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CPURIKZZANEL 1T
o ks => I SRIHIT
s BMESHITHZNMMIES (uOP) 4HRK
o —MNEABR AR ITS %S, BURKBIEEETHNIT

Arm Cortex-A72 > Branch
—» Integer O

—» Integer 1

Decode, | Integer Multi-Cycle

Fetch —> Rename, —

Issue

Dispatch > FP/ASIMD 0
— FP/ASIMD 1
— Load
—»  Store

IN ORDER OUT OF ORDER




RS HATINF 720 14 5E

N a1 . add x1, x2, x3
¢ *E%ZIE@E?&'&1&%&9&% add x4, x5, x6
S mul x0, x2, x3
o NEHESHITHERANE sub x2, x@, x1
add x4, x4, x5
» CPULILEE I BIR
Stage
1 2 3 4 5 6 7 8
Fetch add add mul sub add
Decode add add mul sub add
Execute(l0) add add add sub
Execute(l1)
Execute(M) mul

BRIZIHITMUIEEZE3 Neycles, Fl{Tadd/subTEZE 1 cycle



Arm Cortex-A7235 5 FF5d

g4 &8s JEIR &t Pipeline
HIEFE Idr 4 1 L
str 1 1 S
FHEH add 1 2 10/11
sub 1 2 10/11
mul 3 1 M
madd/msub 3 1 M
sdiv 4-20 1/20-1/4 M
TN mov 1 2 10/11
BNttt adr/adrp 1 2 10/11
7833 b/bl/ret 1 1 B
cbz/tbz 1 1 B

Arm Cortex-A72 Core Software Optimization Guide



Arm Cortex-A77

Fetch Decode,
Rename,
Dispatch
—
IN ORDER

Issue

—> Branch O

—> Branch 1

- Integer Single-Cycle 0

— Integer Single-Cycle 1

— > Integer Single /Multi-Cycle 0
—» Integer Single /Multi-Cycle 1
— FP/ASIMD O
—> FP/ASIMD 1
L Load/Store 0

L Load/Store 1

— Store data O

—+ Store data 1

OUT OF ORDER




= MTERERY A &=
» BRI R

o 5-15{k#ii (RAW/Read-After-Write) : true-dependency

o iE-BERKk# (WAR/Write-After-Read) : anti-dependency
o ZEHMRNY (structural hazard)

« —FKIESCHZFMIESHMK

o HHFESHIHMIE S AIBES T FportsH fiE
o 1TH 20 (control hazard)

o FHBREZ T ST




I8 EE K

_\




SRR : B-L/k#H (RAW)
o Wz BANEFIR, TikkiES

o WIRIELRIEAIINER, Akl

o MHFH RSB R, ATURBRIT

e |1, 12, 14, |7

I1 |1ldr x9, [sp, -12] -
I2 | 1ldr x10, [sp, -16]
I3 add x9, x9, x10 e R fé -
I4 | 1ldr x10, [sp, -20]
I5 |1ldr x11, [sp, -24]
I6 |sdiv x11, xl10, x11 18 » I9 14 — I6
I7 |str x11, [sp, -24] ! |
I8 |1ldr x10, [sp, -28] I10 17

19 mul x10, x9, x10
EA ,
110 |str x10, [sp, -28] IRSWME R




o 1% : E4 HEE B

ldr 4 AR
o B cycle AT LI T—5IES tr 1 IR
o HEISTUIT add 1 AR
LB AT A TT A3 i sub 1 ASBR
%z‘k*ﬁ < %%ﬁﬁ'i ol 3 IR
o NI E RERIESHITES? sdiv 7 S
_ T \ 1 <
o HTIRRF R B 2R R B mov TR
I1 1ldr
I2 ldr > 13‘;dd
I4 ldr
I8 1ldr > I9‘%u1 I5 ldr » 16 ;div




- HHERIESTHERITE, FHIITERAERIE (latency)

o R1%i = v.next, L(v)=E,+ L(i)

I1 1dr
{ Latency:9
I2 1dr » I3 add
I4 1dr
Latency:9 Latency:5
! "Latency:12
I8 1ldr » I9 mul I5 1ldr » 16 sdiv
Latency:8 | Latency:4 Latency:12 Latency:8
110 str I7 str

Latency:1 Latency:1




I5E<SIRE B
o IR#Flatency N KE) /N335 SiHITHER

* [4=15>11=12>16=18>13>19>|7=I10

o LI TIatency KHVIES

I1 1dr
] Latency:9
I2 1dr —{ I3 add
I4 1dr
Latency:9 Latency:5
] | Latency:12
I8 1dr » I9 mul I5 1ldr » I6 sdiv
Latency:8 | Latency:4 Latency:12 Latency:8
I10 str I7 str
Latency:1

