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Abstract

PLAN is alanguagealesignedor programmingactive networks,andcanmoregenerallybe
regardedasamodelof mobilecomputation PLAN generalizeshe paradigmof imperatie
functionalprogrammingn anelegantway thatallows for recursve, remotefunctioncalls,
andit providesa clearmechanisnior theinteractionbetweerhostandmobile code.Tech-
niquesfor specifyingandreasoningaboutsuchlanguagesre of growving importance.in
this paperwe describeour speci cationof PLAN in therewriting logic languageMaude.
We shav how techniquesgor specifyingthe operationakemantic®f imperatve functional
programgsyntax-basedemanticsandfor formalizingvariablebindingconstructandmo-
bile ervironmentg CINNI calculus)areusedn combinatiorwith thenaturalrepresentation
of concurreng anddistribution provided by rewriting logic to develop a faithful descrip-
tion of the informal PLAN semantics.We alsoillustrate the wide-spectrumapproacho
formal modelingsupportedoy Maude: executingPLAN programs;analyzingPLAN pro-
gramsusingsearctandmodel-checkingproving propertiesof particularPLAN programs;
andproving generapropertief the PLAN language.

1 Intr oduction

In [24] we have reportedon our experiencewith the rewriting logic [I23] language
Maude[2] in the context of active networks. In that paperwe have includeda
very brief overview of the applicationof Maude at two very differentlevels of
the active network infrastructure,namelyin the object-orientedspeci cation of
the AER/NCA protocolsuiteandin the speci cationof the PLAN active network
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programminganguage.n this paperwe presenthe secondapplicationin greater
depthandwith a particularemphasison the following two aspectsi(1) the useof
operationalsemanticdechniquedrom programminglanguagetheory augmented
with the CINNI explicit substitutioncalculus;and(2) the wide-spectrunapproach
to formal modelingsupportedoy Maude. We begin with a brief introductionto
active networksandPLAN.

What are Active Networks?

On the web site of the Switchware Project[1]], a projectconcernedvith the
designandtheimplementatiorof anactive network infrastructureyve nd thefol-
lowing explanation:

Active networks exploretheideaof allowing routing elementdo be extensvely

programmedby the paclets passingthroughthem. This allows computation
previously possibleonly at endpointgo be carriedout within the network itself,

thus enablingoptimizationsand extensionsof currentprotocolsaswell asthe

developmentf fundamentallynew protocols.

Active networksare networks with nodesthat do not operateaccordingto a x ed

schemge.g.ascornventionalrouters)but areinsteadfully programmablendpro-

vide executionervironmentgor programghatcanberecevedfrom othernodesvia

thenetwork. Active networkscanbewired, wirelessor hybrid networks. Onemay

think of active networksasa generalizatiorof corventionalnetworksandasa step

towardgreatere xibility: Packets,whichareinterpretedby routersin corventional

networksfollowing rigid schemeshecomeprogramswhich areexecutedn active

networksin a universalfashion. See[31] for a surwey of active network research
andtherecentDARPA conferencesn this subjecti3/4].

What is PLAN?
The PLAN web site [[1(] introducesPLAN as a Packet Languae for Active
Networkswith thefollowing explanation:

PLAN is aresource-boundefdinctionalprogrammindanguagehatusesaform
of remoteprocedurecall to realizeactive network paclet programminglt is part
of the SwitchWareProject.

PLAN [13/12)25/14/1¢], is animperatve functionallanguagesimilar to ML, but
hasa numberof additionalfeatures,suchas remotefunction executionand re-
sourceawarenessRemoteunctionexecution meanghatfunctionscanbeinvoked
in suchaway thatthe executiondoesnottake placelocally but in theexecutionen-
vironmentof a differentnetwork node.To this end,thefunctioncall is treatedasa
so-calledchunk,i.e. asapieceof data,whichis transmittedo thedestinatiomode
by meansf apaclet. Resourcewarenessefersto amechanisnwhichkeepdrack
of computationatesourcesndensureshatall PLAN programsareterminating.In
addition, PLAN programsinteractwith their hostnodesthroughservicepackage
interfaces. Basic servicesinclude provision of information aboutlocal network
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topology local nodepropertiestime, androuting. Otherpossibleservicesnclude
residentdataservicedor (time-limited) datastorageandretrieval.

Our sourcedor theinformal semanticof PLAN included(in additionto con-
versationswith membersof the Switchwareteam)the PLAN speci cationdocu-
ment[17] andthe paper[19 (a fairly detaileddescriptionof an operationalse-
mantics),an abstractversionof PLAN for reasoningaboutsecurity[[1g], andthe
PLAN programmerguide[15]. We have speci ed a moregenerallanguagethat
we call the extendedPLAN Languagegbrie y xPLAN). XPLAN is basedon the
full call-by-value -calculus(alsoknown as -calculuswith eagerevaluation)and
unrestrictedecursionwhereaghe functionalcorelanguageof PLAN is similarto
a rst-order fragmentof ML but only allows a form of boundedrecursion. This
generalizationeadsto a syntactiallysimpler moreelegantmodelwith mary inter-
estingpossibilitiesfor mobile code. The of cial PLAN languagemapsnaturally
to a subsetof XPLAN de ned by simple syntacticrestrictions. The main restric-
tion, which ensuregerminationof PLAN (andcorrespondingkPLAN) programs,
is thatrecursve callscanonly occurinsidechunks,andthelocal or remoteinvoca-
tion of a chunkreducedhe computationatesourcesvailableby at leastoneunit.
Furthermore forwarding a paclet to the next hop consumesne unit so that the
standarchop counterschemeto avoid nonterminatiorof routingis subsumedy
this concept.

Ourspeci cationfully capturegheintentof thespeci cationg[17] and[1§], but
hasthebene t of beingbothformal andexecutable Furthermoreaswe will illus-
tratebelow, this speci cationcanbe usedat very differentlevels[5] rangingfrom
executionof testcon gurations,symbolicsearchandmodelcheckinganalysisto
veri cation of generabpropertief programsandof thelanguagetself.

2 PLAN in Maude

Our speci cationis organizedn threemainparts:syntax;network; andsemantics.
The syntaxpartis afairly directformalizationin Maudeof the syntaxof xPLAN
asan algebraicdatatype. The network part modelsbasicnetwork conceptssuch
aslocations,addresses;onnectionsandrouting, with the minimal detail needed
for the PLAN speci cation. The semantigartis the heartof the matter The mul-
tilevel concurencyof active networksis very directly re ectedin thecomputation
statewhich is structuredto provide clearboundariedor the scopeof effectsand
informationaccess.

A network con gurationis modeledasa multisetcontainingnodesandpaclets.

