ProgressReport

Bigraphical Location Models

Ebbe Elsborg

IT University TechnicalReport Series

.-ﬁ
=

The IT University

of Copenhagen

TR-2006-94

ISSN 1600-6100

September2006



Copyright © 2006, Ebbe Elsborg

IT University of Copenhagen
All rights resewed.

Reproduction of all or part of this work

is permitted for educationalor reseach use
on condition that this copyright noticeis
included in any copy.

ISSN1600-6100

ISBN 87-7949-138-3

Copiesmay be obtained by contacting:

IT University of Copenhagen
RuedLanggaardsVej 7
DK-2300 CopenhagenS
Denmark

Telephone: +4572185000
Telefax: +4572 185001
Web: www.itu.dk



Preface

This progresgeportwassubmittedin partialful Iment of thepartA requirement®f the Ph.D.Curriculumof the 4-

yearprogrammatthelT Universityof Copenhagent waspreparedor my quali cation exam,whichis aprerequisite
for enteringpartB of the programme It describeghe coreof my researchn the rst two of four yearsof my Ph.D.
studiesandcountsasmy Masters thesis.A partof thework, namelychapter3, wasdonein collaboratiorwith other
researcherasmentionedby thatchaptersintroduction. The Ph.D.Curriculumrequireshereportto detaildirections

for futurework.
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Abstract

In this progressreportwe begin evaluationof how well-suitedHggh
Jenserand Milner's bigraphical reactivesystemgBRSs)[JM04] are
for modelling context-aware computingin ubiquitoussystems.In this
work we concentraten the location aspecbf contet. First, we intro-
ducethe setting,motivateour work, andstateour hypothesisThenwe
presenta digestof the researcHiteratureon location modelsforming a
knowledgebasefor the restof the report. We continueby developing
bigraphicalmodelsof contet-awarenesandarguethattheseso-called
Plato-graphical modelsconstitutea properfoundationfor modelling
and simulatingcontext-aware systems.A featureis that differentcal-
culi or programmindanguageg&anbe combinedn onemodel. Subse-
quentlywe de ne andanalysean encodingof a MiniML-lik e calculus
with referenceén bigraphgBRSs).Thisis neededor ourimplementa-
tion of arepresentatie, minimalisticlocationmodelasa Plato-graphical
model.Finally, we compareour approacho relatedwork within context
calculi, give directionsfor futurework, andconclusions.



Chapter 1

Intr oduction and Moti vation

1.1 The setting

This sectionaimsto give anoverall motivationfor ourwork. Ourwork humblytries
to contrikute to the foothill project“Analysing Movementin a SentientEnviron-
ment, whichis partof the UK GrandChallenge$GCs)of ComputingResearch
Describinghow ourwork ts into alargerperspectie senesasanargumenthat
our work is relevant. First, we useroughly threepagesfor presentinghe setting
beforeturningtoward our morespecialisedeld of research.
We rst sketchthe GC of interestandthenthefoothill project.

1.1.1 Global ubiquitous computing: Designhand science

The GCin questionis thatof “Global UbiquitousComputing:DesignandScience”
[CCK*05]. Ubiguitouscomputing(UC) is alsocalledpervasivecomputing UC was
ervisionedby Mark Weiser[Wei93 Wei91]to bethethird wave of computing(after
mainframesandthenpersonatomputers)in which eachpersorhasmary comput-
ers,recedinginto the backgroundat their disposal. An essentiapropertyof ubig-
uitouscomputingsystemgUCSs)will beextremedynamicsj.e. arapidly changing
network topology Thetotal aggreyationof UCSsmay be calledthe “Global Ubig-
uitousComputer”. It is predictedthatmobile deviceswill becomemorenumerous,
much smaller and deeplyembeddedn mary of the objectsin everydaylife, e.g.
clothingor evenin ourbodies.We believe thatthis predictionwill berealised.Thus,
we needscalabledesignprinciples.AnalysingUCSswill bedif cult becaus&JCSs
will likely be distributed,mobile,andevolutionary Furthermorethesedevicescan
performcomputatiorandcommunicatevith eachother, while beingcontext-aware
(location-avare). They may even be self-avare, thus exhibiting introspectve be-
haviour. Imaginableis alsofor themto becomeself-oganisingand self-repairing.

Lhttp:/iwww-dse.doc.ic.ac.uk/Prajs/UbiNe/GC/Manifesb/fp-movement.himl
2http://www-dse.doc.ic.ac.uk/Prajs/UbiNe/GC/



Finally, trust, privagy, security andreliability will becomevery importantto guar
anteeseeinghow thesepenasive deviceswill be “everywhere”doing“everything”.
The sciencetoolkits, andtheoriesfor global computingdo not yet exist. Progress
hasbeenmade but we shallneedmuchmoresupportive scienceo really in uence
engineeringf thetechnologiesanddevicesensuringsufciently correctbehaiour.
We believe that without rigorousanalysisof the possibleinteractionsn a UCS be-
haviour will all too often be incorrectwith fatal consequencesTheory and engi-
neeringshould be a combinedeffort to realisethe potential of global ubiquitous
computing(GUC). More speci cally, theaim is to de ne a setof designprinciples
for GUC, andto develop sciencewhoseconceptsgcalculi, theories,andautomated
toolsallow predictiveanalysisof GUC. Thesearetheidealgoalsof this GC.

1.1.2 Analysing movementin a sentientervironment

Thefoothill projectmentionedaboveis aboutsentiencomputing ACH* 01, Hop0(Q

whereit is proposedhat software applicationscan be mademore responsie and
useful by observingand reactingto the physicalworld. Sensorghardware) col-

lect contet (e.g. location)informationof physicalobjectssuchasmobile devices
andeven other (mobile) sensors.We usethe words sentientand context-aware in-

terchangeablylt is fair to saythat context-awarecomputingis a facetof UC. The
foothill projectaimsto arrive ataconceptuaframewnorkin whichto expressavariety
of rulesof motion andinterconnectionallowing context-aware systemgo be pro-
grammedcornveniently simulated,and analysedigorously We usethe term “sys-
tem” broadlyto meana groupof independenbut interrelatedelementssomprising
auni ed whole. We will detailthisin chapter2. Theframavork couldconsistof a
calculusanda derived programminglanguagealongwith a programmingmethod-
ology so that the languagemay be usedand evaluatedby peoplewhoseprimary
interestis in applications.The ultimategoalof this foothill projectis to unify theory
andpracticein sentientcomputing. A steptoward this goal could be to modeland
programa sentientor “re ective” building, wheresensorsontinuallytransmitdata
to a monitor that maintainsa datastructureof the locationsof physicalobjects. A

more advancedtask could be to alsomodel mobile virtual objectssuchas mobile
codemoving from onesoftware domainto another We ervision bigraphicalreac-
tive systemgBRSs)dueto Milner andHgghJenserfJM04], or someextensionof

this theory asa suitableframework for context-awarecomputing.

1.1.3 Bridging theory and practice

Recently [Ter0g armguedthat combiningtheory and systemsbuilding (wrt. trust)
is importantbecauseve needto establisha basicunderstandingndan appropriate
level of abstractionlt is essentiafor systemduildersandtheoreticiango collabo-
ratesuccessfullyandthis requiresconsensusn de nitions of coreconceptsn the
problemdomain.

