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Abstract

We briefly review some of the major accomplishements of theoret-
ical computer science. Results from theoretical computer science have
had enormous impact on the developement of programming languages
and other areas of computer science. The impact of reseach in theoret-
ical computer science is now being felt in the areas of Cryptography,
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Communication Networks, Multimedia and Graphical Systems, Paral-
lel Computation, VLSI, Learning as well as Programming Langauges
and Software. Theoretical computer science has also had influenced
in Biology, Mathematics, Manufacturing and Astronomy.
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1 In tro duction

For more than ¯ft y years,ascomputing systemshave diminished in sizeand
grown in complexity, theoretical computer scientists have built the founda-
tions of their discipline by developing models of computation and related
methods of analysis. After the early recognition of the relevanceof the the-
ory of formal languagesto the practice of compiler construction, theoretical
computer sciencebecamea cornerstoneof virtually every computer science
undergraduatedegreeprogram.

In the early days of computer sciencea great deal of time and energy
was devoted to the development of basic concepts,design of fundamental
algorithms, identi¯cation and development of major subdisciplines,and the
classi¯cation of problemsby their di±cult y, activities that actively engaged
many theoretical computer scientists. Today the emphasisis primarily on
the designand implementation of very large computer systems.The role of
theoretical computer scientists today is to examine fundamental problems
of the ¯eld through modeling, analysis,and experimentation. Generalcom-
puter scienceresearch has also changedvery signi¯cantly as well. Because
modern computer systemsare often too large to be studied solely through
experimentation, even \practical" computer scientists ¯nd themselvesusing
modelsand analysis,the toolsof theoretical computerscience,to study these
systems.

Below we provide a brief history of theoretical computer sciencefollowed
by a review of its contributions to the practice of computer scienceas well
as other scienti¯c and engineeringdisciplines.

2 A Brief History

Theoretical computer scienceis a cornerstonefor computer science.It \un-
derliesmany aspectsof the construction, explanation, and understandingof
computers" [Revolution]. \Man y...theoretical conceptsfrom di®erent sources
have now becomesoembeddedin computing and communications that they
pervade the thinking of all computer scientists." [Revolution]

What is theoretical computer science?\Theoretical computer scientists
seekto understandcomputational phenomena,the expressibility of languages,
the designand performanceof algorithms, and general limits on computa-
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tion. Thus, they askwhat is computation, what canbecomputed,how it can
be done, and at what cost. In this quest, they useformal models, methods
of analysis,and someexperimentation. They learn from and contribute to
practice. Finally, they seekto expandthe coreactivities of the ¯eld to better
addresshard computational problems." [Loui]

2.1 Historical Highligh ts

Theoretical conceptscan take decadesto be assimilatedinto the mainstream
of computing, but when they are assimilatedthey can have a profound prac-
tical impact. The stored-programcomputer, a conceptcentral to computer
science,owes its origins to Alan Turing, who studied the fundamental na-
ture of computation in the 1930s. The practice of programming computers
was signi¯cantly advanced by the development of the theory of automata
and languagesby Chomsky and others in the 1950s. Building on the foun-
dations of context free grammars,Knuth and others introduced algorithms
and data structures for the e±cient and practical parsing of high-level lan-
guages,leadingto toolssuch YACC, thereby enablingthe softwarerevolution
of the 1960's. In the 1970stheoreticians,exploring the intrinsic complexity of
computational problems,identi¯ed the large classof NP-completeproblems,
everyday problemsthat appear to be sodi±cult to solve that no foreseeable
increasein computing power would enabletheir exactsolution. Theoreticians
interestedin studying computational complexity wereled to the discovery of
hard problemsthat serve asthe underpinningsfor modern computer-security
systems,notably the RSA public-key cryptosystem. Also, they have demon-
strated the utilit y of mathematical logic and automata theory to the veri¯-
cation of complexcomputersystems;for examplemodel-checking technology
is now widely usedby hardware vendors.

Research innovations in the last ten to ¯fteen yearshave resulted in new
formulations and results that promise a big impact in the future. We now
have fast (polynomial-time) algorithms that provide approximate answers,
with ¯xed performancebounds, to many NP-complete problems. We now
userandomizedalgorithms that provide fast solutionsto hard problemswith
high probability. We also employ interactive proof systems(the goal is to
convince one player of the truth of a statement known to a secondplayer)
to verify electronic exchanges. Theseare but a few examplesof recent and
current successes.
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The explanatoryvalueof theoretical computerscienceis illustrated by the
modernWebbrowser(originally developedat CERN and the National Center
for Supercomputing Applications at Illinois scienti¯c computing centers). It
embodiesthe conceptof the abstract machine developed in the 1970s.When
a user follows a link to data, a browser invokes the appropriate interpreter
(an abstract machine) to processthe data, for exampleto view an imageor
run a Java program.