With eachnodewe associatea multisetof processesocal to the node,which
sene asexecutionervironmentsfor programsandcanthemselesexecutecon-
currentlywithin thenode.

Eachprocessncapsulatethe local stateof the executionervironmenttogether
with anabstracteductionmachine.



Therulesaregroupedaccordingo their scope.To specifytheabstractnachinewe

usea generabpproactsuitablefor functionallanguagesvith side-efectswhichis

basedn[8/16/227]. Themainideais thatthereductionstateof theabstractnachine
Is a pair, consistingof a reductioncontext (i.e. an expressionwith a hole) andthe
expressionto be reducedin this context. Furthermorethe speci cation usesthe
CINNI calculus[2§] to specifythe binding structureof the language.CINNI is a
generic rst-order calculusof explicit substitutionghatis parametridn the object
languageand that doesnot abstractaway the namesof variabled.] The speci -

cationis considerablysimpli ed by formalizing ervironmentsdirectly asexplicit

substitutionstherebyeliminatingthe needto treatenvironmentsexplicitly in mul-

tiple pIacesD It alsogivesan elegantsolutionto the subtle problemsof binding
andernvironmenthandlingin the context of recursve remotefunctioncalls.

2.1 Syntax

The abstracsyntaxof xPLAN usesCINNI notationfor boundvariables.De ning
(binding) occurrence®f variablesare representeas identi ers. A referencing
occurrencef avariableis written andrefersto the -th de ning occurrence
of  (countingfrom theinsideandstartingwith ). Presupposing sortNat of
naturalnumbersandasortof identi ers Id , thisis formalizedby thedeclarations:

sort Var
op _ _ : Id Nat -> Var

ThesortConst containsconstantgor built-in dataobjects,andconstantgor func-
tions, services.etc., which are classi ed into constructorgsort Cstr ) andnon-
constructorgsortNonCstr ).

sorts Cstr NonCstr Const
subsorts Cstr NonCstr < Const

ops Nil Dummy: -> Const
ops Pair Cons Chunk Foldr : -> Cstr
ops Foldr Foldl Hd Tl : -> NonCstr

Foldr andFoldl provide the ability to iterateover a list. In contrastto gen-
eralrecursionusingLetRec (seebelaw), thesetwo functionsprovide a form of
boundedrecursionthat is always terminatingand hencenot chaged againstthe
computationaltesourcesvailableto the program. The basicdatatypesof PLAN
aremodeledby injectingthe correspondindglaudesortinto the Const sort. Thus
they areisomorphicto, but not confusedwith, the Maudesorts. Apart from the
standardMaudesortswe presupposa sortAddr of hostaddressesThe hostad-
dresss not necessarilyiniquefor agivenhost,because@achhostcanhave several
network devicesandeachof thesehasanassociatethostaddresss.

Thisis in contrasto presentationsf -calculusmodulo -corversionor presentationbasedn
deBruijn indices.In both of theserepresentationtheinformationaboutnamess lost.

This is in contrastto for instanceSECD machineswhich carry the ervironmentasan explicit
component. In the explicit substitutionapproachervironmentsare not accessibleas a machine
componenbut insteadmplicitly eliminatedassoonaspossiblethanksto the CINNI equations.
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op Bool_ : Bool -> Const

op Int_ : Int -> Const

op String_ : String -> Const
op Addr_ : Addr -> Const

op Key_ : Int -> Const

Thereare constantdor eachof the servicefunctions. Someexamplesare given
below.

ops GetRB GetSource GetSrcDev : -> NonCstr . *** Proc. level
ops ThisHostls GetNeighbors . -> NonCstr . ** Node level
ops OnNeighbor OnRemote : -> NonCstr . ***  Packet creation
ops Exists Get Put : -> NonCstr . ***  Data Repository

TheservicecallsGetRB , GetSource ,andGetSrcDev  areusedto access
informationaboutthe currentprocessnamelythe remainingamountof computa-
tionalresourcestheaddres®f the originatinghost,andtheaddres®f the network

device at which the paclet arrived that initiated the currentprocess.The service

ThisHostls checkswhethera given address refersto a network device
local to the currentnote, and GetNeighbors returnsthe list of neighborsof
the currentnode. OnNeighbor invokesthe given chunk

at a neighbor using asthe outgoingdevice and passe®n of
its resourceunits for sendingthe paclet containingthe chunkand for its execu-
tion on the remotenode. OnRemote is similar but allows executionon arbitrary
nodesand hencemay involve paclet routing by meansof a routing function that

hasto be passedisanadditionalargument. Finally, Exists , Get :
andPut provide accesdo a residentdatadictionarylocal to the
currentnode, beinga compositeacceskey, thevalueto be stored,and

thetimetill expiration.

Note that we usethe classi cationinto constructorsand non-constructoonly
for constantghatdenotefunctions. It is donein orderto identify the subsebf the
expressionghatrepresenvalues.Roughlyspeakingconstantarevaluesandcon-
structorsappliedto lists of valuesarevalues.A non-constructoappliedto ary list
of expressionss anon-\aluerequiringoneor morestepsof evaluation.Also, acon-
structorappliedto alist containinga non-valueis anon-\alue.In the speci cation,
valuesand non-\aluesare formalizedas sortsVal < Ex andNonVal < Ex,
respectrely.

The expressionsof the languageare built from constantsandvariablesusing
typical functionallanguageconstructs.The main constructsof XPLAN are given
belov

sort EXx .

subsorts Const Var < Ex .

op __ : Ex ExList -> Ex .

op If Then_Else . Ex Ex Ex -> EXx .

op Lam’[_: _ . IdList  PlanTypeList Ex -> Ex .

Thereareadditionalconstructdor sequentiaéxecutionandexceptionhandling.
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op Let[ = ]_ . IdList  ExList Ex -> Ex .
op LetRec[ = ]_ . IdList  ExList Ex -> Ex .

Notethat _ standsfor emptysyntax,thusfunction applicationis representedy
juxtapositionof the function expressionwith the agumentlist, andthe backquote
separategexical tokensin the mix x declarations. The meaningof thesecon-
structsis the standardneof call-by-value -caluclusbut functionapplicationand

-abstractiorare generalizedo arbitrary -ary functions(so that curryingis not
needed)andcorrespondinghya single(recursve) Let constructallows severalsi-
multaneouspindings.