Latency:1




-5 R &k#i (WAR) |o]&

— _ I1 | 1ldr x9, [sp, -12]
4= NS / ) )
° IBAITSEIAFNIBA REFIT 12 |1dr x10, [sp, -16]
= \ | 4t I3 |add x9, x9, x10
o BN&=MIBEITTELER 14 | 1dr Xlé, [;p, -20]
— — I5 | 1ldr x11, [sp, -24]
VAl — NS / ) )
° |6?A1T7tj_ﬁb:};l.ﬂ'|8 I6 |sdiv x11, x10, x11
I7 |str x11, [sp, -24]
= =1 =X ) ?
s szl (EA) S I8 |1ldr x10, [sp, -28]
19 mul x10, x9, x10
I1 1ldr I10 | str Xl@, [Sp, -28]
1 Latency:9
I2 ldr > T3 add [reeee—— % 14 1ldr
Latency:9 ; Latency:5 Latency:12
y 15 1dr —| 16 sdiv |
I8 &dr "L I9 mul Latency:12 - T Latency:8
Lateney 8- ... VLAteNCY 4 —
110 str >t"
Latency:1

Latency:1




& #fLatencyHHEF
* Vi € v.next,L(v) = E, + Max(L(i))
o TETHEF: 11=12>13514=15>16>18>19>17=110

I1 1dr | 24
I2 1ldr > T3 add | % I4 1ldr 19
24§ 1+max(8,4,19)=20
I5 1ldr » 16 sdiv | 7+max(1,8)=15
I8 ldr (— I9 mul | 4 (1,8)
v 19 e
8 e ) PR I7 . t
110 str| 1 tr ) 1




A Rt 2 y NV

VEIENFEFIR:

e |1=12>13>14=1I5>16>18>19>17=110
e T5H: 26

Fin 4R 1652
1, 4|I1 |1dr x9, [sp, -12]
2 5/I2 |1ldr x10, [sp, -16]

6 6|13 add x9, x9, x10
7| 10|14 |1ldr x10, [sp, -20]
8
2

11| I5 | ldr x11, [sp, -24]
18 | I6 sdiv x11, x10, x11
19| 22| I8 |1ldr x10, [sp, -28]
23| 25| 1I9 mul x10, x9, x10

24 | 24|17 |str x11, [sp, -24]
26| 26| I10 |str x10, [sp, -28]




B R KER: Edpsg (vs Tomasulo)

I1 | 1ldr x9, [sp, -12] I1 | 1ldr x9, [sp, -12]
I2 | 1ldr x10, [sp, -16] I2 | 1ldr x10, [sp, -16]
I3 add x9, x9, x10 I3 add x9, x9, x10
I4 | 1ldr x10, [sp, -20] I4 | 1ldr x12, [sp, -20]
I5 | 1ldr x11, [sp, -24] E$> I5 | 1ldr x11, [sp, -24]
16 sdiv x11, x10, x11 16 sdiv x11, x12, x11
17 | str x11, [sp, -24] 17 | str [sp, -24], x11
I8 |1ldr x10, [sp, -28] I8 |1ldr x13, [sp, -28]
I9 mul x10, x9, x10 I9 mul x13, x9, x13
110 | str x10, [sp, -28] 110 | str x13, [sp, -28]
I1 1dr | 24
I2 1ldr > I3 add e, 4 I4 1ldr 19
24 20 |
. I5 1ldr » I6 sdiv | 15
I8 ldr F— 19 mul | 4
2 Ve 19 e |
110 str] 1 17 str j 1




& HLatency H HEFF

e [4=|5>|1=12>16=18>13>19>17=110

[ 11 1dr |9
I2 1ldr » I3 add | 5
I4 1dr |12
9
I8 ldr » I9 mul |4 I5 ldr » I6 sdiv | 8
8 ! 12
110 str |1 17 str | 1




A AT o y N V4

BE 7 R HE

e [4=|5>|1=12>16=18>13>19>17=110
e JT3H: 14

s HR B2
1 4|14 |1dr x12, [sp, -20]
51I5 |1ldr x11, [sp, -24]
6|I1 |1ldr x9, [sp, -12]
71I2 |1ldr x10, [sp, -16]
12 | I6 sdiv x11, x12, x11
10 | I8 |1ldr x13, [sp, -28]
8 8|13 add x9, x9, x10
11| 13|I9 |mul x13, x9, x13
13| 13|17 |str x11, [sp, -24]
14| 14 | 110 |str x13, [sp, -28]

