
Theory of Parallel Computing 2015 Yinliang Zhao (赵银亮) Xi’an Jiaotong University

http://gr.xjtu.edu.cn/web/zhaoy 1

第四部分第四部分 并行程序设计并行程序设计

 第十二章 并行程序设计基础
 第十三章 共享存储并行编程
 第十四章 分布存储并行编程 第十四章 分布存储并行编程
 第十五章 并行程序开发环境
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串行程序设计与并行程序设计串行程序设计与并行程序设计

 串行程序设计
 并行程序设计困难的原因

并行算法没有很好的范例并行算法没有很好的范例
计算模型不统一
并行编程语言还不成熟完善
环境和工具缺乏较长的生长期, 缺乏代可扩展和异构可扩展

 并行程序设计的进展
已有很多并行算法，且其中有一些好的范例
编程类型：共享变量、消息传递、数据并行

2

编程类型：共享变量、消息传递、数据并行

并行程序设计环境与工具并行程序设计环境与工具

 并行程序设计过程
应用问题的具体算法
在并行计算模型上编程实现算法在并行计算模型上编程实现算法
编译器生成目标代码
借助操作系统和硬件平台运行程序

 整个并行程序设计过程中，编程环境与编程工具起着重要作用
编程环境：包括硬件平台、支撑语言、操作系统、软件工具等
编程工具：帮助用户开发应用问题的软硬件工具

作业管理工具、查错工具、性能分析工具等
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集成工具

构造并行程序的途径构造并行程序的途径

串行代码段
for ( i= 0; i<N; i++ ) A[i]=b[i]*b[i+1];

(c) 加编译制导构造并行程序的方法
#pragma parallel( ) [ ] [ ] [ ]

for (i= 0; i<N; i++) c[i]=A[i]+A[i+1];

(a) 使用库例程构造并行程序
id=my_process_id();
p=number_of_processes();
for ( i= id; i<N; i=i+p) A[i]=b[i]*b[i+1];
barrier();
for (i= id; i<N; i=i+p) c[i]=A[i]+A[i+1];
例子 MPI PVM Pth d

p g p
#pragma shared(A,b,c)
#pragma local(i) 
{
# pragma pfor iterate(i=0;N;1)
for (i=0;i<N;i++) A[i]=b[i]*b[i+1];
# pragma synchronize
# pragma pfor iterate (i=0; N; 1)
for (i=0;i<N;i++)c[i]=A[i]+A[i+1];
}
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(b) 扩展串行语言
my_process_id,number_of_processes(), and barrier()

A(0:N-1)=b(0:N-1)*b(1:N)
c=A(0:N-1)+A(1:N)
例子: Fortran 90

例子:  MPI,PVM, Pthreads }
例子：SGI power C 

(d)自动并行化：Autopar

(e)设计新并行语言：Linda,Ocean
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并行编程模型

 What is a parallel programming model?
是由硬件提供给程序员的一种抽象

模型决定程序员怎样容易地将算法指定给并行计算单元（即，任务），这
些单元为硬件所理解

模型决定并行任务如何有效地在硬件上执行

 Main Goal:
利用机器(例如, SMP, MPP, NUMA)的所有处理器；
最小化程序的执行时间

55
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传统编程模型

Parallel Programming Models

Shared Memory Message Passing Message Passing 

66

Shared Memory Message Passing Message Passing 

Shared Memory Model

 In the shared memory programming model, the abstraction is that 
parallel tasks can access any location of the memory

 Parallel tasks can communicate through reading and writing 
common memory locations

 This is similar to threads from a single process which share a 
single address space

 Multi-threaded programs (e.g., OpenMP programs) are the best fit 

7

p g ( g p p g )
with shared memory programming model
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Shared Memory Model
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Pj = Parallel
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Process
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Process
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Shared Memory Example

f (i 0 i 8 i )

begin parallel // spawn a child thread
private int start_iter, end_iter, i;
shared int local_iter=4, sum=0;
shared double sum=0.0, a[], b[], c[];

for (i=0; i<8; i++)
a[i] = b[i] + c[i];
sum = 0;
for (i=0; i<8; i++)
if (a[i] > 0)
sum = sum + a[i];

Print sum;

, [], [], [];
shared lock_type mylock;
start_iter = getid() * local_iter;
end_iter = start_iter + local_iter;
for (i=start_iter; i<end_iter; i++)
a[i] = b[i] + c[i];
barrier;
for (i=start_iter; i<end_iter; i++)
if (a[i] > 0) {S ti l
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if (a[i] > 0) {
lock(mylock);
sum = sum + a[i];
unlock(mylock);  }

barrier;    // necessary
end parallel // kill the child thread
Print sum;