For sale of brevity we have omitted the declarationsof the sort PlanType

of type annotationsandthe obvious declarationsf the sortsldList , ExList ,
ValList ,andPlanTypeList . They denotdistsoverld , Ex, Val , andPlan
Type, respectiely, with inclusionsld < IdList , Ex < ExList , Val <
ValList , PlanType < PlanTypeList .Wealwaysuseaconstructor ,
for list concatenationFurthermorewe usea constanempty-exl  for theempty
list over Ex, andwe extendtheinclusionVal < ExtoValList < ExList

2.2 Semantics

To specifythe semantic®f XPLAN we rst explain how the globalactive network
stateis representedWe thendiscusshe reductionmachinewhich is the basisfor
the operationakemanticgor the functionalprogrammingprimitives. Finally, we
discusghetransitionrulesandgive representatie examplesfor the maintypesof
transitions.

2.2.1 TheActiveNetworkState

Theglobalstateof anactive network is a con guration modeledasmultisetwhose
elementsare nodes,processespaclets, datasets,and a uniqueglobal key. The
sort and constructordeclarationsare as follows. We assumesortsAddr , Loc,
Connection , Route of hostaddressedpcations,connectiongi.e. pairsof the
form >> ), routes(i.e. pairsof the form via , meaningthat

canbereached/iatheconnection ), andsortsAddrList , Connection

List , RouteList of correspondindjsts.

sort Configuration
sort Node Packet Process FreshKey Data Dataltem

subsorts Node Packet Process FreshKey Data < Configuration
op empty-conf : -> Configuration
op __ : Configuration Configuration -> Configuration

[assoc commid: empty-conf]
op Node : Loc AddrList ConnectionList RouteList -> Node .
op Packet : Addr Addr Addr Int Int Const
Val VallList -> Packet
op Process : Loc Addr Addr Int Int RedState -> Process
op FreshKey : Int -> FreshKey



op Data : Loc DataltemList -> Data

op Dataltem : String Int Val Int -> Dataltem
A network nodehasthe form Node . Thelocation senesas
its identi er, lists its network devices, givesthe connectiongo neigh-

bors,and is the nodes routing table. The network topology is given by the
combineddevice andneighbordgnformationof all of its nodes.

A paclet in transit hasthe form Packet

, Where speci esthenext hopdestinatioraddres®nits routeto the nal

destination . Eachpaclet hasanoriginatingpaclet, injectedinto the network
by someapplicationandhasassigned uniquesessiorkey. is the sessiorkey
of theoriginatingpaclet,and is theaddres®f theoriginatingapplication.
is the amountof computationatesourcesvailableto the paclet for its execution,
and isthepaclet's preferredroutingfunction. The nal two agumentsnake up
achunkwith function |, and(evaluated)arguments

A processhasthe form Process . The process
wascreatedvhena paclet with node asits nal destinatiorarrived. Theaddress
refersto thedevice atwhichthepacletenteredhenode, , ,arethe

sameasin thepaclet, is theremainingamountof computationatesourcesand
is thereductionmachinestate(seebelow).
Admissiblecon gurationshave a single objectof the form FreshKey
usedto generatdreshkeys for sessionsand controlleddatasharing. The integer
is incrementedcachtime akey is generated.

For the residentdataserviceseachnodeNode hasan associatedlata
objectData where is alist of dataitems. Dataitems have the form
Dataltem , Where constitutesa compositekey underwhich

thevalue s stored.Thelastagument determineghe time until expiration
of the dataitem (presentfor future compatibility, sincetime adwanceis currently
notmodeled).

In Figurelll we shav anexamplenetwork topologyanda fragmentof the def-
inition of the Maudeterm example-topology representin@gninitial network
con gurationwith thistopology Thenetwork hassix noded0 ,...J5 , andsix sub-
netsna,...ne,ni . In thetermexample-topology this topologyis expressed
by the AddrList and ConnectionList argumentsof the Node constructs.
The con gurationalsocontainsnformationaboutthe next availablefreshkey and
aninitially emptydatadictionaryassociateavith eachnode.

2.2.2 Designof the ReductiorMachine

Whena paclet arrivesat its destinationnodea processs createdto executethe

invocationencapsulatedy thechunk. Thelocal executionof a processs speci ed

by anabstracteductionmachine A simpleandconciseformalizationof thereduc-
tion machineis crucialfor the semanticgo be usefulfor mathematicateasoning.
We have usedan approactctalledsyntax-basedemantic$8/20/30] to simplify the

reductionmachineand to obtain a very direct connectionbetweenthe (partially
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) nb
Ni

op example-topolog vy :
eq example-topolog vy =
FreshKey(10)
Node(loc("I0"), (addr("i0"),ad dr( "a0")) ,
((addr("a0") >> addr("al")),
((addr("al") via (addr("a0") >> addr("al"))),
(addr("b1") via (addr("a0") >> addr("al")),
n)
Data(loc("I0"), empty-dil)
Node(loc("I1"), (addr("al"),ad dr( "b 1"), addr( "c 1")) ,
((addr("al") >> addr("a0")),
(addr("b1") >> addr("b2")),
(addr("c1") >> addr("c3"))),
((addr("a0") via (addr("al") >> addr("a0")),
(addr("b2") via (addr("bl") >> addr("b2")),
.n)
Data(loc("I1"), empty-dil)

-> Configuration

Fig. 1. ExampleTopology

executed)programandthe machinestate. This approachuses(extended)program
syntaxto represensemanticentities. In particular valuesarejust a subsetf ex-
pressionsand the control stackis representedby expressionswith holes,called
reductioncontexts. Environmentsarerepresentedsingexplicit substitutionsn a
suitableinstanceof the CINNI calculus.

A reductionmachinestatehastheform RedState with aconstructor:
op RedState : Cx Ex -> RedState

Thereductioncontext component is anexpressiorwith aholeand is the
expressiorthatis the currentfocusof reduction.
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ThesortCx containsexpressionsvith any numberof holes(includingpossibly
none)in ary positionin which an expressioncould occur Thusexpressioncon-
structorsareoverloadedo constructcontexts andthereis anadditionalconstant?
to representhehole:

sort Cx .
subsort Ex < Cx .
op ? : -> Cx.

