BARRG KT SN
BhHE BRSSP (2)
PSR LS4 | eeee
RG2S 0o




4 FARRFERAN

o = ME + AL
o W ’I%‘Iﬁlﬁln nﬁigﬁ%)ﬁ'f&é&%ﬁ%%é\
IER R R T) ChEe)

o Pitt: SRNFRET FrAE B R E A TALAH BN R
BTV LG, ARALET DUAE S AR 4 HOARAD.

RRIPATEF ()
o FiFEENERHE:
o HAHCPU®%JR
o TRHERRVT AR E
o AAER/N




2 G PRI AR e

BRI RS R BRITE AT
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ST FHLAR AL



EEE S RAL

o JRAHSREENERSRI T CDFGHIH E 2
o CDFGZ& T A HAL,

o MEITAL YL, CDFGHEIFMIEA

o TRAHIE— M




A S (AL :
o HRFRIE;

o G M -ARMEIE ] ;

o ITTEEERE;

o BUUEELI;



HAERER (1D

a*b + 5%(c-d)

expression




ADR r9,a
MOV r1,[r9]
ADR r9,b
MOV r2,[r9]
MUL r3,r1,r2
ADR r9,c
MOV r4,[r9]
ADR r9,d
MOV r5,[r9]
SUB r6,r4,r5
MUL r7,r6,#5
ADD r8,r7,r3

code




5

LRy

if(@+b > 0)
X'=5;
else
X=17,

SiEA] (1)

< a+b>0

N xX=5

X=7




o00
i
N ) o0
B &R - ER) (2D -
ADR r5,a
LDR r1,[r5]
ADR r5,b
LDR r2,[r5]
ADD r3,r1,r2

BLE label3 Ture block

LDR r3,#5
ADR r5,x
STR r3,[r5]
B stmtend

LDR r3,#7 .
! ADR r5,x :
: STR r3,[r5] :

stmtend ... False block9
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o hiEE N HH:
o HRANER TR A S5IR Bl AR
o fEBRSHARIINE

o WM NFSHAREESSEE, HRIPAKEBH
ORI PER

o ik EL AR M E A B 4 BT A [F FICPU (Machine
dependent)

o SHAIRMIEFE BT (stack) RfFiH
o AESHWA DUBT FESRESE

11



1 E1 B

o W RAETEFME, HRNBRIEEENERF
RN, STREBHNLHENS, FEE
FP 572 78 7€ AH DIERR I BRAE o

o HERRHIEAKMTTHURT, . dmiFay, OSLLLIERS

pliih




growtl{

procl
FP BN
frame pointer
mﬁﬁgié%}é proc2
— i
op ek
stack pointer
FRIEET & S HTM HIAK R

proci(int a) {
proc2(5);

}

accessed

relative to
SP

13



FRMmU T2 A R FH B S 55(1)

o A&Mi(Stack Frames)# it MY {57% 3 1c % (Activation
records);

o NMTRNREMAH, NREIRE —FMoHEER, BEER A
FR i (stack frame).

A stackframe exists
whenever.a funetion has
started, but yet'to.complete.
BE G — P e 4 /5 501 7k 7
B, BLAE— T

main stack

SP —» .
main ()
I frame

14



B 12,

o BRI TT T

>
>
>

SP—

Sl

*

%EF?3W5FH5$5ﬂ2I:]Eg1%?ﬁiifk§%:

> FF7(2) 3

A A & (Local variables)
VA A R R EIHNE (Caller’s address)
f&1% 24 (Parameter,values)

ret wval

main

| axas

Iy

mainf()
stack
frame

Sdppose, inside of body of main(), there is a
call to foo(a,b), which needs two arguments.
Then, it the main().to take the response to
“push” arguments for-foo() onto the stack.
We also reserved'some space for the return
value. The return value is computed by foo(),
so it will be filled out once foo() is done:
B i rEmain() 1514 255 — 1 X/ foo(a,=b) #4774/,
CEEHIZH. S, main()ffoo() I=H
“HE” B [, BATERE T —LET ] EHE
FlfE. KFEER foo()if-E, Hrbl—Hfoo()z/k

