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void set_row(double *a, double void set_row(double *a, double

" ,
*b, long i, long n){ b, kl)onr?gl}-long n}{

long J; L =) int ni =n * i

el = O-’ e J-++) for (j=0;j<n; j++)
el = el alni+j] = bljk




GCC -0O1

i, long n){
long j;

void set_row(double *a, double *b, long

for (j = 0;j < n; j++)
aln*i+j] = bljl;

endbr64

testq
jle

%Brcx, %srcx

imulqg %ro

Leag

mov L

movsd
movsd
addqg
cmpq
jne

ret

8), %rdx

(%rsi,%rax,8), %xmmO
%BxmmO, (%rdx,%rax,8)
$1, %rax

%Srax, %rcx

long j;

long ni = n * i;

double *rowp = a + ni;

for (j=0;j<n; j++)
*rowp++ = blj];

# Test n

# If 0, goto done
#ni=n*I
#rowp=A+ni*8
#j=0

# loop:

#t = bJj]

# M[A+ni*8+j*8] =t
#]++

# if 1=, goto loop
# done:




= LRERK: =)

ik
Ly

FAE R EERARERIRE

« Shift, addfCE& LR
e 16X 2 x<<4

: » . int ni = O;
for (! ~ O.’ < .I++){ for (i = 0; i < n; i++){
intni =n * i : . .
for(j=0;j<n;j++)

for (j = 0; j < n; j++) Sl<h )
} alni+j] = bljl; m—) - 3[2'+J] = blj};
}




DB FRENNER

* . ey
/*sum neighbors of i,j*/ /*sum neighbors of i,j*/

up =vall (i-1)*n  +j ] I(L)Jng i ;a;[*inr? ij;] !
down =vall (i+1)*n +j I; do?/vn —val i:f .
left =vall *n +j-1 ] left — ;al[ i i 17: ’
right =vall i*n +j+1 I right_z vall ir{j ey ]’;

sum = up + down + left + right; sum = up+down+left+right;

endbr64
subl $1, %edi

movq val(%rip), %rcx 2 O o :
movl %esi, %eax imull %edx, %edi

imull %edx, %edi addl %esi, %edi

addl %edi, %esi movslg %edi, %rsi
movslg %esi, %rsi movq Vval(%srip), Srax
movsd (%rcx,%rsi,8), %xmmo movslq %edx, %rdx
leal (%rdi,%rdx,l), %esi movg S%rsi, %rcx
leal (%rsi,%rax), %edi subq %rdx, %rcx
subl %e

sedx, %esi = Dol o Qb Ly oo,
e e v movsd (%rax,%rcx,8), %xmml

movsd %xmm@, up(%rip)

endbr64

movsd %xmml, up(%rip)

addl %eax, %esi addq S%rsi, S%rdx

movsd (%rcx,%rdi,8), Sxmm3 movsd (%rax,%rdx,8), %xmm3
movslq %esi, %rsi movsd %xmm3, down(%rip)
addsd %xmm3, S%xmmO movsd -8(%rax,%rsi,8), %xmm2
movsd %xmm3, down (%rip) movsd sxmm2, left(%rip)

movsd -8(%rcx,%rsi,8), %xmm2

‘ movsd 8(%rax,%rsi,8 %xmmo
movsd %xmm2, left(%rip) sd B(%rax,%rsi,8), %

: cd Sy s
movsd 8(%rcx,%rsi,8), %xmml movsd S%xmm@, right(%rip)
addsd %xmm2, %xmmo addsd %xmm3, %xmml
movsd %xmml, right(%rip) addsd %xmm2, %xmml
addsd %xmml, S%xmmO addsd %xmml, S%xmmO@
movsd %xmm@, sum(%rip) movsd %xmm@, sum(%rip)
ret ret




AT B AR

RS

ST

« WEESRIFNLHATIR

4k, o B R BT R T AL B VRS

« GCC online documentation - GNU Project

« -0O0
« -O1
+ -02
 -03
 -Os
» -Ofast
. -Og


https://gcc.gnu.org/onlinedocs/

GCCRIL{L 1T

BE B YE Mg R B
$ gcc -Q -01 --help=optimizers

-

SEPEN X

B @b ¢ =& 8l & [&)rieht Shift + Right Alt



=01

GCC online documentation - GNU

Project

Optimize. Optimizing compilation takes somewhat more time, and a lot more
memory for a large function.

With ‘-0°, the compiler tries to reduce code size and execution time, without
performing any optimizations that take a great deal of compilation time.

‘=0’ turns on the following optimization flags:

-fauto-inc-dec
—fbranch-count-reg
-fcombine-stack-adjustments
—fcompare-elim
-fcprop-registers

—-fdce

~fdefer-pop
—-fdelayed-branch

-fdse

-fforward-propagate
-fguess-branch-probability
-fif-conversion
-fif-conversion2
-finline-functions-called-once
-fipa-profile
-fipa-pure-const
-fipa-reference
-fipa-reference—-addressable
-fmerge-constants
-fmove-loop-invariants
—-fomit-frame-pointer
-freorder-blocks
-fshrink-wrap
-fshrink-wrap-separate
-fsplit-wide-types
-fssa-backprop
-fssa-phiopt
-ftree-bit-ccp
-ftree-ccp

-ftree-ch
-ftree-coalesce-vars
-ftree-copy-prop
-ftree-dce
-ftree-dominator-opts
-ftree-dse
-ftree-forwprop
-ftree-fre
-ftree-phiprop
-ftree-pta
-ftree-scev-cprop
-ftree-sink
-ftree-slsr

-ftree-sra

-ftree-ter
-funit-at-a-time


https://gcc.gnu.org/onlinedocs/

-02

GCC online documentation - GNU

Project

Optimize even more. GCC performs nearly all supported optimizations that do
not involve a space-speed tradeoff. As compared to ‘-0’, this option increases
both compilation time and the performance of the generated code.

