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A Lab 1. 1D Winograd

A Winograd \ | T Y1321 oM V@ QV |1 OTpgy e O®oM™ 4 dA

e CNN A X rZ1 E NO|KQ Yp V1=, Tndl oM/
A h A&ANDN A9~ 051D Winograd 1 X &1 Ly 4 W p

A h " msA ¥

A 4T 631D Winograd h X € 60 Points

A Lyt 4 ©B#1D Winograd h X € 30 Points {

A 9:2 Ly 4 GBi1D Winograd £ Wpe 10 Points
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A Lab 1. 1D Winograd

HEE SLI0 PR RIMMREN X 4
1. YRS ATRBEA Clab for EDATRE, B5% Lab0 MITHBER.

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,

NIp
LD
S A
~ e

< -

o <)

598

ezt ¥

PEKING UNIVERSITY

<5>



A Lab 1. 1D Winograd

Testbench iB17H %

£ 1: BEFHAEBEHEM 10 Winograd EFITEEIT

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

- TRTER

BA run BE, IE1T make rerun BIRE{TH#EN, ERNAEERER, BFZRER
IREFGUI, RIBATEVS CodeEIE{EMA. MTFiEtestbenchig®T s$monitor @<,
LFGHTE SEPARNZIMTHEER, JURFRIISEREEIEH.

1. winograd_comb XHEREBE TIESTENY, SEEWNT:

— run (HTHENER)

| | Makefile

| L— winograd.f

F— dc (#TREMER)

| }— Makefile

— rpts (HRELRBE)

I_ TEa

src (Verilog JELHBER)

— input_transform.v (LtAMREEIEEZ)
F— output_transform.v (HAFEHET)
— weight_transform.v (HAFEEHET
b— winograd_1d_tb.v

L winograd_1d.v (UtibEEiEE

pected
pected r

|
|
L

Expected ri
Expected
Expected ri1_p

t 1e5eee:
115608:

match
match
tch
match

< match

2]
1250€0:

2147483648,
simulation time
Simul

BRER: ({ERverdi)

fgBVerdi, AIMEREBBIETIEPINER, EFi#iTdebug. N run B, i51T

make all BNEJ#{THEHHERER. ATFEHGU, Z—SBREERRRERE.
TOP module i F winograd_1d.v A,

WMIETTRET, S aEEEVerdiE O, EVerdiEOHP, EHETH Signal - Get All

2. HEE Signals BIR]ERABERH.

v PN, SeMAEE;

<Verdi:nTraceMain:1> testbench testbench (testbench/testbench_cb.v) - /home/.../testbench.fsdb 25 R
Fle View Source Onelrace Simulation Tols Window Help

7]

B MDD &

Instance

& insert_data

& moveTail

{7 remove data

&9 reset an

& show_10_content
{0 show entry_content

Instance| Declaration

»enWa > [homefalmalinux/workplace/alarch_lab24_goldtestbench. fsdb
DL [ .t rmen .ty

£

; Get S\:m-ls

Select

ezt ¥

PEKING UNIVERSITY

<z BReE*»0I00%L5% @ M (S B
& -0 +sras: _cb.v)| Line |8 024 -0
Module:t 8| nod = FRIE: {'ﬂ
3 "
<o 1
12
13 integer count,linbo,idxs //TEST VRS
Y reg  clk, resst, wove_tail, dinl_en, din2en, doutl_req, dout2 req: //input
15| reg ['CB_IDX-1:0] tail_new: //input
18] reg ['CB_VIDTH-1:0] dinl, din2; /7input
17) wire  full, full_almosts //out
18| wire [ 'CB_WIDTH-1:0] doutdl, 3 /loutput
19) wire  ['CE_IDX-1:0] head, tail; //output
20)
21 cb #(,CE_IDX( 'CB_IIX), ,CBUIDTH( "CB_VIDTH), ,CB_LENGTH( 'CB_LENGTH)) cbo (clk,

dout2, full, full_alnost, head, tail):
2
< el |
Q450 x
0 x100ps Q| @ By: |4 | » o Goto »|
a PR TP~ TP T - TSP .1 T T

Ctri+Ait+A

resst, move_tail, tail_new, dinl_en, din2_en.doutl_req, dout2 req.dini, din2, doutl,

4. BB AR IR X 4

O&EE=i=

malra AT Amn

> Oy i 3

BNRTIENLRRZ 1745 2 A dhilks ot erid-

<6>



2 e FETHE, MALE rpts BRTFEESSRS. RAJBE winograd 1d.area.rpt X } g
i O HREEERIER, WHHNERXE winograd_1d. timing.max.rpt X, ZIHFHE at X, Jl‘ .6'
STHFOROARER, MERN, HABHOFTERR dns 0IFLOR, HXHY PEKING UNIVERSITY
—— REFHERE:
A ? | N ~ Startpoint: r3_w([10] (input port clocked by clk)
VI Endpoint: rl _res[31] (output port clocked by clk)

Path Group: clk
Path Type: max EES2Ah, MELHINTI T — T EFRKEHN 1D Winograd 8RB 87, HARE THEFLY
Ho ETE, MuISERITE TR, M — SR TmE,

=

5]

SLEHA TR

X
el

A Lab 1. 1D Winograd

Fanout Trans r 1. B FRE TEAES: BEEE
winograd_pipeline/dc/rpts/winograd_1d.timing.max.rpt 32{F, FTLAZER/slackm/]y
HEE (ZHEREslackt FHFIMN) , MALLBTEEXLERE, THIITRREMAT
£, Wok, RMEbECE N E AR — 4 (fli2ns), BEf#ATES, SEHNESAE
ETHFEES.

