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Preface

This progressreportwassubmittedin partial ful�lment of thepartA requirementsof thePh.D.Curriculumof the4-
yearprogrammeattheIT Universityof Copenhagen.It waspreparedfor myquali�cation exam,whichis aprerequisite
for enteringpartB of theprogramme.It describesthecoreof my researchin the �rst two of four yearsof my Ph.D.
studiesandcountsasmy Master's thesis.A partof thework, namelychapter3, wasdonein collaborationwith other
researchersasmentionedby thatchapter's introduction.ThePh.D.Curriculumrequiresthereportto detaildirections
for futurework.
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Abstract

In this progressreport we begin evaluationof how well-suitedHøgh
Jensenand Milner's bigraphical reactivesystems(BRSs) [JM04] are
for modellingcontext-awarecomputingin ubiquitoussystems.In this
work we concentrateon the locationaspectof context. First, we intro-
ducethesetting,motivateour work, andstateour hypothesis.Thenwe
presenta digestof theresearchliteratureon locationmodelsforming a
knowledgebasefor the restof the report. We continueby developing
bigraphicalmodelsof context-awarenessandarguethattheseso-called
Plato-graphical modelsconstitutea proper foundationfor modelling
andsimulatingcontext-awaresystems.A featureis that differentcal-
culi or programminglanguagescanbecombinedin onemodel.Subse-
quentlywe de�ne andanalysean encodingof a MiniML-lik e calculus
with referencesin bigraphs(BRSs).This is neededfor our implementa-
tion of arepresentative,minimalisticlocationmodelasaPlato-graphical
model.Finally, wecompareourapproachto relatedwork within context
calculi, givedirectionsfor futurework, andconclusions.
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Chapter 1

Intr oduction and Moti vation

1.1 The setting

Thissectionaimsto giveanoverallmotivationfor ourwork. Ourwork humblytries
to contribute to the foothill project “Analysing Movementin a SentientEnviron-
ment”1, which is partof theUK GrandChallenges(GCs)of ComputingResearch2.

Describinghow ourwork �ts into a largerperspectiveservesasanargumentthat
our work is relevant. First, we useroughly threepagesfor presentingthe setting
beforeturningtowardour morespecialised�eld of research.

We �rst sketchtheGCof interestandthenthefoothill project.

1.1.1 Global ubiquitous computing: Designand science

TheGC in questionis thatof “Global UbiquitousComputing:DesignandScience”
[CCK+ 05]. Ubiquitouscomputing(UC) is alsocalledpervasivecomputing. UC was
envisionedby Mark Weiser[Wei93, Wei91] to bethethird waveof computing(after
mainframes,andthenpersonalcomputers),in whicheachpersonhasmany comput-
ers,recedinginto thebackground,at their disposal.An essentialpropertyof ubiq-
uitouscomputingsystems(UCSs)will beextremedynamics,i.e. a rapidlychanging
network topology. Thetotal aggregationof UCSsmaybecalledthe“Global Ubiq-
uitousComputer”. It is predictedthatmobiledeviceswill becomemorenumerous,
muchsmaller, anddeeplyembeddedin many of the objectsin everydaylife, e.g.
clothingor evenin ourbodies.Webelievethatthispredictionwill berealised.Thus,
we needscalabledesignprinciples.AnalysingUCSswill bedif�cult becauseUCSs
will likely bedistributed,mobile,andevolutionary. Furthermore,thesedevicescan
performcomputationandcommunicatewith eachother, while beingcontext-aware
(location-aware). They may even be self-aware, thus exhibiting introspective be-
haviour. Imaginableis alsofor themto becomeself-organisingandself-repairing.

1http://www-dse.doc.ic.ac.uk/Projects/UbiNet/GC/Manifesto/fp-movement.html
2http://www-dse.doc.ic.ac.uk/Projects/UbiNet/GC/
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Finally, trust, privacy, security, andreliability will becomevery importantto guar-
anteeseeinghow thesepervasivedeviceswill be“everywhere”doing“everything”.
The science,toolkits, andtheoriesfor global computingdo not yet exist. Progress
hasbeenmade,but we shallneedmuchmoresupportivescienceto really in�uence
engineeringof thetechnologiesanddevicesensuringsuf�ciently correctbehaviour.
We believe thatwithout rigorousanalysisof thepossibleinteractionsin a UCSbe-
haviour will all too often be incorrectwith fatal consequences.Theoryandengi-
neeringshouldbe a combinedeffort to realisethe potentialof global ubiquitous
computing(GUC). More speci�cally, theaim is to de�ne a setof designprinciples
for GUC, andto developsciencewhoseconcepts,calculi, theories,andautomated
toolsallow predictiveanalysisof GUC.Thesearetheidealgoalsof this GC.

1.1.2 Analysing movementin a sentientenvir onment

Thefoothill projectmentionedaboveis aboutsentientcomputing[ACH+01, Hop00]
whereit is proposedthat softwareapplicationscanbe mademore responsive and
useful by observingand reactingto the physicalworld. Sensors(hardware)col-
lect context (e.g. location)informationof physicalobjectssuchasmobile devices
andevenother(mobile) sensors.We usethewordssentientandcontext-aware in-
terchangeably. It is fair to saythat context-awarecomputingis a facetof UC. The
foothill projectaimsto arriveataconceptualframework in whichto expressavariety
of rulesof motion andinterconnection,allowing context-awaresystemsto be pro-
grammedconveniently, simulated,andanalysedrigorously. We usethe term “sys-
tem” broadlyto meana groupof independentbut interrelatedelementscomprising
a uni�ed whole. We will detail this in chapter2. Theframework couldconsistof a
calculusanda derivedprogramminglanguagealongwith a programmingmethod-
ology so that the languagemay be usedand evaluatedby peoplewhoseprimary
interestis in applications.Theultimategoalof this foothill projectis to unify theory
andpracticein sentientcomputing.A steptoward this goalcouldbe to modeland
programa sentientor “re�ecti ve” building, wheresensorscontinuallytransmitdata
to a monitor thatmaintainsa datastructureof the locationsof physicalobjects.A
moreadvancedtaskcould be to alsomodelmobile virtual objectssuchasmobile
codemoving from onesoftwaredomainto another. We envision bigraphical reac-
tive systems(BRSs)dueto Milner andHøghJensen[JM04], or someextensionof
this theory, asa suitableframework for context-awarecomputing.

1.1.3 Bridging theory and practice

Recently, [Ter06] arguedthat combiningtheoryandsystemsbuilding (wrt. trust)
is importantbecausewe needto establisha basicunderstandingandanappropriate
level of abstraction.It is essentialfor systemsbuildersandtheoreticiansto collabo-
ratesuccessfully, andthis requiresconsensuson de�nitions of coreconceptsin the
problemdomain.

The importanceof combiningengineeringwith foundationalwork in realising
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computingin spaceis alsoemphasisedin [Mil02]. “Computingin space”is about
communicationacrossspaceandactuallyconsidersthe global computerasboth a
physicalanda virtual entity. Theterminfodynamicsis usedto describethefactthat
physicaldevicesmovein physicalspacebut alsoin virtual spacevia theirrepresenta-
tions. Infostaticsis thetermusedto statethatsoftwaresuperposesvirtual spaceupon
physicalspace.Theconclusionis thatjoining theforcesof softwareengineeringand
softwaretheoryis necessaryto achievesuccesswith theglobalcomputer.

Whenprogrammingcontext-awaresystemsthe programmerneedscommonly-
recognisedabstractionsanddesignpatterns[Leo98]. Formalmethodsaid in under-
standingtheessenceof theprogrammingtask[JPR04].

Having given a very high-level motivation we next review the challengesfor
theory in a little more detail. The purposeis to make the issuesdiscussedso far
moreconcrete.Therearealsochallengesfor engineering,but in this introductionwe
focuson thetheoreticalpart,andreferthereaderto [CCK+ 05] for anoutlineof the
challengesfor engineering.

1.1.4 Theory

As mentionedweneedaconceptualframeworkenablingrigorousanalysissupported
by techniquesandautomatedtools. Many topicscanbe discussedin this regard;
structure,information �o w, mathematicalanalysis,and methodologiesand tools.
We brie�y sketchthese.

Structurerefers to the ways entities(e.g. devices) interactand move among
eachother, ascapturedby structuraltheoriesof processes.Bothphysicalandvirtual
spaceis relevant,andthreeissuesareimportant,namelyplacing,linking, andmo-
bility. [CCK+ 05] envisionsthatno later thantheyear2010will we have a calculus
or logic whichallowsfor experimentationwith modellingprototypicalsystemssuch
asa sentientbuilding, or evenmorecomplex scenarios.We would like to take steps
towardsthis goal,andhave begunto do soin thework presentedin this report. We
expectthatmodelsfor real-life systemswill needto capturenot only timeasa con-
tinuousvariable,but alsocontinuousspace; accordingto [CCK+05] oneapproach
is to usehybrid automata(modelling/representingbothtime andcontinuousspace)
governedby differentialequations.Also, stochastics(propabilistic)will probablybe
neededto,e.g.faithfully modelandsimulatedevicemovementin asentientbuilding,
becausesensorsarenotperfect.

Regardinginformation �o w, we �nd that the needto querydistributeddatais
paramount.As mentionedin [CCK+05], onecanexpecta merging of researchon
semi-structureddataandprocessmodelsto handlethatmovementof dataandpro-
cessesis becomingalike. An exampleof suchwork is Reactive XML [HNO06,
HNOW05], which is a bigraph-and-XML-basedapproach.Recently, modellingand
veri�cation of protocolsfor communicationin mobileadhocnetworks(MANETs)
hasbecomea lively researcharea,whereissuesof trust andresourceaccesschal-
lengeformalmodels.

Mathematicalanalysisof complex systemssuchasUCSsshouldbe driven by
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experimentalresearchbecauseit seemsimpossibleto foreseeall the potentialand
problemsof this new computingparadigm.Realsystemsshouldbe modelledand
analysed,andhopefullytheorycanimpacttheway engineersbuild systems.A help
in understandingUCSscould be a graphicalrepresentationandrecon�gurationof,
e.g. network topology. We would like to contributeherealsoby graduallyformal-
ising andreasoningaboutincreasinglyrealisticsystems;a �rst stepis taken in this
report. Onecould alsoimaginea family of modelswith consistency requirements
betweenthem,whereeachmodelaidsin reasoningaboutacertainlevel of aUCS.

This concludestheoverall motivation. A motivationmorespeci�c to our work
will be given in the chapters2 and3. In the the following sectionswe narrow the
problemdomain,stateour hypothesis,anddescribehow we approachthe taskof
testingthehypothesis.

1.2 Narr owing the problem domain

GUCis avisionratherthanaconcreteresearchproblemthatwecansolveor answer.
To obtaina moretangibleproblemto attackwe narrow thedomainof investigation.
An importantfacetof UC thathasreceivedmuchattentionin theresearchliterature
is context-awarecomputing,whereentities(e.g. mobiledevices)areawareof their
surroundings,i.e. adapttheir behaviour dependingon thecontext at hand[SAW94],
interpreting“context” to meanthe situationin which the computationtakesplace
[DA00]. Context-awaresystemstypically havea componentthatmaintainsa model
of thecurrentcontext, andsuchcomponentsareknown ascontext models[HIR02].
Themostcommonlyexploitedinstanceof context is physicallocation,aswitnessed
by the literatureandthe context-awaresystemsandtoolkits that have beenimple-
mented.Location-awareapplicationsacquireinformationfrom sensors,which can
happenin a uniform way througha location model[BD05] that interpretssensor
informationto maintaina modelof thecurrentlocations(positions)of, e.g.,mobile
devices. We delve into locationmodelsin chapter2. Context modelsandlocation
modelsareconcreteenoughfor usto studyandthey areanessentialpartof context-
awaresystems.

1.3 The hypothesis

Ourpointof origin is thetheoryof bigraphs[JM04, Mil05a, JM03]. A principalaim
of BRSsis to modelubiquitoussystems.In this reportwe begin evaluationof this
aim. Thus,themainhypothesisof our work is:

Hypothesis(main). BRSsare suitablefor programming, simulating, andreasoning
rigorouslyaboutubiquitoussystems.

In this reportwe begin to test this hypothesisby ascertaininga moretangiblehy-
pothesisthatsupportsthemainhypothesis:
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Hypothesis(supporting). BRSsaresuitablefor modellinglocation-awaresystems.

To ascertainthissupportinghypothesisweendeavourmodellinglocation-awaresys-
tem directly in bigraphs.(We overloadthe term “bigraphs” to meanthe theoryof
bigraphsincludingBRSs.)In thechapters3 through5 we �nd that:

1. It is awkwardto modelcontext-aware(location-aware)systemsdirectly in bi-
graphs.

2. Thisawkwardnesscanbealleviatedby usingPlato-graphicalmodels.

3. LocationmodelscanbemodelledasPlato-graphicalmodelsusingabigraphi-
cal encodingof aMiniML-lik ecalculuswith references.

We arguethatthese�ndings ascertainour supportinghypothesis.To strengthenthe
supportinghypothesisweproposeto studythefollowing two questions:

• Are Plato-graphicalmodelsusefulfor simulationof context-awaresystems?

• Is therea needfor a notion of bisimilarity betweenBRSsto supportformal
reasoningaboutcontext-awaresystemsin Plato-graphicalmodels?

We touchuponthesetwo questionsin this report,but leavetheir treatmentfor future
work.

1.4 Our approach

This sectionoutlinesour strategy for testingthesupportinghypothesisstatedabove.
Wetakeanexperimentalapproachby comprehensivemodellingof aconcreterealis-
tic system.Ourstrategy for testingthesupportinghypothesisis detailedasfollows.

First, we study the literatureon location modelsto gain understandingof the
modelswe wish to modelbigraphically. (1) To testwhetherbigraphsaresuitedfor
directmodellingof context-awaresystems,we pick somequerieson location-aware
systemsto model. Suchqueriesareconcrete,andit is clearwhena queryhasbeen
implementedfaithfully. (2) Finding that this direct modellingis inconvenientmo-
tivatesa more advancedmodellingmethod;Plato-graphicalmodels. We model a
context-awareprinting examplefrom the literatureto testthePlato-graphicalmod-
els. (3) Further, we useour gainedknowledgeof locationmodelsto formulatea
representativeone,andmodelit asaPlato-graphicalmodel.In doingthis,wede�ne
anencodingof aMiniML-lik ecalculusinto bigraphs,andanalysethis encoding.

In short: In this reportwe essentiallyinventandchallengePlato-graphicalmod-
els(andthusBRSs)by testinghow suitedthey arefor modellinglocationmodels.
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1.5 Outline of this report

Having introducedandmotivatedour domainof work we proceedas follows. In
chapter2 locationmodelsareinvestigated.Having this pieceof backgroundknowl-
edgein placeweproceedto de�ne Plato-graphicalmodelsfor context-awaresystems
in chapter3. Thesemodelsserve asbasisfor thechapters4 and5. In chapter4 we
encodeacalculuswith referencesin bigraphsbecausethis is neededfor thebigraph-
ical locationmodelpresentedin chapter5. Chapter6 presentsrelatedwork in some
detail, andchapter7 extensively discussesdirectionsfor future work. Finally, we
concludein chapter8.

We stressthe fact that this is a progressreport sosomeof thework presentedhere
is in progress. Weremarkthatthechapteronrelatedwork takesupsigni�cant space
becausebecomingknowledgeablewithin therelevantresearchareashasbeena pri-
ority in thisstudy, andshouldserveasabasis(andcatalyst)for our furtherresearch.
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Chapter 2

Location Models

2.1 Intr oduction

It iswell agreeduponthatlocationisanimportantcontext-parameter[Sch95, Leo98],
but not theonly one[SBG99] in context-awarecomputing,andthat context-aware
computingwill becomeincreasinglyimportantin the yearsto come. This chap-
ter servesasgeneralbackgroundknowledgefor chapter3 on bigraphicalmodelsof
context-awaresystems,andasbasisfor modellinga locationmodelin chapter5.

2.1.1 Location systems

First,we needa pieceof terminology.

2.1.1.1 Located-objects

As mentionedearlier, thereare(at least)two waysto think aboutlocation;namely
physicalandvirtual. In thepresentdiscussionwe think of physicallocation,i.e. the
locationof objectsin thephysicalworld. Typically, it is the locationof real-world
entitiessuchasmobiledevices(e.g. mobilephones)that is interestingfor location-
aware applications(which we explain shortly). Following [Leo98, ST94] we use
the term located-objectto refer to a mobile objectwhosephysicallocationcanbe
tracked.

2.1.1.2 The overall location systemmodel

In this chapterwe presenta digestof theresearchliteratureon locationmodels. We
saythat a locationmodelis constitutedby (1) representationsof staticandmobile
real-world objects,(2) spatialrelationshipsbetweentheseobjects,(3) a collection
of rules that modelobjectmovement,and(4) a collectionof locationinformation
querieson themodel. Locationmodelsareessentialpartsof location systems(see
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[HB01] for a survey on locationsystems)becausethey provide a uniform way for
applicationsto obtainlocationinformation,whichfacilitatesrapiddevelopment.Be-
foredelvinginto locationsystemsweneedtoaddresshow informationaboutlocation
is presentedin differentformats.Geometriccoordinates,asusedby theGlobalPo-
sitioningSystem(GPS),refer to a point or geometric�gure in a multi-dimensional
space.Symboliccoordinatesarenamesandcanreferto cell-IDs in cellularnetworks
suchas the Global Systemfor Mobile communications(GSM) or WirelessLocal
AreaNetworks (WLANs), or to radio frequency tags(RFIDs). The distinctionbe-
tweenthesetwo coordinatetypesis fundamentalandwewill returnto it shortly. For
now, pleaseconsider�gure 2.1,whichdepictstheoverallsystemmodel.Weexplain

Location model

Application

Actuators

Positioning system

Physical world

Sensed information

Position updates

Queries

Figure2.1: Overall locationsystemmodel.

�gure 2.1 in a top-down fashion. A location-aware application (see[Leo98] for
examples)queriesa locationmodelfor locationinformation.By location-awarewe
mean“the ability to adaptbehaviour to thephysicallocationsof users,resources,and
processes”[Leo98]. In somecasestheapplicationcanupdatethelocationmodel;we
saythatthisis actuation. Thedifferentkindsof queriesandactuatorsimply demands
on theinternalstructureandorganisationof thelocationmodel.Thelocationmodel
maintainsa representationof the stateof the physicalworld by receiving events
aboutupdatedpositioninformationonmobileobjectsfrom apositioningsystem(see
[HB01] for an overview of positioningsystems).“A positioningsystemallows a
mobileobjector trackingsystemto issuea positionupdatewith a coordinateiden-
tifying a locationto the locationmodel.” [BD05]. [Leo98] statesthata positioning
systemmeasuresthelocationof thequeryinglocated-object(e.g.vehiclenavigation
systems),whereasa trackingsystemmeasuresthe locationof other located-objects
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(e.g. theActive Badgesystem[WHFG92]). We do not wish to distinguishbetween
trackingandpositioningbecausewe needobjectsto enquireaboutboth their own
andotherobjects' locations. If differentpositioningsystemsarein play thenthere
is a needfor sensorfusion, but that is out of the scopeof this report so we refer
to [HBB02]. In the precedingexplanationwe have usedthe terms“location” and
“position”. Following [HB01] we distinguishbetweenphysicalpositionandsym-
bolic location; a physicalpositionis speci�ed by a geometriccoordinate,whereas
a symboliclocationis speci�ed by a symboliccoordinate.The positioningsystem
generateslocation informationeventson the basisof what its (hardware)sensors
sensein thephysicalworld. Thesensorstrackthemovementof located-objectsand
the sensedinformation is deliveredto the location model. The physicalworld is
the world we live in, which is narrowed accordingto the geographicallocationof
interest,e.g.a sentientbuilding.

We sometimeswish to speakof a geographicalpoint or areawithout beingspe-
ci�c asto whetherwe considerit from a geometricor symbolicpoint of view. We
overloadtheterm“location” for this purpose.

2.1.1.3 Focus

We focuson a conceptualclassi�cationof the models. We do not discussspeci�c
location-awareapplications,positioningsystemsor sensortechnologyany further,
exceptfor a few commentslateron.

2.2 Relationships,queries,and requirements

As mentionedearlier, location-awareapplicationsqueryalocationmodel.Weintend
to identify typesof commonqueries,andmentionwhich demandsthey list for the
underlyinglocationmodel. This requiresus to �rst studycoordinatesandspatial
relationshipsbetweenlocations.Wedonotconsideractuationin thischapter, but we
do returnto it brie�y duringthis reportandin chapter7.

We proceedto explain locationmodelsandtheir basis.

2.2.1 Basicpropertiesof coordinates

We follow the de�nitions of [BD05]. A coordinateis an identi�er specifyingthe
physicalpositionof anobjectwrt. a givencoordinatesystem, or thesymbolicloca-
tion by a name(e.g. a cell-ID). A coordinatesystemis a setof coordinates.There
areessentiallytwo differentclassesof coordinates,namelygeometricandsymbolic.
We discusseachclassof coordinatesin turn.

2.2.1.1 Geometriccoordinates

Geometriccoordinatesrefer to a point or geometric�gure in a multi-dimensional
spaceandcanbeglobal or local. Geometriccoordinatesnaturallysupportcalcula-
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tion of physicaldistanceandcontainmentrelationshipsbetweenpositions(whichare
describedby oneore morecoordinates),to which we returnshortly. Throughcal-
culation,geometriccoordinatesalsosupportthefollowing operations:Areaoverlap,
areastouching,andareacontainment.

GPSis anexampleof a systemusingglobalgeometriccoordinates,wherecoor-
dinatesaretriplesof longitude,latitude,andelevationabove mainsealevel. Many
applicationsuseGPS– e.g. navigation systemsin cars. An exampleof a system
using local geometriccoordinatesis the Active Bat system[ACH+01], which is a
high-resolutionindoor positioningsystemproviding three-dimensionalcoordinates
wrt. a local Cartesiancoordinatesystem.In otherwordsthephysicalspaceis de-
�ned by a coordinatesystem,positionsareidenti�ed by coordinatetuples,andthe
locationmodelis geometric,i.e. identi�es pisitionsby geometriccoordinates.

2.2.1.2 Symboliccoordinates

Symboliccoordinatesarenamesthatreferto locations,e.g.a room,a cell ID, or an
IR identi�er of a sensor. A reasonfor having symboliccoordinatesis that they are
“human-readable”– it is oftenmoreusefulto know thata personis in a particular
cell (e.g. a room), thanat somegiven(setof) coordinate(s).Givenonly symbolic
coordinates,it is not possibleto calculatedistancesvia a distancefunction,but the
distanceandcontainmentrelationshipson locations(to be explainedshortly) must
be representedexplicitly in the location model. Furthermore,a symbolic notion
of nearness(or proximity) canbe supported,i.e. located-objectis closeto another
located-objector location.We returnto this below.

TheActiveBadgesystem[WHFG92] providessymbolicidenti�ers (coordinates)
for locationsvia �x ed IR sensorsregisteringusers'badgesthat transmita unique
identi�er. In other words the locationspaceis de�ned by the placementof �x ed
sensors,a locationis de�ned by thesymbolicnameof thesensor, andthe location
model is symbolic. Anotherapplicationthat usessymbolic coordinatesis Active
Of�ce system[WJH97] wherelocationsaredenoted“building”, “�oor”, “room” and
soforth.

2.2.2 Relationshipswrt. locationsand located-objects

In theliterature� verelationshipspertainingto locationsandlocated-objectsareem-
phasisedashaving practicalimportance;Contains(inclusion),connected-to, near
(proximity), range, anddistance. Thesespatialrelationshipsbetweenlocationsare
relevantfor queriesandtopologiesof locationmodels.We brie�y discusseachone
in turn.

Contains Indicateswhethera location is completelyincludedin another. This
relationis supportednaturallyin modelswith a hierarchicallocationstructuresuch
astreesandlattices.As mentioned,it canbecalculatedin geometricmodels.As an
example:A building cancontaina room,but hardlyviceversa.
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Connected-to Refersto somelinking betweenlocations.Thisrelationshipis often
capturedby introducinga graph-basedlocationstructure,asit cannot becalculated
or derived. Examples:Two mobile devicescanbe connected,e.g. via Bluetooth.
Two roomscanbeconnectedby a door.

Distance Thedistancerelationshipis de�ned on spatialobjectsandis usuallyex-
pressedasa naturalor real number. It canbe calculatedin geometricmodels,but
needsto be explicit in symbolicmodels.As an example: Two mobiledevicescan
be positionedten metersfrom eachother, but in different rooms. This raisesthe
questionof how to calculatedistance;by following apathvia theconnected-torela-
tionship,or astheEuclediandistance.We returnto thisquestionin chapter5.

Near For a located-objectl to be nearanother, a notion of “distancefunction” is
required. The nearrelationshipcould containthe n located-objectsclosestto the
positionof l. This relationshipcanbecalculatedin geometricmodels,but mustbe
explicitly representedin symbolicmodels.It canbe seenasa specialisationof the
distancerelationship.As an example:A userof a mobiledevice maywant to �nd
thenearestprinter.

Range Therangerelationshiphasthe located-objectswithin a certaingeographic
areaof thelocated-objectin question.To supportthisquerylocated-objectpositions
must be known and the containsrelationshipmodelled,i.e. it hasto be de�ned
whethera coordinatelies within a spatialarea. As an example: The sendingof
messagesto receiversin acertaingeographicarea,e.g.a roomon (containedin) the
fourth �oor (contained)in a building.

2.2.3 Queries

In [BD05] four differentquery types,which location modelsshouldsupport,are
identi�ed. We presentandexplain themfor future reference.Whenexplaining the
querieswe referto therelationships.

Position queries: Determinationof thepositionor locationof a located-objectlike
a user's mobiledevice,or a staticobjectlike a room.A positionis de�ned by
local or globalcoordinates.It would, e.g.,berelevantwith a local coordinate
systemfor a moving train sothata traveller canbelocatedin a compartment
insteadof his or her positionon the ground[BD05]. To comparepositions
from local coordinatesystems,mappingsto a commonglobalcoordinatesys-
temmustbede�ned.

Nearestneighbour queries: A searchfor thelocated-objector locationclosestto a
certainposition,e.g.aprinter. Besidesknown located-objectpositionsthereis
needfor adistancefunctionto supportthisquery. This functionshouldoutput
thephysicaldistancewhensuppliedwith two coordinatetuples.
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Navigation: Finding pathsbetweenlocations. Thereis a needto modelthe topo-
logical connected-torelationship,which describesinterconnectionsbetween
neighbouringlocations.This can,e.g.,be usedto �nd theshortestor fastest
path,orapathfor apersonin awheelchair. Onecouldimagineaddingweights
to links for this purpose.

Rangequeries: Searchfor all located-objectswithin acertaingeographicarea.This
can,e.g.,beusedto sendmessagesto receiversin acertaingeographicareaas
in Geocastprotocols[DR03]. To this end,themodelneedsto beableto de-
terminethepositionsof thelocated-objects,andalsothetopologicalcontains
relationship,i.e. whethera coordinatelies within a spatialarea.Containment
is supportedimplicitly for geometriccoordinates,but mustbe speci�ed ex-
plicitly for symboliccoordinates.

Theseare the querytypeswe will considersupportingin our bigraphicallocation
modelin chapter5. We shouldmentionthat [BD05] alsohasa requirementstating
thatall informationof thelocationmodelcanbevisualised,but we do not consider
thatasaqueryassuch.

2.2.4 Location model requirements

Having describedthesequeries,thefollowing modelrequirements,not all of which
needto be ful�lled at thesametime, arederived in [BD05]. Therequirementsare
ongeneral-purposemodelsthatwish to supportall four querytypes,andsoamodel
for a speci�c purposeneednot necessarilyful�l theserequirementsto be of use.
We believe thatour precedingtreatmentjusti�es theserequirementswithout further
comments.

Object positions: Needgeometricandsymboliccoordinatestosupportawiderange
of applicationsthathave beenimplemented.Cando with eithergeometricor
symbolicin somecases.Multiple local andglobal coordinatereferencesys-
temsaredesirable.Thissupportsthepositionqueries.

Distancefunction: Distancesbetweenspatialobjects;Euclediananddesirablyover
paths.This is requiredfor thenearestneighbourandgeometricrangequeries.
We arguethat rangecanalsobe supportedby locationcontainmentandcan
thusmakesensein symbolicmodelsalso.

Topologicalrelations: Containsand connected-to.Theseare neededto support
rangequeriesandnavigationqueries,respectively.

Orientation: Horizontalandverticalorientationis requiredfor someapplications,
e.g.to determinewhichsituationa personis in.

According to [Leo98] co-locationis anotherinterestingrelative relationship. We
considerthis to bearangequerywheretherangeis exactlyone'sown location.
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[BD05] arguesthat minimal modellingeffort shouldbe consideredwhencon-
structinga locationmodel,i.e. wrt. accuracy(creationandupdatingof themodel,
dynamics),level of detail (granularityof locations),andscope(theareacovered;a
building, a room,acountry).We agree,andreturnto this in chapter5.

2.3 Classi�cation of location models

Whenclassifyinglocationmodelswe needto have a clear terminology. Unfortu-
nately, thereis noclearconsensusin theresearchliteratureregardingtheterminology
of locationmodeltypes.We proceedby synthesisingthe terminologyof the litera-
ture. Sometermsusedare:Geometric,physical,symbolic,geographical,semantic,
metric, topological,and Cartesian[HB01, Rot03, Pra00, BS01,BD05, DRD+ 00,
BZD02, CK00]. We believe that theseterms,in essence,cover two differenttypes
of locationmodels;symbolicandgeometric.We groupthetermsasfollows:

Symbolic includesgeographical,semanticandtopological.

Geometric includesphysical,metric,andCartesian.

Hybrid modelsarecombinationsof symbolicandgeometricmodels.

We continueby giving explanationsof geometricandsymboliclocationmodelsfol-
lowing [Leo98], alongwith brief justi�cations of our grouping. We begin with the
geometricmodelsandcontinuewith thesymbolicmodels.

