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第一部分并行计算机体系结构（模型

并行计算概念

并行计算互连模型

并行计算结构模型

并行计算性能评测

1.1 并行性概念

并行性

把问题中具有可以同时进行运算或操作的特性称为并行性
(parallelism). 开发并行性的目的是为了对问题进行并行
处理, 以提高求解问题的效率

并行性的体现

同时性(simultaneity)指两个或多个事件在同一时刻发生;
并发性(concurrency)指两个或多个事件在同一时间间隔内

发生

并行性等级

指令内部; 指令之间;任务或进程级;作业或任务级

串行计算机中的并行性

中断机制使CPU与慢速外设之间重叠执行；

IOP使得快速外设与CPU可以并行操作；

多任务系统中多个程序可以交替地使用单个CPU以提高
系统吞吐率和CPU利用率；

CUCU ALUALU

MM IOPIOP I/OI/O

串行计算机中的并行性（续）

7654321时间

JumpI3I2I1------存储结
果

JumpI3I2I1----执行

JumpI3I2I1--取操作
数

JumpI3I2I1取指令

流水线技术可使取指令/执行周期中的步骤可以重叠执

行；

多重算术部件；

VLIW等
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1.1并行性概念（续）

并行性的开发途径

时间重叠: 在并行性概念中引入时间因素,让多个处理
过程在时间上相互错开,轮流重叠地使用同一套硬件
设备的各个部分,以加快硬件周转而赢得速度. 如流水
线.
分离、细化功能部件→流水线→功能不同的多机系统→
异构型多处理机系统

资源重复: 在并行性概念中引入空间因素,通过重复设
置硬件资源来提高可靠性或性能. 如双机系统. 
多操作部件和多体存储器→相联、并行处理机→同构型
多处理机系统

CUCU

PEPE11 PEPE22 PEPEnn--11

并行性的开发途径

资源共享: 利用软件的方法让多个用户按一定时间顺
序轮流地使用同一套资源,以提高其利用率, 可相应提
高系统性能.
网络打印机

多道程序、分时OS →真正的处理机代替虚拟机→分布

处理系统

1.2并行计算机分类(Flynn)

SISD
SIMD单指令流多数据流

MISD
MIMD多指令流多数据流 并行机并行机

DataData

Ins.Ins.

CUCU

ALU/LMALU/LMALU/LMALU/LM

InterconnInterconn/SM/SM

CU/ALUCU/ALU
/LM/LM

CU/ALUCU/ALU
/LM/LM

InterconnInterconn/SM/SM

1.3并行计算的研究方向

并行机体系结构从并行计算的角度主要研究高性能计算机系统的
体系结构与存储模型、高速互连网络、通信操作、多级存储及其
一致性等；

并行算法设计重点研究并行算法的常用设计策略、基本设计技术、
一般设计过程、标准性能评测等；

并行程序设计主要研究并行程序设计模型、共享存储和分布存储
系统的并行编程、并行程序的设计环境与工具以及科学计算可视
化等。

并行应用集中在应用领域并行算法的研究上，包括计算生物学、

计算化学、计算流体动力学、飞行动力学、计算机辅助设计、数
据库管理、油藏建模、中长期天气预报、海洋环流和求解N-body 
问题等以及面向应用的大型科学与工程问题的并行数值计算，诸
如求解大型稀疏方程组、大型非线性方程和有限元分析等。
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1.3并行计算的研究方向（续）

非传统计算 在交叉学科中出现了一些非传统计算方

式，例如分子计算和量子计算等。这些计算本身包含着
巨大的并行度，超出了传统的计算模式。分子计算中参
与计算的分子数可达1020，我们可以利用大量分子的并

行操作能力，以空间换时间的方式提高计算能力，从而
可望解决常规计算方式难以解决的问题。

1.4并行计算机应用开发计划

并行计算：并行机上所作的计算，又称高性能计算或超
级计算。

计算科学：计算物理、计算化学、计算生物等

科学与工程问题的需求：气象预报、油藏模拟、核武器
数值模拟、航天器设计、基因测序等。

需求类型：计算密集、数据密集、网络密集。

美国HPCC计划：重大挑战性课题，3T性能

美国DARPA的HPCS（Petaflops）研究计划。 Pflop/s
美国能源部ASCI计划：核武器数值模拟。

并行计算机性能指标常用术语

Megaflops   106 flops
Gigaflops   109 flops     workstations
Teraflops    1012    top 17 supercomputers
by 2005 every supercomputer in the top 500?
Petaflops 1015 2010?