Sequential

Parallel

P ll l P i  M d l

传统编程模型

Parallel Programming Models

Shared Memory Message Passing Shared Memory 

1010

Shared Memory Message Passing Shared Memory 

Message Passing Model

 In message passing, parallel tasks have their own local memories

 One task cannot access another task’s memoryy

 Hence, to communicate data they have to rely on explicit 
messages sent to each other

 This is similar to the abstraction of processes which do not share 
an address space

11

 MPI programs are the best fit with message passing 
programming model
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Message Passing Model
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Message Passing Example

for (i=0; i<8; i++)

id = getpid(); 
local_iter = 4;
start_iter = id * local_iter;  
end iter = start iter + local iter;for (i=0; i<8; i++)

a[i] = b[i] + c[i];
sum = 0;
for (i=0; i<8; i++)
if (a[i] > 0)
sum = sum + a[i];

Print sum;

S ti l

end_iter   start_iter + local_iter;
if (id == 0)  send_msg (P1, b[4..7], c[4..7]);
else   recv_msg (P0, b[4..7], c[4..7]);
for (i=start_iter; i<end_iter; i++)
a[i] = b[i] + c[i];
local_sum = 0;
for (i=start_iter; i<end_iter; i++)
if (a[i] > 0)
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Sequential

Parallel

local_sum = local_sum + a[i];
if (id == 0) {
recv_msg (P1, &local_sum1);
sum = local_sum + local_sum1;
Print sum;
}else 
send_msg (P0, local_sum);

 共享存储与消息传递编程模型比较:

Shared Memory Vs. Message Passing

Aspect Shared Memory Message Passing

Communication Implicit (via loads/stores) Explicit Messages

Synchronization Explicit Implicit (Via Messages)

Hardware Support Typically Required None

Development Effort Lower Higher

Aspect Shared Memory Message Passing

Communication Implicit (via loads/stores) Explicit Messages

Synchronization Explicit Implicit (Via Messages)

Hardware Support Typically Required None

Development Effort Lower Higher

Aspect Shared Memory Message Passing

Communication Implicit (via loads/stores) Explicit Messages

Synchronization Explicit Implicit (Via Messages)

Hardware Support Typically Required None

Development Effort Lower Higher

Aspect Shared Memory Message Passing

Communication Implicit (via loads/stores) Explicit Messages

Synchronization Explicit Implicit (Via Messages)

Hardware Support Typically Required None

Development Effort Lower Higher

Aspect Shared Memory Message Passing

Communication Implicit (via loads/stores) Explicit Messages

Synchronization Explicit Implicit (Via Messages)

Hardware Support Typically Required None

Development Effort Lower Higher

1414

Development Effort Lower Higher

Tuning Effort Higher Lower

Development Effort Lower Higher

Tuning Effort Higher Lower

Development Effort Lower Higher

Tuning Effort Higher Lower

Development Effort Lower Higher

Tuning Effort Higher Lower

Development Effort Lower Higher

Tuning Effort Higher Lower

并行编程例子：MPI SPMD/MPMD

 基于消息传递的多个进程并行执行，是否需要程序级协调
 MPI主要机制：消息传递；笛卡尔拓扑；成组通信等
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MPMD-Programming Paradigm

 The MPMD model uses different programs for different processes, 
but the processes collaborate to solve the same problem

 MPMD has two styles, the master/worker and the coupled analysis

a.out b.out a.out b.out c.out
a.out= Structural Analysis, 
b.out = fluid analysis and 
c.out = thermal analysis
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Node 1 Node 2 Node 3 Node 1 Node 2 Node 3

1. MPMD: Master/Slave 2. MPMD: Coupled Analysis

Example
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例：Cannon矩阵乘法

 适用于网格
 存储有效
 规则通信规则通信

初始化

对齐

循环移位

17

初始化 对齐 分块乘 重复

•移位
•分块乘

结果

Cannon乘法：初始化

A[0,0]
B[0,0]
C[0,0]

A[0,1]
B[0,1]
C[0,1]

A[0,2]
B[0,2]
C[0,2]

A[0,3]
B[0,3]
C[0,3]

A[1,0]
B[1,0]
C[1,0]

A[1,1]
B[1,1]
C[1,1]

A[1,2]
B[1,2]
C[1,2]

A[1,3]
B[1,3]
C[1,3]

A[2,0]
B[2,0]

A[2,1]
B[2,1]

A[2,2]
B[2,2]

