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Review? of
Number Theory for Computing
Author of Book: SongY. Yan
Publisher: Springer (381pages)
Author of Review: ProdromosSaridis

1 Overview

Thetheoryof numbers,n mathematicsis primarily the theory of the propertiesof integers. The subject
haslong beenconsideredasthe purestbranchof mathematicswith very few applicationsto otherareas.
However recentyearshave seenconsiderabléncreasdan interestin several centraltopics of numberthe-
ory, preciselybecausef their importanceand applicationsin otherareasparticularlyin computingand
informationtechnology

Thisbooktakesthereaderfrom elementannumbertheoryin computerscienceyia algorithmicnumber
theory to appliednumbertheoryin computerscience.The book follows the style “De nition—Theorem—
Algorithm—Example”ratherthan the “De nition—Theorem—Prodf style. For a readerwho hasat least
high-schoomathbackgroundhe derivationsin the bookwill notbedif cult to follow.

2 Summary of Contents

Thebookis dividedinto threeparts,eachconsistingof multiple chapters.

2.1 Part I. Elementary Number Theory

( Introduction/ Theory of Divisibility / DiophantineEquations/ Arithmetic Functions/ Distribution of
PrimeNumbergd Theoryof CongruencesArithmetic of Elliptic Curves/ BibliographicNotesandFurther
Reading.)

Thesepreliminary chaptersntroducethe fundamentatonceptsandresultsof divisibility theory con-
gruencdheory continuedractions,Diophantineequationsandelliptic curves. Thereadelbecomegamiliar
with the terminology A novel featureis thata whole chapteris devotedto Elliptic Curves, which is not
normally provided by an elementarynumbertheorybook. This partcarefullyandconciselyde nesall the
tools(e.g.theoremsconcept®tc)in orderto build theessentiaintuition which is sonecessarfor thelater
chapters.

2.2 Part Il. Algorithmic Number Theory

(Introductiory Algorithmsfor Primality Testing/ Algorithmsfor IntegerFactorization’ Algorithmsfor Dis-
creteLogarithms/ QuantumNumberTheoreticAlgorithms/ Miscellaneouglgorithmsin NumberTheory
)

The secondbartof thebookbrie y introducegshe conceptof algorithmsandcompleity andpresents
someimportantand widely usedalgorithmsin computationaihumbertheory The authorrecommends
readergo implementall thealgorithmsintroducedhere.
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2.3 Part lll. Applied Number Theory

(Why Applied NumberTheory/ ComputerSystem®Design/ CryptographyandinformationSecurity )

While theearlierchaptersoveredthebroadspectrunof numbertheorybasicswithin this part,thebook
shifts gearsinto more specializedapplicationsof numbertheory Hereis a tasteof the contents:Residue
Computerd HashingFunctions/ Error Detection/ RandomNumberGenerationf Secret-Ky andPublic-
Key Cryptography DES/AES/ VariousCryptosystems Digital Signatures Databaseéecurity/ Internet,
Web Securityande-Commercé Steganography QuantumCryptography

3 Opinion

NumberTheoryfor Computingoy Yan,is acohesie introductionto a eld whoseimportancehasincreased
in the lastyears.| enjoyed readingthis book, not only becauset is well written andeasyto readbut also
becausdhereare almost80 mini-biographiesof researchersscientistsand numbertheoristswho played
(and someof the still playing) greatrole to the developmentof numbertheory E.g. it is easierfor the
studentto remembema theoremproved by a numbertheorist,if the studentknonvs moreaboutthe life and
theresearchinterestf thatparticularnumbertheorist.

| believe however, thatespeciallyin the 1stpartof the book, the breadthof coveragemalesit dif cult
for anundegraduateo learnnumbertheoryfrom this book. This is mainly becausef the style of thebook
(De nition-Theorem-Examplepandthe scarcityof exercises.On the otherhand,the rst partof the book
is anexcellentreferencdor researcherdt providesalmostallthe necessaryheoremswithout unnecessary
details.

Althoughthe coverageof the materialsis not exhaustie the authorachievesto presenthetopicsin an
attractve way to thereader The citation referencesre sufcient andrangefrom old referencedo fairly
modern.Also the selectionof the applicationgpresenteds quite modern.Overall, thebookis well written
andeasyto understand.



Review? of
Type-Logical Semantics
Author of Book: B. Carpenter
Publisher: MIT Press(585pages)
Author of Review: Pucellaand Chong, Dept of CS, Cornell Univ

4 Intr oduction

Oneof the mary rolesof linguisticsis to addresghe semanticof naturallanguagesthatis, the meaning
of sentencesn naturallanguages.An importantpart of the meaningof sentencegan be characterized
by statingthe conditionsthat needto hold for the sentencdo be true. Necessarilythis approachgcalled
truth-conditionalsemanticsdisregardssomerelevant aspectof meaning,but hasbeenvery usefulin the
analysisof naturallanguagesStructuralistviews of languagdthe kind held by Saussurefor instanceand
laterChomsly) have typically focusedon phonology morphologyandsyntax.Little progresshowever, has
beenshavn towardsthe structureof meaningor content.

A commontool for the studyof contentandstructurein generaffor thatmatter hasbeenlogic. During
mostof the20thcentury animportantrole of logic hasbeento studythestructureof contentof mathematical
languages.Mary logicianshave moved on to apply the techniquesdevelopedto the analysisof natural
languages—Fge, Russell,Carnap,Reichenbachand Montague. An early introductionto suchclassical
approachesanbefoundin [2].

As anillustration of the kind of problemsthat needto be addressed;onsiderthe following examples.
Thefollowing two sentenceasserthe existenceof amanthatbothwalksandtalks:

Somemanthatwalkstalks
Somemanthattalkswalks

Thesituationswith respecto whichthesaewo sentencearetruearethesame andhenceatruth-conditional
semanticseedgo assigrthesameameaningo suchsentencesAmbiguitiesariseeasilyin naturalanguages:

Every manlovesawoman

Thereareat leasttwo distinctreadingsof this sentenceOnesaysthatfor every man,thereexistsawoman
thathe loves,andthe othersaysthatthereexists awomanthatevery manloves. Otherproblemsareharder
to qualify. Considerthe following two sentences:

TarzanlikesJane
Tarzanwantsagirlfriend

The rst sentencenustbefalseif thereis no Jane.Ontheotherhand,thesecondsentenceanbetrueeven
if nowomanexists.

Thoseexamplesare extremely simple, somemight even say nave, but they exemplify the issuesfor
whichatheoryof naturallanguagesemanticsnustaccount A guidingprinciple,apocryphallydueto Frege,
in the study of semanticds the so-calledFregeanprinciple. Essentially it canbe statedas“the meaning
of acomple expressiorshouldbe a functionof the meaningof its parts. Sucha principle seemsequired
to explain how naturallanguagesanbe learned. Sincethereis no arbitrarylimit on boththe lengthand
the numberof new sentenceRumanbeingscanunderstandsomegeneralprinciple suchasthe abore must
beat play. Moreover, sinceit would not be helpful to requireanin nite numberof functionsto derive the
meaningof thewholefrom the meaningof theparts,a notionsuchasrecursiormustbe at play aswell.
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Thatthereis arecursve principle a la Frege at play bothin syntaxandsemanticss hardly contested.
Whatis contesteds theinterplaybetweerthetwo. Theclassicwork by Chomsly [6] advocatedessentially
the autonomyof syntaxwith respecto semanticsChomsly's grammarsaretransformationalthey trans-
form the“surface” syntaxof a sentencdo extractits so-calleddeepstructure.The semanticss thenderived
from the deepstructureof the sentence Someaccountf the Chomsly theoryallows for a Fregeanprin-
ciple to apply at thelevel of the deepstructure while morerecentaccountsslightly complicatethe picture.
A differentapproachis to adwocatea closecorrespondencketweensyntaxandsemanticsEssentiallythe
syntaxcanbe seernasa mapshaving how the meaningof the partsareto be combinednto the meaningof
thewhole.

