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概述
• 程序的性能优化

• 算法的优化
• 代码的优化
• 指令的优化

• 一般practice
• 选择适合的算法和数据结构

• 算法课
• 编写能够被编译器有效优化并转化为高效的可执行代码的源码

• 理解编译器优化的能力和局限
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理解编译器优化的能力和局限性
• 理解程序如何编译+执行

• 理解现代处理器和存储系统

• 如何诊断性能瓶颈和提高性能

• 编译器优化可以做什么？
• 建立程序到机器的有效映射

• 分配寄存器
• 代码筛选和调度
• 死代码消除
• 简单低效消除

• Optimization blockers
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常见的有效优化：减少计算操作的次数频率
• 不考虑处理器或编译器之外的优化方式

• 减少计算操作的次数频率
• 保持程序行为总是一致的前提
• 尤其对循环中的操作
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void set_row(double *a, 
double *b, long i, long n){

long j;
for (j = 0; j < n; j++)

a[n*i+j] = b[j]; 
}

void set_row(double *a, 
double *b, long i, long n){

long j;
int ni = n * i;
for (j = 0; j < n; j++)

a[ni+j] = b[j]; 
}



GCC –O1
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void set_row(double *a, double *b, 
long i, long n){

long j;
for (j = 0; j < n; j++)

a[n*i+j] = b[j]; 
}

# Test n
# If 0, goto done
# ni = n * I
# rowp = A + ni * 8
# j = 0
# loop:
# t = b[j]
# M[A+ni*8+j*8] = t
# j ++
# if != , goto loop
# done:

long j;
long ni = n * i;
double *rowp = a + ni;
for (j = 0; j < n; j++)

*rowp++ = b[j]; 



常见的有效优化：强度降低
• 用简单操作代替复杂操作

• Shift，add代替乘除
• 16*x  x << 4

6

for (i = 0; i < n; i++){
int ni = n * i;
for (j = 0; j < n; j++)

a[ni+j] = b[j]; 
}

int ni = 0;
for (i = 0; i < n; i++){

for (j = 0; j < n; j++)
a[ni+j] = b[j]; 

ni += n;
}



常见的有效优化：子表达式的复用
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/*sum neighbors of i,j*/
up = val[ (i-1)*n + j ];
down  = val[ (i+1)*n + j ];
left  = val[ i*n + j-1 ];
right = val[ i*n + j+1 ];
sum = up + down + left + right;

/*sum neighbors of i,j*/
long inj = i * n + j;
up = val[ inj – n ];
down  = val[ inj + n ];
left  = val[ inj – 1 ];
right = val[ inj + 1 ];
sum = up+down+left+right;



我们的目标
• 编写能够被编译器有效优化并转化为高效的可执行代码的源码

• 编写适合编译优化的源码

• GCC online documentation - GNU Project
• -O0
• -O1
• -O2
• -O3
• -Os
• -Ofast
• -Og
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https://gcc.gnu.org/onlinedocs/


GCC的优化选项
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10

GCC online documentation - GNU Project

https://gcc.gnu.org/onlinedocs/
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GCC online documentation - GNU Project

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


理解编译器优化的能力和局限性
• 理解程序如何编译+执行

• 理解现代处理器和存储系统

• 如何诊断性能瓶颈和提高性能

• 编译器的一些局限，理解编译器的优化痛点
• 编译器优化前提是safe

• Within procedure analyses
• Static information analyses
• “Conservative” to be “safe”
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理解编译器优化的痛点
• Two optimization blocker

• Memory aliasing

• Function calls
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示例程序1.1
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void sum_row1(double *a, double *b, long n){
long i, j;
for (i = 0; i<n; i++){

b[i] = 0;
for (j = 0; j <n; j++)

b[i] += a[i*n+j];
}

}

double A[9] = 
{ 0, 1, 2,

4, 8, 16,
32, 64, 128};

double *B = A+3;

sum_row1(A, B, 3)

init: [4, 8, 16]

i=0: [3, 8, 16]

i=1: [3, 22, 16]

i=2: [3, 22, 224]