Reductiorcontexts area speciafform of contetsin whichtheholescorrespond
to positionswhereevaluationcantake place.In thecaseof PLAN, whichhasade-
terministicevaluationsemanticsreductioncontexts have asingleholeandthis hole
is not in the scopeof ary binding operators.Redexes correspondo machinein-
structions,they canbe immediatelyreduced. In the pure lambda-alue calculus
theredexesarelambdaexpressionappliedto values: . In PLAN they also
includenon-constructorappliedto valuelistsandlet expressionsn whichall bind-
ings arevalueexpressions.Mathematicaldescriptionsof deterministicevaluation
usingreductioncontects arebasedon a key lemmathat saysthatan expression
is eitheravalueor it decomposesniquelyinto areductioncontext andarede

suchthat istheresultof ling theholein  with (written ) [8]. The
inductivede nition of thesetof reductioncontexts correspondso peelingoff basic
reductioncontexts onelayeratatime until arede is reached: .
Thesebasicreductioncontects correspondo acontrolstackwith  atthetop. For

example,the rst layerof a PLAN application , Where
is a valuelist and is a non-\value expression,is the reductioncontext
? expressingheleft to right evaluationordersemanticsMost

of theactionoccursat the inner basicreductioncontext (top of the stack). For ex-
ample,supposdhe aborve application lls the hole of an outerreductioncontext

sothat . Whenthe evaluationof leadsto a
value the holeis lled with that value,andthe resultingexpressionis rede-
composedf it still containsaredex. The new decompositions parametridn the
outerreductioncontet, thatis, it hastheform where istheunique
decompositiorof

In the following we usevariables , , etc. to rangeover expressiongsort
Ex) andvariables , , etc. to rangeover contexts (sortCx). The operationof
hole lling is a specialcaseof metavariablesubstitution(the hole beingthe only
metavariable)andis generalizedo allow lling of holeswith contets (context
composition)andto applyto context lists (sortCxList ), contexts beinga special
case.Theprocesof hole lling is formalizedby thefollowing operation.

op <?°=> : CxCx -> Cx .

op <?:=> . Cx CxList -> CxList

eq <? = ¢cx > 7? =c¢x

eq < ? = cx > const = const

eq < ? = ¢cx >cx' exl) = (< ? = ¢cx >x)(< ? = cx > cxl)



A naie formalizationof the reductionmachineusesdecompositiorto deter
mine the next reductionstep, followed by hole lling to placethe reductin its
contet. Thisinvolvesmary operationf hole lling anddecompositionA more
ef cient formalizationusesthe obsenationthatthe reductioncontet layerscorre-
spondto a stackandrepresentshis stackusingalazy hole lling operator{with no
equationgor simpli cation):
op <<?=>>_ : CxCx -> Cx.
op <<?:=>> : Cx CxList -> CxList
The rulesfor forming reductioncontexts canbe easilyformalizedusingmember
ship axiomsor by directconstruction.However, they arenot neededo formulate

thereductionrules. They moreproperlybelongto anextensionof the executable
speci cation where propertiesof the semanticsare to be proved. For example,

thereductionmachinemaintainstwo invariantson RedState : (1) the
componenis areductioncontect; and(2) theentireprogram(in its currentstageof
evaluation)is givenby <? := > ,i.e.by lling theholein  with thefocus
expression

Apart from the metavariablesubstitutionusedfor hole Iling, asecondnotion
of substitutionis neededn the rulesof our speci cationfor objectvariables.This
substitutioncannotbe reducedo a simpletextual substitution becausét mustre-
spectthe binding structureof the objectlanguage.Therefore we usethe CINNI
family of explicit substitutioncalculi [28] instantiatedto the syntaxof xPLAN.
We have slightly generalizedheoriginal CINNI substitutiongo simultaneousub-
stitutionsby simply lifting all operatordrom Id to IdList  (which represents
simultaneousinding). Thereis a basicexplicit substitutionconstructof_:=_ ] ,
two auxiliary constructorshift  andlift , for relocation(by changingthe vari-
ableindices),andanoperation _ for applicationof a substitutiorto anexpression
list (expressiondeingaspecialcase).

sort Subst .
op [:=] : Id Ex -> Subst
op [:=1] : IdList ExList -> Subst
op [shift_] : Id -> Subst
op [lift_] : Id Subst -> Subst
op [lift_] : IdList  Subst -> Subst
op __ : Subst Ex -> Ex .
op __ : Subst ExList -> ExList
eq (id := ex] (id{0}) = ex . ¥»r o Cl
eq (id := ex] (id{suc(m)})) = (id{m}) : *rx o C2
eq ([shift id] (id{m})) = (id{suc(m)}) : *x o C3
eq ([lift id S] (id{0})) = (id{0}) : ¥k C4
eq ([lift id S] (id{suc(m)})) =

[shift id] (S (id{m})) : ** Ch
eq (S const) = const . ¥ C6

10



eq (S (ex exl)) = ((S ex) (S exl)) . ¥ CT7
eq (S (Lam [idl . typel] ex)) =
(Lam [idl . typel]([lift idl S] ex)) . ¥ C8

2.2.3 TheTransitionRules

The con guration evolvesby meansof local reductionmachinerulesandservice
rules. The latter are further split into processnetwork, paclet, and dataservice
rules.

Reduction machinerules. Therearetwo kinds of reductionmachinerules: con-
trol rules that move the focusto the next relevantredex; andreductionrules that
performtheactualreductions.

rl  [args]: RedState(cx, (val  (vall', nval', exl"))
;adState(« ? = (val (vall, ?, exl)) >> cx, nval)

rl  [up]: RedState(<< ? = cx >> cx, val)
;adState(cx', < ? := val > cx)

rl [beta] RedState(cx, ((Lam Tidl . typel] ex) vall))
;adState(cx, [idl = vall] ex)

Therule args is a control rule moving the focusto the next unevaluatedar-
gumentin a functionapplication.The rule up movesthe currentfocustowardthe
top (viewing thetermasa tree)if the currentfocusis a value. It is the only rule
thatuseghe“non-lazy” versionof contet hole lling. Therulebeta corresponds
to the standardeta-reductiomule of the call-by-valuelambdacalculus.To give a

avor of how CINNI handlessubstitutionwe showv thereductionandsimpli cation
of a lambdaapplication(omitting type annotationsusingthe beta rule andthe
CINNI equationgyivenearlier

(Lam [x] (Lam [x] (x{0} x{1})) ) x{O})
=[x = x{0}] (Lam [x] (x{0} x{1}) ***  beta
(Lam [x] [lift x [x = x{0}] {0y x{1h) ) ¥ C8
(Lam [x]  ([lift x [x = x{0}]x{0}

fift  x [x = x{0}Ix{1}))
(Lam [x] (x{0} [shift x]x{0})) ¥»** Cl C2 C4 C5
(Lam [x]  (x{0} x{1})) wx C3

Thustheoriginal x{0} hasbecomex{1} to maintainits referenceo anexternal
binding.