The latter approachto semanticgelies on two distinct developments. First, it is basedon a kind of
semanti@nalysisof languageoriginatingmainly with thework of Montagud9]. His wasthe rst work that
developeda large scalesemantiaescriptionof naturallanguage®y translationnto alogicallanguagehat
canbe given a semanticaisingtraditionaltechniguesThe seconddevelopmentemegedfrom a particular
syntacticanalysisof language.During his analysisof logic, which led to developmentof the -calculus,
Curry noticedthatthetypeshewasassigningo -termscouldalsobe usedto denoteEnglishword classes
[7]. For example,in Johnsnokesloudly, theword Johnhastype , snoeshastype , andloudly has
type . IndependentlyLambekintroduceda calculusof syntactictypes,distinguishingtwo kinds of
implication, re ecting the non-commutatity of concatenatioi8]. Theideawasto pushall the grammar
into the dictionary assigningto eachEnglishword one or more types, and using the calculusto decide
whethera string of wordsis a grammaticallywell-formedsentenceThis work derivedin partfrom earlier
work by Ajdukiewicz [1] andBarHillel [4].

This book, “Type-LogicalSemantics’by Carpenterexploresthis particularapproach.Essentially it
relieson techniquegrom typetheory: we assignatype (or morethanone)to every word in the language,
andwe cancheckthata sentences well-formedby performingwhatamountgo type-checking.n fact, it
turnsout thatwe cantake the type-checkinglerivation proving thata sentencdasthe right type, anduse
thederivationto derive thesemantic®f thesentenceln thenext sectionswe will introducetheframevork,
andgive simpleexamplego highlighttheideas.Carpentepusheghesddeasquitefar, aswe shallseewhen
we cover thetableof contents We concludewith someopinionsonthebook.

5 Tosemantics...

The rst problemwe needto addresss how to describethe semanticof language.We will follow in the
truth-conditionakraditionandmodel-theoretiégdeasandwe startwith rst-order logic. Roughlyspeaking,
rst-order logic providesonewith constantslenotingndividuals,andpredicate®ver suchindividuals. Sim-

ple exampleshouldillustratethis. ConsidethesentencdarzanlikesJane Assumingconstants and
, andapredicate , this sentenceorrespondso the rst-order logic formula .
The sentenceEveryonelikes Jane can be expressedas . This approachof using rst-

order logic to give semanticds quite straightforvard. Unfortunately for our purposesit is also quite
de cient. Let usseetwo reasonsvhy thatis. First, recallthatwe wanta compositionabrinciple at work
in semantics. In otherwords, we want to be able to derive the meaningof Tarzan likes Jane from the
meaningof Tarzanand Jane andthe meaningof likes This soundsstraightforvard. However, the same
principle shouldapplyto the sentenc8arzanand Kala like Jane correspondingo the rst-order formula
. Giving a compositionakemanticseemdo requiregiving a se-

manticsto the extractlike Jane Whatis the semanticof sucha partof speech?First-orderlogic cannot
answetthis easily Informally, like Janeshouldhave assemanticsomethinghatexpectsanindividual (say
) andgivesbackthe formula . A secondoroblemis thatthe grammaticaktructureof a sen-
tencecanbelostduringtranslation.This canleadto wild differencesn semanticgor similar sentenceg-or



instanceconsiderthefollowing sentences:

TarzanlikesJane.

An apemarlikesJane.
Every apemarikesJane.
No apemariikesJane.

Thesesentencesanbeformalizedassuchin rst-order logic, respectiely:

, Or equialently

Thereseemdo be a discrepang amongthe logical contrikutions of the subjectsin the abore sentences.
Thereis a distinctionin the rst-order logic translationof thesesentenceshat is not expressedy their
grammaticaform.

It turnsout thatthereis a way to solve thoseproblems by looking at an extensionof rst-order logic,
known ashigherorderlogic [3]. Let usgive enoughtheoryof higherorderlogic to seehow it canbeusedto
assignsemanticgo (a subsebf) a naturallanguage.This presentatiompresupposea familiarity with both

rst-order logic andthe -calculus[5].# Thereis a slight differencein our approactio rst-order logic and
our approacho higherorderlogic. In the former, formulas,which representpropertiesof the world and
its individuals, arethe basicunits of the logic. In higherorderlogics, termsarethe basicunits, including
constantandfunctions,with formulasexplicitly representedsboolean-aluedfunctions.

We startby de ning a setof typesthatwill beusedto characterizéhe well-formednessf formulas,as

well asderive themodels.We assume setof basictypes , Where is thetypeof
boolearvalues,and is thetypeof individuals. (In rst-order logic, thetype is not madeexplicit.)
Thesetof types is thesmallestsetsuchthat , and if . A type
of theform is a functional(or higherorder)type, the elementsf which mapobjectsof type to
objectsof type .

The syntaxof higherorderlogic is de ned asfollows. Assumefor eachtype a set of
variablesand a set of constantsf thattype. The set of termsof type is de ned asthe

smallestsetsuchthat:

if and ,and
if , , and

Whatarewe doing here?We arede ning a termlanguage First-orderlogic introducesspecialsyntax
for its logicalconnectwes( , , , ). It turnsout,for higherorderlogic, thatwe do not needto do that,
we cansimply de ne constantgor thoseoperators(We will call theselogical constantsbecausehey will
have the sameinterpretatiorin all models.)We will assumehe following constantsat thefollowing types:

aconstant  of type andaconstant of type , theinterpretation
of which shouldbeclear afamily of constants  eachof type , which checksfor equality
of two elementsf type , anda family of constants eachof type , usedto
captureuniversalquanti cation. Theideais that guanti es over objectsof type . In rst-order

“Higherorderlogic is interestingn thatit caneitherbeviewedasageneralizatiomf rst-order logic, or asaparticularinstance
of thesimply-typed -calculus.



logic, is trueif for every possibleindividual , replacing by in vyieldsatrueformula. Notethat
bindsthevariable in rst-order logic. In higherorderlogic, wherethereis only asabinder we write
theabore as , whichis trueif istruefor all objectsof type .
Thisde nesthesyntaxof higherorderlogic. Themodelsof higherorderlogic aregeneralizationsf the
relationalstructuresusedto model rst-order logic. A (standardframefor higherorderlogic is speci ed

by giving for eachbasictype adomain of valuesof thattype. Theseextendto functional
typesinductiely: for atype , , thatis, the setof all
functionsfrom elementsof to elementsof . Let . We alsoneedto given
aninterpretatiorfor all the constantsyia a function assigningo every constanbof
type anobjectof type . (We simply write whenthetypeis clearfrom the contet.) Hence,a model
for higherorderlogic is of theform . We extendtheinterpretation  to all thetermsof
thelanguage.To dealwith variableswe de ne anassignmento be a function suchthat
if . We denote theassignmenthatmaps to and to . We
de ne thedenotation of theterm with respecto themodel andassignment as:

if ,

if :
,and
suchthat

Standardramesaresubjectto restrictions.For instancethe domaincorrespondingo boolearnvaluesmust
beatwo-elementiomain,suchas true false . Moreover, they mustgivea x edinterpretation
to the logical constantqi.e., the conjunctionoperatorshouldactually behae asa conjunctionoperator).
Hence we require:

false if true
true if false
true if true and true
false otherwise
true if
false otherwise
true if true for all
false otherwise

Onecancheckthatif we de ne as , it hasthe expectednterpre-
tation. Notethatwe will oftenusetheabbreiations for ,and for .
A formulaof higherorderlogic is atermof type . We saythatamodel satis esaformula if
true in themodel. Two termsaresaidto belogically equvalentif they have thesamenterpretation
in all models.Onecancheck,for instancethat and arelogically equivalent,asare and