B数组



示例程序1.1
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void sum_row1(double *a, double *b, long n){
long i, j;
for (i = 0; i<n; i++){

b[i] = 0;
for (j = 0; j <n; j++)

b[i] += a[i*n+j];
}

}

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

double val = 0;
for (j = 0; j <n; j++)

val += a[i*n+j];
b [i] = val;

}
}



示例程序1.2
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//a.c
#include <stdio.h>
void f1 (int *xp, int *yp){

*xp += *yp;
*xp += *yp;

}

//b.c
#include <stdio.h>
void f1 (int *xp, int *yp){

*xp += 2* *yp;
}

gcc –O1 a.c gcc –O1 b.c

如果xp和yp指向同一块内存地址？



示例程序1.2
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//a.c
#include <stdio.h>
void f1 (int *xp, int *yp){

*xp += *yp;
*xp += *yp;

}

//b.c
#include <stdio.h>
void f1 (int *xp, int *yp){

*xp += 2* *yp;
}

如果xp和yp指向同一块内存地址？

*xp += *xp;
*xp += *xp;

*xp += 2* *xp;

*xp = 4 * *xp *xp = 3 * *xp

Memory aliasing



Memory aliasing & strict aliasing rules
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//a.c
#include <stdio.h>
void f1 (int *xp, int *yp){

*xp += *yp;
*xp += *yp;

}
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gcc –O1 a.c

gcc –O2 a.c



Memory aliasing引发不同的优化结果
• What to produce by GCC-O1, GCC-O2 optimizers?
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gcc –O1 a.c

gcc –O2 a.c
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gcc –O1 a.c

gcc –O2 a.c

gcc –O2 a.c –fno-strict-aliasing



Optimization blocker：memory aliasing
• Aliasing

• 两个不同的内存reference可能指向同一块内存

• C语言中常见
• C允许地址操作

• 合适地引入局部变量
• 函数内部
• 开发时消除aliasing
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示例程序2.1
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void lower(char *s){
size_t i;
for (i = 0; i<strlen(s); i++)

if(s[i] >= ‘A’ && s[i] <= ‘Z’)
s[i] -= (‘A’ – ‘a’);

}
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示例程序2.1
• strlen()：找结束符

• 线性复杂度
• N次进入循环，二次复杂度
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void lower(char *s){
size_t i;
for (i = 0; i<strlen(s); i++)

if(s[i] >= ‘A’ && s[i] <= ‘Z’)
s[i] -= (‘A’ – ‘a’);

}

void lower(char *s){
size_t i = 0;
if (i >= strlen(s))

goto done;
loop:

if(s[i] >= ‘A’ && s[i] <= ‘Z’)
s[i] -= (‘A’ – ‘a’);

i ++;
if(i< strlen(s))

goto loop;
done:
}



示例程序2.1

28

void lower1(char *s){
size_t i;
for (i = 0; i<strlen(s); i++)

if(s[i] >= ‘A’ && s[i] <= ‘Z’)
s[i] -= (‘A’ – ‘a’);

}

void lower2(char *s){
size_t i;
size_t len = strlen(s);
for (i = 0; i<len; i++)

if(s[i] >= ‘A’ && s[i] <= ‘Z’)
s[i] -= (‘A’ – ‘a’);

}



29

0

50

100

150

200

250

0 100000 200000 300000 400000 500000

C
PU

 s
ec

on
ds

String length

lower1

lower2



思考
• 为什么编译器不能将strlen自动优化出循环？

• 过程调用的副作用
• 全局变量

• 每次调用返回值不一定一样

• 编译器一般会将其作为黑盒处理
• Linking决定具体函数调用的实现

• 其他措施
• Inline functions
• 更好的coding
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void lower1(char *s){
size_t i;
for (i = 0; i<strlen(s); i++)

if(s[i] >= ‘A’ && s[i] <= ‘Z’)
s[i] -= (‘A’ – ‘a’);