ProcessSewvicerules useinformationheldin the processut outsidethereduction
machinestate.For example,applicationof GetRB returnstheresourcebound,i.e.
theremainingcomputationatesourcespf the currentprocess.
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rl Process(l, orign, ardev, ssn, rb,
RedState(cx, (GetRB empty-exl)))
=>
Process(l, orign, ardev, ssn, rb,
RedState(cx, (Int b))

Network serwvice rules usethenodedocal network information. For example,the
servicefunctionThisHostls  checkswhethera givenaddresss oneof thenodes
network devices.

rl Node(l,devs,nb rs it )

Process(l, orign, ardev, ssn, rb,
RedState(cx, (ThisHostls (Addr a))))
=>

Node(l,devs,nb rs it )

Process(l, orign, ardev, ssn, rb,

RedState(cx, (Bool (contains(devs, a))) )

Data setvice rules manipulatethe nodesresidentdatastorage.For example,the
servicefunctionPut addsor updatesa dataitem.
rl Data(l,dil)
Process(l, orign, ardev, ssn, b,
RedState(cx, (Put  ((String str),(Key key),
val,(Int tt)))))

=>
Data(l,put(dil S tr, key, val, ttl ))
Process(l, orign, ardev, ssn, rb,

RedState(cx, Dummy)) .

Packet rules includerulesfor emitting delivering androuting pacletsin transit.
The PLAN constructOnNeighbor is one of the two possibilitiesto initiate a
remotefunction call which is givenby a chunkChunk . As we cansee
below, the executionof OnNeighbor leadsto the emissionof a paclet which
encapsulatethis chunk.

crl  Node(l,devs,nb  rs it )

Process(l, orign, ardev, ssn, rb,
RedState(cx, (OnNeighbor  ((Chunk  (val,vall)),
(Addr dest),(Int int),(Addr dev)))))
=>
Node(l,devs,nb  rs it )
Process(l, orign, ardev, ssn, (rb -int),
RedState(cx, Dummy))
Packet(dest, dest, orign, ssn, (int - 1), NoRoute,
val, wvall)
if connection(devs, nbrs ,( dev >> dest)) and

(rb >=int) and (int > 0)
Notice thatthe currentamountof resourcesb of the executingprocesss de-
12



creasedoy the amountgiven to the emitted paclet, and that amountis then de-
creasedy onecorrespondindo the useof oneunit for the rst hop. Therouting
functioncomponentf the pacletis setto anirrelevantconstanNoRoute above,
becauséOnNeighbor canonly sendpacletsto immediateneigbors. The more
generalOnRemote serviceallows remoteinvocationon arbitrary locationsand
allowsthe userto specifyaroutingfunctionwhichis passedlongin the paclet.

Whena pacletreachests destination(next hopagreesvith nal destinationg
processs createdo evaluatethe containedcchunk.

crl  Node(l,devs,nb rs,rt )
Packet(dest, fdest, orign, ssn, rb, rf, val, vall)
=>
Node(l,devs,nb  rs it )
Process(l, orign, dest, ssn, rb, RedState(?,(val vall)))
if (dest == fdest) and contains(devs,d est )

Therearealsorulesto route pacletsnot yet at their destinationterminationrules
to remove processeshat have completedtheir task,and exceptionhandlingrules
for generatingpropagatingandhandlingruntimeexceptions.

3 Usingthe Maude Speci cation of PLAN

Spellingout the detailsin a formal notationforcesoneto clarify conceptsandto
make explicit mary implicit assumptionsbhut thereis no guaranteghatthe spec-
I cation is correct(representshe intendedmodel) or usable. Thus, a speci ca-
tion mustbe subjectedo furtherexaminationandtests.Lik e systenrequirements,
whetheror notaformal speci cationis correctis subjectve andcannotoemechan-
ically checled. However, onecanderive consequence@redictions)andcompare
theseto obsenedor desiredoropertiesin this sectionwhich extendsacorrespond-
ing sectionin [24], we recallseveralgeneralpropertieof PLAN programsandwe
discussaspeci ¢ programandits analysisn somedetail.

As part of the validationof PLAN in Maudewe proved a numberof general
propertiesof PLAN programsmplied by the Maudespeci cation:

(t) Termination: Assumingall paclets are eventually delivered(fairness),if a
pacletis injectedinto the network with afreshsessiondenti er, thenall pro-
cessesvith that sessionidenti er terminateexecutionwith a reductionstate
having oneof thefollowing forms:

(t1) anon-wvaluepurposelyleft unevaluatedin the currentspeci cation, such
asPrint  val ;

(t2) anon-waluethatcannotbeexecutedbecausé would causearuntimetype
error.

(ni) Noninterference:Packets injectedinto a network with no pre-«isting (ac-
cessibledataelementsxecuteindependently—thais, executionof paclets
with differentsessiondenti ers canbe consideredseparatelysincethe only
mechanisnior interactionis sharedaccesso dataelements.
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(r) ResourceequirementiFor a PLAN programto visit eachnodeof a network
by repeatedlysendingpacletsto all neighborgoneto each)it is sufcient to
startwith , Where is the diameter—the lengthof the longestpath
betweennodes,and is the width—the maximumnumberof neighborsof
ary node. To have unitsleft at every terminalpoint, it is sufcient to start
with

Theterminationresultsarea bit moregeneralthanstatedin thatthey allow, para-
metrically, for certainextensionf thelanguageProofsof theseresultswill appear
in aforthcomingpaper

3.1 TestingandAnalyzingParticular PLAN Programs

To testthe usability of the speci cationfrom the programmess point of view, we
selectedseveral PLAN programsandsubjectedhemto a spectrunof formal anal-
ysistechniquesThe generalapproactor theseexercisesvasto

(i) representheprogramasaMaudeterm(asimplesyntactiomodi cation, which
couldbeautomated);

(i) de ne asuiteof testcon gurations,eachdeterminedy a network con gura-
tion andprograminput—alsorepresentedsMaudeterms;

(iif) runthetestcon gurationsusingthe Maudeinterpreter;

(iv) further analyzethe possiblecomputationsof the test con gurations using
Maudes searchrandmodelcheckingtools;and

(v) prove propertiesof interestfor arbitrary network con gurationsand inputs
(usingordinarymathematicateasoningpasedn theformal model).