£55 2: EFRKEE 1D Winograd EFRiTE#ET

SRMES1PEAHAAME, 10 winogradFJ AT BIEHSZHETHITE, BEXSSHEAN

MR, PHESIMERFEMLRRETT, BLEES2F, HNKEIINRKLERERZ—H., R A S TR

data required time
SLIEEE data arrival time 2. iRt ARSI ER kR TES, BARENRERE RN T IRA R WIRkE
FiEeE, BEAUROSE T TERNER, MiRABKITHRE,

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

523}
N mpma L. o . - v . 4. EERMR RIS ROMEE: £/ 2ns BEE SNSRI, EFTERS, HEERtAENNE
1. BIGSHASBEMIRIT: # winograd_comb/dec B%, BT make dc HITHE. X e . A . - - b een o
BEEEAREAES, BAERES. :ﬁzﬁiﬁslackﬂ‘\]zﬂ:, THAATFEMER ., Fi, RE]LEBRERAmENTEL, TH
- BREE HiEES, (FABIAI 20ns AR, BIURTF dc BRTH rpts B
®, MEEENLL.
- BIREE: B MARRR 4ns, FFNEIT make dc HITHRE. BEMRIER:
) . B slack ENAREHE, AERFTEERFLOR. ZESHE, r3_wliel — pes
_ gagjl]no:erjdc_f:m:;;;o/nsy:_ﬁtc_l/syn.tcl X, 3§ set CLK_PERIOD 20.0 r1_res(31] TENKBERBEET ns WEELE, FoA% 4ns SRS, SCIG RS
i - 2. BIN@KE: #A winograd_pipeline B, RERTHXMHEMS winograd comb B v ooz mpm mongspe  pzms:
- REXHE, BINST make dc HITHEA. FEM, RFETF src BFTH winograd_1d.v SFFRRBENTERALNADARE, ] .
_ N XERBEIFTES1PTRM input_transform.v . weight_transform.v . 1. ES RN RN SR E;
- EEFRWRE rpts BR, DUMEMLL, output_transform.v SHIE winograd_pipeline/src/ Eﬁ-F, FHE 2. SHES 2B S IR NS B RO (BN ERERESH)
BASHBHET: winograd 1d.v FREFMEXERIR, BEMEATRANUSE winograd 1d.v IHHETRE

= 3. {E552rhifk ettt 89S I RER S5 R ANE

check_error -verbose

4. ¥WEES HrES 2R SB IR (20ns) MR KEE IR (4ns) RRSER (BENFE. @R,

3. BAEIhEE: ¥ winograd_pipeline/run B, i&{T make rerun Z{ make all I S HERHLE) ;

EThEE, WRIRATIRITSES1PRYIRTTHREE—H.
5. (FIif) ES3MMAEBREREE, URNAREHNSED .
emory usage for this session 1107 Mbytes. 4, REHITTFE: #N winograd_pipeline/dc BR, BT make dc BTHRS, BEF
emory usage for this session including child processes 1407 Mbytes. s = O 40 s 3 ; [P r— .
CPU usage for this session 208 seconds ( ©0.06 hours ). AUJE, fRFEIME rpts BRTEEGSRS, BRXE winograd_ld. timing.max.rpt X

Elapsed time for this session 185 seconds ( @.03 hours ). #, WRMFLAREHAR. WNREZSER slack HIEE, RRRFOREEE.

4k, YREIBAZE winograd_1d.area.rpt X{EPEEBMIRRE,
winograd_1d.power. rpt 3{EREEINFERS, TRARSITHERAMINESR.
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ud =[d0,d1,d2,d3i oM/ g=]g0, g1, g2]
IN o M| A4

Winograd
,Q-[ ’Q ’Q -!‘Q[- . ,Q_[ ’Q p ’Q -“Q[- d p d c d
n e p ©w l .’-[ ™ [ [ “Q
qch)-) 1@ ’Q C ’Q !‘gE ‘l 1) - qc Im) ,gb ,Q C ’Q “QE’ [d C d O- d T

[r—

"On "0p "0

Y ap (Qm QQAQm a¢ 0Qp Q¢ Cp N
- O "Qp Q
ep ¢ & at (Qp QOQ¢ do Q¢ Qp Cp °

Nb s grl T eH {1y > 0y
0ys * NkXy <10



J‘\”"v;,, »
NELF TP

598 PEKING UNIVERSITY

o I +(
Ao’ EAl YA~ ww v Nd elementwise multiplicatiom Hadamard produd

.

Y=A"[(Gg)® (B"d)]

ud =[d0,d1,d2,d3i oM/ g=]g0, g1, g2]

[in] -1 0]
IN oM %
0 1 0
o B figs g 0
o~ Qt Qp Q 0 ap d¢ a 3 2 —1
aclo) | P odled [ff v g _
P Q¢ Q "Oc a¢ a0 AT 1 0 0
>y I a1
R [
om Qp Q¢
ap (@Qm QQQAQm d¢ 0Qp Q¢ Cp s .0 0 1]
: - "QmT "Qp "Q AT:F 11 0] Gp ag o
at (Qp Qo0Qc aoc Q¢ Qp Cp 5 i T [ac o art

9=1[90 o1 @]
1D Winograd Q QmQpPQcQo
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Al YA™ we v Nd