A[2,3]
B[2,3]
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C[2,0] C[2,1] C[2,2] C[2,3]

A[3,0]
B[3,0]
C[3,0]

A[3,1]
B[3,1]
C[3,1]

A[3,2]
B[3,2]
C[3,2]

A[3,3]
B[3,3]
C[3,3]

Cannon乘法：对齐A

A[0,0]
B[0,0]
C[0,0]

A[0,1]
B[0,1]
C[0,1]

A[0,2]
B[0,2]
C[0,2]

A[0,3]
B[0,3]
C[0,3]

A[1,1]
B[1,0]
C[1,0]

A[1,2]
B[1,1]
C[1,1]

A[1,3]
B[1,2]
C[1,2]

A[1,0]
B[1,3]
C[1,3]

A[2,2]
B[2,0]

A[2,3]
B[2,1]

A[2,0]
B[2,2]

A[2,1]
B[2,3]
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C[2,0] C[2,1] C[2,2] C[2,3]

A[3,3]
B[3,0]
C[3,0]

A[3,0]
B[3,1]
C[3,1]

A[3,1]
B[3,2]
C[3,2]

A[3,2]
B[3,3]
C[3,3]

Cannon乘法：对齐B

A[0,0]
B[0,0]
C[0,0]

A[0,1]
B[1,1]
C[0,1]

A[0,2]
B[2,2]
C[0,2]

A[0,3]
B[3,3]
C[0,3]

A[1,1]
B[1,0]
C[1,0]

A[1,2]
B[2,1]
C[1,1]

A[1,3]
B[3,2]
C[1,2]

A[1,0]
B[0,3]
C[1,3]

A[2,2]
B[2,0]

A[2,3]
B[3,1]

A[2,0]
B[0,2]

A[2,1]
B[1,3]
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C[2,0] C[2,1] C[2,2] C[2,3]

A[3,3]
B[3,0]
C[3,0]

A[3,0]
B[3,1]
C[0,1]

A[3,1]
B[1,2]
C[3,2]

A[3,2]
B[2,3]
C[3,3]
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每个结点并行乘分块得到C分块

A[0,0]
B[0,0]
C[0,0]

A[0,1]
B[1,1]
C[0,1]

A[0,2]
B[2,2]
C[0,2]

A[0,3]
B[3,3]
C[0,3]

A[1,1]
B[1,0]
C[1,0]

A[1,2]
B[2,1]
C[1,1]

A[1,3]
B[3,2]
C[1,2]

A[1,0]
B[0,3]
C[1,3]

A[2,2]
B[2,0]

A[2,3]
B[3,1]

A[2,0]
B[0,2]

A[2,1]
B[1,3]
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C[2,0] C[2,1] C[2,2] C[2,3]

A[3,3]
B[3,0]
C[3,0]

A[3,0]
B[3,1]
C[0,1]

A[3,1]
B[1,2]
C[3,2]

A[3,2]
B[2,3]
C[3,3]

A和B各自循环移位

A[0,1]
B[1,0]
C[0,0]

A[0,2]
B[2,1]
C[0,1]

A[0,3]
B[3,2]
C[0,2]

A[0,0]
B[0,3]
C[0,3]

A[1,2]
B[2,0]
C[1,0]

A[1,3]
B[3,1]
C[1,1]

A[1,0]
B[0,2]
C[1,2]

A[1,1]
B[1,3]
C[1,3]

A[2,3]
B[3,0]

A[2,0]
B[0,1]

A[2,1]
B[1,2]

A[2,2]
B[2,3]
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C[2,0] C[2,1] C[2,2] C[2,3]

A[3,0]
B[0,0]
C[3,0]

A[3,1]
B[1,1]
C[0,1]

A[3,2]
B[2,2]
C[3,2]

A[3,3]
B[3,3]
C[3,3]

各自乘分块并累加到C分块

A[0,1]
B[1,0]
C[0,0]

A[0,2]
B[2,1]
C[0,1]

A[0,3]
B[3,2]
C[0,2]

A[0,0]
B[0,3]
C[0,3]

A[1,2]
B[2,0]
C[1,0]

A[1,3]
B[3,1]
C[1,1]

A[1,0]
B[0,2]
C[1,2]

A[1,1]
B[1,3]
C[1,3]

A[2,3]
B[3,0]

A[2,0]
B[0,1]

A[2,1]
B[1,2]

A[2,2]
B[2,3]
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C[2,0] C[2,1] C[2,2] C[2,3]

A[3,0]
B[0,0]
C[3,0]

A[3,1]
B[1,1]
C[0,1]

A[3,2]
B[2,2]
C[3,2]

A[3,3]
B[3,3]
C[3,3]

随后再重复
两次，C分
块便为最终
结果

Cannon矩阵乘法MPI程序

 参数a, b,和c 分别指向局部存储的分块，分别对应A, B, 和C, 均是n阶方
阵. 

