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Preface

This book isthe raw material for a hands-on, "workshop" type course for undergraduates or graduate students in parallel programming. It
can also serves as the core of amore conventional course; and it might profitably be read (we hope and believe) by any professional or
researcher who needs an up-to-date synthesis of this fast-growing, fast-changing and fast-maturing field.

By a"workshop" course we mean a course in which student projects play amajor part. The exercise sections at the end of each chapter are
integral to the text; everyone who consults this book should (at least) read them. Problems in chapters 2 through 5 lay the groundwork; the
exercise sections in the last four chapters each center on a detailed investigation of areal and substantial problem. For students who pursue
them seriously, these programming problems will require time, care and creativity. In most cases they lack stereotyped solutions. Discussion
of student efforts can and ought to play a significant part in class meetings.

The programming examples and exercises use C-Linda (Lindais a registered trademark of Scientific Computing Associates.); C-Linda
running on a parallel machine or a network isthe ideal l1ab environment for the workshop course we've described. A C-Linda simulator
running on a standard workstation is an adequate environment. Relying on some other parallel language or programming system is perfectly
okay aswell. The called-for translations between the book and the lab environment might be slightly painful (particularly if the non-Linda
parallel language you chooseis any variant of the ubiquitous message-passing or remote-procedure-call models), but these trandlation
exercises are always illuminating, and anyway, they build character.

The "more conventional" course we mentioned would deal with parallel systemsin general. Parallel softwareis still the heart and soul of
such a course, but teachers should add some material to what is covered in this book. We would arrange the syllabus for such a course as
follows:

1. Introduction and basic paradigms. (The first two chapters of thistext.)

2. Machine architectures for parallelism. We'd use chapter 21 of Ward and Halstead's Computation Sructures [WH90], or part 3 of
Almasi and Gottlieb's Highly Parallel Computing [AG89].

3. Linda, and parallel programming basics. (Chapter 3.)

4. Parallel languages and systems other than Linda; two special-purpose models of parallelism: data-parallelism and systolic systems.
The most comprehensive and up-to-date overview of parallel languages and systemsis Bal, Steiner and Tanenbaum's survey paper
on "Programming languages for distributed computing systems" [BST89]. (A brief survey appearsin section 2.6 of this book.) Hillis
and Steele's paper on "Data parallel algorithms' [HS86] is a good introduction to data parallelism; Kung and Leiserson's paper on
"Systalic arrays (for VLSI)" [KL79] isthe classic presentation of systolic programming.

This section ought to make a point of asking (among other questions) how Linda differs from a horde of competitors. The Bal et al.
paper discusses Lindain context, as does Ben-Ari's Principles of Concurrent and Distributed Programming [BA90Q] (which is
mainly about Ada but has good discussions of occam and Linda as well), the parallel languages chapter of Gelernter and
Jagannathan's Programming Linguistics [GJ90], and the authors' paper on "Lindain context" [ CG89].

5. Writing parallel programs: the rest of the text.
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1 Introduction
Thisintroduction addresses three topics: what we propose to do in this book, why we claim it's important and how we propose to do it.
1.1 What?

One way to solve aproblem fast isto break the problem into pieces, and arrange for all the pieces to be solved simultaneously. The more
pieces, the faster the job goes—up to a point where the pieces become too small to make the effort of breaking-up and distributing worth the
bother. These simple, obvious observations underlie all of parallel programming. A "parallel program” is a program that uses the
breaking-up and handing-out approach to solve large or difficult problems. This book's master plan isto transform "ordinary” programmers
into parallel programmers.

Parallelism, we claimed, is one way to solve problems fast. Actualy, it is the way. Throughout human problem-solving history, complex
engineering and organizational problems have been attacked and mastered by using parallelism. Complex organizations are managed, large
buildings built and formidable enemies defeated by bunches of workers, not by isolated actors. A watch, a steam engine or afactory is built
up out of many simultaneously-active components.