}



示例程序2.2

31

long f();

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

}

long func2(){
return 4 * f();

}

为了safe地优化，编译器考虑函数调用
可能存在副作用（side effect）



示例程序2.2
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long f();

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

}

long func2(){
return 4 * f();

}

long counter = 0;
long f(){

return counter ++;
}

counter = 6

counter = 0



Inline substitution
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long f();

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

}

long func2(){
return 4 * f();

}

long func1in(){
long t = counter ++;
t += counter ++;
t += counter ++;
t += counter ++;
return t;

}

long func1opt(){
long t = 4 * counter + 6;
return t;

}
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Inline substitution
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long f();

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

}

long func2(){
return 4 * f();

}

gcc –O0 a.c

gcc –O2 a.c

gcc –O1 a.c
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Inline substitution
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long f();

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

}

long func2(){
return 4 * f();

}

gcc –O0 a.c

gcc –O2 a.c

gcc –O1 a.c

gcc –O2 a.c –fno-inline
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Optimization blocker：function call
• Function call

• 过程调用的副作用
• 全局变量

• 每次调用返回值不一定一样

• 编译器一般会将其作为黑盒处理
• Linking决定具体函数调用的实现

• 其他措施
• Inline functions
• 更好的coding
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示例程序3
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typedef struct{
long len;
data_t *data;

} vec_rec, *vec_ptr;

typedef long data_t;

void combine1 (vec_ptr v, data_t *dest){
long i;
*dest = 0;
for (i =0; i < vec_length(v); i++){

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

}
}

len
data

1
• 消除循环低效



示例程序3
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typedef struct{
long len;
data_t *data;

} vec_rec, *vec_ptr;

typedef long data_t;

void combine1 (vec_ptr v, data_t *dest){
long i;
long length = vec_length(v);
*dest = 0;
for (i =0; i < length; i++){

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

}
}

len
data

1
• 消除循环低效



示例程序3
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typedef struct{
long len;
data_t *data;

} vec_rec, *vec_ptr;

typedef long data_t;

void combine1 (vec_ptr v, data_t *dest){
long i;
long length = vec_length(v);
*dest = 0;
for (i =0; i < length; i++){

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

}
}

len
data

2

• 消除循环低效
• 减少函数调用



示例程序3
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typedef struct{
long len;
data_t *data;

} vec_rec, *vec_ptr;

typedef long data_t;

void combine1 (vec_ptr v, data_t *dest){
long i;
long length = vec_length(v);
data_t *data = get_vec_start(v);
*dest = 0;
for (i =0; i < length; i++){

*dest = *dest + data[i];
}

}

len
data

2

• 消除循环低效
• 减少函数调用



示例程序3
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typedef struct{
long len;
data_t *data;

} vec_rec, *vec_ptr;

typedef long data_t;

void combine1 (vec_ptr v, data_t *dest){
long i;
long length = vec_length(v);
data_t *data = get_vec_start(v);
*dest = 0;
for (i =0; i < length; i++){

*dest = *dest + data[i];
}

}

len
data

• 消除循环低效
• 减少函数调用
• 减少无需的内存访问
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示例程序3
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typedef struct{
long len;
data_t *data;

} vec_rec, *vec_ptr;

typedef long data_t;

void combine1 (vec_ptr v, data_t *dest){
long i;
long length = vec_length(v);
data_t *data = get_vec_start(v);
data_t acc = 0;
for (i =0; i < length; i++){

acc = acc + data[i];
}
*dest = acc;

}

len
data

• 消除循环低效
• 减少函数调用
• 减少无需的内存访问
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我们能做的事情
• 简单的优化treatment

• 养成习惯是重要的

• 编写能够被编译器有效优化并转化为高效的可执行代码的源码
• 理解编译器的优化痛点

• 编译器优化前提是safe

• 编写适合编译优化的源码
• Memory aliasing
• Function call
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现代处理器