2.2 Prosp ects for the Future

In concertwith the PITAC committee [PITAC], we believe that future com-
puter systemswill be large and complex, exhibiting complex interactions.
Understandingsuch systemswill be an enormousintellectual challengethat
requiresthe e®ortsof both theoretical and experimental computer scientists.
We must develop scalablehardware and software systemmodels capableof
handling the high emergent complexity of such systemsand subject them to
analysisbeforemaking large investments in their implementation. Empha-
sizing thesechallenge,GeorgeStrawn, of the o±ce of the Assistant Director
for CISE, said \w e don't understandat a scienti¯c level many of the things
that we are building." [Strawn, G.]

To summarize,\W e needmore basicresearch { the kind of groundbreak-
ing, high-risk/high-return research that will provide the ideasand methods
for newdisciplinary paradigmsa decadeor morein the future. Wemust make
wise investments that will bear fruit over the next forty years." [PITAC]

3 Theory in the Practice of Computing

We now give someexamplesthat demonstratethe important role that the-
oretical computer sciencehas played in understanding practical computer
scienceproblems.

3.1 Cryptograph y and Secure Computation

The ¯eld of cryptography continues to ° ourish, with contributions to both
theory and practice. New techniquesfor cryptanalysis (di®erential and lin-
ear cryptanalysis) have greatly enhancedour abilit y to assessthe strength of
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conventional cryptosystems,while the development of factorization and dis-
crete logarithm techniquesbasedon the number ¯eld sieve providesa deeper
understandingof the foundationsof public-key cryptography. New protocols
have been devisedfor applications such as electronic cash and key escrow
that may impact practice. the practice of electronic commerce. Relation-
ships betweencryptography and other ¯elds, such as machine learning and
approximation, have beengreatly expanded.Techniquesfor proving security
of cryptographic primitiv esand protocolshave beensigni¯cantly improved.

3.2 Comm unication Net works

On-line algorithms and multicommodity ° ow algorithms have proven use-
ful for admissioncontrol and for routing of virtual circuits in asynchronous
transfer mode (ATM) networks. Theoretically optimal algorithms led to the
development of a new,practical admissioncontrol and routing algorithm. Ex-
tensive simulation of this algorithm showed that it signi¯cantly out-performs
the standard approaches. Variants of this algorithm will be implemented in
ATM switchesmanufactured by AT&T. Research in load balancingand web
caching by theoretical computer scientists led to the creation of Akamai, a
highly visible new web caching company.

3.3 Computational Geometry

Techniquesfrom computational geometryhave beenusedin a wide variety of
other areasof computing. For example,algorithms for generatingDelaunay
triangulations and triangulations with various local propertieshave beenap-
plied to meshgenerationin computational ° uid dynamics. Voronoi diagrams
and data structures for nearestneighbor searching are usedin clustering al-
gorithms, which in turn are central to the speech and image compression
required for multimedia systemsto run on personalcomputers. Techniques
developed in computational geometryfor computing triangulations, line seg-
ment intersections,and terrain visibilit y are usedin geographicinformation
systems.Visibilit y graphsand the visibilit y complexhave beenusedin sys-
tems for computer vision and computer graphics. Graph drawing algorithms
are usedin advancedgraphic user interfacesand visualization systems.
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3.4 Parallel Computer Arc hitecture

Algorithm development and the analysisof parallel architectural modelssuch
as mesh-connectedprocessors,hypercubes,cube-connectedcycles,and but-
ter° y networks has informed and shaped the designof many parallel mul-
tiple processormachines in use today. Research on algorithms for routing
in networks, including (multi-phase) randomizedrouting, hasalsoin° uenced
parallel machine design.