2.3.1 Geometric location models

Geometriclocationmodelsde�ne thephysicalspaceby oneor moremultidimensio-
nal referencecoordinatesystems.Bothpositionsandlocated-objectsarerepresented
aspoints,areas,or volumeswithin thesecoordinatesystems.This supportscalcu-
lation of the relationshipsdistance(which may not be accurate)andcontainment
betweenpositions,and thereforealso allows for calculationof areaoverlap, and
whetherareastouch.Theconnected-torelationshipis howevernot inherent.A geo-
metriclocationmodelissaidtobeuni�ed if it hasmultiplecoordinatesystems,other-
wisesimple. Often,uncertaintyareasareusedto capturetheimprecisionof sensors
(seee.g. [SBG99, HHS+02, HB01]) whenpositioninglocated-objects.Somegeo-
metric systemsuseglobal coordinates,e.g. referringto thepositionon theEarth's
surfacelike in GPS,while othersystems(e.g. Active Bat [ACH+01, HHS+02]) use
local coordinatesreferringto a (smaller)Cartesiancoordinatesystemwith another
point of origin (typical for indoorpositioningsystems).Geometricmodelsuseab-
solutepositions,i.e. located-objectsandlocationsarepositionedwith referenceto
somecommonpoint of origin (within eachcoordinatesystem),andnot relative to
eachother.
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2.3.1.1 Physical,metric, and Cartesianmodels

Physical,metric,andCartesiandenoteexactly thesametypeof modelasgeometric.

2.3.2 Symbolic location models

In symbolic locationmodelslocationsandlocated-objectsarereferredto by sym-
bolsor namessuchas“Room4C.16”or “Linus Torvald's laptop”. Symbolicmodels
userelativelocationsmeaningthat eachlocated-objecthasits own frameof refer-
encebecausetherearenounderlyingabsolutepositions.Locationscanbeorganised
in different structuresto supportdifferentqueries. We review threedifferent ap-
proaches:Set-basedmodels,graph-basedmodels,andhybridmodelscombiningthe
two approaches.

2.3.2.1 Set-basedmodels

Locationscanbe modelled(naturally) as setsof located-objectswhich are repre-
sentedby symboliccoordinates.A located-objectis a memberof a locationwhen-
ever it is physicallywithin the associatedareaor volume. Using sets,overlapof
locationsL1 andL2 is representedby setintersectionL1 \ L2 , ; , andthusalsothe
containmentrelationship,if L1 \ L2 = L1 thenL2 containsL1. This supportsrange
queriesby subsetconstruction.It shouldalsobepossibleto testfor equivalenceon
locations. The supportfor queriesrelatedto spatialdistancesis naturally limited,
but a notion of qualitative distanceon symbolic coordinatescan be modelledvia
setmembershiptests,we refer to [BD05] for thedetails.We mentiontwo example
systems;Guide[CDMF00] andActiveBadge[WHFG92].

Cell models This is themostbasicand�e xible set-basedmodel,andthusnameda
simplesymbolicmodel.In thismodelthelocationspaceis describedby cellssocells
arethesymboliclocations.A cell is a well-de�ned geographicalarea,e.g. a room.
Cellscanoverlap,andneednot cover thewholespace.This is realisticwrt. sensor
systems.Thereis typically no containmentrelationshipin cell models.An example
systemis GPS,wherethecell's areais a circle de�ned by thesightingcoordinates
andtheaccuracy margins[Leo98].

Zone models A zonemodelis a cell modelwith exclusive membership,i.e. non-
overlappinglocations.In a cell model,cellsmayoverlap.Theseoverlapsarenamed
zones. Eachzoneis part of oneor morecells. Now, zonesareusedassymbolic
locations. Imposingthe constraintthat locationsmust be non-overlappingyields
an exclusivesymbolicmodel. A singlezonespacecanaccommodatean arbitrary
numberof cells,which is useful if severalsensorsystemsarein play. Sincezones
do not overlap,a located-objectcanbe in at mostonezoneat a time. As notedin
[Leo98] the movementsof one located-objectcanbe modelledby a single �nite-
statemachinemakingthezonespaceanaturalframework for persistenttrackingand
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movementprediction. Imposinghierarchicallocationsvia a partialorderon a zone
modelyields a locationtreestructure.An exampleis found in [HHS+02] wherea
quadtree(atreewhereall nodeshavefour children)is used.(Suchstructuressupport
multi-resolutionandthusscalabilityof design.)

Domain models A domainmodel is a zonemodelwherelocations(zones)have
beenpartially orderedin a virtual hierarchyof domains.Theaim is to enablemulti-
resolutiontracking. A zoneis a memberof at mostonedomain.Domainsarepar-
tially ordered,by thecontainsrelationship,andcanoverlap.Thus,it is now possible
to relatesomezonesto “building B”, which is partof “CampusS” andalsopartof
“The computersciencedepartment”,for example.If “A” is a memberof “B” thenit
is alsoamemberof theancestorsof “B” in thedomainordering.Changesin domain
membershipshouldpropagatethroughthemodel.Multi-resolutionrefersto theabil-
ity to, e.g.,saythata located-objectis situatedin room“4C.16” or in “ITU” (where
“4C.16” is amemberof “ITU”). See[DR03] for anexample.If alatticeis imposedas
theordering,thenasimplenotionof distancecanbeexpressed:Giventhreelocations
l1; l2; l3 we havethatdistance(l1; l2) < distance(l1; l3) if sup(fl1; l2g) < sup(fl2; l3g) in
the lattice. This may not be a very good metric, but hierarchicalmodelsdo not
providemeansto modelinterconnectionsbetweenlocations.

2.3.2.2 Graph-basedmodels

In the graph-basedapproachsymbolic coordinatesde�ne the verticesV of graph
G = (V; E). An edgee 2 E is addedbetweento verticesif a direct connection
betweenthosetwo verticesexist in the physicalworld. An edgecould be a door
betweentwo rooms(vertices).Edgescanbeweighted(andoriented)to modeldis-
tances. It is clear that this setupsupportsthe connected-toanddistancerelation-
shipsexplicitly. It is thereforewell-suitedfor navigationanddistancequeries.The
containmentrelationshipis not supported,but canbe simulatedby linking from a
referencevertex to all other verticeswhich are consideredto be within a partic-
ular range. This is not a generalmechanismthough. Furthermore,locationscan
not consistof otherlocations.Examplescanbefoundwithin “smartenvironments”
[RLU94, OJDA01].

2.3.2.3 Combinedgraph- and set-basedsymbolicmodels

As seen,theset-basedmodelssupportrangequerieswell whereasthegraph-based
modelssupportdistanceandconnected-to.Wewishto combinethetwo modeltypes
to obtainall thebene�ts. Theset-basedpartof thishybridmodelis asetof symbolic
coordinates.Locationsaresetsof coordinates.Locationsareconnectedby edges
if a connectionbetweentheselocationsexists in the physicalworld. For instance,
two roomscanbeconnectedby a door, andtwo �oors by a stairway. Edgescanbe
weightedto modeldistances.We canintroducemorethanonegraphto represent
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views, i.e. differentaspectsof the world. An exampleis the Active Map system
[Sch95].

2.3.2.4 Geographical,semantic,and topologicalmodels

Geographicalmodelstypically organisethe locationspacehierarchically via iden-
ti�ers suchas“City of Copenhagen”,“IT Universityof Copenhagen”,and“The C
wing”.We considerthesemodelsto bea specialcaseof symbolicmodelswherethe
symbolshappento carrygeographicalmeaning,andthe locationspaceis, e.g.,or-
ganisedasa tree.

Webelievethetermsemanticlocationmodelwascoinedin [Pra00], whereplaces
(semanticlocations)arerepresentedby URIs andcanhave attributesindicatingthe
natureor purpose,or evenphysicalor geographicalinformation.In [Pra00] thereare
threetypesof location; physical(grid based),geographical(hierarchical),andse-
mantic(weblike). Likein [Rot03], wedonotdistinguishsemanticandgeographical
location.We considersemanticlocationsto bea specialcaseof symboliclocations
becauseweb-like structurescanwell be describedusinggraphsto model location
spacein asymbolicmodel.Topological [BS01] modelsarerelatedto semanticmod-
els. Organisingsemanticlocationsin a hierarchysupportsthecontainmentrelation-
ship.Still, thecombinedmodelremainsaspecialcaseof symbolicmodels.

2.3.3 Hybrid location models

Hybrid locationmodelsaresocalledbecausethey arecombinationsof thetwo model
typeswe have outlinedabove, namelysymbolicandgeometric.Symbolicandge-
ometricmodelsareorthogonalandcanthereforebe combinedin numerousways.
Hybrid modelsaim to possesstheadvantagesof bothtypesof models,i.e. basically
to provide applicationswith a high-level structuredsymbolic representationof lo-
cationswhile preservingtheaccuracy of locationinformationinherentin geometric
coordinates.This combinationsupportsthe querieswe consideredin section2.2.
Thetrade-off is ahighermodellingeffort.

In [BD05] it is suggestedto add geometricinformation to a symbolic model.
This canbe doneeither for eachsymbolic location,or for only someof them. It
is alsopossibleto deducesymboliclocationsfrom geometriclocations,andrelative
from absoluteby the containmentrelation[HHS+02]. It is a matterof abstracting
certaingeometricdatainto meaningfulsymbolicnotions. Typically, a non-hybrid
modelwill begeometricandabsolute,or symbolicandrelative.

One exampleof a hybrid model is found in [JS02], wherein a symbolic tree
modeleachnode(location)hasgeometricinformationasan attribute,andqueries
suchasdistanceandcontainmentaresupported.Anotherexampleis foundin [Rot03],
whereadomainmodelis presented.Thishybridmodelhasmappingsbetweenlocal
andglobalcoordinates,andalsobetweengeometricandsymboliclocations.Local
coordinatescanbetranslatedinto globalcoordinates.Globalgeometriccoordinates
canthenbetranslatedinto globalsymboliccoordinates,which in turn canbetrans-
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lated into global geometricareas. Suchmappingsare widely adoptedin practise
accordingto [BD05].

2.3.4 Views

An idea found in several papers[BD05, BBR02, BS01, Rot03] is that of having
views, i.e. having multiple hierarchiese.g.representingdifferentviewsof anorgan-
isation;thebuilding, employeerelationships,accesscontrolet cetera.This thought
alsoappearsin theoreticalwork, whichwe treatin chapter6.

2.3.5 Location-aware systems

Severallocation-awaresystems(or locationsystems) havebeenimplementeddemon-
stratingthe feasibility of using location information in practisewhile challenging
existing anddevelopingnew technology. By locationsystemwe meana computer
systemthatvia hardwaresensorscantrackthephysicallocationof objects(to beex-
plainedshortly),andis ableto outputthis informationin somesuitableformat. See
[HB01] for asurvey of locationsystemswherethey havebeencategorisedaccording
to their propertiesgeometric/symbolicandabsolute/relative. Locationsystemsas
sucharenotwithin thefocusof this reportsowe refrainfrom furtherdiscussion.

2.4 A modelof a re�ecti vebuilding

Describea re�ective building as “one equippedwith sensors,which continually
transmitdataof thebuilding'soccupancy to amonitorthatmaintainsadatastructure
whichfaithfully recordstheoccupancy.” 1. This is averyloosedescription.Wecome
alittle closerto moretangiblepropertiesin [Hop00], whereasentientbuilding is said
to supportcontainment,proximity (near),andcoordinatesystems.Exceptfor theco-
ordinatesystemsit doesseemthatwecandowith averysimplelocationmodel,e.g.
a symbolictreemodel. This is the startingpoint for this report. We do, however,
wish to modelmorerealistic(complex) examplesin ourwork socoordinatesshould
beconsidered.We will comebackto this in chapter5.

2.5 Concluding remarks

Wehopeto havegiventhereadersuf�cient backgroundknowledgefor thenext chap-
ters.Themostimportantpointsare:

• Location modelsfacilitate ef�cient developmentof location-aware applica-
tions.

1http://www-dse.doc.ic.ac.uk/Projects/UbiNet/GC/Manifesto/fp-movement.html
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• To supportabroadrangeof applicationsa locationmodelshouldsupportfour
query types(position,near, navigation, range),and thusbe a hybrid model
(geometricandsymbolic).Queriesrely oncertainspatialrelationships.

• We have brie�y notedsomethoughtsabouta locationmodelfor a re�ective
building – namelythat a symbolic treemodel is a goodstartingpoint for a
re�ectivebuilding.

We have tried to cover the literatureon locationmodels. Much canandhasbeen
writtenaboutdifferentimplementationsof location-awareapplications.To limit our-
selveswe havedecidedto leave thoseoutof thefocusin this report.Thesamegoes
for positioningsystemsandsensortechnologiesunderlyinga locationmodel. The
focusis onmodellingof locationmodels.
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Chapter 3

Bigraphical Modelsof
Context-Aware Systems

This chapterconsistsof a conferencepaper[BDE+06] followedby theappendices
of a technicalreport [BDE+05]. The only changesmadeareminor typographical
ones,and adjustmentof referencesto �t in this report. Both the conferencepa-
perandthetechnicalreportweredevelopedandproducedin cooperationwith Lars
Birkedal,SørenDebois,ThomasHildebrandt,andHenningNiss. All authorscon-
tributedequally.

The work in this chapteris foundationalfor chapter5 wherea bigraphicallo-
cationmodelis presented,in that it developsthemodellingtechniqueused,namely
bigraphicalmodelsof context-awaresystems.Suchmodelscanbe usedto model
locationmodels.It alsosupportschapter4 with agentleintroductionto bigraphs.
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Abstract

As part of ongoingwork on evaluatingMilner's bigraphicalreactive
systems,we investigatebigraphicalmodelsof context-aware systems,
a facetof ubiquitouscomputing. We �nd that naively encodingsuch
systemsin bigraphsis somewhatawkward;andwe proposea moreso-
phisticatedmodelling technique,introducingPlato-graphical models,
alleviating this awkwardness.We argue that suchmodelsare useful
for simulationandpoint out that for reasoningaboutsuchbigraphical
models,thebisimilarity inherentin bigraphicalreactive systemsis not
enoughin itself; an equivalencebetweenthe bigraphicalreactive sys-
temsthemselvesis alsoneeded.
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3.1 Intr oduction

Thetheoryof bigraphical reactivesystems, dueto Milner andco-workers,is based
on a graphicalmodelof mobilecomputationthatemphasizesbothlocality andcon-
nectivity [JM04, Mil04c, Mil05c]. A bigraphcomprisesa placegraph,representing
locationsof computationalnodes,anda link graph,representinginterconnectionof
thesenodes.We give dynamicsto bigraphsby de�ning reactionrulesthat rewrite
bigraphsto bigraphs;roughly, a bigraphicalreactive system(BRS) is a setof such
rules. Basedon methodsof theseminal[LM00], any BRShasa labelledtransition
system,thebehaviouralequivalence(bisimilarity) of which is acongruence.

There are two principal aims for the theory of bigraphicalreactive systems:
(1) to model ubiquitoussystems[Wei93], capturingmobile locality in the place
graphandmobile connectivity in the link graph;and (2) to be a meta-theoryen-
compassingexisting calculi for concurrency andmobility. To date,the theoryhas
beenevaluatedonly wrt. the secondaim: We have bigraphicalunderstandingof
Petrinets[Mil04b], � -calculus[Jen06, JM04, JM03], CCS[Mil05c], mobileambi-
ents[Jen06], HOMER [BH06], and� -calculus[Mil04c, Mil05b].

Thepresentpaperinitiatestheevaluationof the �rst aim. We investigatemod-
elling of context-aware systems, a vital aspectof ubiquitoussystems.A context-
awareapplicationis anapplicationthatadaptsits behaviour dependingon thecon-
text at hand[SAW94], interpreting“context” to meanthe situation in which the
computationtakesplace[DA00]. The canonicalexampleof sucha situationis the
locationof thedeviceperformingthecomputation;systemssensitive to locationare
calledlocation-aware. As anexample,a location-awareprinting systemcouldsend
auser'sprint job to aprintercloseby. (For notionsof context differentfrom location,
referto [SBG99]; for large-scalepracticalexamples,see[ACH+01].)

To observechangesin thecontext, context-awaresystemstypically includeasep-
aratecontext sensingcomponentthatmaintainsamodelof thecurrentcontext. Such
modelsareknown ascontext models[HIR02] or, morespeci�cally, locationmodels
[BD05]. Theabove-mentionedlocation-awareprinting systemwould needto main-
tainamodelof thecontext thatsupports�nding theprinterclosestto agivendevice.
Suchmodelsareinformal. Thereareonly very few formal modelsof context-aware
computing(referto [Hen04] for anoverview). We pointoutContext Unity [RJP04];
in spirit, our proposalis somewhatcloserto processcalculi thanContext Unity is.
However, bigraphsdiffer from traditionalprocesscalculi in thatwe getto write our
own reactionrules.

In overall terms,ourcontribution is two-fold.

• We �nd, perhapssurprisingly, that naively modellingcontext-awaresystems
asBRSsis somewhatawkward;and

• we proposea moresophisticatedmodellingtechnique,in which theperceived
andactualcontext arebothexplicitly representedasdistinct but overlapping
BRSs.We call suchmodelsPlato-graphical.
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The remainderof this paperis organisedas follows. In section3.2, we intro-
ducebigraphsand bigraphicalreactive systems. In section3.3, we discussnaive
bigraphicalmodelsof location-aware systems. In section3.4, we introduceour
Plato-graphicalmodelsof context-awaresystems. In section3.5, we presenttwo
examplemodels.In section3.6,wediscuss.Finally, in section3.7,weconcludeand
notefuturework.

3.2 Bigraphs and Bigraphical ReactiveSystems

Weintroducebigraphsbyexample(thereadercan�nd therelevantformalde�nitions
of [JM04, Mil05c] in appendixA. Readersacquaintedwith bigraphsmayskip this
section.

Hereis a bigraph,A:

server
secret

of�ce

pc pda pda

It hasnodes(vertices),indicatedby solid boxes. Eachnodehasa control, written
in sans serif. Eachcontrol hasa numberof ports; portscanbe linked by edges,
indicatedby lines. Here, the controlssecret and of�ce have no ports, all other
controlshave oneport. Nodescanbe nested,indicatedby containment.The two
outermostdashedboxesindicateroots. Rootshave no controls;they serve solelyto
separatedifferentnestinghierarchies.

ThebigraphA ostensiblymodelstwo physicallyseparatelocations(becauseof
the two roots). The �rst containsa server, which in turn containssecretdata; the
secondcontainsan of�ce, which in turn containsa PC andtwo PDAs. The server
andthePCareconnected,asarethePDAs.

Hereis anotherbigraph,B:

server

0

z

of�ce

pc pda
1

B resemblesA, exceptthatthecontentof server hasbeenreplacedwith asite� 0, one
of thepdashasbeenreplacedby asite� 1, andthereis aninnernamez connectedto
theremainingpda. Usingsitesandnames,we cande�ne compositionof bigraphs.
For that,hereis yetanotherbigraphC:
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secret

z

pda

C hasanouternamez. ThebigraphsB andC composeto form A, i.e.,A = B � C.
Compositionproceedsby pluggingtherootsof C into thesitesof B (in order),and
fusing togethertheconnectionspda ! z (in C) andz ! pda (in B) removing the
namez in theprocess.

Onecannotcomposearbitrarybigraphs.For U � V to bede�ned, U musthave
exactlyasmany sitesasV hasroots,andtheinnernamesof U mustbepreciselythe
outernamesof V. Thesitesandinnernamesarecollectively calledthe inner face;
similarly, therootsandouternamesarecalledtheouterface. A hasinnerfaceh0; ;i
(no holes,no inner names)andouter faceh2; ;i (two roots,no outernames).We
write A : h0; ;i ! h2; ;i . Similarly, B : h2; fzgi ! h2; ;i andC : h0; ;i ! h2; fzgi.

Thegraphicalrepresentationusedaboveis handyfor modelling,but unwieldyfor
reasoning.Fortunately, bigraphshaveanassociatedtermlanguage[DB05, Mil04a],
whichweuse(albeitin asugaredform) in whatfollows.Thelanguageissummarised
in Table3.1.Hereare,in orderof increasingcomplexity, termrepresentationsof the

Term Meaning
U k V Concatenation(juxtaposition)of roots.
U j V Concatenation(juxtaposition)of children.(collect

thechildrenof U andV underoneroot.)
U � V Composition.
U(V) Nesting.U containsV.
K~x(U) Ion. Nodewith control K of arity j~xj, portscon-

nectedto the outernamesof vector~x. The node
containsU.

1 Thebarren(empty)root.
� i Sitenumberedi.

=x:U U with outernamex replacedby anedge.
x=y Connectionfrom innernamey to outernamex.

Table3.1: Sugaredtermlanguagefor bigraphs.

bigraphsA, B andC.

C = secret k pdaz

A = =x:=y:serverx(secret) k of�ce (pcx j pday j pday)

B = =x:=y:serverx(� 0) k of�ce (pcx j pday j � 1) j y=z

Noticehow, in B, edgesarespeci�ed by �rst linking nodesto thesamename,then
convertingthatnameto anedgeusingtheclosure`='.

We givedynamicsto bigraphsby de�ning reactionrules.Example:
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server

0

z

of�ce

pc pda

1 _

server

0

z

of�ce

pc pda

0 1

=x:serverx(� 0) k of�ce (pcx j pdaz j � 1)

. =x:serverx(� 0) k of�ce (pcx j pdaz(� 0) j � 1)

This rule might model that if a PC in someof�ce is linked to a server, a PDA in
thesameof�ce mayusethePCasa gateway to copy datafrom theserver. Therule
matchesthebigraphA above, takingsecret to thesite � 0 andpday to thesite � 1,
rewriting A to

A0 = =x:=y:serverx(secret) k of�ce (pcx j pday(secret) j pday)

(We omit detailson what it meansto matchconnections;refer to one of [JM04,
Mil05c].)

It is occasionallyconvenientto limit the contexts in which a reactionrule ap-
plies [BP04], i.e., we might want to limit theabove examplereactionrule to apply
only in the left wing of thebuilding. To this end,bigraphscanbe equippedwith a
sorting [Jen06, Mil05c, Mil04b]. A sortingconsistsof a setof sorts(or types);all
innerandouterfacesarethenenrichedwith suchasort.Further, asortingmuststip-
ulatesomeconditionon bigraphs,we thenrestrictour attentionto thebigraphsthat
satisfythatcondition,thusoutlawing somecontexts. Obviously, removing contexts
mayruin thecongruencepropertyof theinducedbisimilarity; [Jen06] and[Mil05c]
givedifferentsuf�cient conditionsfor asortingto preservethatcongruenceproperty.

Thisconcludesour informaloverview of bigraphs.Now on to themodels.

3.3 NaiveModelsof Location-awareSystems

In thissection,weattemptto modellocation-awaresystemsnaively in bigraphs.We
will �nd thenaive approachto besomewhatawkward. Dueto spaceconstraintswe
donotdiscussotherformsof context.
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We usetheplaceandlink graphsfor describinglocationsandinterconnections
directly, andwe usereactionrulesto implementbothrecon�gurationof thecontext
andquerieson thecontext. Theformer is simply a non-deterministicchangein the
context; the latter is a computationon thecontext thatdoesnot changethecontext,
except for producingan answerto somequestion. In a location-awaresystem,a
device moving would be a recon�guration,whereascomputingthe answerto the
question“what devicesarecurrentlyat thelocationl” is aquery.

We discussthe implementationof this query. (An implementationof thequery
can be found in appendixB.) Incidentally, a query suchas “�nd nearestneigh-
bour”, which conceptuallyis only slightly harder, is signi�cantly harderto imple-
ment. (Other examplesplaguedby essentiallythe samedif�culties can be found
in [DD05].)

Considerthe following bigraphrepresentingdevices(e.g.,PDAs) locatedat lo-
cations(e.g.,of�ces, meetingrooms)within a building.

l = =w:=x:=y:=z:loc
�
loc

�
loc

�
loc (deviw) j loc

�
devix j deviy

���
j loc() j loc (deviz)

�

Off-hand,�nding all devices,say, beneaththeroot,looksstraightforward:Weshould
simply recursively traversethe nestingtree. Unfortunately, suchtraversalis quite
complicatedfor thefollowing reasons.

• The bigraphicalreactionrulesdo not supportrecursiondirectly, so we must
encodea runtimestackby meansof additionalcontrols.

• Bigraphicalreactionrulescanbeappliedin anycontext, but whenimplement-
ing an operationsuchas the querywe considernow, we needmore re�ned
control over whenrulescanbe applied;onemay achieve this more re�ned
control by againusingadditionalnodesandcontrols,essentiallyimplement-
ing whatcorrespondsto a programcounter. Thisstill leavesgreatdif�culty in
handlingconcurrentoperations,though.

• As aspecialcaseof thepreviousitem,it is particularlydif�cult to expressthat
areactionrule is intendedto applyonly in casesomethingis notpresentin the
context.

Summingup,thebigraphicalrulesthatmodelphysicalactiondonot in generalpro-
vide thepower to computedirectlywith a modelof thataction(becauseof a lackof
controlstructures).Thesloganis “recon�guring is easy, queryingis hard”.

In earlierwork on evaluatingbigraphsasa meta-theory(aim (2) mentionedin
the Introduction),reactionruleswereusedto encodethe operationalsemanticsof
a calculusor programminglanguage.However, above we attemptto implementa
querydirectlyasreactionrules. This seeminglyinnocuousdifferencewill turn out
to havemajorimplicationsfor reasoningmethods;moreon this in subsection3.6.

Weimaginethataddingmore�e xibility to thereactionrulesmightmakeit easier
to programdirectly with bigraphs.Onepossibleattemptis to usespatiallogics for
bigraphs[CMS05] in combinationwith sorting, to get control of the contexts in
whicha particularreactionruleapplies.
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In thefollowing sections,we proposeanotherway to modelcontext-awaresys-
temsin bigraphs,wherethereactionrulesarenotusedto programdirectly with, but
insteadthey areused(1) to representtransitionshappeningin therealworld and(2)
to encodeoperationalsemanticsof programminglanguages,within which onecan
thenimplementqueriesonrepresentationsof therealworld.

3.4 Plato-graphicalModelsof Context-awareSystems

The naive model of the previous sectionsharesan importantcharacteristicwith
recentproposalsof formal modelsfor context-awarecomputation[BP04, NGP05,
RJP04]thatcompriseagentsandcontexts only: Thesemodelstake theagent'sabil-
ity to determinewhat is the presentcontext as given. We contendthat for some
systems,it is naturalto modelnot only theactualcontext but alsothe agent's rep-
resentationof theactualcontext. We shall seethatpursuingthis ideawill partially
alleviatetheawkwardnessseenin theprevioussection.

We shallneedsomenotationandde�nitions.

NOTATION. Wewrite B = (K ; R) to indicatethatB is abigraphicalreactivesystem
with controlsK andrulesR, andwrite f 2 B to meanthat f is abigraphof B.

De�nition 3.4.1(Independence).LetB = (K ; R) andB0 = (K 0; R0) bebigraphical
reactivesystems.SaythatB andB0 are independentandwrite B ? B0 iff K andK 0

are disjoint.

De�nition 3.4.2(Compositebigraphical reactive systems).Let B = (K ; R) and
B0 = (K 0; R0) bebigraphicalreactivesystems.De�ne theunionB [ B0 point-wise,
i.e., B [ B0 = (K [ K 0; R [ R0), whenK andK 0 agreeon thearitiesof thecontrols
in K \ K 0.

Beawarethattherearetwo waysof takingtheunionof two setsof parametrised
reactionrules:(1) mergetherulesandthengroundthem,or (2) �rst groundtherules
andthenmergethem.In general,theresultingrulesetof (1) is a supersetof therule
setof (2). We useapproach(1).

We proposea modelof context-awarecomputingthatcomprisesthreebigraph-
ical reactive systems:thecontext C; its representationor proxy P; andthecompu-
tationalagentsA. Drawing on classicalwork [PlaBC], speci�cally TheAllegory of
theCave,wecall sucha modelPlato-graphical.

De�nition 3.4.3(Plato-graphicalmodel). A Plato-graphicalmodelisa triple (C; P; A)
of bigraphical reactivesystems,such that M = C [ P [ A is itself a bigraphical
reactivesystemand C ? A. A stateof the modelis a bigraph of M on the form
=~x:(C k P k A), where C 2 C, P 2 P, A 2 A, and~x is somevectorof names.

We emphasisethe intendeddifferencebetweenC andP: Whereasan element
of C modelsa possiblecontext, anelementof P modelsa modelof a possiblecon-
text. The independenceconditionensuresthat agentscanonly directly observe or
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manipulatetheproxy; not thecontext itself. (In theparlanceof [RJP04], the inde-
pendenceconditionensuresseparability.) To queryor alter thecontext, agentsmust
usetheproxy asa sensorandactuator.

Usingbigraphsasour basicformalismgivesus two things. First, we canwrite
our own reactionrules. We claim that becauseof this ability, modelsbecomere-
markablystraightforwardandintuitive; hopefully, thereaderwill agreeafterseeing
our examplemodelsin thenext section.Second,we automaticallygeta bisimilarity
thatis acongruence.Thus,bisimilarity of agentsis avery�ne equivalence:No state
of thecontext andproxy candistinguishbisimilaragents.

Proposition 3.4.1. Let � denotethebisimilarity in M , andlet A; A0 2 A with A �
A0. For anyC 2 C, P 2 P, and~x, wehave=~x:(C k P k A) � =~x:(C k P k A0).

Togetalessdiscriminatingequivalencewecanconsideragentsunderaparticular
stateof thecontext, or a particularstateof thesystem.

De�nition 3.4.4. Let � denotethe bisimilarity in M , and let A; A0 2 A, C 2 C
andP 2 P. We sayA andA0 areequivalentwrt. P iff P k A � P k A0, andwesayA
andA0 areequivalentwrt. C; P iff C k P k A � C k P k A0.

Weconjecturethattheaboveformsof derivedequivalenceswill proveusefulfor
reasoningabouta givenPlato-graphicalsystem.

Working within the Plato-graphicalmodel,we arefree to emphasiseany of its
threecomponents,perhapsmodellingP in greatdetail,but keepingC andA abstract.

De�nition 3.4.3abovedoesnot imposeany restrictionon compositionof states.
For example,assumethatwe haveaPlato-graphicalmodelM = (C; P; A), thatc, p
anda arecontrolsof C, P andA, respectively, andthatp is not acontrolof C. Then
thebigraphs

F = c(� 0 j � 1) k p k a(� 2) and G = c k p k a

arebothstatesof M , but their compositeF � G = c(c j p) k p k a(a) is not a state
of M . This exampleimplies that bisimilarity of statesof a Plato-graphicalsystem
maybetoo�ne arelation:Conceivably, whencomparingtwo statessands0, wemay
wish to take into accountonly contexts C suchthatC � s andC � s0 arethemselves
states,i.e., we might want to outlaw F asa possiblecontext for G. We canachieve
this �ner control usingplace-sorting.So, we de�ne a place-sortedPlato-graphical
model.Theintuition behindour sortingis thatwewantto keepcontrolsof C, P and
A separatewhencomposingcontextsof form C k P k A.