Parallelism is the norm; purely sequential problem solving is the anomalous restriction. In the early history of computing, the anomaly
developed for good reasons. Processors were expensive, and throwing many of them at one problem rarely made sense. More important,
people mistook programming for the mere transcription of algorithms into machine-executable form. We understand now that building
software machinery is an organizational and engineering challenge of the first order.

All of which is not to say that sequential programming is no longer important. It will remain the technique of choice for solving small
problems; it is the indispensable basis for the parallel techniques we discuss in this book. It remains fundamental. When you learn how to
paint, you don't forget how to draw. But no serious programmer will want to restrict his technical capabilities to black and white now that
color has arrived.

Early in the "parallel computing age” (around ten years ago, let's say), software pundits used to claim that it would be hard to find programs
that could be "parallelized”. After al, most ordinary programs are conceived in terms of sequences of activities: "do step 1, then do step
2,..." How often would this kind of program prove to be transformable into a parallel code—"do the following n steps at the same time?* As
things turned out, it's hard to find alarge problem that can't benefit from parallelism. Not all algorithms benefit to the same extent, of course,
but algorithms that don't parallelize can often be replaced by algorithms that work better. Parallelism sees active ("production”) use today in
numerical problem solving, simulation of large physical and engineering systems, graphics, database manipulation and other areas. Its
potentia significance in the near future is enormous. We'll pursue these points below.

Parallel programs are intended for execution on many processors simultaneously. Each processor works on one piece of the problem, and
they all proceed together. In the best case, n processors focused on a single problem will solveit n times faster than any single processor. We
can't routinely achieve this"idea linear speedup” in practice, but parallelism is a proven way to run alarge variety of rea and important
programs fast.

The many processors on which a parallel program executes may all be packed into one box (yielding a" multiprocessor" or "parallel
computer") or they may be separate, autonomous machines connected by a network. A multiprocessor might encompass a few processors or
thousands; its processors might be inter-connected using any of alarge number of schemes. The network might be local or wide-area; the
computers in the network might be anything. Note, however, that this book isn't about parallel programming "for hypercube-connected
multiprocessors' or "on Ethernet-connected local areanets' or "for the EnnuiTec SX (models 38 through 42)". It deals with parallel
programming in general, using any kind of processor ensemble. Our only restriction is that we focus on "asynchronous
paralelism"—parallelism in which (roughly speaking) each separate process or locus of activity can do whatever it wants. " Synchronous
paralelism" is a specialized form in which al activities proceed in lock step, doing essentially the same thing at the same time. We discuss
this specialized form only in passing.

The main focus, and two side-issues. We concentrate mainly on parallel programming for current-generation parallel machines and
networks. Such environments usually encompass anywhere from several through several hundred processors. | nter-processor communication
isfast in some of these settings (the shared-memory multiprocessors), but fairly slow in others and very slow in some. A
slow-communication environment can be a challenging one for parallel program devel opment, for reasons we will discuss (and which are
probably obviousin any case). Nonetheless, many useful and powerful platforms for parallel computing are slow-communication
environments. The program development techniques we present in this book aren't speculative; they are designed to take real conditionsinto
account. Programmers who master them will be prepared for awide variety of environments, including hostile ones.

The book has two subsidiary focuses as well. Neither istreated in depth, but we glance at both repeatedly.

One is massive parallelism (massive asynchronous parallelism specifically). Parallel machines encompassing ten thousand powerful
processors or more are now in design. Building software for these machines will be a mgjor technical challenge. In fact, merely figuring out
what to do with them will be a challenge: what kind of applications will be capable of consuming hundreds of billions of instructions per
second? These issues are unlikely to be central to the near-term future of programming, as smaller-scale asynchronous parallelism certainly



will be. But they are fascinating and important nonetheless. The last four chapters each comment on the implications for massive parallelism
of the program structures they present.

The other subsidiary focus is coordination, aterm we explain below. In general, there are many reasons to build software in the form of
multi-process ensembles. Achieving speedup through parallelismis only one. The last chapter discusses multi-process programs that are not
for speedup.