48
From CMU CSAPP Course



Pipeline
• CPU中有一条以上的流水线

• 每时钟周期内可以完成一条以上的指令
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long mult_eq(long a, long b, long c){
long p1 = a * b;
long p2 = a * c;
long p3 = p1 * p2;
return p3;

}



Pipeline
• CPU中有一条以上的流水线

• 每时钟周期内可以完成一条以上的指令

50

long mult_eq(long a, long b, long c){
long p1 = a * b;
long p2 = a * c;
long p3 = p1 * p2;
return p3;

}

Fetch Decode Execute Write-back

Fetch Decode Execute Write-back

Fetch Decode Execute Write-back

指令1

指令2

指令3



Pipeline
• CPU中有一条以上的流水线

• 每时钟周期内可以完成一条以上的指令

51

long mult_eq(long a, long b, long c){
long p1 = a * b;
long p2 = a * c;
long p3 = p1 * p2;
return p3;

}

Stage 1

Stage 2

Stage 3



超标量处理器
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分支预测
• 预测分支的跳转

• 本质：猜测并预测分支的走向

• java - Why is processing a sorted array faster than processing an 
unsorted array? - Stack Overflow

53

404663: mov $0x0, %eax
404668: cmp (%rdi), %rsi
40466b: jge 404685
40466d: mov 0x8 (%rdi), %rax
……
404685: repz retq

How to continue?
Executing

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


现代处理器
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From CMU CSAPP Course
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Fetch Decode Execute Write-back

Fetch Decode Execute Write-back

Fetch Decode Execute Write-back

指令1

指令2

指令3

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

if(data[i] < 128)
sum += data[i];

}
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Fetch Decode Execute Write-back

Fetch Decode Execute Write-back

Fetch Decode Execute Write-back

指令1

指令2

指令3

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

if(data[i] < 128)
sum += data[i];

}
Sorted:

Unsorted:

int t = (data[i]-128)>>31;
sum+=~t & data[c];



考虑指令并行的优化
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*

*

*

*

*

*

*

1 d0

d1

d2

d3

d4

d5

d6

*

d7

void combine1 (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 data[i];
}
*dest = acc;

}



循环展开1
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void combine1 (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;

}

*

*

*

*

*

*

*

1 d0

d1

d2

d3

d4

d5

d6

*

d7



循环展开2
• 打破指令内在的顺序依赖关系
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*

*

*

*

1 *

d0 d1

*

d2 d3

*

d4 d5

*

d6 d7

void combine1 (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 (data[i] OP data[i+1]);



循环展开3-multiple accumulator
• 打破指令内在的顺序依赖关系
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*

*

*

*

1

void combine1 (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 data[i];
x1 = x1 OP data[i+1];

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

x0 = x0 OP data[i];
*dest = x0 OP x1;

}

d0

d2

d4

d6

*

*

*

*

1 d1

d3

d5

d7

*



循环展开的思想
• 尝试通过控制参数，接近吞吐量的最优化

• Unrolling
• Accumulating

61



SIMD
• ICS Lecture 06 

62



多核时代：parallel thinking

63



parallel thinking

• E.g., QuickSort
• Parallel

• QuickSort(A1…S) 
• QuickSort(AS+1…|A|), 

64

//part A

Click_spawn Foo();
Bar();
Click_sync;

//part B

Bar() Foo()



总结
• 程序性能的优化需求明显

• Optimization重要
• Readable code更重要

• 推荐的资料
• 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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总结
• 选择适合的算法和数据结构

• 算法课
• Parallel thinking

• 编写能够被编译器有效优化并转化为高效的可执行代码的源码
• 理解编译器优化的能力和局限
• 基本编码原则和低级优化

• 现实的性能诊断任务，用好trace和profiler工具

66



Life in real world

• 用好trace和profiler工具

67



PA + Lab

68
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