The importanceof combiningengineeringwith foundationalwork in realising



computingin spaceis alsoemphasisedh [Mil02]. “Computingin space”is about
communicatioracrossspaceand actually considershe global computerasboth a
physicalanda virtual entity. Theterminfodynamicss usedto describehefactthat
physicaldevicesmovein physicalspacebut alsoin virtual spacevia theirrepresenta-
tions. Infostaticsis thetermusedto statethatsoftwaresuperposegirtual spaceupon
physicalspace Theconclusioris thatjoining theforcesof softwareengineeringnd
softwaretheoryis necessaryo achiere successvith the globalcomputer

When programmingcontect-aware systemsthe programmemeedscommonly-
recognisedibstractionanddesignpatterngLeo9g. Formalmethodsaid in under
standingthe essencef the programmingask[JPROA4].

Having given a very high-level motivation we next review the challengedor
theoryin alittle moredetail. The purposeis to make the issuesdiscussedso far
moreconcrete Therearealsochallengegor engineeringbut in thisintroductionwe
focuson thetheoreticalpart,andreferthe readerto [CCK* 05] for anoutline of the
challengedor engineering.

1.1.4 Theory

As mentionedve needa conceptuaframework enablingrigorousanalysissupported
by techniquesand automatedools. Many topics canbe discussedn this regard;
structure,information o w, mathematicaknalysis,and methodologiesand tools.
We brie y sketchthese.

Structurerefersto the ways entities (e.g. devices) interactand move among
eachother, ascapturedy structuraltheoriesof processesBoth physicalandvirtual
spaceis relevant, andthreeissuesareimportant,namelyplacing, linking, and mo-
bility. [CCK*05] ervisionsthatno laterthanthe year2010will we have a calculus
or logic which allows for experimentatiorwith modellingprototypicalsystemsuch
asa sentientuilding, or evenmorecomplex scenariosWe would lik e to take steps
towardsthis goal,andhave begunto do soin the work presentedn this report. We
expectthatmodelsfor real-life systemswill needto capturenotonly time asa con-
tinuousvariable,but also continuousspace accordingto [CCK*05] oneapproach
is to usehybrid automata(modelling/representingoth time andcontinuousspace)
governedby differentialequationsAlso, stodastics(propabilistic)will probablybe
neededo, e.g.faithfully modelandsimulatedevice movementin asentientuilding,
becauseensorsarenot perfect.

Regardinginformation ow, we nd thatthe needto query distributed datais
paramount.As mentionedn [CCK*05], onecanexpecta meiging of researcton
semi-structurediataand processmodelsto handlethat movementof dataandpro-
cesseds becomingalike. An exampleof suchwork is Reactve XML [HNOOS6,
HNOWO05], whichis a bigraph-and-XML-basedpproachRecentlymodellingand
veri cation of protocolsfor communicatiorin mobile ad hoc networks (MANETS)
hasbecomea lively researcharea,whereissuesof trust andresourceaccesschal-
lengeformal models.

Mathematicalanalysisof complex systemssuchas UCSsshouldbe driven by



experimentalresearctbecausét seemsampossibleto foreseeall the potentialand
problemsof this new computingparadigm. Real systemsshouldbe modelledand
analysedandhopefullytheorycanimpactthe way engineerduild systemsA help
in understandingJCSscould be a graphicalrepresentatiomndrecon gurationof,
e.g. network topology We would like to contribute herealsoby graduallyformal-
ising andreasoningaboutincreasinglyrealisticsystemsa rst stepis takenin this
report. Onecould alsoimaginea family of modelswith consisteng requirements
betweerthem,whereeachmodelaidsin reasoningabouta certainlevel of aUCS.

This concludeghe overall motivation. A motivation morespeci ¢ to our work
will be givenin the chapter2 and3. In thethe following sectionswe narrowv the
problemdomain, stateour hypothesisand describehow we approachthe task of
testingthe hypothesis.

1.2 Narrowing the problem domain

GUCis avisionratherthanaconcretaesearctproblemthatwe cansolve or answer
To obtaina moretangibleproblemto attackwe narrav the domainof investigation.
An importantfacetof UC thathasrecevedmuchattentionin the researcHiterature
is context-awarecomputing,whereentities(e.g. mobile devices)areawareof their
surroundingsi.e. adapttheir behaiiour dependingn the context at hand[SAW94],
interpreting“context” to meanthe situationin which the computationtakes place
[DAOQ]. Contet-awaresystemgypically have acomponenthatmaintainsamodel
of the currentcontext, andsuchcomponentsre known ascontext modelgHIR02].
The mostcommonlyexploitedinstanceof context is physicallocation,aswitnessed
by the literatureandthe context-aware systemsandtoolkits that have beenimple-
mented.Location-avareapplicationsacquireinformationfrom sensorsyhich can
happenin a uniform way througha location model[BDO05] that interpretssensor
informationto maintaina modelof the currentlocations(positions)of, e.g.,mobile
devices. We delve into locationmodelsin chapter2. Context modelsandlocation
modelsareconcreteenoughfor usto studyandthey areanessentiapartof context-
awaresystems.

1.3 The hypothesis

Our pointof origin is thetheoryof bigraphdJM04, Mil05a, IM03J. A principalaim
of BRSsis to modelubiquitoussystems.In this reportwe begin evaluationof this
aim. Thus,themainhypothesif ourwork is:

Hypothesis(main). BRSsre suitablefor programming simulating andreasoning
rigorouslyaboutubiquitoussystems.

In this reportwe begin to testthis hypothesisby ascertaininga more tangiblehy-
pothesighatsupportghe mainhypothesis:
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Hypothesis(supporting). BRSsare suitablefor modellinglocation-awae systems.

To ascertairthis supportinghypothesisve ende@our modellinglocation-avaresys-
temdirectly in bigraphs. (We overloadthe term “bigraphs” to meanthe theory of
bigraphsincludingBRSs.)In the chapters3 through5 we nd that:

1. It is awkwardto modelcontet-aware(location-avare)systemgirectly in bi-
graphs.

2. Thisawkwardnesanbealleviatedby usingPlato-graphicalmodels.

3. Locationmodelscanbe modelledasPlato-graphicainodelsusinga bigraphi-
cal encodingof a MiniML-lik e calculuswith references.

We arguethatthese ndings ascertairour supportinghypothesis.To strengtherthe
supportinghypothesisve proposeo studythefollowing two questions:

« Are Plato-graphicaimodelsusefulfor simulationof context-awaresystems?

« |Is therea needfor a notion of bisimilarity betweenBRSsto supportformal
reasoningaboutcontext-awaresystemsn Plato-graphicainodels?

We touchuponthesetwo questionsn thisreport,but leave their treatmenfor future
work.

1.4 Our approach

This sectionoutlinesour stratey for testingthe supportinghypothesisstatedabove.
We take anexperimentakpproachy comprehensie modellingof aconcreteaealis-
tic system.Our stratayy for testingthe supportinghypothesiss detailedasfollows.

First, we study the literature on location modelsto gain understandingf the
modelswe wish to modelbigraphically (1) To testwhetherbigraphsare suitedfor
directmodellingof context-awaresystemsyve pick somequerieson location-avare
systemdo model. Suchqueriesareconcreteandit is clearwhena queryhasbeen
implementedaithfully. (2) Finding thatthis direct modellingis incorvenientmo-
tivatesa more advancedmodelling method; Plato-graphicamodels. We modela
contet-awareprinting examplefrom the literatureto testthe Plato-graphicamod-
els. (3) Further we useour gainedknowledgeof location modelsto formulatea
representatie one,andmodelit asa Plato-graphicainodel.In doingthis,we de ne
anencodingof aMiniML-lik e calculusinto bigraphsandanalysethis encoding.