NOTATION. Denoteby Si� m avectorm0; : : : ; mn� 1 of sorts.We will write Si� m for a
sortedinterfacehm; X; Si� mi whenwedonot careaboutnames.

De�nition 3.4.5(SortedPlato-graphical model). LetM = C [ P [ A bea Plato-
graphical modelwith C = (K C; RC), P = (K P; RP) and A = (K A ; RA ). De�ne a
sortingdisciplineon M by takingsorts� = fK C; K P; K Agand,for primes,sorting
condition� ( f : Si� n ! S) = ctrl( f ) � S ^ 8i � n: Si = S, lifting to an arbitrary
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bigraph f 0 by decomposingf into primes f 0 = f0 : : : fn� 1 and declaring f 0 well-
sortediff all the fi are. Let � be an assignmentof � -sortsto the rules of RC, RP,
and RA , such that every rule is well-sortedunder � . De�ne M 0 to be M sorted
by (� ; � ) (using� to lift thereactionrules). In thiscase, wecall M 0 a sortedPlato-
graphicalmodel, and de�ne the statesof M 0 to be the well-sortedbigraphswith
outerfaceK C; K P; K A .

Thecondition� essentiallyrequiresthat(1) thecontrolsof aprime(bigraph)are
elementsof thesortof its outerface,and(2) thesortof theouterfaceis exactly the
sortof eachof thesites.Underthissortingdisciplineandnew de�nition of state,if G
is assignedasortsuchthatit is astate,thenF cannotbeassignedasortthatmakesit
composiblewith G.

Is the bisimilarity in the sortedsystemM 0 a congruence?The sorting disci-
pline of M 0 is in generalnot homomorphicin the senseof Milner [Mil05c, Def-
inition 10.4]: we cannotgive a sort to controlsin K C \ K P. (If C, P andA are
pairwiseindependent,thesortingis homomorphic;however, sucha modelis patho-
logic.) Neither is the sortingsafein the senseof Jensen[Jen06, De�nition 4.30];
condition (4) cannotbe met. Counterexample: Supposef : K C ! K C is well-
sorted;take g = f 
 1 : K C ! K C; K A (recall that 1 : � ! h1; ;i denotesthe
barrenroot). Clearly, U ( f ) = (� 0 j � 1) � U ( f 
 1). However, if K C , K A

then(� 0 j � 1) : K C; K A ! K C is notwell-sorted.
Nevertheless,thesortingof de�nition 3.4.5doesgiveriseto abisimilarity thatis

a congruence;weprovesoin AppendixC.

3.5 Examples

3.5.1 A SimpleContext-aware Printing System

We modelthesimplecontext-awareprinting systemof [BP04]. An of�ce-building
containsboth modernPCL-5ecompatibleprintersandold-fashionedraw-printers.
Occasionally, theIT-staff at thebuilding removesor replaceseithertypeof printers.
Eachprintercanprocessonlyonejob; queueingis doneby acentralprint server. The
print serverdispatchesjobsto raw-printersonly if it knowsnoPCL-printers;if there
arePCL-printers,but they areall busy, thejob will simplyhaveto wait. Thissystem
is context-aware:Thetypeandnumberof printersphysicallyavailabledeterminethe
meaningof the action“to print”. We give a modelB of this systemin Figure3.1.
Looking at thecontrolsof B, it is straightforwardto verify thatB is Plato-graphical.

Proposition3.5.1. ThemodelB of Figure3.1is Plato-graphical.

We take a detailedlook at themodel.A stateof thecontext C consistsof nested
physicallocationsloc, within whichprintersprt areplaced.We distinguishbetween
PCL- and raw-printersby putting a token pcl and raw within them, respectively.
Eachprinter hasa singleport, intendedto link the printer to the proxy. Hereis a
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Context C.

Control Activity Arity Comment
loc active 0 Nestedlocation
prt passive 1 Physicalprinter
pcl atomic 0 Printer-typetoken
raw atomic 0 Printer-typetoken
dat atomic 1 Binarydatafor printer

loc(� 0) . loc(� 0 j =x:prtx(raw)) (3.1)

loc(� 0) . loc(� 0 j =x:prtx(pcl)) (3.2)

loc(� 0 j prtx(� 1)) . loc(� 0) j x= (3.3)

prtx(datz j � 0) . prtx(� 0) j z= (3.4)

ProxyP.

Control Activity Arity Comment
prt passive 1 Physicalprinter
pcl atomic 0 Printer-typetoken
raw atomic 0 Printer-typetoken
dat atomic 1 Binarydatafor printer
prts passive 1 Known devices
jobs passive 0 Pendingdocuments
doc atomic 1 Document

jobs(docz j � 0) k prtsy(pcl) k prty(pcl) .

jobs(� 0) k prtsy(pcl) k prty(pcl j datz)
(3.5)

jobs(docz j � 0) k =x:prtsx(pcl) j prtsy(raw) k prty(raw) .

jobs(� 0) k =x:prtsx(pcl) j prtsy(raw) k prty(raw j datz)
(3.6)

=x:prtx(pcl) k prtsy(pcl) . prty(pcl) k prtsy(pcl) (3.7)

=x:prtx(raw) k prtsy(raw) . prty(raw) k prtsy(raw) (3.8)

AgentsA.
Control Activity Arity Comment
jobs passive 0 Pendingdocuments
doc atomic 1 Document

jobs(� 0) . jobs(� 0 j =z:docz) (3.9)

Figure3.1: ExamplePlato-graphicalmodelB.
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Context C ProxyP AgentA
(3.1) : K C (3.5) : K A ; K P; K C (3.9) : K A

(3.2) : K C (3.6) : K A ; K P; K C

(3.3) : K C (3.7) : K C; K P

(3.4) : K C (3.8) : K C; K P

Figure3.2: Sortsfor therulesof C, P, andA.

stateof the context with a PCL-printeranda raw-printerat adjacentlocations;the
PCL-printeris idle whereastheraw-printeris busy.

C = loc(loc(prtx(raw j datz)) j loc(=y:prty(pcl)))

SettingC in parallelwith someproxyP will allow P accessto theraw printerthrough
the sharedlink x, but not to the PCL-printer, becauseit is in a closedlink. The
dynamicsof C allow printersto appear(3.1, 3.2), disappear(3.3),and�nish print-
ing (3.4).

A stateof theproxy P consistsof a pool of pendingjobsjobs andtwo tablesof
printersprts; onecontainsatokenraw, theotheratokenpcl, indicatingwhattypeof
printerthetablelists. Theprts is a tablein thesensethatits only port is linkedto all
theprintersin thecontext thatthetableknowsabout.Hereis anexamplestateof the
proxy which knows oneraw-printer, knows no PCL-printersandhastwo pending
jobs.

P = prtsx(raw) j =y:prtsy(pcl) j jobs(=z:docz j =z0:docz0)

SettingC andP abovein parallelby k, andclosingthelink x, wegetasystem=x:C k
P, wherethe tableprtsx(raw) andthe physicalprinter prtx(raw j dat) are linked.
The dynamicsof P statethat if thereis a job anda known, idle PCL-printer, the
proxy may activatethis printer (3.5); that if thereis a job, no known PCL-printer,
andan idle raw-printer, thecontext mayactivatethatprinter (3.6); and�nally , that
theproxymaydiscovera previouslyunknown printer(3.7,3.8).

Thedynamicsof A allow theagentsto spontaneouslyspooldocuments(3.9).
Noticehow thetwo printing rules(3.5) and(3.6)do not observe thecontext di-

rectly. Instead,the proxy observesthe context (rules (3.7) and(3.8)) andrecords
its observations in the tablesprtsx(raw) and prtsy(pcl); the printing rules (3.5)
and(3.6) thenconsultsthe tables. It is straightforward to determinewhetherthere
areno known PCL-printers:simply checkif thetableof PCL-printershastheform
=y : prtsy(pcl).

As observed in section3.3 and[BP04], it is generallyvery dif�cult, if not im-
possible,to observetheabsenceof somethingin thecontext directly. An interesting
but rathernaturalconsequenceof the indirect observation is that it becomesasyn-
chronous,i.e., it is possiblethataPCL-printerexistsbut hasnot yetbeenobserved.

ThismodelB canbelifted to asortedoneby addingthesortsgivenin Figure3.2;
the �gure assignssortsto the outer faceof both the redecesand reactumsof the
indicatedrules.It is straightforwardto verify thatall of therulesarewell-sorted.
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Proposition3.5.2. ThemodelB with thesortingassignmentof Figure3.2is a sorted
Plato-graphicalmodel.

3.5.2 A Location-aware Printing System

Supposewe extendtheprinting systemwith location-awareness,by stipulatingthat
a print job is not printeduntil theprinterandthedevice submittingthe job areco-
located.To modelthisextendedsystem,weintroduceanew controldevi for devices
(PCsor PDAs) with oneport andchangedoc to includean extra port so we can
link submittedjobs to the devicessubmittingthem. The linking is re�ected in the
following modi�ed rule (3.9) for spoolingprint jobs:

loc(devix j � 0) k jobs(� 1) . loc(devix j � 0) k jobs(� 1 j =z:docz;x) (3.90)

We mustalsomodify rules(3.5) and(3.6) to insist that the device andprinter are
co-located.Rule(3.5)becomes

jobs(docz;x j � 0) k prtsy(pcl) k loc(devix j prty(pcl)) .

jobs(� 0) k prtsy(pcl) k loc(devix j prty(pcl j datz)):
(3.50)

(We suppressthenew Rule(3.6').)
Modifying the systemonceagain, insteadof insisting that device and printer

have to beactuallyco-located,we just requiretheprint job to endat a printerclose
to the device. The print server will needto querythe proxy for the printernearest
a given device. We saw in subsection3.3 that implementingsuchqueriesis awk-
ward,sowe will needto usetheproxy. In theprecedingsection,we did sodirectly
in bigraphs;this time around,we transfertheexpressive convenienceof a general-
purposeprogramminglanguageto bigraphsfor easeof implementation.We usebi-
graphsdirectly for modellingtheactualcontext C, whereaswewill exploit bigraphs
asa meta-calculusfor modellingtheproxy P.

In detail, the whole model is B = C [ P [ A, with P = S [ L. Here C is
intendedto bea bigraphicalmodelof the“real world”, theproxy P is comprisedof
a locationsensorS anda locationmodelL andA is the location-basedapplication
(the“computationalagent”).

A stateC of C couldlook like this:

C = loc(loc(loc(loc(deviw) j loc(devix j deviy))) j loc j loc(deviz))

Changesin therealworld aremodeledby reactionrulesthatrecon�guresuchstates.
If we wantto model,say, thata devicesmaymove from onelocationto another, we
includethereactionrule

loc(devix j � 0) k loc(� 1) . loc(� 0) k loc(devix j � 1): (3.10)

To implementtheproxy, encodeasa BRSa programminglanguageL with data
structures,communicationprimitives,andconcurrency, e.g.,Pict [PT00] or CML
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[Rep99]. (We returnto this assumptionbelow.) That is, de�ne a translationfrom
termsof L to bigraphs,andaddreactionrulesencodingthe operationalsemantics
of L . Thenimplementthe locationmodel,thesensor, and theagentsin L anduse
theencodingto transferthat modelto bigraphs. In particular, a stateof thelocation
modelL will haveadatastructurerepresentingthecurrentstateof C. If L is aneven
half-way decentprogramminglanguage,it shouldbestraightforwardto implement
queriessuchasoneof section3.3or the“�nd closestprinter” we needabove.

Thesensorinformsthelocationmodelaboutchangesin C. Weextendtheabove
rule (3.10)moving a device to

(loc(devix j � 0) k loc(� 1)) j S j L . (loc(� 0) k loc(devix j � 1)) j S0 j L; (3.100)

whereS0 is an L -encodingof “senda noti�cation to L that device x hasmoved”.
Upon receiving the noti�cation, L updatesits representationof the world. Agents
of A canin turn queryL whenthey needlocationinformation.

3.6 Discussion

We considerthefollowing questions.

1. WhatlanguagesL canweencode?

2. How closearePlato-graphicalmodelsto realsystems?

3. Whatchallengeshavewe foundfor bigraphicalmodels?

4. Whatusesdowe envisionfor Plato-graphicalmodels?

5. How dowereasonaboutPlato-graphicalmodels?

Ad. 1. As mentioned,thereexist bigraphicalencodingsof various� -calculi
[Jen06, JM04, JM03] andof the � -calculus[Mil04c, Mil05b]. Using ideasof the
latter encodings,we have encodedMini-ML (call-by-value � -calculuswith pairs
andlists) in local bigraphs[Mil04c]. Basedon our experienceswith this encoding,
we �nd it palatableto encodeCML or Pict1.

Ad. 2. Themodelcloselyre�ectshow someactuallocation-awaresystemswork,
for instancethe onerunningat the ITU. Here,a sensorsystem(madeby Ekahau)
computesevery two secondsthe physicallocationof every device on the WLAN.
The sensorsysteminforms a locationmodelaboutupdatesto locations;location-
awareservicestheninteractwith thelocationmodel.In oursketchedPlato-graphical
model,thelocationmodelL maylag behindtheactualC, if L's representationof C
doesnot re�ect somerecentrecon�gurationof C. But thatalsohappensin thereal
systemat the ITU – whena location-awareserviceasksthe locationmodelfor the
whereaboutsof a device, it obtainsnot thepositionof thedevice,but thepositionof

1We arepresentlyworking on implementingan interpreterfor bigraphicalreactive systems;suchan
interpreterwill make it easierto experimentwith theseandotherencodings.
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thedevice the last time thesensorchecked. In themeantime, thedevice mayhave
moved.

Ad. 3. When modelling the physicalworld, we have madeuseof both the
placeandlink graphs,theplacegraphmodellingthelocationhierarchyof abuilding.
As arguedin [BD05], DAGsor graphsaremorenaturalmodelsof location. Thus,
systemssuchas the oneswe have consideredheresuggestgeneralisingthe place
graphpartof bigraphs,or considerwaysto encodeDAGsor generalgraphsnaturally
asplacegraphs.

Ad. 4. Givenanimplementationof bigraphicalreactivesystems,onecouldsim-
ulate thebehaviour of a location-awaresystem,andthusallow for experimentation
with differentdesignsof location-awareandcontext-awaresystems.Likewise,one
could experimentwith differentchoicesfor the L languageof section3.5.2. Such
simulationsuggestsfurther extensionsof thebigraphicalmodel: In actualcontext-
awaresystems,oneis generallyinterestedin timing aspects(e.g.,thesensorsamples
only every two seconds),continuousspace(e.g.,thesensorreally producescontin-
uousdata),andprobabilisticmodels(e.g.,to accuratelysimulatesensorsandsensor
failure).

Ad. 5. What aboutusing Plato-graphicalmodelsfor formal reasoningabout
context-awaresystems?Oneuseof formal modelsis to proveanabstractspeci�ca-
tion modelequivalentto a concreteimplementationmodel. In � -calculus,we come
with � -termsi; s, one for the implementationand one for the speci�cation. The
termsi ands arethemselvesthe models;we take (� -) bisimilarity asequivalence,
so to prove i ands equivalent,we merelyprove thembisimilar. We canplay the
samegamewithin any BRS:Simply comeup with a bigraphI (theimplementation
model)anda bigraphS (the speci�cationmodel),andprove thembisimilar within
thelabelledtransitionsystemof theBRS.Becausethatbisimulationis acongruence,
suchreasoningshouldbetractable,e.g.with thebisimulationin de�nition 3.4.4.

Unfortunately, bisimulationwithin asingleBRSis notalwaysenoughwrt. Plato-
graphicalmodels.Supposewe wanta speci�cationmodelM with anabstractview
of thecontext, andanimplementationmodelM 0 with adetailedview of thecontext.
We expressthis by having M andM 0 differ only in their context sub-BRSs,thatis,

M = C [ P [ A M 0 = C0 [ P [ A:

Thetroubleis thatbecauseC andC0 mayhavedifferentcontrolsandreactionrules,
bisimulationbetweentheir respective labelled transitionsystemsis meaningless!
Whatwe needis a notionof equivalenceof BRSs,not just equivalenceof bigraphs
of asingleBRS.At thetimeof writing, weknow of nosuchequivalence2. Thus,our
investigationof bigraphicalmodelsfor context-awaresystemssuggeststhatequiva-
lenceof BRSsis a key notion currentlymissing. Onepossibledirectionwould be

2Thereadermaysuggestthatwe just de®nea commonlanguagefor modellingboth theabstractand
detailedview, andde®nea translationfrom this languageinto a singleBRS.However, in this casewe
areno longermodellinga ubiquitoussystemdirectly in bigraphs(aim 1 of the Introduction),but using
bigraphsasameta-calculus(aim 2 of theIntroduction).
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to try to recover from the notion of WRS-functor[LM00] – functorsthat preserve
reactionrules– a notionof aBRSimplementinganotherBRS.

3.7 Conclusion& Futur e Work

Wehaveinitiatedanevaluationof theuseof bigraphicalreactivesystemsfor models
of context-awarecomputingin ubiquitoussystems.We found that BRSs,in their
currentform, arenotsuitablefor directlymodellingcontext queries,but ontheother
handsuitablefor modellingrecon�gurationsof theactualcontext.

In response,we proposedPlato-graphicalmodels,wherebothstateanddynam-
ics arelogically divided in threeparts: theactualcontext, theobservedcontext (or
proxy), andthe computationalagents,respectively. The computationalagentsand
the actualcontext areseparated,andinteractonly throughthe proxy. This separa-
tion into differentBRSsmakesit possibleto encodedifferentpartsof the system
usingdomain-speci�clanguages.Moreover, we have shown how thecontext-aware
printing systemof [BP04] canbe modeledstraightforwardly in thePlato-graphical
model.

Further, we have arguedthat Plato-graphicalmodelsare useful for simulating
context-awaresystems,andwearecurrentlyworkingonanimplementationof BRSs
at ITU to allow suchexperimentation.Only throughsuchexperimentationwill it
be clearhow usefulPlato-graphicalmodelsreally are. For simulationpurposesit
will be important to extend bigraphswith timing aspects,continuousspace,and
probabilities.

Finally, we have pointedout that establishinga notion of equivalencebetween
BRSs,asopposedto bisimilarity within aBRS,is importantfuturework.
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A Bigraphs

We recitetheidenticalrelevantde�nitions of [JM04] anda few from [Mil05c].

De�nition A.1 (pure signature). A (pure)signatureK is a setwhoseelementsare
called controls. For each control K it providesa �nite ordinal ar(K), an arity; it
also determineswhich controls are atomic, and which of the non-atomiccontrols
are active. Controls which are not active(includingtheatomiccontrols) are called
passive.
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De�nition A.2 (prime interface). AninterfaceI = hm; Xi consistsof a �nite ordinal
m calleda width, a �nite setX calleda nameset. Aninterfaceis primeif it haswidth
1.

De�nition A.3 (prime bigraph). A primebigraphP : m ! hXi hasnoinnernames
anda primeouterface.

De�nition A.4 (place graph). A placegraphA = (V; ctrl; prnt) : m ! n hasan
innerwidth m andanouterwidth n, both�nite ordinals;a �nite setV of nodeswith
a control mapctrl : V ! K ; anda parentmapprnt : m ] V ! V ] n. Theparent
mapis acyclic, i.e. prntk(v) , v for all k > 0 andv 2 V. An atomicnode– i.e. one
whosecontrol is atomic– maynot bea parent. We write w >A w0, or just w > w0,
to meanw = prntk(w0) for somek > 0.

Thewidthsm and n index the sitesand rootsof A respectively. Thesitesand
nodes– i.e. thedomainof prnt – arecalledplaces.

De�nition A.5 (precategoryof place graphs). The precategory of placegraphs
´PLG has�nite ordinals as objectsand placegraphsas arrows. Thecomposition
A1 � A0 : m0 ! m2 of twoplacegraphsA i = (V i ; ctrl i; prnt i) : mi ! mi+1 (i = 0; 1)
is de�nedwhenthetwo nodesetsare disjoint; thenA1 � A0

def
= (V; ctrl; prnt) where

V = V0 ] V1, ctrl = ctrl0 ] ctrl1, andprnt = (IdV0 ] prnt1) � (prnt0 ] IdV1). The
identityplacegraphat m is idm

def
= (; ; ; K ; Idm) : m ! m.

De�nition A.6 (tensorproduct, ´PL G). Thetensorproduct
 in ´PLG is de�nedas
follows: Onobjects,wetakem
 n = m+ n. For twoplacegraphsA i : mi ! ni (i =
0; 1) we take A0 
 A1 : m0 + m1 ! n0 + n1 to be de�ned whenA0 and A1 have
disjoint nodesets;for the parent map,we �r st adjust the sitesand rootsof A1 by
addingthemto m0 andn0 respectively, thentake theunionof thetwo parentmaps.

De�nition A.7 (barr en,sibling,active,passive). A nodeor root is barrenit is hasno
children.Two placesaresiblingsif they havethesameparent.A sitesof A is active
if ctrl(v) is activewheneverv > s; otherwisesis passive. If s is active(resp.passive)
in A, wealsosaythatA is active(resp.passive) at s.

De�nition A.8 (hard placegraphs). A hardplacegraphis onein which no root or
non-atomicnodeis barren.They forma sub-precategorydenotedby ´PLGh.

Presupposea denumerableset� of globalnames.

De�nition A.9 (link graph). A link graphA = (V; E; ctrl; link) : X ! Y has�nite
setsX of innernames, Y of (outer)names, V of nodesandE of edges. It alsohasa
functionctrl : V ! K calledthecontrolmap, anda functionlink : X ] P ! E ] Y
calledthelink map, whereP

def
=

P
v2V ar(ctrl(v)) is thesetof portsof A.

Weshall call theinnernamesX andportsP thepointsof A, andtheedgesE and
outernamesY its links.
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De�nition A.10 (precategoryof link graphs). The precategory ´L IG has name
setsas objectsand link graphsas arrows. ThecompositionA1 � A0 : X0 ! X2

of two link graphsA i = (V i ; Ei ; ctrl i ; link i) : X i ! X i+1 (i = 0; 1) is de�ned when
their nodesetsand edge setsare disjoint; thenA1 � A0

def
= (V; E; ctrl; link) where

V = V0 ] V1; ctrl = ctrl0 ] ctrl1; E = E0 ] E1 andlink = (IdE0 ] link1) � (link0] IdP1).
Theidentitylink graphat X is idX = (; ; ; ; ; K ; IdX) : X ! X.

De�nition A.11 (tensor product, ´L I G). Thetensorproduct
 in ´L IG is de�ned
asfollows: Onobjects,X 
 Y is simplytheunionof setsrequiredto bedisjoint. For
two link graphsA i : X i ! Yi (i = 0; 1) wetake A0 
 A1 : X0 
 X1 ! Y0 
 Y1 to be
de�ned whenthe interfaceproductsare de�ned andwhenA0 andA1 havedisjoint
nodesetsandedgesets;thenwetake theunionof their link maps.

De�nition A.12 (parallel product). The parallel productk in ´L IG is de�ned as
follows: On objects,X k Y

def
= X [ Y. On link graphsA i : X i ! Yi (i = 0; 1) we

de�ne A0 k A1 : X0 
 X1 ! Y0 k Y1 wheneverX0 andX1 aredisjoint,by takingthe
unionof link maps.

De�nition A.13 (concretepure bigraph). A (concrete)purebigraphover thesig-
nature K takes the form G = (V; E; ctrl; GP; GL) : I ! J where I = hm; Xi and
J = hn; Yi are its inner and outer faces, each combininga width (a �nite or-
dinal) with a �nite set of global namesdrawn from � . Its �r st two components
V and E are �nite setsof nodesand edgesrespectively. The third component
ctrl : V ! K , a control map, assignsa control to each node. The remaining
two are: GP = (V; ctrl; prnt) : m ! n, GL = (V; E; ctrl; link) : X ! Y.

A placegraphcanbecombinedwith a link graphiff they havethesamenodesetand
controlmap.

De�nition A.14 (Tensor product). The tensorproductof two bigraph interfaces
is de�ned by hm; Xi 
 hn; Yi

def
= hm + n; X ] Yi whenX and Y are disjoint. The

tensorproductof two bigraphsGi : I i ! Ji(i = 0; 1) is de�ned by G0 
 G1
def
=

hGP
0 
 GP

1 ; GL
0 
 GL

1i : Io 
 I1 ! J0 
 J1 whenthe interfacesexist andthenodesets
are disjoint. Thiscombinationis well-formed,sinceits constituentsshare thesame
nodeset.

De�nition A.15(precategoryof pureconcretebigraphs). Theprecategory´BIG(K )
of pure concrete bigraphsover a signature K has pairs I = hm; Xi as objects
(interfaces) and bigraphsG = (V; E; ctrlG; GP; GL) : I ! J as arrows(contexts).
We call I the innerfaceof G, andI theouterface. If H : J ! K is anotherbigraph
with nodesetdisjoint fromV, thentheir compositionis de�ned directly in termsof
thecompositionsof theconstituentsasfollows: H � G

def
= hHP � GP; HL � GLi : I ! K.

Theidentitiesarehidm; idX i : I ! I , where I = hm; Xi .
Thesubprecategory´BIGh consistsof hardbigraphs,thosewith placegraphsin

´PLGh.
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De�nition A.16 (tensor product, ´BI G). The tensorproductof two bigraph in-
terfacesis de�ned by hm; Xi 
 hn; Yi

def
= hm + n; X [ Yi whenX and Y are dis-

joint. The tensorproductof two bigraphsGi : I i ! Ji (i = 0; 1) is de�ned by
G0 
 G1

def
= hGP

0 
 GP
1 ; GL

0 
 GL
1i : I0 
 I1 ! J0 j J1 whentheinterfacesexist andthe

nodesetsare disjoint. Thiscombinationis well-formed,sinceits constituentsshare
thesamenodeset.

De�nition A.17 (parallel product, ´BI G). Theparallelproductof two bigraphsis
de�ned on interfacesby hm; Xi j hn; Yi

def
= hm + n; X [ Yi , and on bigraphsby

G0 j G1
def
= hGP

0 
 GP
1; GL

0 k GL
1i : Io 
 I1 ! J0 j J1 whentheinterfacesexist andthe

nodesetsaredisjoint.

Referto [JM04] for thede�nition of ´BBG, ´BBGh, andl .

De�nition A.18(bigraphical reactivesystem).Abigraphicalreactivesystem(BRS)
over K consistsof ´BBG(K ) equippedwith a set´Reacts of reactionrulesclosed
undersupportequivalence(l ). We denoteit – and similarly for ´BBGh(K ) – by
´BBG(K ; ´Reacts).

Referto [Mil05c] for thede�nition of s-category.

De�nition A.19 (place-sortedbigraphs). An interfacehm; Xi is � -(place-)sorted
if it is enrichedbyascribinga sort to each placei 2 m. If I is place-sortedwedenote
its underlyingunsortedinterfaceby U (I).

We denoteby ´BIGh(K ; � ) thes-category in which theobjectsare place-sorted
interfaces,andeach arrow G : I ! J is a bigraphG : U (I) ! U (J). Theidentities,
compositionandtensorproductareasin ´BIGh(K ), but with sortedinterfaces.

De�nition A.20 (place-sorting). A place-sortingis a triple � = (K ; � ; � ) where �
is a conditionon theplacegraphsof � -sortedbigraphsover K . Thecondition�
mustbesatis�edby theidentitiesandpreservedbycompositionandtensorproduct.

A bigraph in ´BIGh(K ; � ) is � (-place)sortedif it satis�es� . The� -sortedbi-
graphsform a sub-s-category of ´BIGh(K ; � ) denotedby ´BIGh(� ). Further, if ´R
is a setof � -sortedreactionrulesthen´BIGh(� ; ´R) is a � -sortedBRS.

B Encodingof “�nd all devices”

Considerthefollowingsimplebigraphrepresentingabuildingconsistingof locations
(e.g.,rooms)anddevices(e.g.,PDAs) in theselocations.(Wehaveomittedtheouter
nameson thelocations,andalsosites.)

l = loca(loca(loca(loca(devi1) j loca(devi2 j devi3))) j loca() j loca(devi4))

Considerhow to implementaqueryto returnall thedevicesin thebuilding by means
of bigraphicalreactionrules.Observe thatwe havechosento representall locations
via thesamecontrol loca, ratherthanusingdifferentcontrolsof�ce , building, etc.,
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for differentlocations– this is to avoid having to write reactionrulesfor everycom-
binationof locationcontrols.

Now, assumethata queryoccursby someprocessintroducinga nodewith con-
trol f into thesystem(in a unique3 in node),andthatno otherqueriesimposethem-
selveswhile wecalculatetheanswerto thisone.Theterminationcondition(observ-
ableby the “input/outputprocess”)is whenin is empty(andnodeswith control f0

appearin thenodewith uniquecontrolout). We cannot handleconcurrentqueries
sothatis why wewish to detecttermination(sothatwe canbegin thenext query).

Theideais to doadepth-�rst search/collectionwhile keepingtrackof wherewe
havealreadylookedby placingthesesubtreesinto “searched-nodes”(s). Controls:

Control Activity Arity Comment
in passive 0 Inputnode
f atomic 0 Controls�nd-all query
f0 atomic 1 Answernode
loca active 1 Nestedlocation
out passive 0 Outputnode
g atomic 0 Dummy, just to keepin non-empty
devi atomic 1 Device,haslink to id
s passive 0 Collectssearchednodes

And now, for therules. Initialization; move f into thetop location(enclosingall the
others)to indicate“the point of control” in thestructure,andaddg to indicatethat
we arenotdonewith thequery:

in(f) j locatop(locax(� 0)) j out() . in(g) j locatop(locax(f j s() j � 0)) j out()

If adevice is found,addit to s, andadda representativefor it to out:

locax(f j � 0 j deviy j s(� 1)) j out(� 2)

. =y:locax(f j � 0 j s(� 1 j deviy)) j out(� 2 j f0y)

Noticethatthelabel(context) of this transitionwill includethebigraphtop=x. This
rule canbeusedaslong astherearedevicesin thecurrentlocationbeingsearched.
Whendonewith this locationf is movedup,sinceweassumethatalocationcanonly
containeitherdevicesor otherlocations.(Thequerywould have beensigni�cantly
harderwithout this assumption.)So, if a location containinglocation(s)is being
searched:

locax(f j locay(� 1) j s(� 2) j � 0) . locax(locay(f j s() j � 1) j s(� 2) j � 0)

Then,searchdeeper. A new s-nodeis createdwhengoingdown, this is a trick to do
“on-line garbagecollection”whenclimbingbackupthetree.(Thequeryhasto leave
thebigraphasit wasinitially.) Whenaleaf is reached(anemptylocation)movef up,

3Certainpropertiescanonly beensuredby invariantsof thereactive system,e.g. uniquenessof con-
trols.
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merging s-nodes.This is moreclever thandoinga clean-uptraversalbecausethere
is no constructionin reactionrulesthat canexpress“not”, i.e. onecannot write a
rule saying“cleanup until thereareno mores-nodesin the tree”. The“climbing”
rule:

locax(locay(f j s(� 2)) j s(� 1) j � 0) . locax(f j s(locay(� 2) j � 1) j � 0)

Notice how the presentedrulesusesitesto make themselvesgeneral.To cleanup
whenwe havetraversedthewholetree(andthereis exactlyones):

in(g) j locatop(locax(f j s(� 0))) . in() j locatop(locax(� 0))

At this point out will have all representatives,in is emptiedto indicatetermination.
(The readeris encouragedto try out the ruleson theexamplelocationmodel. It is
easiestdoingit usingthegraphicalbigraphnotation.)