3.5 Soft ware Systems

Many software systemshave incorporated ideasand algorithms ¯rst devel-
oped in a theoretical framework. For example,evolving algebrashave been
used to specify languages(e.g., C, Prolog, and VHDL), to de¯ne real and
virtual architectures (e.g., APE, PVM, and Transputer), to validate stan-
dard languageimplementations (e.g., Prolog and Occam), and to validate
distributed protocols. Versionsof epistemiclogic are widely usedfor the de-
sign and analysisof existing and new authentication protocols. Interactive
theoremproverslike ProofPower, a commercialprover basedon an academic
prototype (HOL), are usedto verify properties of critical systems. Coordi-
nating Communicating Systems(CCS) has been found to be an invaluable
aid in the modeling, analysis,and designof safety-critical systems.Compo-
nents of real systemsinvolved in land and air transport, processcontrol, and
computer operating systemshave been analyzed using CCS. Processcal-
culi and related modal logics have also beenused, for example,to formally
specify and analyzea cache coherenceprotocol for a multi-pro cessorarchi-
tecture currently under development; to prove the correctnessof a leader
election protocol for a point to point network; and to designand analyzea
rendezvous-basedscheduler to be usedin an embeddedsoftware system.

3.6 Programming Languages

The methods of structured operational semantics, which derived input both
from the lambda calculusand its model theory, reached a point in the 1980's
where full-scale languagescould be de¯ned in such a way that properties of
the language(e.g., determinacyof evaluation and the lack of dangling point-
ers) could be rigorously proven. Simultaneously, semantic and syntactic the-
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oriesof typeshave beendeployed to yield languagedesignsthat are provably
\t ype-sound," leading both to a signi¯cant increasein the reliabilit y of a
languageand to greatere±ciency in implementation (sincetype-information
neednot be present at run-time in a type-soundlanguage). Standard ML
[Meta Language]is an industrial-strength languagewhoseformal de¯nition
(in 1990)exploited theseadvances.

Standard ML servesas a vehiclefor many research projects, particularly
thoseconcernedwith mechanizedreasoning,program analysis,and compiler
construction. Standard ML also serves as the subject of study for many
investigationsin programming languagedesign.

Monadswereintroducedin the late 1980'sto computing scienceasa way
of structuring denotational semantics. semantics, increasingour understand-
ing of programming languages.Many di®erent languagefeatures, including
non-termination, state, exceptions, continuations, and interaction, can be
viewed asmonads.More recently, they have beenwidely usedasa program-
ming technique in pure functional programming languagessuch as Haskell.
Monadsare usedexternally to extend the capabilities provided by the Glas-
gow Haskell compiler. They areusedto provide input-output and interaction
with C and updateablearrays and references.

3.7 VLSI design

The theory of VLSI algorithms and architecture hasguidedthe development
of VLSI design. Theory has con¯rmed the quality of designsfor special
problemssuch as matrix multiplication and convolution and has in° uenced
the development of layout algorithms for unstructured problems.

Computer-aided design of digital systems(including VLSI design) de-
pendsheavily upon the results and techniquesof the theoretical algorithms
community. Oneexampleof this is in the layout of VLSI circuits. Automated
layout usesboth fundamental results in graph algorithms and specializedap-
plication of methods developed in the theoretical community. Many layout
algorithms rely on minimum spanningtree and shortest-pathalgorithms; im-
provements in thesealgorithmsand relateddata structuresaredirectly usable
by layout applications. The modelsand algorithms developed for single-layer
routing are a successfulapplication of theoretical techniques. Heuristics for
NP-complete layout problems draw heavily on foundations for more basic
problemssuch as graph partitioning and graph coloring.
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3.8 Learning Theory

Algorithms have been developed within the computational learning theory
community that learn subclassesof ¯nite probabilistic automata. They have
alreadybeensuccessfullyapplied in systemsthat perform handwriting recog-
nition, speech recognition,part-of-speech-tagging, DNA sequencemodelling,
and text correction. Experimental evidencecomparing these new systems
with previously existing systemshas been favorable. Learning algorithms
and techniques for deterministic automata have been applied to reinforce-
ment learning, which is a promising new paradigm for machine learning.
Finally, learning algorithms for automata have also been applied to robot
motion planning. Finding algorithms with better performancefor theseand
other applications motivates the search for new, more generalsubclassesof
automata that have e±cient learning algorithms.

4 Con tributions to Other Disciplines

In this sectionwe give examplesof contributions that theoretical computer
scientists have madeto various scienceand engineeringdisciplines.

4.1 Biology

A central algorithmic operation in computational biology is the comparison
of two very long DNA sequencesto establish a relationship between them.
Most sequencecomparisonprogramsusedynamic programming techniques.
As the lengths of the sequencesgrow, however, such programsbecomevery
slow. To speedthem up, heuristics were proposedin 1980's. In 1990,those
heuristics were cast into an algorithmic framework, called sparsedynamic
programming. That framework, its techniques,and other newideasfrom the
algorithms community area foundation for newsequencealignment software.

