O
C
(O

P,

g [k
..-.I-..lli'
A

it
il
.
[ -

A

-
L e
- ; W%

Multithreaded, Parallel

D

T i .

. -.‘.rlII.I. =T .- .I_.!.-._..l-._. v - L - Agnr " * * . ..i -
- - .o ........F:l - - = wr # o L ar ' - _emgrr o, ! . &, Ten .
e . v el - W . ™ e - . o A h... ) - r = e v w

» o AT T

- .. ‘_.1. - t'l . . e oy
N i X Ty ] "ﬂ»llll}.l- . . . e L .
~ PR ._.I1l—..-lh_-r .-ll.r.li'l . r ' v ..l.-.-..-.-l._l___.i._l_._:‘...ﬂ.;hl...-i . |ln.f oo A o T
. [ - F - . . = L]

R TR e I L 2T o
i .._.1 iy

WY Sk o PN Rdioe sy Y STk g R
PR T e

; }._‘.__ b -

iy .HMJ.... e

1
mt_ .
. -
"
o £y
-

'.”l... ..|t ..Jr l}b. .. . rl-.._.r L

- & =
A * LA L et N

-
r.

__.. I‘.vrl_.qt.l.r- -H. - .-'_P‘Hiihfifti...r-
. T - . -_i gtas T T N I T o

willn "5y

- H i A - L. . g L -
1#?1};_.1 e s T it LR T -

Tu | =

A g G Y= R~y 1?% IR IR i = e ol L s W N_fl- e e et

. Elnid.ilhﬂdrlrr.ffii{rtr ' oo T e . -.H...._ ¢ o ’ Ayttt ....&:.%ill

M o ) , o o et Sl el ke ¥ T irE‘}i.’lE - ...-T.....Il.l i maade- )
' —ey oy A gy a i iy " mf

R + - - ] - e e S - -
R e ol B0 & oy ........ Ir.,lsl...f:l..,fm.rqu..ﬂ_ e . ™ v ..l......._ri..t —

A - ey - . . ' . .
te - L - ., [ - .o ' - , = ag, . L - com .-
- . . i . ) g L ) ri.ﬂ!“;i.l.l. e Y '_'_l l.l_-_.. > =, ] < . t
— gt . __...I i S ﬂ-l.T-l..-...l - .l-h'h..ih‘q . - .y L _ P |h . 1 . - s g gy R - iR ‘tl-_ o I i-l... - .

* A A~ el e P T L e T i o e b L r_-i-..__-..._,____-.._.._..ﬂ:_l...a Bl L B o g e Y e 2w iinle e . ! e
ey TN itr-.__..l._lllt.._._..i._. _.__.._..1.-”..... PR T LT - N - g w L b ' . . . i . e o
- - - ! e ' L L T - = - " '

.._.-...._.ul!lun._.l.l..ll.rl . - ——- ! e T T e = T S AT Ay ] va i - . 4 .o - el

. : P e e T . . Pl .qthq-.:iiil._.. __ § ey - . i S T
. L - . ; . - - L Rl :

= A

- ' . -k B .
— g1 . M e T, FT R *
P A = gy . . . g - - ' - ._... 4 t..‘

ing

Andrews

ibuted Programm

IStr

. -y
-

T e ..__.1..,\
1 ym = ....r‘l..l. - i . A . - .. i . " ) o i
..-..'.. : ) - - R . o

e i T -l Nttt

o

.-____.._.._I.llru.ll......____r..l.ll-llln
e T = = p— . -

- .-._[.l .___ll.__lrl._-.rlll.-lﬂu wotler — o . %i’. - e e
| .- . - ¥ L T . .._ﬂh.l.lr

oy ¥ ’ .

k F AL ST T T s Y ' et
et Tk P ._,._-_...#ﬂ._..tr_n. LT t. o ) 1 P - .. : .
i .Jlﬂldiﬂixushli_-.w. — ..u..l... L .._.1-- LI ' . T A DO s T LI ] el A u?....;l.. . . e -

-

X - - .+ T
- -I.!.:';.....d}fu.l..!l\.rllhtul.i-l. -

gl -yt e L, o - eyt ey, e - L . 'vl.n-i..{.'