NO P~ WNDN




H—E A (vs CPUELF#IT)
s AAIRBHPITEEHRE T IKIANIES
o I6FAISE &, I7FN10E
o« FF4H: 13
Fis 4R 154

1 4 I4 | 1ldr x12, [sp, -20]
2 5 I5 | 1ldr x11, [sp, -24]
3 6 I1 | 1ldr x9, [sp, -12]
4 7 I2 |1ldr x10, [sp, -16]
5 8 I8 |1ldr x13, [sp, -28]
6 12 16 sdiv x11, x12, x11
8 8 I3 add x9, x9, x10

9 11 I9 |mul x13, x9, x13
12 |12 |[I10 |str x13, [sp, -28]
13 |13 |[I7 |[str x11, [sp, -24]




wit
i
D++

e

Clock =1

Ready = {IESKHERNMBHFHA}

Active = {}

While (Ready U Active # 0){
foreach I in Active {

if Start(I) + Cost(I) < Clock {—

remove 1;
foreach C in I.next {
if C isReady
Ready.add(C);

}
}

if (Ready # 0){

> R FEME KRR S

> RTFIEEPITRIIES

— i Enextis & B &M E K

> H{TReadyRHHI—KI5S

Ready.remove(any I);
Start(I) = Clock;
Active.add(I);

}
Clock = Clock + 1;
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o XTEECPURLFIITAIRIF eS8 S E

e &3 https://people.eecs.berkeley.edu/~pattrsn/252F96/Lecture04.pdf

o P FFRRITECAIESEERTRINF TS RAVFN




=\ ALK




s LI

o iFRRSLIIRTELIZ A Z, F—AERNEZTERR

o ETHERJLFIES (BOXN) HITER

ILECFELAL

o BT EHI5SHr:

e https://github.com/hxuhack/compiler_project/blob/24f-

assignment5/src/example/BFS.S




ML : mOXKDM

bbl:
mov wll, wo
mov w9, O # %r255 = add i32 o, ©
mov w9, O # %r258 = add i32 o, ©
mov w9, w9
mov wle, © # %r256 = add i32 o, ©
mov wle, © # %r259 = add i32 o, ©
mov wlo, wle
mov wlo, wlo #bb2: %r260 = phi i32 ...
mov wl2, wll #bb2: %r26l = phi i32 ...
b bb2 # br label %bb2

bb2:

TTEIER: B
mov rii ri — il




AL : mOK N2

bbl:
mov wll, wo
mov w9, O # %r255 = add i32 o, ©
mov w9, O # %r258 = add i32 o, ©
mov wle, © # %r256 = add i32 o, ©
mov wle, © # %r259 = add i32 o, ©
mov wl2, wll #bb2: %r26l = phi i32 ...
b bb2 # br label %bb2

bb2:
TLRER: RIL7s=:
mov rl, ? —> MiBpE—%
mov ril,

AR . SR
b bb2? PR kAL IR S
bb2:




LA : mOR2

quickreadiX %
bbl:
mov x16, ©
sHb——sp;—sp;—x16
mov w9, ©
stp x9, x10, [sp, 16]!
stp x11, x12, [sp, -16]!
stp x13, x14, [sp, -16]!
str x15, [sp, #-8]!
stp x29, x30, [sp, -16]!
TLRIEN: L7
mov rl, © —> fEsubisS

sub r?, r?, rl
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A7ZFEYL: PRFM (aarch64)

; PRFM <type>, [<base>, <offset>]

PRFM PLDL1KEEP, [x0, 256] ; 1Z#{E, 71EIZIL1 Cache
; PLDL2KEEP: iZ#p{E, THEYZEIL2 Cache

; STL2KEEP: HEiR{E, FHEXZEIL2 Cache

ldr wl, [x0, 256]

void _ builtin_prefetch (const void *addr, int rw, int locality);

Q rw (Read/Write hint, 1%/B1R) :
» O FRAHBIBEZATIEE GEEFED
» 1 RTHBEFERATEAN (EAMED
Q locality (FREXEERME) :
= 0 RRBIRNTEEERME, B R FE AT ] B M B
= 1 RTEENTEESY, BESTINE SHESHE
= 3RFEENTEGEERME, "SRRI




. A 7451

#define ARRAY_SIZE 10000
void no_prefetch(int *arr) {
for (int 1 = @; i < ARRAY_SIZE; i++) {
usleep(100);
arr[i] = arr[i] * 2;