B—HERIEEEN IF(m,r), mAOutput Size, rAFilter Size, MAANESENKEAIM +r— 1, HRIzHE
%iﬂ“ﬁiﬁ%*ﬁﬁﬁﬁ%ﬁ*ﬂ;l ﬁ)\fﬁ%ﬁ"l“fﬁﬁgﬁgﬁ'—iﬂﬂﬁﬁlr FrLsRZSERLSHBNGEEKERR, iI8h

p(F(m,r))=m+r—1

E175 Lo BT —4E5RsE, afBEZHER, iIBAF(m x n,r X s), @AM x n, HERZAr x s, N
ANsEA(Mm+r—1)(n+s—1), FTEHEZLH

p(E(m x n,r x s)) = p(F(m,r))u(F(n, s))
=(m+r—1)(n+s—1)

EEEERENFOSNITESR, | EHEEm x rifkE, “HREEm x n x r x kI, BAFE@ET
SRRV EERE.

fEFAWinograd Bl It BERRERE? —SURS : | RERL TRENSE] EREZLERVEN +r — 1K
(m+r—1)(n+s—1),

1 j‘JkXY <12 >
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Ao’ Al NAT Wy v N d
g: =i

d: EREIEE
G: BagEmEEr, RIA(m+r—1) xr

Y = AT [(Gg) ® (B"d)]

T 1
, @ © o =
I
[t
o

O b3 b
- O

0

AT_[111 0]
B E S S

9=1[g0 a1 g
Q QmQpPQcQo

Qys " JJKAY

b | -

T = [ I i -]
L |

BY: g EmErs, RI(m+r— 1) x (m+r—1)

AT gamameE, R<dm x (m+r — 1)

N

H

%49 0]

e 1 JVwQ
€20 oM/ vQ

e 3( Y M
e 4(

w Q

1D Winograd

e s Y

PEKING UNIVERSITY
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o | 4 d QEEJ¥
2D Winograd

A minimal 1D algorithm F(m, r)nssted with
itself to obtain a minimal 2D algorithnmOm, rOr).

Ao’ EAl YA~ wyv v Nd

Y =A"[(Gg)® (B"d)]

R o Y = A" [[GgG"] ® [B"dB]] A
BT — 0 1 1 0
B =1 X @ ghAr x r Filter, dA(m+r—1) x (m+r —1)
1 0 -1
10 0 »
G-=1% % £ - . ] ki | ks | ke | ks
1 1 1 ki k| ks K ke ko Kk W
5 —3 3 ko ki k| ki ks Kks| ks ko Ky w:) o ke | ko | koo | Koo
L0 0 1 Ki ke ka| ks ks k| kg kyg kﬂ_ Wy fo Kiz | Kia | Kia | Kis
AT = 111 0 Ke ks ks| ks Ko Kig| kiz Ky kyg xs — l"
ClEE = S 4 2 Input image
\_ Ks ks kr| Ko kio Kii]| kiz Kkig k15/ Ws r
e [ ]T < v v " _.WB ;i; Wp | Wy | Ws
g9=19 9 92 i 4x9 W, 4Ax1 Wy | Wy | wg
Q Q Q pQ cQo Vs Wg | W7 | Wg

Oys K Ay Ox1 Filter
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Ao” EAl NAT Wy v Nd  4Do= [k, ki, ko, ks)7, BEOHEE0TTE, Dy Dy DsEmE1. 2. 313; Wo = [wo, w1, ws)7,

To
Fox2. 353 el ri| {Rol _ [K0W0+K1W1+K2W2
o (ka, )k(s)k k kTWO/ ke k; k: kj T9 N Ry KWy + KoWi + KsWs
al 2 4 5 8 9 10 w ke k9 k|o kﬂ
ki ko ky| ks kg ki| kg Ky ki L;. o Kiz | Kia | Kia | Kis -‘r3-
« . l . l J =l“ AT [(GWy) © (BTDy)| + AT [(GW1) © (BTDy)| + AT [(GW,) © (BT D,)]
4 2 Input image —
M b L R o w [ v T [(GWo) ® (BTD1)] + AT [(GWh) © (BTD,)] + AT [(GW>) ® (BT Ds)]
X w, 4x1 W3 | Wy | W5
. T [[G[Wo W1 W»|GT]| ® [BT[do di d» d3]B]] A
= A" [[GgG"| ® [B"dB|| A
F(2x2,3x3) o
EIEEES R | I
K ¢ K K, K Wi| = | R,
1 . . W oo “wz‘ AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
O ' Matrix multiply F(2,3)! 4 mu|t|pllcat|ons

e Wo+W,+W,

M, = (K,—- K, W, M,= (K, +K): 2

. M3=(K1_K3)'W2 M2=(K2_K1)' 2
0ys ' JJk XY <15>
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1
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!
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A CORDICH h¥ 'YH » v’

X2

YoT—

Y1t

2 - CORDIC* (

X4€0860 —y,sin®

= X4Sin6+ y,cos0O

NELF TP

598 PEKING UNIVERSITY

Xa| _ |cosO —sind| | X1
Yo sin® cos0 ||y,
X, = X4€080—y,s8in0 = cosO(x, -y tanod)

Y, = X48Iin0 +y,cosO = cosO(y, +x,tan0)

X, = oo80(x, —y,tand) = x, - y,tano
y, = cpsO(y, + x,tan0) = y, + x,tan®

(o)
[a)