高效能计算系统计划（HPCS）的进展

美国国防部高级研究计划局（DARPA）于2001 年初在
高性能计算领域提出了HPCS 计划，2002 年中开始实施。
该计划面向千万亿（peta）规模计算机系统的需求，针

对当前高端计算机系统开发及应用中存在的问题，研发
适应高端国家安全应用的高性能计算系统，以填补目前
基于80 年代末技术的高性能计算和未来的量子计算之

间的空白。
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409603586020025120Earth-Simulator
NEC

The Earth Simulator Center
Japan10

4352036190200510880Red Storm Cray XT3, 2.0 GHz
Cray Inc.

Sandia National Laboratories
United States9

4587537330200616384JUBL - eServer Blue Gene Solution
IBM

Forschungszentrum Juelich
(FZJ)
Germany

8

49868.838180200610368
TSUBAME Grid Cluster - Sun Fire X64 
Cluster, Opteron 2.4/2.6 GHz, Infiniband
NEC/Sun

GSIC Center, Tokyo Institute 
of Technology
Japan

7

64972.83827020069024Thunderbird - PowerEdge 1850, 3.6 GHz, 
InfinibandDell

Sandia National Laboratories
United States6

55705.64290020068704Tera-10 - NovaScale 5160, Itanium2 1.6 
GHz, QuadricsBull SA

Commissariat a l'Energie
Atomique (CEA)
France

5

6096051870200410160
Columbia - SGI Altix 1.5 GHz, Voltaire 
Infiniband
SGI

NASA/Ames Research 
Center/NAS
United States

4

9278175760200612208ASC Purple - eServer pSeries p5 575 1.9 
GHz IBM

DOE/NNSA/LLNL
United States3

11468891290200540960BGW - eServer Blue Gene Solution
IBM

IBM Thomas J. Watson 
Research Center
United States

2

367000280600200513107
2

BlueGene/L - eServer Blue Gene Solution
IBM

DOE/NNSA/LLNL
United States1

RpeakYear                   RmaxProcessorsComputerSiteRank

Rmax Maximal LINPACK performance achieved
Rpeak Theoretical peak performance
LINPACK是一种进行浮点性能测试的标准。

Nmax Problem size for achieving Rmax
N1/2 Problem size for achieving half of Rmax
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2. 并行计算结构模型

互联网络模型

SIMD和MIMD结构模型

存储模型

编程举例

TOPOLOGY 
The processors of the machine and the circuits in a 
switching network are arranged using a particular 
layout. Because not all nodes (i.e. processors) can have 
links to all other links in parallel, some pattern is used 
to decided how the pairs of nodes will be linked. This 
pattern usually follows some general rule and is called 
the topology of the network. 

Multi-Stage Switching Network

The Multi-Stage Switching Network is a dynamically configurable 
network. This means that the switches connecting the various 
processors can be changed dynamically, depending on where the 
messages need to be passed. The network presented here has 4 
processors which are connected to 4 other processors through a 2
stage network with two-function switches. Crossbar switches 
"direct the traffic" in the network. If two processors are trying to 
send messages to two other processors in parallel, then sometimes 
a message may not get through if the crossbar switch is set straight 
and the receiving processor requires a switched position to connect 
to the sending processor. (See the Definitions section for more 
detailed explanation of the switching network). 