- ) ..I-..._. ., el l_-l. "Epw, . - L - e - ..I‘_._.r. : . . - = : , -, .4
' . - - . R . - . . . . ) ] ]
-k g -a o, ) g . - — e [ fb.ﬁi'- " SR VY - .#f?f&ﬂ%ﬁ
e '_-.It... ailining. bon -t et T, : ! - R R - - PRI~ L N fl.,._n...m___ulr-..-l - T ;) .
w = e o .-.‘.”._h{..’r l}.fl{.l. _— . . . 3 _.n.. Fa T .o . ., - - M - L g - - rﬁ L - lI.l....l.. - - .—!.-lrl.-ll...rllul..il ]
- e e ey | Ty ..._rllil-tl.l.-..ﬂ oo x o * ' - - . . .
—— e - . 3
- - Bl - g Al R . - : o - o Ve
- . C am. . . . . W - .._l.-. - - - - - - . ] e

—_——

. L - e - - - - - .... -.u-_“-.. = ) + . i - a— ..un-...-l_.l-. li..l}.l...
. ... .- . ....1..I ..TI....... .I..1|.-..._-..._ - h... .1.1...-_1. - . ulr .qq oy - __.._' . =1 -._.. . . .uL l.. .."...-..._. - . .
S e it o e (Da TR M T L RS B T bl v B ) el el
- v e B i o B we e = T e e e T e

. g BTN TR FhmiR - - .
- s ul.fi..f ' ._w L " ,.h#}uifl.ﬂtn&..f.dlr.

- - n - - ....| - L] = ..ri ) .|..|H.l ! - - " - -.r
o - . . .I . .‘.__.1 __.._.L M .n I.ll..l.l..|l”.__ ik ..fu'.l‘.rul.r_rl. -~ I__. .T.-l.l_..}..-i B 1. - Sy d
-y am g ——— igrlie=inlie== -y e ' = -

.

Jdam o S m .,,.. L

-
[ ]

. R . . - .._... - . ’ . " .: - .o .o Y.km o+ DT . R A P LN LY R L 1 A A e
: s} : A A T L . R T R TR R T I T TR o wee M VR PEE T ALFP g . b s, g ;e o AN
P? ._...IEHHH...#“L'L:H.W.. Mﬂr%$lrarﬁ _-.H.n... JH!I‘H...-_._JH.HJH...!#I. r’nu'-‘.wlhﬁ._l.imlur% ' . e ....'i..._l-nl ., Hw..%.qqtr‘h.#”ﬂrd. IFWH E‘irik ML

gy W 2 R -—- . . .

- S . . TR e
L | 1 - - LR 1 M 1 -

Ea rjl.?.lu”rl. i T & - i " . . l...l.l _‘.“i_r ; + .

L
"

-.ll.l.l_l_l.,. M-_-..

gl v .

1 o N ™ - '
. Y B S ohremtm ot e g T e e S gt A n
. ST e T e, . T e TTTw e Whpmpeess T s

- r - B ’ = i Lt Tt . - ey - mg

' Lt ’ " -= - = - l.. . ey a-=" . - Jlil. L] .‘ at H .'.:.lja.r
. |.l.| . . = ) P st sl = l....-.ll* 1'1'.... - . gl = -..‘ l*” I“l v -“.-...n.r.l..—. i " 2 ] . J‘ﬂ

!.F-...}II.__:.F. l.la.lrl-.pﬁ i re .-..-..lpl.. - ey gl .I.n.-.l. .ll”.‘ i.‘...l_._l. i q . Eal - e _...”.-4..__ o .H...r - q F ] ] . L ....... J e .h.t.“ff #ﬁrf Y rl.
. ..n.ul - - . Ehi-F " “.lul‘qlll.'.l‘ - I.-. '.‘Ii! . ) = Pamnieh l.l..li.j.rl.:u \ I..I.Ilillll..‘-l._uiul. 4w e ek |, e —r LY - , . . m oL -

- - vl L - R a
) . — t.l-.:l..l...t..‘l. —r T S ey N .-._.lll._q_ll.-l-i-
— gy, e
- nnjill.j.lrl‘.._..l

- L - . — i gl r o e e - ..l'lllll.;ﬂl.l.. L o
—haret _._._..lrn_l_..lﬂ..--._.l__r :ﬂiiilfﬁi *" - T R S
- L
.t - H-.-"-
-l -i — il .+1|m1|..‘....jl|._
]

.-..-r.l-..l.- .- T ...I‘l.
4 . . ot ’
I - - A . - - - ol —_— - T e P -
- i1 - - --- 1 = g Lyl g, e - T
- - T TR P Vg g T ta T - LN i+ _.l.di.u_.. o MM..
LY e m - - - . -
__.J.. . - - e . A L ...._' o . —_ r - .-..r!.ll-l.ll.r.l.:.l..:....llll._l-lrl'l-.ll. _— [ — .
[ . — - R RO R
s o e N N m_n e ol 2 - T i = " it