Ultimately, the questions rai sed by coordinated software fall off the map of computer science altogether. After al, theworld at largeisa
mere asynchronous ensembl e of asynchronous ensembles. Sociological, economic, mechanical and biological systems can be approached in
these terms. Human ensembl es can be supported by some of the same software structures that process ensembles rely on. One way to treat
the art and science of coordinated software is precisely as a microcosmic introduction to a much broader topic, the analysis of coordinated
systems in general. Coordinated software is alaboratory for the study of how a single undertaking is synthesized out of many separate
activities.

These broader issues are not the main point here. We discuss them only in the exercises. Hard-nosed software-engineering types are
welcome to ignore them altogether. But readers who are willing to exercise their imaginations may find in thistopic (asin massive
parallelism) lots to think about.

The programming language. Parallel programming requires the use of a computing language and a coordination language. Broadly
speaking, the coordination language is the glue that allows us to build a unified program out of many separate activities, each specified
using a computing language. A computing language (Fortran, C, Lisp,...) alows us to compute values and manipulate local data objects; a
coordination language must allow usto create simultaneous activities, and must allow those activities to communicate with each other. It's
possible to subsume the functions of a standard computing language and a coordination language within a single all-in-one super-language.
We prefer for many reasons to rely on a standard computing language plus a (separate) coordination language. In this book, the computing
language we use is C; the coordination language is Linda. We assume familiarity with C but not with Linda. (Readers needn't be expert C
programmers. It should be an easy transition from any Algol-based language—Pascal, etc.—to alevel of expertise sufficient for this book.)

C and Lindajointly form a good basis for this book because they are powerful, simple, efficient languages that have been implemented on a
wide range of machines. But this book is not about C or Linda, any more than a generic "Introductory Programming with Pascal" book is
about Pascal. The techniques to be discussed are applicable in any language environment comparable in expressive power to the C-Linda
combination.

1.2 Why

Parallelism will become, in the not too distant future, an essential part of every programmer's repertoire. Coordination—a general
phenomenon of which parallelism is one example—will become a basic and widespread phenomenon in computer science. Every
programmer, software engineer and computer scientist will need to understand it. We discuss these claimsin turn.

1.2.1 Parallelism

Parallelism is a proven way to run programs fast. Everybody who has an interest in running his programs fast has an interest in
parallelism—whether he knows it or not.

The most powerful computer at any given time must, by definition, be a parallel machine. Once you have taken your best shot and built the
fastest processor that current technology can support, two of them are faster. Now consider the intermediate and the bottom levels—roughly
speaking, the level of time-shared computers or file servers, and of workstations and personal computers (these categories are rapidly
fuzzing together, of course). Manufacturers are increasingly discovering that, having provided the basic hardware and software infrastructure
for a computer—the devices, communication busses, power supply, terminal, operating system and so on—it doesn't necessarily make sense
to stop at one processor. Adding more processors to the same box is often a highly efficient way to buy more power at low incremental cost.

First-generation parallel machines were generally aimed at the high-through-medium range of the market. Machines like the BBN Buitterfly,
Intel iPSC, Sequent Balance and Symmetry, Alliant FX/8, Encore Multimax, NCUBE and others belong in this category. More recent
machines are often more powerful and relatively less expensive. This category includes (for example) new multiprocessors from Silicon
Graphics, Hewlett Packard/Apollo and Zenith, machines based on the Inmos Transputer processor (from Meiko, Cogent, Chorus and others)
and many more. In early 1990 the market is bracing for an onslaught of "parallel PC's," based on the Intel processorsthat IBM usesinits
personal computer line. These are designed in the first instance as file servers for workstation networks. But no wide-awake observer has
failed to notice that they will be good platforms for parallel applications too. Look for specialty software houses to start selling
shrink-wrapped parallel applications for these machines within the next few years—graphics packages, math and statistics libraries, database
searchers, financial and market models, fancy spreadsheets. (We'll say more about applications below.) Thereafter the big software houses
will jJump on the bandwagon, and parallelism will truly be "mainstream.”

Now, forget about parallel computers. Computer networks are, perhaps, an even more important basis for parallelism.