}

void with prefetch(int *arr) {
for (int 1 = @; i < ARRAY_SIZE; i+=4) {
__builtin prefetch(&arr[i], 1, 1);
usleep(100);
arr[i] = arr[i] * 2;
arr[i+l1] = arr[i+l1l] * 2;
arr[i+2] = arr[i+2] * 2;
arr[i+3] = arr[i+3] * 2;

} #: clang prefetch.c

#: ./a.out

No prefetch time: 0.0153 seconds

() aYalalala




HITIESHFL: SIMD

e SIMD: Single Instruction Multiple Data

e ARM: Neon, &HB321128bitEF7FEv0-v31

e X86: SSE., AVX
- HEIRAGE: ARTE




i EEEE

#include <arm_neon.h>
int x[4] = {1, 2, 3, 4};
int y[4] = {SJ 6, 7, 8}3
void avadd(int* z) {
int32x4 t vec x = vldlqg s32(x);
int32x4_t vec y = vldilq s32(y);
int32x4_t vec_z = vaddqg s32(vec_x, vec y);
vstlg s32(z, vec z);

#: clang -march=armv8-a+simd test.c -02 -S

_avadd:

adrp x8, _X@PAGE

ldr g0, [x8, _X@PAGEOFF]
:j>> adrp x8, _y@PAGE
| ldr g1, [x8, _y@PAGEOFF]
add.4s vo, vl1l, vO

str g0, [x0]
ret




FITITE . %A IEEE (multicore)

C BEIHITIHE -

= 4pciap oxfFfFFfEFfEffffef
® 3E \ *&EﬁIE—J Kenel Space e
128TB A%
° /\E i&?ﬁl\a—,l oxf{f800000000000

) 9&%@ I‘lﬂﬁ@- : ~16M TB
(48—b i tSCITAR)
o (EENHR: BIEDIR
Ox00007fFffffffff

o HIEEFhEZL %
v v

hgent ; - Uer Space E.”EH Wﬁ

Core Core Display < i 128TB

mmapi

L35 Slice L35 Slice PCle (Ejf
Gen9 <> Program Break =~

L3% Slice L3% Slice 1_‘ b r\ki&
R+ iR

Bury
G
B
=
|

Core Core Memory <——> 0Xx0000000000000000 L.




WIRZFOE: Z&EHT

#include <pthread.h>
#include <assert.h>
#include <stdio.h>
#define NUM 100

int global cnt = ©;

void *mythread(void *in) { Z T EAEF &I ]
for (int i=0; i<NUM; i++)

}

int main(int argc, char** argv) {
pthread t tid[NUM];
for (int 1=0; i<NUM; i++){
assert(pthread create(&tid[i], NULL, mythread, NULL)==0);

}
for (int 1=0; i<NUM; i++){

} pthread join(tid[i], NULL%jJ;E;iiEEFion £ail ]

g "I A = A ) SN Y IN 2. H




ZERN: [RFiA I[‘EI

fR—: ERABTTEAR |

}

define NUM 100

BECHICHINEN:10bal_cnt;

void *mythread(void *from) {

for (int i1=0; i<NUM; i++)
global cnt++; FR=: EFHETFIEZEAPI ]

int main(int argc, char** argv) {

pthread_t tid[NUM];
for (int i=0; i<NUM; i++){

assert(pthread create(&tid[i], NULL, mythread, NULL)=

}

for (int i=0; i<NUM; i++){
pthread join(tid[i], NULL);

}

assert(global_cnt==NUM*NUM) ;

=0);




RFipEIRE AN RFES
* ldaddal: JRFIEIES

adrp x9, _global cnt@PAGE

ldr w8, [x9, _global cnt@PAGEOFF ]
add w8, w8, #1

str w8, [x9, _global cnt@PAGEOFF ]
b LBBO 3

mov w8, #1
[:t> adrp x9, _global cnt@PAGE

add x9, x9, _global cnt@PAGEOFF
ldaddal w8, w8, [x9]




AT SCI—E iE LR SRR F1E?

o EJCompare and Set/Swap#/1l

o |daxr: MATFRHBLENE—MME, fRidizxiteiln “Im&iE0E]"
o NLKRM, ARFHEIE
« HELENIdaxrFF 2 RIESER “Th&iaRE" RS

o stixr: F—MEFMBINE, ZUFHR “MWEHEE7 K.