As a concretéllustration, we will useoneof theroute nding programspub-
lishedin [19]. TheMaudetermfor this programis shovnin Figureld. Theprogram
hastwo mainfunctions:find , which doesaforwardsearchfor the nodewith the
destinationaddressandgoback , that returnsto the sourceby the inverseroute
andPrint stheroutefound. The forward search/ike Hanseland Gretel,drops
crumbsto mark the way back, by storing at eachnodevisited a backpointeri.e.
the addresf the network device it usedwhenleaving the previous node. When
a paclet containinganinvocationfind-prog-2 is injectedatsome
nodein thenetwork with agivendestinatioraddress , thecomputations
initialized by determiningthe addres®f the startingnode(usingthe GetSource
service),by generatinga fresh key for labeling data(usingthe GenerateKey
service),and by an initial call of thefind function with this information. The
network is then ooded with pacletswhich propagatehemselesfrom nodesthat
have not beenpreviously visited. To this end, the find function rst usesthe
residentdataserviceExists to checkif anentryassociatedvith the currentkey
existsin the local dictionary of the currentnode. If this is not the case the node
hasnotbeenpreviously visited. Henceanew entryin thelocal dictionaryunderthe
samekey is createdusingPut to storethe backpointer Next it is checled using
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ops find-prog-2 . Addr -> Ex .

eq find-prog-2(find -dest) =
(LetRec ["goback" = Lam [("k","route")
(TKey, (TList TAddr))]
(If  (ThisHostls (GetSource  empty-exl))
Then (Print  “"route"{0})

Else (Let ['nexthop" = (Get ((String ","k"{ON)]
(Let ['d* = (GetDevToHost "nexthop"{0})]
(Let ['newroute” = (Cons ("d"{0},"route" {0h )]
(OnNeighbor
((Chunk ("goback"{0}, ("k"{0},"newrou te "{ 0})) ),
"nexthop"{0}, (GetRB empty-exl), "d"{OPI)]
(LetRec ["find" = Lam [("dest","prev iou s"," k")

(TAddr, TAddr,TK  ey)]
(If  (Exists ((String ","k"{0}))
Then Dummy
Else ((Put ((String ",  "k'{0},
"previous"{0}, (Int ~ 200)));
(If  (ThisHostls "dest"{0})
Then ("goback"{0} ("k"{0},Nil))

Else (
(Let ["neighbors" = (GetNeighbors empty-exl)]
(Let ["srcdev" = (GetSrcDev empty-exl)]
(Let ["childrb" = .. ] * dvide wup rb
(Let ["sendchild" = ** egmit a find packet

Lam [ ("n","u")
((TPair TAddr TAddr), TUnit) ]
(OnNeighbor  ((Chunk  (*find"{0},

("dest"{0},(Snd "n"{0}),"k"{0}) )
(Fst  "n*{0}), "childrb"{0}, (Snd "n"{OH))]
(Foldr  ("sendchild"{0} ;" neig hbors "{ 0} ,.Dumny) ) )))))
D)
("find"{0} ((Addr  find-dest), (GetSource  empty-exl),

(GenerateKey  empty-exl))) )

Fig. 2. A PLAN programfor routediscorery

ThisHostls  if thedestinatiorhasbeenreachedandif thisis the casetheroute
is reportedbackto the sourceby calling goback , which recursvely follows the

backpointersuntil the sourceis reachedandthe routecanbe Print ed, which is

assemblean the way. Otherwise,the auxiliary function sendchild is called
in the body of find for eachneighbor(using Foldr to iterateover the list of

neighbors)andsendchild itself recursvely invokesfind onthe givenneigh-
bor's addresausing the OnNeighbor construct. The remainingcomputational
resourcesre equally distributedamongall neighborgthe correspondinggmount
is computedn childrb ).
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As anexampleexecution,we starta proceson nodel0 with destinatione4 (the
addres®f theinterfaceof nodel4 onnetwork ne).

rew example-topolo gy
Process(loc("l 0"), addr("i0", addr("i0"), 1, 100,
RedState(?, find-prog-2(addr " edM)))

Theresulting nal con gurationreturnstheroute(al, c¢3, e4) (cf. Fig.[)
by Print ing the correspondind®LAN list at the startingnode. In this nal con-
guration we alsoseehow the datadictionarywasused.

result  Configuration:

FreshKey(11)

Data(loc("I0") , Dataltem("", 10, Addr addr("i0"), 200))
Data(loc("I1") , Dataltem("", 10, Addr addr("a0"), 200))
Data(loc("I2") , Dataltem(™, 10, Addr addr("bl"), 200))
Data(loc("I3") , Dataltem("", 10, Addr addr("cl"), 200))
Data(loc("14™) , Dataltem(™, 10, Addr addr("e3"), 200))
Data(loc("I5") , Dataltem("", 10, Addr addr("d3"), 200))
Process(loc("l 0"), addr("i0", addr("a0"), 1, 4,

RedState(?,Pri nt (Cons (Addr addr("al"),
Cons (Addr addr("c3"),
Cons (Addr addr("e4"),Nil ) )

Giventhat multiple find processegan be executingconcurrently possibly
severalonthesamenode,we mightaskif oneprocessouldoverwritedatawritten
by another This could happenf two processesn a nodearebothwaiting to Put
datawith thesamekey. UsingtheMaudesearcicommandve nd astatereachable
from theaboveinitial con gurationin which this situationoccurs.

search [1] i222e4 =>+

cnf:Configurat ion

Process(l:Loc, src:Addr, idevO:Addr, sn:Int, rbO:Int,
RedState(cx0:Cx

(Put  (String "™, Key KkO:Int, Addr prevO:Addr, Int  200))))
Process(l:Loc, src:Addr, idevl:Addr, sn:Int, rbl1:Int,
RedState(cx1:Cx

(Put  (String " Key Kkl:nt, Addr prevl:Addr, Int  200))))

i222e4 isaconstante nedto betheaboveinitial state.Thein x =>+ saysto
searcHor stategeachablafteroneor morerewrites,andthetermontherighthand
sideis a patternto be matched.A solutionis foundwith two processegxecuting
onnodel3 , onecomingfrom address1 andthe othercomingfrom addressi2.

All of the examplerunsusing Maudes default executionstrateyy produceda
singlepathfrom sourceto destination We wonderedf in generalat mostonepath
would be discovered.We usedthe newly developedMaudemodelcheckingcapa-
bility [6/7] to nd a counterexample. The interfaceto the Maudemodelchecler
is embodiedn the MODEL-CHECKERmodule. This modulede nes syntaxfor
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LTL (LinearTemporalLogic) formulasbuilt overasortProp . It alsointroducesa

sortState anda satishctionrelation on statesandLTL formulas. To usethe

modelchecler, the userde nes particularstatesand propositionsandaxiomatizes
satishctionon thesestatesandpropositions. The LTL semanticdifts satishction
from propositionsto arbitrary LTL formulas. We declaredConfiguration to

beasubsorbf State andde ne apropertyPrintTwice  satis edby acon gu-

rationin which therearetwo processegrinting resultson the paclet sourcenode.
In orderto getan answerquickly we useda simple 3-nodenetwork. The actual
Maudemodel-checkingommandvas

init-al |= [ = PrintTwice
whereinit-al  startsthefind programin the 3-nodenetwork, andthe expres-
sion[] ~ PrintTwice is atemporallogic formulathatis satis ed only if no
reachablecon guration satis esthe PrintTwice  property The model-checkr
returneda countergampleshawing a possiblecomputationn which two distinct
pathsfrom sourceto destinationwerereturned(Print  ed)to thesource.