(thatis, whereeveryoccurrencef isreplacedby ).
Forexample considethefollowing simplethreeindividualmodel , with constants
and



false
true
true
true
false
false
true
false
true

Thismodel satis estheterm (KalalikesTarzar) as
true. It alsosatis estheterm (Theris someondanelikes. It does
not satisfytheterm (Everyondikeshimself/heself).
We will usehigherorderlogic to expressour semantics.The ideais to associatevith every sentence
(or partof speechh higherorderlogic term. We canthenusethe semanticof higherorderlogic to derive
thetruth valueof thesentenceConsiderthe examplesat the beginning of the section.We assumeonstants
, and oftype ,andaconstant  of type . We cantranslatghe
sentencdarzanlikes Janeas , asin rst-order logic. But now we canalsotranslate
the partof speecHike Janeindependenthas
For amoreinterestingexample,considetthetreatmenbf nounphrasesasgivenat the beginning of the
section.The solutionto the problemof losing the grammaticaktructurewassolved by Russellby treating
all nounphrasessthoughthey werefunctionsover their verb phrasesThis is analogougo whatis already

happeningwith the de nition of in higherorderlogic, which hastype .
Suchgeneralizedjuanti er takesapropertyof anindividual (a propertyhastype ) andproduces
atruth value—inthe caseof , thetruth valueis trueif every individual hasthe suppliedproperty A

similarabstractiortanbeappliedto anounposition.We de ne ageneralizedietermineasafunctiontaking
a propertystatinga restrictionon the quanti ed individuals,andreturninga generalizedjuanti er obgying
that restriction. Hence,a generalizeddeterminerhastype

Considetthefollowing generalizedieterminersyusedabore:

Onecancheckthatthesentencé&napemarikesJanebecomes , that
EveryapemarikesJanebecomes , andthatNo apemanrlikesJane
becomes . Thesubjecisinterpretedas ,

and respectrely. TheverbphrasdikesJaneis giventheexpectedsemantics

What aboutthe original sentencélarzanlikes Jane Accordingto the above, we shouldbe ableto give a
semanticgo Tarzan(whenusedasa subject)with a type . Onecancheckthatif

we interpretTarzanas , we indeedgetthe requiredbehaior. Hence,we seethatthe noun
phrasecanbe given the uniform type , andthat higherorderlogic canbe usedto
derive auniform, compositionasemantics.



6 ...fromsyntax

We have seenin the previous sectionhow we canassociatdo sentencea semanticsn higherorderlogic.
More importantly we have seenhow we canassigna semantic4o sentencextracts,in a way that does
capturetheintuitive meaningof the sentencesThe questionat this pointis how to derive the higherorder
logic termcorrespondingo a givensentencer sentencextract.

The grammaticaltheory we useto achieve this is catayorial grammas, originally developedby Aj-
dukiewicz [1] andlaterBar-Hillel [4]. In fact,we will useageneralizatiorof theirapproachdueto Lambek
[8]. Theideabehindcatayorial grammarsds simple. We startwith a setof cateyories eachcatayory repre-
sentinga grammaticafunction. For instancewe canstartwith the simplecateyoriesnp representingnoun
phrasesn representingiouns,ands representingentencesGiven catgjories and , we canform the
functor cateyories and . The catgory representshe catayory of syntacticunits thattake
a syntacticunit of catgjory to their right to form a syntacticunit of catgyory . Similarly, the catgyory

representshe catgyory of syntacticunitsthattake a syntacticunit of category  to theirleft to form
a syntacticunit of catggory . Considersomeexamples. The catgjory representshe cateyory of
prenominamodi ers, suchasadjecties: they take anounontheirright andform anoun. Thecateyory
representshe catgyory of postnominamodi ers. The catgory is the catgyory of intransitve verbs:
they take a nounphraseon their left to form a sentence Similarly, the cateyory representshe
cateory of transitve verbs:they take anounphraseontheir right to thenexpecta nounphraseon their left
to form asentence.

Before derving semanticslet's rst discusswell-formednessasthis was the original goal for such
grammars.Theideawasto associateo every word (or comple sequencef wordsthatconstitutea single
lexical entry)oneor morecateyories.We will callthisthedictionary or lexicon. Theapproachdescribedy
Lambek]8] is to prescribea calculusof catgyoriessothatif asequencef wordscanbeassigned category

accordingto therules,thenthe sequencef wordsis deemeda well-formedsyntacticunit of cateyory
Hencea sequencef wordsis awell-formedsentencéf it canbe shavn in the calculusthatit hascateyory
. As anexampleof reduction,we seethatif = hascategjory and hascatejory , then has
category B. Schematically . Moreover, this goesbothways,thatis, if hascateyory
and canbeshovnto have catgory ,thenwecanderivethat hascatejory

It wastherealizationof vanBenthem{12] thatthis calculuscouldbeusedto assigna semantic$o terms
andusethederivationof catayoriesto derive thesemanticsThesemantiavill begivenin somehigherorder
logic aswe sav above. We assumeéhatto every basiccateyory correspondahigherorderlogic type. Sucha
typeassignment canbeextendedo functorcatayoriesby putting
We extendthedictionarysothatwe associatavith every word oneor morecateyories,anda correspondlng
termof higherorderlogic. We stipulatethattheterm correspondingo awordin catgjory shouldhave
atypecorrespondingo the category; i.e.

We will usethe following notation(calleda sequent) to meanthat
expressions of catgories canbe concatenatetb form anexpression of catejory
. Wewill usecapitalGreekletters( ,...) to represensequencesf expressionandcateyories.We now

give rulesthatallow usto derive new sequentérom othersequents:

In otherwords, if can concatenaténto an expression with cateyory , andif can
concatenatento anexpression with catggory |, then canconcatenateto with category




For example thefollowing is aderivation of TarzanlikesJane

For example,thefollowing derivation of the sentencdragmentTarzanlikesshaws thatit is of thetype
—it is anexpressiorthatexpectsa nounphraseo theright to form acompletesentence.

A look at the theoryunderlyingtype-logicalapproacheso linguisticsrevealssomefairly deepmath-
ematicsat work. The factthatwe canderive the semanticsn parallelwith a deriation of the cateories
associatedvith the sequencef wordsis not an accident. In fact, it is a phenomenorknown asa Curry-
Howardisomorphism.The original Curry-Hovardisomorphismwvasa correspondenceetweerintuitionis-
tic propositionallogic andthe simply-typed -calculus:every valid formula of intuitionistic propositional
logic corresponds$o atypein thesimply-typed -calculus,n suchaway thata proof of the formulacorre-
spondgo a -termof the correspondindype. Sucha correspondencexists betweernthe Lambekcalculus
(which canbe seemasa substructuralogic, namelyintuitionistic bilinearlogic) andanappropriaténstance
of the -calculus,namelyhigherorderlogic.

We have in this review merelysketchedthe basicsof the type-logicapproacha mercilesssummaryof
the rst few chapterof thebook. Carpenteivestigatesnoreadwancedinguistic phenomendy extending
the Lambekcalculuswith more catayorial constructionsand deriving the correspondingsemantics.For
instancehedealswith generalizedjuanti ers,derving thesemanticsve hintedatearlierthrougha syntactic
derivation,aswell aspluralforms,andmodalitiessuchasbelief. Thelatterrequiresamove to amodalform
of higherorderlogic known asintensionalogic.

7 The book

The book naturally divides in threeparts. The rst part, the rst ve chapters(aswell asan appendix
on mathematicapreliminaries) introduceshe technicalmachineryrequiredto dealwith linguistic issues,
namelythe higherorderlogic usedto expressthe semanticsandthe Lambekcalculusto derive the seman-
tics.