‘~02’ turns on all optimization flags specified by ‘-0’
following optimization flags:

-falign-functions -falign-jumps
-falign-labels -falign-loops
-fcaller-saves

-fcode-hoisting

-fcrossjumping

-fcse-follow—jumps -fcse-skip-blocks
-fdelete—null-pointer-checks
-fdevirtualize -fdevirtualize-speculatively
-fexpensive-optimizations
-ffinite-loops

-fgcse -fgecse-1m
-fhoist-adjacent-loads
-finline-functions
-finline-small-functions
-findirect-inlining

It also turns on the

-fipa-bit-cp -fipa-cp -fipa-icf

-fipa-ra -fipa-sra -fipa-vrp
-fisolate-erroneous-paths-dereference
-flra-remat

—foptimize-sibling-calls

-foptimize-strlen

-fpartial-inlining

-fpeephole2

-freorder-blocks-algorithm=stc
—-freorder-blocks-and-partition -freorder-functions
—-frerun-cse-after-loop

-fschedule-insns -fschedule-insns2
-fsched-interblock -fsched-spec
-fstore-merging

-fstrict-aliasing

-fthread-jumps

-ftree-builtin-call-dce

—ftree-pre

-ftree-switch-conversion -ftree-tail-merge
-ftree-vrp

11
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* Two optimization blocker
* Memory aliasing

 Function calls



THIFERR1.1

void sum_row1(double *a, double *b, long n){
long i, j;
for (i = 0; i<n; i++){
bli] =0
for (j = 0; j <n; j++)
bli] += ali*n+jl;

double A[9] =

{ o 1, 2
4, 8, 16,
32, 64, 128};

double *B = A+3;

sum_row1(A, B, 3)

movsd (%
addsd (%ra
movsd %X

addg $8, %rax

Ix), %
X), 4

IC
Ira

cmpq %rcx, %rax

jne

mmO, (oh

init: [4, 8, 16]

i=0: [3, 8, 16]

i=1: [3, 22, 16]

i=2: [3, 22, 224]

14



THIFERR1.1

void sum_row1(double *a, double *b, long n){
long i, j;
for (i = 0; i<n; i++){
bli] = 0;
for (j = 0; j <n; j++)
bli] += ali*n+jl;

void sum_row1(double *a, double *b, long n){
long i, j;
for (i = O; i<n; i++){
double val = 0O;
for (j = 0; j <n; j++)
val += ali*n+j];
b [i] = val;

15



THIFER1.2

//a.c

#tinclude <stdio.h>
void f1 (int *xp, int *yp){

*XP += *yp;
*XPp += *yp;

}
gcc —01 a.c

!

a.0:

(Dﬂﬂ)COO‘!-b@

$ objdump -d a.o

file format elf64-x86-64

Disassembly of section .text:

0909900000990000 <fl>:

f3 0f le fa endbro4
8b 06 mov
03 07 add
89 07 mov
03 06 add
89 07 mov
c3 ret

%rsi),%seax
%rdi) ,%eax

%eax, (%srdi)

%rsi) ,%seax

%eax, (%srdi)

//b.c

#include <stdio.h>
void f1 (int *xp, int *yp){
*XPp += 2% *yp;

gcc —O1 b.c

!

$ objdump -d b.o

b.o: file format elT64-x86-64
Disassembly of section .text:
0000000000000000 <fl>:
0: f3 0f le fa
4: 8b 06 mov
6: 01 co add
8: 01 07 add
a: c3 ret

endbro64

%eax,%eax
%eax, (%srdi)

(%rsi) ,%eax

AR xpMypi&[a) [E—R A FFHE

16



THIFER1.2

//a.c

#include <stdio.h>

void f1 (int *xp, int *ypX{
*XP += *yp;
*XPp += *yp;

//b.c

#include <stdio.h>

void f1 (int *xp, int *yp){
*XP += 2% *yp;

}

*Xp +=
*Xp +=

*Xp =4 * *Xp

|
AR xpFlypi5[a) B —LRA L ?
|
*Xp;
*Xp;

*Xp += 2* *Xp;

*Xp = 3 * *Xp

Memory aliasing .



Memory aliasing & strict aliasing rules

r—\

P count

U(int)

——

o—- =
U(float)

et

 EEE—

U(MyClass)

U(char)

- - Real pointer
— Compiler belief

//a.c

#tinclude <stdio.h>

void f1 (int *xp,
*Xp +=
*Xp +=

int count;
float bias;

int data[1000] ;
MyClass obj;

void foo(int* p, float g)

{

}

// Graph at this time
*p= W + 1
-q = -q - 0.5;

void bar()

{

foo(&count, = &bias);
foo(data, &bias);

count = count =+ 1;
data[0o] = data[0] + 0.5;

int *yp)X{
*yp;
*yp;

18
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#include <stdio.h>

int foo(int* ptrl, int* ptr2)

{

*ptrl = 10; Disassembly of section .text:
*ptr2 = 11;
0OOEEOOOEEOOOARO <foo>:
0: f3 0f le fa endbro64
4: c/ 07 Oa 00 00 00 mov1l $0xa, (%rdi)
a: c7 06 Ob 00 00 06 mov1l $0xb, (%rsi)
10: 8b 07 mov %rdi) ,%eax
main() ) (.4 c3 ret
int datal = 10, data2 = 20;
int result = foo(&datal, &data2); gcc —0O1 a.c
gcc —02 a.c

printf("%d ", result);
e;

19



Memory aliasing5| & RARIRIILER

* What to produce by GCC-0O1, GCC-02 optimizers?

#include <stdio.h>

int fod(ihf* ptfl, long* ptr2)
{
*ptrl 10;
*ptr2 11.0;
A *pirl;
}

int.méin()”-”
{
long data = 100.0;

int Fésuif.=”foo((int *)&data,

printf(“%d ﬁﬁ“, result);




EE £H fE BE R’Es BB

{

long data = 100.0;

int result = foo((int *)&data, &data);

prihtf{”ad \n", result);
<ts/ICS2021/teach/Coursel7/demo.c[1] [c] unix utf-8 Ln 1, Col 0/25

21
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#include <stdio.h>

int foo(int* ptrl, long* ptr2) 0000PELOAORO1149 <foo>:
{ 1149: f3 0f le fa endbré4
s e 114d: c7 07 Oa 00 00 00 movl  $0xa, (%rdi)
d s 1153: 48 c7 06 Ob 00 00 00  movq  $0xb, (%rsi)
i 115a: 8b 07 mov %rdi) ,%eax
L15¢s c3 ret

int.main()” ”
f
long data = 100.0;

gcc —0O1 a.c

int fesult = foo((int *)&data, &data);

printf ("%d ﬁ ”; result);
; 0000000000001180 <foo>:

1180: f3 0f le fa endbr64
1184: c7 07 Oa 00 0O 00 movl $0xa, (%rdi)
118a: b8 Qa 00 00 060 mov $0xa,%eax
118f: 48 c7 06 Ob 00 00 00 mov(q $0xb, (%rsi)
1196: c3 ret

gcc —02 a.c

-fstack-reuse=[all|named vars|none] all

-fstdarg-opt [enabled]

-fstore-merging [enabled]

-fstrict-aliasing [enabled]

-fstrict-enums [available in C++, ObjC++]

-fstrict-volatile-bitfields [enabled]