> OHI X0 Xcos— @ hscalet [ C
‘H o pseudo rotations 3



T 2- CORDIC* @y 2e 7

s PEKING UNIVERSITY

ACORDICH my¥ 'YH» Vv 0 M = A

| ° € pseudo rotations(

Xy = X1C080—yqsIn0 X, = ¢ogB(x, -y tand) = x, —y,tand
Y2 = X48In0 +y,cos6 y, = ¢psB(y, + x,tan®) = y, + x,tan®
A 4 Pseudo-Rotation
(X2, ¥2)
Yo7~ |
: L p gLy
| AN
| *
y1 S // \
0) | : ;&? = _R — X12_+ y12 Rotation 2} (x4, y4)
' ' - cos 0 cos6 ") "R

0ys ' Nk Xy



{04 (- 2 - CORDIC* (

ACORDICH myv 'YH» v 1 O W

| ° € pseudo rotations(

X2=

A Pseudo-Rotation
(X2, ¥2)
L ey
/ \\
f‘, — R _ n.,"x12 + y12 Rotation T (X1, Y1)
cosf cos6 ) —R

cos0(x4 -y tan®) = x, —y,tano
y, = cosl(y, + x4tan@) = y, + x,tan®

Vys © UK AY

< ) »
EN e 7 ) ¥

PEKING UNIVERSITY

O y tano =2
» ~I
Xy = X1—Yyqtan0 = x; —y,2
~ =l
Yo = ¥4+t x4tanb = y, +x,2
i Uf (Degrees) tan[]j = 2_";
0 45.0 1
1 26.555051177... 0.5
2 14.036243467.... 0.25
3 7.125016348... 0.125
4 3.576334374... 0.0625




Ei)4q'5

2 - CORDIC* (

ACORDICH my¥ 'YH» v O

1st iteration: rotate by 45°;

v

~

A

2nd iteration: rotate by 26.6%:

i tand Angle, 8 cosf
1 1 45.0000000000 0.707106781
2 0.5 26.5650511771 0.894427191
3 0.25 14.0362434679 0.9701425
4 0.125 7.1250163489 0.992277877
5 0.0625 3.5763343750 0.998052578
6 0.03125 1.7899106082 0.999512076
7 0.015625 0.8951737102 0.999877952
8 0.0078125 0.4476141709 0.999969484
9 0.00390625 0.2238105004 0.999992371
10 0.001953125 0.1119056771 0.999998093
11 0.000976563 0.0559528919 0.999999523
12 0.000488281 0.0279764526 0.9999959881
13 0.000244141 0.0139882271 0.99999997

cos 45 x cos 26.5 xcos 1403 x cos 7.125 ... x cos 0.0139 =

0ys ' Nk Xy

3rd iteration: rotate by 14°

13K~ o
1/0.607252941 =
1.6467602

0.607252941

CUNT »
~ O\ D
Gy e 7K ¥

PEKING UNIVERSITY
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y L _ x“)—d.(z JYON

X, = X1—Yytano = x, —y,2
, i ‘ (i+1) _ i (i)
Yo = Yq+X,tan® = y, +x,2" y = +d(2 X

i+

~d.6"  (Angle Accumulator)
where df- = +/- 1

The symbol Q Is a
decision operator and Is

. . 2 shifts
used to decide which |
direction to rotate. 1 table lookup (9“} values)
3 additions

0ys * JJk Xy
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x5 = XD g 27y
(i+1)

Scaling Factor

(1 —i (i)
=y +d(2 x) | |
| K, = TT1/(cos6®) = T](/1+20))
n n

Z(j-l_ D — Z(” — d;e{j}

where d;‘ = +/- 1 ’ K = HV{CDSBU}) . H(J1 +tan243.{f}j = n(«/1 +2{—2;’}j
n

n n
2 shifts K, — 16476 as n - =

1 table lookup (Elm values) 1/K,— 06073 as n > =«

» n = number of iterations
3 additions

0ys ' JJk Xy
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X”+ 1) _ X“) B d,-(2_fy“)) x Register

Initial x

(1+1) _ y“)+d,-(2_"xm) lteration Counter |
_ _ Initial'y y Register
2" = 29 g0
where d; = +/- 1 »
! z Register

Initial z

ok

2 shifts

Mux bﬂntral

1 table lookup (9“) values)

d; Control

N Scaling Factor o -
3 additions

K, = H1/(cose(”) = [T/ + 20720y

0ys ' Nk Xy
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I v U ISA (instruction set architecture)
V| ! A well -defined hardware/software interface
T 4 - Z AR OHp® | Ti &
"HAM 1 [V T/ Te ®ps b
AN TTHYRA wAS @Gy aw
"
AMbM v n T O o
ST | T ¥We € ANDM ( , )
- Qi k| ISAh ©
> & QE MO 5
AtvybMb X HA
i DDH T w . - . 5 o e
Y _ B TSI Apjaf 71 ja"HA vy @od§
aT*

Aj a HAGH §

0ys * NkXy <257
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ek W 1 h W
ATl T "3 0 Tu > Tv ke

AAY ol Dy

AAY Qr1 17 MQuiéeqw i | e
AAdYa! @ me'd O

A YKyt KyHoY

9EI YLX S transB-A S @868 |ifimem[ pc] ==d asdrd 1 d,
description of an instruction then
pc U pc+l
AA binary encoding gprird}= gprirs]+ grpirt]
LVDv odvw 58. | hduv +ehfdxvh ri Vz