Chapterl, Intr oduction, providesan outline of the role of semanticsn linguistic theory Carpenter
discusseshe centralnotionsof truth andreferencethe latter telling us how linguistic expressioncanbe
linked to objectsin the world. He givesa suney of topicsthatlinguistic theoriesneedto addressinclud-
ing synorymy, contradiction presuppositionambiguity vaguenessHe alsosureys topicsin pragmatics,
the branchof linguistic concernedvith aspect®f meaningthatinvolve morethanliteral interpretatiorof
utterances.Finally, he aguesfor the methodologyof the book, in termsof originality, compositionality
modeltheoryandgrammarfragments Somecaveatsapply: hestudiesnodelsof naturallanguagetself, not
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modelsof our knowledgeor ability to uselanguagefurthermorethesemodelsarenotintendedo have ary
metaphysicainterpretationput areonly a descriptiorandapproximatiorof naturallanguage.

Chapter2, Simply Typed -Calculus, lays out the basictheoryof the simply typed -calculus. The
simply typed -calculusprovidesan elggantsolutionto the problemof giving a denotationfor the basic
expression®f alanguagen a compositionamannerasexplainedin Chapter3. This chapterconcentrates
onthebasictheory describingthelanguageof the simply typed -calculus,alongwith a modeltheoryand
aprooftheoryfor thelogical languagethatformalizeswhethertwo -calculusexpressionsareequal(have
the samedenotationin all models). The standard -calculusnotionsof reductionsnormalforms, strong
normalization,the Church-Rossetheorem,and combinatorsare discussed.An extensionof the simply
typed -calculuswith sumsandproductss described.

Chapter3, Higher-Order Logic, introducesa generalizatiorof rst-order logic wherequanti cation
andabstractioroccursover all the entitiesof the languageincluding relationsandfunctions.Higherorder
logic is de ned asa speci ¢ instanceof the simply typed -calculus,with typescapturingbothindividuals
andtruth values,andlogical constantsuchasconjunctionnegation,anduniversalquanti cation. Theuse-
fulnessof theresultinglogic is demonstratetly shaving how it canhandlequanti ersin naturallanguages
in auniformway. The prooftheoryof higherorderlogic is discussed.

Chapterd, Applicative Categorial Grammar, is anintroductionto the syntactictheoryfrom which the
denotatiorof naturallanguagdermsis derived, thatof categorialgrammarsCateyorialgrammarsrebased
on the notion of catgoriesrepresentingyntacticfunctionality anddescribenow to syntacticallycombine
entitiesin different cateyoriesto form combinedentitiesin new categories. The frameavork describedn
this chaptelis the simplestform of applicatve catayorial grammarwhich will beextendedn laterchapters.
After introducingthe basiccateyories,the chaptershavs how to assignsemantiadomaingo cateyories,and
how to associatevith every basicsyntacticentity a termin the correspondinglomain,creatinga lexicon.
The basicsof how to derive the semanticmeaningof a compositionof basicsyntacticentitiesbasedon
the derivation of cateoriesis explored. Finally, a discussionof someof the consequencesf this way
of assigningsemanticmeaningis given; mainly, it focuseson ambiguity and vaguenessgorresponding
respecirely to expressionsvith multiple meaningsandexpressionsvith a singleundetermineaneaning.

Chapters, The Lambek Calculus, introducesa logical systemthat extendsthe applicative cateyorial
grammarframenork of the previous chapter The Lambekcalculusallows for amore e xible descriptionof
the possiblewaysof puttingtogetherentitiesin differentcateyories. The Lambekcalculusis presentedboth
in sequenform andin naturaldeductionform, the former appropriatdor automaticdervations,the latter
morepalatablgor humansThe Lambekcalculusis decidabldi.e., the problemof determiningwvhetherthe
calculuscanshav a given sentencggrammaticals decidable). The correspondencbetweenthe Lambek
calculusandavariantof linearlogic is established.

The following four chaptersshav how to apply the machineryof the rst partto differentaspectof
linguisticanalysis.

Chapter6, Coordination and Unbounded Dependenciesstudiestwo well-known linguistic applica-
tions of categorial grammars.The rst, coordination,correspondso the useof andin sentencesSucha
coordinationoperatorcanoccuron mary levels, coordinatingtwo nouns(Joe and Victoria), two adjectves
(bladk andblug), two sentencestc. Coordinationatary level is achiered by lifting the coordinatiorto the
level of sentencesyia theintroductionof a polymorphiccoordinationoperatorin the semantidramework.
This operatorcanbe handledin the Lambekcalculusvia type lifting. Theresultingsystemremainsdecid-
able. An extensionof the Lambekcalculuswith conjunctionanddisjunctionis consideredto accountfor
coordinating,for example,unlike complement®f a catayory, suchasin Jad is a goodcookand always
improving. The secondwell-knowvn useof cateyorial grammarss to accountfor unboundediependencies,
thatis, relationshipsetweendistantexpressionsvithin anexpressionthe distancepotentiallyunbounded.
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Thisis handledby introducinga new cateyorial combinator , anelemenbf which canbeanalyzedas
an witha missingsomavherewithin it. Theappropriatederivation rulescanbe addedto the Lambek
calculus.

Chapter7, Quanti ers and Scope studiesthe contritution of quanti ed nounphrasego the meaning
of phrases$n whichthey occur Suchgeneralizedjuanti ers,suchaseverykid, or someoy, aretraditionally
problematichecauséhey take semanticscopearoundan arbitraryamountof material. For instance gvery
kid playedwith someoy hastwo readingsdependingnthescopeof thequanti erseveryandsome(is there
asingletoy with whicheverykid plays,or doeseverykid playwith apossiblydifferenttoy?) Accountingfor
suchreadingss theaim of this chapter Two historically signi cant approache# quanti ersaresureyed:
Montagues quantifyingin approachandCoopers storagemechanism.Then,the type-logicalsolutionof

Moortgatis described.The ideais to introducea new catejory of expressionghatactlocally as
's but take their semanticscopeover anembeddingexpressiorof catgjory . Generalizedjuanti ersare
given category , sincethey actlike a nounphrase(categjory ) in situ, but scopesemanticallyto

an embeddingsentencécateyory ). The Lambekcalculusis extendedwith appropriatedervation rules.
The issuesof quanti er coordination,quanti ers within quanti ers, andthe interactionwith negationare
discussed. Othertopics relatedto quanti ers and determinersn general,suchas de nite descriptions
possesses (every kid's toy), inde nites (somestuden), generic(italians), comparaties (astall as), and
expletives(it, there) areanalyzedwithin thatcontext.

ChaptesB, Plurals, providesatype-logicalaccounof plurality. First,thenotionof groupis addedo the
syntaxandsemanticsThetype is consideredo be a subtypeof thetype andthusthedomainof

is a subsebf thedomainof . A relationlinking a groupto the propertythatde nesmembership
in the groupis de ned, andrestrictionsareimposedto ensurethat every grouphasa uniguepropertythat
de nes membershipf that group. With this interpretationcateyoriesfor plural noun phrasesandplural
nounsarestudied. The notionsof distributors (to view a groupasa setof individuals) and collectors(to
view asetof individualsasagroup)arede ned, to handle for example verbsthatapplyonly to individuals
or only to groups. Theissuesof coordinationandnegationareexaminedin the contet of plurals. Further
topicsexaminedincludeplural quanti cativesand,moregenerally partitves (ead, all, most or numerical
partitives suchasthree of, etc.), nonboolearcoordinationwith and comitative (the useof with in Tarzan
climbedthetreewith Cheetal, andmasstermssuchassnowandwater.