-fthread-jumps [enabled] 29




EE W fE »ME kg B

1200: 41 5e

1202: 41 5f

1204: c3

1205: 66 66 2e Of 1f 84 00
X 1)

120c: 00 00 00 00
0000000000001210 < 1libc csu fini>:

1210: f3 0f le fa

1214: c3

Disassembly of section .fini:

0000000000001218 < fini>:

1218: f3 0f le fa
121c¢: 48 83 ec 08
1220: 48 83 c4 08
1224: c3

$ gcc -01 demo.c

$ ./a.out

i

$ gcc -02 demo.c

$ ./a.out

10

$ gcc -02 demo.c |

pop %rl4
pop %rl5
ret

datalt cs nopw Ox0(%rax,%ra

endbroe4
ret

endbroe4

sub $0x8,%rsp
add $0x8,%rsp
ret

D Ou® s QBRSO Erian i+ pigne e, 23



#include <stdio.h>

gcc —0O2 a.c —fno-strict-aliasing

int foo(int* ptrl, long* ptr2) 0000PELOAORO1149 <foo>:
{ 1149: f3 0f le fa endbré4
s e 114d: c7 07 Oa 00 00 00 movl  $0xa, (%rdi)
d s 1153: 48 c7 06 Ob 00 00 00  movq  $0xb, (%rsi)
i 115a: 8b 07 mov %rdi) ,%eax
L15¢s c3 ret

}

int.méin()”-”
f
long data = 100.0;

gcc —0O1 a.c

int fesuif = foo((int *)&data, &data);

printf(“? ﬁh‘; result);
; 0000000000001180 <foo>:

1180: f3 0f le fa endbr64
1184: c7 07 Oa 00 0O 00 movl $0xa, (%rdi)
118a: b8 Qa 00 00 060 mov $0xa,%eax
118f: 48 c7 06 Ob 00 00 00 mov(q $0xb, (%rsi)
1196: c3 ret

gcc —O2 a.c

-fstack-reuse=[all|named vars|none] all

-fstdarg-opt [enabled]

-fstore-merging [enabled]

-fstrict-aliasing [enabled]

-fstrict-enums [available in C++, ObjC++]

-fstrict-volatile-bitfields [enabled]

-fthread-jumps [enabled] 24




Optimization blocker: memory aliasing

» Aliasing
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THFER2.1

void lower(char *s){

size_t i;
for (i = O; i<strlen(s); i++)
if(s[i] >= ‘A’ && sli] <= Z’)
sli] -= (‘A> — “@’);
250
200
3
S 150
o
o
2 100
=
o
S 50
0 [ I I [ [ | I I
0 50000 100000 150000 200000 250000 300000 350000 400000 450000 500000
String length

26



THFER2.1

e strlen(): FKERF
void lower(char *s){ . BMEIE

size_t i; o NIVA73 4 — S JUuRF
for (i = O; i<strlen(s); i++) NRENBR, —IRERE
if(s[i] >= ‘A’ && sli] <= Z’)

sli] -= ('A” — "a’);

void lower(char *s){
size_ti = 0;
if (i >= strlen(s))
goto done;
loop:
if(sli] >= ‘A’ && sli] <= Z’)
sli] —= ("A” — “a’);
| ++;
if(i< strlen(s))
goto loop;
done:

27



THFER2.1

void lowerl(char *s)}{
size_t i;
for (i = O; i<strlen(s); i++)

if_(s[i] >= ‘A’ && 9[i]

<= ‘Z")

sli] -= ('A” — "a’);

void lower2(char *s){

size_t i;
size_t len = strlen(s);
for (i = 0; i<len; i++)
if(s[i] >= ‘A’ && sli] <= Z’)
sli] —= ("A” — “@’);

28



CPU seconds

250
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lowerl

0

:ﬁ lower?2

50000
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String length
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1Tl

void lowerl1(char *s){

° E'f’lﬂ?ﬁﬁ@ size t i;
. : : for (i = 0; i<strlen(s); i++)
Inline func’Flons F(s[l] > ‘A 8& s[i] <= Z°)
* EQ¥E{JCOd|ng s[i] -= (‘A” — @’);

30



THFERR2.2

endbroe4

pushqg %rbx
xorl %eax, °

long f(); call f@PLT
movg S%rax, %rbx

long func1(){ ig{} ?ggt+
return () + f() + f() + £(); addg %rax, %rbx

} xorl %eax,

call T@PLT
long func2(){ addq %rax, %rbx
return 4 * £(); xorl %eax, %ea.

) call T@PLT
addq %rbx, %rax

popg %rbx
Fek

endbro64
subg $8, %rsp

xorl %eax, %eax 7 safettb il wiEssE ek EuAH
e A BETFIERIVER (side effect)
salq $2, S%rax

ret

31



THFERR2.2

endbroe4
pushqg %rbx
xorl %eax, °
long f(); call f@PLT
movq %rax,
xorl %eax,

call f@PLT

long func1(){
return () + () + () + f();

addq %rax,

} xorl %eax,
counter = 6 call f@PLT
long func2(){ addq 9%rax,
return 4 * f(); xorl %eax
] call
counter = 0 &

popq
ret

br64
23;;' : long counter = 0;
xorl ax X long f(){
call return counter ++;
addg ' "SSP ]
salq

ret




I n I i r -findirect-inlining
Inline also indirect calls that are discovered to be known at compile time thanks
to previous inlining. This option has any effect only when inlining itself is turned

on by the ‘-finline-functions’ or ‘-finline-small-functions’ options.

Enabled at levels ‘-02’, ‘-03’, ‘-0s’.

long
m A 4
long func1(){ long funclin(X
return f() + f() + f() + f(); MG 1 = GOLIMIET 4=
} t += counter ++;

t += counter ++;
t += counter ++;

long func2(){
return t;

return 4 * f();

long funclopt(){
long t = 4 * counter + 6;

return t;