2.1 互联网络模型

网络的特征和术语

网络的拓扑结构

网络拓扑结构的连接函数表示

Interconnection Networks
Switch: maps a fixed number of inputs to outputs

Number of ports on a switch = degree of the switch.
Switch cost

grows as the square of switch degree
peripheral hardware grows linearly with switch degree
packaging cost grows linearly with the number of pins

Key property: blocking vs. non-blocking
blocking

path from p to q may conflict with path from r to s
for independent p, q, r, s

non-blocking
disjoint paths between each pair of independent sources 
and sinks
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Network Interface : Processor node’s 
link to the interconnect

Network interface responsibilities
packetizing communication data
computing routing information
buffering incoming/outgoing data

Network interface locations
I/O bus: PCI or PCIx on many modern systems
memory bus: e.g. Opteron HyperTransport

higher bandwidth and tighter coupling than I/O bus
Network performance

depends on relative speeds of I/O and memory 
buses

2009-3-9 38

Historical Perspective
• Early machines were:

• Collection of microprocessors.
• Communication was performed using bi-directional queues 

between nearest neighbors.
• Messages were forwarded by processors on path.

• “Store and forward” networking
• There was a strong emphasis on topology in algorithms, 

in order to minimize the number of hops.

2009-3-9 39

Network Analogy
• To have a large number of transfers occurring at once, 

you need a large number of distinct wires.
• Networks are like streets:

• Link = street.
• Switch = intersection.
• Distances (hops) = number of blocks traveled.
• Routing algorithm = travel plan.

• Properties:
• Latency: how long to get between nodes in the network.
• Bandwidth: how much data can be moved per unit time.

• Bandwidth is limited by the number of wires and the rate at 
which each wire can accept data.

2009-3-9 40

Characteristics of a Network
• Topology (how things are connected)

• Crossbar, ring, 2-D and 2-D torus, hypercube, omega network.
• Routing algorithm:

• Example: all east-west then all north-south (avoids deadlock).
• Switching strategy:

• Circuit switching: full path reserved for entire message, like the 
telephone.

• Packet switching: message broken into separately-routed 
packets, like the post office.  

• Flow control (what if there is congestion):
• Stall, store data temporarily in buffers, re-route data to other 

nodes, tell source node to temporarily halt, discard, etc.

2009-3-9 41

Properties of a Network: Latency
• Diameter:  the maximum (over all pairs of nodes) of the 

shortest path between a given pair of nodes.
• Latency: delay between send and receive times

• Latency tends to vary widely across architectures
• Vendors often report hardware latencies (wire time)
• Application programmers care about software latencies (user 

program to user program)
• Observations:

• Hardware/software latencies often differ by 1-2 orders of 
magnitude

• Maximum hardware latency varies with diameter, but the 
variation in software latency is usually negligible

• Latency is important for programs with many small 
messages

硬件时延与软件时延

发送：发送：

应用程序把要发送的数据拷贝到应用程序把要发送的数据拷贝到OSOS的的bufbuf中中
OSOS根据要发送的数据计算出检查和，并把它加在消息根据要发送的数据计算出检查和，并把它加在消息

中，同时启动超时计数器中，同时启动超时计数器

OSOS把把bufbuf中的数据送中的数据送NICNIC并通知硬件开始发送消息并通知硬件开始发送消息

接收：接收：

系统把数据从系统把数据从NICNIC硬件拷贝到硬件拷贝到OSOS的的bufbuf中中
根据收到的数据计算出检查和，如果与发送的匹配则根据收到的数据计算出检查和，如果与发送的匹配则
接收方发一个回答信号给发送方，否则删除这个消接收方发一个回答信号给发送方，否则删除这个消
息，因为发送方在超时后会重发这个消息息，因为发送方在超时后会重发这个消息

若通过检查和则系统把收到的数据拷贝到用户地址空若通过检查和则系统把收到的数据拷贝到用户地址空
间中并启动应用程序继续间中并启动应用程序继续
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带带宽宽bandwidth: bandwidth: 消息进入网络后，网路传输信消息进入网络后，网路传输信