15



#ﬁ mﬁﬁ ﬂ:ﬁ/?@n

13285 (3) g

o MitkFa%T(Frame points): J5{& & )17 H (args)

SP —»

foo

FP —a

ret wval

main

Iarg‘s

fool)
stack
frame

.ﬁ«l

main()
stack
frame

We've added a new pointer called FP which
stands for frame pointer. The FP points to the
location where the stack pointer was, just
before foo() moved the stack pointer

for foo()'s own local variables.

BT <15 HIFP HIF 7541, (CRMWTEES
Wi ET TE IR 7641 It I &, BLiE foo() B 5)
foo() £ C B E I 75412 Fi -

we can use the FP to compute the.locations
in memory for both arguments.as well as
local variables. Since it doesn't move, the
computations for those locations should be
some fixed offset from the frame pointer.
AT AT UL ST WG K v A 17 F 124 DL
S RBNINE . HTENES, XL &L
B ZEM BTG HIRAEE NI B -



FRmIXS T4

Sl

-

1> 7 (4) £

o MiAkIE%ET(Frame points): 5 {E K E 1% [Fl(ret val)

SP—® | rat val

main

Once it's time to exit foo(), you just have to set
the stack pointer to where the frame pointer is,
which effectively pops off foo()'s stack frame.

| axas

Iy

¥

main()
stack
frame

It's quite handy to have a frame pointer. Fmain() 24 7 &, &
—H8H] foo(), MR BHMEEHAF R E st~ Lmain ;L
AR E, BEFTLIBAHN foo() fsgtbRE eat Y,  CHFIE LR foo() T fe 22

main stack
frame

SP —» I :
main ()

Once main() has-the return
value, it can pop that and’'the
arguments to foo() off the
stack.

MBERG ]



Erame
Number

#4 main

#3 fact

#2 fact

#1 fact

#0 fact

#-1

R

() /<

(3)<

(2)<

(1)<

(0)<

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

000
0000
X XX
o000
o0
@
int fact( int n )
if( @ ==n ) {
return 1; e P
else {
return n * fact( n - 1);
}
}
main()
int 1i;

for(sin=0 ; i < 10 ; i++ ) {
int | = fact( i );
printf( "%db.= %d\n", i, f );

v

Direction of 18
stack growth



ARMY f255 5

o ARMIITEfH
Standard,, APCS) :

1k (ARM Procedure Call

ro-r3 ,?ﬁ%ﬁ%)\ﬁ:& MR FENSEE T4
A, PR E T HeAs
rOt T RFIR ”’E
r4-r7 (R FAF A R &

r112mite%srfp, r132&fkfeEsp.

r103%

RH R/ MRk ERR,

Sl

19



ARMT

%

o ARMZFE 1 FFr#E(ARM Procedure Call Standard, APCS)

EHEFFAS

Dedicated registers

FHRER
callee-saved
register variables

e 5 QEPLH
caller-saved
argument variables

r

Register | Synonym | Special Role in the procedure call standard
rg PC The Program Counter.
r14 LR The Link Register.
r13 SP The Stack Pointer.
ri2 IP The Intra-Procedure-call scratch register.
r11 v8 Variable-register 8.
r10 v7 Variable-register 7.
9 ;g Platform rggister. - : - _
R The meaning of this register.is.defined by the platform standard.
rg v5 Variable-register 5.
r7 v4 Variable register 4.
ré v3 Variable register 3.
rs v2 Variable register 2.
r4 v Variable register 1.
r3 a4 Argument / scratch register 4.
r2 a3 Argument / scratch register 3.
r1 a2 Argument / result / scratch register 2.
ro al Argument / result / scratch register 1.