 处理器个数为p时分块为sqrt(n)阶方阵 p=2t t为正整数 处理器个数为p时分块为sqrt(n)阶方阵，p 2 ，t为正整数
 参数comm 表示调用MatrixMatrixMultiply()的进程标识，通信簇
 函数接口 MatrixMatrixMultiply(int n, double *a, 

double *b, double *c, MPI_Comm comm) 

24
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1 MatrixMatrixMultiply(int n, double *a, double *b, 

2                         double *c, MPI_Comm comm) {

3    int i, nlocal, npes, dims[2], periods[2]; 

4    int myrank, my2drank, mycoords[2]; 

5    int uprank, downrank, leftrank, rightrank, coords[2]; 

6    int shiftsrc, shiftdest; 

7 MPI S7    MPI_Status status; 

8    MPI_Comm comm_2d; 

9    /* Get the communicator related information */ 

10    MPI_Comm_size(comm, &npes); 

11    MPI_Comm_rank(comm, &myrank); 

12    /* Set up the Cartesian topology */ 

13    dims[0] = dims[1] = sqrt(npes); 

14 / S f */

25

14    /* Set the periods for wraparound connections */ 
15    periods[0] = periods[1] = 1; 

16    /* Create the Cartesian topology, with rank reordering */ 

17    MPI_Cart_create(comm, 2, dims, periods, 1, &comm_2d);

18    /* Get the rank and coordinates */ 

19    MPI_Comm_rank(comm_2d, &my2drank); 

20    MPI_Cart_coords(comm_2d, my2drank, 2, mycoords); 

21

22    /* Determine the dimension of the local matrix block */ 

23    nlocal = n/dims[0]; 

3434 

25    /* Perform the initial matrix alignment. */ 

26    MPI_Cart_shift(comm_2d, 0, -mycoords[0], &shiftsrc
&shiftdest); 

27    MPI_Sendrecv_replace(a, nlocal*nlocal, MPI_DOUBLE, 
shiftdest, 1, shiftsrc, 1, comm_2d, &status); 

28    MPI_Cart_shift(comm_2d, 1, -mycoords[1], &shiftsrc, 
&shiftdest);

26

&shiftdest); 

29    MPI_Sendrecv_replace(b, nlocal*nlocal, MPI_DOUBLE, 

30        shiftdest, 1, shiftsrc, 1, comm_2d, &status); 

31    /* Get into the main computation loop */ 

32    for (i=0; i<dims[0]; i++) { 

33      MatrixMultiply(nlocal, a, b, c); /*c=c+a*b*/ 

34

35    /* Compute ranks of the up and left shifts */ 

36    MPI_Cart_shift(comm_2d, 0, -1, &rightrank, &leftrank); 

37    MPI_Cart_shift(comm_2d, 1, -1, &downrank, &uprank);

38      /* Shift matrix a left by one */ 

39      MPI_Sendrecv_replace(a, nlocal*nlocal, MPI_DOUBLE, 

40          leftrank, 1, rightrank, 1, comm_2d, &status); 

41      /* Shift matrix b up by one */ 

42      MPI_Sendrecv_replace(b, nlocal*nlocal, MPI_DOUBLE, 

43          uprank, 1, downrank, 1, comm_2d, &status); 

44    } 

45 /* Restore the original distribution of a and b */

27

45    /* Restore the original distribution of a and b */ 

46    MPI_Cart_shift(comm_2d, 0, +mycoords[0], &shiftsrc, 
&shiftdest); 

47    MPI_Sendrecv_replace(a, nlocal*nlocal, MPI_DOUBLE, 

48      shiftdest, 1, shiftsrc, 1, comm_2d, &status);  

49    MPI_Cart_shift(comm_2d, 1, +mycoords[1], &shiftsrc, &shiftdest); 

50    MPI_Sendrecv_replace(b, nlocal*nlocal, MPI_DOUBLE, 

51        shiftdest, 1, shiftsrc, 1, comm_2d, &status); 

52 

53    MPI_Comm_free(&comm_2d); /* Free up communicator */ 

54  } 

5555 

56  /* This function performs a serial matrix-matrix multiplication c = a*b */ 

57  MatrixMultiply(int n, double *a, double *b, double *c) 

58  { 

59    int i, j, k; 