33
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Inline substitution

gcc —00 a.c
long f(); gcc —0O1 a.c
0000000000008O00 <funcl>:
0: f3 0f le fa endbr64
Iong fUﬂC1(){ g ig R push  %rbp "
e mov %rsp,%rbp
return f() + f() + f() + f(), 8: 53 push  %rbx
} 9: 48 83 ec 08 sub $0x8,%rsp
d: b8 00 00 00 0O mov $0x0,%eax
12 e8 00 00 00 00 call 17 <funcl+0x17>
17: 48 89 c3 mov %rax,%rbx
long func2(){ la: b8 00 00 00 00 mov  $0x0,%eax
1l e8 00 00 00 00 call 24 <funcl+0x24>
return 4 * f(); 24: 48 01 c3 add  Srax,S%rbx
27z b8 00 00 00 00 mov $0x0,%eax
} 2¢C: e8 00 00 00 00 call 31 <funcl+0x31>
31: 48 01 c3 add %rax,%rbx
34: b8 00 00 00 0O mov $0x0,%eax
39: e8 00 00 00 00 call 3e <funcl+0x3e>
3e: 48 01 d8 add %rbx,%rax
gCC _02 a.c i% 48 8b 5d f8 mov -0x8(%rhp) ,%rbx
: c9 leave
46: c3 ret
0000000000000000 <funcl>:
0: f3 0f le fa endbr64
4: 48 8b 05 00 00 00 0O mov Ox0(%rip) ,%rax # b <funcl+0xb>
b: 48 8d 50 04 lea Ox4(%rax) ,%rdx
iz 48 8d 04 85 06 00 00 lea Ox6(,%rax,4),%rax
16: 00
17: 48 89 15 00 00 00 0O mov %Srdx, 0x0(%rip) # le <funcl+Oxle>
le: c3 ret
1f: 90 nop

35



EE pe ME AR RS E
$ gcc -02 -c demo2.c |}

BrJang

2 @b e 0= # il @& Rrient shift + Right gdt



Inline substitution

gcc —00 a.c
long f(); gcc —0O1 a.c
0000000000008O00 <funcl>:
0: T
long func1(){ 4 gcc —0O2 a.c —fno-inline
5: 48 8Y eb mov %rsp,%srop
return f() + f() + f() + f(), 8: 53 push  %rbx
} 9 48 83 ec 08 sub $0x8,%rsp
d: b8 00 00 00 0O mov $0x0,%eax
12: e8 00 00 00 00 call 17 <funcl+0x17>
17: 48 89 c3 mov %rax,%rbx
long func2(){ la: b8 00 00 00 00 mov  $0x0,%eax
1l e8 00 00 00 00 call 24 <funcl+0x24>
return 4 * f(); 24: 48 01 c3 add  Srax,S%rbx
27z b8 00 00 00 00 mov $0x0,%eax
} 2¢C: e8 00 00 00 00 call 31 <funcl+0x31>
31: 48 01 c3 add %rax,%rbx
34: b8 00 00 00 0O mov $0x0,%eax
39: e8 00 00 00 00 call 3e <funcl+0x3e>
3e: 48 01 d8 add %rbx,%rax
gCC _02 a.c 415 48 8b 5d f8 mov -0x8 (%rbp) ,%rbx
45: c9 leave
46: c3 ret
0000000000000000 <funcl>:
0: f3 0f le fa endbr64
4: 48 8b 05 00 00 00 0O mov Ox0(%rip) ,%rax # b <funcl+0xb>
b: 48 8d 50 04 lea Ox4(%rax) ,%rdx
Iz 48 8d 04 85 06 00 00 lea Ox6(,%rax,4),%rax
16: 00
17: 48 89 15 00 00 00 0O mov %Srdx, 0x0(%rip) # le <funcl+Oxle>
le: c3 ret
1f: 90 nop

37
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winclude <stdio.h>
long counter = 0;
static inline long f(){ counter ++;

}

long funcl(){
f() + () + £() + T();
}

long func2(){
4 * f();
}
int main(){
printf("sld \n", funcl());

~/Documents/ICS2021/teach/Coursel7/demo2.c[1]




BE Y UE RE 88 By
1 #include <stdio.h>
long counter = 0;
static inline long f(){ 1 counter ++;

}

long funcl(){
() + T() + () + T();
}

long func2(){
turn 4 * £();

}

int main(){
("

printf("%ld \n", funcl());

~/Documents/ICS2021/teach/Coursel7/demo2.c[1] [c] unix utf-8 Ln 1,
1 change; before #1 3 seconds ago

Pt & ) m1 i Ul @ (& Right shift + Rights_gt




Optimization blocker: function call

 Function call
- SEIEANEIER
- 2REE

s BOAAREERA—E—HF

s IR RSB EENESUE
« LinkingR & B4R & #0E A RISCH

1Tl

- HAthiETE

* |nline functions
« EiFHcoding
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AN EEIER

typedef struct{
long len; len

data_t *data; data

A 4

}  vec_rec, *vec_ptr;
typedef long data_t;

void combinel (vec_ptr v, data_t *dest){

long i;

*dest = 0; 1

for (i =0; i < vec_length(v); i++){
data_t val;

get_val_element(v, i, &val);
*dest = *dest + val,;

THERTBIMIERL
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AN EEIER

typedef struct{

long len; |
en

data_t *data;

A 4

data °

}  vec_rec, *vec_ptr;

typedef long data_t;

void combinel (vec_ptr v, data_t *dest){

long i;

long length = vec_length(v);

*dest = 0; 1

for (i =0; i </length; i++){
data_t val;

get_val_element(v, i, &val);
*dest = *dest + val;

THERTBIMIERL
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AN EEIER

typedef struct{
long len;

len

data_t *data;

A 4

data °

}  vec_rec, *vec_ptr;

typedef long data_t;

void combinel (vec_ptr v, data_t *dest){

long i;

long length = vec_length(v);

*dest = 0;

for (i =0; i < length; i++){ *  JHBRTBEAMERX
data_t val; 5 /D R EUE

get_val_elemently, i, &val);
*dest = *dest + val,



AN EEIER

typedef struct{
long len; len

®
A 4

data_t *data; data

}  vec_rec, *vec_ptr;
typedef long data_t;

void combinel (vec_ptr v, data_t *dest){

long i;

long length = vec_length(v); 2

Sata_t *data = get_vec_start(v); . SEREINMEL
dest = 0; - BEDERECER

for (i =0; i < length; i++){
*dest = *dest + datalil;

}



AN EEIER

typedef struct{

long len; on

data_t *data; data

A 4

}  vec_rec, *vec_ptr;
typedef long data_t;

void combinel (vec_ptr v, data_t *dest){
long i;
long length = vec_length(v);
data_t *data = get_vec_start(v);
*dest = O;
for (i =0; i < length; i++){
*dest = *dest + datalil;