4.2 Mathematics

Theoretical computer sciencehasalsofound applications in mathematics. In
particular, domain theory has developed in the past 25 years as a mathe-
matical foundation for the semantics of programming languages.Recently,
domaintheory hasbeenappliedin severalbranchesof mathematics,including
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dynamical systems,measureand integration theory, and fractals. Domain
theory has been used in ¯nite-state discrete stochastic processes,iterated
function systems,fractal imagecompression,neuralnets,and the Ising model
in statistical physics. A new, fast algorithm for polynomial decomposition is
included in AXIOM, the symbolic computation languagedeveloped by IBM.

4.3 Man ufacturing

A program qhull for computing convex hulls hasbeenusedin the implemen-
tation of an algorithm to compute support structures for objects produced
through layeredmanufacturing, a processin which material is depositedand
later removedby a laser. During the construction of an object in this fashion,
it might be necessaryto build external supports either to prevent the object
from toppling, or to support ° oating components and overhangingmaterial.
The support structures, if necessary, must be built simultaneously with the
object, and hencemust be accounted for in the path planning of the laser
beam or the deposition nozzle. The use of qhull reduced run times from
minutes to secondsto compute possiblebasesfor the object to rest on, and
to test if the center of massof the object is directly above the convex hull of
the object's base.

4.4 Astronom y

Network ° ow techniqueshave beenusedto determine telescope settings as
part of the SloanDigital Sky Survey, an astrophysicsGrand Challengeprob-
lem. The goal of the survey is to determine the relative locations and ve-
locities of approximately ¯v e million of the visible galaxies. The desired
information can be computed from spectral (light frequency) data for each
galaxy. A rough estimate of the time and money neededfor data collection
is around ¯v e years and ¯v e million dollars. The cost of data collection is
proportional to the number of times the telescope must be retargeted. A
heuristic basedon the network ° ow theory is currently used to target the
telescope.
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5 Foundational Research

Recent successesstrongly indicate that we canexpect a continued° ow of im-
portant results from theoretical work for the foreseeablefuture|results that
can transform the courseof computer scienceresearch and, ultimately, the
way technology is used. In many cases,theseresultsemergein unpredictable
ways from apparently unrelated investigationsof fundamental problems.

While many of the deeptheoretical problemsthat are attracting the best
minds in our ¯eld are rooted in, or inspired by, overarching challenges,it is
often di±cult for researchersto properly tackle such problemsin the context
of an application-drivenresearch environment. Onereasonfor this is the long
time period neededfor work on fundamental problemsto cometo full fruition.
In addition, solutions to such problems draw on diversemathematical and
computational methods, and so the interaction of a broad community of
theoretical researchers is essential.

Moreover, the best theoretical results typically in° uence the courseof
research in application areas,so it is extremely useful to maintain an iden-
ti¯able corpus of theoretical knowledgethat is accessibleto the Computer
Sciencecommunity and to the scienti¯c research community at large.

A third reasonfor the importanceof foundational research that it targets
high-risk and speculative problemswhosesolutions often have surprising or
unpredictable consequences.Such research often provides the seedcorn for
major innovations.

For all of these reasons,unfettered research in foundational theoretical
areasis vital; it providesa better understandingof the capabilitiesand limita-
tions of computersand ensuresfuture innovations in scienceand technology.

5.1 Computational Complexit y

Fundamental questionsremain on the relationshipsamongmodelsof compu-
tation, information representation and manipulation, and on good ways to
expressalgorithms. The P versusNP question is perhapsthe most famous
of these,the re¯nement of which has led to many other important questions
in complexity theory. P is the collectionof all problemsthat canbe solved in
polynomial time and includesall the problemsthat can be solved e±ciently
by computers. The classNP (nondetermisticpolynomial time) includesliter-
ally thousandsof problemsfrom operationsresearch that crop up routinely in

11



 

manufacturing and networking applications. The fastest known algorithms
for problems in this classcan only handle very small data sets. UnlessP
equalsNP, wewill never beableto obtain exactsolutionsfor realistically sized
versionsof theseproblems. Progresson complexity-theoretic problems,even
whenof the \negative" type (such asproviding evidencefor the intractabilit y
of certain problems) can completely changecomputer scientists' approaches
to practical problemsin surprisingways. For onething, researchersno longer
waste time seekinge±cient solutions to intractable problems. Instead, they
invent and learn techniquesfor copingwith intractabilit y. The computational
hardnessof certain problemshasbeenexploited for cryptography. Currently,
computational hardnessof certain problemsis being harnessedto obtain ef-
¯cient deterministic (error-free) algorithms for problemswhere randomness
(and thus error-prone) algorithms previously seemednecessary.