>eh fduhixo zkdw jJrhv |qg

0ys * NkXy <26~
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irbl_lv\,i

ARSICy CISCb 1 b

ApLurgb odz=
A (instructions/program ) * (cycles/instruction ) * (seconds/cycle )
A CISC (Complex Instruction Set Computing) AB X86 wv i I
AT ¢  OBIYrhwp~ bl gvwuxfwlrg2surjudpb
AM T AYaeBi ™ n
A RISC (Reduced Instruction Set Computing) AB MIPS/ARM/RISC -V
A ADv QY @Wpof|fohv2l gvwuxf wlrqgb
AWt ™ plgvwuxf wlrq2gdhYjjudpb
AAd H M%BW' Ez
AOHhopH v Q vy
AdNYmBl © 7 o WM mw ThN

Oys " JJKAY

S N »
NPT TS

PEKING UNIVERSITY
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| ™ NPT
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Ae THJ STHH)» uegkK

A Programmability

Al @ whk ™ o8 Y Z
A Implementability
Atz  of@ ThN
AHI &
A v o6&
A HA

A Compatibility
Ap A mY 2" A ThH 11T 23Y AY&m T1T' hROG
A x86 (I1A32) generations: 8086, 286, 386, 486, Pentium, Pentium  -Il, Pentum-LLL/ Shqwl xp 7
AMIPS RISGV DUPa&

0ys * NkXy <28



0ys ' Nk Xy

M guiMevd &> THAD

* Demo of assembler
—$ g++-0g -c -S filel.cpp
* Demo of hexdump
— S g++-0Og -c filel.cpp
— S hexdump -C filel.o | more
* Demo of
objdump/disassembler
— S g++-0g -c filel.cpp
— S objdump -d filel.o

Duv GV

{

else

}

void abs(int x, int* res)

if(x < @)
*res = -x;

*res = X;

Original Code

a: 85 ff
79 @5
7 df
89 3e
c3

89 3e
c3

L= gT=T+ - T T - ]

test
jns
neg
mov
retq
mov
retq

Disassembly of section .text:

000002000B000000 <_Z3absiPix:

%edi,%edi

9 <_Z3absiPi+@x9>
*edi

%edi, (%rsi)

%edi, (%rsi)

Compiler Output
(Machine code & Assembly)
Notice how each instruction is
turned into binary (shown in hex)

NI )
LD
S, 9
N, o

8 -
o I
7502

ezt ¥

PEKING UNIVERSITY

<29 >



Al + "E @i a2 sN130EYmn
A Fetchx x e Uv A nm. “Ymp
A Decode ¥ A “Yrh

A %"YmnT ADDI SUBAT TH6
A Executex "E  "Ym

AVeA YT 053

0ys ' Nk Xy

MR 'Yphe Q

NELF TS

PEKING UNIVERSITY

Add the
specified values

9 It’s an ADD

Processor
Arithmetic
Circuitry
Decode
Circuitry
F
Fetch
Instruction <

(T~ System Bus

ADD

SUB

CMP

Memory

<30 >
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A 3MTi o A tHu N

Al me A 313 84 &
A ALUe \ DF
Al éw
Ai >
A " O4 € bus? e Yn s /O |

Control I
-’
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AALUGT M "~ v —-i Te goeUT H v Nn4

AE 17 \ M (AND,OR,etc.)\  "HA @IQE >

Addr

Data
0x05

Control

0ys * kXY soee



€41 E\N .

A Register

A

& Un BiiH
Al énpglnvyg wWe” 06

AN 1 'i’ I_b v (I) .

mALU N1 'Qn En

W%l n# ¢

Processor
LU o
out ADD, in1
<« SUB,
AND, |le—
OR in2

T 1o Regqister

ALUY 1 "H

Gip He Uy

Memor

pcre[ ] : y
Addr 0
1
0x0123 < 2
0x0456 Data 3
4
RO-Rn-1 “ 3
Control 6

0ys ' Nk Xy

N) It 7

PEKING UNIVERSITY

A 1Y, @ 1] e+ 7572
AY JbA

AAYIA AEr P| é+ Aw
VEOH (= € %o

H 4 (
<33>
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€41EN. vl " ®i-i T1lo Register

ARegister " Enz w” n# AQu Memory
ANl ér 'H \ F=(X+Y)-(X*Y):
A ADD! MULI SUB P "Ym
Anl éw
A ADDxxeéeUdrt XYyt éy vJd* &g
AMULYWKkéeQr T Xyt éd yvJd' eqgw
A SUBT ADD= MUL@E V J' (&4 VvJ' &Qn

A nnoe E
Processor Memor
pcnp| | R y
Addr 0 X
op.
P ‘ 1 Y
ALU — ,
out| ADD, in1 < >
<+« SUB, Data 3 F
AND, |e=— 4
OR in2
% > 5
Control 6

6ys ' kXY Case
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ARegister * Enz W n# A'Qv Memory

AY

AEr | érn H \ F=(X+Y)-(X*Y):
Axédrr XsY | &% RO R1
A ADDY \ RO+R1Xé 4" R2
A MULY YV RO*R1Xé Y  R3
A SUBx 1V R2-R3Xé 4" R4
A &YR4 & gw

A3k &

0ys * kXY R



{9-4 EE\1V A ] T rt) € Gb T __i

A Register 9 "Hv "~ -

T 1o Register ééat%*g]

E 2. jimMy vPCIP
AA T RT63U
AbY 2z Qv /Y'Y e PC/IPC| &+
Aia ~ 1 n- 0 BE "Yihe &

APCIPl &+ 39

n Y
A

n "Yrmposig X

Addr

Data

Control

0ys * kXY

<36 >
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AT ThKMemory A°- A g ALU 5 NaH 31 7 oy t 0 Ncb B
A5 0x02017T R2=R0+R1 A ADD"Yry©&i *
Al Nhi
A nol énwegRO> RIC
Ao ALUY T |

A n’~ %l é+r e R2)

Addr

0201

Data

Control

0ys * kXY =ere



'?A "Ol_l U /]

AA"OH i,E V n register WE memory &1 ]

0ys

A0 "HA' Qe Up @i s Ay J 7
Al é+ 6 (eg. %rax)

A3éa®be eg. 0x0200e8)

A~ %'HA Qe Up

Al éw
AélQn e+ Tgx“Yh

kXY

400
401

Mem.