- R elemmraar L bw g : o . ey ——" . [ ] _—
- B i Bt SR S * o TSI X QPR L TN WRERRELEE- . SRR F
- - A T -

- . R - . PR L i - whar
. P . Lo ‘_iill-.!_d gy . . o - .
Ml el 2. e T NN DLt - Pt i P T R R————

- ) : - : ' ..- _ .-, +

. ig
. 'Y - - -
™ I_--lll_.r'-
- g e - waa .'l.__'.
Ta N r

- .l......l : . - .l.|.-. .... lm“ ..l.. - -.r._.”_.l.__ “1

p DTS e g Sty T LTI R
N - A .  p—— . - . s aghilr - ...--....-.1
=y j.r? P iy ko #“-...‘. __1- .—v ﬁ. .._||1-l. 1I||l_

R - e - ! > . . v - . - r“L...-. ’ HI - .ﬂ...l.r.r.u-...i_-!..r
__I.F__.ﬂ.i L . .-I._rt.. . ....Il..l“... -ﬂ.l-_._d iji*} - . [ —— ;‘.L.rﬂr.f.. - - e e ¢ g it W g W e T ” g - . oo
o AT W e e i g tme TEEI - L o Ry o B T . e
- . .- I | . - . i ' ' . I e

—l—

v R r— . - . . % i . - e A mrwa . aeffo } R —- - _ - . - - v Pl
Ry e e R R
- . o . - = ' i - . T . - " b - b T g LAt < ra
. o a om ¥ . o a . B ', N . n . ok ' . . - .




oundations of Multithreaded,

Parallel, and Distributed
Programming covers the

s g < it Y
AT T el
vt ST ek
. ..-l.l-'...ﬂ-lil’-’.lr-"i.. ’ o
. ] R .
R -
__._"._.:.l-._.:. .
- ..1-. o L ..-.... -
-
e i el
R -._h | .
o L8 il LU i)
LF N = L ey

" -
iy - . ..Al..____..._. ;

. j“-..ﬁ.-.n......._l.ﬂ“.u......“__-_ L

P RN
R K T 1TSS S
e vt b - v .

I Multithreaded,

-and Distributed

Foundations o
Parallel

unifying core concepts that
programmers using these methods should

know. The concepts and methods are
illustrated by numerous examples and

2 K P e
- ' --. 5! = - . X .
; i e Tk .ﬂb.__.-_

e o

[
el _i.-rl
-

-

Programming

explored further in over 250 exercises.

Throughout the book, case studies are used to demonstrate

iy .
-l
S LAY

H

processes communicate and synchronize by means: " © 7.

of messages.

gt

Part I describes concurrent programming mechanisms .
Part Il covers distributed programming in wh:;h

that use shared variables, and hence are direatly

suitable for shared-memory machines.
Part 1 covers parallel programming,

high

L 1T T T L T Y

study describes relevant parts of the language or library and

applications of the most important languages and software
then presents a complete sample program.

libraries, including Pthreads, Java, Linda, CSF, MPI, Ada,

SR, OpenMP, and High Performance Fortran. Each case
The material in this book Is organized into three

parts
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Concurrent programming originated in 1962 with the invention of channels,
which are independent device controllers that make it possible to have a CPU
execute a new application program at the same time that I/O operations are being
executed on behalf of other, suspended application programs. Hence, concurrent
programming—the word concurrent means happening at the same time—was
initially of concern to operating systems designers. In the late 1960s, hardware
designers developed multiple processor machines. This presented not only a
challenge for operating systems designers but also an opportunity that application
programmers could exploit.

The first major concurrent programming challenge was to solve what is now
called the critical section problem. It and related problems (dining philosophers,
readers/writers, etc.) led to a spate of papers in the 1960s. To harness the chal-
lenge, people developed synchronization primitives such as semaphores and
monitors to simplify the programmer’s task. By the mid-1970s, people came to
appreciate the necessity of using formal methods to help control the inherent
complexity of concurrent programs.

Computer networks were introduced in the late 1970s and early 1980s. The
Arpanet supported wide-area computing, and the Ethernet established local-area
networks. Networks gave rise to distributed programming. which was a major
topic of the 1980s and became even more important in the 1990s. The essence of
distributed programming is that processes interact by means of message passing
rather than by reading and writing shared vanables.