60 

61    for (i=0; i<n; i++) 

( )

28

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

63        for (k=0; k<n; k++) 

64          c[i*n+j] += a[i*n+k]*b[k*n+j]; 

65  } 
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并行编程范型：OpenMP Master-Worker

 适用于MIMD-SM结构，如多核、GPU
 线程级并行程序
 主要机制：循环并行化、线程派生和交互机制主要机制 循环并行化、线程派生和交互机制

29

并行编程范型并行编程范型

 相并行（Phase Parallel）
 分治并行（Divide and Conquer Parallel）
 流水线并行（Pipeline Parallel） 流水线并行（Pipeline Parallel）
 主从并行（Master-Slave Parallel）
 工作池并行（Work Pool Parallel）

 Task-Farming
 SPMD

30

 Data Pipeline
 Divide and Conquer
 Speculative Parallelism

相并行（相并行（Phase�ParallelPhase�Parallel））

 一组超级步（相）
 步内各自计算 C C C步内各自计算
 步间通信、同步
 BSP（4.2.3）
 方便查错和性能分析
 计算和通信不能重叠

C C C

Synchronous Interaction

......

C C C......

31

Synchronous Interaction

主－从并行（主－从并行（MasterMaster--Slave�ParallelSlave�Parallel））

 Task-Farming
 主进程：串行、协调任务主进程 串行、协调任务
 子进程：计算子任务
 划分设计技术（ 6.1）
 与相并行结合
 主进程易成为瓶颈

Master

Slave Slave Slave

32
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分治并行分治并行（（Divide�and�Conquer�ParallelDivide�and�Conquer�Parallel））

 父进程把负载分割并指派给子进
程

 递归 递归
 重点在于归并
 分治设计技术（6.2）
 难以负载平衡

33

流水线并行（流水线并行（Pipeline�ParallelPipeline�Parallel））

 一组进程
 流水线作业 流水线作业
 流水线设计技术（6.5） P1

P2

P3

34

工作池并行（工作池并行（Work�Pool�ParallelWork�Pool�Parallel））

 初始状态：一件工作
 进程从池中取任务执行进程从池中取任务执行
 可产生新任务放回池中
 直至任务池为空
 易于负载平衡
 临界区问题（尤其消息传递）

Work Pool

P1 P2 P3

35

并行程序设计模型（续）并行程序设计模型（续）

 隐式并行（Implicit Parallel）
 数据并行（Data Parallel）
 共享变量（Shared Variable） 共享变量（Shared Variable）
 消息传递（Message Passing）

36
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隐式并行（隐式并行（Implicit�ParallelImplicit�Parallel））

 概况：
程序员用熟悉的串行语言编程
编译器或运行支持系统自动转化为并行代码

 特点：
语义简单
可移植性好
单线程，易于调试和验证正确性
效率很低

37

数据并行（数据并行（Data�ParallelData�Parallel））

 概况：
SIMD的自然模型
局部计算和数据选路操作

 特点 特点：
单线程
并行操作于聚合数据结构（数组）
松散同步
单一地址空间
隐式交互作用
显式数据分布

38

Programming�Model�2:��Data�ParallelProgramming�Model�2:��Data�Parallel
Single thread of control consisting of parallel 

operations.
Parallel operations applied to all (or a defined subset) 

of a data structure, usually an arrayof a data structure, usually an array
Communication is implicit in parallel operators 
Elegant and easy to understand and reason about 
Coordination is implicit – statements executed synchronously

Drawbacks: 
Not all problems fit this model
Difficult to map onto coarse-grained machines

39

p g

A:

fA:
f

sum

A = array of all data
fA = f(A)
s = sum(fA)

s:

Machine�Model�2a:��SIMD�SystemMachine�Model�2a:��SIMD�System
A large number of (usually) small processors.

A single “control processor” issues each instruction.
Each processor executes the same instruction.
Some processors may be turned off on some instructionsSome processors may be turned off on some instructions.

Machines are very specialized to scientific 
computing, so they are not popular with vendors 
(CM2, Maspar)
Programming model can be implemented in the compiler

mapping n-fold parallelism to p processors, n >> p, but it’s hard 
(e.g., HPF) control processor

40

interconnect

P1

memory

NI
. . .