In short: In this reportwe essentiallyinventandchallengePlato-graphicaimod-
els(andthusBRSs)by testinghow suitedthey arefor modellinglocationmodels.

11



1.5 Outline of this report

Having introducedand motivatedour domainof work we proceedasfollows. In
chapter2 locationmodelsareinvestigatedHaving this pieceof backgroundnowl-
edgein placewe proceedo de ne Plato-graphicamodelsfor contet-awaresystems
in chapter3. Thesemodelssene asbasisfor the chapterst and5. In chapterd we
encodea calculuswith referencen bigraphsecausehisis neededor thebigraph-
ical locationmodelpresentedn chapters. Chapter6 presentselatedwork in some
detail, and chapter7 extensiely discusseslirectionsfor future work. Finally, we
concludein chapter8.

We stressthe factthatthis is a progressreport so someof the work presentedhere
is in progress We remarkthatthe chapteron relatedwork takesup signi cant space
becausdecomingknowledgeablawithin therelevantresearctareashasbeena pri-

ority in this study andshouldsene asabasis(andcatalyst)for our furtherresearch.

12



Chapter 2

Location Models

2.1 Intr oduction

It iswell agreediponthatlocationis animportantcontext-parametefSch95 Le099,
but not the only one[SBG99 in contet-awarecomputing,andthat context-aware
computingwill becomeincreasinglyimportantin the yearsto come. This chap-
ter senesasgeneralbackgroundknowledgefor chapter3 on bigraphicalmodelsof
contt-awaresystemsandasbasisfor modellingalocationmodelin chapters.

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 the presentdiscussionwe think of physicallocation,i.e. the
locationof objectsin the physicalworld. Typically, it is thelocationof real-world
entitiessuchasmobile devices(e.g. mobile phones)hatis interestingfor location-
aware applications(which we explain shortly). Following [Leoc98 ST94 we use
the term located-objecto referto a mobile objectwhosephysicallocationcanbe
tracked.

2.1.1.2 The overall location systemmodel

In this chaptemwe present digestof theresearcHiteratureon locationmodels We
saythata locationmodelis constitutedby (1) representationef staticand mobile
real-world objects,(2) spatialrelationshipsbetweentheseobjects,(3) a collection
of rulesthat modelobjectmovement,and (4) a collectionof locationinformation
querieson the model. Locationmodelsare essentiapartsof location systemgsee

13



[HBO1] for a surwey on locationsystemshecausehey provide a uniform way for
applicationdo obtainlocationinformation,whichfacilitatesrapiddevelopment Be-
foredelvinginto locationsystemsve needto addres§iow informationaboutiocation
is presentedn differentformats. Geometriccoordinatesasusedby the Global Po-
sitioning System(GPS),referto a point or geometric gure in a multi-dimensional
space Symboliccoordinategarenamesandcanreferto cell-IDsin cellularnetworks
suchasthe Global Systemfor Mobile communication§GSM) or WirelessLocal
Area Networks (WLANS), or to radio frequeny tags(RFIDs). The distinctionbe-
tweenthesetwo coordinateypesis fundamentaandwe will returnto it shortly. For
now, pleaseconsidergure 2.1,whichdepictstheoverall systemmodel. We explain

Application

Queries Actuators

Location model

Position updates

Positioning system

Sensed informatior

Physical world

Figure2.1: Overalllocationsystemmodel.

gure 2.1in atop-davn fashion. A location-awae application (see[Le09§ for
examples)queriesalocationmodelfor locationinformation. By location-avarewe
meart‘the ability to adaptehaiour to thephysicallocationsof usersyesourcesand
processes[Le09g. In somecasesheapplicationcanupdatethelocationmodel;we
saythatthisis actuation Thedifferentkindsof queriesandactuatorsmply demands
ontheinternalstructureandorganisatiorof thelocationmodel. Thelocationmodel
maintainsa representatiorof the stateof the physicalworld by receving events
aboutupdatedositioninformationon mobile objectsfrom apositioningsysten{see
[HBO1] for an overview of positioningsystems).“A positioningsystemallows a
mobile objector trackingsystemto issuea positionupdatewith a coordinateden-
tifying alocationto the locationmodel! [BDO05]. [Le09§ stateshata positioning
systemmeasureshelocationof the queryinglocated-objecte.g. vehiclenavigation
systems)whereasa trackingsystemmeasureshe locationof otherlocated-objects

14



(e.g.the Active Badgesystem[WHFG92). We do notwish to distinguishbetween
trackingand positioningbecausave needobjectsto enquireaboutboth their own
andotherobjects'locations. If differentpositioningsystemsarein play thenthere
is a needfor sensorfusion but thatis out of the scopeof this reportso we refer
to [HBBO2]. In the precedingexplanationwe have usedthe terms*“location” and
“position”. Following [HBO1] we distinguishbetweenphysicalposition and sym-
bolic location; a physicalpositionis speci ed by a geometriccoordinate whereas
a symboliclocationis speci ed by a symboliccoordinate.The positioningsystem
generategocation information eventson the basisof what its (hardware) sensos
sensén the physicalworld. The sensordrack the movementof located-objectand
the sensednformationis deliveredto the location model. The physicalworld is
the world we live in, which is narraved accordingto the geographicalocation of
interest,e.g.asentientouilding.

We sometimesvish to speakof a geographicapoint or areawithout beingspe-
ci ¢ asto whetherwe considerit from a geometricor symbolicpoint of view. We
overloadtheterm“location” for this purpose.

2.1.1.3 Focus

We focuson a conceptuatlassi cation of the models. We do not discussspeci ¢
location-avare applications positioningsystemsor sensortechnologyary further,
exceptfor afew commentdateron.

2.2 Relationships,queries,and requirements

As mentionedearlier location-avareapplicationgjueryalocationmodel.Weintend
to identify typesof commonqueries,andmentionwhich demandghey list for the
underlyinglocationmodel. This requiresusto rst studycoordinatesand spatial
relationshipdetweerocations.We do not consideractuationin this chapterbut we
doreturnto it brie y duringthisreportandin chapter7.

We proceedo explain locationmodelsandtheir basis.

2.2.1 Basicpropertiesof coordinates

We follow the de nitions of [BD05]. A coordinateis an identi er specifyingthe
physicalpositionof anobjectwrt. a givencoominatesystemor the symbolicloca-
tion by a name(e.g. acell-ID). A coordinatesystemis a setof coordinates.There
areessentiallytwo differentclasse®f coordinateshamelygeometricandsymbolic
We discusseachclassof coordinatesn turn.

2.2.1.1 Geometriccoordinates

Geometriccoordinategefer to a point or geometric gure in a multi-dimensional
spaceandcanbe global or local. Geometriccoordinatesaturallysupportcalcula-

15



tion of physicaldistanceandcontainmentelationshipdetweerpositions(whichare
describecby oneore more coordinates)to which we returnshortly Throughcal-
culation,geometriccoordinateslsosupportthefollowing operationsAreaoverlap,
areagouching,andareacontainment.