息的最大速率。息的最大速率。Mb/sMb/s
传输时间传输时间transmission time: transmission time: 消息通过网络（中消息通过网络（中

一点）的时间，等于消息长度除以频宽一点）的时间，等于消息长度除以频宽

飞行时间：消息第一位到达接收方所花费的时间，飞行时间：消息第一位到达接收方所花费的时间，
包括由于网络中转发或其他硬件引起的时延包括由于网络中转发或其他硬件引起的时延

传输时延传输时延transport latency transport latency ＝飞行时间＋传输时＝飞行时间＋传输时

间间

发送方开销发送方开销sender overhead: sender overhead: 处理器把消息放处理器把消息放

到互联网络的时间，包括软硬件花费的时间到互联网络的时间，包括软硬件花费的时间

接收方开销接收方开销

总时延＝发送方开销＋传输时延＋接收方开销总时延＝发送方开销＋传输时延＋接收方开销

例：带宽例：带宽10Mb/s10Mb/s，发送方开销，发送方开销230230μμss，接收方，接收方
270 270 μμss，，22台机器相距台机器相距100100米，发送米，发送10001000字节消字节消
息给另一台机器息给另一台机器

s

s
sMb
b

skm
kms

μ

μμ

1031

270
/10
81000

/5.2997925.0
1.0230

=

+×+
×

+=总时延

s

ss

μ

μμ

7971

270
10

81000
5.2997925.0

101000230
6

=

+×+
×

×+=总时延

相距1000公里
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Properties of a Network: Bandwidth
• A network is partitioned into two or more disjoint sub-

graphs if some nodes cannot reach others.
• The bandwidth of a link =   w * 1/t

• w is the number of wires
• t is the time per bit

• Bandwidth typically in Gigabytes (GB), i.e., 8* 220 bits
• Effective bandwidth is usually lower than physical link 

bandwidth due to packet overhead.

• Bandwidth is important for applications with mostly large 
messages

R
outing 

and control 
header

D
ata 

payload

Error code

Trailer

Unidirectional: in one direction
Bidirectional: in both directions

网络带宽：网网络带宽：网
路传输信息的路传输信息的
最大速率最大速率Mb/sMb/s

2009-3-9 46

Properties of a Network: Bisection Bandwidth:
• Bisection bandwidth:  bandwidth across smallest cut that 

divides network into two equal halves
• Bandwidth across “narrowest” part of the network

bisection 
cut

not a 
bisection
cut 

bisection bw= link bw bisection bw = sqrt(n) * link bw

• Bisection bandwidth is important for algorithms in which 
all processors need to communicate with all others

对剖宽度：对
分网络各半所
必须移去的最

少边数

网络的特征（续）

节点度（Node Degree）：射入或射出一个节点的边数。

在单向网络中，入射和出射边之和称为节点度。

对剖带宽（ Bisection Bandwidth）:每秒钟内，在最小

的对剖平面上通过所有连线的最大信息位（或字节）数

如果从任一节点观看网络都一样，则称网络为对称的
（Symmetry）

静态互连网络与动态互连网络

静态互连网络：处理单元间有着固定连接的一类网
络，在程序执行期间，这种点到点的链接保持不
变；典型的静态网络有一维线性阵列、二维网孔、
树连接、超立方网络、立方环、洗牌交换网、蝶形
网络等

动态网络：用交换开关构成的，可按应用程序的要
求动态地改变连接组态；典型的动态网络包括总线、
交叉开关和多级互连网络等。
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Linear and Ring Topologies
• Linear array

• Diameter = n-1; average distance ~n/3.
• Bisection bandwidth = 1 (units are link bandwidth).

• Torus or Ring

• Diameter = n/2; average distance ~ n/4.
• Bisection bandwidth = 2.
• Natural for algorithms that work with 1D arrays.

