades
sharply if the machine parallelism is
increased beyond a certain point.

W N =
——
Z

« when NxM approaches average
distance between dependent
instructions

oo

© oo~

WB

« Forwarding is no longer effective

« Pipeline may never be full due to
frequent dependency stalls!

i}

,EL!,H\?F~\§EE| %Fﬁ‘q#@ <73>
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« The Problem With In-Order Pipelines

CLiT> »
NECE R

PEKING UNIVERSITY

J

» 1S > ¥
B regfile
Lp
IF/ d ID/ EX/ Mem/
ID EX Mem WB

* In-order pipeline
« Structural hazard: 1 insn register (latch) per stage
« 1 instruction per stage per cycle (unless pipeline is replicated)
« Younger instr. can’ t “pass” older instr. without “clobbering” it
« Out-of-order pipeline

« Implement “passing” functionality by removing structural hazard
BIEEH F#FEHE <74 >

i}
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Out-Of-Order: ELEHMITAIELS
. AR =L TEE T

Dynamic scheduling
« Totally in the hardware
« Also called “out-of-order execution” (0Oo00O)

Fetch many instructions into instruction window
« Use branch prediction to speculate past (multiple) branches
 Flush pipeline on branch misprediction

Rename to avoid false dependencies (WAW and WAR)

Execute instructions as soon as possible
« Register dependencies are known

« Handling memory dependencies more tricky (much more
later)

Commit instructions in order
« Any strange happens before commit, just flush the pipeline

Current machines: 100+ instruction scheduling window

FIEBH FEAE

) ¥

SITY

Out-of-order execution

Execute instructions in non-sequential order...

+Reduce RAW stalls
+Increase pipeline and functional unit (FU)
utilization

Original motivation was to increase FP unit
utilization

+Expose more opportunities for parallel issue (ILP)
Not in-order — can be in parallel

..but make it appear like sequential execution

Important
—But difficult
Next few lectures

<75>
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Out-Of-Order: ELRFHITAIEEE
—_ add p2,p3,p4
. ELEEATADH? cub pz/;?f ;

mul p2 ,P6 <

regfile

div p4,4,p7

A 4
n

insn buffer

\ 4

A A

Ready Table

P2 |P3 |P4 (P5 |P6 |P7
Yes|Yes add p2,p3,p4

t | |Yes|Yes|Yes sub p2,p4,p5 and div p4,4,p7
Yes|Yes|Yes|Yes Yes| mul p2,p5,pb6
Yes|Yes|Yes|Yes|Yes|Yes

 |nstructions fetch/decoded/renamed into /nstruction Buffer
« Also called “instruction window” or “instruction scheduler”

« Instructions (conceptually) check ready bits every cycle

« Execute when ready
BIBEH REHE <76>
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&

R S EURSE
- HREIEET RIESZIE, SEHREEMAEITERX

A dependency exists independent of the hardware.
« So if Inst #1" s result is needed for Inst #1000 there is a
dependency

* Itis only a hazard if the hardware has to deal with it.

« So in our pipelined machine we only worried if there wasn’ t a

"buffer” of two instructions between the dependent instructions.

i}

,%T‘\EEE %@#@ <77 >
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- True/False Data Dependencies

S N »
NPT TS

PEKING UNIVERSITY

» True data dependency « False or Name dependencies
« RAW — Read after Write « WAW — Write after Write
R1=R2+R3
R1=R2+R3 |
R1=R4+R5
R4=R1+R5 « WAR - Write after Read
R2=R1+R3
. i
 True dependencies R1=R4+R5

revent reorderin : :
P J - False dependencies prevent reordering

* (Mostly) unavoidable « Can they be eliminated? (Yes, with renaming!)

i}

,EL!,H\?F~\§EE| %Fﬁ‘q#@ <78 >
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- True/False Data Dependencies

R1=MEMI[R2+0] //A /A\
R2=R2+4 // B @

R3=R1+R4 /] C
MEM[R2+0]=R3 // D /

o9

HRrRAW  EBEwAw  BEWAR
,%ZF~\§EE| %Fé‘-#@ <79>
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- True/False Data Dependencies

R1=MEM[R3+4]
R2=MEM [R3+8]
R1=R1*R2
MEM[R3+4]=R1
MEM[R3+8]=R1
R1=MEM[R3+12]
R2=MEM[R3+16]
R1=R1*R2
MEM[R3+12]=R1
MEM[R3+16]=R1

i}

BIEEH FREHE

C

//
//
//
//
//
//
//
//
//
//

g H - Q" H O Q W P

ANE

A4

D) /E@
F/
JLIN
DIVEE)

HBRrAW  EwAwW  WAR

_v“'ulr »
NEF T

PEKING UNIVERSITY

Well, logically there is
no reason for F-J to be
dependent on A-E.
So.....

- ABFG

« CH

- DEIJ

— Should be possible.

But that would cause
either C or H to have
the wrong reg inputs

How do we fix this?

— Remember, the dependency
is really on the name of the
register

— So... change the register
names!

< 80 >



filREsEan® G50 5
- filsZzESRegisterEip RS

PEKING UNIVERSITY

 The register names are arbitrary

« The register name only needs to be consistent
between writes.

The value in R1 is “alive” from when the value is
written until the last read of that value.

Bl FEAFE

<81>
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- &z ESRegisterEip BRI E

A B P1=MEM[R3+4] //A

R1=MEM[R3+4] // A \\ < A B
R2=MEM[R3+8] // B @ P2=MEM[R3+8] //B N
R1=R1*R2 // C N P3=P1*P2 //C @
MEM[R3+4]=R1 // D @ E @ MEM[R3+4]=P3 //D @‘/ \E
MEM[R3+8]=R1 // E / MEM[R3+8]=P3 //E

R1=MEM[R3+12] // F ? P4=MEM[R3+12] //F F @
R2=MEM[R3+16] // G \ P5=MEM[R3+16] //G \ v
R1=R1*R2 // H }D P6=P4*P5 //H )]:D
MEM[R3+12]=Rl // I Y\ MEM[R3+12]=P6 //I N\
MEM[R3+16]=R1 // J D éj MEM[R3+16]=P6 //J D QD

HrAw B waw BH WAR

i}

,EL!,H\ZF~\§EE| %@#@ < 82>
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. A ERegister B EHE)

« Every time an architecture register is written we assign it to a
physical register

« Until the architected register is written again, we continue to

translate it to the physical register number

« Leaves RAW dependencies intact
« Itis really simple, let" s look at an example:

« Names: r1,r2,r3

« Locations: p1,p2,p3,p4,p5,p6,p7

 Original mapping: r1—pl, r2—p2, r3—>p3, p4d—p7 are “free’

MapTable

rl

r2

r3

FreelList

]

Orig. insns

pl

p4,p5,p6,p7

pS,p6,p7

p6,p7

BIEEH FREHE

37

add r2,r3,rl
sub r2,rl1/xr3
mul r2 3ﬁ;31
div rl,4,rl

ONIELE B

PEKING UNIVERSITY

Architecture register

FEPAROZRIR A =5

Physical register

SCRRAYEE ISR A 25

Renamed insns

add p2,p3,p4
sub p2,p 5
mul p2 5ﬁ§6
div p4,4,p7

< 83>
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