Processors that are packed into a single box can usually communicate with each other at much greater speeds than processors connected in a
local or wide-area network. Still, the principle is the same. We can take a hard problem, break it into pieces and hand one piece to each of n
processors, whether the processors occupy one box or are strung out across the country. Some parallel programs that run well on parallel
computers fail to perform well on networks. Many programs can be made to perform well in both kinds of environment. We'll discuss the



issuesin detail in the following chapters.

Well start, again, at the high end. The argument isin essence the same as before. If you have a problem that is hard enough to defeat the
fastest current-generation supercomputer (whether it's a parallel machine or not), your next step is a network of supercomputers. Clearly, the
ultimate computing resource at any given time isn't the fastest supercomputer, it's all the fastest supercomputers—or as many as you can find
on asingle network—focused simultaneously on one problem, acting in effect like a single parallel machine.

The typical modern office or lab environment—many workstations or personal computers, networked together—is another promising
environment for parallelism, arguably the most promising of all. If you sum up total computing power over all nodes of atypical local area
network, you often wind up with a significant power pool. The more powerful the nodes and the more of them, the greater the power reserve.
Of course, the power pool is cut up into bite-sized desk-top chunks; the only way to get at the whole thing is to run aparallel program on
many nodes simultaneously.

If there are times of day when most nodes are idle, we can treat these idle nodes as atemporary parallel computer. But even when most
nodes are working, experience suggests that (on average) many of them aren't working very hard. Users who run compute-intensive
problems also read their mail, edit files, think, flirt, fulminate, eat lunch, crumple up paper and toss it at the wastebasket and perform various
other compute-unintensive activities. Let's say you're a medium-sized organization and you own a network of one hundred workstations or
personal computers. Let's say your machines are busy during normal working hours half time, on average. The real busy-ness number may
be alot lower. But assuming an average busy-ness of one half, your organization is the proud owner of an (on average) fifty-processor
parallel computer, during the working day. Congratul ations. Note that, whenever your network expands or the workstations are upgraded,
your power pool grows more formidable.

Sophisticated workstation users will want (and will get) software tools that allow them to run on unused cycles from al over the network.
(Such tools are already entering the commercial market.) Once again, software houses will build applications. And these trends aren't by any
means inconsistent with the eventua rise of parallel workstations. Each user may have a parallel computer on his desk; whatever his desktop
machine, it can use the network as a sounding-board to amplify its own compute power. It can gather up unused cycles from all over the
network and throw them at the task in hand. A parallel program (if it is well-designed) has this special "expandability” property that no
sequential program does: the more processors you happen to have, the more you can throw at the problem.

But what will organizations do with their network power pools?—with parallel machinesin general? Do we really need al of this power?
Yes.

New power is needed so that we can run current program types better and faster, and to support basically new types of software aswell.
Vastly more powerful machines will solve larger numerical problems in more detail and with greater accuracy, run better simulations of
larger and more complex systems, produce more detailed and sophisticated scientific visualizations. Scientists and engineers will rely on
these techniques to progress on problems like computational molecular dynamics, weather prediction and climate modeling, aerospace
system design and aformidable list of others.

Of course, computational power-lust isn't restricted to science and engineering. Parallel machines will support sophisticated graphics and
high-quality voice and handwriting recognition. The most important extra-scientific use of parallelism will probably center on databases:
parallelism will support fast searches through huge piles of data using sophisticated search criteria. Further, parallelism will enormously
expand the boundaries of what fitsinside of "real time"—animation, "artificia reality," avionics will benefit; so will high-level monitor
programs designed to sift through torrents of incoming data for significant patterns. There are many other examples. Some are discussed in
the following chapters.

1.2.2 Coordination

Thus far, we've focused on the first part of our claim: that parallelism will become an essential part of every programmer's repertoire. We
now turn to the second: that coordination—a general phenomenon of which parallelism is one example—will become a central topicin
computer science.

In studying parallelism, you are studying one kind of coordinated programming. (Many parallelism techniques are applicable verbatimto
other kinds of coordinated applications.) In studying coordinated programming, you are studying a basic underpinning of all computing.