As an exampleof analysisby mathematicateasoningwe have proved some
correctnesgropertief the program.informally, thesepropertiesare:

(f1) If the nd programstartedatnode  with destination prints atthe

sourcethen isapathfrom to .
(f2) If the nd programstartedatnode  with destination is givensufcient
resourcegndthereis aroutefrom  to , theneventuallytherewill beat

leastoneprocesghatprintsapathatthe sourcenode

Theproofis simpli ed by makinguseof the terminationandnon-interference
propertiesof PLAN programsstatedabove. Notethattheresourcesieededn (f2)
canbe computedusingthe generalresult(r). The proof alsomakesuseof a sim-
ple form of programspecializatiorthat allows oneto expressa particularPLAN
programasa setof rewrite rulesthat useonly the nodelevel servicerulesof the
interpreter The specializatiorprocesstself makesuseof a form of “abstractexe-
cution” (seealso[29)) in thesensdhatMaudeis usedto partially executespeci ca-
tionswithoutassuminga x edmodel,which makesthe proofentirelyindependent
of e.g.thenetwork topology Thefind proofis thesubjectof aforthcomingpaper

4 Conclusions

The formal speci cationof the PLAN semanticglari es a numberof issuesthat
remainvagueor unsatiséctoryin the original mathematicaspeci cation[[17] such
as: the scopeof namesand the notion of binding (in particularin connection
with recursve programs),the handlingof environments(especiallywhen pack-
etsareshipped)the treatmenif side-efectsin theiteratorsFoldr andFoldl ,
the mechanisnof exceptionhanding,andthe concurrentanddistributednatureof
paclet execution.

By treatinga lessrestrictve languagexPLAN the semanticswas simpli ed
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without sacri cing the essentiafeaturesof PLAN (the proper PLAN subsetis

characterizedy a simpletype system). Furthermore pur speci cation captures
the generalideaof a programminganguagefor mobile computationbasedon an

imperatve -calculuswith featuressuchasrecursve functioncallswith a simulta-

neouschangeof location.

The syntax-basedemanticsapproachhas beenusedto give operationalse-
manticsto languagewith functional,imperatve and/orconcurrentfeatures:pro-
gramequialancefor Scheme-like language$8)9,2€]; programequivalencein ac-
tor language$1)21]; uniform semanticandprogramequialencefor a family of
higherorderimperatve language$3(]; interactionequivalenceof speci cationdi-
agrams[27]; andtool for developing operationalsemanticsand interpretersfor
programminganguage$32]. With the exceptionof [32], theseefforts have not
developedexecutablesemanticor automatedanalyses.To the bestof our knowl-
edgethe combinationof explicit substitutionsand reductioncontexts is new. It
hassubsequentlypeenusedin a Maudeimplementatiorof Speci cationDiagrams
(personatommunicatiorfrom Prasannd hati).

Furthermorethe uniguecombinationof functionalprogrammingand concur
reng/ on differentlevels makesthe PLAN speci cation an interestingcasestudy
for the useof rewriting logic asa unifying semantidramewvork. Onthe conceptual
level rewriting logic is generalenoughto bridge the gap betweenthesedifferent
aspectsandon the practicallevel it comeswith anef cient implementatiorin the
Maudelanguagesothatour speci cationis actuallyanexecutableprototypeof an
active network programmingervironment,which at the sametime cansene asa
basisfor formal theoremproving.

We emphasizehattestinga speci cationaswe did is an extremelyimportant
part of the processof developinga formal model. In fact, the speci cation pre-
sentedhereis the secondmajor version. The rst versionwe developedsenedto
clarify mary issuesandto Il in mary gaps.However, it wastoo low-level, mak-
ing mathematicabnalysisoverly comple. For example,the reductionmachine
wasbasedn a staterepresentatiosimilarto the SECDmachineusedin the paper
speci cation. This involvedde ning a numberof new stateconstructorandspe-
cial purposetransitionrulesjust to manipulatethese. Also the network modelis
slightly moreabstractomparedvith the previousversion,wherenetwork devices
wereclearlydistinguishedrom theiraddresses.

Theformalspeci cationof PLAN in Maudethatwe discussedh this papemwill
shortly be madeavailablevia world wide weh Pleasevatchthe Maudeweb page
http://maude.csl.sri.com for correspondingink.

Acknowledgments This work hasbeenpartially supportedoy DARPA through
Air ForceResearch.aboratoryContractF30602-97-C-0312)y NSFundergrants
CCR-9900326and CCR-9900334,and by Of ce of Naval ResearchContract
N00012-99-C-0198We would lik e to thankthe membersf the Switchwareteam,
especiallyCarl A. Gunter PankajKakkar, andJonathar&mith,for thefruitful col-
laboration,andwe arealsoindebtedto Jo€ Meseayuerfor his advice.Lastbut not

18



least, we appreciatenumeroussuggestiongrom the anorymousrefereeswhich
considerablymprovedthe presenpaper

References

[1] G. Agha, I. A. Mason, S. F. Smith, and C. L. Talcott. A foundationfor actor
computation.Journal of FunctionalProgramming 7:1-72,1997.

[2] M. Clavel, F. Duran,S. Eker, P. Lincoln, N. Mart-Oliet, J. Mesayuer andJ. Quesada.
Maude: Speci cation and Programming in Rewriting Logic. SRI International,
Januaryl999. http://maude.c sl .sri. com

[3] DARRA Information and Survivability Confeence and Exposition (DISCEX'00)
IEEE, January2000.

[4] DARRA ActiveNetworksConfeenceand Exposition(DANCE) IEEE, May 2002.

[5] G. Denler, J. Mesegguer and C. L. Talcott. Formal speci cation and analysisof
active networks and communicationprotocols: The Maude experience. In DARPA
Informationand Survivability Confeenceand Exposition(DISCEX'00) pages251—
265.1EEE, January2000.

[6] S.Eker. Maude2.0alphareleasenotes,2002.

[7] S.Eker, J. Mesayuer andA. Sridharanarayanari.he MaudeLTL modelchecler. In
F. GadducciandU. Montanari,editors, The4th InternationalWorkshopon Rewriting
Logic and its Applications, Pisa, Italy, Septemberl9-21, 2002, Proceedings
volume 71 of Electonic Notesin Theoetical ComputerScience Elsevier, 2002.
http:/www.else vi er.nl/ loc at e/ entc s/v ol ume71. html .

[8] M. FelleisenandD. P. Friedman. Control operatorsthe SECD-machineandthe -
calculus. In M. Wirsing, editor, Formal Descriptionof ProgrammingConceptdll,
pagesl93-217 North-Holland,1986.