Table 2, Core registers and AAPCS usage




Stack Backtrace (FP based) e

MOV ip, sp ; save current sp, ready to save as old sp;

STMFD sp!,{a1-a4, v1-v5, sb, fp, ip, Ir, pc};
SUB fp Ip #4 The stack backtrace data structure has the format shown below:

SUB sp,sp,#16

save ‘eodéypointer [fp] {—fp points to here
return’ 1ink yalue [fp, H#-4]
return sp vakue [fp, #-8]
return fp valte ront-12]
saved vT value] yge the/frame pointer to compute the
[saved v6 Value}l ti ! for both ¢
Faved v5 vallms) ocations n memor_y or PO : arg_umen )
[saved v4 value] @s well as local variables-Since it doesn't
%Sﬂveg Vg Vailue% move, the computations for those
saved ve vaile jacations should be some fixéd/offset
[saved v1 value] .
[saved a4 value] from the frame pointer.
saved a3 valuel QEAIBEINI IR G B LR R
saved a2 valuel gy PR g, Ky B B
Cl E
[saved f7 value] Wﬁﬁﬂ%ﬁo@ﬁﬁﬁgﬂa
[saved f6 value] three words o1
[saved f5 value] three words
[saved f4 value] three words



int-p1, (int a, int b, int ¢, int d, int e) {return a+e;}

CHId FEEERE

o o o e Em o o O o O D e e e e .

mov ip; sp

stmfd sp!,{fp;ip,Ir, pc}
sub fp, ip, #4
sub sp, sp, #16

str r0,
strr1,
strr2,
str r3,
Idr r2,
Idr r3,

fp, #-20

fp, #-28]
fp, #4]

add r3, r2, r3
mov r0, r3
Idmea fp, {fp, sp, pc}

|
|
|
|
|
|
|
|
|
|
|
|
fp, #-24 ;
|
|
|
|
|
|
|
|
|
|
|
|

y = p1 (a,b,c,d,x);
/ldr.x3, [fp, #-32] ; get e

L 1dr r0, [fp, #-16] ;.put a into r0

| 1dr r1, [fp, #-20]< put b-into r1

| Idr r2, [fp, #-24] ; put clinto’r2

 dr r3, [fp, #-28] ; put d into r3

bl p1; call p1()

: mov r3, r0 ; move return value into r3

| str r3, [fp, #-36] ; store into y in stack frame

strr3, [sp,#0] ; put into p1()’s stack frame



CHITFEHE e

/O Caller ﬁﬁﬁ‘% Callee #: 1R FHE

Q

R SCTR ST
——> #fo,ip, I, poA B Eiisp->ip->fp.
@ 1 FIMA 37 7788

IRELY AR [E{E

R AR TEET
P R—




Review: HARFRIAT

ADR r9,a
MOV r1,[r9]
ADR r9,b
MOV r2,[r9]
MULT3;r1,r2

ADR 19,C
MOV r4,[r9]
ADR r9,d
MOV r5,[r9]
SUB r6,r4,r5

MUL r7,r6,#5
ADD r8,r7,r3

code

£V

X =a*b + 5*(c-d)
Function X(a,b,c,d)

Idr r2, [fp, #-16] :
Idr r3, [fp, #-20] ;
mul r1, r3, r2 ; multiply 1|
|dr r2, [fp, #-24] ;
Idr r3, [fp, #-28] l
rsb r2,r3, r2 ; subtract :
mov r3,r2 :
mov r3, r3, asl #2 I
add r3, r3, r2 ; add :
add r3, r1, r3 ; add I
str r3, [fp, #-32] ; assign |

— e o e e e e e mem e e o e e mm w

24



Review: 6/4iE4]

ADR r5,a Function fun1(a,b);
LDRr,[rS]  _ _ o __
= _|/ADR r5,b | Idrr2, [fp, #-16]
@_' YO LDR¥24r5] ! ldrr3, [fp, #20]
v ADD 3t €4 : 2?ndprr?§,r§(,) r;3test the branch condition
x=7 BLE label3 I ble’ 3 , branch to false block if <=
l LDR r3,#5 : mov. 3, #5); true block
) ADR r5,x | strr3, [fp, #32]
STR r3,[r5] | b .L4; gotoend of if statement
B stmtend L3
, false block
label3 LDR r3,#7 I mov r3, #7
ADR r5,x | strr3, [fp, #-32]
STRr3,[r5] |-L#4

stmtend ...