Inst.

Inst.

DERE
Data

éx“”"e» »
NELFE®]

PEKING UNIVERSITY
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w1 M 11 by

AX86 MIPS ARM RISC-V
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_-__

MIPS

ARM

RISGV

CUDA

0ys ' Nk Xy

CISC

RISC

RISC

RISC

RISC

Intel AMD

MIPS

ARM

RISGV9 h

Nvidia

| T Az T 6
Nké ht 6 Intel AMD
_|_ W D £ Intel IBM
N 2 Oracle
| eH A :
Toshiba
Hi & Ha ‘O @em
722N 0 C
HVAO , =}J Q" Kze Y
D \Ia_ (0} A DAXV
O TU = y
a XAl n "
g il n Nvidia
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¢ \ »
N A 75 F

a ¢ b Thy
i™M NIiMO T ™AN4AT

AQQe & mov'Yml

Apl nv=é64rne e "QQect1 load/ 3 é savew

ATa AHAQo TInngi érnejipbAélUrnpygle e QQ

A “Yrh9 AT “Yh vy 2z ne movbi movwi movlt movgZ
AN D f ALU'HA

ATa AHAQo T nwu i é-w

A Yo “Yh 2 n = "HA € addlt orqt andbt subwl
Al " 'Yy

Anr 1/601 1 e cmpgt jmp1t jet jnet jlt jgecd
ADeaeY 1 e call retl
AV 1 "Ym
AET OSd THo > b T At @'Yrpe eg. intto access certain OS

capabilities, etc.)

<41 >
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Al Th wWHpe W Oav~T1iTmMm B

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

0ys ' Nk Xy

<42 >



€

§X%X%2nNQ

erg’?’Q
“Yh ©y 2 n e mov[bwlq]Z

(Assume start address = A)

A Dsxz 1
Processor Register
63 7 0
Byte
movb leaves upper bits unaffected
63 15 0

63

movw leaves upper bits unaffected

31 0

0000 0000

Double Word

63

movl zeros the upper bits

Quad Word

movb

movw

movl

mov(q

Memory / RAM

7654

3210

fedc

ba9gs

7654

3210

fedc

ba98

7654

3210

fedc

ba9s

7654

3210

fedc

ba9sg

A+4

A+4

A+4

A+4

£ 7 )\ B A
e 7 J 4
I50% PEKING UNIVERSITY

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

<43 >
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X64/ET 16A 64bit] &+ 1 |

€

{ Moi Myy4a

[ Vv4a EmXtwvy© X868 MIPSIR A&

2

8- %=z | ény | HC e Eb i
8-byte register | Bytes 0-3 Bytes 0-1 Byte0
%rax %eax %ax #al
xrox %ecx Hex #cl
%rdx %edx #dx #dl
%rbx %ebx #bx #bl
%rsi %esi %si %sil
%rdi %edi %di %dil
%rsp %esp %sp %spl
%rbp %ebp #%bp %bpl
%ra #%rad %r8w %r8b
%rg %rad %row %rob
%rle %riled %rléw %rieb
%ril %rild %rllw %rllb
%ril2 %ri2d %rl2w %ri2b
%ril3 %ri3d %rl3w %ri3b
%rld %riad %rldw %rldb
#rils %risd %rl5w #rilsb

éeH BIHE ' @ NAm32-1 16-1

N A 75 F

PEKING UNIVERSITY

Name Form Example Description
Immediate $imm movl $-500,%rax R[rax] = imm.

Register ra movl %rdx,%rax R[rax] = R[rdx]

Direct imm movl 2@08,%rax R[rax] = M[2000]
Addressing

Indirect (r,) movl (%rdx),%rax R[rax] = M[R]r,]]
Addressing

Base w/ imm(r,) movl 40(%rdx),%rax R[rax] = M[R[rb]+40]

Displacement

Scaled Index

(Ppsrisst)

movl (%rdx,%rcx,4),%rax

Rlrax] = M[R[r,]+RI[r]"s]

Scaled Index w/
Displacement

imm(ry,r;,sT)

movl 88(%rdx,%rcx,2),%rax

Rlrax] = M[80 + R[r,]+R[r]*s]

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.
Purple values = effective address (EA) = Actual address used to get the operand >