Now, at the dawn of a new century, we have seen the emergence of mas-
sively parallel processing—in which tens, hundreds, or even thousands of proces-
sors are used to solve a single problem. We have also seen the emergence of




' . Finally, we are
lient/server computing, the [nternet, and the World W]dé W::rrem ! a:dwﬂre .
;;;inning 10 see multiprocessor workstations and PCs. Con

ing is more relevant than
ore prevalent than ever, and concurrent programming 15
m

ever. v third book. another attempt to capture part le. the hu-fl(}r_y of
This 1s my k—Concurrent Programming: Principles

ine. My first boo
concurrent programming. Y broad. reference-level coverage of the

ce. published in 1991—gives a . |
;:jogrigﬁieg 1960 and 1990. Because new problems, programming mecha-

nisms. and formal methods were significant topics in those decades, the book

focuses on them. | L o
My second book—The SR Programming Language: Concurrency in Prac-

tice. published in 1993—summarizes my work with Ron Olssqn in the late 1980s
and early 1990s on a specific language that can be us‘ed {0 write concun?nt pro-
grams for both shared- and distributed-memory machines. The SR bopk Is prag-
matic rather than formal, showing how to solve numerous problems in a single
ming [anguage.

pmgr'}m':is bfﬂk if a: outgrowth of my past and a reflection of what I thiflk 'is
important now and will be in the future. I have drawn heavily from materla{ In
the Concurrent Programming book, but I have completely rewritten every section
that I have retained and have rewritten examples to use pseudo-C rather than SR.
I have added new material throughout, especially on parallel scitentific program-
ming. I have also included case studies of the most important languages and soft-
ware hbranes, with complete sample programs. Finally, I have a new vision for
the role of this book—in classrooms and in personal libraries.

A New Vision and Role

Paralle] and distributed computing are today pervasive concepts. As usual in
computer science, advances have been led by hardware designers, who keep
building bigger. faster, more powerful computers and communication networks.
For the most part, they are succeeding—witness the stock market!

New computers and networks create new challenges and opportunities, and

for once software designers are no longer all that far behind. Consider Web
browsers, Internet commerce. Pthreads, Java, MPI, and so o
ness the stock market! These software products are specifical

advantage of concurrency in hardware and applications. In
tompuling world is now concurrent!

| Aspects of concurrent com
tributed—are now covered

n—and again, wit-
ly designed to take
short, much of the

' puting—whether multithreaded, parallel, or dis-
In almost every advanced course in computer science.

Preface

Reflecting the history of the topic, operating systems courses lead the way—
covering topics like multithreading. communication protocols. and disinbuted file

systems. Architecture courses cover multiprocessors and networks. Compilers
courses cover compilation issues for parallel machines. Theory courses cover
models for parallel computing. Algorithms courses cover parallel algorithms.
Database courses cover locking and distributed databases. Graphics courses
make use of parallelism for rendering and ray tracing. The list goes on. In addi-

tion, concurrent computing has become a fundamental tool in a wide range of
science and engineering disciplines.

The main purpose of this book—as reflected in the title—-is to lay the foun-
dations for programming multithreaded. parallel. and distributed computations.
The specific goal is to provide a text that can be used for, or to create. an
advanced undergraduate/beginning graduate course. Whenever a lOPIC N com-
puting has become pervasive, as concurrency surely has. we have added founda-
tion courses to provide students with basic knowledge of a topic. Similarly.
whenever a topic has become well understood. as concurrency now is, we have
migrated the topic to the core curriculum.

| have tried to cover those aspects of parallel and distributed computing that
I think every computer science student should know. This includes basic princi-
ples. programming techniques. major applications, implementations. and perfor-
mance 1ssues. In addition, 1 have included case studies of many of the most
important languages and software libraries: Pthreads (three chapters). Java (three
chapters). CSP, Linda, MPI (two chapters), Ada. SR. and OpenMP. Each case
study describes relevant parts of the language or library and then presents a com-
plete sample program. (Sources for the programs are available on this book's
Web site. In addition, I summarize several additional languages. models, and
tools for parallel scientific computing in Chapter 12.

On the other hand, no single book can cover everything—and still be afford-
able—so students and instructors may wish to augment this text with others. The
Historical Notes and the References at the end of each chapter descnibe additional
material and provide pointers for further study. This book’s Web pages provide
further information and links to relevant matenal.

Content Overview

This book contains 12 chapters. Chapter | summarizes basic concepts of concur-
rency, hardware, and applications. Then it examines five representative apphica-
tions: matrix mulitiplication, adaptive quadrature, Unix pipes, file systems, and
distributed matrix multiplication. Each application is simple yet useful: together