} 3

ﬁovq
addq

addq
cmpq
jne .L3

¢ SHBRIETMER
C BB
© HOTBMMAEIE
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AN EEIER

typedef struct{
long len;
data_t *data;
}  vec_rec, *vec_ptr;

len
data °

A 4

typedef long data_t;

addg (%rax), %rdx

: . N
void combinel (vec_ptr v, data_t *dest){ in ol o

long i; cmpg Srcx, S%rax
long length = vec_length(v); jne .L3

data_t *data = get_vec_start(v);

data_t acc = 0; « BBRTEIMITRL
for (i =0; i < length; i++){ - BOREUBRA

acc = acc + datalil; - BOLEENRNFEAG

}

*dest = acc; 3

46



A EABGNES S

- B EB{i{ktreatment
. ERIESEEN

* HE BB R IFERE MU H RN A SR AR TABRIRE
- EEmESRIANER
. FIESRMAETIRE safe

« HEEERIFNIIFED
* Memory aliasing
« Function call

a7



AL RS

Instruction Control

Fetch Address
Control

Retirement

______ Unit Instruction
: Register [T Instructions Cache
File Decode
Operations
Register Updates
: Functional
Units
Operation Results
Addr. Addr.
Data Data
Execution

From CMU CSAPP Course



Pipeline

» CPUF

. EREHEBRTINER—SZ ERES

Q_AQ%LIﬂﬁmdkﬁE

H 1

long mult_eqg(long a, long b, long c){

}

lo
lo
lo

ng pl=a * b;
ng p2 =a *c;
ng p3 = p1* p2;

return p3;




Pipeline

. CPUF

n5—R A ERITRIKE
- BNWERARTLER—RIULNES

long mult_eq(long a, long b, long c){

EA
1

1592

1543

long p1 =a * b;
long p2 = a * c;

long p3 = p1 * p2;

return p3;
A
Fetch Decode Execute Write-back
Fetch Decode Execute Write-back
Fetch Decode Execute Write-back

v
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Pipeline

. CPUF

- \ N S
15— LA LRI K S
. SEHEBENAUER— R ERES
Stage 1
long mult_eq(long a, long b, long c){ L
long p1=a * b; _ :
long p2 = a * c; Stage 2
long p3 = p1 * p2; -
\4
return p3; (
Stage 3
Time
1 2 3 4 5 6 7
Stage 1 a*b a*c pl*p2
Stage 2 a*b a*e pl*p2
Stage 3 a*b a*c pl*p2

51



L NN

Superscalar Issue (Pentium)

---n-n-nn

Instry

Instrg

= Superscalar issue allows multiple instructions to be issued
at the same time

52



93 3R

* TN 53 3T HY Bk %S

404663: mov $0x0, %eax } :
404668: cmp (%rdi), %rsi Executing
40466b: jge 404685 < How to continue?

40466d: mov 0x8 (%rdi), Y%rax

404685: repz retq

« RER: BFFN S ZHIEM

* java - Why is processing a sorted array faster than processing an

unsorted array? - Stack Overflow

53


https://stackoverflow.com/questions/11227809/why-is-processing-a-sorted-array-faster-than-processing-an-unsorted-array

Likely and unlikely in Linux Kernel

- _builtin_expectHgcc 3| A

- REBEREATERRERE TR L ERFE

BT ST

int tcp_vé4_rcv(struct sk_buff *skb)

{
if (unlikely(th->doff < sizeof(struct tcphdr) / 4))
goto bad packet; ///i-=77)
if (!pskb_may pull(skb, th->doff * 4))
goto discard_it;
int tcp_rcv_established(struct sock *sk, ...)
{

if (unlikely(sk=->sk_rx_dst == NULL))

2%, REEIHR
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AL RS

Instruction Control

Fetch Address
Control

Retirement

______ Unit Instruction
: Register [T Instructions Cache
File Decode
Operations
Register Updates
: Functional
Units
Operation Results
Addr. Addr.
Data Data
Execution

From CMU CSAPP Course



=

N

Clock cycle

3 4 5 6 7 8

int data[N];

int sum = 0;

for (int i = 0; i<N; i++){
if(datali] < 128)

0
Em
Waiting ~ .
instructions . - . } sum += datali;
| DB
0 r-Stagel:Fetch D... }X‘ % ’X{ @
%{ Stage 2: Decode &D..-& &
_DC_-)_ Stage 3: Execute |E g I:I . . . % @
Stage 4: Write-back }X{ & X & |:| . . .
[N
Completed |:| . .
instructions (1
[ ]
A
E41 Fetch Decode Execute Write-back
542 Fetch Decode Execute Write-back
543 Fetch Decode Execute Write-back

v
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GCC 4.6.1 with -O3 or -ftree-

vectorize on x64 no difference between
the sorted and unsorted data (both are

rast) int t = (datali]-128)>>31;

int data[N;
int sum = 0;
for (int i = 0; i<N; i++){

if(datali] < 128)

4+ o
sum+=~t & datalc]; sum += datalil;
Sorted:
data[] = 226, 185, 125, 158, 198, 144, 217, 79, 202, 118, 14, 150, 177, 182, ..
branch= T, T, N, T, T, T, T, N, T, N, N, T, T, T
= TTNTTTTNTNNTTT ... (completely random - impossible to predict)
Unsorted' T = branch taken
N = branch not taken
data[] =@, 1, 2, 3, 4, ... 126, 127, 128, 129, 130, ... 250, 251, 252, ...
branch =N N N N N N N T T T T T T
A = NNNNNNNNNNNN ... NNNNNNNTTTTTTTTT ... TTTTTTTTTT (easy to predict)
3541 Fetch Decode Execute | Write-back
3gS2 Fetch Decode Execute Write-back
LSS Fetch Decode Execute Write-back

v
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ZRIELHITHINN

void combinel (vec_ptr v, data_t *dest){
long i;
long length = vec_length(v);
data_t *data = get_vec_start(v);
data_t acc = IDENT; //0 for +, 1 for *
for (i =0; i < length; i++){
acc = acc OP datalil;

}

*dest = acc;




=\

il

Bk,

void combinel (vec_ptr v, data_t *dest){
long i;
long length = vec_length(v);
data_t *data = get_vec_start(v);
data_t acc = IDENT; //0 for +, 1 for *
for (i =0; i < length; i+=2){
acc = (acc OP datal[il) OP datali+1];
¥

*dest = acc;




B E2

TS S TR R

void combinel (vec_ptr v, data_t *dest){
long i;
long length = vec_length(v);
data_t *data = get_vec_start(v);
data_t acc = IDENT; //0 for +, 1 for *
for (i =0; i < length; i+=2){

acc = (acc OP data[i]) OP data[i+1];

}

*dest = acc;

acc = acc OP (datali] OP datali+1]);

60



BEIR R FF3-multiple accumulator

TS S TR R

void combinel (vec_ptr v, data_t *dest){
long i;
long length = vec_length(v);
long limit = length — 1;
data_t *data = get_vec_start(v);
data_t acc = IDENT; //0 for +, 1 for *
//combine 2 elements at a time
for (i =0; i < limit; i+=2){

x0 = x0 OP datalil;

x1 = x1 OP datali+1];