G

o I AR T Ty BUE S5 A H R 5 BN TR 45 Y
FHIES]

o HMbITHE: FUITHAERFEIET MR, AL
FEIB 1T I 5ERX

—HEHA

—HEHA

Y AL




HERUH

o —ZEFHa[i] (

aptr

If ZHFH N TR

BN JL R N32bit)
FONTTREMEEAR S

S — /LR

a

0]

a

1]

=*(aptr +'1)

a

2]

"N64bits (XUE B HE R 8Y), Wz 5|7

27




~—

M

=k

o ¥ alijl: iKFTAT, JIRFEF)
O 'ﬁ—‘ﬁfﬁ]& VS. ﬁﬂ'ﬁﬁ%

B /PN XM a[0;0]
al0,1]

N
a[1,0]

a[l,1]

= ali*M+j]

28



2 (AN 3

Sa PR — ISR A IR . XS54
A H%? %lﬁg J7-10) AT UGB I 45 A AR Bt bk A%
= ( aun)

aptr ~ T/ =

struct {
field1
int field1; L 4 bytes
char field2;

} mystruct;

1 bytes I field2 | — [(aptrt4)

struct mystruct a, *aptr = &a;

29




5 R

o RIEA b

o LRAHE BB bR
o TFENHX

o B AT

o T fFexsTHC

o
o 1HAEFE




%ﬁfiﬁﬁ’ffﬁ(Expression simplificaction)

o RIAA LRI A FHLSS IR B A R -
o FHMREEN
a*b + a*c = a*(b+¢c),, /rECEE 3BRIEMI 1L 2R E

o HEBH (constantsfolding) :

8+1 =9

for (i=0; i<8+1; i++) for (i=0;i<NOPS+1; i++)
o THEILTH:

a*2 = a<<1

31



%&&ﬁﬁﬁji,lgﬁ?mead code elimination) | °

o ALY
#define DEBUG 0
if (DEBUG) dbg(p1); 0

o T DLIE 2 W W 43T /

# BN dbgiD):
/ l A\

o HETHMNIL RS IFAR
SIAH.



[ T2 A ik (procedure inlining)

AR R E T AL LA RS, T RLERERE
%3%?%1%}3}2 BT .
int foo(a,b,c){returna +b - c;}
z = foo(w,Xx,y);

=

z=w+x+y;

o EEMAHIENKEEW L, A A -

R B2 40 #% DU A] REiE ilicache R, IR 1&TE L HIAE
BUHE

RIS E, BRI AT

(=
=l




a3 2 ¥ (Loop transformations)

o TENERAEFRISFIIRRIIR RS, (HEE S
I REWTEE R

o HRZIMWIMEA LA S EIF:
T K LHAT P&

BB R AR TERE



&3 B I (Loop unrolling)

o WDEFRITT, ARSI, Hintes
Zi
for (i=0; i<4; i++)
a[i] = b[i] * c[i];

=

for (i=0; i<2; i++) { a[0] = b[0] *c[0];
ali*2] = b[i*2] * c[i*2]; a[1] = b[1]* c[1];
a[i*2+1] = b[i*2+1] * c[i*2+1]; a[2] = b[2] * c[2];

} a[3] = b[3] * c[3];

35



'/f)a "%J h"—?ﬁ:}’ﬁ@(Loop fusion and distribution)

o TG FH RN MEREIFIF—:
for (i=0; i<N; i+¥) a[i] = b[i] * 5;
for (j=0; j<N; j++) wW[jl’=-¢l[i] * d[jl;

= for (i=0; i<N; i++) {
a[i] = b[i] * 5;
w[i] = c[i] * d[i];
}

o MBI R — NMEA T IERZ .