C Rigid control-sortingsand RPOs

For a bigraphb (sortedor otherwise),we write b� for the function that takeseach
place(siteor root)or nodeof b to its uniquelydeterminedroot. In this appendixwe
will generallyomit writing down the link-graphpart of interfaceswhenwe do not
needthem.

De�nition C.1 (Rigid control-sorting). Let K bea setof controls. A sortingS =
(K ; � ; � ) is a rigid control-sortingif � � P(K ) andthereexistsa predicate� , such
that

�
�
(m; sm)

f
� ! (n; sn)

�
iff

(
(i) sm(i) = sn( f � (i)) for i < m;
(ii ) � (ctrl f (v); sn( f � (v))) for v nodein f:

In the sequel,we assumea �x ed setof controlsK , rigid control-sortingS =
(K ; � ; � ), a sortedsignature� S anda correspondingunsortedsignatureU (� S) =
� ; following [Jen06], we write B̂I G(� ) for the precategory of concretebigraphs
over � and B̂I G(� S) for thecorrespondingprecategoryof sortedconcretebigraphs,
andwe write U for theforgetful functorfrom B̂I G(� S) to B̂I G(� ); recall that this
functoris faithful.

In TheoremC.1 we statethat B̂I G(� S) hasRPOs;it follows that the standard
bisimulationon B̂I G(� S) is a congruence.To establishTheoremC.1,we will need
somelemmasto makeprecisejust how closely B̂I G(� S) mimics B̂I G(� ).

Lemma C.1. If U (a) = p � q, thenthere existsuniqueb; c s.t.U (b) = p, U (c) = q
anda = b � c.

Proof. For existence,supposea : (m; sm) � ! (n; sn) andcod(q) = dom(p) = l.
De�ne

sl(i)
def
= sn(p� (i)): (3.11)
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We claim that c = (m; sm)
q

� ! (l; sl) andb = (l; sl)
p

� ! (n; sn) are well-sorted.
Considerc. Condition (i) of De�nition C.1 is satis�ed by (3.11), Condition (ii)
is satis�ed becausethe nodesof c is a subsetof the nodesof a. Now considerb.
For i < n, we �nd

sm(i) = sn(a� (i)) = sn(p� (q� (i))) = sl(q
� (i));

satisfyingCondition(i). Next, for v a nodeof q, we �nd

� (ctrlq(v); sl(q� (v))) = � (ctrla(v); sn(p� (q� (v)))) = � (ctrla(v); sn(a� (v))):

But � (ctrla(v); sn(a� (v))) is satis�ed by well-sortednessof a; thusCondition(ii) is
satis�ed.

For uniqueness,it is suf�cient to provethatsl is theonly sortingmakingb andc
well-sorted.Supposes0

l is analternatesuchsorting.If thereis i < l s.t.s0
l (i) , sl(i) =

sn(p� (i)), then(l; s0
l )

p
� ! (n; sn) is notwell-sorted:contradiction.Thuss0

l = sl . �

Lemma C.2. If a; b is a cospanandU (a) = U (b), thena = b.

Proof. BecauseU (a) = U (b), a andb musthavethesameinnerwidth, m:

(m; sm)
a - (n; sn) � b

(m; s0
m):

Supposefor a contradictionthatthereis i < m s.t.s0
m(i) , sm(i). Then

sn(a� (i)) = sm(i) , s0
m(i) = sn(b� (i));

but thatcannotbe,becausea� (i) = b� (i) follows from U (a) = U (b): contradiction.
�

Theorem C.1. B̂I G(� S) hasRPOs.

Proof. Considerthesquare(i) below.

b0
-

b1

�

a1

-

a0

�

(i)

h0 -

U (b0) -
h

6

� h1

U (b1)
�

U (a1)

-

U (a0)

�

(ii)

Apply U to get a similar squarein B̂I G(� ), and erectan RPO there,altogether
obtainingthediagram(ii). By LemmaC.1,therearec0 andcfactoringb0 s.t.U (c0) =
h0 andU (c) = h; symmetrically, therearealsoc1 andc0 factoringb1 s.t.U (c1) = h1

andU (c0) = h. (Seediagram(iii) below.)
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c0

-

b0
-

c
6

c06

�
c1

b1

�

(iii)

But b0; b1 is a cospan,soalsoc; c0 is a cospan;thusc = c0 by LemmaC.2,andwe
havea candidateRPOc0; c1; c.

Supposed0; d1; d is analternatecandidateRPO.We must�nd uniquee s.t.c =
d� e. BecauseU (c0); U (c1); U (c) is anRPO,we�nd uniquep s.t.U (c) = U (d) � p.
By LemmaC.1,thereareuniqued0; es.t.U (d0) = U (d), U (e) = p andc = d0� e. But
thend; d0 is cospan,soby LemmaC.2,d = d0. Thus,we have foundes.t.c = d � e.
For uniqueness,supposethereis e0 with c = d � e0. Then

h = U (c) = U (d) � U (e0) = U (d) � p

but thenU (e0) = p = U (e) by uniquenessof p; but e0; e is alsoa cospan,so by
LemmaC.2,e= e0. �

Corollary C.1. Bisimulationon the standard transition-systemof B̂I G(� S) is a
congruence.

Proof. By [Jen06, Theorem3.16],possessionof RPOsis asuf�cient prerequisitefor
thedesiderata. �

Wecannow provethatthesortingof De�nition 3.4.5givesacongruentialbisim-
ulation.

TheoremC.2. LetS bethesortinggivenin De�nition 3.4.5.Thenthebisimulation
over thestandard transitionsof B̂I G(� S) is a congruence.

Proof. By Corollary C.1, it is suf�cient to show that S is a rigid control sorting.

Take � (k; K) = k 2 K. Clearly, �
�
(m; sm)

f
� ! (n; sn)

�
is equivalentto i < m =)

sm(i) = sn( f � (i)) andv 2 f =) � (ctrl f (v); sn( f � (v))). �
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Chapter 4

EncodingMiniML with
Referencesin Bigraphs

4.1 Purpose

In this chapterwe encodea MiniML-lik e calculuswith references,� , in bigraphs.
Themotivationis two-fold: (1) Wewould liketo beableto expresssomepartsof our
bigraphicallocationmodel(seechapter5) in � utilising thePlato-graphicalability
to combineseveral languages.(2) It is an interestingstudy in itself to investigate
how onemaymodelreferencesin bigraphs,becauseto thebestof ourknowledgeno
previousencodingsof calculiwith sideeffectshavebeenstudiedin bigraphs.

Recall that we found it useful to be able to expresssomepartsof our system
in a high-level language,chapter3. We claim that � is sucha language.We need
referencesfor thelocationmodelpartL andtheagentpartA of our locationmodel
in chapter5. For now, we askthe readerto trust us whenwe say that references
areneededfor encapsulatingthestateof the locationmodelwrt. theagentandthe
sensor.

We investigatethe useof closedlinks in local bigraphsasde�ned in [Mil04c,
Mil04d]. Thischapteraimsto

• furtherinvestigateaquestionof chapter3, namelywhichhigh-level languages
thatcanbeencodedonbigraphsfor usein Plato-garphicalmodels,

• communicateafew humbleinsightsaboutthebehaviourof closedlinks (edges)
to readerswith someknowledgeof bigraphs,

• to experimentwith andillustratesomenon-trivial matches,

• andto show how referencescanbe encodedin (local) bigraphsusingclosed
links.
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First, we �nd that closedlinks cannot interferewith outernames(openlinks) or
with eachother, andthat they behave asthey do in bindingbigraphswhenthey are
replicatedaspartof a parameter. Secondly, we �nd thata calculuswith references
can be encodedin (local) bigraphsusing closedlinks. Thereare somesubtleties
associatedwith the encodingandthe resultingreactionrelation,which we address
aswe goalong.

4.2 Non-interferenceof closedlinks

Recall that the arity of a control K : b ! f is a pair of �nite ordinals,b is the
bindingarity and f thefreearity. Considerthefollowing bindingsignature� with
a parametricreactionrule.

Control Activity Arity Comment
loca active 0 ! 1 Nestedlocation(e.g.a room)
devi atomic 0 ! 1 Mobile device

locag(� 0) . =x : locag(devix j � 0) (4.1)

NOTATION. We introducetheoperator =x : B asa generalisationof =x � B, in the
sensethat=x : B worksfor all widthsof B, andit markswhereidentitiesareimplicit
in a composition. It bindslessthanj, k, and=. j bindstighter thank which binds
tighterthan=.

By Def. 3.2(parametricreactionrule)of [Mil04c] andtheadditionalclari�cation in
section3 of [Mil04d], ourparametricreactionrule (4.1) is of theform

(R : I ! K; R0 : I0 ! K; �; ~�)

whereI = ~X andI0 = ~X0 arepartitions(i.e. disjoint) with widths m andm0, and
� : m0 ! m is a mapof ordinals. The fourth componentis a vectorof bijections
~� j : X � ( j) ! X0

j for eachj 2 m0.
A parametricrulegeneratesgroundrulesof theform

((R � ! ) � a; (R0 � ! 0) � a0)

whereI � H, I0 � H0 andK � L are interfaceextensionswith H0 = � (H)1. Let
! : H ! L and! 0 : H0 ! L bewirings thatagreeon thenamesof H0 andhave the
samesupport,i.e. j! j = j! 0j. Thenfor any a : I � H, completethegroundrule by
de�ning a0 = � ~� (a) : I0 � H0.

NOTATION. We follow theshort-handnotationof [Mil04c] andwrite a local inter-
faceasa vectorof names.We omit theparenthesesif thevectoris of sizeone,and

1� is theinstantiationmap.
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thecurly bracketsif thesetis asingleton.We omit theemptyinnerface� of ground
bigraphs.

Thecomponentsof (4.1)areasfollows.

R = locag(� 0) : ; ! g

R0 = =x : locag(devix j � 0) : ; ! g

� = Id1

~� = (Id; )

whereId1 is the identity functionon the �nite ordinal1 = f0g, and~� is a vectorof
isomorphismsrelatinglocatednamesin theparameters(nonein this case).We see
thatx , g sinceotherwisecod(R) , cod(R0). Thus,wecouldjustaswell havechosen
R0 = locag(=x : devix j � 0), sincethesetwo termsdenotethesamebigraph,which
is apparentgraphically, andjusti�ed by Prop.2.7(opendecomposition)of [Mil04c].
In thetermlanguage,however, onemustbecarefulwhenchoosingnames;if x = g,
thenlocag(=x : devix j � 0) , =x : locag(devix j � 0) = (idg � =x) � locag(devix j � 0)
becauseidg � =x is notde�ned wheng = x. We seethatwhenwriting rulesaclosed
link cannot “capture”outernamesby accident.

Now consider, informally, the following situation: What happensif we apply
(4.1) twice consecutively? If we think of a device's outer nameas its identi�er,
canwe accidentlyreuse(the nameof) a closedlink and therebyidentify two dif-
ferent devices? I.e. can we formally have the following sequenceof reactions:
locap() . =f : locap(devi f ) . =f : locap(devi f j devi f )? The answeris
no; thesecondreactionis not allowed. Let usconvinceourselvesby looking at an
example.

Considera bigraphB1 = locap(), thenB1 . B2 if andonly if thereexist
C; !; a; ! 0; a0 suchthat

B1 = C � (R � ! ) � a

B2 = C � (R0 � ! 0) � a0

where! is a wiring andparametera is discrete(for ; andg). Clearly, we musthave

a = 1 : ;

! = id; : ; ! ;

C = p=g : g ! p

a0 = a

! 0 = !

whereB2 = =f : locap(devi f ) = locap(=f : devi f ) for any f , p (forcedby therule).
Clearly, thechoiceof thenamef is insigni�cant, becauseit doesnot appearin the
outer(or inner) faceof B2 whenclosed,andsinceedges(closedlinks) do not have
identity in abstractbigraphs.Thus,=f : locap(devi f ) = =k : locap(devik) for any
f; k , p.
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Wewishto apply(4.1)to B2. B2 canbematchedby (4.1)in two waysdepending
on whetherthe closureof f is donein the wirings !; ! 0 or in the context C. If
we close f in the context then the wirings !; ! 0 will be placings, andProp. 3.5
(placingssuf�ce) of [Mil04c] statesthatit suf�ces to considersuchgroundrules.To
accentuatethiswe write �; � 0 for thewirings (placings),andwe have

a = devi f : f

� = id f : f ! f

C = p=g � =f : fg; f g! p

a0 = a

� 0 = �

whereB3 = =h : =f : locap(devih j devi f ) for arbitrary f; h , p. Graphically, it is
clearthattheorderof closuresis insigni�cant sothisalsoholdsin thetermlanguage.
Could we have chosenf = h? No, becausethat would renderC unde�ned. We
concludethat closedlinks cannot interferewith oneanother, which is apparentin
thegraphicalrepresentation.

Now, let us considerreplicationof parametersinvolving closedlinks in local
bigraphs.To illustrate,we considerthe“replicationrule” of [JM04] (p. 78):

R = rep(� 0) : ; ! ;

R0 = � 0 j rep(� 1) : (; ; ; ) ! ;

� = f0; 1 7! 0g

~� = (Id; ; Id; )

Noticehow this rule doesnot sayanything aboutlinking. Applying this rule to the
bigraphB = =l : rep(ul j vl) we obtainB0 = =l : (ul j vl) j rep(ul j vl) because

a = ux j vy : fx; yg

� = idfx;yg : fx; yg! fx; yg

C = =l : (l=x j l=y) : fx; yg! ;

a0 = (ux j vy) k (ux j vy)

� 0 = idfx;yg j idfx;yg : (fx; yg; fx; yg) ! fx; yg

Theclosureresidesin C sotheglobalouternamesof thetwo replicasareidenti�ed
(mustpoint to the sameedge). If onewisheseachreplicato have its own private
link, oneshouldusebindingportsor replicateusing,e.g.,thefollowing rule,which
is aone-timereplicationrule for simplicity.

R = =x : rep(� 0hxi ) : fxg! ;

R0 = =x : � 0hxi j =y : � 1hyi : (x; y) ! ;

� = f0; 1 7! 0g

~� = (x 7! x; x 7! y)
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With this rule we have B = =l : rep(ul j vl) . B0 = (=l : ul j vl) j (=l : ul j vl).
We show thecomponentsof thematchto illustratethe“trick” of closingthelinks in
the rule so that thecontext cannot identify outernamesbeforeclosingthem. The
intuition is thatthecontext C hasnohandleonthelinks andthuscannotmanipulate
them;x is closedin R spu andv in a cannot have differentouternamesbecauseC
cannot reunitethem.

a = ux j vx : x

! = id; : ; ! ;

C = id; : ; ! ;

a0 = ux j vx k ui j v j : (x; y)

! 0 = id; j id; : (; ; ; ) ! ;

This concludesour treatmentof closedlink non-interference.

4.3 Encoding referencesvia closedlinks

Considerthefollowing MiniML-lik ecall-by-valuecalculus� with pairsandprojec-
tions,references,datatypeconstructorsanddeconstructors,�x ed-points,andnatural
numbers.We needsomenotation.

NOTATION. Denotethedereferencingoperationby ! (bang). n rangesover theset
N of naturalnumbers(includingzero).x; f rangeoveranin�nite setV of variable
nameswith membersx; y; z andsoforth. l rangesovera setL of referencecells. D
rangesoveranin�nite setD of contructornames.C rangesoveranin�nite setC of
contructornameswith membersC0; C1; C2 andsoforth. ThesetsV , L , D , andC
arepairwisedisjoint. We usetheshorthandnotation' caseeof Ci xi ) e i=0::n

i ' for
' casee of C0 x0 ) e0 j C1 x1 ) e1 j : : : j Cn xn ) en'. Likewise for data-type
declarations.

Hereis thecalculus� in form of a BNF grammarwith programsp, termse, values
v, andevaluationcontextsE.

p F datatype D = Ci of t i=0::n
i ; p 8 e

e F x 8 e1 e2 8 (e1; e2) 8 fst e 8 snd e 8 let x = e1 in e2 8

ref e 8 !e 8 e1 B e2 8 C e 8 caseeof Ci xi ) e i=0::n
i 8 v

v F � x:e 8 �x f (x) = e 8 (v1; v2) 8 unit 8 l 8 C v 8 n

E F [ ] 8 (E; e) 8 (v; E) 8 fst E 8 snd E 8 let x = E in e 8 let x = v in E 8

E e 8 v E 8 ref E 8 !E 8 E B e 8 v B E 8 C E 8

caseE of Ci xi ) e i=0::n
i

A programis a possiblyemptysequenceof data-typedeclarationsfollowed by an
expression.Whenwriting concreteprogramswe will typically omit ';'. Concrete
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cell constants(rangedoverby l) only arisein termsthataretheintermediateresults
of evaluation;they arenot in the languagein which programmerswrite. We have
chosento explicitly includeseveralconstructsin thecalculusthat couldhave been
encodedinstead. This is doneto avoid cluttering the presentationanduseof the
calculuswith encodings.Shouldwe, however, wish to formally prove properties
aboutthis calculusthenencodingswould bepreferredto limit thenumberof cases
in inductiveanalyses.

We introducea store to keeptrackof store cell values,andde�ne dynamicsvia
a single-stepevaluationrelation� ! on con�gurations. We usethefollowing nota-
tional conventions.

NOTATION. � rangesover stores,i.e. partial functionsfrom locationsto values,
(� ; l 7! v) denotesbinding,and� [l 7! v] denotesupdating.

We call thefollowing rulesbasic.

hfst (v1; v2); � i � ! hv1; � i

hsnd (v1; v2); � i � ! hv2; � i

hlet x = v in e; � i � ! hefv=xg; � i

href v; � i � ! hl; (� ; l 7! v)i ; l 2 L f resh

h!l; � [l 7! v]i � ! hv; � [l 7! v]i

hl B v0; � [l 7! v]i � ! hunit ; � [l 7! v0]i

h(� x:e) v; � i � ! hefv=xg; � i

h(�x f (x) = e) v; � i � ! hefv=x; (�x f (x) = e)=fg; � i

hcaseCj v of Ci xi ) e i=0::n
i ; � i � ! hej fv=x jg; � i ; i f j 2 f0; : : : ; ng

Noticethatstoresarenot terms.Webrie�y explain thelastrule. It allowsevaluation
of a caseconstructprovidedthattheexpressionto bematchedis a value,andthatit
matchesoneof thecontructorsdeclared.Theresultof theevaluationis asubstitution
of v for x j in the jth branchof thecasecontruct. Thereis only onevariableon the
left-handsidein eachbranch,whichmeansthatif onewishesto matchaconstructor
with avaluethatis, e.g.,apair thenthevariablex j hasto bemanuallydeconstructed
(in this caseprojected)on theright-handsideof thematchingbranch.We will see
anexampleof this in chapter5. We closeevaluationundercontexts:

De�nition 4.3.1. If he; � i � ! he0; � 0i thenthereexistsa uniqueE such thate= E[r],
hr; � i � ! hr0; � 0i is a reductionbyoneof thebasicrules,ande0 = E[r0].

We encode� in local bigraphs. The signatureis shown in �gure 4.1. For now,
let i0; i1; i2; : : : representnaturalnumbers.Theseareusedinsteadof a morecum-
bersomebigraphicalrepresentation,which will bepresentedin subsection4.3.1,of
naturalnumbersusingonly constantszeroandsuccessor. Binding portsareusedto
delimit variablescope(seee.g. letb, lam, andcasee). Somecontrolsarepassive
to preventevaluation“underthem”. Thelastsix controlsarenot imagesof � -terms,
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Control Activity Arity Comment
var atomic 0 ! 1 Variable
app active 0 ! 0 Application
appl active 0 ! 0 Left partof application
appr active 0 ! 0 Rightpartof application
pair active 0 ! 0 Pair
pairl active 0 ! 0 Left componentof pair
pairr active 0 ! 0 Rightcomponentof pair
fst active 0 ! 0 Left projectiononpair
snd active 0 ! 0 Rightprojectiononpair
let active 0 ! 0 Let construction
letd active 0 ! 0 Declarationof ' let'
letb passive 1 ! 0 Bodyof ' let'
ref active 0 ! 0 Referencerequest
deref active 0 ! 0 Dereference
assign active 0 ! 0 Assignment
acell active 0 ! 0 Cell componentof assignment
aval active 0 ! 0 Valuecomponentof assignment
case active 0 ! 0 Caseconstruct
casel active 0 ! 0 Constructorto bematchedof 'case'
casee passive 1 ! 0 Casebranchof 'case'
Cn active 0 ! 0 A controlfor eachmemberof C
val passive 0 ! 0 Value
lam passive 1 ! 0 Lambdaabstraction
�x passive 2 ! 0 Fixed-pointconstruction
unit atomic 0 ! 0 Unit, for sideeffects
i0, i1, i2 . . . atomic 0 ! 0 Naturalnumbers
cell atomic 0 ! 1 Generatedreferencecell (term)
cell' passive 0 ! 1 Generatedstorecell
store active 0 ! 0 Store
exp passive 0 ! 0 Delayevaluation
sub active 1 ! 0 Termto undergosubstitution
def active 0 ! 1 Termto beinserted

Figure4.1: Signature� � .
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but areintroducedto implementa store,call-by-valueevaluation,andsubstitution.
cell denotesa referencecell generatedby evaluation.cell0 denotesastorecell, i.e. it
residesin store, holdingthevalueof a referencecell, which it refersto by a closed
link. As will becomeapparentwhentranslating� -termsinto local bigraphs,exp is
usedto delayevaluationcertainplacesin termsto implementthecall-by-valuese-
mantics.sub anddef areusedto performexplicit substitution,sub holdstheterm
to undergosubstitutionfor somex anddef holdsthevalueto beinsertedinsteadof
x. Thepurposesof theothercontrolsshouldbeclear.

We provide a formal translationof � into local bigraphsassumingwell-formed
� -programs.ThesemanticfunctionL�Mtranslatesprogramsp, andthesemanticfunc-
tion ~�• translatesexpressionse. Theideais to preserve thecall-by-valuesemantics
by insertingpassive exp controlsto hinderprematureevaluation.Binding portsare
usedto limit thescopeof variables,like lambdaabstractionsin the� -calculus.

NOTATION. We write f � g as f g, andcompositionbindstighterthanprimeproduct
(on theright-handsides).
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Ldatatype D = Ci of t i=0::n
i ; pMX = LpMX

Ldatatype D = Ci of t i=0::n
i ; eMX = ~e• X

~x• X]f xg = X � varx

~(e1; e2)• X = (pair � idX)
�
(pairl � idX)~e1• X j

(pairr � idX)(exp � idX)~e2• X

�

~fst e• X = (fst � idX)~e• X

~snd e• X = (snd � idX)~e• X

~let x = e1 in e2• X = (let � idX)
�
(letd � idX)~e1• X j

(letb(x) � idX)~e2• X]f xg

�

~� x:e• X = (val � idX)(lam(x) � idX)~e• X]f xg

~e1 e2• X = (app � idX)
�
(appl � idX)~e1• X j

(appr � idX)(exp � idX)~e2• X

�

~ref e• X = (ref � idX)~e• X

~!e• X = (deref � idX)~e• X

~e1 B e2• X = (assign � idX)
�
(acell � idX)~e1• X j

(aval � idX)(exp � idX)~e2• X

�

~C e• X = (C � idX)~e• X

~caseeof Ci xi ) e i=0::n
i • X = (case � idX)

�
(casel � idX)~e• X j

(casee(x1) � idX)(C1 � idX)

(exp � idX)~e1• X] x1

:::

(casee(xn) � idX)(Cn � idX)

(exp � idX)~en• X] xn

�

~unit • X = (val j X) unit

~n• X = (val j X) in ; 8n 2 N

ThesubscriptsetX on thetranslationincludesthenamesof all freevariables(fv) in
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e. Thus,eachtermehasmany bigraphimages.All theimagesof ~�• X aregroundso
they all have theemptyinner face� , andthesubscriptsetasouterface.We require
� -termsto be� -convertedin sucha way thatthebindingvariablesareall different.
� -convertible� -termshave equalimages,e.g. ~� y:y• ; = ~� z:z• ; . Noticehow we
donot translatecon�gurations,merelyterms.This is becausethestoreis implicit in
the� -world, but we needto modelit explicitly in bigraphs.Thestoreis assumedto
beemptyat thestartof evaluation.

Theparametricbigraphicalreactionrulescorrespondingto thedynamicsingle-
stepsemanticsof � arepresentedin �gure 4.2. Thereis an informal dynamiccor-
respondencebetween� ! and . , namelythat � ! canbemimickedby oneor
moreusesof . . Duringevaluationsomevariablesandcellsmaydisappearand
new cells may be created.We demandthat fv(e) � X, which is an invariant. The
�rst rule we wish to emphasiseis rule (4.6). Evaluationof a ' let' expressionresults
in a substitution.We emphasisethefact that � 0 in theredex canhave x in its outer
faceandmaintainit in the reactumasexplainedearlierin this chapter. (4.7) needs
to beawide rulebecausewewish to have thestoreat “top level” andnotembedded
in theprogramassuch.The link is closedoutermostimmediatelyuponcreationto
only grantthe freshlygeneratedreferencecell celll accessto that storecell. Thus,
we know that l is not in cod(� 0); cod(� 1). Dereferencingandassignmentalsowork
asonewould expect,(4.8), (4.9) and(4.10),theextra outernamel beingnecessary
to maintaintheouterface.This primeproductis alwaysde�ned becausewe know
that � 0 is a valueandthushasouterwidth 1 (like l=). l is closed,but this is not ex-
plicit in rules(4.8)-(4.10)becausethecontext hasto beableto identify thenamel of
differentregions.In thesecondassignmentrule (4.10)we extendval(unit) with the
wiring flg: � ! flgto maintainl in theouter faceof the�rst region of thereactum.
Applying the �x ed-pointconstructionto a valueresultsin a nestedsubstitution,as
onewould expect.We havea rulepair (4.13)and(4.14)for eachdeclaredconstruc-
tor in thesourceprogram.In rule (4.15)we exploit local bigraphsby usinga wide
reactionrule in connectionwith bindingto substitute“at adistance”oneoccurrence
at a time2. Furthermore,noticehow wehave written two sitesas� 0 in R0 implicitly
de�ning ~� = f0; 1 7! 0g. (4.16) terminatesthe substitutionwhendone;it cannot
beusedbeforewe areactuallydonesubstitutingbecause� 0 cannot containx in its
outerfacesincein thatcasecod(R) , cod(R0). Therestof therulesshouldbeclear.

4.3.1 Encodingof natural numbers

Here we presentan encodingof naturalnumbersin bigraphsusing a Peano-like
representationwith zeroandsuccessor. We alsoencoderulesimplementingsimple
operationslike equalityon theseusingan encodingof booleanconstantsTrue and
False. Thereshouldbe no surprisesin �gure 4.3. The rules presentedin �gure
4.4shouldbestraightforward,but donoticethatwe usenon-negativesubtractionon
integers(so really we restrictourselvesto naturalnumbers)in rule (4.28)andthat
multiplicationis computedaccordingto theformula(m+ 1) � (n + 1) = (n + 1)+ m�

2This doesnot work in bindingbigraphsbecausehereanamecannot residein multiple locations.
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pair(pairl(val(� 0)) j pairr(exp(� 1)))

. pair(pairl(val(� 0)) j pairr(� 1)) (4.2)

pair(pairl(val(� 0)) j pairr(val(� 1)))

. val(pair(pairl(val(� 0)) j pairr(val(� 1)))) (4.3)

fst(val(pair(pairl(� 0) j pairr(� 1)))) . � 0 (4.4)

snd(val(pair(pairl(� 0) j pairr(� 1)))) . � 1 (4.5)

let(letd(val(� 0)) j letb(x)(� 1hxi ))

. sub(x)(� 1hxi j defx(val(� 0))) (4.6)

ref(val(� 0)) k store(� 1)

. =l : val(celll) k store(cell0l (val(� 0)) j � 1) (4.7)

deref(val(celll)) k store(cell0l (� 0) j � 1)

. � 0 j l= k store(cell0l (� 0) j � 1) (4.8)

assign(acell(val(celll)) j aval(exp(� 0)))

. assign(acell(val(celll)) j aval(� 0)) (4.9)

assign(acell(val(celll)) j aval(val(� 0))) k store(cell0l (� 1) j � 2)

. val(unit) � flgk store(cell0l (� 0) j � 2) (4.10)

app(appl(val(lam(x)(� 0hxi ))) j appr(val(� 1)))

. sub(x)(� 0hxi j def(x)(� 1)) (4.11)

app(appl(val(�x ( f;x)(� 0hf; xi ))) j appr(val(� 1)))

. sub( f )(sub(x)(� 0hxi j defx(val(� 1))) j

def f (val(�x ( f;x)(� 0hf; xi )))) (4.12)

C(val(� 0)) . val(C(val(� 0))) (4.13)

case(casel(val(C(� 0))) j (casee(x)(C(exp(� 1hxi ))) j � 2))

. sub(x)(� 1hxi j defx(� 0)) (4.14)

varx k defx(val(� 0)) . val(� 0) j fxgk defx(val(� 0)) (4.15)

sub(x)(� 0 j defx(� 1)) . � 0 (4.16)

Figure4.2: Reactionrulesfor � .