}

//finish any remaining element
for(; i < length; i++)

x0 = x0 OP datalil;
*dest = xO OP x1;

61
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=\

Bk,

(3

¥

Ry B8

SHETEH SN, mAEHENRNK

* Unrolling

« Accumulating

for (1 =0: 1 < limit; i+=2)4
X0 = x0 OP data[i];
x1 = x1 OP data[i+1];
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4
|

PH

BB % RN vs. F37

16

° La b2 Lab2: Optimization for PA2 (PA2+4EBE{L {4 SE1R)

/NESG (Labs) 2 ICS X[ TR RN —E/NEI/E, EEEEREARFARA—LLIIRPARMER, PARSUIMIZINBIRIBFER
SESMRHTEE LIS . XEEIIHEER BB ARETMPAREHRE HENAIZIH,
e Deadline: 2025511 H30H23:59:59

de B3
1. 8=

TEREVA LR R GE YR B — N EZLURIRS) o FIINR 2471768 %] “Online Judge $232 TLE” LUR . WNARHRR T FEIEIR4F B4 AT,
BRI BRSSO A BT IAYERE IO . ARGERRATE TR, IR ) 2SS R M AR RO B T B ALY A
1 MR, AR RERPERE AL X (BB A L += 2);
2. XTI RES M B (BN 1 <<= 1);
3. BT, WEREHBERILER.

{HXFN R BRI A, Flm T S B LR R AR SR P MR W) WM. 7EX A, B R
WIRBSAE I, TR R F BRI TR, REMEE XAk 1E40 D. E Knuth fifi#i, “Premature optimization is the

root of all evil”,

« {IJTE —/\E L ZGEEEmMUAERE, B— N IELNRE g
- ERIZFNIW, MERZENGE
o h= HUE{J'L&LHI:;
« SHHREHRIN
- XESENMNNKEE

=)

 IPERAEHIERE, X R ISHIIALIRF R B R AT


http://www.why.ink:8080/ICS/2025/labs/Lab2

-

EFRIMEREIEMILab

e SLIOTEK: W TEIRMG, BEdpefTEEHMERERT, FH
R EEFRFNE—HEIRT, SSI10EZLA MR
25 EIRIS A—1 Eratosthenes &K 2,3,...,1 XIS E RS

// WIMERE, is_prime[] N true
for (int 1 = 2; 1 <= n; i++) {
for (int j =1+ 1i; j<=n; j +=1) {
is_prime[j] = false;
}
}

L FE

© A EBIRLEM R A H iR

s EHFH TR -O1MAT K. BT —REh Rt ey Gelin
BTt F) b, HFBRARLSRTRAASTBIER. ABRHEFH X
HALARAD, 5] 4= -fdefer-pop, -finline-functions-called-once

c A EIMAE, ARSI ERARAE, [2IRF sieve.c &y K
T REAZT 4096 F 9

© KIFRBATARE R B P, oy T 107 B HRLA5Hn 6 2 L
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MHEEIE (L E—&: i%Ebenchmark

IS = EER, RIS = BT
- BRIRRIEREAES
© BE— BRI R A

- EHER = SR =~ EFNRITHIE!
- AXLFBERGRE, EWEAEERERILH

- FERESARENBA - BEEAREINNBTG R, BilEE

ﬁ%’ﬁ MUEATEX LA _EHRAMERER s, SESEN A= PRIE
RER B B E R —E

- AEINWNAHE -> HEElNENER AR -> EERAHRNARERA -> R
@ H#9benchmark
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QeI HizT T [E])?

H RO TE T EZ R

X

erf . tlme .
P = Srog —

ESA

inst cycle time

prog inst cycle

WDinst/prog: BlEADHITRIESE, HmiFEMER
- RAIENE: BOHESE, RiZMK
P> cycle/inst: Bl CPU &&= NEHE, =17
o AKIERE: CPU KRIFBIFLET,

P> time/cycle: 5CPUS

- LCTETE: #RELFEY-CPY

BEES, HMEFICPU

S EEGEPS

66



Cache

MK CPUSIRAZH

3541 Fetch Decode Execute [| Write-back
32 Fetch Decode Execute Write-back
| |
E43 ‘ Fetch Decode Execute Write-back
4 p
)
BREF
Instruction Cache
ATF
CPU Memory
— SRET —)
Data Cache
~—
- _/

67



T fié 2R %4

- MEREMIL: RATRER KR A E &I FME=E
- B, FFEEA

- <ins Reg B

| <10ns %5 KB-M

>100ns N G

HS RO &: S
PR AR B

Smaller
B-> GB

B
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ISRy

- it E EEB M (temporal locality)
- NRBEFSIF—TMEIE—K, WIRATBEAABNRKRKEXS|BiZEEE

e Guideline: B2 %7 %4 QeI P oyt K B RM LT MR E
%) AFHBT, ARITEERE A5

- =B FERM (spatial locality)
s NMREZFSIB—1EE, WRASBEAARNBERBEES| BHHEREEE

« Guideline: 425 M ATt ¥4 £ H A2 E A Gk —AT

 E.qg., bitset, register
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WIS ERE

E?

s BIFCPUER M ERFEZNME: perf
- EFEMTHNERE, MRS A IR, IFH B sigXtagE
1 SEIE RS XM AESARMMAEEINT, TR TF ARSI B SHS

DRI E L

236.37 msec
0
0
3,150
937,451,729
747,161,568
196,839,478
940,069

1,012,981,
751,436,
13,248,
92,143,
877,

11,

908
010
364
312
867
988

cycles

instructions
L1-dcache-loads
Ll-dcache-load-misses
LLC-1o0ads
LLC-load-misses

0.257386618 seconds time elapsed

task-clock
context-switches
cpu-migrations
page-faults
cycles
instructions
branches
branch-misses

.998 CPUs utilized
.000 /sec

.000 /sec

.327 K/sec

.966 GHz

.80 1insn per cycle
.768 M/sec

.48% of all branches
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S ERERRIT

. ARSI SIERE? ML TIEREEMAT? Hib TIERTE
MRS R /7

« Amdahl's lawB] A& iFEA1EZR:

The overall performance improvement gained by optimizing a single part
of a system is limited by the fraction of time that the improved part is

actually used.