GPSis anexampleof a systemusingglobalgeometriccoordinatesywherecoor
dinatesaretriples of longitude,latitude,andelevation abose main sealevel. Many
applicationsuse GPS— e.g. navigation systemsn cars. An exampleof a system
usinglocal geometriccoordinateds the Active Bat system[ACH*01], whichis a
high-resolutionindoor positioningsystemproviding three-dimensionatoordinates
wrt. alocal Cartesiarcoordinatesystem. In otherwordsthe physicalspaceis de-

ned by a coordinatesystem positionsareidenti ed by coordinatetuples,andthe
locationmodelis geometricj.e. identi es pisitionsby geometriccoordinates.

2.2.1.2 Symbolic coordinates

Symboliccoordinatesarenameghatreferto locations,e.g.aroom,acell ID, or an
IR identi er of asensar A reasorfor having symboliccoordinatess thatthey are
“human-readable™ it is often moreusefulto know thata personis in a particular
cell (e.g. aroom), thanat somegiven (setof) coordinate(s).Given only symbolic
coordinatesit is not possibleto calculatedistancesia a distancefunction, but the
distanceand containmentelationshipson locations(to be explainedshortly) must
be representeaxplicitly in the location model. Furthermorea symbolic notion
of nearnesgor proximity) canbe supportedj.e. located-objects closeto another
located-objecbr location. We returnto this below.

TheActive Badgesystemr{WHFG9Z providessymbolicidenti ers (coordinates)
for locationsvia x ed IR sensorgegisteringusers'badgeshat transmita unique
identi er. In otherwordsthe location spaceis de ned by the placementof x ed
sensorsa locationis de ned by the symbolicnameof the sensorandthe location
modelis symbolic. Anotherapplicationthat usessymbolic coordinatess Active
Of ce system{WJH97] wherelocationsaredenotedbuilding”, “ oor”, “room” and
soforth.

2.2.2 Relationshipswrt. locationsand located-objects

In theliterature verelationshippertainingto locationsandlocated-objectareem-
phasisedas having practicalimportance;Contains(inclusion), connected-tpnear
(proximity), range, anddistance Thesespatialrelationshipsbetweerocationsare
relevantfor queriesandtopologiesof locationmodels.We brie y discusseachone
in turn.

Contains Indicateswhethera location is completelyincludedin another This
relationis supportechaturallyin modelswith a hierarchicalocationstructuresuch
astreesandlattices.As mentionedijt canbe calculatedn geometricmodels.As an
example:A building cancontaina room,but hardlyvice versa.

16



Connected-to Refersto somelinking betweerocations.Thisrelationshigs often
capturedoy introducinga graph-basetbcationstructure asit cannotbe calculated
or derived. Examples: Two mobile devicescanbe connectede.g. via Bluetooth.
Two roomscanbe connectedy adoor.

Distance Thedistancerelationshipis de ned on spatialobjectsandis usuallyex-
pressedasa naturalor real number It canbe calculatedn geometricmodels,but
needsto be explicit in symbolicmodels. As an example: Two mobile devicescan
be positionedten metersfrom eachother, but in differentrooms. This raisesthe
questionof how to calculatedistancepy following a pathvia the connected-toela-
tionship,or asthe Euclediandistance We returnto this questionin chapters.

Near For alocated-object to be nearanotheya notion of “distancefunction” is
required. The nearrelationshipcould containthe n located-objectslosestto the
positionof I. This relationshipcanbe calculatedn geometricmodels,but mustbe
explicitly representeih symbolicmodels. It canbe seenasa specialisatiorof the
distancerelationship.As anexample: A userof a mobile device maywantto nd
thenearesprinter.

Range Therangerelationshiphasthelocated-objectsvithin a certaingeographic
areaof thelocated-objecin question.To supportthis querylocated-objecpositions
must be known and the containsrelationshipmodelled,i.e. it hasto be de ned

whethera coordinatelies within a spatialarea. As an example: The sendingof

message receversin acertaingeographi@area,e.g.aroomon (containedn) the

fourth oor (containedjn abuilding.

2.2.3 Queries

In [BDO5] four differentquery types, which location modelsshould support,are
identi ed. We presentandexplain themfor future reference.Whenexplaining the
querieswe referto therelationships.

Position queries: Determinatiorof the positionor locationof alocated-objectike
ausers mobile device, or astaticobjectlike aroom. A positionis de ned by
local or globalcoordinateslit would, e.g.,berelevantwith alocal coordinate
systemfor a moving train sothatatraveller canbelocatedin a compartment
insteadof his or her positionon the ground[BD05]. To comparepositions
from local coordinatesystemsmappingso a commonglobal coordinatesys-
temmustbede ned.

Nearestneighbour queries: A searchor thelocated-objecor locationclosesto a
certainposition,e.g.aprinter. Besideknown located-objecpositionsthereis
needfor a distancefunctionto supportthis query This functionshouldoutput
thephysicaldistancevhensuppliedwith two coordinatetuples.
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Navigation: Finding pathsbetweenocations. Thereis a needto modelthe topo-
logical connected-taelationship,which describednterconnectiondetween
neighbouringocations. This can,e.g.,be usedto nd the shortestor fastest
path,or apathfor apersorin awheelchair. Onecouldimagineaddingweights
to links for this purpose.

Rangequeries: SearcHor all located-objectwithin acertaingeographi@area.This
can,e.g.,beusedto sendmessagewo receiversin acertaingeographi@areaas
in Geocasprotocols[DR03]. To this end,the modelneedsto be ableto de-
terminethe positionsof the located-objectsandalsothetopologicalcontains
relationshipj.e. whethera coordinatdies within a spatialarea.Containment
is supportedmplicitly for geometriccoordinatesput mustbe speci ed ex-
plicitly for symboliccoordinates.

Theseare the querytypeswe will considersupportingin our bigraphicallocation
modelin chapter5. We shouldmentionthat[BDO5] alsohasa requiremenstating
thatall informationof thelocationmodelcanbe visualised but we do not consider
thatasaqueryassuch.

2.2.4 Location modelrequirements

Having describedhesequeries the following modelrequirementsnot all of which
needto beful lled atthesametime, arederivedin [BDO5]. Therequirementsre
ongeneral-purposmodelsthatwish to supportall four querytypes,andsoamodel
for a speci ¢ purposeneednot necessarilyful | theserequirementgo be of use.
We believe thatour precedingreatmenijusti es theserequirementsvithout further
comments.

Object positions: Needgeometriandsymboliccoordinateso supporawiderange
of applicationghathave beenimplemented Cando with eithergeometricor
symbolicin somecases.Multiple local andglobal coordinatereferencesys-
temsaredesirable This supportghe positionqueries.

Distancefunction: Distancedetweerspatialobjects;Euclediaranddesirablyover
paths.Thisis requiredfor the nearesheighbourandgeometricrangequeries.
We amuethat rangecanalsobe supportedoy location containmentand can
thusmalke sensén symbolicmodelsalso.

Topologicalrelations: Containsand connected-to. Theseare neededto support
rangequeriesandnavigationqueriesrespectiely.

Orientation: Horizontalandvertical orientationis requiredfor someapplications,
e.g.to determinewhich situationa personis in.

Accordingto [Le0o9§ co-locationis anotherinterestingrelative relationship. We
considerthisto bearangequerywheretherangeis exactly one's own location.