ATHLEg" JKI BRI A

Both operands in this
example are using

Register Mode
Processor r,
Intruc mov(g :'__%r‘ax;g %rdx:
63 31 15 0

rax Iaaaa 0006 1234 SETSI

rbx (<15151%) EB@BE@BBB 0200

rcx 0000 HEBBEQBBB 0002

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

Memory / RAM
cc55 aa33 | ox00208
7654 3210 | 6x00204
fedc ba98 | 9x00200

N A 75 F

PEKING UNIVERSITY
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o

—-

v

M1T€ 1| Nho Immediate Mode
" nm Al RO A
A" Mqg' q mAs wiH mmi He 1 3
Source is immediate
mode, Destination is
Processor Kie(gfster mode
Intruc mowut‘:_ $5,:tf'%dx"-
'h-:' a ™
63 31 15 0

rax (5151515 989851234 5678

rbx (5]5151%) BBGB;BBB@ 0200

rcx (5151515 BBBBEBBB@ 0002

Initial val. of %rdx =

rdx

FEFE FEFEIFFEF FEFF

FEFF FFFF FFFF 0005

oa'l

Memory / RAM
cc55 aa33 | Oxe8288
7654 3210 | 9x00204
fedc ba98 | 6x00200

s PEKING UNIVERSITY
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i v M1i€ 1 o Direct Addressing Mode

AT Ho, 0l AUnHA"EYHr vy W

AryHmyizy = 6a

Source is using Direct

Addressing mode
Pmcessorf.v
e M / RAM
Intruc movb i, 8x20a; %dl emory
g . al
63 8l..... 1 R » cc55 aa33 | BxPe208
rax 9080 000 1234 5678 ?653:1- 3210 | 9x60204
rbx | 0000 000 BP0 9200 e )| 9x00260
rcx PPEe PEBD PBPE B2
Initial val. of %rdx = ffff ffff ffff ffff :
rdx FFFF FFFF FFFF FF55 ([@sfrrmmmmmmmmmmmmnmnnnnmnnns :

6ys * NkXy Sars
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M 17 € 1 o Indirect Addressing Mode e 7 K
PEKING UNIVERSITY
JKRO; 0l AnEYypAY YT QT \
1 E:"Y
Ag™HM = O My“+ 4
Source is using Indirect
Addressing mode
Processor r-v
Intruc mov 1 g%rbx)‘j s%edx Memory / RAM
ke
63 31 15 0 cc55 aa33 | 0x00208
rax 0000 0000:1234 5678 7654 3210 | 0x00204
k4
rbx EA- 0000 0000 0000 0200 frrsherssess greseespeeep) fedc bad8 | 0x00200
rcx 00RO 0PEO 0000 0002

FFEF FEFF FREF FFFF :
00600 9000 fedc ba98 |Ers-r=rrsrrssrrsssssssrscsssssrasass

Initial val. of %rdx =

rdx

<48 >



i
Addressing Mode

M1T €

A v d(%reg) YT Hy v

AALEgoel kw ewyPu1Ql
Gy

AT \

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

[ho Base/Indirect with Displacement

H 0 |

> \) 3.; Z jg
f . \
2%/ PEKING UNIVERSITY

Memory / RAM

v

cc55 aa33 | 9x0e208
—

7654 3210 | 0x00204

0x80208

fedc baos

Intruc movw -.‘:f!'(%r'b;):_'; %dx
¥ _'_.___ ) s
63 31 15 0
rbx 0000 aaee'ae@a 0200 it £ 8
EA= 0000 0208
rcx P0BO 0OPO 0PPO 02
Initial val. of %rdx = S T e o e o e A
r-dx -F-F-F-F -F-F-F-F -F-F-F-F aa33 .‘..---.-.--.-.----.----.----r---...--.-.----.----.u--.:.

<49 >
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A K W

M17€ 1 o Base/lndirect with Displacement
Addressing Mode

Base/Indirect with Displacement Addressing H ' A&
* Useful for access members of a struct or object
struct mystruct { rbx
?“: X5 (1) eoee 0oee ooee 6200 Memory / RAM
}.m 7 (3 o000 0000:oo00 0208
struct mystruct data[3]; @ p000 BBBBEB@BB 92106 data[2].y | 6666 6002 | 0x00214
int main() B data[2].x | 6606 6001 | ©x00210
}n main( +eeea ezai datal1].y | 0ee0 @ee2 | exoe20c
for(i=0; i<3; i++){ (@ EA- ooee 0204 data[1].x | 9600 0001 | Ox00208
gz:z&%: : ; : data[0].y | ©@@e 0002 | 0x00204
} data[0].x | ©eee 0001 | 9x00200
) C Code N\ >
movq $0x0200, %rbx
Loop 3 times {
DE@ mov1 $1, (%rbx)
@ movl $2, 4(%rbx)
dd 8, %rb
Assembly |, addq  $8, rbx

L »
NELFE®]

PEKING UNIVERSITY
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i ", M1i€ 1 o Scaled Index Addressing Mode NEEES
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Ay v —& o Form: (%regl,%reg2,s) [s =1, 2, 4, or §]

A v %regl+%reg2*s | FGH 01 AnEYEAYT Q1 v

Source is using Scaled Index
Processor ry Addressing mode

--------------------- . Memory / RAM
Intruc movln:ﬁ_ér'bx,%r‘cx,tl_);: %edx deeesnnasasnenn, y
' : ¥
63 31 15 0 :| | cc55 aa33 | 0x00208
rax 0000 0000:1234 5678 o000 o200 | : 7654:3210 | 0x00204
2 2 : -
s> +0000 0008 | : fedc :ba98 | 0x00200
rbx 0000 0000 0000 0200 == : : :
: EA= 0000 02087 :
rcx 0000 0000 0000 0002 --
nitial val. of %rdx = ffff ffff ffff ffff
r\dx 6@9@ @999 cc55 aa33 SR R R T R R .