[9] M. FelleisenandR. Hiebh. Therevisedreporton the syntactictheoriesof sequential
controlandstate.Theoetical ComputerSciencel03:235-2711992.

[10] C. A. Guntheretal. A paclet languagdor active networks. http://www.cis.
upenn.edu/Aswit  chware /P LAN .

[11] C. A. Guntheret al. The switchware project. http://www.cis .u penn. edu/
Aswitchware/

[12] M. Hicks, P. Kakkar, J.T. Moore,C. A. Gunter andS. Nettles. Network programming
using PLAN. In Proceedingsof the 1998 Workshop on Internet Programming
Languaes(IPL'98), Part of IEEE InternationalConfeenceon Computerl.anguaes
(ICCL'98), Chicago, IL, May 1998 May 1998. http://www.cis .u penn. edu/
Aswitchware/pap er s/ pr ogpla n. ps.

19



[13] M. Hicks, P. Kakkar J. T. Moore, C. A. Gunter and S. Nettles. PLAN: A
Paclet Languagédfor Active Networks. In Proceedingsf the 1998 ACM SIGPLAN
International Confeence on Functional Programming Baltimor, Maryland,
Septembed 998 pages86-93.ACM, 1998. http://www.cis .u penn. edu/
Aswitchware/pap er s/ pl an.ps .

[14] M. Hicks and A. D. Keromytis. A securePLAN. In S. Covaci, editor Active
Networks Fir st International\Working Confeence IWAN '99, Berlin, GermanyJune
30— July 2, 1999, Proceedingsvolume 1653 0f Lecture Notesin ComputerScience
pages307-314.SpringefVerlag, June1999. http://www.cis .u penn. edu/
Aswitchware/pap er s/ iwan99. ps. Extended version at http://www.
cis.upenn.edu/A swit chware/ papers /s ecure pl an.p s.

[15] M. Hicks, J. T. Moore, and P. Kakkar Plan programmerguide for plan version
3.2. http://www.cis. upenn.e du/A switc hwar e/ PLAN/docs - ocam/
guide.ps , July2001.

[16] F. Honsell,I. A. Mason,S. F. Smith,andC. L. Talcott. A VariableTypedLogic of
Effects. Informationand Computation119(1):55-901995.

[17]P. Kakkar The specication of PLAN. http://www.cis .u penn. edu/
Aswitchware/PLA N/spec/s pec.p s,1999.

[18] P. Kakkar C. A. Gunther and M. Abadi. ReasoningAbout Secreg for Active
Networks. In 13thIEEE ComputerSecurityFoundationsAbrkshop(CSFW'00),3 -5
July 2000,Cambridg, England,Proceedings2000. http://www.cis .up enn.
edu/Aswitchware  /p aper s/ csf w. ps.

[19] P. Kakkar, M. Hicks,J.T. Moore,andC. A. Gunter Specifyingthe PLAN networking
programminglanguage. In HOOTS'99, Higher Order Opeiational Techniquesin
Semantic®aris, France SeptembeB0 andOctoberl, 1999,Proceedingsvolume26
of Electionic Notesin Theoretical ComputerScienceElsevier, 1999. http://www.
elsevier.nl/loc at e/ entc s/v ol unme26. html .

[20] I. A. MasonandC. L. Talcott. Programmingtransforming andproving with function
abstractionsand memories. In Proceedingsof the 16th EATCS Colloquium on
Automata,Languaes, and Programming Stresg volume 372 of Lectue Notesin
ComputerSciencepagess74-588 SpringerVerlag,1989.

[21] I. A. MasonandC. L. Talcott. Actor languagesTheir syntax,semanticstranslation,
andequivalence.Theoketical ComputerScience220:409-467,1999.

[22] I. A. Masonand C. L. Talcott. Feferman—LandinLogic. In W. Sieg, R. Sommey
andC.L. Talcott, editors,Re ectionson the Foundationsof Mathematics:Essaysn
honor of SolomorFeferman LectureNotesin Logic, pages299-344 Associationof
SymbolicLogic, 2002.

[23] J. Mes@uer Conditional rewriting logic as a unied model of concurreny.
Theoetical ComputerScience96:73—-1551992.

[24] J.Mesauer P. C. Olveczly, M.-O. StehrandC. L. Talcott. Maudeasawide-spectrum
framawvork for formal modelingand analysisof active networks. In DARPA Active
NetworksConfeenceand Exposition(DANCE) pagesA94-510IEEE, May 2002.

20



[25] J. T. Moore, M. Hicks, andS. M. Nettles. Chunksin PLAN: Languagesupportfor
programsas paclets. Technicalreport, Departmentof Computerand Information
Science,University of Pennsylania, April 1999. http://www.cis .up enn.
edu/Aswitchware /p aper s/ pla nchunks. ps.

[26] A. SabryandM. Felleisen.Reasoningaboutprogramsn continuation-passgnstyle.
Lisp and SymbolicComputation6(3/4):287-3581993.

[27] S.F. SmithandC. L. Talcott. Speci cationdiagramgor actorsystems.Higer-Order
and SymbolicComputation2002. To appear

[28] M.-0O. Stehr CINNI —A GenericgCalculusof Explicit Substitutiongndits Application
to -, -and -calculi. In K. Futatsugieditor The 3rd International\Wbrkshopon
Rewriting Logic andits ApplicationsKanazawaCity Cultural Hall, Kanzawalapan,
Septembel8-20,2000, Proceedingsvolume 36 of Electonic Notesin Theoktical
ComputerSciencepagesr/1— 92. Elsevier, 2000. http://www.els evier .nl/
locate/entcs/vo lu me36.h tml .

[29] M.-O. Stehr Programmingspeci cation,andinteractie theoremproving: Towards
auni ed languagebasedon equationalogic, rewriting logic andtypetheory Ph.D.
thesis forthcoming,2002.

[30] C. L. Talcott. Reasoningabout functions with effects. In Higher Order
Opemtional Tedhniquesin SemanticsCambridgeUniversity Press,1996. http:
IlIwww- formal.st anfo rd. edu/ MT9 6hoot s. ps.Z.

[31] D. L. Tennenhousel. M. Smith,W. D. SincoskieD. J. Wetherall,andG. J. Minden.
A sunwey of active network researchlEEE Communication$agazine 35(1):80-86,
Januaryl997.

[32] VY. Xiao, A. Sabry andZ. Ariola. Fromsyntactictheoriesto interpretersAutomating
the proof of unique decomposition. HigherOrder and Symbolic Computation
14(4):387-4092001.

21



	Introduction
	PLAN in Maude
	Syntax
	Semantics

	Using the Maude Specification of PLAN
	Testing and Analyzing Particular PLAN Programs 

	Conclusions