18



[BDO5] arguesthat minimal modellingeffort shouldbe consideredvhen con-
structinga locationmodel,i.e. wrt. accuracy (creationandupdatingof the model,
dynamics) level of detail (granularityof locations),andscope(the areacovered;a
building, aroom,acountry). We agree andreturnto thisin chapters.

2.3 Classi cation of location models

When classifyinglocation modelswe needto have a clearterminology Unfortu-
nately thereis no clearconsensus theresearchiteratureregardingtheterminology
of locationmodeltypes. We proceedby synthesisinghe terminologyof the litera-
ture. Sometermsusedare: Geometric physical,symbolic,geographicalsemantic,
metric, topological,and Cartesianf[HB01, Rot03 Pra0Q BS01,BD05, DRD* 00,
BzZD02, CK0OQ]. We believe thattheseterms,in essencecover two differenttypes
of locationmodels;symbolicandgeometric.We groupthe termsasfollows:

Symbolic includesgeographicalsemanticandtopological.
Geometric includesphysical,metric,andCartesian.
Hybrid modelsarecombinationf symbolicandgeometrianodels.

We continueby giving explanationsof geometricandsymboliclocationmodelsfol-
lowing [Le098], alongwith brief justi cations of our grouping. We begin with the
geometricnodelsandcontinuewith the symbolicmodels.

2.3.1 Geometriclocation models

Geometridocationmodelsde ne the physicalspaceby oneor moremultidimensio-
nalreferenceoordinatesystemsBoth positionsandlocated-objectarerepresented
aspoints,areas,or volumeswithin thesecoordinatesystems.This supportscalcu-
lation of the relationshipsdistance(which may not be accurate)and containment
betweenpositions,and thereforealso allows for calculationof areaoverlap, and
whetherareagouch. The connected-taelationshipis however notinherent.A geo-
metriclocationmodelis saidto beuni ed if it hasmultiple coordinatesystemsother
wisesimple Often,uncertaintyareasareusedto capturetheimprecisionof sensors
(seee.g. [SBG99 HHS' 02, HBO1]) whenpositioninglocated-objects Somegeo-
metric systemauseglobal coordinatese.g. referringto the positionon the Earth's
surfacelike in GPS,while othersystemge.g. Active Bat[ACH* 01, HHS' 02]) use
local coordinategeferringto a (smaller)Cartesiarcoordinatesystemwith another
point of origin (typical for indoor positioningsystems).Geometricmodelsuseab-
solutepositions,i.e. located-objectsindlocationsare positionedwith referenceto
somecommonpoint of origin (within eachcoordinatesystem),andnot relative to
eachother
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2.3.1.1 Physical, metric, and Cartesian models

Physicalmetric,andCartesiardenoteexactly the sametype of modelasgeometric.

2.3.2 Symboliclocation models

In symboliclocation modelslocationsand located-objectsre referredto by sym-
bolsor namessuchas“Room4C.16"or “Linus Torvald'slaptop”. Symbolicmodels
userelative locationsmeaningthat eachlocated-objechasits own frame of refer

encebecaus¢hereareno underlyingabsolutgoositions.Locationscanbe organised
in differentstructuresto supportdifferentqueries. We review threedifferentap-
proachesSet-basednodels graph-basedodels,andhybrid modelscombiningthe
two approaches.

2.3.2.1 Set-basedmodels

Locationscan be modelled(naturally) as setsof located-objectsvhich are repre-
sentedby symboliccoordinates A located-objects a memberof a locationwhen-
ever it is physically within the associatedireaor volume. Using sets,overlap of
locationsL; andL, is representetdy setintersectiorL; \ L, , ;, andthusalsothe
containmentelationshipjf L;\ L, = L; thenL, containslL;. This supportsange
queriesby subsetonstruction.lt shouldalsobe possibleto testfor equivalenceon
locations. The supportfor queriesrelatedto spatialdistancess naturallylimited,
but a notion of qualitative distanceon symbolic coordinatescan be modelledvia
setmembershigests,we referto [BDO05] for the details. We mentiontwo example
systemsGuide[CDMFO0Q] andActive Badge[WHFG92.

Cell models Thisis themostbasicand e xible set-basednodel,andthusnameda

simplesymbolicmodel.In thismodelthelocationspaceds describedy cellssocells

arethe symboliclocations.A cell is awell-de ned geographicahrea,e.g. aroom.

Cells canoverlap,andneednot cover the whole space.This is realisticwrt. sensor
systemsThereis typically no containmentelationshipin cell models.An example

systemis GPS,wherethe cell's areais a circle de ned by the sightingcoordinates
andtheaccuray marmgins[Le09§.

Zone models A zonemodelis a cell modelwith exclusve membershipi.e. non-
overlappinglocations.In a cell model,cellsmayoverlap. Theseoverlapsarenamed
zones. Eachzoneis part of oneor morecells. Now, zonesare usedas symbolic
locations. Imposingthe constraintthat locationsmust be non-overlappingyields
an exclusivesymbolicmodel. A single zone spacecanaccommodaten arbitrary
numberof cells, which is usefulif several sensorsystemsarein play. Sincezones
do not overlap,a located-objectanbe in at mostonezoneat atime. As notedin

[Leo9g the movementsof one located-objectan be modelledby a single nite-

statemachinemakingthezonespacea naturalframework for persistentrackingand
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movementprediction. Imposinghierarchicalocationsvia a partial orderon a zone
modelyields a locationtree structure. An exampleis foundin [HHS*02] wherea
quadtree(atreewhereall nodeshavefour children)is used.(Suchstructuresupport
multi-resolutionandthusscalabilityof design.)

Domain models A domainmodelis a zonemodelwherelocations(zones)have
beenpartially orderedn avirtual hierarchyof domains.Theaim s to enablemulti-

resolutiontracking. A zoneis a memberof at mostonedomain. Domainsare par

tially orderedby thecontaingrelationshipandcanoverlap.Thus,it is now possible
to relatesomezonesto “building B”, which is partof “CampusS” andalsopartof

“The computersciencedepartment”for example.If “A” is amemberof “B” thenit

is alsoamembeirof theancestoref “B” in thedomainordering.Changesn domain
membershighouldpropagatehroughthemodel.Multi-resolutionrefersto theabil-

ity to, e.g.,saythatalocated-objects situatedn room*“4C.16" orin “ITU” (where
“4C.16" isamembeiof“ITU"). SeeDROJ] for anexample.If alatticeisimposedas
theordering thenasimplenotionof distancecanbeexpressedGiventhreelocations
I1;12; 13 we havethatdistancély; |o) < distancély; I3) if sup(fli; 129 < sup(flz; 139 in

the lattice. This may not be a very good metric, but hierarchicalmodelsdo not
provide meango modelinterconnectionbetweeriocations.

2.3.2.2 Graph-basedmodels

In the graph-base@pproachsymbolic 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).Edgescanbe weighted(andoriented)to modeldis-
tances. It is clearthat this setupsupportsthe connected-tand distancerelation-
shipsexplicitly. It is thereforewell-suitedfor navigationanddistancequeries.The
containmentelationshipis not supportedput canbe simulatedby linking from a
referencevertex to all other verticeswhich are consideredo be within a partic-
ular range. This is not a generalmechanisnthough. Furthermore Jocationscan
not consistof otherlocations.Examplescanbe foundwithin “smarternvironments”
[RLU94, OJDAO1].