6ys * NkXy <L



M 1i€ 1 Mo Scaled Index Addressing Mode

Scaled Index Addressing Mode

H A

* Useful for accessing array elements

rbx

int data[6];

0000 0000 0000 0200

rcx

int main()
{
for(int i=0; i<6; i++){
data[i] = i;
// *(startAddr+4*i) = i;
}
; C Code

Array of:

* chars/bytes => Use s=1

* shorts/words => Use s=2
ints/floats/dwords => Use s=4

* long longs/doubles/qwords => Use S=8J

M /| RAM
(1) | o0ee 0000 0000 0000 omory
(2 odoo 0000:0000 0001
@ eéee 999959@99 0002 data[5] 0000 0BS5S 0x00214
: data[4] | 0900 0004 | 0x00210
N data[3] | 9900 0003 | 0x0020c
i 0000 0200
@ T 0 o data[2] | @000 0002 | 0x00208
EA- 0000 0200 : data[1] | 0900 0001 | ©x00204
2 +9999 9292 “% data[0] | 0900 0000 | Ox00200
EA= 0000 Q204
mov( $0x0200, %rbx
mov1 $0, %rcx
Loop 6 times {
movl %rcx, (%rbx,%rcx,4)
addl $1, %rcx
2 ’ Assembly

ez XY

PEKING UNIVERSITY
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o

i uo M 1T e o Scaled Index w/ Displacement NPT,
: A A A
Addressing Mode Y/ Pk UNvERSITY
A R Scalev Displacement o vy = d(%regl,%reg2,s) [s=1, 2, 4, or §]
A v d+%regl+%reg2*s | FRH 01 AnEV AT Q71 \
Source is using Scaled Index w/
Processor K. Displacement Addressing mode
"""""""""""""" Memory / RAM
Intruc movb? .3.§?-é_r‘bx %r‘cg(___é_l 5 %dl |,
v
63 ?1 15 0 cc55 aa33 | 0x00208
rax 0000 0000:1234 5678 0000 0200 7654 3210 | 0x00204
A 4 3 = .
rbx 0000 0000 0000 0200  farss §'"E':_+eeee oopg | il | fedc bass | 6x00200
i 0000 020b :
rcx 0000 0000 0000 0002  (»(D)
Initial val. of %rdx = ffff Ffff FFFf FFFF
r.dx .F.F.F.F .F.F.F.F .F-F.F-F .F.Fcc g esssnnnnnnsnannananannnnnnnnnfmannnnnn
<53>



i ™ v M1i€ 1 o AddressingMode ' A
At

Z AH Ar v Addressing Mode suW\ &

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)

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

CUNI »
EN) e 7. ¥

PEKING UNIVERSITY

0x00204
0x00200
Ox001fc
Ox001f8

rax

rax

rax

rax

rax

0x002e8
Ox002e4

<54 >
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M 21T

A,

v ALU'Yg & H

N1 ™

YY1
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

==, -:'.'_' }’ {:_ }:' !:
(src2 ? src1)

cmp[b,w,1,q] srcl, src2
test[b,w,1,q] srcl, src2

cmp performs: src2 —src
test performs: src1 & src2

NIp
LD
S A
S &
”T

1598

ezt ¥

PEKING UNIVERSITY
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A, v ALUYg & H NY T

Memory / RAM
7654 3210

ofef oo

Initial Conditions

2 \ Processor Registers | ffff ffff 1234 5678 |

|6869 0BBe cc33 aabs

EY B — addl $0x12300, %eax | 0e00 0080 cc34 cdss |
— addq %rdx, %rax | £FFF FFFF de69 23cd |
* Format P——

____________ Pl SRS G A SO | — andw 0x200, %ax |fﬁffﬁfd%92me|
— add[b,w,1,q] src2, srcl/dstt=m""""=mmmmm=- ’ | |
------------ — FFEF FFFF de69 230f

— Example 1: addq %rbx, %rax (%rax += %rbx) orb ©0x203, %al ¢

0,

— Example 2: subq %rbx, %rax (%rax -= %rbx) — subw $14, %ax | £FFF FFFF de69 2301 |
— addl $0x12345, 0x204 7655 5555
ofef ffeo

0x00204
©x00200

rdx
rax
rax
rax
rax
rax
rax

0x00204
0x00200

<56 >
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NT ™y R€

s

T & kHIY

NTi ToH * A&

// data = %edi fi:
// val = %esi
// 1 = %edx mov1l (%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 { f1:
char c;
int d; addb $1, (%edi)
}s subl %esi, 4(%edi)
// ptr = %edi
// x = %esi ret

int fi(struct Data* ptr, int x)
{

ptr->c++;
ptr->d -= x;

}

Original Code

Compiler Output

NIp
LD
S A
~ e
)’T

1598

ezt ¥

PEKING UNIVERSITY
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v~ if case H B myz for while” & B

Nhpaod® "H dvugk g?

If(condition O)
XXXXX
XXXXX
XXXXX
XXXXX

else
XXXXX
XXXXX

while(condition 1)
XXXXX
XXXXX
XXXXX
XXXXX

0ys ' Nk Xy

Address Instruction
004937F7 MOV EAX, 200
004937FC MOV EDX, 50
00493801 ADD EAX,67F0
00493806 MOV ECX,490AB3

0049380B JMP 00497000

;Pretend there is a lot of code inbetween here.

00497000 DEC EDX

Jump to address 497000

00497001 MOV DWORD [49E6CC],EDX \Lthen continue the code.

00497007 MOV EAX,EDX
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