(n + 1) in rule (4.33).As mentionedin chapter4 we introducea shorthandnotation
for naturalnumbers;i0 meansz, i1 meanss z, i2 meanss (s z), andsoforth.

In animplementationof abigraphicalrewriteengine,it is probablytooinef�cient
to work with bigraphicalintegers(andbooleans)so onewould perhapschooseto
work with theintegers(andbooleans)of theimplementationlanguageinstead.Using
i� controlsis amorehuman-readablerepresentation.
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Control Activity Arity Comment
true atomic 0 ! 0 True
false atomic 0 ! 0 False
z atomic 0 ! 0 Zero(i0)
s active 0 ! 0 Successor
argl active 0 ! 0 Left argument
argr active 0 ! 0 Rightargument
eqi active 0 ! 0 Equalityoperator
lti active 0 ! 0 Lessthanoperator
addi active 0 ! 0 Addition operator
subi active 0 ! 0 Subtractionoperator
muli active 0 ! 0 Multiplication operator

Figure4.3: Signaturefor natualnumbersencodingin localbigraphs.

4.3.2 An exampleexploring references

In this chapterwe wish to explore theencodingof references,andthis only usesa
fragmentof � . We shall returnto the otherpartsof � in chapter5. Considerthe
programshown in �gure 4.5. It is written in � , andtranslatedinto bigraphs.Clearly,
the resultof evaluatingthis programshouldbe thevalue4 (i4). This programuses
aliasing, andwe intendto seeif theencodingbehavescorrectly. We havepresented
thebigraphin short-handnotationleaving wirings implicit.

Denoteby A0 thebigraphshown in �gure 4.5. A0 rewritesto A14 = =l : val(i4) j
store(loc0

l (val(i4))) via the reductionpath(4:7) � (4:6) � (4:15) � (4:6) � (4:15) �
(4:16) � (4:9) � (4:10) � (4:2) � (4:15) � (4:16) � (4:8) � (4:3) � (4:5). The most
interestingstepsaretheusesof rules(4.7), (4.10),and(4.8),but we alsoshow how
rules(4.6), (4.15),and(4.16)arematchedbecausetherearesomesubtletieshere.
We only show themaps�; ~� in thematcheswherethey areimportantandnon-trivial.
The readermay want to look up theseruleswheninspectingthe matchesin what
follows.

NOTATION. We useS; T; U to denotecertainsub-termsof a bigraphwhen these
sub-termsarenot importantfor the particularmatch,to increasereadabilitywhen
presentingthematches.

We begin to evaluatethedeclarationpartof theoutermostlet; A0 matches(4.7)
becausewe �nd

a = i5 k 1 : (; ; ; )

! = id2 : (; ; ; ) ! (; ; ; )

C = let
�
letd(� 2) j letb(z)(S)

�
j � 3 : (; ; ; ) ! ;

a = a0

! 0 = 1 
 (id; j id; ) : (; ; ; ) ! (; ; ; )
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eqi(argl(z) j argr(z)) . true (4.17)

eqi(argl(s(� 0)) j argr(s(� 1))) . eqi(argl(� 0) j argr(� 1)) (4.18)

eqi(argl(z) j argr(s(� 0))) . false (4.19)

eqi(argl(s(� 0)) j argr(z)) . false (4.20)

lti(argl(z) j argr(z)) . false (4.21)

lti(argl(s(� 0)) j argr(s(� 1))) . lti(argl(� 0) j argr(� 1)) (4.22)

lti(argl(z) j argr(s(� 0))) . true (4.23)

lti(argl(s(� 0)) j argr(z)) . false (4.24)

addi(argl(z) j argr(� 0)) . � 0 (4.25)

addi(argl(� 0) j argr(z)) . � 0 (4.26)

addi(argl(s(� 0)) j argr(s(� 1)))

. s(addi(argl(s(� 0)) j argr(� 1))) (4.27)

subi(argl(z) j argr(� 0)) . z (4.28)

subi(argl(� 0) j argr(z)) . � 0 (4.29)

subi(argl(s(� 0)) j argr(s(� 1))) . subi(argl(� 0) j argr(� 1)) (4.30)

muli(argl(z) j argr(� 0)) . z (4.31)

muli(argl(� 0) j argr(z)) . z (4.32)

muli(argl(s(� 0)) j argr(s(� 1)))

. addi(argl(s(� 1)) j argr(muli(argl(� 0) j argr(s(� 1))))) (4.33)

Figure4.4: Operationson integersin localbigraphs.

whereS denotesthe contentof the outermostletb in A0. It is easyto convince
oneselfthatA0 = C � (R � ! ) � a. ConsideranA1 s.t.A0 . A1:

A1 = =l : let
�
letd(val(locl)) j letb(z)(S)

�
j store(loc0

l (val(i5)))

Noticehow in A1 theclosureis done“outermost”whereasin the rule it is donein
R0. Thissituationis essentiallythequestionwhether

�
F(� 0) j G(� 1)

�
� =l : Hl j Il = =l : F(Hl) j G(Il)

for someionsF; G; H; I. Lookingathow compositionis de�ned in Def. 8.3(precate-
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let z = ref 5
in let y = z in
snd (y:=4,!z)

----------------------------------- ----- ------ ----

let(letd(ref(val(i5))) |
letb_(z)(

let(letd(var_z) |
letb_(y)(

snd(pair(
pairl(assign(

aloc(var_y) |
aval(exp(i4)))) |

pairr(exp(deref(var_z))))))))) |
store()

Figure4.5: A � -programandits translationinto bigraphs.

goryof link graphs)of [JM04], weseethatcaseoneof thede�nition of thecomposite
link mapappliesso indeedthe equationholds,andthis alsoappliesto our setting.
(It alsoholdsfor k.) Thus,A1 = C � (R0 � ! 0) � a0 asrequired.Intuitively, it may
seemweird that onecanplug in two link-connectedregions(whenk is used)into
two separateholesandkeeptheconnectionintact– especiallywhenonelooksat the
graphicalrepresentation.However, theclosedlink is a visualdeception– formally
the link mapjust mapstheouternamel of H andI to anedge,andthis relationship
is maintainedduringcomposition.

We continueby showing how A1 matches(4.6). We have � = Id2 and~� =
(Id; ; Idx). Whenmatchingwe canwlog. renamez to x in A1 becausethetwo terms
denotethesamebigraph.

a = locl k S : (l; x)

! = idl j id; : (l; ; ) ! l

C = =l : idl j store(loc0
l (val(i5))) : l ! ;

a0 = a

! 0 = !

A2 = =l : sub(z)

�
let(letd(varz) j letb(y)(S)) j defz(val(locl))

�
j store(loc0

l (val(i5))).
Next up is applicationof thesubstitutionrule, (4.15). We have � = f0; 1 7! 0gand
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~� = (Id; ; Id; ).

a = locl : l

! = l= k idl : l ! (l; l)

C = =l : sub(x)

�
let(letd(� 2hx; li ) j letb(y)(S)) j � 3hx; li

�
j store(loc0

l (val(i5)))

: (fx; lg; fx; lg) ! ;

a0 = locl k locl : (l; l)

! 0 = idl k idl : (l; l) ! (l; l)

A3 = =l : sub(z)

�
let(letd(val(locl)) j letb(y)(S)) j defz(val(locl))

�
j store(loc0

l (val(i5))).
Now rewrite A3 with (4.6)andthen(4.15)to obtain

A_5 = /l . sub_(z)(
sub_(y)(snd(pair(

pairl(
assign(

aloc(val(loc_l)) |
aval(exp(val(i4)))))

pairr(exp(deref(var_z)))))
def_y(val(loc_l))) |

def_z(val(loc_l))) |
store(loc'_l(val(i5)))

Thesetwo stepsunfoldedtheinnermostlet to a sub, andthensubstitutedin the
valueof x for y. Weseethattherearenomorefreeoccurrencesof thenamey sowe
canterminatethatsubstitutionwith (4.16).� = Id0.

a = T k val(locl) : (fz; lg; l)

! = idfz;lg j idl : (fz; lg; l) ! fz; lg

C = =l : sub(z)

�
� 2hz; li j defz(val(locl))

�
j store(loc0

l (val(i5))) : fz; lg! ;

a0 = T : fz; lg

! 0 = idfz;lg : fz; lg! fz; lg

whereT denotesthesub-termsnd(: : :) of A5. A6 = =l : sub(z)

�
T j defz(val(locl))

�
j

store(loc0
l (val(i5))). Now, simplyremovetheexp from aval in T with (4.9)to obtain

A_7 = /l . sub_(z)(snd(pair(
pairl(assign(

aloc(val(loc_l)) |
aval(val(i4)))) |

pairr(exp(deref(var_z))))) |
def_z(val(loc_l))) |

store(loc'_l(val(i5)))
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A7 canberewrittenwith (4.10)asfollows. � = f0 7! 0; 2 7! 2g.

a = i4 k val(i5) k 1 : (; ; ; ; ; )

! = id; k (id; j id; ) : (; ; ; ; ; ) ! (; ; ; )

C = =l : sub(z)

�
snd

�
pair(pairl(� 3hli ) j pairr(U))

�
j defz(val(locl))

�
j � 4hli

: (l; l) ! ;

a0 = val(i4) k 1 : (; ; ; )

! 0 = 1 k (id; j id; ) : (; ; ; ) ! (; ; ; )

A8 = =l : sub(z)

�
snd

�
pair(pairl(val(unit)) j pairr(U))

�
j defz(val(locl))

�

j store(loc0
l (val(i4)))

Noticehow thestorehaschanged.It is herethatwe realisewhy thelink l hasto be
openin thede�nition of (4.10). Hadit beenclosedwe would not beableto supply
a propercontext C becausetherewould be no way to identify the location inside
defz with thelocationsinsideR (thatarepluggedinto theholes� 3; � 4), sincethese
would be in an alreadyclosedlink, andthusnot accessible(by composition)from
theoutside.This is an importantpropertyof closedlinks. We maynow rewrite A8

to

A11 = =l : snd
�
pair(pairl(val(unit)) j pairr(deref(val(locl))))

�

j store(loc0
l (val(i4)))

by the non-controversialsequence(4.2) - (4.15) - (4.16). Finally, we may rewrite
using(4.8).

a = val(i4) k 1 : (; ; ; )

! = 1 k (id; j id; ) : (; ; ; ) ! (; ; ; )

C = =l : snd(pair(pairl(val(unit)) j pairr(� 3hli ))) j � 4hli : (l; l) ! ;

a0 = val(i4) k val(i4) k 1 : (; ; ; ; ; )

! 0 = id; k (id; j id; ) : (; ; ; ; ; ) ! (; ; ; )

Again, the rule would not have worked with a closedlink hadtherebeena deref-
erenceoperationinsidepairl of A11, for example. In this case,however, it works
out eitherway. We �nish evaluationby trivially rewriting with (4.3)andthen(4.5).
Thus,we haveA14 = =l : val(i4) j store(loc0

l (val(i4))) aspromised.

4.4 Dynamic correspondence

We have arguedby examplethatthereis a dynamiccorrespondencebetween� and
theencodinghereofin local bigraphs.Informally, we claim thatevery time we re-
ducea termin � by � ! we canmimic that in thebigraphicalreactive systemwith
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oneor moreusesof . . To formally prove the dynamiccorrespondencewe
would needa substitutionlemma,a lemmaallowing usto separatea context from a
redex, anda lemmacorrespondingto de�nition 4.3.1,but for bigraphs.Proving that
thecorrespondenceholdsbothwayswould likely requireusto keeptrackof which
bigraphsareactuallyimagesof � -terms.We leave this for futurework.

Weconcludethatreferencescanbeencodedin localbigraphsusingclosedlinks,
thatthey seemto behaveasdesired,andconjecturethatthis canbeprovedformally.

4.5 Discussion

Onemay wonder, intuitively, why we choseto encodereferencesvia closedlinks
andnot binders.We give suchan intuition here.Closedlinks wereincludedin the
bigraphtheoryto capturethenotionof namerestrictionfrom the� -calculus.Binding
ports likewise capturethe � -calculusnotion of pre�x. In essence,the difference
betweenclosedlinks andbinding ports in (binding and local) bigraphsis locality
andthescoperule. All bindersarelocated(while edgesarenot) andhave to obey
thescoperule, i.e. all peersof a certainbindermustbe locatedbeneaththatbinder
in theplacegraph,roughlysaid.3 This meansthatusingbindersis in generalmore
restrictive, which may be preferredin somesituationslike whenmodellingaccess
control. In our casewe have a global storelocatedat top level. Thus,in this case,
it shouldbe possibleto encodereferencesvia a top-level vertex actinglike a store
by having a binding port for eachcreatedlocation. Summingup, we cansaythat
closedlinks were chosenbecausethey do not have locality, which enablesus to
avoid worrying aboutthe locality of the storeholding the references,which is the
naturalwayto think aboutastore,webelieve. A reasonfor usingbinderscouldbeto
investigatewhetherthereis asimplerproofof thedynamiccorrespondencebetween
� andthe encoding,thanwith free closedlinks. The ideais to de�ne a family of
controlsstorem, indexedby anordinalm de�ning thesetof (binding)portsonstore.
Theprogramresideswithin this control. Initially, we have store0(: : :) with noports
meaningthatno locationshave beencreated.Then,every time a locationis created
we replacethe currentstorei with a new one,namelystorei+1, andbind this new
locationto thenew port (keepingtheold bindings).Whenbindinganew locationto
thestorewealsocreateavaluenodeholdingthevalueof thenewly createdlocation,
andlink this to thenew bindingport of thestore.This idearesemblesoneof Robert
Harper[Har00] (chapter16), thoughin anothersetting.

3Weaimto provide someintuition andthusreferthereaderto [JM04] for precisede®nitions.
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Chapter 5

A Bigraphical Location Model

5.1 Intr oduction

In thischapterwemakemoreprecisewhatis meantby theterm“re�ecti ve” building.
Having a clearideaof whatpropertiessucha building shouldpossesswe move on
to exhibit a Plato-graphicalmodel correspondingto sucha building. Someparts
of the modelare formulateddirectly in bigraphs,andsomepartsareexpressedin
a slightly enhancedandsugaredform of � , named� sugar. In a sense,this chapter
bringstogetherthework of thechapters2, 3, and4. This chapterpresentswork in
progress.

5.2 A re�ecti vebuilding

We de�ne a re�ective building in moredetail. In [Hop00] on “sentientcomputing”
thefollowing three“locationcategories”arestatedasimportant.

• Containment

• Proximity

• Coordinatesystems

Containmentrefersto anobjectbeingwithin acontainer(location).Proximity is the
notion of beingcloseto something.Coordinatesystemsprovide locationin space
(subjectto someerrorvalue).Wehaveseencontainmentbeforeasaspatialrelation-
shipon locations.We interpretproximity to covertwo situations:(1) Nearmeasured
in physicaldistance,and (2) nearaswithin the samesymbolic range,i.e. within
thesamecontainer(at somelevel in thetopology/hierarchy).Our startingpoint is a
symbolicmodelsoweabstractaway from coordinatesin this treatment.

We do,however, addsomeadditionalpropertiesto our list of re�ectivebuilding
properties:
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• Devicepositioning

• A �x edsetof uniquelyidenti�able mobiledevices

Whenconsideringa re�ective building we think of located-objectsasbeingmobile
devices(andhenceforthreferto themassuch)sucha mobilephonesandPDAs.

In our modellingeffort we abstractthe re�ective building by abstractingover
location types(�oors, wings, roomsetc.) anddevice types(PDA, mobile phone,
laptopetc.).

Wecapturesystemswhere,e.g.,auserarrivesatamuseumandreceivesamobile
device to beusedtogetherwith thepositioningsystemandthelocationmodelat this
museum.

5.3 The model

Beforethepresentationof thePlato-graphicalmodelit is instructive to explain the
key designchoicesmade.

5.3.1 Designchoices

Severalchoiceshavebeenmaderegardingthelanguagesused,therepresentationof
locationsanddevices,andthe locationhierarchy. We treattheseconsiderationsin
turn.

5.3.1.1 Languagesused

We have usedtwo languagesin the model. The partsC and S of the model are
written usingthebigraphicaltermlanguage,andpartsL andA in a sugaredversion
� sugar of thecalculus� presentedin chapter4. We preferto work within bigraphs
exceptwhenit becomestoo inconvenient.Weshow thatbigraphsarewell-suitedfor
modellingC andS, andnot just C assuggestedin chapter3. The locationmodel
L is, however, suf�ciently complicatedto write natively in bigraphsfor usto prefer
writing it in � sugar. A communicateswith L soit makessenseto write A in � sugar,
apartfrom thefact that it is easierto programA in � sugar thannatively in bigraphs,
aswill becomeapparent.Thus,we havea realworld C written in bigraphs,a proxy
P = S k L spanningboth bigraphsand � sugar, and a location-awareapplication
A written in � sugar. A key issuein this setupis how to realisethecommunication
betweenthe “bigraphworld” andthe “ � sugar world” in P. Later in this chapterwe
explainhow � sugar-programscorrespondto � -programs.

5.3.1.2 Representinglocationsand devicesin C (and S)

We useonecontrol loc : 0 ! 0 to representlocationsandonedev : 0 ! 0 to
representdevicesabstractingawaydifferentlocationtypes.Anotheroptionis to use
different controlsfor the “dif ferent” typesof locationsin a building; wing, �oor ,
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room andso forth. The reasonsfor choosingone loc control are (1) to limit the
numberof reactionrulesto bewritten– wedonotneedto havea rule for eachcom-
binationof thedifferentlocation(anddevice)typeswhereonelocationis sourceand
the other target, and(2) identity andtype of a locationcanbe representedconve-
niently in anotherway (to which we returnbelow). Devicesaresimply represented
by a devicecontrol.

5.3.1.3 Known devices

As mentionedin section5.2 we considera re�ective building to have a �x edsetof
known devices,which pertainsto all partsof the model. Somemay be in useand
somemay not. A device is in usewhenit is in a locationwhich is not the special
“unuseddevices” location.Initially, eachdevice is eitherin this locationor in oneof
the locationsof the locationhierarchy(to beaddressednext). This propertyshould
be invariantunderreaction. No new devicescanappear. As mentionedin section
5.2 this is a realisticchoice,andtechnicallyit signi�cantly simpli�es our task.This
is dueto the fact that whena device is discoveredin C we have to mirror this by
a discovery in L via S, and thusgeneratea correspondingfresh identi�er for this
device in L. It is dif�cult to ensurethis automatically.

5.3.1.4 A static tr ee-structuredlocation hierarchy

It is a simplifying choiceto work with a static locationhierarchyasopposedto a
dynamicone.It is reasonableto havea staticlocationhierarchyin this casebecause
a (re�ective)building in therealworld seldomlychanges.Thus,thelocationhierar-
chy in themodelneedsto bealteredonly on rareoccasions.Accordingto [Leo98]
locationhierarchiesaretypically static.Furthermore,weorganiselocationsin a tree
utilising thestructureof placegraphs.This is a limiting choice,but not anuncom-
monone.Thesamehierarchyis presentin C andL, but representeddifferently.

5.3.1.5 Modelling the realworld

For our purposesthe following abstractionis suitable: Devices can enter, move
aroundin, and leave a (re�ective) building which is observationally equivalent to
beingturnedoff. Theserecon�gurationsshouldbemodelledin C.

5.3.1.6 Identi�cation of locationsand devicesin C and L

A locationin thebigraphicalpartof themodelcanbe identi�ed by a link or by an
embeddedidentity control. We assumethat locationsareuniquelyidenti�ed which
requiresanequalityoperationontheir identi�ers. Suchidenti�ers could,e.g.,benat-
ural numbersor strings.We havechosennaturalnumbersfor simplicity andto keep
ourfocus.Stringscanalsobeencoded.Thepropertythatnotwo locationsor devices
havethesameidenti�er is invariantunderreaction,i.e. maintainedby everyreaction
rule. Now considerthe two approaches;identi�cation via a link or an embedded
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control.Links canbeopen(outername)or closed(edge).Usingclosedlinks in C is
notaviablesolutionbecausethey donotin factrevealany identityinformationto the
context andthuscannotbedistinguished,which is requiredto supportcertainbasic
queries.Openlinks couldbeusedbecausethe locationhierarchyis static; location
identi�ers areassumedto beuniqueinitially, andnew locationsarenot introduced
underreaction.Thus,thereis no risk of anidenti�er (outername)beingreused,i.e.
two different locationsbeingidenti�ed. As no new devicesareintroducedwe are
safe.Thesamereasoningappliesto device identi�ers. Anotheroptionis to placea
uniqueidentity controlasa child of eachlocationanddevicecontrol,which is what
we choose.Our choiceis supportedby the following two considerations:(1) The
modelbecomessimpler. Hadwechosenlink identi�ers in C wewouldhaveto relate
theselinks to locationidenti�ers in L which couldbe naturalnumbers(or strings).
Thiscanbedoneby “exporting” thelocationidenti�ers of L to toplevel of thePlato-
graphicalsystem,whichis notentirelystraightforwardaswill becomeapparentlater.
(2) Giventheintuition thatcontrolsrepresententitiesandlinks represent(wireless)
connectionsbetweenentitiesit seemsappropriateto modelidentity of an entity as
partof thatentity (e.g. like a MAC addressof a device or thenameof a room),i.e.
via an identity control. Initially, C andL have thesamelocationhierarchy(in their
respective languages).Next wediscusshow closelycoupledC andL shouldbe.

5.3.1.7 Relating C and L via S

An argumentfor a high degreeof couplingbetweenC andL is a low modelling
effort, whereasa low degreeof couplingimplies strongermodularity, which is an
argumentagainsta tight coupling. Let us considerthesetupto decideon a design
choicehere.Thesetupis thattheinitial con�gurationof thesystemis given,andin
particularthat thelocationhierarchiesin C andL arecoherent.For simplicity, take
locationsanddevicesto beidenti�ed by � -integersin L. Encodingintegers(or rather
naturalnumbers)in bigraphsyieldsaneasycorrespondence,de�ned in S, between
identi�ers in C andL. This is a rathertight coupling,but not anunreasonableone
sincetheuserof thesystemis obligedto de�ne thelocationhierarchyandthedevices
in bothC andL initially. Furthermore,decouplingC andL merelycomesdown to a
mappingin S.

5.3.1.8 Location systemsasPlato-graphical systems

Consider�gure 5.1. Location-awareapplications(agents)arecapturedby thepart
A. Thelocationmodelincludingqueries(andactuators)is partL. Wehave included
both queriesand actuatorsin L becausethey are really interfacesto the location
model.Thepositioningsystemincludingsensorsis partS. S informsL of location
updates.Thephysicalworld is partC.
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Figure5.1: Overall locationsystemmodelseenasPlato-graphical.

5.3.2 Intr oducing the model

We begin by brie�y recalling Plato-graphicalmodels. Considera Plato-graphical
modelX = (CX; PX; AX) asde�ned in chapter3. This modelconsistsof a world
cX 2 CX, a proxy PX with constituentssX 2 SX (sensor)andlX 2 LX (thelocation-
awaresystem'srepresentationof theworld lX), andalocation-basedapplicationaX 2
AX. The overall intuition aboutthesystemis asfollows: cX 2 CX recon�guresas
it pleases.Essentially, we have threerecon�gurationsof cX ; discovery of a device
in somelocation,movementof a device from a locationto a parentor sub-location,
and lossof a device (the systemlosestrack of the device). Much like in the real
world, changesin cX occurin anunpredictableandnon-deterministicmanner. The
systemsX observingthe statecX of the world tries as bestit can to inform lX of
changeto cX by invoking certain“interfacefunctions” in lX to updateits internal
representationof theworld (building). sX hasaccessto cX andlX by sharedcontrols
(with cX) andanoutername(with lX). Dueto theasynchronicitybetweencX andLX

wearelikely to experiencesomediscrepancy in the“states”of thetwo parts.This is
perfectlyrealisticwrt. real-life indoorpositioningsystemssuchasEkahau.To make
ourmodelevenmorerealisticweenvisionintroducingtimesothateventsfrom sX to
lX canbetimestampedandthusordered.ThisshouldenablelX to updateits internal
representationto moreaccuratelymatchcX asobservedby sX . aX canquerylX via a
speci�c setof “interfacefunctions”.RecallthatCX andSX arenativeBRSswhereas
LX andA X aretheBRSsresultingfrom a translationof � sugar-programsinto local
bigraphsalongwith the bigraphicalreactionsemanticsde�ned in chapter4. Thus
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utilising the“multi-lingual feature”of Plato-graphicalmodels.Having brie�y given
the intuition behindthe workingsof the modelwe proceedto de�ne it asa Plato-
graphicalmodel.

5.3.2.1 Our re¯ectivebuilding

We chooseanexamplewhichholdstheessentialconceptualchallengesarisingfrom
thepreviousdiscussion,but is alsokeptsimplefor thesake of clarity. A morecom-
plex building, e.g.theIT Universityof Copenhagen,canlikely bemodelledwithout
problems.

Intr oducing the simple re¯ective building We model a pieceof ITU. Before
showing the building as a tree and a bigraph,we brie�y statethe intention. We
modelthebuilding, theatrium(in realityspanningall � ve �oors) in thecentreof the
building, two of thefour wings,two of thesix �oors, ahallway, andtwo rooms.The
building (i1) containstheatrium(i2) andthewingsB (i3) andC (i4). Wing C spans
two �oors, namelythethird �oor (i5) andthefourth �oor (i6). Thefourth �oor con-
tainsa hallway (i7) which in turn containstwo rooms,namelyroom4C16(i8) and
4C10(i9). We assumesix known devicesnumberedi10 throughi15, all in use.One
device in the building, two devicesarein the atrium,oneis on the third �oor , one
is in room4C16,andonein room4C10.We couldhave madeotherchoices,which
weaddressshortly, but for now, weaskthereaderto considertheinformalgraphical
representationin �gure 5.2.Do noticethattheid-controlsaroundlocationidenti�ers
have beenleft out for simplicity. Somechoicesweremadeto arrive at exactly the
locationhierarchyof �gure 5.2,eachoneis addressedin turn.

• Theorderingof wingsand�oors.

• Wheredevicescanreside.

Wecould,of course,haveincludedmorewings,�oors, roomsetc.easily. Firstof all,
noticehow wingsareconsideredto beabove �oors in thehierarchy. This indicates
thatonehasto bewithin a wing to move from one�oor to another. At theITU we
havestairwaysthatallow thismovement.However, it is alsopossibleto movefrom a
wing to thebuilding, into anelevator, andto another�oor . Thisis notpossiblein this
model,but we considerit to a cosmeticproblemthat is irrelevantwrt. our purposes
atpresent.Switchingtheorderingof wingsand�oors wouldyield asimilarproblem.
Thus,we caneitherstick with an orderingandacceptthe limitation, or modelthe
locationhierarchyusingtwo trees(views),onewith wingsabove�oors andtheother
with �oors above wings. That would, however, complicatethingsbecausedevices
would thenhave to be situatedin both treesandmake a movementin both treesat
once. This movementwould be betweensiblingsin onetree,but not in the other
tree. As we arguebelow, the movementbetweensiblings is the most reasonable
andrealistichaving chosenatreestructureto organiselocations.Alternatively, links
couldbeusedto indicatepathsbetweenlocations,but thatwoulddefeatthepurpose
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Figure5.2: Thebuilding � asa treewheretheid-controlsaroundlocationidenti�ers
havebeenleft out, for simplicity.

of having imposedastructureon locationsin the�rst place.A brief detour:Thelink
graphis usablefor supportingtheconnected-toanddistancerelationshipsof chapter
2 thatallow for nearestneighbourandnavigationqueries.

We have decidedthatdevicescanresidein any location,andthat locationscan
containboth devicesandother locations. This is �e xible anddoesnot causeany
modellingproblems.

For comparison,the building � is depictedasa bigraphin �gure 5.3. Again,
noticethattheid-controlsaroundlocationidenti�ers havebeenleft outfor simplicity.
We brie�y commenton �gure 5.3. Identi�ers (naturalnumbers)arerepresentedby
nodeswith atomiccontrolsso we depict themassmall black boxes. It shouldbe
clearthat thebigraphcorrespondsexactly to the treeof �gure 5.2. We proceedby
presentingthemodelasaPlato-graphicalsystem.
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Figure5.3: The building � asa bigraphin graphicalrepresentationwherethe id-
controlsaroundlocationidenti�ers havebeenleft out, for simplicity.

5.3.3 X asa Plato-graphical model

We divide thepresentationinto four parts:Thenative bigraphicalparts(1) CX and
(2) SX, andthe� sugar-parts(3) LX and(4) A X.

Recallthatwe work in localbigraphssothearity of a controlis binding! free.
Furthermore,we consideractivity andatomicityto beintegral partsof bigraphs,but
asshown in [Jen06] activity andatomicity could be consideredplace-sortingson
basicbigraphs.We referto [Jen06] for thedetails.
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5.3.3.1 The world part CX

We begin by showing the building � asa bigraphin our term language(asbefore,
omitting detailssuchasidentity wirings etc.),andthenproceedto de�ne thesigna-
tureanddynamicsof theBRSCX.

loc(i1 | dev(i15) |
loc(i2 | dev(i10) | dev(i11)) |
loc(i3) |
loc(i4 | loc(i5 | dev(i12)) |

loc(i6 | loc(i7 | loc(i8 | dev(i13)) |
loc(i9 | dev(i14))))))

| devs()

As mentioned,� is a tree.Having madethatchoiceit is reasonableto modeldevice
movementby allowing devicesto move from a locationl2 into a sub-locationl3 of
l2, or into the parentlocationl1 of l2. To justify this claim, think of � ; device i13
is situatedin location4C16(i8), andtheonly doorway of 4C16is into thehallway
(i7), andthe hallway doesallow movementinto anotherof�ce, namely4C10(i9).
All devicesarein usein thisstartcon�guration.Rememberthata device is eitherin
a locationor in devs.

The signatureanddynamicsof CX arede�ned as follows in �gure 5.4; CX =
(K CX ; RCX ). First, noticehow we have allowedourselvesto representnaturalnum-

Context CX.