2.3.2.3 Combined graph- and set-basedsymbolic models

As seenthe set-basednodelssupportrangequerieswell whereaghe graph-based
modelssupportdistanceandconnected-toWe wish to combinethetwo modeltypes
to obtainall thebene ts. Theset-basegartof this hybrid modelis a setof symbolic
coordinates.Locationsare setsof coordinates.Locationsare connectecby edges
if a connectiorbetweentheselocationsexistsin the physicalworld. For instance,
two roomscanbe connectedy a door, andtwo oors by a stairmay. Edgescanbe
weightedto modeldistances.We canintroducemore than one graphto represent
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views i.e. differentaspectof the world. An exampleis the Active Map system
[Schog.

2.3.2.4 Geographical,semantic,and topological models

Gegyraphical modelstypically organisethe locationspacehierarchically via iden-
ti ers suchas“City of Copenhagen™IT University of Copenhagen”and“The C
wing”.We considerthesemodelsto be a specialcaseof symbolicmodelswherethe
symbolshapperto carry geographicameaning,andthe locationspaceis, e.g.,or-
ganisedhasatree.

We believethetermsemantidocationmodelwascoinedin [Pra0Q, whereplaces
(semantidocations)arerepresentethy URIs andcanhave attributesindicatingthe
natureor purposepr evenphysicalor geographicainformation.In [Pra0Q thereare
threetypesof location; physical(grid based) geographicalhierarchical),and se-
mantic(weblike). Likein [Rot03, we do not distinguishsemantiandgeographical
location. We considersemantidocationsto be a specialcaseof symboliclocations
becauseveb-like structurescanwell be describedusing graphsto modellocation
spacdan asymbolicmodel. Topolagical [BS01] modelsarerelatedto semantianod-
els. Organisingsemantidocationsin a hierarchysupportghe containmentelation-
ship. Still, the combinedmodelremainsa specialcaseof symbolicmodels.

2.3.3 Hybrid location models

Hybrid locationmodelsaresocalledbecauséhey arecombination®f thetwo model
typeswe have outlinedabove, namelysymbolicandgeometric. Symbolicand ge-
ometric modelsare orthogonaland canthereforebe combinedin numerousvays.
Hybrid modelsaim to possesshe advantage®f bothtypesof models,i.e. basically
to provide applicationswith a high-level structuredsymbolic representatiomf lo-

cationswhile preservinghe accurag of locationinformationinherentin geometric
coordinates.This combinationsupportsthe querieswe consideredn section2.2.

Thetrade-of is ahighermodellingeffort.

In [BDO5] it is suggestedo add geometricinformationto a symbolic model.
This canbe doneeitherfor eachsymboliclocation, or for only someof them. It
is alsopossibleto deducesymboliclocationsfrom geometridocations,andrelative
from absoluteby the containmentelation[HHS*02]. It is a matterof abstracting
certaingeometricdatainto meaningfulsymbolic notions. Typically, a non-hybrid
modelwill begeometricandabsolutepr symbolicandrelative.

One exampleof a hybrid modelis found in [JS02], wherein a symbolictree
model eachnode (location) hasgeometricinformationas an attribute, and queries
suchasdistanceandcontainmenaresupported Anotherexampleis foundin [Rot03,
wherea domainmodelis presentedThis hybrid modelhasmappingsetweeriocal
andglobal coordinatesandalsobetweengeometricandsymboliclocations. Local
coordinateganbetranslatednto global coordinatesGlobalgeometriccoordinates
canthenbe translatednto globalsymboliccoordinateswhichin turn canbetrans-
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latedinto global geometricareas Suchmappingsare widely adoptedin practise
accordingto [BDO05].

2.3.4 Views

An ideafound in several papers|BD05, BBR02, BS01, Rot03 is that of having
views i.e. having multiple hierarchies.g. representinglifferentviews of anorgan-
isation;the building, employeerelationshipsaccessontrol et cetera.This thought
alsoappearsn theoreticalwork, which we treatin chapter6.

2.3.5 Location-aware systems

Severallocation-awaesystemsor locationsystemghave beenmplementediemon-
stratingthe feasibility of usinglocationinformationin practisewhile challenging
existing anddevelopingnew technology By locationsystemwe meana computer
systenthatvia hardwaresensorgantrackthe physicallocationof objects(to be ex-
plainedshortly),andis ableto outputthis informationin somesuitableformat. See
[HBO1] for asurwy of locationsystemsvherethey have beencatagyorisedaccording
to their propertiesgeometric/symboli@nd absolute/relatie. Location systemsas
sucharenotwithin thefocusof this reportsowe refrainfrom furtherdiscussion.

2.4 A modelof are ective building

Describea re ective building as “one equippedwith sensorswhich continually
transmitdataof the building's occupang to amonitorthatmaintainsa datastructure
whichfaithfully recordsheoccupang”®. Thisis averyloosedescription We come
alittle closerto moretangiblepropertiesn [HopOd, whereasentienbuilding is said
to supportcontainmentproximity (near),andcoordinatesystemsExceptfor the co-

ordinatesystemst doesseenthatwe candowith avery simplelocationmodel,e.qg.
a symbolictreemodel. This is the startingpoint for this report. We do, however,

wishto modelmorerealistic(comple) examplesin our work socoordinateshould
be consideredWe will comebackto thisin chapters.

2.5 Concluding remarks

We hopeto have giventhereadesufcient backgroundnowledgefor thenext chap-
ters. Themostimportantpointsare:

» Location modelsfacilitate ef cient developmentof location-avare applica-
tions.

http://www-dse.doc.ic.ac.uk/Prajs/UbiNeg/GC/Manifeso/fp-movement.himl
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» To supporta broadrangeof applicationsalocationmodelshouldsupportfour
querytypes(position, near navigation, range),and thus be a hybrid model
(geometricandsymbolic). Queriesrely on certainspatialrelationships.

» We have brie y notedsomethoughtsabouta locationmodelfor are ective
building — namelythat a symbolictree modelis a good startingpoint for a
re ective building.

We have tried to cover the literatureon location models. Much canandhasbeen
written aboutdifferentimplementationsf location-avareapplications.To limit our-

selveswe have decidedo leave thoseout of thefocusin this report. The samegoes
for positioningsystemsand sensortechnologiesinderlyinga locationmodel. The
focusis on modellingof locationmodels.
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Chapter 3

Bigraphical Models of
Context-Aware Systems

This chapterconsistsof a conferencepaper[BDE* 06] followed by the appendices
of a technicalreport[BDE*05]. The only changesmadeare minor typographical
ones,and adjustmentof referencego t in this report. Both the conferencepa-
perandthetechnicalreportweredevelopedandproducedn cooperatiorwith Lars
Birkedal, SgrenDebois, ThomasHildebrandt,andHenningNiss. All authorscon-
tributedequally

The work in this chapteris foundationalfor chapter5 wherea bigraphicallo-
cationmodelis presentedin thatit developsthe modellingtechniqueused,namely
bigraphicalmodelsof context-aware systems.Suchmodelscanbe usedto model
locationmodels.It alsosupportschapterd with a gentleintroductionto bigraphs.
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Abstract