Chapter9, Pronounsand Dependency analyseghe useof non-indeical pronounssuchashim, she
itself, especiallythe dependenuse of suchpronouns. Dependenpronounsare characterizeds having
their interpretationdependon the interpretationof someotherexpression(the antecedent) For example,
he in Jody believeshe will be famous A popularinterpretationof pronounsin type-logicalframenorks
is asvariables,althoughthe treatments subtle,at leastfor non-re exive pronounssuchasthe he abore.
(Admittedly, this topic is an outstandingproblemfor type-logicalgrammars.) Re exive pronouns,such
ashimselfin Everyondikeshimself canbe handledasquanti ers. Topicsrelatedto pronomialformsare
examined,suchasreciprocalqthe eat otherin Thethreekidslike ead other), pied piping (the which in
thetable theleg of which Jody broke), ambiguousrerb-phrasesllipses(Jody likeshimselfand Brett does
too), andinterrogatves.

The nal part,thelastthreechaptersextendthe frameavork with modalitiesto accountfor intensional
aspectof naturallanguages.

Chapterl0, Modal Logic, introducesthe logical tools requiredto dealwith intensionality tenseand
aspect.Thekey concepis thatof amodallogic, whereoperatorsareusedto qualify thetruth of a statement.
Thechaptepresentdothamodeltheory(Kripke frames)anda prooftheoryfor S5,a particularmodallogic
of necessity A brief discussiorof how the techniquef modallogic canbe usedto modelindexicality
precedeshe presentatiomf a generamodalmodel. First-ordertensdogics,which extend rst orderlogics
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with modal operatorsaboutthe truth of statementsn the pastand future, are presentedn somedepth,
asthey areableto provide a modelof tensesn naturallanguage.Time canbe regardedasa collection
of momentspr asa collectionof possiblyoverlappingintenals. Higherorderlogic is extendedto include
modaloperatordy takingthedomainsof worldsandtimeto bebasictypes,onthesamdevel asthedomains
of individualsandtruth values yielding a framework referredto asintensionalogic. This approachavoids
a numberof problemsassociatedvith simply abstractinghe modelfor higherorderlogic over possible
worlds.

Chapterll, Intensionality, usesmodallogic to extendthe type-logicalframenork to cover intensional
constructions.In particular is addedas a new basictype, andthe assignmenbf typesto basic
cateyoriesis modi ed, replacing with , i.e. truth valuesmay be differentat different
worlds. This changefacilitatesthe inclusion of mary constructssuchas propositionalattitudes(Frank
believesBroole cheated, modaladverbs(possibly, modalauxiliaries(should migh{), andso-calledcontrol
verbs (persuaded promised, althoughsomeconstructsremainproblematic. The “individual concepts”
approachs consideredwherethe type of a nounphrases insteadof , I.e. thereferent
of anounphrasemay differ from world to world. Otherapproacheto intensionality which do notinvolve
possibleworlds,areexplainedbrie y. Finally, thelastsectionreturnsto theissueof giving a cateorization
of controlverbs,andgivessomeproblematioexamplesshaving the needfor morework in thisarea.

Chapterl2, Tenseand Aspect extendsthe grammarandsemanticsvith a theoryof tense.It presents
Reichenbacls' approachto simple and perfecttenseshow this appliesto discourseand Vendlers verb
classes—aemanticlassi cationof verbsthatis correlatedvith their syntacticuse. TheapproactCarpenter
adoptsfor tenseandaspects basedon insightsderived from theseworks, andon further developmentof
theseworks by otherauthors.To extendthe grammay verbsaresubcatgorizedby classifyingthembased
onwhetherthey are nite or non- nite, andwhetherthey involve simpleor perfecttenseresultingin several
differentcateyoriesfor sentencesA new basictypeis introducedrepresentingime periods,andall of the
sentenceatgyoriesareassignedhe sametype: functionsfrom time periodsto truth values. The temporal
argumentalways correspondgo the time of the event beingreported. (This is essentiallysimilar to the
intensionalapproacthof the previous chapter but herewe distinguishtime periodsfrom possibleworlds.)
Fromthisbegginning,thegrammaiis developedto encompasmary of the Englishconstructsnvolving tense
andaspectMany of theseconstructsarevery comple in their usageandgenerallytheredo not seemto be
simpleandcompletesolutionsto incorporatingheminto thegrammar

8 Opinion

Thereare sometypos (potentially confusing,asthey sometimesccurin the typesfor functions),aswell
as someglossingover centraltopics (suchasthe discussionof groupsin Chapter8). Carpenterdoesnt
generallydelve into syntacticexplanationsthatis, explainingwhy thetheoryof syntaxhe developsdoesor
doesnot permitcertainsentencesMoreover, for linguists,it may beimportantto notethat Carpentedoes
not developatheoryof morphology(the structureof wordsat thelevel of morphemes).

This book lls a sorelyvoid nichein the eld of semanticof naturallanguagewia type-logicalap-
proachesTherearesomebooksonthesubject put themostaccessiblareseverelylimited in their develop-
ment[13], while theothersaretypically highly mathematicahndfocusonthemetatheoryf thetype-logical
approach10].

Carpentes book is a reasonablélend of mathematicatheory and linguistic applications. Its great
strengthis anexcellentsuney of type-logicalapproacheappliedto agreatvarietyof linguistic phenomena.
On the other hand, the preliminary chapterspresentingthe underlying mathematicatheory are slightly
confusing—notnecessarilysurprisingconsideringthe amountof formalism neededo accountfor all the
linguisticphenomenatudied.A backgrouncr atleastexposureto ideasfrom bothlogic andprogramming
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languagesemanticss extremelyhelpful. In this sensethis book seemsslightly moresuited,at leastasan
introductorybook, to mathematicianand computerscientistsnterestedn linguistic applicationsthanto
linguistsinterestedn learningaboutapplicability of type-logicalapproaches(Although this book could
nicelyfollow abooksuchas[13], or ary otherintroductorytext ontype-logicalgrammarghatfocusesnore
on the “big picture” thanon the underlyingmathematicaformalisms.) Peoplethat are not linguists will

mostlikely nd chapter€9 andon hardto follow, asthey assumemoreandmoreknowledgeof linguistic
phenomena.

This book pointsto interestingareasof ongoingresearch.In particular the later sectionsof the book
on aspectof intensionalityhighlight areaswherethe semanticof naturallanguagesrenot clear (This
is hardlya surprise asintensionakonceptdave alwaysbeenproblematiceadingphilosopherdo develop
mary avors of modallogics to attemptto explain suchconcepts.) Another avenueof researchthatis
worth pointing out, althoughnot discussedn this book, is the currentattemptto basesemanticof natural
languagesot on higherorderlogic as presentedn this book, but ratheron Martin-Lof constructie type
theory via cateyorial technique$11].

References

[1] K. Ajdukiewicz. Die syntaktisch&Konneitat. StudiaPhilosophical:1-27,1935.

[2] J.Allwood,L.-G. AnderssonandO. Dahl. Logic in Linguistics CambridgeTextbooksin Linguistics.
CambridgdJniversity Press,1977.

[3] P. B. Andrens. An Introductionto MathematicalLogic and Type Theory: To Truth through Proof.
AcademicPress]1986.

[4] Y.BarHillel. A quasi-arithmeticahotationfor syntacticdescription.Languae, 29:47-58,1953.

[5] H. P. Barendrgt. TheLambdaCalculus,lts Syntaxand Semantics Studiesin Logic. North-Holland,
Amsterdam[1981.

[6] N.Chomsly. SyntacticStructues MoutonandCo.,1957.

[7] H. B. Curry. Somelogical aspect®f grammaticaktructure.In AmericanMathematicalSocietyPro-
ceedingof the Symposian AppliedMathematicdl 2, pages56—68,1961.

[8] J.Lambek.Themathematicsf sentencatructure TheAmericanMathematicaMonthly, 65:154—-170,
1958.

[9] R.Montague FormalPhilosophy:SelectedPapers of Richard Montague YaleUniversityPress1974.
[10] G.V. Morrill. TypeLogical Grammar:Cateagorial Logic of Signs Kluwer AcademicPublishers1994.
[11] A. Ranta.Type-Theastical Grammar Oxford University Press;1994.