The theory of computing community continuesto producewonderful fun-
damental ideas,and, over time, thesein° uencepractice in important ways.
The interplay among conceptssuch as pseudorandomnumber generation,
interactive proofs, and securecryptographic protocols is beautiful and deep,
and hassigni¯cant potential to impact the practice of cryptography. The in-
troduction of interactive proof systemsand probabilistically checkableproofs
hasbroadenedand enrichedour understandingof the conceptof proof. Prob-
abilistically checkable proofs have turned out to be a fundamental tool for
studying the limits of polynomial-time approximation algorithms.

Foundationalquestionswill requirea concertede®ortin the areasof classi-
cal Turing machine-likemodelsand variants (such asrandomizedor quantum
models), models of learning, formal methods and program inference,mod-
els of nonsymbolic reasoning,logical characterization of complexity classes,
lower bounds,models of on-line computation, models for communication of
information, models for inferring information from incompletedata, models
for data storageand retrieval in a multimedia context, and parallel and dis-
tributed models. Study of connectionsbetweenmodels and results in more
than one of these areascan be particularly fruitful. For example, on-line
algorithms, commonin key frameworks such as operating systems,¯nancial
control, and real-time systems,have generatedfundamental conceptsthat
are important for distributed systemsdesign, in particular where informa-
tion ° ow is more complexthan traditional input/output.
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5.2 Design and Analysis of Algorithms

Foundationalwork on algorithmsdesignhasthe goalof breakinglong-standing
barriers in performance. There are many situations where complicated al-
gorithms, such as Strassenand SchÄonhage'smultiplication algorithm, were
deemedinferior for years. With steady increasesin problem sizessuch algo-
rithms now are preferred on appropriate high-performancecomputing plat-
forms.

In other cases,(such as linear programming) initial breakthroughsin re-
ducing asymptotic running time, while not practical in and of themselves,
serve to stimulate newresearch that eventually leadsto practical algorithms.
What tends to happen is that once a barrier, such as the existenceof a
polynomial-time algorithm for a problem, is broken, there is strong justi¯ca-
tion and real motivation for researchers to revisit a problem that previously
appeared impenetrable. Very often, painstaking re¯nement of the seminal
breakthrough technique leads to a truly practical algorithm. Ultimately,
this type of research has long-lasting impact on the practice of computing.
Tantalizing open questionsremain, such as whether there is a polynomial
time algorithm for graph isomorphism,or whether one can e±ciently learn
Booleanformulasthat are in disjunctivenormal form from randomexamples.

5.3 New Theories of Algorithms and Heuristics

While theoretical work on modelsof computation and methods for analyzing
algorithms has had enormouspayo®s,we are not done. In many situations,
simplealgorithms do well. Take for examplethe Simplexalgorithm for linear
programming, or the successof simulated annealing on certain supposedly
\in tractable" problems. Wedon't understandwhy! It is apparent that worst-
caseanalysis does not provide useful insights on the performanceof many
algorithms on real data. Our methods for measuring the performanceof
algorithms and heuristicsand our modelsof computation needto be further
developed and re¯ned. Theoreticians are investing increasingly in careful
experimental work leading to identi¯cation of important new questionsin
the algorithms area. Developing meansfor predicting the performanceof
algorithms and heuristics on real data and on real computers is a grand
challengein algorithms.

On numerousoccasions,theory of computing research has provided the
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insights that explain why popular, important heuristic algorithms work. Sig-
ni¯cantly, theseinsights have suggestedmajor improvements to the heuris-
tics. Oneexampleof this scenariowasthe study by Turner in the 1980sthat
explained why the decades-oldCuthill-McKee heuristic for minimizing the
bandwidth of sparselinear systemsworkswell in practice; this understanding
allowedTurner to devisean improvedheuristic. A secondexample,alsofrom
the 1980s,explainedwhy the Kernighan-Lin graph bisectionheuristic, which
is important in the ¯eld of circuit layout, works well in practice.

6 Summary

Resultsfrom theoretical computer sciencehave beenregularly applied to the
¯eld of computerscienceand to other disciplines. In this paper wehavehigh-
lighted recent contributions to communication networks, parallel computer
architecture, softwaresystems,VLSI design,learning theory, biology, mathe-
matics, manufacturing, and astronomy. We can expect similar contributions
in the future.
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