静态互联网络的连接函数

一维线性阵列

环

-1

1

( ) -1,  1 -1
( ) 1,  0 - 2

LC p p p n
LC p p p n+

= ≤ ≤
= + ≤ ≤

00 11 22 nn

00 11 22 33

-1

1

( ) ( -1) ,  0
( ) ( 1) ,  0

RC p n p MODn p n
RC p p MODn p n+

= + ≤ <
= + ≤ <

2009-3-9 51

Meshes and Torus 

Two dimensional mesh 
• Diameter = 2 * (sqrt( n ) – 1)
• Bisection bandwidth =   sqrt(n)

• Generalizes to higher dimensions (Cray T3D used 3D Torus).
• Natural for algorithms that work with 2D and/or 3D arrays.

Two dimensional torus
• Diameter = sqrt( n )
• Bisection bandwidth =   2* sqrt(n)

2009-3-9 52

静态互联网络的连接函数

2-D网孔 ( )
( ) ( )
( )
( )

2

1
2

1
2

2

1, 0 1 0

1, 0 1 1 0

, 1

, 0
n

n

p p p n pMOD n

p p p n p MOD n

p p n n p n

p p n p n n

MC
MC
MC
MC

−

+

−

+

= − ≤ ≤ − ∧ ≠

= + ≤ ≤ − ∧ + ≠

= − ≤ ≤ −

= + ≤ ≤ −

00

44

88

1212

11

55

99

1313

22

66

1010

1414

33

77

1111

1515
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静态互联网络的连接函数

2-D环绕
00

44

88

1212

11

55

99

1313

22

66

1010

1414

33

77

1111

1515

( ) ( )( ) ( )
( ) ( )( ) ( )
( ) ( )
( ) ( )

2

1

2

1

2

2

1 1 , 0 1

1 1 , 0 1

, 0 1

, 0 1

n

n

p p DIV n n p n MOD n p n

p p DIV n n p n MOD n p n

p n p n MODn p n

p n p n MODn p n

MC
MC
MC
MC

−

+

−

+

= − × + − + ≤ ≤ −

= − × + − + ≤ ≤ −

= + − ≤ ≤ −

= + + ≤ ≤ −

静态互联网络的连接函数

2-D Illiac

00

44

88

1212

11

55

99

1313

22

66

1010

1414

33

77

1111

1515
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Hypercubes
• Number of nodes n = 2d   for dimension d.

• Diameter = d. 
• Bisection bandwidth = n/2.

• 0d       1d       2d           3d                  4d

• Popular in early machines (Intel iPSC, NCUBE).
• Lots of clever algorithms. 

• Gray code addressing:
• Each node connected to                                          

d others with 1 bit different. 001000

100

010 011

111

101

110

n=2m个结点的超立方体的连接函数

6

4 5

7

0 1

32

14

12 13

15

8 9

1110

( )1 1 1 0 1 1 1 0 , 0m i i i m i i ii p p p p p p p p p p i mCC − + − − + −= ≤ <L L L L

Distance between any two 
nodes is at most log n.
Each node has log n 
neighbors
Distance between two nodes 
= # of bit positions that 
differ between node 
numbers
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Trees
• Diameter = log n.
• Bisection bandwidth = 1.
• Easy layout as planar graph.
• Many tree algorithms (e.g., summation).
• Fat trees avoid bisection bandwidth problem:

• More (or wider) links near top.
• Example: Thinking Machines CM-5.

2009-3-9 58

Butterflies
• Diameter = log n.
• Bisection bandwidth = n.
• Cost: lots of wires.
• Used in BBN Butterfly.
• Natural for FFT.

O    1O    1

O    1 O    1

butterfly switch
multistage butterfly network

2009-3-9 59

⎣ ⎦

⎣ ⎦

⎣ ⎦
⎡ ⎤

2/)1(14/1
1111-log2

222/d-k
2/)log(log2/log

2421Illiac
2422/22D

)(22)1(22D
222/

1111
1112

2

1

通性弧

−−
−

−

−−

−−
−

−

pppp
pp
dpdkkd

ppppp
ppp
ppp

pppp
pp

pp
p

d

全连接

）（二叉树

环绕

超立方体

网孔

环绕

网孔

环

线性阵列

星型

成本直径网络 连对剖宽度
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Topologies in Real Machines