P1

memory

NI P1

memory

NI P1

memory

NI P1

memory

NI
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Machine�Model�2b:�Vector�MachinesMachine�Model�2b:�Vector�Machines
 Vector architectures are based on a single processor

Multiple functional units
All performing the same operation
Instructions may specific large amounts of parallelism (e g  Instructions may specific large amounts of parallelism (e.g., 
64-way) but hardware executes only a subset in parallel

 Historically important
Overtaken by MPPs in the 90s

 Re-emerging in recent years
At a large scale in the Earth Simulator (NEC SX6) and Cray 
X1

41

At a small sale in SIMD media extensions to microprocessors
SSE, SSE2 (Intel: Pentium/IA64)
Altivec (IBM/Motorola/Apple: PowerPC)
VIS (Sun: Sparc)

 Key idea: Compiler does some of the difficult work of 
finding parallelism, so the hardware doesn’t have to

计算圆周率的样本程序计算圆周率的样本程序
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计算圆周率的计算圆周率的cc语言代码段语言代码段

#define N  1000000
main() {

double local, pi = 0.0, w;p

long i;

w=1.0/N;

for (i = 0; i<N; i ++) {

local = (i + 0.5)*w;

pi = pi + 4.0/(1.0+local * local);

43

p p ( )

}

printf(“pi is %f \n”, pi *w);

}

main()   {main()   {

longlong i,j,t,N=1000000; i,j,t,N=1000000; 

doubledouble local[N],tmp[N], pi, w;local[N],tmp[N], pi, w;

w=1.0/N;w=1.0/N;

forall forall (i = 0; i<N; i ++) {(i = 0; i<N; i ++) {

local[i] = (i + 0.5)*w;local[i] = (i + 0.5)*w;

tmp[i] = tmp[i] + 4.0/(1.0+local[i] * local[i]);tmp[i] = tmp[i] + 4.0/(1.0+local[i] * local[i]);

}}

44

}}

pi=pi=sumsum(tmp);(tmp);

printf(“pi is %f printf(“pi is %f \\n”, pi *w);n”, pi *w);

}}
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共享变量（共享变量（Shared�VariableShared�Variable））

 概况：
PVP, SMP, DSM的自然模型

 特点：特点
多线程：SPMD, MPMD
异步
单一地址空间
显式同步
隐式数据分布
隐式通信

45

Programming�Model�1:��Shared�MemoryProgramming�Model�1:��Shared�Memory
Program is a collection of threads of control.

Can be created dynamically, mid-execution, in some 
languages

Each thread has a set of private variables, e.g., local stack 
variables 
Also a set of shared variables, e.g., static variables, shared 

common blocks, or global heap.
Threads communicate implicitly by writing and reading 
shared variables.
Threads coordinate by synchronizing on shared variables

Shared memory

46

PnP1P0

s      s = ...
y = ..s ...

i: 2 i: 5 Private 
memory

i: 8

Shared�Memory�Code�for�Computing�a�SumShared�Memory�Code�for�Computing�a�Sum

Thread 1 Thread 2

static int s = 0;

for i = 0, n/2-1
s = s + f(A[i])

for i = n/2, n-1
s = s + f(A[i])

• Problem is a race condition on variable s in the program
• A race condition or data race occurs when:

- two processors (or two threads) access the same 

47

p ( )
variable, and at least one does a write.

- The accesses are concurrent (not synchronized) so 
they could happen simultaneously

Shared�Memory�Code�for�Computing�a�SumShared�Memory�Code�for�Computing�a�Sum

Thread 1 Thread 2

static int s = 0;

….
compute f([A[i]) and put in reg0
reg1 = s 
reg1 = reg1 + reg0 
s = reg1
…

…
compute f([A[i]) and put in reg0
reg1 = s 
reg1 = reg1 + reg0 
s = reg1
…

• Assume s=27, f(A[i])=7 on Thread1 and =9 on Thread2
• For this program to work, s should be 43 at the end

7 9
27 27
34 36

3634

48

For this program to work, s should be 43 at the end
• but it may be 43, 34, or 36

• The atomic operations are reads and writes
• Never see ½ of one number
• All computations happen in (private) registers
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Improved�Code�for�Computing�a�SumImproved�Code�for�Computing�a�Sum

Thread 1 Thread 2

static int s = 0;
static lock lk;

local_s1= 0
for i = 0, n/2-1

local_s1 = local_s1 + f(A[i])

s = s + local_s1

local_s2 = 0
for i = n/2, n-1

local_s2= local_s2 + f(A[i])

s = s +local_s2

• Since addition is associative, it’s OK to rearrange order

lock(lk);

unlock(lk);

lock(lk);

unlock(lk);

49

• Most computation is on private variables
- Sharing frequency is also reduced, which might improve speed 
- But there is still a race condition on the update of shared s
- The race condition can be fixed by adding locks (only one 

thread can hold a lock at a time; others wait for it)