[12] J.vanBenthem.The semantic®f varietyin cateyorial grammar In W. Buszlowski, J. van Benthem,
andW. Marciszevski, editors,Catagorial Grammar number25in LinguisticsandLiterary Studiesn
EasternEurope,pages37-55.JohnBenjamins,1986. Previously appearecsReport83-29,Depart-
mentof MathematicsSimonFraserUniversity (1983).

[13] M. M. Wood. Catayorial Grammas. Routledge 1993.

14



Review of
The -calculus: A Theory of Mobile Processes
Author of Book: D. Sangiomgi and D. Walker
Author of Review: Riccardo Pucella,Dept of CS, Cornell
Cambridge University Press 585Pages

9 Intr oduction

With the rise of computernetworks in the pastdecadesthe spreadof distributed applicationswith com-
ponentsacrossmultiple machinesandwith new notionssuchasmobile code,therehasbeena needfor
formalmethod¢o modelandreasoraboutconcurreng andmobility. Thestudyof sequentiatomputations
has beenbasedon notions suchas Turing machines recursve functions,the -calculus,all equvalent
formalismscapturingthe essencef sequentialcomputations. Unfortunately for concurrentprograms,
theoriesfor sequentiatomputatiorarenot enough.Many programsarenot simply programshatcompute
aresultandreturnit to the user but ratherinteractwith otherprogramsandeven move from machineto
machine.

Proces<alculi arean attemptat gettinga formal foundationbasedon suchideas. They emegedfrom
thework of Hoare[4] andMilner [6] on modelsof concurreng. Thesecalculiaremeantto modelsystems
madeup of processesommunicatingoy exchangingvaluesacrosschannels.They allow for the dynamic
creationandremoval of processesllowing the modellingof dynamicsystemsA typical processalculus
in thatveinis CCSJ[6, 7]. The -calculusextendsCCSwith theability to createandremore communication
links betweerprocessesa new form of dynamicbehaiour. By allowing links to be createdanddeleted,t
is possibleto modelaform of mobility, by identifying the positionof a procesdy its communicationinks.

Thisbook,“The -calculus:A Theoryof Mobile Processes’hy Davide Sangiogi andDavid Walker, is
ain-depthstudyof the propertiesof the -calculusandits variants.In a senseijt is thelogical followup to
therecentintroductionto concurreng andthe -calculusby Milner [8], reviewedin SIGACT News, 31(4),
Decembef000.

Whatfollowsis awhirlwind introductionto CCSandthe -calculus.lt is meantasawaytointroducethe
notionsdiscussedn muchmoredepthby thebookunderreview. Let usstartwith thebasics.CCSprovides
a syntaxfor writing processesThe syntaxis minimalist,in the grandtradition of foundationalcalculi such
asthe -calculus.Processeperformactions,which canbe of threeforms: the sendingof a messag®ver
channel (written™), thereceving of a messag®ver channel (written ), andinternalactions(written

), thedetailsof which areunobserable. Sendandreceve actionsarecalledsyndronizationactions since
communicatioroccurswhenthe correspondingrocessesynchronize.Let  standfor actions,including
theinternalaction , while weresene for synchronizatioractions® Processearewritten usingthe
following syntax:

We write  for the empty summation(when ). Theideabehindprocessxpressionss simple. The
process representthe procesghatdoesnothingandsimply terminatesA procesf theform awaits
to synchronizewith a processof the form  , after which the processegontinueas process and
respectrely. A generalizatiorof suchprocessess , Which nondeterministicallysynchronizes
via oneof its  only. We will write as whenthe set is

®In theliterature,the actionsof CCSareoftengivena muchmoreabstracinterpretation assimply namesandco-namesThe
send/recefe interpretationis usefulwhenonemovesto the -calculus.
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To combineprocessesthe parallel composition is used. Note the differencebetweensummation
andparallelcomposition:a summatioroffers a choice,so only one of the summandgansynchronizeand
proceedwhile a parallelcompositionallows all its componenprocesses$o proceed.(This will be made
clearwhenwe getto the transitionrulesdescribinghow processesxecute.)The procesexpression

de nes alocal channelname to be usedwithin process . This nhameis guaranteedo be uniqueto
(possiblythroughconsistentenaming).Finally, we allow procesgle nitions, wherewe assumehatevery
identi er is associatedavith a procesgle nition of the form where are
freein . Toinstantiateheprocess tovalues , youwrite .

As anexample,considerthe process - — 7 . Intuitively, it consistsof threeprocesses
runningin parallel: the rst offersof choiceof eitherreceving over channel , or sendingover channel ,
the secondsendsover channel , andthethird sendsover channel . Dependingon which choicethe rst
procesgperforms(aswewill seethis depend®ntheactionstheotherprocessanperform),it cancontinue

in oneof two ways: if it choosego receve on channel (i.e.,the summands chosen)jt canthen
receve onchannel , while if it chooseso sendon (i.e.,the™  summands chosen)it canthenreceve
onchannel .

To representhe executionof a processexpressionwe de ne the notion of a transition. Intuitively, the
transitionrelationtells ushow to performonestepof executionof the processNotethatsincetherecanbe
mary waysin whichaproces®xecutesthetransitionis fundamentallynondeterministicThetransitionof a
process intoaprocess by performinganaction isindicated . Theaction istheobseration
of thetransition.(We will sometimesimply use whenthe obserationis unimportant.)Thetransition
relationis de ned by thefollowing inferencerules:

for

For example,considethetransitionsof theexampleprocessabore, - — ~ .Apossible
rst transition(the rst stepof theexecution,if youwish),canbe dervedasfollows:
Thatis, the processreducesto ~ in onestepthat doesnot provide outsideinformation, sinceit

appearsas an internalaction. Note thatthe canbe removed from the resultingprocessasit doesnot
contrikute furtherto the executionof the process.Theresultingprocess — canthenperformafurther
transition,derived asfollows:

In summarya possiblesequencef transitionsor the original processs the two-stepsequence
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A centralconcepin thestudyof processes thatof equivalenceof processesiWe have in factimplicitly
useda notionof equivalencein the exampleabove, whenwe removed processesf theform  from parallel
processes.Many notionsof equivalencecan be de ned, capturingthe variousintuitions that lead us to
think of two processesisequialent. A standardnotion of equivalenceis strongbisimulation. A strong

bisimulationis arelation suchthatwheneer ,f , thenthereexists  suchthat
and , andif , thenthereexists  suchthat and . Wesay and are
stronglybisimilar if thereexists a strongbisimulation suchthat . In otherwords,if and are

stronglybisimilar, thenwhatevertransition cantake, canmatchit with oneof its own thatretainsall of
'soptions,andvice versa.

Strongbisimulationis a very ne equialencerelation—notmary processegndup beingequialent.
More worryingly, strongbisimulationdoesnot handleinternalactionsvery well. Intuitively, processqui-
alenceshouldreally only involve obserable actions. Two processeshat only perform internal actions
shouldbe consideredequialent. For instance,the processes and shouldreally be considered
equvalent,asthey really do nothingafterperformingsomeinternal(andhencereally unobserable)actions.
Unfortunatelyit is easyto checkthatthesewo processearenotstronglybisimilar. To capturehisintuition,
we de ne awealer notionof equivalence aptly calledweakbisimulation.

Let denotethat cantake ary numberof transitionsbeforeturninginto . In otherwords,
holdsif , e, is there exive transitive closureof . We write
if , l.e.,if  cantake ary numberof transitionsbeforeand after doingan -
transition.A weakbisimulationis arelation suchthatwheneer ,If thenthereexists
suchthat , while if thenthereexists  suchthat , andvice versafor . We
saythat and areweaklybisimilarif thereexists a weakbisimulation suchthat .If  and

areweaklybisimilar, aninternaltransitionby  canbe matchedoy zeroor moretransitionsby , while an

-transitionby  canbematcheddy oneor moretransitionby aslongasonesuchisan -transition,and
vice versa.Onecancheckthata strongbisimulationis a weakbisimulation,but the corversedoesnot hold:
weakbisimilarity is a coarserequvalencerelation.