ButterflyBBN Butterfly (really old)

Fat tree (approx)IBM SP

ArbitraryMyricom (Millennium)

HypercubeSGI Origin

Fat treeQuadrics (in HP Alpha 
server clusters)

2D MeshIntel Paragon (old)

4D Hypercube*Cray X1

Fat treeSGI Altix

3D TorusBlue Gene/L

3D MeshRed Storm (Opteron + 
Cray network, future)

ol
de

r  
  n

ew
er

Many of these are 
approximations:
E.g., the X1 is really a 
“quad bristled 
hypercube” and some 
of the fat tree are not 
as fat as they should 
be at the top
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动态互联网络-BUS

All processors access a common bus for exchanging data
Used in simplest and earliest parallel machines
Advantages

distance between any two nodes is O(1)
provides a convenient broadcast media

Disadvantages
bus bandwidth is a performance bottleneck
bus-based machines are typically limited to dozens of 
nodes

Since much of the data accessed by processors is local to 
the processor, a local memory can improve the performance 
of bus-based machines
Assuming that each processor accesses k data items, and 
each data access takes time tcycle, the execution time is lower 
bounded by tcycle*kp seconds.
Let us assume that 50% of the memory accesses are made 
to local data. 0.5*tcycle*k+0.5*tcycle*kp

Bus-based interconnect with local 
memory/cache

A crossbar network uses an p×m grid of 
switches to connect p inputs to m outputs in a 
non-blocking manner

A nonA non--blocking crossbar blocking crossbar 
network connecting p network connecting p 

processors to b memory processors to b memory 
banksbanks

Crossbar Network

Cost of a crossbar: O(p2), p=m
Scalable in terms of performance but unscalable in 
terms of cost
Examples

Earth Simulator: custom 640-way single-stage 
crossbar
RTC: Myrinet 2000 interconnect

16-way crossbar switches in 128-way Clos network

Assessing Network Alternatives

Buses
excellent cost scalability
poor performance scalability

Crossbars
excellent performance scalability
poor cost scalability

Multistage interconnects
compromise between these extremes
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Multistage Network

Schematic of processorSchematic of processor--toto--memory multistage memory multistage 
interconnection network (e.g., BBN Monarch)interconnection network (e.g., BBN Monarch)

Multistage Omega Network

Organization
log p stages
p inputs/outputs

At each stage, input i is connected to output j if:

if p = 2k then j = left_rotate(i)

Each Omega stage is connected in a perfect 
shuffle

Omega Network Switches

2×2 switches connect perfect shuffles
Each switch operates in two modes

Omega Network Routing

Let
s = binary representation of the source processor
d = binary representation of the destination processor 
or memory

The data traverses the link to the first switching node
IF the most significant bit of s and d are the same
THEN route data in pass-through mode by the switch
ELSE use crossover path

Strip off leftmost bit of s and d
Repeat for each of the log p switching stages
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Omega Network Routing

Example: s= 001 Example: s= 001 →→ d=100d=100
stage 1: leftmost bit s != d stage 1: leftmost bit s != d →→ crossovercrossover
stage 2: middle bit == d stage 2: middle bit == d →→ passpass--throughthrough
stage 3: rightmost bit s != d stage 3: rightmost bit s != d →→ crossovercrossover

Blocking in an Omega Network
One of the messages (010 to 111 or 110 to 100) blocks at 
link AB

Metrics for Dynamic Interconnection 
Networks

Cost: ~ # links or switches

plogpp/2log pOmega 
Network

p^2p1Crossbar

CostBisection 
WidthDiameterNetwork

嵌入

Mapping a graph G(V,E) into G’(V’,E’)
Congestion = maximum # edges in E mapped onto 
1 edge in E’
Dilation = maximum # edges in E’ mapped onto 1 
edge in E
Expansion = (# nodes in V’)/(# nodes in V)

如果各系数为1，则称为完美嵌入。

环网可完美嵌入到2-D环绕网中

超立方网可完美嵌入到2-D环绕网中

Binary Reflected GRAY code:

G(i,d) denotes the i-th entry in a sequence of Gray 
codes of d bits. G(i,d+1) is derived from G(i,d) by 

reflecting the table and prefixing the reflected entry 
with 1 and the original entry with 0.