As part of ongoingwork on evaluating Milner's bigraphicalreactve
systemswe investigatebigraphicalmodelsof contet-awate systems
a facetof ubiquitouscomputing. We nd that naively encodingsuch
systemsn bigraphsis somavhatawvkward; andwe proposea moreso-
phisticatedmodelling technique introducing Plato-graphical models
alleviating this awkwardness. We argue that suchmodelsare useful
for simulationand point out that for reasoningaboutsuchbigraphical
models,the bisimilarity inherentin bigraphicalreactize systemss not
enoughin itself; an equivalencebetweenthe bigraphicalreactive sys-
temsthemselesis alsoneeded.
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3.1 Intr oduction

Thetheoryof bigraphicalreactivesystemsdueto Milner andco-workers,is based
on agraphicalmodelof mobile computatiorthatemphasizebothlocality andcon-
nectivity [JM04, MilO4c, Mil0O5c]. A bigraphcomprisesa placegraph,representing
locationsof computationahodesanda link graph,representingnterconnectiorof
thesenodes. We give dynamicsto bigraphsby de ning reactionrulesthat rewrite
bigraphsto bigraphs;roughly, a bigraphicalreactve system(BRS)is a setof such
rules. Basedon methodsof the seminal[LMO00], ary BRS hasa labelledtransition
systemthebehaioural equivalencebisimilarity) of whichis acongruence.

There are two principal aims for the theory of bigraphicalreactve systems:
(1) to model ubiquitoussystems[Wei93, capturingmobile locality in the place
graphand mobile connectwity in the link graph;and (2) to be a meta-theoryen-
compassingexisting calculi for concurreng and mobility. To date,the theoryhas
beenevaluatedonly wrt. the secondaim: We have bigraphicalunderstandingf
Petrinets[Mil04b], -calculus[Jen06 JM04, IM03, CCS[Mil05c], mobile ambi-
ents[Jen0§, HOMER [BHO6], and -calculus[MilO4c, MilO5b].

The presentpaperinitiatesthe evaluationof the rst aim. We investigatemod-
elling of contet-awaie systemsa vital aspectof ubiquitoussystems. A context-
aware applicationis an applicationthat adaptdts behaiour dependingon the con-
text at hand[SAW94], interpreting“context” to meanthe situationin which the
computationtakesplace[DAOQ]. The canonicalexampleof sucha situationis the
locationof the device performingthe computationsystemssensitve to locationare
calledlocation-awae. As anexample,alocation-avareprinting systemcouldsend
ausersprintjobto aprintercloseby. (For notionsof context differentfrom location,
referto [SBG99; for large-scalgracticalexamples see]ACH* 01].)

To obsenechangedn thecontet, context-awaresystemdypically includeasep-
aratecontext sensingcomponenthatmaintainsa modelof thecurrentcontext. Such
modelsareknown ascontext models[HIR02] or, morespeci cally, locationmodels
[BDO5]. Theabove-mentionedocation-avareprinting systemwould needto main-
tainamodelof thecontext thatsupportsnding theprinterclosesto agivendevice.
Suchmodelsareinformal. Thereareonly very few formal modelsof context-aware
computing(referto [Hen04 for anoverview). We point out Context Unity [RIPO4];
in spirit, our proposalis somavhatcloserto processcalculi than Context Unity is.
However, bigraphsdiffer from traditionalprocesscalculiin thatwe getto write our
own reactionrules.

In overallterms,our contributionis two-fold.

* We nd, perhapssurprisingly that naively modelling context-aware systems
asBRSsis somevhatawkward;and

* we proposea moresophisticateanodellingtechniquejn which theperceved
andactualcontext are both explicitly representedsdistinct but overlapping
BRSs.We call suchmodelsPlato-graphical
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The remainderof this paperis organisedasfollows. In section3.2, we intro-
ducebigraphsand bigraphicalreactve systems. In section3.3, we discussnaie
bigraphicalmodelsof location-avare systems. In section3.4, we introduceour
Plato-graphicamodelsof contect-aware systems. In section3.5, we presenttwo
examplemodels.In section3.6,we discussFinally, in section3.7,we concludeand
notefuturework.

3.2 Bigraphs and Bigraphical Reactive Systems

Weintroducebigraphshy example(thereadercan nd therelevantformalde nitions
of [JM04, Mil05c] in appendixA. Readersaacquaintedvith bigraphsmay skip this
section.

Hereis abigraph,A:

N —_————

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 one port. Nodescanbe nested,indicatedby containment. The two
outermostashedoxesindicateroots Rootshave no controls;they sene solelyto
separatelifferentnestinghierarchies.

The bigraphA ostensiblymodelstwo physicallyseparatdocations(becausef
the two roots). The rst containsa sener, which in turn containssecretdata;the
secondcontainsan of ce, which in turn containsa PC andtwo PDAs. The sener
andthe PCareconnectedasarethe PDAs.

Hereis anotherigraph,B:

(-]
N —_—— - ——

—_— — - — -~ e e e e — -

Bresembled\, exceptthatthecontentof server hasbeenreplacedvith asite o, one
of thepdas hasbeernreplacedoy asite 1, andthereis aninnernamez connectedo

theremainingpda. Usingsitesandnameswe cande ne compositionof bigraphs.
For that, hereis yet anothemigraphC:
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|
|
'\secret

C hasanouternamez. ThebigraphsB andC composedo form A, i.e.,A=B C.
Compositionproceedsy pluggingtherootsof C into the sitesof B (in order),and
fusingtogetherthe connectiongpda ! z (in C) andz! pda (in B) removing the
namez in the process.

Onecannotcomposearbitrarybigraphs.For UV to bede ned, U musthave
exactly asmary sitesasV hasroots,andtheinnernamesof U mustbepreciselythe
outernamesof V. The sitesandinnernamesarecollectively calledtheinner face
similarly, therootsandouternamesarecalledthe outerface A hasinnerfacet0; ;i
(no holes,no inner names)and outerfacel?; ;i (two roots, no outernames). We
write A :H0;;i U 20 . Similarly, B: h2;fzgi! h2;;i andC:Ho;;i | h2;fzgi.

Thegraphicakepresentationsedaboveis handyfor modelling,but unwieldyfor
reasoningFortunately bigraphshave anassociatedermlanguaggDBO05, Mil04a],
whichweuse(albeitin asugaredorm) in whatfollows. Thelanguagés summarised
in Table3.1. Hereare,in orderof increasingcompleity, termrepresentationsf the

Term | Meaning
U kV | Concatenatioijuxtaposition)of roots.
U j V | Concatenatiojuxtaposition)of children.(collect
thechildrenof U andV underoneroot.)
U V|Composition.
U(V) |Nesting.U containsV.
K.(U)|lon. Nodewith controlK of arity jxj, portscon-
nectedto the outernamesof vectorx. The node
containsJ.
1 |Thebarren(empty)root.
i |Sitenumbered.
=x:U |U with outernamex replacedby anedge.
x=y |Connectiorfrom innernamey to outernamex.

Table3.1: Sugaredermlanguagédor bigraphs.

bigraphsA, B andC.