We use the term coordination to refer to the process of building programs by gluing together active pieces. Each "active piece" is a process,
task, thread or any other locus of execution independent of the rest. (Executing "independently" means executing concurrently and
asynchronously with the rest.) To "glue active pieces together" means to gather them into an ensemble in such away that we can regard the
ensemble itself as the program—all our glued-together pieces are in some sense working on the same problem. The "glue" must alow these
independent activities to communicate and to synchronize with each other exactly as they need to. A coordination language provides this
kind of glue.

Coordination isimportant conceptually because it can be treated as one of the two orthogonal axes that jointly span "software space." To
have a useful computer system, you must have computation and coordination. Every computation must ultimately be connected to the
outside world. Connected to entails coordinated with: the computer and its human user are two "active, independent pieces' that must be
assembled into a coordinated ensemble if computation is to have any meaning.

This simple observation has several conseguences. One way to view an operating system is precisely as an ad hoc coordination language.



Any user-plus-computer is a coordinated ensemble, one special instance of the sort of thing that this book is about.

Further, the fact that a coordinated ensemble can include both software processes and human "processes” suggests the existence of anew
species of software ("new" meaning not that examples are unknown, but that the species hasn't been mapped out and explored in general).
We might call it "Turingware": processes and people encompassed within a single structure, knit together by ordinary
coordinated-programming techniques. Within the ensemble, processes and people don't know whether they're dealing with other people or
other processes. (The "Turing Test" for machine intelligence hinges on making people and processes indistinguishable beneath a uniform
interface.)

Systems like the Unix command interpreter anticipate some aspects of "Turingware" when they allow terminal screens (thus ultimately
human users) and ordinary files to be interchanged for some purposes. In full-blown Turingware, however, a human isn't a mere data
terminus; he can be one node in afar-flung network. Certain modules of the system (to put things another way) are implemented by people.
The goal isthree-fold. First, to use the methods of parallel programming to build fast, flexible and powerful information-exchange
frameworks (what we call coordination frameworksin later chapters) for human use. Second, to apply the architectural and organizational
insights of parallel programming to the coordination of human ensembles. Third, to change software's status—to allow its seamless
incorporation into human organizations, in such away that a program may (for example) ask me for data, reach some conclusions and pass
them along to other people. Human-type work gets done by humans, computer-type work is done by "software robots," and they all work
merrily together. Exercisesin chapters 8 and 9 discuss some examples.

Operating system designers have aways been concerned with coordination (under one name or another). Early work on parallel
programming was heavily influenced by operating system design for exactly this reason. But coordination is becoming a phenomenon of
increasing interest to programmersin general.

A parallel program and a distributed system are both coordinated programs. Parallel programs use concurrency to run fast; a distributed
system—a distributed database, mail system or file service, for example—uses concurrent processes because of the physical distribution of
the machines it manages. (A distributed mailer running on fifty workstations may encompass fifty separate processes, one per machine. But
the point isn't to run fifty times faster than a one-machine mailer.)

The active pieces that make up a coordinated program may all be expressed in one language, or in many different languages. A coordinated
program may, in other words, be alanguage-heter ogeneous program.

The active pieces that make up a coordinated program may be separated either by space or by time. If two processes run at the same time on
different machines, and the first needs to send information to the second, the information must be sent through space. But if two processes
run on the same machine, one on Tuesday and the other on Thursday, we may have alogically identical coordination problem. The Tuesday
process needs to send information to the Thursday process, only through time instead of through space. The result is, still, a coordinated
program. "Time-wise" coordination languages usually take the the form of file systems or databases, and we are not used to thinking of
"time-wise" process ensembles in the same way we think of space-wise ensembles. But the principles are the same. Readers will discover
that many of the coordination techniques devel oped in the context of parallelism are logically applicable without modification to file-system
or database problems as well.

In sum, coordination issues have always been fundamental to operating systems; and clearly they are central to parallel programming. But in
the future, users will be tempted with increasing frequency and for all sorts of reasons to build large programs by gluing smaller ones
together.