Control Activity Arity Comment
id passive 0 ! 0 Hostsidenti�er control
loc passive 0 ! 0 Possiblynestedlocation
dev passive 0 ! 0 Mobile device
devs passive 0 ! 0 Hostsmobiledevicesnot in use
i0,i1,i2. . . atomic 0 ! 0 In�nite family of identi�ers

loc(� 0) k devs(� 1 j dev(� 2)) . loc(� 0 j dev(� 2)) k devs(� 1) (5.1)

loc(� 0 j dev(� 2)) k devs(� 1) . loc(� 0) k devs(� 1 j dev(� 2)) (5.2)

loc(� 0 j loc(� 1 j dev(� 2))) . loc(� 0 j loc(� 1) j dev(� 2)) (5.3)

loc(� 0 j loc(� 1) j dev(� 2)) . loc(� 0 j loc(� 1 j dev(� 2))) (5.4)

Sorts:
(5.1) : K CX ; K CX

(5.2) : K CX ; K CX

(5.3) : K CX

(5.4) : K CX

Figure5.4: Part CX of thePlato-graphicalmodelX, with sorts.

bersby i� controlsinsteadof usingthemorelow-level representationwith zeroand
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successor. Equality andotherbasicoperationscanbe implementedby an in�nite
setof reactionrules,capturingall combinations.Rule (5.1) discoversa device by
moving it from devs to someloc. Therule is parametrisedover the identity of the
location,its contentbeforethediscovery, thesetof known devices,andtheidentity
of thedevice beingdiscovered.Rule(5.2)performstheoppositeoperation,namely
to lose track of a device. Notice how a device canbe discoveredand lost in any
locationwhichallowsusto modeladevicebeingswitchedoff (manuallyor because
thebatteryrunsout,e.g.)andturnedonagainin anotherlocationby rule (5.1). The
rules(5.1) and(5.2) aredual in a sense.Therules(5.3) and(5.4) arelikewisedual
andmove a device up or down onestepin the locationtree. We arguedearlierthat
this is a fair representationof movementhaving chosena treestructureaslocation
hierarchy. Onemaywonderwhy we do not simply have onerule to move a device
from one locationto any othersincewe do not imposeany restrictionson move-
ment.Therearetwo reasonsfor that: (1) It contradictsthechoiceof a treestructure
of locations,and(2) we would needtwo rules. We believe the �rst point hasbeen
coveredalreadyandproceedto justify thesecond.Considerthefollowing rule.

loc(� 0 j dev(� 1)) k loc(� 2) . loc(� 0) k loc(� 2 j dev(� 1))

This wide rule is not what we want. It can, as expected,perform the following
reaction:

loc(� 0 j loc(dev(� 1))) j loc(� 2) . loc(� 0 j loc()) j loc(� 2 j dev(� 1))

More generally, it canmove a device from onelocationinto anotherlocationpro-
videdthatthereis a context which assignsthema commonparent, which is not one
of thelocationsin question.However, it cannot performthefollowing reaction:

B = loc(� 0 j dev(� 1) j loc(� 2)) . loc(� 0 j loc(� 2 j dev(� 1))) = B0  

That is, it can not move a device from a location l1 to a sub-locationof l1. To
realisethis let ustry to constructa match;it suf�ces to arguethatfor all C we have
B , C � (R � ! ) � a:

R = loc(� 0 j dev(� 1) k loc(� 2)) : (; ; ; ; ; ) ! (; ; ; )

a = i1 k i2 k i3 : (; ; ; ; ; )

! = (id; j id; ) k id; : (; ; ; ; ; ) ! (; ; ; )

C = id; j id; : (; ; ; ) ! ;

Clearly, this is notamatch,andcannotbemadeso.Theintuition is thatthecontext
C musthave two holesbecauseR hastwo regions.Intuitively, thetroubleis thatthe
context cannot take somethingfrom oneof theseholesandput it into theother– it
seestheregionsof R (andR0) from above,soto speak.Onecouldtry to circumvent
this mechanismby including onelocation in the other througha parametera, but
that also fails, becausethe context cannot get rid of eitheroneof the parameters
it absorbs,andwill thushave onelocationtoo many for the match. Thus,for the
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schemewith thewideruleto work asintended,wemustincludeanotherrulethatcan
move a device into a sub-location.We have sucha rule above, namely(5.4) which
can be appliedconsecutively. We concludethat the two movementrules chosen,
(5.3)and(5.4),arethebetterchoice.

With thisanalysisin mind,weremarkthatthesuggestedrule (3.10)of chapter3
perhapsshouldbereplacedby two rules.

This concludesour treatmentof CX. We proceedwith SX andthenLX before
gluing togetherCX andLX via SX.

5.3.3.2 The sensorpart SX

SX is the representationof a simplesensorsystemthatcan(1) observe (sense)that
a device is in a certainlocation(in cX), and(2) observe thata device is not located
(sensed),i.e. residingin “location” devs. Therecouldbe(at least)two reasonsfor
losing track of a device: (1) It wasturnedoff, and(2) thepositioningsystemsim-
ply did not pick up on the signal from the device (for a certainamountof time).
Recallthatthesetof devicesis �x edandknown. sX informslX abouttheseobserva-
tionsby invokingcertain“interfacefunctions”providedby lX . We will examinethis
communicationin subsubsection5.3.3.3.

Becausewe have chosena rathertight couplingbetweencX andlX , namelyto
representlocationanddeviceidenti�ers by thesamenaturalnumbersin bothworlds,
sX doesnot needto maintaina mappingfrom oneworld to theother. We do require
that � -integersare representedin the sameway as integersin CX – namelyby i-
controls.sX is written in bigraphs,but alsohasaccessto bigraphicalrepresentations
of � - terms.

The signatureanddynamicsof SX are de�ned as follows in �gure 5.5; SX =
(K SX ; RSX ). Rule(5.5)modelsthecasewheresX observesadevicein alocation,and
informslX of this. This is doneby “calling” thefunctionin lX , exportedby g asthe
�rst componentin a tuple,with thebigraphicalrepresentationsof thedeviceandthe
location.invoke modelsa pool of pendingfunctioncallsandmusthave namefuns
andbeemptyin the initial con�gurationof sX . In therule we have thatvarg refers
to exactly thesamenameasinvokeg to forcethevar-controlto referto preciselythe
nameexportedfrom Lx. To �re the context of the rule must identify g and funs.
We needto encapsulatethe locationidenti�er in a id-control to distinguishit from
sublocationsandthusmaketherulework for any location(identi�er) � 0. Rule(5.6)
applieswhensX observesadeviceinsidethedevs control.Wewill show therelevant
functionsin subsubsection5.3.3.3.

Noticehow sX merelyobservescX (sensing)andinformslX (acquisition).This
may very well leadto discrepancy betweencX and lX . To make the systemmore
precise,i.e. to ensurea tightercorrespondencebetweencX andlX onecouldallow
sX to alsoobserve lX , andthenonly inform lX of the locationof a device cX when
cX andlX disagree.This is not theway positioningsystemswork in reality, but may
be usefulfor simulationpurposes.For now, we leave sX asis. This concludesour
treatmentof thepositioningsystemSX.
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SensorSX.

Control Activity Arity Comment
id passive 0 ! 0 Hostsidenti�er control
loc passive 0 ! 0 Possiblynestedlocation
dev passive 0 ! 0 Mobile device
devs passive 0 ! 0 Hostsmobiledevicesnot in use
app active 0 ! 0 Application
appl active 0 ! 0 Left partof application
appr active 0 ! 0 Rightpartof application
var atomic 0 ! 1 Variable
exp passive 0 ! 0 Delayevaluation
i0,i1,i2. . . atomic 0 ! 0 In�nite family of identi�ers
invoke active 0 ! 1 Hosts“function calls”

loc(id(� 0) j dev(� 1) j � 2) k invokeg(� 3)

.

loc(id(� 0) j dev(� 1) j � 2) k

invokeg(� 3 j app(appl(app(appl(fst(varg)) j appr(exp(� 0))))

j appr(exp(� 1)))) (5.5)

devs(� 0 j dev(� 1)) k invokeg(� 2)

.

devs(� 0 j dev(� 1)) k

invokeg(� 2 j app(appl(fst(snd(varg))) j appr(exp(� 1)))) (5.6)

Sorts:
(5.5) : K CX ; K SX

(5.6) : K CX ; K SX

Figure5.5: PartSX of thePlato-graphicalmodelX, with sorts.

5.3.3.3 The location model part LX

This part is implementedin � sugar becausewriting it natively in bigraphsproved
too cumbersome.We saw the “�ndall” queryin appendixB of chapter3, andit is
signi�cantly moreinvolving to encodemoreadvancedqueries.Herewe explain the
ideasinvolvedin this partof themodel,andin subsection5.3.4we explain how to
go from a � sugar-programto a � -programautomatically. The presentationof Lx is
dividedinto thefollowing parts:

• Data-typedeclarations

• Thebuilding con�guration

• Theinterfaceto SX; recon�gurations
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• Theinterfaceto A X; location-basedqueries

• CommunicationbetweenLX andSX

Whenthesepiecesarein placewe gluethemtogetherto form a presentationof (the
structureof) Lx asa whole. To keepthe discussionfocusedwe take the liberty of
beingvery brief whentreatingauxiliary functionsin aX – we areinterestedin the
recon�gurationsof lX andthequeriessuppliedto aX .

Data-typedeclarations areaconvenientwayto abstractawayfrom theunderlying
typewhenprogrammingin (a fractionof) SML. In Lx we chooseto work with just
one basicdata-typefor location and device identi�ers; naturalnumbers. Natural
numbersandequalityon themcanbeeasilyencodedin bigraphs,asseenin chapter
4. We couldhave usedstringsinstead,but naturalnumbersaresimplerandsuf�ce
for ourpurposes.

Thedata-typesusedin Lx areasfollows.

type lid = int
type dev = int
datatype hierarchy = (* id, devices, sublocations *)

Loc of lid * dev list * hierarchy list

A hierarchyrepresentstheaforementionedlocationtree.A locationhasaniden-
ti�er , a list of devices,anda list of sub-locations.Both typesanddata-typesbelong
to thesetC. For now, we assumelists asa prede�neddata-type.We alsoassume
a few basicoperationson lists, namelycons('::'), append('@'), reverse(' rev'),
and 'map'. We addresshow to encodelists andthe associatedoperationsin � in
subsection5.3.4.

The building con�guration Thebuilding lookslikethis in � sugar andcorresponds
exactly to the one in CX. The initial con�guration lX is shown below alongwith
someenclosing� sugar code.

val funs =
let val state =

ref (Loc(1,[15],
[Loc(2,[10,11],[]),

Loc(3,[],[]),
Loc(4,[],

[Loc(5,[12],[]),
Loc(6,[],

[Loc(7,[],
[Loc(8,[13],[]),

Loc(9,[14],[])])])])]))
val devs = ref []
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...
in ... end

Ascanbeseen,weimplementdevs as(areferenceto)alist. Weusereferencesto
updatetheinternalrepresentationof lX . The� -locationsaretranslatedinto bigraphs
by the translationgiven for constructorsin chapter4. The dynamicsof LX, i.e.
recon�gurationsof this con�gurationareimplementedby � -functions,to which we
will returnlater. Threedotssignify place-holders,ignorethemfor now. We explain
whathappensto the'val' declarationin subsection5.3.4.

The interface to SX; recon�gurations LX suppliesSX with someinterfacefunc-
tions. Thepurposeof thesefunctionsis to allow SX to inform LX of events(move-
ment of devices), which SX hasobserved in CX. As mentioned,SX can do two
things:

• Observethata device is in a certainlocation,andinform LX.

• Observe that a device is not sensedin any location,i.e. currentlynot in use
andresidingin “location” devs, andinform LX.

Thesetwo situationsgiveriseto two recon�gurations,i.e. � sugar-functions.

fun sobserved d =
fn l =>

let val state' = delete d (!state)
val devs' = del_list d (!devs)
val state'' = insert d l (!state)

in state:=state''; devs:=devs' end

fun slost d =
let val state' = delete d (!state)

val devs' = del_list d (!devs)
val devs'' = d::devs'

in state:=state'; devs:=devs'' end

The function sobserved is calledby sX (we will returnto what a “function
call” means)whensX observesthat device d is in locationl in cX . The function
makessureto deleted everywherefrom thestate hierarchylX , andtheninsertsit
in the(possibly)new locationl . Like in cX thisguaranteesthatd is eitherin exactly
one location or in devs at any point in time. This is underthe assumptionthat
it is calledwith an existing location. The function slost is similar, but placesd
in devs . Theauxiliary functionsdelete , del list , andinsert arefunctions
internalto lX , andstate anddevs aretwo privatedatastructuresin lX constituting
thecurrentcon�guration.We show thesefunctionsbelow for completeness.
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(* remove an element from a list *)
fun del_list e =

fn [] => []
| (x::xs) => if e=x then del_list e xs

else x :: del_list e xs

(* delete device 'dev' from hierarchy 'id' *)
fun delete dev =

fn (Loc(id,ds,ls)) =>
Loc(id, del_list dev ds, map (delete dev) ls)

(* insert device 'dev' into location 'lname'
in hierarchy 'id' *)

fun insert dev =
fn lname =>

fn (Loc(id,ds,ls)) =>
if lname=id then Loc(id,

dev::ds,
map (insert dev lname) ls)

else Loc(id, ds, map (insert dev lname) ls)

They shouldbe straightforwardandthe commentssuf�cient. We do, however,
notethatthefunctionsarecurriedandthustake exactlyoneparameter. Also, notice
how sX doesnot know theinternalsof lX , but merelythenamesof thetwo interface
functions'sobserved' and'slost'.

The interface to A X; location-basedqueries The interfaceto A X is currently
de�ned by two functionsvisible to A X, but with internalworkingslocal to LX. It is
possiblefor theapplication(A X) to enquireto thewhereaboutsof a certaindevice,
andto enquireaboutall thedevicesto befoundin a certainlocation.

fun awher d = whr d (!state)
fun afind lname = flocs (pickloc lname (!state))

Thesefunctionshave no side effects, in particular they do not alter lX . The
function'awher' is basedon thefollowing auxiliary functions,whichshouldberead
bottom-up.

(* find the identifier of a device's location *)
fun whr dev =

fn l =>
case l of

(Loc(_,[],[])) => NONE
| (Loc(id,d::ds,ls)) =>

if dev=d then SOME(id)
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else whr dev (Loc(id,ds,ls))
| (Loc(_,[],ls)) =>

let fun whr' =
fn list =>

case list of
[] => NONE

| (loc::locs) =>
case whr dev loc of

SOME(i) => SOME(i)
| NONE=> whr' locs

in whr' ls end

We believe that thecommentsaresuf�cient explanation.We address'NONE',
'SOME(x)' (which canalsobe usedin A X) andembeddedfunctionsin subsection
5.3.4.Thefunction'a�nd' usesthefollowing auxiliary functions.

(* find all devices in a hierarchy - depth first *)
fun fall (Loc(_,ds,[])) = ds

| fall (Loc(_,ds,l::ls)) =
let fun fall' [] = []

| fall' (loc::locs) = (fall loc) @ (fall' locs)
in ds @ (fall l) @ (fall' ls) end

(* pick the subtree with id 'loc' from a hierarchy *)
fun pickloc lname =

fn (Loc(id,ds,ls)) =>
if lname=id then SOME(Loc(id,ds,ls))
else let fun pickloc' [] = NONE

| pickloc' (loc::locs) =
case pickloc lname loc of

SOME(l) => SOME(l)
| NONE=> pickloc' locs

in pickloc' ls end

(* unpack option, return list of devices *)
fun flocs option =

case option of NONE=> []
| SOME(l) => fall l

Again,we referto thecommentsfor explanation.

CommunicationbetweenLX andSX Wepromisedtoaddressthequestionof what
it meansto call a � sugar-function(in thiscaseliving in LX) from anativeBRS(in this
caseSX). Weneedto beableto somehow exportselectedfunctionnamesfrom LX to
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SX. Suchamechanismis notpresentin � , sowe introduceit by meansof additional
syntax.Theeffect is thatLx hasthefollowing form:

export <name> from <exp>

The ideais to export thenamesof somefunctionsfrom Lx to otherpartsof the
system.Onecanthink of it asa specialform of val f = exp known from SML.
This is doneby makinga particularnameglobal in thePlato-graphicalsystem(by
closure),andthento make surethat thetranslationof relevantfunctionsin 'exp' in
Lx referto this name.Thetranslationof this new syntacticconstructionis:

~export f from exp• X = def f (~exp• ; )

We emphasisethefactthatwe exportonenamef , which canpossiblynamea tuple
of functionnames(asis thecasefor lX). Thus,we canuseprojectionson thename
('val') f to refer to the individual function namesof the tuple (nestedpairs). This
wasdonein SX whereusedanexplicit projectionon a nameg thatmustmatchthe
exportednamef .

ThePlato-graphicalsystemwith functionexporthastheform

=f : CX k SX k def f (~exp• ; ) k ~AX• f

whereAX is the componentA X beforetranslationinto bigraphs. Notice that exp
is translatedfrom � sugar into bigraphsusingan emptyset. This ensuresthat f <
fv(exp). f will bereferredto from SX. For example, f couldbefuns andexport a
tupleof functionnamessobserved andslost .

It is importantto beawareof the fact thatSX accessesthe function 'sobserved'
etc.by linking controls(vars in thiscase)to theprojectionsontheexportednamef .
As we saw in thetreatmentof SX above,SX canproducefunctioncalls in LX by in-
troducingapplicationsof var controlsto (bigraphicalrepresentationsof) arguments.
We presentedLX in a form wherefunctionstake exactly oneargumentto matchthe
way SX introducesfunctioncalls.

To sumup,Lx hasthefollowing form:

export funs from
let val ...

fun sobserved d = fn l => ...
fun slost d = ...
...

in (sobserved, slost, ...) end

This concludesour treatmentof inter-componentcommunicationbetweenSX

andLX.
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LX collected We presentthestructureof Lx (~Lx• = LX) asa whole,but we leave
out (denotedby threedots)theauxiliary functionsandcomments,for readability.

export funs from
type lid = int
type dev = int
datatype hierarchy =

Loc of lid * dev list * hierarchy list
...
let val state =

ref(Loc(1,[15],
[Loc(2,[10,11],[]),

Loc(3,[],[]),
Loc(4,[],

[Loc(5,[12],[]),
Loc(6,[],

[Loc(7,[],
[Loc(8,[13],[]),

Loc(9,[14],[])])])])]))
val devs = ref []
fun sobserved d =

fn l =>
let val state' = delete d (!state)

val devs' = del_list d (!devs)
val state'' = insert d l (!state)

in state:=state''; devs:=devs' end
fun slost d =

let val state' = delete d (!state)
val devs' = del_list d (!devs)
val devs'' = d::devs'

in state:=state'; devs:=devs'' end
fun awher d = whr d (!state)
fun afind lname = flocs (pickloc lname (!state))

in (sobserved,slost,awher,afind) end

5.3.3.4 The signatureK LX for LX

Apart from thecontrolsgiven in �gure 4.1 we obtainthe following controlsby the
translationgiven in chapter4. They areshown in �gure 5.6. This concludesout
treatmentof LX.

5.3.3.5 Dynamic correspondencebetweenCX and LX

CX andLX upholdthesameinvariants:
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Model LX.

Control Activity Arity Comment
Loc active 0 ! 0 Locationhierarchyconstructor
Nil passive 0 ! 0 Emptylist constructor
Cons active 0 ! 0 List constructor
NONE passive 0 ! 0 Emptyoptionconstructor
SOME active 0 ! 0 Optionconstructor

Figure5.6: Additional controlsfor thesignatureof LX.

• A device is eitherin devs or exactlyonelocationat any time.

• Locationsanddevicesareuniquelyde�ned,andin one-to-onecorrespondence
betweenCX andLx.

We remarkthat it is reasonableto extendLx with a parentmapwithout doingso in
CX becausethe internalrepresentationanddatastructuresin Lx areof no concern
to therealworld aslong astheinvariantsarekept. We stressthefactthat thesetwo
worldsmustagreeon therepresentationof locationidenti�ers, i.e. naturalnumbers.
CX usesi� controls,andsodoesLX becauseof thetranslationde�ned. It is, however,
up to thespeci�er to make surethat thesamenumbersaregiven to corresponding
locationsin bothworlds.

5.3.3.6 The application part A X

This partshouldbea simple� sugar-programthatutilisesthequeriessuppliedby Lx.
An exampleapplicationcouldbe“�nd thenearestprinter” wrt. thecurrentlocation
of my mobiledevice. We donotacutallygivesucha programhere,but merelystate
thatsuchaprogramshouldbestraightforwardto constructgivenwhatwehavedone
in LX .

5.3.4 From � sugar to �

� sugar is asugaredversionof � whichadditionallyhasa mechanismto export func-
tion namesto top level of Plato-graphicalsystems,asexplainedearlier. Most con-
structsin � sugar cansimply beunfoldedto or encodedas� -constructs,but we also
have thename-exportingenhancementaddingmodellingpower to thecalculus.

We begin with the enhancement.This is the main differencebetween� sugar

and� . The effect is that � sugar-programsp0 arenot just expressions,but arenow
encapsulated:

p0 F export f from p

Therestof theconstructionsaresyntacticsugar. They are:

• Comments
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• ' type' and'val' constructs

• Nested' let' construct

• Tuples

• Anonymousandnominalfunctiondeclarations

• 'if-then-else' conditionals

• Basicoperationsonnaturalnumbers

• Patterns

We treateachitem in turn.

Comments areenclosedby '(*' and'*)' aresimplydiscardedwhentranslatingLx

into bigraphs.

'type' and 'val' arehandledasfollows. type declarationsaretreatedastextual
substitutionon thesourceprogramsuchthat type dev = int is discardedand
dev is replacedby int everywherein the sourceprogram,for example. This, of
course,requiresthat'dev' is notusedavariablename,i.e. V \ C = ; , asmentioned
earlier. This meansthatany constructornamefrom C is legal in a � sugar-program,
andthatit is theprogrammersresponsibilityto usethesoconstructedtermscorrectly,
i.e. to makesurethatcaseexpressionsonacustomconstructorhavetheright number
of branchescorrespondingto theconstructor.

Let us considerbooleansandlists to seehow the generalconstructorandcase
termsof � sugar canberepresentedin � . For booleansthefollowing termsarelegal:
True unit , False unit , andcasee of True x1 ) e1 j False x2 ) e2. For lists:
Nil unit , Cons (x1; x2), andcaseeof Nil x ) e1 j Consx ) let h = fst x in let t =
snd x in e2. We would want to introduceabbreviations for nullary constructors;
True, False, andNil . Furthermore,we couldintroducesyntacticsugarfor thecase
constructon lists: caseeof Nil ) e1 j Cons (h; t) ) e2. As anexamplewe show
thesemanticsof lists(in � and� sugar), whicharemoreinterestingthanfor booleans,
would thenbe(leaving out thestoresincethereis noside-effect):

caseNil of Nil ) e1 j Cons x ) let h = fst x in let t = snd x in e2

� ! e1

caseCons (v1; v2) of Nil ) e1 j Cons x ) let h = fst x in let t = snd x in e2

� ! (let h = fst x in let t = snd x in e2)f(v1; v2)=xg

Theoperations(functions)in lists, namely'::', '@', ' rev', and'map' canclearlybe
codedin � sugar (and� ). Thetwo functions'::' and'@' areusedin�x, but caneasily
bemadepre�x.

84



Wehavejustseenhow to representbooleansandlists. Anotheruseddata-typein
Lx is options,i.e. 'NONE' and'SOME(x)'. Having presentedlists we trust that the
readeris convincedthatoptionscanberepresentedsimilarly.

A 'val' declarationinside a ' let' expressionis discarded,so let val x =
exp1 in exp2 becomeslet x = exp1 in exp2 .

Nested'let' constructs cansimplybeunfolded.Thus,

let val x = ...
val y = ...

in ... end

becomes

let val x = ... in
let val y = ... in ... end

end

wherethe'val' and'end' keywordsarediscardedundertranslation.

Tuples aresimplynestedpairssuchthat(a; b; c) = (a; (b; c)) andsoforth.

Anonymous and nominal function declarations We usetwo differentwaysof
declaringfunctionsin Lx; anonymousandnominal.Theanonymousfunctionsareof
form fn x => e andaretranslatedinto � x:e. Nominalfunctionson form fun f
x = e ... , wherethedotssignify therestof theprogram,aretranslatedinto let
f = (fix f(x) = e) in ... becausethey canberecursive.

'if-then-else' conditionals aresimplyunfoldedusingthe'case'constructsoif b
then e1 else e2 becomescase b of True => e1 | False => e2.

Basicoperationson natural numbers areassumedto exist asprimitivesin � sugar

becausewehavealreadyshown thatwecanencodethemin bigraphs.Theoperations
usedare'=', '¡=' (lessthanor equalto), and'-' (subtraction)onnaturalnumbers.

Patterns areusedheavily in Lx. It is perhapseasiestto seehow patternsareun-
foldedby seeingandexample.Considerthefunctiondel list shown above:

fun del_list e =
fn [] => []

| (x::xs) => if e=x then del_list e xs
else x :: del_list e xs
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First,unfold the'fun':

val del_listl = fix del_list(e) =
fn [] => []

| (x::xs) => if e=x then del_list e xs
else x :: del_list e xs

Then,unfold thepattern:

val del_listl = fix del_list(e) =
lambda y. case y of [] => []

| Cons z => let x = fst z in
let xs = snd z in
if e=x then del_list e xs
else x :: del_list e xs

where' lambda'signi�es � . This � sugar-expressioncanbe translatedinto a � -
expressionby themethodsshown above.

Therearealsomoreadvancedpatternsin use,i.e. patternswherewedonotmatch
merelyaconstructorlike'List', butacompositeconstructorsuchas'Loc(5,Nil,Nil)'.
Considerthis case:

case exp of Loc(5,Nil,Nil) => e

We unfold this into

case exp of Loc p =>
let a = fst p in
let b = fst (snd p) in
let c = snd (snd p) in
e

adheringto therestrictionthattheleft-handsideof a 'case'branchmustconsistof a
constructoranda variable.

This concludesour justi�cation of theclaim that � sugar-programscanbe trans-
latedinto localbigraphs.

5.3.5 The modelX is Plato-graphical

Having explainedthemodelwestateandstatethatit is actuallyPlato-graphical.This
propositionrelieson thefactthata givenimplementationof A X usesa subsetof the
controlof our LX asgivenabove.

Proposition5.3.1. ThemodelX is Plato-graphical.
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Proof. It is enoughto observethatCX ? AX, andthat~x = funs.

This concludesour presentationof thebigraphicallocationmodel. We proceedby
relatingthepresentedmodelto thelocationmodelsof chapter2.

5.3.6 Relating our model to the location model classi®cation

In chapter2 we introducedandclassi�ed locationmodels.We justify ourclaim that
our modelis representative for a classof thepresentedmodelspresentedin chapter
2. It is importantfor ourmodelto berepresentativebecausethatpropertyrendersour
work relevantfor awiderangeof locationmodels,andthusawiderangeof location
systems.

5.3.6.1 Classifying the model

Clearly, themodelX is symbolic,but notgeometric.Thus,thereis nonotionof met-
ric distance.Wehaveshown thatthelocationmodelLx supportslocationqueriesand
certainrecon�gurations,andalsotheaccumulating“�nd all” query, amongothers.
We have not shown how to supportrangeandnavigationqueries,but thesequeries
canbeeasilyprogrammedby introducinganexplicit parentmapto thelocationhier-
archy. A rangequeryis thena little primitive in thesensethatrangesaredetermined
by locationcontainment.Onecouldconsideraddingweightsto edgesandthereby
enableshortest-pathnavigation queries. We have implementedthesequeries,but
do not show themherebecausethey do not addanything conceptualto this treat-
ment. Somenon-trivial work still remainsto support“nearestneighbour”queries,
namelyto instrumentthemodelwith geometricinformation. To this endwe could
perhapsinstrumenteachlocationwith acoordinatecontrolholdinganorderedtriple
of integers.

We proposeto look at thelocationhierarchyandqueriessupportedfor deciding
when a given model correctly implementsa speci�cation. We concludethat the
model is representative in the sensethat it capturesthe essentialsof an exclusive
symboliclocationmodel.

5.4 Concluding remarks

First,weconsiderwhetherweareany closerto answeringthe� vequestionsof chap-
ter 3:

1. WhatlanguagesL canweencode?

2. How closearePlato-graphicalmodelsto realsystems?

3. Whatchallengeshavewe foundfor bigraphicalmodels?

4. Whatusesdowe envisionfor Plato-graphicalmodels?
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5. How dowereasonaboutPlato-graphicalmodels?

Ad. 1. Wehavesuccessfullyencodedanextendedversionof MiniML, whichshould
to enableusto encodea wide rangeof location-awareapplications.It turnsout that
reactionrulesareenoughfor CX (andSX).

Ad. 2. We have enoughstructureto representan exclusive, symboliclocation
model. We have foundpossibleusesfor DAGs,timedandprobabilisticevents,and
continuousspace.Suchextensionscanbeusedto lift themodelto real-life systems.

Ad. 3. We found that onemay useclosedlinks in a clever way (seechapter
3) to handlethat somethingis not presentin the context underreaction. We do,
however, envision that this so-called“negative” context informationwill beneeded
in the bigraphtheory in the long run, and conjecturethat a safesorting exists to
enforcethis.

Ad. 4. Weenvision to implementPlato-graphicalmodelsaccordingto speci�ca-
tionsof locationmodels(andalsocontext models)whena tool allowsusto perform
automatedreactions.This is thebasisof thesimulationchallenge.

Ad. 5. This is still an openquestion.Onequestionis: To whatextendcanwe
transfer� reasoningto bigraphs?As anexamplewe couldmentioncontextual term
equality. Thatis if two � -termsf andg arecontextually equal,thenaretheir images
under~�• contextually equal?Onecouldarguethat this questionshouldbestudied
in asimplerandbetterunderstoodframework thanPlato-graphicalsystems.Another
questionsis: What doesit take for us to be able to substituteonecomponentfor
anotherin a Plato-graphicalsystem(recallproposition3.4.1andde�nition 3.4.4of
chapter3)?This is indeedanimportantquestionfor futurework.

5.4.1 Conclusionson our modelling effort

We draw thefollowing conclusions:

• We canencodeanextendedversionof MiniML in (local)bigraphs.

• We can representan exclusive symbolic location model and all the desired
query typeson it in bigraphs. (We ask the readerto trust that we canpro-
grama symbolicrangeandnavigationquerysincewe have not shown these
explicitly.)

• We can representthe world and a simple positioning/sensorsystemin bi-
graphs.

• Wehavetakenonemorestepin evaluatingPlato-graphicalsystemsandthereby
bigraphsasmodellingformalismfor GUC.