G(i,xG(i,x):):

G(0,1)=0, G(1,1)=1,G(0,1)=0, G(1,1)=1,

G(i,x+1)=IF i<2G(i,x+1)=IF i<2xx THEN THEN G(i,xG(i,x) ELSE 2) ELSE 2xx+G(2+G(2x+1x+1--11--i,x)i,x)
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Embedding a Linear Array into a 
Hypercube

Given
linear array (or ring) of 2d nodes
d-dimensional hypercube

Map
node i of the linear array → node G(i, d) of the 
hypercube

Embedding a Linear Array into a 
Hypercube

Embedding a Mesh into a Hypercube

Embedding a 2 × 4 mesh into a 3D hypercube

Congestion, dilation, and expansion of the mapping is 1
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n=2m个结点的超立方体上n 个数求和

6
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7
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1110

( )1 1 1 0 1 1 1 0 , 0m i i i m i i ii p p p p p p p p p p i mCC − + − − + −= ≤ <L L L L

?+ponmp+op15
?o+p+ m+no+po14
?+nmpon+mn13
+mnopijklm+n+ o+pm+nm12
?+lkjil+kl11
?k+l+ i+jk+lk10
?+jilkj+ij9
+ijklmnopi+j+ k+li+ji8
?+hgfeh+gh7
?g+h+ e+fg+hg6
?+fehgf+ef5
+efghabcde+f+ g+he+fe4
?+dcbad+cd3
?c+d+ a+bc+dc2
+badc fehg+badcb+ab1

16个数求和，初
始时假定数据a..p
已经放到对应的
结点中（网络直
径）。然后依次
按照CC0、CC1、
CC2、CC3、交

换数据后相加，
最终结果在结点0
中。实际上每个
结点中的结果一
样，只是求和的
次序不一样。

+a..p+abcdefhga+b+ c+da+ba0
备注CC3CC2CC1CC0开始

洗牌交换网络

11
00
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33
44
55
66
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11
00
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44
55
66
77

( )
( )

1 2 1 0 2 3 0 1

1 2 1 0 1 2 1 0

m m m m m

m m m m

SHuffle p p p p p p p p

EXchange p p p p p p p p
− − − − −

− − − −

=

=

L L

L L
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(,)phld(ph,)ph(p,h)p15
(,)ldph(ld,)hp(h,p)o14
(,)hpdl(hp,)og(o,g)n13
(,)dlhp(dl,)go(g,o)m12
(,)ogkc(og,)nf(n,f)l11
(,)kcog(kc,)fn(f,n)k10
(dlhp,)gock(go,)me(m,e)j9
(bjfn,)ckgo(ck,)em(e,m)i8
(,)nfjb(nf,)ld(l,d)h7
(,)jbnf(jb,)dl(d,l)g6
(,)fnbj(fn,)kc(k,c)f5
(,)bjfn(bj,)ck(c,k)e4
(,)meia(me,)jb(j,b)d3
(,)iame(ia,)bj(b,j)c2

(bjfndlhp,)(ckgo,)emai(em,)ia(i,a)b1
16个数求和，

初始时假定数
据a..p与结点对
应。进行log2n
次+(SH，EX)
操作。任一结
点经过SH得到

一个数，再经
过EX得到一个

数，二者相加。
最终结果在结
点0中。

(aiemckgo,)(aiem,)aiem(ai,)ai(a,i)a0
备注+(SH,EX)+(SH,EX)+(SH,EX)+(SH,EX) 开始

begin

for i=1 to logn do

for all Pj where 0<=j<n do

shuffle(aj)

bj<-aj
exchange(bj)

aj<-aj+bj
endfor

endfor

end

例: SIMD-SE模型上的求和算法, n=2m

Message Passing Costs

Transfer time has three components
Startup time (ts)

time spent at sending and receiving nodes
executing the routing algorithm, programming routers, etc.