. E__Iﬁﬁg%\%qﬂ%%ﬂﬁn‘ﬁﬁ&%ﬂ’ﬂ%ﬁls'&ﬁ%ﬂﬂzé, ZBRTFBBER > SChR{sE FA RY B (8]
« NAER BRIERFEE S IPRERMEE S EE2p, ZEbs E4e/E8900
REbEs, MEBNMNRARIEE L f(s)=1/(1-p+p/s)
- BREFNETERES NI ERSAFB, HEHASE80%, B520%
o EREBMRASEE, NIANELLZE1/(0.8+0.2/5)=1.1905 EYAM K245, MANEELE
1/(0.2+0.8/2)=1.6667
71



FEERIMERELSEIELab3

e SEINEK: XLEERM, Bdperf TEEMNEMREHRT, F+
AL EE{RIFINE —ESZHUTET SCI10/Z LA _EEREIR F o
- {BTEIE A—1{5 Eratosthenes TFiE3K 2,3,...,1 PEHHSERT

// WIMERE, is_prime[] N true
for (int 1 = 2; 1 <= n; i++) {
for (int j =1+ 1i; j<=n; j +=1) {
is_prime[j] = false;
}
}

1'7'54)6—?-«‘](
© A BB AELE M O R e ik

« BRHFRHATE -OVMMATT X, BT —2E 4 B AR (de B3R
BTt F) 98, HFSRAMRT RS BIER. NEREHBF 7 X
HALARAL, 5] 4= -fdefer-pop, -finline-functions-called-once

c A EIMAE, ARSI ERARAE, [2IRF sieve.c &y K
T REAZT 4096 F 9

© KIFRBATARE R B P, oy T 107 B HRLA5Hn 6 2 L
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Linux Perf

- ETSEHFRENRE, DIESESHAERM, SHFrtEEsmBxEREinSBIFR SR
X EREFEARRIMERERIMT, TR TIEREARINER SHARABNEN
|

perf_event component stack

perf

ol Dot cver oy

ring
burffer

perf_event open(2}

User perf_svent_output()

Kernel Attach via ioctl

N perf_event
eBPF

Tracepoint

Software

perf_trac Duf_sumb'r[{) e = r;u_ —
r'—‘—"'——“—“fz'——'—“—‘—j i B erformance

— N L pageuls ] ~ Counter
tracepoints Kprutie upEnhe : i
P kretprobe uretprobe) | 20200 TEEEEEEEERREEEEE beb-éjdé" _;

HW Breakpoint

Adapted from hatena blog- "How perf, ftrace works" 73




Linux perf_events Event Sources

Dynamic
Tracing

uprobes

kprobes

VAN

X

A4

Tracepoints LT PMCs
extd: _ sock: o cycles
Operatitig System / task: instructions
signal: %
Applications . . branch-
// // tlmir. L1-*
wWoxr eue:
System Librarie; / ke LLC-*
System Call Interface / y CPU l
Interconnect
File Systems TCP/UDP A Kkmenm - 1
A Volume Manager IP Virtual «— vmscan: Memory
Block Device Interface Ethernet 4 Memory , writeback: Bus
Device Drivers -
7 e S . DRAM
jbd2: f net: LE T
block: scsi: skb:
mem-load
mem-store

Software Events

cpu-clock page-faults
cs migrations mino

majo

r-faults
r-faults

Linux perf Examples (brendangregg.corrj



https://www.brendangregg.com/perf.html

$perf record

Sperf report
$perf annotate

[--help] [OPTIONS] COMMAND [ARGS] $perf stat

The most commonly used perf commands are:
perf - Performance analysis tools f( annotate Read perf.data (created by perf record) and display annotated code
archive Create archive with object files with build-ids found in perf.data file
SYNOPSIS bench General framework for benchmark suites

perf [--version] [--help] [OPTIONS] buildid-cache Manage build-id cache.
buildid-list List the buildids in a perf.data file

OPTIONS - nth c2c Shared Data C2C/HITM Analyzer.

$man perf

usage: perf [--version
PERF (1) 9 P [ }

NAME

config Get and set variables in a configuration file.
Run perf help command. ;
daemon Run record sessions on background
-v, --version data Data file related processing
Display perf version. diff Read perf.data files and display the differential profile
evlist List the event names in a perf.data file
=VVE _ _ ftrace simple wrapper for kernel's ftrace functionality
Print the compiled-in status of  jpject Filter to augment the events stream with additional information
th iostat Show I/0 performance metrics
"exg?'pa kallsyms Searches running kernel for symbols
isplay or set exec path. ;
kmem Tool to trace/measure kernel memory properties
--html-path kvm Tool to trace/measure kvm guest os
Display html documentation path  list List all symbolic event types
lock Analyze lock events
-p, --paginate mem Profile memory accesses
Set up pager. record Run a command and record its profile into perf.data
report Read perf.data (created by perf record) and display the profile
--no-pager - 4
Do not set pager. sched Tool to trace/measure scheduler properties (latencies)
script Read perf.data (created by perf record) and display trace output
--buildid-dir stat Run a command and gather performance counter statistics
Setup buildid cache directory. . test Runs sanity tests.
. timechart Tool to visualize total system behavior during a workload
--list-cmds ~ top System profiling tool.
List the most commonly used per’ yersjon display the version of perf binary
: probe Define new dynamic tracepoints
--list-opts p 3
trace strace inspired tool

List available perf options.

e s I T See 'perf help COMMAND' for more information on a specific command.



[o]
HERFRINE

#define N 10000000
static bool is prime[N];
static int primes[N];

int *sieve(int n) {

}

assert(n + 1 < N);
for (inti =0;i<=n;i++)
is_primeli] = true;

for (inti=2;i<=n;i++) {
for(inti=i+ii<=n;j+=1){
is_prime[j] = false;
}
}

int *p = primes;
for (inti=2;i<=n;i++)
if (is primeli]) {
*P++ = i;
}
*p = 0;
return primes;

erf

Performance counter stats for './a.out':

236.37 msec task-clock

0

0

3,150
937,451,729
747,161,568
196,839,478
940,069

context-switches
cpu-migrations
page-faults
cycles
instructions
branches
branch-misses

.998 CPUs utilized
.000 /sec

.000 /sec

.327 K/sec

.966 GHz

.80 insn per cycle
.768 M/sec

.48% of all branches

o
oy -
ONOWWE OO

HREHBEERER

1,012,981,908
751,436,010
13,248,364
92,143,312
877,867
11,988

Performance counter stats for './a.out':

cycles

instructions
L1-dcache-1loads
L1-dcache-load-misses
LLC-1loads
LLC-1load-misses

0.257386618 seconds time elapsed

0.257039000 seconds user
0.000000000 seconds sys

0.74 1insn per cycle

(65.79%)
(82.87%)




El EU La b3 Sperf record ./perftune && perf report

Samples: 922 of event '‘cycles', Event count (approx.):
Overhead Command Shared Object Symbol