• We have arguedthatPlato-graphicalsystemsenableconvenientmodellingof
location-awaresystems,i.e. facilitateprogrammingof a location-awareappli-
cationin � sugar queryinga locationmodel.
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• The modelling effort was not low, but we now have a fairly accuratebase
systemto supportmany otheragents(location-awareapplications).
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Chapter 6

RelatedWork

6.1 Intr oduction

In this reportwe have taken an experimentalapproachto testingwhetherbigraphs
areuseful for modellingandprogrammingcontext-awaresystems.In this chapter
we assessto what degreeotherformalismscananswerthe challengeof modelling
andprogrammingcontext-awaresystems.

Bigraph theory hasroots in processcalculi and in particularreactive systems
(RSs),but is formulatedin category theory. Thus,we considerformal approaches
to explicit context-awarenessbasedon processcalculi and reactive systemsto be
closelyrelatedwork. We alsoreview a logic for specifyingcontext-awaresystems,
which hasa tuple space-basedmiddlewaresupportingit. Due to thecompleteness
(from theoryto practice)of thisapproachwemeritthepresentationof it amplespace.

We do not consideralgebraic graphtransformationin this reportbecausethere
has,to thebestof our knowledge,notbeenattemptsto formalisecontext-awareness
via algebraicgraphtransformation.It is, however, relatedwork regardingbigraphs,
so relatingbigraphsandPlato-graphicalmodelsto algebraicgraphtransformation
will berelevant,atleastfromatheoreticalpointof view, atsomepoint. Therearealso
severaltoolkitsandmiddlewaresavailableto supporttheimplementationof context-
awaresystems,andsomesystemshave suchsupportbuilt into them. We refer to
[JPR04]for an overview of theseaswe do not in this pieceof researchconsider
implementations.Studyingsuchsystemsin moredetailcouldbecomerelevantwhen
implementinga context toolkit on top of a bigraphicalrewrite engine.In our work
we do not try to developnew locationmodelsandthusdo not considerwork in that
areato berelated,i.e. relevantfor this chapter. We havemerelyprovideda digestof
thatliteraturein chapter2 of this report.

Having narrowedthescopeof whatwe considerrelatedwork in this report,we
proceedto giveamethodfor treatingtheselectedworks.
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6.1.1 Method

We treateachpieceof relatedwork in turn. For eachpieceof relatedwork we take
thefollowing approach:

1. Reporton thepurpose/aimof thework andits strenghtsandweaknesses.In-
cludein this reporttheaspectsthatareimportantfor modellingandprogram-
mingcontext-awareandlocation-awaresystems.We aimto beobjective.

2. Evaluatethework wrt. how theformalismcanbeusedto modelandprogram
context-aware(location-aware)systems:

• Negativecontext information.

• Controlstructures.

• Representinga locationtopology.

• Querieson thetopology.

• Interactionbetweena location-awareapplicationandthelocationtopol-
ogy.

• Themodellingeffort.

3. Reasoningin practise.

The�rst item is natural.We try to tailor thetreatmentof eachpieceof relatedwork
suchthatwe candraw on it whenrelatingthework to ourown. We havepinpointed
six itemsthatareimportantto considerwhenestimatinga formalismfor modelling
andprogramminglocation-awaresystems,andlocationmodelsin particular. This
focuson the locationaspectof context re�ects the focusof our own work, andwe
are aware of the fact that someof the relatedworks treatedherecapturea more
generalnotion of context. The third item is aboutreasoningwhich is oneof the
main reasonsfor taking a formal approachto the studyof context-awaresystems.
We emphasisethatwe wish to reasonaboutconcretesystems,i.e. reallyexperiment
with andchallengethetechniquesto giveguaranteesaboutrealsystems.Admittedly,
this is a hardtask.

At a laterstagewhenmoreapplicationshave beenstudied(andthe formalisms
areperhapsmoreadvanced)it would beinterestingto try to estimatehow well they
canbeusedfor simulation,but for now werestrictourselvesto theevaluationabove.

Weproceedto treateachpieceof relatedwork in turn,andthenwedraw conclu-
sionsbasedon thetreatment.

6.1.2 Context calculi versusprocesscalculi

In [RJP04]thedifferencebetweencontext calculi andprocesscalculi is considered
to bethepresenceof constructsto explicitly modelcontext interaction.Anotherway
to expressthe differenceis given in [Bra03], whereprocesscalculi aredescribed
asformal theoriesof concurrent,distributedsystemstakingadvantageof algebraic
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reasoning,andcontext calculi shouldseparateprocessbehaviour from the(multiple
notionsof) computationalcontext. This is our criterion for picking relatedcalculi.
This rulesout traditionalprocesscalculi suchasthe� -calculus.

6.2 Context UNITY

In thissectionwetreattheContext UNITY frameworkof Roman,Julien,andPayton
[RJP04,JPR04].

6.2.1 Report

Context UNITY is a specialisationof Mobile UNITY [RM02, RMP97] to provide
constructsto reasonaboutinteractionwith thecontext. Therearetwo goals;(1) to
simplify developmentof context-awareapplications,and(2) to gaina betterunder-
standingof the essentialfeaturesof the context-awarecomputingparadigm.Con-
text UNITY programscan be translatedinto Mobile UNITY programs(with the
exceptionof non-deterministicassignment),which meansthatContext UNITY can
largely be considereda syntacticallysugaredversionof Mobile UNITY. Underly-
ing theMobile UNITY syntaxis a translationinto a �rst-order Hoare-styletemporal
logic [RM02].

The next two subsubsections(6.2.1.2and 6.2.1.3)give a quite detailedwalk-
throughof Mobile UNITY and the additionsto obtain Context UNITY. We have
devoted amplespacefor this treatment,but the readermay be satis�ed with the
resumegiven�rst.

6.2.1.1 Context UNITY, very brie¯y

“Context UNITY representsan applicationasa communityof interactingagents.”
[RJP04].Eachagentis uniquelyidenti�ed andits behaviour exclusively de�nedby a
programdescribingits interactionwith variables.An agentinteractswith its context
by readingandwriting (actuation)specialvariablesandcanitself decidewhichparts
of thecontext thatit �nds interesting.Thevariablesaregovernedby agent-speci�ed
(guarded)rules,thusseparatingthemanagementof an agent's context from its in-
ternalbehaviour. The unprecitabilityof context-awaresystemsis implementedby
non-deterministicassignmentstatements.Agentshave a locationimplementedby a
specialvariable,whichcanbemanipulatedby theagentitself (subjectivemovement)
or by theoperationalenvironment(objective movement).Agentsrun concurrently.
A simplemuseumguidesystemwasbrie�y sketchedin [RJP04].

6.2.1.2 Mobile UNITY

We review Mobile UNITY as a basisfor Context UNITY highlighting someim-
portant featuresto give the readeran intuition of the approach. Mobile UNITY
capturesthenotionof locationandmovementacrosslogical spaceswhile providing
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formalreasoningvia assertions.To thisendtheformalismhasanotationfor express-
ing mobilecomputationsanda logic for reasoningabouttheir temporalproperties.
Thus,Mobile UNITY canbesaidto extendtheUNITY [CM88] modelof concurrent
computationby addingconstructsfor componentlocationandtransientinteractions
amongcomponents.Mobile UNITY aimsto decoupleaprogram'sinternalfunction-
ality from its interactionwith thecomputationalcontext.

Hereis anoverview, whichwill beexplainedin moredepthafterward,of a Mo-
bile UNITY program:

• A systemconsistsof programdeclarations, a componentssection,andanin-
teractionssection.

• A programhasa location, declareslocal variableswith their initial values,
andspeci�esclausesto control subsequentassignmentto thesevariables.A
clausecanbe the asynchronousconditionalwhenor the synchronouscondi-
tional reacts-to. Assignmentscanalsobe enclosedin an inhibit-whenstate-
ment,whichdisallowsassignmentundercertainconditions.

• Thecomponentssectioninstantiatestheprograms.

• Theinteractionssectionde�neshow theprogramscaninteractbecauseit has
accessto thevariablesof theprograms.

In Mobile UNITY onespeci�es a systemconsistingof programs(processes)run-
ning in parallel,non-deterministicallyscheduledin a weakly-fair manner. Thekey
elementsof programspeci�cationarevariablesand(labelled)conditionalmultiple
assignmentstatements.Programsaresetsof conditionalassignmentstatements,and
eachprogramhasa location,which is a variableoutsidetheMobile UNITYmodel
(and thus parametrisesthe model). Programshave declare and initially sections
muchlike imperative programs.Theassignsectionde�nes a program's behaviour.
The transientinteractionsin Mobile UNITY consistof four additionsto UNITY:
Transactions(sequentialcritical regions),globallyuniquelabels(onstatements),in-
hibitors(strengtheningof guardsby predicates),andreactivestatementswhichareto
beexecutedto �x ed-point,interleaved,afterany otherexecutedstatementincluding
thosein transactions.Oneobservesthat thereactively augmentedstatementsmake
up thebasicatomicstatetransitionsof theMobile UNITY model.Thecomponents
sectionde�nes which programsthatmake up thesystemandtheir initial locations.
Theinteractionssectionde�nesinteractionbetweentheprograms.Programsinteract
solelyvia sharedvariables.Regardinglocationit is worth remarkingthatprograms
havesubjective(or local)movement,i.e. thatcanaccesstheirown locationvariable.
Thiscan,e.g.,beusedto enforceco-locationduringprocesscommunication.Shared
variablesaretransientin the sensethat sharingis controlledby a predicate(when)
guardingtheassignment.Comparingreactive statementsandwhen-conditions,one
onecanthink of reactive statementsasproviding context information in an eager
manner, while when-conditionsarelazy. Thelogic is usedfor reasoning,e.g.about

93



safetyandlivenesspropertiesof thesystem,see[RM02] for a formal de�nition of
theseproperties.

As mentionedin [RM02], the Mobile UNITY notationis very expressive, but
shouldberestrictedin practiceto obtain,e.g.,terminationguaranteesandmoreef�-
cientimplementation.

6.2.1.3 From Mobile UNITY to Context UNITY

In [RJP04]it is statedthatcontext modelsshouldhavethefollowing properties:

• Expansive: Thescopeof context of aparticularagentshouldnothavea priori
limits.

• Speci�c: It mustbepossibleto specifytailor-madecontext de�nitions for an
agent– context de�nitions shouldbemodi�able.

• Explicit: Agentscontrol their contexts – this requiresan explicit notion of
context.

• Separable:An agent's context speci�cation can be separatedfrom its be-
haviour speci�cation.

• Transparent:Theagentshouldbefreedfrom theoperationaldetailsof discov-
eringits own context.

In Context UNITY context is de�ned from the perspective of a singlecomponent.
Onecanthink of acomponent(agent)asastatetransitionsystem;statechange(rep-
resentingchangein context) occursspontaneouslywithout agentcontrol (cf. the
weakly-fair scheduling).Behaviour (andstate)of a programis de�ned exclusively
throughits interactionwith variables.Therearethreeimportantvariabletypes. In-
ternal: Thesearenotaccessible/visibleoutsidetheagent.Exposed: Publicvariables
thatcanbepartof otheragents'context. (Thesehaveaccesscontrolassociatedwith
them.) Context: Variablesthatdirectly model,access,andmodify context in a pro-
gramby gettingandputting informationfrom/to exposedvariablesof otheragents
accordingto theagent-speci�ccontext rules(seebelow). In additionto context vari-
ablesaprogramnow hasacontext section, whichprovidesrulesto manageanagent's
interactionwith its desiredcontext., i.e sensingof informationfrom theoperational
environment1, andaffectingotheragentsby impactingtheir exposedvariables.The
context sectionthussecuresdecouplingof anagent'sinternalbehaviourandmanage-
mentof its context; it is saidto allow projections, i.e. local changecanimply global
change. An agentcanalso feed back information into its own context. We take
a shortdigressioninto exposedvariablesbeforecontinuingwith non-deterministic
assignment.Exposedvariableshave anin-built accesscontrolpolicy; exposedvari-
ablesconsistof six components,onebeinga function from the referenceagent's2

1In Context UNITY, theoperationalenvironmentconsistsof everythingthatcouldpotentiallyeffect a
program(computationalagent),andthepartthatdoesis namedcontext.

2By referenceagentwemeantheagentwhosecontext weareconsidering[JR05].
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credentials(seebelow) to a setof operationson that variable(e.g. reador write).
Four suchexposedvariablesarebuilt-in: Location,type, agentidenti�er, andcre-
dentials.The type variableholdsthe program's name,while theagentidenti�er is
the uniqueglobal id of the agent. In the credentialsvariablea pro�le of attributes
for theprogramis storedfor queryingby otheragentsregardingaccessto their ex-
posedvariables.Returningto non-deterministicassignment;to handlethe lack of
a priori knowledgeaboutthe operationalenvironment,Context UNITY introduces
non-deterministicassignmentstatementsto beusedin context rules.A context rule
governsthe interactionsassociatedwith a certaincontext variable. The rule can
quantify over variablesthat are place-holdersfor other agents'exposedvariables
(via the usesconstruction),andde�ne restrictions(via the givenconstruction)and
interactions(via thewhere-becomesconstruction)with these.Context rulescanbe
declaredreactive. Systemsin Context UNITY alsohaveagovernancesection,which
containsrules to capturebehaviours that have universalimpactacrossthe system.
Thishappensthroughassignmentto exposedvariables,andgovernancerulesareas-
sumedto besafe(andthusdo not involve credentials).Objective (so-calledglobal)
movementcan,e.g.,beimplementedvia governancerules.

6.2.1.4 Formal differ ences

Formally, thereis only onedifferencebetweenMobile UNITY andContext UNITY,
namelyanadditionalproofrulefor non-deterministicassignmentto context variables
modellingtheunpredictablerealworld. It is claimedthattheotherconstructscanbe
translatedinto Mobile UNITY constructs[RJP04]. Thissoundsplausible.

6.2.1.5 Middlewar esupport

Two middlewareshave beenusedin conjunctionwith Context UNITY; EgoSpaces
andLIME.

EgoSpaces[JR02, JR05] isamiddlewarethatprovidescontext informationto ap-
plicationsin anabstractform. EgoSpacesevolvedfrom LIME. As theauthorswrite
in [JR05]: “LIME requiresstrongassumptionsabouttheoperatingenvironmentthat
fail to holdasthenumberof devices,connections,andthedegreeof mobility grows.”
EgoSpacesis claimedto overcometheseweaknesses.EgoSpacesis comparedto the
Context Toolkit in [JR05], andthereEgoSpacesis foundto bemoresuitablefor sup-
portingdevelopmentof context-awareapplications(in anadhocnetwork scenario)
becauseit addressesanapplication'sneedto dynamicallydiscoverandoperateover
a constantlychangingcontext. An importantnotionin EgoSpacesis a view. A view
is a projectionof all dataavailable to the referenceagent. Views canbe created,
rede�ned, and deleted,and are de�ned over network, host, agent,and datacon-
straints.Views areupdatedwhenagentsaccessthem,andthusprovideasymmetric
coordination. EgoSpacesprovidestriggeredreactionsandalso “migrate”, “dupli-
cate”, and“event” primitives,sincethesehave beenfound commonanduseful in
practice. EgoSpacesis implementedin Java using tuple spaces(via Elights), the
CONSULframework is usedto collectcontext informationfrom sensorsandother
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agentscloseby, andtheSICCprotocolfor makinga network treeandsendingmes-
sages.Thereis, surprisingly, no discussionof whethersucha locationtreesuf�ces
for thesepurposes,we would suspectnot. Performancesimulationhasbeendone
via theOMNet++discreteeventsimulator.

TheLIME [MPR06] coordinationmiddlewareisanimplementationof aLINDA-
like tuplespacecalculussupportingmobility, andit hasbeenspeci�edusingMobile
UNITY, and also in CRSs(seebelow). To demonstratehow LIME can be used
asa context-awaremiddlewaresupportingcontext-awareapplicationsan example,
namely an applicationfor tracking usersvia GPS called TULING [MP04], was
modelled. A lightweight versionof LIME is Limone [FcRH04], which “...centers
thecoordinationtasksaroundacquaintances, andknowledgeof speci�c coordinat-
ing partnersis essentialto Limone's functionality.” [JR05]. Thus,it fails to capture
theunpredictabilityof adhocnetworks.

Numerousothermiddlewaresystemsexist, but we refer to [MP04] for anover-
view of these,sincemiddlewareassuchis not thefocusof this report.We do,how-
ever, mentionKlaim, which is a formalism(processcalculus)to supportcomputing
with mobileprocessesandexplicit localities. It usesLINDA-lik e tuplespaces.Fur-
thermore,a modallogic hasbeendeveloped.Thereis alsoa programminglanguage
X-Klaim, basedon Klaim, for programmingdistributedapplicationswith mobile
code.A compilerfrom X-Klaim into JavausingtheKlavapackage(run-timesystem
for Klaim).

6.2.1.6 The Context UNITY logic

As mentioned,the logic underlying Context UNITY is a �rst-order Hoare-style
modallogic. Propertiesareprovenby constructingproof trees.

6.2.2 Evaluation

Negative context informationis representedby usinginhibitors,i.e. guardson con-
text variables.Thus,rulesonly �re whentheguardsallow it.

Therearedifferenttypesof variablesandguardedassignmentsto these.We also
have transactions,inhibitors,context rules,credentialset cetera.Context UNITY is
convenientfor programming.

All agentsare“on the samelevel” topologically, like in CRSs. Thus, it is not
clearhow onewould representa hierarchicallocationtopology.

If we implementa graph-basedtopology, thensymbolic rangequeriesareun-
suppported.

Probably, agentswouldinteractwith thetopologyvia context variables.An agent
couldtheninform otheragentsof its movements.

Themodellingeffort maynot below becauseof thelocationtopologyproblem,
but Context UNITY is well-suitedfor many othercontext aspects:Context interac-
tion (sensingandactuation)is sharplyseparatedfrom internalprogrambehaviour,
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andis possiblevia context variables(in thecontext section).Non-deterministicas-
signmentstatementscapturethea priori unpredictableoperationalenvironment.

To thebestof our knowledgeno locationmodelhasbeenformalisedin Context
UNITY, but we imaginethat formally it would resembletheapproachof [Leo98],
becausea �rst-order logic is usedtherealso. However, someexamplesutilising
locationinformationhavebeenencoded.

6.2.3 Reasoningin practise

To the bestof our knowledge,the logic hasnot beenusedto reasonaboutthe ex-
amplesimplemented.All Context UNITY constructscanbe translatedinto logic
formulae,andit would thenin principlebepossibleto build proof treesestablishing
certainproperties. It doesseemcumbersome,and formally handlingandproving
thingsaboutsystemswith non-determinismis notoriouslyhard.

Thisconcludesour discussionof Context UNITY.

6.3 Contextual reactivesystems(CRSs)

In this sectionwe treatBraioneandPicco's theoryof CRSs[Bra03, BP04].

6.3.1 Report

CRSsis a generalisationof Leifer andMilner's RSs[LM00] in the sensethat in-
teractionsbetweencomputationalagents(processes)andthecontext aredisciplined.
In CRSsit is possibleto specifythecomputationalcontexts underwhich a classof
behavioursis allowed,andthecontextsunderwhichit is not. CRSsis acategorythe-
oreticalapproachinspiredby thatof reactive systemsandbigraphs[LM00, JM04].
Themotivationfor CRSsis two-fold:

• To separatetheprocessbehavioursfrom thecomputationalcontext.

• To allow thespeci�er to de�ne thenotionof context andtherulesgoverning
how it affectstheprocesses.

Thegoalof CRSsis to devisea formalismfor modellingrealmiddleware,in partic-
ular LIME. It is claimedthatprocesscalculi have beensuccessfullyusedfor spec-
ifying the semanticsof coordinationmodelsand languages,but that thesedo not
suf�ciently addressthemodellingof a changingcomputationalcontext; many such
calculi have a ratherrigid built-in context notion,i.e. a tight couplingbetweencon-
text andprocess.We agree.

In CRSscomputationalstepsaredescribedastransitionsthat rewrite termsand
thuschangethestateof thesystem.Thetroublewith RSs,in thescenarioof context-
awareness,is thateverycomputationalcontext mayhostany interactionwhichmakes
it dif�cult to representdynamic,subjective behaviour. We think of reactive systems
asspecifyingtheinternalsemanticsof asystem.In CRSs,it is possibleto specifythe
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computationalcontext underwhicha classof interactionsis allowed(via enablers),
and underwhich it is not (via inhibitors). Context is a �rst-class elementof the
formalism.We recitetherelevantde�nitions (Def. 1, 2, 3, and4) of [BP04] to make
thefollowing discussionmoreclear.

De�nition 6.3.1(ReactiveSystem).A reactivesystem(RS)is a (C; I; R; D ) quadru-
ple, where C is a category, I 2 ObC; R � [ x2ObCC(I; x) � C(I; x), and D � C is
composition-re�ecting, i.e., D0D1 2 MoD =) D i 2 MoD ; i = 0; 1:

Themorphismsof C arecontexts (“termswith ahole”), andgroundcontextsare
processes(“terms wherethe hole is replacedby a compatiblesub-term”,by mor-
phismcomposition),denotedby C(I; x). Noticethatcontextshave exactlyonehole.
D speci�esreactivecontexts, i.e. contextsunderwhicha rulemay�re, andR is the
setof elementaryrewrite ruleson processes;rewrite rulesarepairs(l; r) of ground
contexts, wherel is namedredex and r contractum. Extending(composing)ele-
mentaryruleswith reactivecontexts,alongwith thefollowing reactionrelationship,
yieldscompositerules:

De�nition 6.3.2(Reaction relationship). Thereactionrelationship, ! , is de�ned
asfollows: a ! a0 ( ) 9(l; r) 2 R; D 2 MoD : a = Dl ^ a0 = Dr:

This relationshipcontainsboth elementaryand compositerules of the RS so
R �!� [ x2ObCC(I; x) � C(I; x). A motivatingexampleof context-awareprinting
is givenandit is remarkedthat “it is not possibleto forbid thereductionof a redex
basedon thepropertiesof thecontext it is immersedin” [BP04]. (It is this example
that we encodedin chapter3.) To alleviate this, CRSsareproposedwhich allow
elementaryrulesto be extendedonly be someinsteadof any active contexts. The
following de�nition capturesexactly this:

De�nition 6.3.3(Contextual reactiveSystem).A contextualreactivesystem(CRS)
is a (C; I; R; D ; D ~l; r• ) quintuple, such that (C; I; R; D ) is a RS,and D ~l; r• is a
function mappingany elementaryrule (l; r) 2 R to a composition-re�ecting sub-
categoryof D .

Thereactionrelationshipis alteredcorrespondingly:

De�nition 6.3.4(Reactionrelationship for contextual reactivesystems).There-
actionrelationship, ! , is de�nedasfollows:
a ! a0 ( ) 9(l; r) 2 R; D 2 MoD ~l; r• : a = Dl ^ a0 = Dr:

We seethatdifferentelementaryrulesmayhave differentcontextual constraints
sosomeexpressivity wasgained.We remarkthat internaltransitionsperformedby
a groupof processesstill doesnot affect the surroundingcontext, i.e. thereis no
actuation.

Usingenablersandinhibitors, for (elementary)rules,onecancontrolwhatmay
andmaynot bepresentin thecontext for a rule to �re. Essentially, anenableris a
set,closedundermorphismcomposition,whichhasaselementspredicatesontuples.
Sucha setprecedesa rule andguardsapplicationsof this,soto speak.Likewisefor
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inhibitors. We refer to [Bra03, BP04] for theformal de�nitions, aswe heremerely
wish to passon intuition. Wedo,however, reciteanexamplefrom [BP04]. Hereis a
rule printingon a 'raw' printer, which doesnot �re if a PostScriptprinteris present,
assumingaprint primitiveandasimpletuplespaceprocesscalculus(cf. Table1 of
[BP04]):

f� j hvi : v , pr:psg? print (txt):P j hpr:rawi � ! P j hjob,txt,rawi j hpr:rawi

where' � ' denotesaholein acontext, andanglebracketsdenotetuples;hvi is atuple
with valuev, for example.This rulecanberewrittenusinganinhibitor:

f� j hpr:psigc? print (txt):P j hpr:rawi � ! P j hjob,txt,rawi j hpr:rawi

Thesmallc signi�es that thetuplesmentionedin thesetmustnot bepresentin the
context if therule is to �re. Further, anenablercanbespeci�ed:

f� j hpr:psigc? f� j hpr:rawig; print (txt):P � ! P j hjob,txt,rawi

It lookssimple,but is underpinnedby a few technicalcontructions.Whathashap-
penedin thesetwo reformulationstepsis essentiallyto move informationfrom the
termto thecontext of a rule.

6.3.1.1 Application of CRSs

CRSshave beenusedto formalisethe coreof the LIME middleware[Bra03], and
alsoa tuplespaceprocesscalculusbasedon Linda. Theideais to representcontext
by aglobaltuplespace,thusseparatingspeci�cationof behaviour from speci�cation
of context whereit mayoccur. In [MP04] thereis a descriptionof theTULING ap-
plicationwhich shows how locationcontext canbemadeavailablein LIME. Thus,
for locationcontext information,LIME canbeusedmuchlike a context toolkit, i.e.
facilitateprogrammingof mobileapplicationsthatneedaccessto locationinforma-
tion.

6.3.2 Evaluation

Negativecontext informationcanberepresentedby inhibitors.
CRSscanbethoughtof asameta-calculus,likebigraphs.Thishastheadvantage

thatdifferentdomain-speci�ccalculi canbeencoded.Thereareno in-built control
structuresto facilitateconvenientprogramming.Onecanachieve controlby repre-
sentingcalculi with controlstructures,but thenthecontrolstructuresdependon the
calculusthat is formulatedasa CRS.As anexample:For a processcalculusbased
on Linda therewill be operationsfor interactingwith tuple spaces,andthesewill
providesomecontrolof computation.

Only �at locationtopologiescanberepresented,if representedasa term,andit
is not feasibleto haveahierarchicalspacere�ectedin thesyntactictermstructurein
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the generalcase,asmentionedin [BP04]. This meansthat whichever calculuswe
wish to representasa CRSwecanonly have �at terms.

Consideringthis limitation we cannot supportrangequeriesin a naturalway,
nornearestneighbourqueries.Positionandnavigationqueriesdoseemfeasible,but
we lack structureandthis is likely to renderprogrammingof queriesharderthanin
bigraphsandthusnot convenient. As statedin [MP04], a querysuchas “�nd all
componentswithin a radiusr from point (x; y)” cannot beperformedbecausethat
would requirea rangesearchinsidethe tuple spaceandLIME only providesvalue
matching[MP04].

How interactionbetweena location-awareapplicationa andthe locationtopol-
ogy t would be realiseddependson the calculusrepresentedasa CRS.No matter
thechoiceof calculus,termswill be�at andawill live in thesamesystemandat the
samelevel ast.

Themodellingeffort would probablybehigh becausewe lack structurefor our
speci�c purposedespiteencodingasuitablecalculus.

6.3.3 Reasoningin practise

It is unknown to what extendthe techniquesof [LM00] canbe usedin the setting
of CRSs,i.e. whetheroperationalcongruencescanbederivedautomatically(from
a RS to a LTS, i.e. from internal to externalsemantics).In [Bra03] it wasneces-
saryto restrictthede�nition of bisimulationto ensurethatbisimilar processeshave
suf�cient contextsin common.Furthermore,assessingwhetheraddingnegativecon-
text informationincreasesexpressiveness,needsto beexplored.No logicsexist for
CRSs.

Collectingthesefactsit is fair to saythatreasoningin practiseis not feasibleyet,
andnosuchattemptshavebeenmade,to thebestof our knowledge.

6.4 A calculusfor context-awareness(CAC)

In this sectionwe treatZimmer'scalculusfor context-awareness(CAC) [Zim05].

6.4.1 Report

CAC “is a processcalculus,whoseaim is to describedynamicsystemscomposed
of agentsableto move andreactdifferentlydependingon their location.” [Zim05].
CAC featuresa hierarchicalterm structurelike Mobile Ambients [CG00], and a
genericmulti-agentsynchronisationmechanisminspiredby theDistributedJoincal-
culus[FGL+96], we remarkthat locationsareorganisedin a tree. Onecanthink of
thecalculusasa hybrid betweenthe two calculi just mentioned,exceptthat it also
featuresnon-localprocesssynchronisation.Themotivationis to developa calculus
thatmodelshow devicesinteractin a uniform way in wirelessnetworks. Ambients
arecalledagentsandtheserepresentlocations,which areeitherphysicalor logical
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unitsof computation.Agentshavede�nitions thatenableenclosedprocessesto per-
form reductions.Themain featureof CAC is multi-agentsynchronisationof tuples
of valuesonnamedchannels. Agentsarenotdirectlyawareof theirenvironment,but
inform it of their capabilitiesby asynchronouslysendingatoms. The environment
hasde�nitions consistingof rules(think join patterns)to performglobalsynchroni-
sationonthesecapturedatoms;thisis novelwrt. theDistributedJoincalculus,where
synchronisationhappenslocally andnot acrossagentboundaries.Thereis a notion
of priority (or scope)of patterns,namelythatthedeepestrule(pattern)matches�rst.
Agentscanmoveby thegoprimtive,but mustgivetheexplicit pathto thedestination
becausemovementhappensonestep(up or down in thetree)at a time. Thereis no
way to openor closeagents,just like in BoxedAmbients[BCC01]. De�nitions of
a particularagentareactivated(by a reactionrule) by addingthemto theenclosing
agent's de�nitions. Reactionrulesrewrite anagentif an enclosedprocessmatches
oneof theagentde�nitions (undersomerestrictions).We remarkthatcontexts can
have any numberof holes,andthat parallelcompositionin CAC is not commuta-
tive,whichaccordingto [Bra03] is unusual.Weagree.Thereasonfor this is thatthe
namesin theredex of arewriting ruleareboundpointwisein theprocessexpressions
on thereactumof therule.

6.4.1.1 Exampleencodingsand expressiveness

A small location-dependentprinting exampleis given to illustrate how a process
interactswith its enclosingagent. Further, a form of “remote procedurecall” is
encodedvia continuations,andalsoa smallpacket routingprotocol.

Expresivenessis investigatedby encodinga monadicasynchronous� -calculus
with replicatedinput,anda � -calculus.

6.4.2 Evaluation

A basicmodelhasbeendevelopedwhereagentsmayusedifferentnotionsof com-
putationondifferentphysicallocations.

In thecurrentversionof CAC it is notpossibleto expressnegativecontext infor-
mation. The authorsuggeststo addnegatedtermsin patternrules. This would be
like adding“not-controls” (or co-controls)to bigraphs,which is inelegantbecause
thentherewouldhaveto alwaysbeoneor theother. Introducinganotionof inhibitor
like in CRSsor a sortinglike in bigraphsis preferable.