This approach complements a whole collection of current trends. Computer networks are ubiquitous; it's natural and desirable to treat them
asintegrated systems. It's quite clear that no single programming language is destined to predominate, that many languages will continuein
use for the foreseeable future (and probably forever). Hitching mixed-language programs together is an increasingly obvious and desirable
expedient. Special-purpose hardwareis proliferating: if | have a graphics machine, a database server and a general -purpose "compute
server," an application that requires al three services will run, naturally, on all three machines. And of course, the world's processor supply
continues to explode. An environment in which processors are cheap and plentiful demands coordinated programming. In aworld that has
more processors at any given moment than it has running applications, a program that insists on staying holed up inside a single processor is
going to look downright anti-social.

1.3 How?

Chapter two lays the conceptual basis for parallelism and coordination by presenting three basic paradigms for parallel programming. In
chapter three we introduce Linda, and then present the basic programming techniques (particularly the basic data structures for
coordination) that underlie all three fundamental approaches. Chapter four completes the groundwork by discussing debugging and
performance measurement. In chapter five, the details come together: we show how to develop a simple parallel program under all three
basic approaches.

Chapters six, seven and eight explore the three basic paradigmsin greater detail. They focus on case studies of "real" applications, chapter
six on a database problem, chapter seven on a matrix computation and chapter eight on akind of network problem. Chapter nine discusses
coordinated programming in the broader sense. It presents some classical coordination problems, and then discusses a distributed system.
The appendix is a C-Linda programmer's manual .

The exercises, we emphasize, are an integral part of the text. Whether you plan to work through them or not, it makes no sense to read the



book without reading the exercise sections. Programming students who have no accessto a parallel computing environment might learn a
great deal, we think, by doing these problems using a uniprocessor simulator. (If worst comes to worst, they can be treated as
paper-and-pencil exercises.) Programming students who do have a parallel environment will emerge as bona fide parallel programmersiif
they pursue them seriously.

All the program examples and exercises are based on C-Linda, and the best way to approach this book is with a C-Linda implementation at
hand. Implementations are available on avariety of parallel machines; a Linda simulator runs on a number of standard workstations.
(C-Lindais distributed commercially by Scientific Computing Associates in New Haven, Connecticut. They can be reached at (203)
777-7442, or viaemail at info@lindaspaces.com.) But if you don't have Linda, can't get it or don't want it, there are other ways to approach
this book. Aswe've noted, the programming problems can be treated as paper-and-pencil exercises. And the principles involved hold good in
any language.







Process Representing
the 3rd Body

Data Object Describing
his Body's Current Position

Figure 2.6

The message passing version. While the live-data-structure program creates

ng processes (g was the number of iterations, and there are n bodies), and the
distributed data structure program creates any number of workers it chooses, this
message passing program creates exactly »# processes, one for each body. In each of
the other two versions, processes refer to global data siructures when they need
information on the previous positions of each body. (In the live data structure
version, this global data structure was the "live" structure in which the processes
themselves were embedded ) But in the message passing version, no process has
access to any data object external to itself. Processes keep each other informed by
sending messages back and forth.

2.5 A methodology: how do the three techniques relate?

The methodology we're developing requires (1) starting with a paradigm that is natural to the problem, (2) writing a program using the
programming method that is natural to the paradigm, and then (3) if necessary, transforming the initial program into a more efficient variant
that uses some other method. If a natural approach also turns out to be an efficient approach, then obviously no transformation is necessary. If
not, it's essential to understand the relationships between the techniques and the performance implications of each. After describing the
relationships in general, we discuss one case of this transformation-for-efficiency in some detail.

The relationships. The main relationships are shown in figure 2.7. Both live data structures and message passing center on captive data
objects—every data object is permanently associated with some process. Distributed data structure techniques center on delocalized data
objects, objects not associated with any one process, freely floating about on their own. We can transform a live data structure or a message
passing program into a distributed structure program by using abstraction: we cut the data objects free of their associated processes and put
them in a distributed data structure instead. Processes are no longer required to fix their attention on a single object or group of objects; they
can range freely. To move from a distributed structure to a live data structure or a message passing program, we use specialization: we take
each object and bind it to some process.