¢ %E*&}%{jﬁ{’t E{J/ngl?tg y ﬁg% a'ngc E[‘l;glLfri'E\el.kallsyms] {k] Sis;g node page state

a. ]
.28% a.out [kernel.kallsyms] [k] chacha block generic
11% a.out [kernel.kallsyms] [Kk] native irq return iret

931927645

#define N 10000000
static bool is prime[N];
static int primes[N];

Samples: 922 of event ‘cycles', 4000 Hz, Event cou
sieve /home/huiyan/Documents/Code/ics-workbench/pe

Percent lea Ox1(%rax) ,%srdx
add %rex, %srdx
test %edi,%edi

js 2c

int *sieve(int n) {
assert(n + 1 < N);
for (inti =0;i<=n;i++)

add $0x1,%rax
cmp Ssrdx , %srax

is_primeli] = true; S b e
cmp $0x1,%edi
L jle bf
A lea 0x1(%rdi) ,%r8d
for (|nt | = 2, | <= N; |++) { mov $0x2, %edx
for(inti=i+iii<=n;j+=1){ MOV N S0ud. ves
lea is prime,S%rcx

cmp %esi,%sedi

is_primel[j] = false;
}
}

0.11 mov %rsi,%srax

%eax,%edi

int *p = primes;

for (inti=2;i<=n;i++)
if (is primeli]) {

i $0Xx2,%rsi
0.22 add $0x1,%rdx
cmp %r8,%srdx

.. $0x2,%eax
*p++ =1 lea primes,s%srdx
} lea is prime,srcx
L jmp bl
*D = O; sub $0X8,%rsp
. lea PRETTY FUNCTION .0,S%rcx

return primes; o T
} lea 10 stdin used+0xd,%rsi
lea I0 stdin used+0x19,%rdi

init




't *sieve(int
assert(n +

cnt = 0;
( i=
is prime[i]

is prime["]
is prime[ 1]

(int i = 2; 1 <= n; i++) {
(is prime[i] == ) {
primes[cnt++] = 1i;
}
(i j =0; J <cnt & i*primes[j] <= n; j++) {
is prime[i*primes[j]] = =
(1 % primes[j] == 0)

Sperf stat -e cycles,instructions,L1-dcache-loads,L1-dcache-load-
misses,LLC-loads,LLC-load-misses ./perftune

213,808,048 cycles (58.79%)

308,506,769 instructions 1.44 1insn per cycle (79.41%)

33,432,816 L1-dcache-loads (84.23%)
3,170,234 Ll1-dcache-load-misses of all Ll-dcache accesses (86.31%)

61,666 LLC-1loads (86.26%)
5,720 LLC-1load-misses of all LL-cache accesses (84.40%)

0.058829288 seconds time elapsed

0.054571000 seconds user
0.004197000 seconds sys
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(int 1 = 2; 1 <= n; i++) {

: . G \ {
(1s_prime[i] == true){ data[BITSET SIZE];
primes[cnt++] = i; }BitSet;

}

. i : - BitSet is prime;
( j =0, tmp = 2; j < cnt && i*tmp <= n; j++) { n initBitSet (BitSet *bitset){
tmp = primes[j]; (int i = 0; i < BITSET SIZE; i++){
is prime[i*tmp] = ; e ;
(1 % tmp== 0) }
: setBit(BitSet *bitset, index,
bitset->data[index] |= (! << offset);

}

r

( Fr=3 = =) { clearBit(BitSet *bitset, index,
(iS prime[i == ){ bitset->data[index] &= ~(' << offset);

primes[cnt++] = i;
} getBit(BitSet *bitset, index,

(bitset->data[index] >> offset) & ';
#XR: ETFsieves A AT rdtsc
18 445 RIF M A iR A& 3

}

Sperf stat -e cycles,instructions,L1-dcache-loads,L1-dcache-load-

misses,LLC-loads,LLC-load-misses ./perftune

33.05 msec task-clock
0 context-switches
¢] cpu-migrations
3,146 page-faults
112,416,584 cycles
165,998,826 instructions
39,935,278 branches
953,283 branch-misses

CPUs utilized
/sec

/sec

K/sec

GHz

insn per cycle
G/sec

of all branches

HF R R

offset){

offset){

offset){
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Z MK : parallel thinking

10,000,000
DuaI-CoreltanEum p e /
1,000,000 ! =
Intel CPU Trends "/
(sources: Intel, Wikipedia, K. Olukotun) .5
100,000

10,000
Processor clock rate stops
increasing
1,000
100
- No further benefit from ILP
1 | | I B =Transistor density

@® = Clock frequency
A =Power
® = Instruction-level parallelism (ILP)

0
1970 1975 1980 1985 1990 1995 2000 2005 2010
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« OptimizationE £
« Readable codeEE&E
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- EHEN
« CMU: 15-853: Algorithms in the “Real World”

» A graduate-level course that provides many useful links to parallel
algorithms and I/O-efficient algorithm

 MIT 6.172: Performance Engineering of Software Systems

* A more thorough explanation on performance analysis on parallel (multi-
core) and distributed setting

« CMU 15-210: Parallel and Sequential Data Structures and Algorithms

* An overview of basic algorithms and data structures that makes no
distinction between sequential and parallel
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- BiEIR
 Parallel thinking
» B REB W RIZEE MU AER A SV AITHE YR
- EfFmERNARRENTER
o« BRI RNFERMAL

« PISLAUTEREIZMT{ESS, FiFtraceFlprofiler TR

_— NN

Lab2: Optimization for PA2 (PA2+4BE{L {1 5E58)

/NSES (Labs) 2 ICS X[ TIRFEEN—ENEI B, EELEDREIIRFR—LESEFRPAFIIEIRE, PAZRS ASMISER K IHEFER
SEF/MARHLT LB NS, XEHSI A BRI ARETAPATIEFE LB,
o Deadline: 2025511830 H23:59:59

- [t =—§
1. 5=

PEREPIIE & R AR — AN E ARG B 2178 E] “Online Judge $822 TLE” LS, WIRHEER T ILME B H I, If
R ARG R R . RETIRTEREU . ARERFRATR T AR, RIS ) SE T RE YR UL A 7T R R s
L MR, BE—ERERERRLR (BIRE —1 1 += 2);
2. WRRFFHAT LI eSS (PIISE 1 <<= 1);
3. BIRF, WERAHBH MRS,

EXFTRBARRARE FEEE, N EERES DR RRER AR T . EXAER T, 5 HESR
RIS E Y, TR AR BB IR, REEHHE XML, IELM D. E. Knuth if#, “Premature optimization is the 83
root of all evil”,