#define N  1000000
main()   {

double local, pi = 0.0, w;
long i;
w=1.0/N;
#Pragma Parallel
#P Sh d( i )#Pragma Shared(pi,w)
#Pragma Local(i,local)
{

#Pragma pfor iterate(i=0;N;1)
for (i = 0; i<N; i ++) {
local = (i + 0.5)*w;
local = 4.0/(1.0+local * local);

50

( );
}
#Pragma Critical 
pi = pi + local;

}
printf(“pi is %f \n”, pi *w);

}

消息传递（消息传递（Message�PassingMessage�Passing））

 概况：
MPP, COW的自然模型

 特点：特点
多线程
异步
多地址空间
显式同步
显式数据映射和负载分配
显式通信

51

Programming�Model�2:��Message�PassingProgramming�Model�2:��Message�Passing
Program consists of a collection of named processes.

Usually fixed at program startup time
Thread of control plus local address space -- NO shared data.
Logically shared data is partitioned over local processes.g y p p

Processes communicate by explicit send/receive pairs
Coordination is implicit in every communication event.
MPI is the most common example

s: 12 

Private 
memory

s: 14 s: 11 
receive Pn,s

52

PnP1P0

y = ..s ... i: 2 i: 3 i: 1

send P1,s

Network

receive Pn,s
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Computing�s�=�A[1]+A[2]�on�each�processorComputing�s�=�A[1]+A[2]�on�each�processor
° First possible solution – what could go wrong?

Processor 1
xlocal = A[1]
send xlocal, proc2

Processor 2
xlocal = A[2]
send xlocal, proc1

2

° Second possible solution

receive xremote, proc2
s = xlocal + xremote

receive xremote, proc1
s = xlocal + xremote

° If send/receive acts like the telephone system?  The post office?

53

Processor 1
xlocal = A[1]
send xlocal, proc2
receive xremote, proc2
s = xlocal + xremote

Processor 2
xloadl = A[2]
receive xremote, proc1
send xlocal, proc1
s = xlocal + xremote

In 2002 MPI has become the de facto standard for parallel 
computing
The software challenge: overcoming the MPI barrier

MPI�MPI�–– the�de�facto�standardthe�de�facto�standard

g g

MPI created finally a standard for applications 
development in the HPC community

Standards are always a barrier to further development

The MPI standard is a least common denominator 
building on mid-80s technology

54

Programming Model reflects hardware! 

“I am not sure how I will program a Petaflops computer, 
but I am sure that I will need MPI somewhere” – HDS 2001

#define N  1000000
main()   {

double local, pi, w;
long i,taskid,numtask;
w=1.0/N;
MPI I it(& & )

int MPI_Reduce ( void *sendbuf, 
void *recvbuf, int count, 
MPI_Datatype datatype, 
MPI_Op op, int root, MPI_Comm comm )

MPI_Init(&argc,&argv);
MPI_Comm_rank(MPI_COMM_WORLD,&taskid);
MPI_Comm_Size(MPI_COMM_WORLD,&numtask);
for (i = taskid; i<N; i =i+numtask) {

local = (i + 0.5)*w;
local = 4.0/(1.0+local * local);
}

55

MPI_Reduce(&local,&pi,1,MPI_Double,MPI_MAX,0,MPI_
COMM_WORLD);
if(taskid==0)printf(“pi is %f \n”, pi *w);
MPI_Finalize();

}

共享存储并行编程具体介绍共享存储并行编程具体介绍

 Cilk
 Pthreads
 OpenMP OpenMP

56
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CilkCilk
 Cilk is a language for multithreaded parallel programming 

based on ANSI C. Cilk is designed for general-purpose 
parallel programming, but it is especially effective for 
exploiting dynamic, highly asynchronous parallelism, 
which can be difficult to write in data-parallel or message-
passing style. Using Cilk, our group has developed three 
world-class chess programs, StarTech, *Socrates, and 
Cilkchess. Cilk provides an effective platform for 
programming dense and sparse numerical algorithms, such 
as matrix factorization and N-body simulations, and we are 
working on other types of applications. Unlike many other 
multithreaded programming systems  Cilk is algorithmic  in 

57

multithreaded programming systems, Cilk is algorithmic, in 
that the runtime system employs a scheduler that allows 
the performance of programs to be estimated accurately 
based on abstract complexity measures.

The Cilk language has been developed since 1994 at the MIT 
Laboratory for Computer Science.
http://supertech.csail.mit.edu/cilk/

WIKIWIKI定义定义

 Cilk is a general-purpose programming language 
designed for multithreaded parallel computing.