In the frameavork abore, we cannotcommunicateary value at synchronizatiortiime. It is not dif cult
to extend the calculusto allow for the exchangeof valuessuch as integers over the channelduring a
synchronizationDoing sodoesnot fundamentally}changehe characteof the calculus.A variationonthis,
however, doeschangethe calculusin a highly nontrivial way, andthatis to allow for the communication
of channehamesduring synchronizationThisyieldsthe -calculus.To seewhy suchanextensionmight
be useful, considerthe following scenario. It shavs that passingchannelnamesaroundcan be usedto
model processmobility. Intuitively, a processis characterizedy the channelsit exposesto the world,
that can be usedto communicatewith it. Thesechannelsact asan interfaceto the process.Hence,the
process - providesthechannel asaninterface.A procesghatsends to anothemprocess
in somesensesendsthe capabilityto access to that process.This captureshe mobility of process
althoughmoreaccuratelhyit captureghe mobility of the capabilityto access . It wasSangiogi's original
contrilutionto thetheoryof the -calculusto shav thatcapabilitymobility couldindeedexpressn aprecise
senseprocessnobility [9]. (This particulartopicis coveredin PartV of thebook.)

The necessarynodi cations to the calculusthat capturethe above intuition are straightforvard. Syn-
tactically we needto changethe kind of guardsthat canappearin summands.Sendsnov mustcarry a
value,andrecevesmustacceptanidenti er to be boundto therecevedvalue. The only valuesthatcanbe
exchangedarechannehamesWe de ne apre x  to beof thefollowing form:

Here, and arechannelnamesand is theinternalaction. Processeare describedoy the following
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syntax,wheretheonly differencefrom CCSis in thesummations:

Theintuition behindthe new pre xesshouldberatherclear: asbefore,a procesof theform performs
aninternalaction beforebecoming ; aprocessf theform — is readyto sendthe channelhame
ontochannel , andwhenthis processynchronize# behaesas ; aproces®ftheform is readyto
receve achannehamefrom channel , andwhenthis processynchronizest bindstherecevedchanneto
theidentier in beforecontinuingasthe(modi ed) . Notethatthecalculusin Sangiogi andWalker's
bookis slightly differentthanthe onepresentedhere ,which hasbeenkeptsimplefor reason®f exposition.

As anexampleof a processn the -calculus,considerthe process - — . Intuitively, the
secondprocesssendschannelname  via channel to the rst processwho bindsit to name . The rst
processhensendschannelname over this channel. Hence,the abore process'reduces”to the process
— . Althoughtheintuition underlyingpassingchannelnamesover channelshouldbe clear it turnsout
thatformalizingthisin anicewayis dif cult. Alreadydescribinghetransitionrelation(in theform we gave
above) is complicatedby the factthatwe cannotsimply considerchanneihameshut alsoneedto take into
accountheinformationexchangedat synchronizatiortime. Similarly, describingthe appropriatenotion of
bisimulationin suchasettingneedgo accounfor theinformationexchangedRatherthandescribinghese,
| will deferto Sangiogi andWalker's book,sincein asensehis is exactly wherethebookpicksup.

10 The book

The book splitsinto seven parts. Eachpartscompriseshetweenwo andthreechaptersanddealswith a
particularaspecbf the -calculus.

Partl, The -calculus is madeup of two chapters. Chapterl introducesthe basicconceptsof the

-calculus,startingfrom the syntax,andde nes two notion of systembehaiour. The rst notion, called
reduction,canbe understoodas a simpli ed accountof whatwe describedabore. Essentially reduction
tellsyouhow atermrewritesuponexecution withoutkeepingtrackof theactionsperformedby theprocess.
This notion of behaiour hasthe advantageof beingsimpleandintuitive. The secondhotionof behaiour,
in termsof labelledtransition follows theaccount gave in theintroduction.Therelationshigbetweerthese
two notionsis madeexplicit.

Behavioural equivalenceof processesccupiesa centralpartin the theory andan initial take on the
problemis givenin Chapter2. Many notion of equivalencecan be de ned for the -calculus,andthe
fundamentabnesarestudiedin this chapter The mainform of equivalence barbedcongruenceis de ned
naturallyby specifyingthat no differencebetweenequvalentprocessesanbe obsered by placingthem
into anarbitrary -calculuscontet. This naturalnotion of equivalenceturnsout to be awkward to work
with, andde nitions basedonideassimilar to bisimilarity givenabose canbeintroduced.It turnsout that
strongbisimilarity de ned in the mostnaturalway is equivalentto barbedcongruencdor the -calculus.
(This equvalencehowever fails whenextensiondo the -calculusareconsideredn PartslV andV, where
barbedcongruenceemainshe naturalnotionof equvalence.)

Part I, Variations of the -calculus is madeup of threechapters.Chapter3 studiesvarioussimple
modi cationsto the basic -calculusframewnork givenin Partl. A variantof the -calculus,the polyadic

-calculus,is introduced wheretuplesof namescanbe passedat synchronizatiortime. Adding tuplesin
sucha way forcesthe introductionof sorts,which intuitively ensurethat synchronizingtermsagreeasto
the numberof namesthat arebeingexchanged.This canbe viewed asa primitive form of typing for the

-calculus. The secondvariation considerghe addition of recursve de nitions to the -calculus. These
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variationsare minor in the sensethat they do not add expressie power: arything that canbe expressed
usingtuplesor recursve de nitions canalreadybe expressedn thebasic -calculusof Partl.

Chapter4 returnsto behaioural equivalence.New notionsof equivalencearede ned, suchasground,
late, and openbisimilarity. Roughly speakingthesenew bisimilarity de nitions easethe demandon the
processe$o mimic one anothers input actions. The main advantageof theseequvalencesis that they
areeasierto establishthanthe more naturalnotionsof equivalence,a recurringconcern,especiallyin the
context of automatictools for reasoningaboutprocessesAfter studyingthesenew equvalencerelations,
thequestiorof axiomatizingtheseequivalencess addressedan axiomatizatiorfor anequialencerelation
on processess a setof equationabxiomon processexpressionghat, togethemwith therulesof equational
reasoningdi.e.,re exivity, transitity, etc.),sufce for proving exactly thevalid equationdetweemrocess
expressionswith respecto the equivalenceunderconsideration.

While the variantsof the -calculusexaminedin Chapter3 are extensionsthat do not changethe
expressie power of the calculus,Chapters studiesrestrictiongto the calculusthatlendinsightinto various
phenomenaf interactionand mobility. The asynchronous -calculusrestrictstermsthat performa send
actionto beof theform — , thatis, to becomehenull processftersynchronizationThis canbeusedto
captureaform of asynchroy, andtheresultingcalculusis provably lessexpressre thanthefull -calculus.
Thelocalized -calculushasessentiallytherestrictionthata namereceved by a procescannotbe usedas
aninput channel—itmustbe eitherusedfor sending,or sentto anothemprocess Hence,all inputchannels
arelocalizedin the processn which they arede ned. Finally, theprivate -calculusimposegherestriction
onthe -calculusthatlocalnamesannotbeexported thatis, they cannotbesentto a procesoutsideof the
scopeof the wherethechannels de ned. For all thesesubcalculinotionsof equivalencesarestudied.