Thecontrolstructuresin CAC aresomewhatlike thosein bigraphs;a treehierar-
chy of terms(agentprocesses),anda way to link agents– namelyby channelsand
namerestriction.Rules(patterns)areusedto controlreactions.Theserulesarepart
of theagentssocontexts arenot really separatedfrom processes,at leastnot to the
sameextendasin CRSsor bigraphs.Anyhow, whenprogrammingwith thecalculus
thesestructuresandthemovementprimitive areuseful. We emphasisethefact that
eachagenthasits own setof rules,which cangrow asotheragentsmove into it so
thatit canactivatetheir de�nitions. This is thewaya changingcontext is modelled.
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Thelocationtopologyis a treejust like in Ambients.In bigraphsthereis a forest
of treesavailable.

Queriesby an agent,for examplea location-awareapplication,happenon the
structurein which it resides.Probably, onewouldwantto programanauxiliarypro-
cessto traversethetreeandcollect information.To do this theagentmustknow the
topologyof the entiretreebecausethego primitive needsan explicit path. This is
incovenientanddoesnot harmonisewith theunpredictabilityof context in general,
but is reasonablefor a locationhierarchylike a building. Apart from that,program-
ming in CAC doesresembleprogrammingnatively in bigraphs,andis thuslikely to
be equallyinconvenient. In principle, it shouldbe possibleto supportthreeof the
four queryclassesdiscussedin chapter2, but thenearestneighbourqueriesrequire
somenotionof distance.

Interactionis betweenprocessesin thetreestructure.
The modellingeffort regardingthehierarchyis low, but high wrt. queries.We

�nd thatencodingsof largerexamplesarerequiredto further testthemodellingca-
pabilitiesof thecalculus.

6.4.3 Reasoningin practise

More work is neededwrt. thebehavioural andequationaltheoryof CAC. Thus,the
calculusis not yet ripe for reasoningaboutsystemsin practise.

6.5 A formal modelfor context-awareness(CONAWA)

In this sectionwe treat Baun Kjærgaardand Bunde-Pedersen's effort to de�ne a
formal modelfor context-awareness[KBP06a, KBP06b].

6.5.1 Report

Like otherapproaches,[KBP06a, KBP06b] arguethat we lack formal supportfor
realisticcontext-awareness.Furthermore,it is claimedthat existing calculi [BP04,
RJP04]only dealwith very limited notionsof context, andthata �at spacestructure
doesnot suf�ce while beingdif�cult to navigate. Also, context is not just physical
location,but alsological information.

The approachtaken in CONAWA takesorigin in theAmbient calculus,but in-
steadof having onetreerepresentingspaceit hasseveralso-calledviews, muchlike
the placegraphof bigraphs.The intentionis to have onetree(view) for eachcat-
egory of context informationneededby the application,e.g. locationsandprinter
types.

In CONAWA, ambientsaredividedinto two syntacticclasses:Context andrefer-
enceambients.Context ambients(views) haveuniquenames,arestaticin thesense
thatthey cannotmove(navigateviews),andcanonly becreated(declaredinitially)
andopened(a standardcapability). Referenceambientsareembeddedin context
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ambientsandnavigatetheseby exercisingthecapabilitiesin, out, enter, exit, coen-
ter, coexit, andopen. in andoutarenotobservableby thecontext, whereasenterand
exit are. Using the co-capabilitiesrequiresthe context to allow thesemovements.
Capabilitiesareinstrumentedwith two piecesof information;a booleanexpression
overcontexts to de�ne whichcontexts theownerof thecapabilitycanbeperformed
wrt., andthenamesof thereferenceambientstheownerof thecapabilitycanexer-
cisethecapabilityon. A wildcardnameis includedto matchall referenceambients.
Referenceambientscanbe replicatedandcaninput/outputnameslocally. A refer-
enceambientwill have a single(for consistency) presencein oneore moreviews
simultaneouslyby a reference,e.g.a printerambienthasa typeanda location.The
capabilitiesin andoutof theAmbientcalculusareproposedextendedto enablenav-
igation in severalviews at once.A referenceambientnavigatesviews by explicitly
giving thepathto collectcontext information.Thisre�ects theideathatcomputation
is seenasembeddedin a numberof contexts at thesametime. Communicationis
local, i.e. anambient(or rathera referenceto an ambient)maycommunicatewith
otherambientswhich areits siblingsor fatherin thetreewhereit currentlyresides.
They communicatethroughthe ether of eachview, much like a tuple space,with
nochannelsinvolved.Actionsandcapabilitiesarerestrictedby booleanexpressions
over contexts. Namescopingand generaloutput pathshave beenleft out of the
calculusfor simplicity. Thismodelis parametrisedover thenotionof “proximity”.

6.5.2 Evaluation

The authorsevaluatetheir calculusby modelling examplesof the four types of
context-aware applicationsdescribedin [SAW94], to which we return in chapter
7. For now, it is enoughto know thatthefour applicationtypesarecategorisedfrom
a userinterface(UI) parspective accordingto whetherthey provide informationor
supplycommands,andwhetherthey are invoked manuallyor asa reactionto the
currentcontext. The authors�nd that representatives(in the domainof “pervasive
health-care”)of all four typescould be modelledin CONAWA. Two thematicex-
amplesare“�nd the nearestavailabledoctor” and“updatea context/view usinga
referenceprocess”.

Contexts arespecialuniquelynamedambients.Referenceambientsmay move
aroundin thecontexts by exercisingcapabilities.Thesecapabilitiesmaybe instru-
mentedwith a “boolean” expressionstatingwhich contexts they matchandwhich
they do not, i.e. in which contexts the capabilitycanbe used. This is decidedby
namingthe matchingcontexts, and putting a negationsign in front of the names
of non-matchingcontexts. This is not thesametypeof negative informationasfor
examplethe inhibitors of CRSs. The differenceis that inhibitors limit reactionto
certaincontextswheresomethingis notpresent,but “boolean”expressionsdiscrim-
inatenamedcontextsandnot theircontents.This is againof introducingviews. We
alsohaveviews in bigraphsin thataplacegraphis a forestof treesthatcanbemade
uniquelyidenti�ed by requiringeachtreeto havea uniquecontrolon theroot node.

Therearesomeimportantcontrol structures;views, (guarded)capabilities,and
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agentreferences.Agentreferencesallow thespeci�er to referto anagentto partake
in differentcontexts, i.e. differentviewson theworld/situation,simultaneously. The
guardscanbe usedto control in which views a given capabilitycanbe exercised,
which resemblesprogrammingwith conditionals.

Thelocationtopologyis a forestof uniquelyidenti�ed trees,i.e. a collectionof
views.

Theonly querythat lackssupportis “nearestneighbour”.You have to consider
theentiresystemto formulatesingleambients.Speci�cally, anagenthasto explic-
itly give a pathfor moving, which may be an unreasonableassumptionbecauseit
requiresdetaileda priori knowledgeof thewhole operationalenvironmentandnot
just thecontext athand.Thisdoesnot re�ect theadhocnatureof therealworld, but
is reasonableenoughfor a locationhierarchy.

Interactionbetweena location-awareapplicationa andthe locationtopologyt
canhappenby programmingato traverset. An ideais to haveanauxiliaryagentcol-
lect this information. Theauthorssuggestto introducedesignatedreferenceagents
to updatecontexts, i.e. to actascarriersof sensorinformation.An exampleis given
in thediscussionof [KBP06a], whichrequirestheability for referenceagentsto out-
put capabilities,andnot just names.Having referenceagentsinvoke these“sensor
agents”couldbeconsideredactuation.Still, thereis no representationof theworld
(like C in Plato-graphicalsystems).

We remarkthatreferenceambientscannot removethemselvesfrom views,soa
device will alwayshave somelocationonceit hasbeenlocatedonce. This is not a
problemfor locationmodels,asseenin chapter5.

Themodellingeffort is probablyonlevelwith thatof CACsincebothareAmbient-
basedprocesscalculi,albeitwith somedifferences(patternsversusguardedcapabil-
ities andviews).

6.5.3 Reasoningin practise

No behavioural or equationaltheoryhasbeenestablishedfor thecalculus,nor any
expressivity results. Thereis no formal semanticsof the calculus,merely a few
examplesof whatreductionrulescouldlook like.

We concludethatmuchwork is neededbeforeany formal reasoningcanbecar-
riedout.

Herearesomesuggestionsfor corrections:

• ConsideringTable1 of [KBP06a], presentingthesyntaxof CONAWA, it can
beseenthatthereis nobasecasefor thesyntacticcategoriesC andR, thusthe
inductivede�nition is notwell-founded.

• Theimportantexamplein Figure11 is not syntacticallycorrectbecause(1) a
referenceagent'FNDAP2' is (illegally, seeTable1) usedaspre�x to a capa-
bility, and/or(2) thesquarebracketsdonotmatch.

It should,however, bepossibleto correcttheseerrors.
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6.6 Other approaches

We mentiona work wherea locationmodel is formalisedin �rst-order logic, two
worksin progress,andonepieceof researchformalisingcontext from theviewpoint
of arti�cial intelligence(AI).

• A formal locationmodelin Z/Eves[Leo98].

• TheAgentDistributed� -calculus(AgDpi) [Hen05, Hen04].

• TheN] programminglanguageeffort [WBB06].

• “FormalizingContext” [MB97].

In appendixC of [Leo98] threelocationservicesarespeci�ed in the Z formalism,
which is a �rst-order logic [MS97]. Here,we merelygive the readera tasteof the
approach.A serviceconsistsof a locationhierarchy, updateson this hierarchy, and
somequeries. We brie�y considerthe symbolic one. First, two object typesare
declared;LOCATION and OBJECT. A location hierarchyis then declaredas an
assymmetricandtransitiveinclusionordering.Predicatesin locationscorresponding
to therelevantspatialrelationshipsarealsode�ned. Hereis a parametrisedlocation
querywhich for all located-objectsata givenlocation:

target? : LOCATION ^ result! : P(OBJECT) =)

result! = fx : OBJECT j (x; target?)2 locatedAtg

where' locatedAt' is a predicatewhich decideswhethera givenobjectis in a given
location,andP is thepower set. A sightingoperationsis alsode�ned, alongwith
someotherqueries.Thus,settheoryis usedasaprogramminglanguage.

AgDpi is Distributed� -calculus(Dpi) with nominalagents. In AgDpi thereis
mobile coderunning insidenominalagents.Dependenttypesareusedto enforce
selective access(read/writecapabilities)to resources.Locationsareuniqueandor-
ganisedin a �at structure.Communicationis local andauthenticated(via types).A
specialkind of channeldisc is usedby agentsto discover local resources,andthen
theagentsactaccordingly. Thiswork is worth following shouldit progressfrom the
current“work in progress”status,e.g.emergeasa full-�edged processcalculus.

In [WBB06] a �rst stepis taken towarda programminglanguagefor pervasive
applicationsbasedin theAmbient calculus. The languageis calledN] becauseits
syntaxresemblesC] or Java. Communicationis betweenambientsandprocesses
is asynchronous.Namedports are adoptedfrom the � -calculusto facilitateeasy
messagepassing.A prototypecompilerexists.

In [MB97] context is formalisedasa �rst-classobject,andcanbethoughtof as
a generalisationof a collectionof assumptions(in a Gentzenstylelogic). A context
mayevencorrespondto an in�nite andonly partially known collectionof assump-
tions. Thepoint of origin is arti�cial intelligence,andtheformalismusedis a �rst-
orderlogic. Thereis noclearrelationbetweenthiswork andour �eld of researchso
we refrainfrom furtherdiscussionof this work.
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6.7 Concluding remarks

We structureour remarksaccordingto themethodabove.

6.7.1 Evaluations

Negative context information, e.g. in the form of inhibitors is certainly a useful
feature.Whetherit provesnecessaryfor modellingubiquitoussystemsin bigraphs
andPlato-graphicalmodelsis uncertain.We suggestmoremodellingexperiencefor
decidingthis.

Controlstructuresdecidehow convenienttheprogrammingtaskis. In thecalculi
wherehardly any areavailable,it seemsunrealisticto modelandprogramrealistic
systems.

Hierarchicallocationtopologiesshouldfeaturein calculi for location-awareness.
Consideringhow otheraspectsof context may very well be hierarchicalin nature,
e.g. theorganisationof a company, we conjecturethat �at topologiesarenot suf�-
cient.

Likefor location,queriesonthecontext arebestsupportedif thecontext is struc-
tured.Furthermore,controlstructureshelp.

Interactionbetweena location-awareapplicationandthe context topologycan
becomecomplicatedif theapplicationitself is partof thetopology. Separatingcon-
cers,asin Plato-graphicalmodels,is useful.

The modellingeffort is high whenprogrammingdirectly in meta-calculi.One
cangaincontrolstructuresby encodingothermoredomain-speci�ccalculi though.
As far aswe know, it is a novelty to explicitly representtheworld asa systemin its
own right, asdonein Plato-graphicalmodels.It is this featurethatis thebasisof our
simulationidea.

6.7.2 Reasoningin practise

Noneof the works consideredherehave beenusedfor reasoningin practise.Nor
havebigraphsor Plato-graphicalmodels.Tool supportseemsto berequiredto really
makeprogressin thisarea.

6.7.3 Summasummarum

On a high level we can say that further experimentationwith large examplesis
needed,and that tool supportis essentialin this effort. Much work in improving
thetheoriestoolsalsopersists.
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Chapter 7

Futur e Work

7.1 Possibledir ectionsfor futur ework

We have identi�ed somedirectionsfor futurework.

• Characterisecontext-awarenessin termsof Plato-graphicalmodelsandenrich
ourmodelto supportthis.

• Model a real-life system.

• Createa list of propertiesonewishes(to prove/guarantee)for context-aware
systems.

• Work onatool for BRSsto enableexperimentationwith modelsformulatedin
bigraphs,andsimulationof systems– to really testhow usefulPlato-graphical
modelsare.(The�rst questionof section1.3.)

• InvestigateformalreasoningaboutPlato-graphicalsystems,perhapsby study-
ing a form of bisimulationbetweenBRSs. (The secondquestionof section
1.3.)

• Formallystateandproveadynamiccorrespondencebetween� programsand
their bigraphicalimagesunder~�• X .

• Enhancebigraphtheory.

We discusseachonein turn.

7.1.1 Characterising context-awareness

Motivatedby thefactthat thenotionof context is still ill-de�ned [DA00], we strive
for a�ner taxonomyof context with thepurposeof a“context checklist”for applica-
tions,which couldhelp to de�ne neededcomponentsin a library for context-aware
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programming.Webelievethatcharacterisingthecontext typesof [SAW94] in terms
of Plato-graphicalmodelswill aid in understandingof context-awarenessassuch
by sharpeningthede�nitions. By formalisinganapplication'scontext interactionas
interactionbetweenPlato-graphicalcomponentswegainprecision.

We brie�y recallthefour typesof context-awareapplicationsthatarementioned
in [SAW94]. Thetypesarealongtwo axes:Manualvs. automatic,andinformation
vs. command.Manualandautomaticreferto whethertheuserhasto do something
to make the applicationeitherfetch informationor performan actionspeci�ed by
thecommand.Proximateselectionhasto with �nding or emphasisingthe located-
objectsthat are nearby, and is a manualinformation task. Automaticcontextual
recon�guration is an automaticinformationtaskthataddsor removescomponents
(typically software)or altersconnections(typically wireless)dependingon thecon-
text. Contextual informationandcommandsarecommandswhoseexecutiondepend
on thecontext – printing to thenearestprinterwill havea differentresultdepending
on the user's location. Context-triggered actionsaresimple'if-then' rulesusedto
specifyhow context-awaresystemsshouldadapt,andcontext-triggeredareinvoked
automaticallyaccordingto theserules.This is enoughknowledgefor our purposes.

Now, considerthefollowing setup(suggestedby Niss)depictedin �gure 7.1.

C A
Ac
L

1

2

S 3

4

Figure7.1: Thefour categoriesof context-awareapplicationsasPlato-graphicalin-
teraction.

We imaginethefollowing four interactions:

1. TheproxyP possessesasensorS whichsensesrecon�gurationsin thecontext
C andinformsthemodelL.

2. P is extendedwith anactuatorcomponent(Ac) which canaffect C on behalf
of A, i.e. make it recon�gure.

3. TheagentA is informedof relevantcontext changeby P (L).

4. A affectsL, i.e. makesit changeits conceptionof thecontext information.

Onecanthinkof (2) asactuation,e.g.if theagentwishedto turnonthelight in adark
room. (4) representstheability to overridethemodelif it, e.g. hasaninaccurateor
wrongconceptionof thecontext. (3) canbeeither“manual” or “automatic”(to use
thetermsof [SAW94]), with themanualcasebeingtheagentaskingfor information,
andthe automaticcasebeingsomesort of event or call-back. (1) canlikewise be
dividedinto manualandautomatic.
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Weclaimthatthissetupgeneralises[SAW94]. “Automaticcontextualrecon�gu-
rations”arehandledentirelyin C. “Context-triggeredactions”is thecall-backof (3)
mentionedabove. “Proximateselectionandcontextual information” is themanual
versionof (3). “Contextualcommands”aremorecomplicated.We think of this asa
sequenceof interactions;�rst A asksP for therelevantcontext informationandthen
it issuesa commandby (2) and(4) above.

Onceestablishedthe characterisationshouldbe challengedby capturingother
informal characterisationsof context-awareinteractions.In [Sch95] the following
questionsfor determiningsituationsare emphasised:Wherethe useris, who the
useris with, andwhatresourcesarenearby. Thecomponentsaredeviceagents(that
maintainstatusandcapabilitiesof devices),useragents(that maintainuserprefer-
ences),andactive maps(that maintainlocationinformationof devicesandusers).
Anotherwork to draw challengesfrom is [DA00] wherethecomputingenvironment
consistsof CPUs,devices,andnetwork connectivity. Thereis alsoa notionof user
environmentcharacterisedby locationandnearbypeople.Furthermore,thephysical
environmentsuchaslighting andnoiselevel is important.Themodelrequirements
hereincludeinterpretation,acquisition,andstorage(history)of context.

Thischaracterisationmayserveasa framework for comparingconcretecontext-
awaremodels(of realisticsystems).

7.1.2 Formalising realisticexamples

We have identi�ed thefollowing directions:

• Model thewholeof ITU.

• Model a real-life system.

• Modelaprotocolfor deliveringmessagesin MANETssuchasGeocast[DR03].

Modelling ITU shouldbestraightforward. Pickinga suitablereal-life systemis not
easy, and requiresmore consideration.Modelling a protocol like Geocastseems
to requiredevicesto containmessages,andsomesort of reachabilityinformation
inherentin thetopology.

7.1.3 A list of properties

We shouldcreatea list of propertieswewant(to prove/guarantee)for context-aware
systems.All propertiesshouldberelevantfor real-life systemsandalsobeprovable
by thereasoningprinciplesavailable.Somepropertiesmaynotbeprovablewith the
currenttechniquessothey maygive riseto researchof new reasoningprinciplesfor
bigraphsor Plato-graphicalmodels.
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7.1.4 Tool support

In the bigraphicalProgrammingLanguagesgroupat the IT University of Copen-
hagen,somemembersarecurrentlyworkingonaprototypeimplementationof BRSs.
Normalisationof bindingbigraphshasbeenimplemented.Thenext stepis to imple-
mentanalgorithmfor matching(liketheexampleswesaw in chapter4) [BDGM06].
Perhaps,it is an ideato implementan add-onfor local bigraphs.This tool will be
crucial for simulationpurposesbecauserealisticexampleseasilybecometoo large
to handlemanually, let alonereasonabout. We needtool supportto truly conduct
experimentswith real systems.We have alreadyde�ned a translationfrom � sugar

into theimplementationof bindingbigraphterms.Assumingthatwecanimplement
a simulatorit will becomerelevant to look a location event generation– perhaps
inspiredby thegenericlocationeventsimulatorof [SC02].

Despitenothaving writtenmuchaboutthisdirectionfor futurework, webelieve
it to becrucialfor answeringthe�rst of thetwo openquestionsof section1.3,in part
becauseit supportstheprecedingthreedirections,andalsoreasoningin practise.

7.1.5 Formal reasoning

Proving propertiesaboutthebigraphicallocationmodelcouldbedesirable,but it is
unclearwhichpropertieswewishto proveandwith whichtechniques.Certainly, one
possibledirectionis to make precisesomecriteriafor whencomponentsof a Plato-
graphicalsystemcanbesubstituted(while maintainingpropertiesof thesystemasa
whole).Thishasto dowith bisimilaritiesbetweenBRSs.

We maywish to provepropertiessuchas,e.g.,accesscontrol.This mayinvolve
using BiLogics [CMS05], or perhapsaccesscontrol could be ensuredvia sorting
(only allowing deviceswith aparticularaccesstokento enteraroomwith amatching
token), and then proving that the systemcan not placean illegal device inside a
protectedroom,by rule induction.Furtherstudiesin desirablepropertiesof context-
awaresystemsareneeded.We have uniquenessof device locality by invariant(rule
induction).

A techniquefor securingcertainpropertiesof our modelscouldbe to usesort-
ings further. We believe thatSørenDeboisis currentlyworking on transferringthe
work of [DBH06] from the settingof RSsto bigraphs. A clever thing aboutthis,
from our viewpoint, is thatit enablesusto expressnegativecontext information,by
removing theunwantedbigraphsfrom thesystem.We couldperhapsalsoimposea
building sortingto ensurethatcertainlocations(perhapsidenti�ed by a internaltype
control)arenot within certainotherlocations,e.g. we do not wish for buildings to
be within rooms. To this endwe envision usinga predicatesorting asde�ned in
(De�nition 15) of [DBH06]. In [DBH06] a sortingof a category B is a functor into
B that is faithful andsurjective on objects(De�nition 4 of [DBH06]). This allows
us to de�ne decomposiblepredicatesto �lter out unwantedmorphisms(bigraphs).
To combinesortings,Debois,intuitively, combinespredicatesortingsvia conjunc-
tion by a pullbackconstruction(Proposition4 of [DBH06]), whereasHøghJensen
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composessorting functors. Thus, we cancombinean additionalsorting with the
Plato-graphicalsorting.

7.1.6 Dynamic correspondence

� -programsandtheir imagesunder~�• X evaluatein one-to-many correspondence,
i.e. thebigraphicalrepresentationtakesoneor morestepsfor each� reductionstep.
Thus,we would like to provesomethinglike thefollowing “conjecture”.

Conjecture7.1.1.
8e; � ; X; s; g: (9 e0; � 0: he; � i ! he0; � 0i ^ ~he0; � 0i • X = =~Y : g j s) =)
(~he; � i • X .+ =~Y : g j s) , where fv(e) [ fv(e0) � Y � X, and .+ is the
transitiveclosureof . .

The ideaof a proof shouldbe: Analyseeachof thecasesof possiblereactionin � .
Weneedasubstitutionlemmafor thecaseswhereevaluationresultsin asubstitution.
If wecanprovesucha lemma,thentheresultcanbelifted to evaluationcontextsby
thelemmas7.1.1and7.1.2.However, a substitutionlemmaseemsdif�cult to prove
becausewe mayhave to performa substitutionon a lambdaabstraction,which is a
passivecontrol in bigraphs! It seamsthat we needsomesort of logical relationto
resolve this.

Lemma 7.1.1. For anyevaluationcontext E, terme, andsetX such that fv(E[e]) �
X, it holdsthat~E[e]• X = ~E• X � ~e• X .

Proof. Theproofshouldbeby structuralinductiononE.

Lemma 7.1.2. Thislemmashouldcorrespondto de�nition 4.3.1.

A proofshouldbeby structuralinductiononevaluationcontexts.

Conjecture 7.1.2. We conjecture that “the oppositedirection” of Conjecture 7.1.1
canbeproven,but it seemsthatweneedsomewayto keeptrack of thebigraphsthat
areimagesof � -terms.

Weemphasisethefactthatthe“conjecture”doesnotholdasstated,but is merely
statedto give thereaderan ideaof whatwe would like to prove. Thereasonthat it
doesnot hold is thatwe cannot performsubstitutionunderpassive controls.How-
ever, this doesnot make the encodingwrong, becausewhen sucha control, e.g.
a lambdaabstraction,is appliedeventually, it will becomepossibleto performthe
substitutionandthus“catchup”.

Onecouldalsoconsiderstudyingotherprogramminglanguageissuesin theset-
ting of bigraphs.It wouldprobablybewiseto do it in assimpleasettingaspossible.
We do,however, not seethisasimportantfor our endeavours.
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7.1.7 Enhancing bigraph theory

Currently, thefollowing extensionsareon thewish list:

• DAGs:Replacetheplacegraph(aforestof trees)with aDAG.Themotivation
wasgiven in chapter5, whereorganisinga building with rooms,wings etc.
wasa little troublesome.

• Time: Timedautomatamayinspire,we think of [D'A99 ].

• Stochastics:We think that someinspirationcanbe found in [Pri95, Bra02,
D'A99, dAHJ01].

• Continuousspace(hybridsystems):Possibleworksof inspiration(apartfrom
theonesmentionedjust above): [AD94, ACHH93, Hen96, DB96].

We discusseachitem in turn in a little more detail after consideringthe overall
purposeof them.

Thevisionsmentionedin chapter3 remain;DAGs,time, continuousspace,and
probabilisticinformation. Enrichingthe theoryof bigraphswith theseaspectsis a
demandingtask,but certainlyinteresting.

7.1.7.1 DAGs

We decidedto usetheplacegraphfor representingthelocationhierarchyinsteadof
merelyby linking, On �rst thought,it might seemreasonableto hierarchicallyorder
�oors, wings,rooms,anddevicesin abuilding. Choosingoneorderinghasits draw-
backs,however. Shouldwings or �oors be higherin the tree? If we choose�oors
overwingsthenwe couldendup representingeachwing on every �oor , therebyin-
troducingredundancy. This can,however, be remediedby usingDAGs insteadof
trees. Furthermore,DAGs naturallysupport“sharedlocations”as,e.g.,an audito-
rium residingon the�oors simultaneously. If we shyaway from alteringthetheory
of bigraphsthenDAGs couldbe implementedusingseveral trees(roughly onefor
each“location sharing”),but navigating andkeepingconsistentseveral suchviews
would complicatethemodellingeffort. In chapter6 we discusseda pieceof related
work, wherea sortof pointeris proposedto addressthis idea.

7.1.7.2 Time

A notion of time in the model is requiredto be able to orderevents,i.e. for ex-
amplefor SX to beableto inform LX of theorderof sightingsto facilitatea closer
correspondencein the“states”cX andlX .

7.1.7.3 Probabilities

Probabilisticinformationis requiredto make themodelmorerealistic,i.e. closerto
theway real-life positioningsystemswork. This is desiredfor simulationpurposes.
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The probability informationshouldbe attachedto events– perhapsasa tag along
with a time stamp.

7.1.7.4 Continuousspace

Continuousspacehasto do with geometriccoordinates.It shouldbe possibleto
determinethegeometricwhereaboutsof located-objects,andto computemetricdis-
tances.

7.1.7.5 Summingup: Enhancements

To conclude,it seemsrelevantto considerthesefour aspectsbothfrom a theoretical
anda practicalpoint of view.

7.2 Concluding remarks

It seemsthattherearetwo roadsto take.

• Continueon theexperimentalpath.

• Delve into extensionsof bigraphtheory.

This concludesoursuggestionsfor futurework.
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Chapter 8

Conclusions

In this reportwe have begun evaluationof our main hypothesis,which statesthat
BRSs are suitablefor programming,simulating, and reasoningrigorously about
ubiquitoussystems.To thisendwehaveascertainedamoretangiblehypothesisthat
supportsthemainhypothesis,namelythatBRSsaresuitablefor modellinglocation-
awaresystems,speci�cally a sentientbuilding. Thesupportinghypothesishasbeen
ascertainedby establishingthefollowing:

• Basedon an investigationof the literatureon locationmodelswe have been
able to comeup with a representative examplefor our modelling effort; a
sentientbuilding.

• It is awkwardto modelcontext-aware(location-aware)systemsdirectly in bi-
graphs.

• Thisawkwardnesscanbealleviatedby usingPlato-graphicalmodels.

• Locationmodels,of e.g.asentientbuilding,canbemodelledandprogrammed
convenientlyasPlato-graphicalmodelsusingabigraphicalencodingof aMini-
ML-lik ecalculuswith references.We haveshown thatthephysicalworld and
a simplepositioningsystemcanbeconvenientlymodelin bigraphsusingre-
con�gurations.All this with anacceptablemodellingeffort.

Thesentientbuilding casestudyhashelpedusgainabettergeneralunderstandingof
whichrequirementscontext-aware(location-aware)programmingputsonthetheory
usedfor themodelling.

This reporthastried to take a stepin bringingtogethertheresearchon location
modelswith theformal theoryof bigraphs.It is clearthatif theoreticiansareto truly
in�uence theway systemsarebuilt thenwe musttry to work with thesystemsand
problemsthatdesignersface.

Our studyof relatedwork shows that even thoughsometheoriesandtools ex-
ist for supportingcontext-aware modelling and programming,thereis still much
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work to be done. The theoriesandtoolsdo not capturetime, continuousspace,or
stochasticbehaviour. In addition,therearefew frameworkssupportingboththeoret-
ical modellingandactualtool support.To thebestof our knowledgeno simulators
for context-awaresystemsexist, which we conjectureis an importantchallengeto
overcometo pushforwardtheoryandtechnology.

We have identi�ed several avenuesfor future research.Oneavenue,from our
point of view, is to extend bigraphtheory. Another avenue,which we intend to
follow, is to expandthemodellingeffort to morerealisticsystemswith supportfrom
a tool, which is to be developedsimultaneously. The main goal is to be able to
simulaterealsystemsin bigraphs.A tool will alsohelpto reasonaboutrealsystems
in practise.

We maybeasboldasto saythatourexperimentalendeavourhasmaderesearch
contributions,andhopethat this pieceof work caninspireresearchersto work on
realisingtheglobal ubiquitouscomputer. In thewordsof ProfessorAndy Hopper:
“...I wantto extendthecomputerandinformationsystemsto observetherealworld
andautomaticallymodify the systems'behaviour to suit the prevailing conditions.
Such”sentient”computingsystemswill playakey partin ensuringthesustainability
of our planet.” Quotefrom http://www.cl.cam.ac.uk/Research/DTG/
˜ah12/aims- research.html .
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