TEIA - H(Loop tiling) 2
o R MMERIFT L — RIIRERA, BT BERH
HHRIA5 R, M cacheltRe

forltr=041 ¢ N; 4 +) for (i=0;i<N;i+=2)
for (j=0; j<N;j++) for(j=0;j<N;j+=2)

Code clil=ali,j] #blil; for (ii=1; ii < min(i + 2 ,N); i++)
for (JJ =j; jj<min(j+ 2,N); j++)
cliil=alii,jjl * bliil;

[0,0——1[0,2)—[0O,N - 11|  |10,01— (&1 |} 10,21% ... [O,N - 1]

[l,O]L[l,Z]?[l,N—l] [l,O]il'-[l,l] 1,20 N ,N-1]
Access e - — = -
pattern |[2,0]=——[2,2]—[2,N - 1] [2,0]—=[2,1] | 412,2] { AN Y
in — &~
aarray |[3,01—[32—»(3N-11| [B01==3,1| 321  [3N-1]

-
37
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¥ 4H1E 75 (Array padding) i

7

Al PRI F

mnﬁmmﬁﬁm% E AR E T B R 2%

Ry SR REEZ TR

a[0,0]

al0,1]

al0,2]

a[1,0]

a|1,1]

al1,2]

a[0,0]

al0,J | a[0,2]

before

a|1,0]

a|l,1]|a]l,2]

after

38



Hres Bt (Register allocation) | ::

o Hitp:
o EEFHMRRFFIEE
o REABIE R A AR A A A 3

o BHER CRIEAHHAIRIED EREE LIS
GEERNAT ke e

o Fi—NEEAEAIBIHIT R




0oeo

0ces
e AR lifetime graph | ¢
w=atb;

—_ y S B -- ——————————————————
X=C+* W, t=2 S A N ——
y=o+d /b — -

d ]
e
y - b
| | | >
| S o e T S o LT T 1 2 3 fime

R IR A B AN BORAT ST
RN, KBEANTEES

40



0000
i
RNy e :

a 0 LDR 1O, [p_a]
E % LDR r1, [p_b]
W ADD r3, r0, r1
¥ F}: STR r3, [p_w]
LDR 12, [p_C]
ADD r0;12, r3

A eE, R S/ROPX
HEEERTANELE | LDRIO, [p_d]
' ADD 3,2, 10

STRr3, [p_Y]

41



&Y A7 A i H

o MR BRI T T a2 HiiLr] %?fﬁﬁgﬁﬁ
H, GHEEE —SERBE (spill) FHNHE

o iTH! m—%ﬁﬁ,&ﬂ u%:%AVﬁﬁ%
BT, EHAL RS AR, S E
Mwﬁﬁ%EE&AHWMﬁE%gkﬁﬁﬁ

o AAEMMMMIEAR: fpyamosni ek Fozmy
2 RSN CPUR [ 25 17580 Hh B (i <

BB INT8E -2 BG4 B 5




& AF-av 77 e [7) o

o SELDE LA (conflict graph) I —ANERE A
R SRR PR T e 0 B0 ) R

o BNEEH -IHERS, MR INZESHFRREFY
, BAERIA R B2k .

o FFIEANEMEHZDRBIALSEETWAER, BXRM
AMHEEIBUE R R B®E — %E%ﬁ&mmo

____________________________

| B i35 € al B £ NP-complete
R, ERA B RKREE.

____________________________
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e o

LRZMREE, WRMNBHFEEER (ATER-—MIRITHE) BeEAR.