 The biggest principle behind the design of the Cilk  The biggest principle behind the design of the Cilk 
language is that the programmer should be 
responsible for exposing the parallelism, identifying 
elements that can safely be executed in parallel; it 
should then be left to the run-time environment, 
particularly the scheduler, to decide during execution 
how to actually divide the work between processors. It 
is because these responsibilities are separated that a 

58

is because these responsibilities are separated that a 
Cilk program can run without rewriting on any 
number of processors, including one.

Commercialization�of�Cilk�Technology�Commercialization�of�Cilk�Technology�

 Prior to ~2006, the market for Cilk was restricted to high-
performance computing. The emergence of multicore 
processors in mainstream computing means that hundreds 
of millions of new parallel computers are now being 
shipped every year. Cilk Arts was formed to capitalize on 
that opportunity: In 2006, Professor Leiserson launched 
Cilk Arts to create and bring to market a modern version of 
Cilk that supports the commercial needs of an upcoming 
generation of programmers. The company closed a Series A 
venture financing round in October 2007, and Cilk++ 1.0 
shipped in December, 2008. Cilk++ differs from Cilk in 

59

shipped in December, 2008. Cilk++ differs from Cilk in 
several ways: support for C++, operation with both 
Microsoft and GCC compilers, support for loops, and "Cilk 
hyperobjects" - a new construct designed to solve data race 
problems created by parallel accesses to global variables.

Charles Eric Leiserson is a computer scientist, specializing in the Charles Eric Leiserson is a computer scientist, specializing in the 
theory of parallel computing and distributed computingtheory of parallel computing and distributed computing

Basic�parallelism�with�Cilk�Basic�parallelism�with�Cilk�

spawn -- this keyword indicates that the 
procedure call it modifies can safely operate in 

ll l i h h  i  d  N  h  parallel with other executing code. Note that 
the scheduler is not obligated to run this 
procedure in parallel; the keyword merely alerts 
the scheduler that it can do so.

sync -- this keyword indicates that execution of 
the c ent oced e cannot oceed ntil all 

60

the current procedure cannot proceed until all 
previously spawned procedures have completed 
and returned their results to the parent frame. 
This is an example of a barrier method.
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61

62

63

 所谓continuation，其实本来是一个函数调用机制。
我们熟悉的函数调用方法都是使用堆栈，采用Activation record或者叫Stack frame来
记录从最顶层函数到当前函数的所有context。一个frame/record就是一个函数的局部
上下文信息，包括所有的局部变量的值和SP, PC指针的值（通过静态分析，某些局部
变量的信息是不必保存的，特殊的如尾调用的情况则不需要任何stack frame。不过，
逻辑上，我们认为所有信息都被保存了）。函数的调用前往往伴随着一些push来保存
context信息，函数退出时则是取消当前的record/frame，恢复上一个调用者的
record/framerecord/frame。
象pascal这样的支持嵌套函数的，则需要一个额外的指针来保存父函数的frame地址。
不过，无论如何，在任何时候，系统保存的就是一个后入先出的堆栈，一个函数一旦
退出，它的frame就被删除了。
Continuation则是另一种函数调用方式。它不采用堆栈来保存上下文，而是把这些信息
保存在continuation record中。这些continuation record和堆栈的activation record的区
别在于，它不采用后入先出的线性方式，所有record被组成一棵树（或者图），从一
个函数调用另一个函数就等于给当前节点生成一个子节点，然后把系统寄存器移动到
这个子节点。一个函数的退出等于从当前节点退回到父节点。

64

这个子节点。 个函数的退出等于从当前节点退回到父节点。
这些节点的删除是由garbage collection来管理。如果没有引用这个record，则它就是可
以被删除的。
这样的调用方式和堆栈方式相比的好处在哪里呢？
最大的好处就是，它可以让你从任意一个节点跳到另一个节点。而不必遵循堆栈方式
的一层一层的return方式。比如说，在当前的函数内，你只要有一个其它函数的节点
信息，完全可以选择return到那个函数，而不是循规蹈矩地返回到自己的调用者。你
也可以在一个函数的任何位置储存自己的上下文信息，然后，在以后某个适当的时刻，
从其它的任何一个函数里面返回到自己现在的位置。
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69Ron Cytron, et.al. Automatic Generation of DAG Parallelism. ACM PLDI’89

The number of 
function 
invocations for 
such a function is 
exponential, that 
is: O(2n)

The number of leaves, 
in general, is 
precisely
Fib (n+1)

70

Fib (n+1).

0,1,1,2,3,5,8,13,21,... 
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结束结束CilkCilk！！
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