PartIll, Typed -calculi, explorestheissueof assigningypesto -calculusexpressions.This partis
mostly concernedvith de ning type systemdo detecterrorsstatically or to enforcepropertiesstatically
(Thefollowing partfocuseson typesasanaid for reasoningaboutthe behaiour of processes.)n Chapter
6, thefoundationof typesystemdor the -calculusarelaid. TheBase- calculusis introducedgssentially
CCSextendedwith the capabilityof passingvaluesat synchronizationime. Thetypesareassociatedvith
thosevalues.Channelsarealsogivenatype, statingthe type of valuethey carry Processethemselesare
alsogivenatype, all processegettingthe sametype. The simply-typed -calculusis obtainedby adding
channehamedo thevaluesthatcanbe exchangedandmodifying thetype systemaccordingly

Chapter7 extendsthe basictype systemof the simply-typed -calculuswith the notion of subtyping.
In orderfor this to be nontrvial, the calculusis re ned to differentiate,in the type of channelswhether
or not the channelis an input channel(usedfor receving values)or an outputchannel(usedfor sending
values).We canthenre ne thetypesystemto accounfor subtyping:if we have anoutputchannethatcan
sendvaluesof type , thenclearlywe canalsousethe channeko sendvaluesof ary subtypeof . Various
propertiesof subtypingareexamined.

Thetype systemsdescribedabore arefairly standard.In Chapter8, more advancedtype systemsare
investigated.Thesearemeantto capturevariouspropertief processethatwe maywantto enforce.For
instanceit is possibleto dealwith linearity constraintsn thetype systemfor example thata givenchannel
namecan only be usedoncefor input or output. Another propertyis that of receptvenessthatis, that
a given channelnameis alwaysreadyto processsomeinput, or equivalently that sendinga value on that
channelill never deadlock.Anotherpropertyis polymorphismnamelythefactthatsomeprocessedont
really careaboutthe actualtype of the valuethey process An exampleof sucha processs onethatsimply
forwardsa value from one channelto another Type systemso capturethesepropertiesare de ned and
studied.

Part IV, Reasoningabout processesising types exploresanotheradwantageof type systemseyond
staticenforcementthat of helpingreasoningaboutbehaioural propertiesof processesThethreechapters
in this partmirror thoseof Partlll. Speci cally, Chapterd discussefiow typescanhelpin reasoning.The
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exampleexaminedin thechapteiis thatof asecurityproperty speci cally thatagivennamealwaysremains
privateto a given process.Behavioural equivalenceson typed processegreinvestigated.ln Chapterl0,

reasoningabouttypedprocesse the contet of subtypingwith inputandoutputchannelgasintroduced
in Chapter7) is investigatedwith anapplicationtowardsthe asynchronous-calculus.Proces&quivalence
in the presencef input andoutputchanneltypesis thenstudied. In Chapterll, a similar developmentis

donefor type systemsapturinglinearity, responsienessandpolymorphism.

PartV, The higher-order paradigm, providesanin-depthstudyof thenotionof mobility. As wesaw in
theintroduction,mobility in the -calculusis modeledby allowing channelhameso be sentandreceved
via channels.This is also called name-passingor rst-order). A more concreteapproachto mobility is
to allow the ability for processeto sendandreceve entire processesan approactcalled process-passing
(or higherorder). Mathematicallyname-passing muchsimplerthanprocess-passingn the otherhand,
process-passing a moreintuitive way to modelmobility. It turnsout thatallowing process-passingoes
not add to the expressie power of the -calculus,thatis, anything expressibleusing process-passinig
alreadyexpressibleusingname-passingTo male this formal, Chapterl2 introducesa higherordertyped

-calculus,HO , anddevelopsits basictheory Theideais to de ne the notion of a processabstraction
that can be communicatedacrosschannels. In Chapterl3, it is shavn how to translateHO into the

-calculusin a satishctory way. Intuitively, the communicationof a processabstractiontranslatesnto
the communicatiorof accesdo that abstraction.The translationis suchthatit re ects andpreseresthe
equialenceof processestwo termsin the higherorderlanguageareequialentif andonly their respectie
translationsareequivalent,usingthe appropriatenotionsof equivalence.

The lasttwo partsof the book addresghe relevanceof the -calculusto the theory of programming
languages. Part VI, Functions as processesexploresthe relation betweenthe -calculus,a standard
calculusfor modelingsequentiatomputationsandthe -calculus.It turnsoutthatit is possibleto encode
the -calculusinthe -calculusgssentiallyurningthefunctionsof the -calculusinto processethataccept
avalueon a preselectedput channel(the parametechannel) andreturnsa valueon a preselectedutput
channeltheresultchannel).In Chapterl4, therelevanttheoryof the -calculusis reviewed. Thereadelis
expectedo have hadprior exposureo thistopic, asthetreatments fast.In Chapterl5,thebasicencodings
presentedwhich essentiallyamountgo a transformatiorof -termsinto continuation-passg style,where
eachfunctiontakesan extra functionalagument(the continuation)o which the resultof the function call
is passed.Differentencodingscanbe given, correspondindo the differentreductionsstratgies possible
for the -calculus(call-by-namecall-by-value, etc...). Chapterl6 doesthe samefor thetyped -calculus.
Chapterdl 7 and18 explore propertiesof aparticularencodingthatof theuntypedcall-by-name -calculus.
The propertyof interestis that of the equalityrelationinducedon -termswhentheir respectre encodings
arebehaiourally equivalentasprocessegccordingo differentnotionsof procesequivalencesbut mostly
barbedcongruence).

PartVIl, Objectsand -calculus developstherelationshipbetweerthe -calculusandobject-oriented
programming.Theintuitive similaritiesbetweerthesemaynotbe completelyclearat rst glance,until one
describebject-orientedsystemsas madeup of objectsthatinteractby invoking eachothers methodsa
procedureakin to sendingmessagesin Chapterl9, this is mademanifestby introducinga simpleobject-
orientedprogramminglanguage OOL, and by shaving how to give it a semanticdy translationto the

-calculus.In Chapter20, someformal propertiesof OOL areexamined,illustratingthe useof -calculus
techniquedn reasoningaboutobjects. For example, one can checkthe correctnes®f certainprogram
transformationspr theimplementatiorof objectsby separatinggodesharetetweernnstance®f anobject
anddataprivateto eachinstance.
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11 Opinion

Thebasicrecommendatioh have is thatanyonewith atechnicalinterestin the -calculusneedshisbook.

It bringstogethermuchof whatis know aboutthe calculus,informationthat for the mostpartcanonly be

foundin technicalresearclarticles.As such,it shouldremainthedefactoreferencevork onthe -calculus

for a greatmary yearsto come. | will evengo asfar aspredictingthatit will play the samerole for the
-calculusthatBarendrgt's seminalbook[1] playsfor the -calculus.

It shouldbe emphasizedhowever, thatthisis areferenceébook, not atextbook. It requiresa goodlevel
of mathematicamaturity andfurthermorejt requiresprior exposureto the problemsintrinsic to modeling
concurrensystemsaswell asthe motivation underlyingthe processalculi approacheso thoseproblems.
Becauseof this, prior to readingthe book, the neophyteshouldreally rst readMilner's own introduction
to the -calculus(in fact,to proces<alculiin generaland CCSin particular). Milner's original book on
concurreng [7] is alsosuitableasanintroductionto the material.

Theneedfor a goodreferencdor the basictheoryof the -calculusis clearwhenonelooksat current
work basedn processalculi. System$asedon or inspiredby the -calculusarebeingusedto studyvari-
ousaspect®f security for instance The AmbientCalculusof CardelliandGordon[2] aimsatmodelingand
reasoningboutthenotionof alocalein which computationgxecute andin andout of which computations
canmove; the Spi-calculusof GordonandAbadi [3] aimsat modelingandreasoningaboutcryptographic
protocols;thetype systemfor processedevelopedby Hondaetal. [5] aimsatrestrictingstaticallythekind
of information o wing from processedeemechigh-securityto processedeemedow-security
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