Per-hop time (th)
includes factors such as switch latencies, network delays, 
etc.

Per-word transfer time (tw)
includes all overheads determined by the message length

Store-and-Forward Routing

Message traversing multiple hops is completely received at an 
intermediate hop before being forwarded to the next hop
The total communication cost for a message of size m words to traverse 
l communication links is

In most platforms, th is small and the above expression
can be approximated by

ltmttt hwscomm )( ++=

wscomm mlttt +=

Packet Routing :    Store-and-forward makes 
poor use of communication resources

A single message sent A single message sent 
over a storeover a store--andand--forward forward 

networknetwork

p0p0
p1p1
p2p2
p3p3

TimeTime

p0p0
p1p1
p2p2
p3p3

TimeTime

p0p0
p1p1
p2p2
p3p3

TimeTime

The same message broken The same message broken 
into two parts and sent into two parts and sent 

over the networkover the network

The same message broken The same message broken 
into four parts and sent into four parts and sent 

over the networkover the network

Packet Routing

Packet routing
breaks messages into packets
pipelines them through the network

Packets may take different paths, thus each packet must carry
routing information
error checking
sequencing information

ts accounts for
Programming the network interfaces
Computing the routing information, etc.

Static routing tables: all packets traverse the same path*
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Packet Routing
Packet size = r+s,  r – original message, s – additional 
information carried in the packet
The time for packetizing the message, mtw1, is proportional 
to the length of the message.
tw2 传送每个字的时间（带宽的倒数）

)1(

)()1()(

21

221

221

r
sttt

mtltt

m
r
stmtltmtt

srt
r
msrtltmttt

www

whs

wwhws

wwhwscomm

++=

++=

++++=

+−+++++=

Packet Routing

The total communication time for packet routing is

th可忽略时

tw accounts for overheads in packet headers

wscomm mttt +=

ltmttt hwscomm ++=

Cut-Through Routing

Takes concept of packet routing to an extreme
further divides messages into basic units called flits

Eliminate the overhead of transmitting routing 
information with each packet

Flits are typically small → header information must be 
small
For small headers

force all flits to take the same path, in sequence
a tracer is first sent to establish a connection
all flits then take same route

Associate error info at msg level instead of packet level.
Lean error detection mechanism can be used.

Cut-Through Routing

Communication time for cut-through routing is

Identical to packet routing, but tw typically much smaller
如果l为1或消息很短则三种方式的一样

在link带宽一定的情况下，flit size的大小：

小：片流速大，电路交换速度要快；

大：buffer大，消息传输时延大；

一般4bits～32bytes
Multilane cut-through routing

hwscomm ltmttt ++=

Deadlock in cut-through routing

BB

AA DD

CC

Flit from Flit from 
msgmsg 0 to A0 to A

Flit from Flit from 
msgmsg 1 to B1 to B

Flit from Flit from 
msgmsg 2 to C2 to C

Flit from Flit from 
msgmsg 3 to D3 to D

Simplified Cost Model for Cut-Through 
Routing

The cost of communicating a message between two nodes l 
hops away using cut-through routing

Communicate in bulk
Aggregate small messages into a single large massage
On typical platforms such as clusters, ts is much larger 
than th or tw

Minimize the volume of data
Minimize distance of data transfer

hwscomm ltmttt ++=
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Simplified Cost Model for Cut-Through 
Routing

Typically, th smaller than ts and tw
ts for smaller message
mtw for lager message

Often not possible to control routing and placement of tasks
For these reasons, we approximate the cost of 
communication using cut-though routing transfer by

wscomm mttt +=

Simplified Cost Model for Messages

Valid for only uncongested networks
If a link takes multiple messages

corresponding tw term must be scaled up by the # 
messages

Network congestion varies by
communication pattern
match between pattern and network topology

Communication models must account for congestion
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