44



DUE & A7 a7 Be ) 2R AR 1

(@+/b)*c - d)

1~ 1515.6

w=a+b
X =c+d
y/=x+e

Z ='a-b




A

46



LDR r0;a

LDR rt,b

ADD r2,rO,r1
STRr2w :w=a+b
LDR r3,c

LDR r1,d

ADD r2,rO,r1

STRr2,x :x=c+d

IComAES (AT FE)

LDR r1,e

ADD r0,r1,r2
STRrOy ;y=x+e
LDR.r0,a ;reload a
LDR r1;b~) ; reload b
SUB r2,r1,r0

STRr2,z :z=a<=b

47



E‘EVE%)
w=/a+.b
z =a-b
X =c+d
y =x+e

T Ja HICARAY

N




L X
o000
49




N »

LDR.r0,a
LDR r1,b
ADD r2,r0,r1
STR r2,w
LDR r3,c
LDRr1,d
ADD r2,r0,r1
STR r2,x
LDRr1,e
ADD r0,r1,r2
STR r0,y

A E G RV 4R

w=a+h

X=c+d »

,y=x+te

LDR r0,a
LDRr1,b

: reload a
: reload b

SUB r2,r1,r0
STRr2,z

Zz=a-b

LDR r0,a

LDR r1,b

ADD r2,r11,r0
STRr2,w;w=a+b
SUB r2,r0,r1
STRr2,z;z=a-b
LDR r0,c

LDR r1,d

ADD r2,m,r0
STRr2,x ; x=c+d
LDR r1,e

ADD r0,r1,r2
STRrl,y;y=x+e

50



T E 23 reservation table :

o MIEA B A  Timelinstr) A | B
é’jﬁ}ﬁhCPU%‘ﬁﬁ instri X
{ .
tr2 X X
o HERRSTATHI, B :2;:3 X
REMARWERE | 4 X
FAgmm%ﬁ%m st
A

o HEJR, BEHBARK

51



e E

e Non-pipelined machines do not need
instruction scheduling: any order of
instructions-that satisfies data

dependencies runs/equally fast.

¢ In pipelined machines, execution time of

one Instruction depends on the nearby
instructions: opcode, operands.

52



WK software pipeline

o MUKET, WIRIELSHATHTIH NI AILLIES
%%T%,,zr%ﬁ*% @@ﬁV&W%

o BAFMKZ—MRXIR L EAFHITR, BERJL
MEAIERRIB D> UK SR

e Reduces instruction latency'in iteration i
by inserting instructions from iteration
i+1.

53



fa <% #(Instruction selection)

o PAT MNIEAEER— RFIBRIER] e JLFASF B
184 . PATEHA D BT AHS HIRZ 0

o BARULECZ (template matching) : BHAEH

RN, A RRITE 2 P17 ILEC.

N N/ NTH N
e OO
@ MUL ADD @

expression templates MADD



Hf#

p Al BN
YEd

RAN R TR

L) ﬁ%ﬁ%ﬁ%ﬁ'}/ﬁéﬁm = ET%%%%E’J%%:—&O
Xk %%%Iﬂm%wﬁ%(olozaﬂ

o Hf#JI

ZE
i

o TE4m P!
IEw

ORFITBHK

IRFDTASEB A —Hi%, WRRFESRH

l><l

ZR B, BEREER:




Optimize options

Included in Level

Optimization

Q

o
[N

ol
w

2

defer-pop

thread-jumgs

branch-probabilities

cprop-registers

guess-branch-probability

omit-frame-pointer

align-loops

aligr-jumps

align-labels

aligr-functions

oplimize-sibling-calls

cse-follow-jumps

ose-s5kip-blocks

gose

expensive-aptimizations

strength-reduce

rerun-cse-after-kaop

remn-loop-opt

caller-saves

force-meam

peephole2

reqimaove

stricl-aliasing

delete-null-painter-checks

reorder-blocks

schedule-insns

schedule-insns2

inline-functions

rename-regisiers

O|O|0|0|O|O|0|O|O0|0|O|O]O|0|0|0|0|0|0|0|0|0|0C| v e e e e e

oatein AL 3L 2K AR O B0 R AL O S0 2K A L A% AL AL B0 AR AL 2L JF 2% 2L AL A Jf J

0| o @ © ® e e 0 oo e e o e 00 e o 00 eeeeeee
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