!-\l:./\
== i

cmpxcth—> flag |< xcmpxchg
BER

1
1
X i3 \
A
ol




ot Y1911

#include <stdatomic.h>
#include <stdbool.h>
volatile atomic_int lock = 0;
// Bhest, #mERe CREE)
void acquire_lock(volatile atomic_int *lock) {
int expected = 0;
while (!atomic_compare_exchange weak(lock, &expected, 1)) {

expected = 0; // MR EN, FEEEFEF expected HJE

}
}

void release_lock(volatile atomic_int *lock) {
atomic_store(lock, 0);// TEmsH
}

int main() {
acquire_lock(&lock); // |
release_lock(&lock);
return 09;

m7r X AR




ot Y1911

acquire_lock:
mov wl, 1
L2:
ldaxr w2, [x0] FRIE[x01A “M&iE]”
cmp w2, ©
bne .L6
stlxr w3, wl, [x0] MR “MGiEn” fRcEEZIZERR, NiE
cmp w3, © S5, w3l=0
.L6:
bne L2
ret
release lock:
stlr wzr, [x0]
ret




& E 2R

HEZLZEAPI: ...

I B I A%

Volatile., NFREPE

|daddal/Idaxr/stlxr




mwiEL T RE= - ERBER -

T

25151

T

void *t@ (void* in){
while (a);

void *tl (void* in){
a = 0;

N, 7

S
/L

atomic_int a = 1;

¥
|

o




2T N1FihI8]: Volatile

s SIFmIEFRREF FFArTRVE,

T

void *t@ (void* in){
while (a);

s ST TEINEL

T

¥
|

void *tl (void* in){

}

N

a = 0;

volatile atomic_int a = 1;




H
o IESMITHIEBEINFEA RS EELKIE=E M
o WIFEMIULAIBESIRIFIE S EHE
void *t@ (void* in){ Vﬁ%i :TE)(VOid* in){
B while(!b);
E - g; assert(!a);
y ] ;
e |
[éﬁﬁﬁ?ﬁ}ﬁgﬁé?ﬂﬁ}llﬁﬁ? atomic_int a = 1;
atomic_int b = 1;




R1EFPFE: Memory Barrier/Fence
. DMBIRES: 4ESRMIRRAIEZ A0SR 2 BI5E
» DSBEEPE: NFANIEIZ, EHFFashlFh

NEEE

define barrier() __asm

volatile("dmb sy" ::: "memory");

T

void *tO (void* in){

a = 0;
barrier();
b = 0;

T

void *t1l (void* in){
while(!b);
assert(!a);

}

atomic_int a
atomic_int b




&

AR RIE

T

void *t@ (void* in){
while (a)
barrier();

T

void *tl (void* in){
a = 0;

¥

atomic_int a

1;




R% %%z

int test(){ a[n]
int a[n]; : A
for (int 1 = 0; i < n; i++) {

c1 o ok s l ]
a[i] = 2 * 1i; Y Y

E‘etur‘n 0; #%F181: foo()  Zk#E2: foo2()

}

int paratest(){ int a[n];
pthread t t1; fool(){
pthread_t t2; for (int i=0; i<n/2; i++)
pthread create(&tl, NULL, fool, NULL); a[i] = 2 * i;
pthread create(&t2, NULL, foo2, NULL); }
pthread_join(tl1,NULL); fo02(){
pthread_join(t2,NULL); for (int i=n/2; i<n; i++)
return 0; a[i] = 2 * i,

} }




OpenMP Rz FH 5545

int test(){
unsigned long long start = rdtsc();
int a[100000];
pragma omp parallel for num_threads(2)
for (int 1 = 0; i < 100000; i++) {
al[i] = 2 * i;
}
unsigned long long cycles = rdtsc()- start;
printf("cycles = %d\n", cycles);
return 09;




TR FREYBE AR a)RE : 7 ffl1

int test(){
int a[20];
al[@] = 1;
a[1] = 1;
for (int i = 0; i < 20; i++) {

a[i] = a[i-1] + a[i-2]; - BIRRY, TORHT

¥

return 9;




TR AR R BE AR a) R : 71512

for(int i = 1; i < n; i++) {
for(int j = 1; j < n; j++) {
ali][j] = a[i-1][]] + a[i][]-1];

L -

}
}

00000 00000 Q0000
c»gooo ou»;oo ooc»;o
000000000 00000
@0000 @©@000O0 @0 000




(SRl

OO CNONONO, CNONONO,
ON NONG, @) O @0 OO0
Q0 00:=:0000=-=00
@0 OO0 000 0060
Q000 Q000 0000

T 2 0 &2 1

OO0 OO0 Q000 0000
OO @000 0000
00 O0r==30 O==3>00 OO0
Q0 OO0 ONON NGO QQ’M
0 00 000 000

I %

ONONONO. Q0 OO0
ONONONO. Q0 OO0

O0==»0000
ON NONG, @ O
000 ONON N©

I

QOOO%
ONONONO.
ONONONO.
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