C = secretkpda,
A = =x:=y:servery(secret) kof ce (pc, j pda, j pda,)
B = =x=yserver( o) kofce(pc,jpda,j 1)jy=2

Notice how, in B, edgesarespeci ed by rst linking nodesto the samename,then
convertingthatnameto anedgeusingtheclosure™=.
We give dynamicgo bigraphsby de ning reactionrules.Example:
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I 1o - — I
I |1 I
| 1 |
| @ _
I (I pda I
server _! vofce _

z

I/ ————— \\ ;T T T T T / —————— \
I 1o — m— I
I I I
@ [ (o) |
| 11 \P°_pda I
server ! of ce ]

—_— ——— ~ e e e e — -

=x:servery( o) kofce (pc,jpda,j 1)
—— =x:servery( o) kofce (pc, jpda,( o)j 1)

This rule might modelthatif a PCin someof ce is linkedto a sener, a PDA in
the sameof ce mayusethe PCasa gatavay to copy datafrom the sener. Therule
matcheghe bigraphA above, takingsecret to the site o andpda, to thesite 4,
rewriting A to

A® = =x:=y:server,(secret) k of ce (pc, j pda,(secret) j pda,)

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

It is occasionallycorvenientto limit the contects in which a reactionrule ap-
plies[BP04, i.e., we might wantto limit the above examplereactionrule to apply
only in the left wing of the building. To this end,bigraphscanbe equippedwith a
sorting [Jen06 MilO5c, Mil04b]. A sortingconsistsof a setof sorts(or types);all
innerandouterfacesarethenenrichedwith sucha sort. Further a sortingmuststip-
ulatesomeconditionon bigraphswe thenrestrictour attentionto the bigraphsthat
satisfythatcondition,thusoutlawving somecontexts. Obviously, removing contexts
may ruin the congruenceropertyof theinducedbisimilarity; [Jen0§ and[Mil05c]
givedifferentsufcient conditionsfor asortingto preserethatcongruencegroperty

This concludesurinformal overview of bigraphs.Now onto themodels.

3.3 Naive Models of Location-aware Systems
In this sectionwe attemptto modellocation-avaresystemsaively in bigraphs We

will nd thenaive approactto be somavhatawkward. Dueto spaceconstraintave
do notdiscussotherformsof context.
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We usethe placeandlink graphsfor describinglocationsandinterconnections
directly, andwe usereactionrulesto implementbothrecon guration of the context
andquerieson the context. Theformeris simply a non-deterministichangen the
contet; the latteris a computationon the context thatdoesnot changethe context,
exceptfor producingan answerto somequestion. In a location-avare system,a
device moving would be a recon guration, whereascomputingthe answerto the
question‘what devicesarecurrentlyatthelocationl” is aquery

We discussthe implementatiorof this query (An implementatiorof the query
can be found in appendixB.) Incidentally a query suchas“nd nearestneigh-
bour”, which conceptuallyis only slightly harder is signi cantly harderto imple-
ment. (Otherexamplesplaguedby essentiallythe samedif culties canbe found
in [DDO05].)

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

| = =w:=x:=y:=zloc loc loc loc(deviy) jloc deviy j deviy, jloc() j loc (devi,)

Off-hand, nding all devices,say beneathheroot,looksstraightforvard: We should
simply recursvely traversethe nestingtree. Unfortunately suchtraversalis quite
complicatedor thefollowing reasons.

» The bigraphicalreactionrules do not supportrecursiondirectly, sowe must
encodea runtimestackby meansof additionalcontrols.

* Bigraphicalreactionrulescanbeappliedin anycontext, but whenimplement-
ing an operationsuchasthe querywe considernow, we needmorere ned
control over whenrules can be applied; one may achieve this morere ned
control by againusingadditionalnodesand controls,essentiallyimplement-
ing whatcorrespondso a programcounter This still leavesgreatdif culty in
handlingconcurrenpperationsthough.

» As aspecialcaseof thepreviousitem, it is particularlydif cult to expresshat
areactionruleis intendedo applyonly in casesomethings not presentn the
contet.

Summingup, the bigraphicalrulesthatmodelphysicalactiondo notin generalpro-
vide the power to computedirectly with a modelof thataction(becaus®f alack of
controlstructures) Thesloganis “recon guring is easy queryingis hard”.

In earlierwork on evaluatingbigraphsas a meta-theory(aim (2) mentionedin
the Introduction),reactionrules were usedto encodethe operationalsemanticsof
a calculusor programminglanguage.However, above we attemptto implementa
querydirectly asreactionrules. This seeminglyinnocuouddifferencewill turn out
to have majorimplicationsfor reasoningnethodsmoreon thisin subsectior8.6.

Weimaginethataddingmore e xibility to thereactionrulesmightmaleit easier
to programdirectly with bigraphs.Onepossibleattemptis to usespatiallogics for
bigraphs[CMS05 in combinationwith sorting, to get control of the contexts in
which a particularreactionrule applies.
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In the following sectionswe proposeanothemway to modelcontet-awaresys-
temsin bigraphswherethereactionrulesarenot usedto programdirectly with, but
insteacthey areused(1) to representransitionshappeningn therealworld and(2)
to encodeoperationakemanticof programminganguageswithin which onecan
thenimplementquerieson representationsf the realworld.

3.4 Plato-graphical Modelsof Context-aware Systems

The naive model of the previous sectionsharesan importantcharacteristiovith
recentproposalsof formal modelsfor context-aware computation[BP04, NGP05
RJPO4lthatcompriseagentsandcontexts only: Thesemodelstake the agents abil-
ity to determinewhat is the presentcontext as given. We contendthat for some
systemsijt is naturalto modelnot only the actualcontet but alsothe agents rep-
resentatiorof the actualcontext. We shall seethat pursuingthis ideawill partially
alleviatethe awkwardnesseenin the previoussection.
We shallneedsomenotationandde nitions.

NoTATION. Wewrite B = (K ; R) to indicatethatB is a bigraphicalreactize system
with controlsK andrulesR, andwrite f 2 B to meanthat f is abigraphof B.

De nition 3.4.1(Independence).LetB = (K ;R) andB° = (K % R bebigraphical
reactivesystemsSaythat B and B® areindependenandwrite B ? BOiff K andK °
are disjoint.

De nition 3.4.2(Compositebigraphical reactive systems).LetB = (K ;R) and
B? = (K %R9 bebigraphicalreactivesystemsDe ne theunionB [ B° point-wise
i.e,B[ B%= (K[ K%R[ RY,whenK andK °agreeonthearities of thecontrols
inK\ KO

Be awarethattherearetwo waysof takingtheunionof two setsof parametrised
reactionrules: (1) memgetherulesandthengroundthem,or (2) rst groundtherules
andthenmermgethem.In generaltheresultingrule setof (1) is a supersebf therule
setof (2). We useapproach(1).

We proposea modelof contet-awarecomputingthat compriseghreebigraph-
ical reactive systemsithe contet C; its representationr proxy P; andthe compu-
tationalagentsA. Drawing on classicawork [PlaBC], speci cally The Allegory of
the Cave, we call sucha modelPlato-graphical

De nition 3.4.3(Plato-graphical model). A Plato-graphicaiodelis atriple (C; P; A)
of bigraphical reactivesystemssuch thatM = C[ P[ A is itselfa bigraphical
reactivesystemand C ? A. A stateof the modelis a bigraph of M on the form
= (CkPkA),wheeC2C,P2P,A 2 A, andxis somevectorof names.

We emphasiséhe intendeddifferencebetweenC andP: Whereasan element
of C modelsa possiblecontet, an elementof P modelsa modelof a possiblecon-
text. Theindependenceonditionensuredhatagentscanonly directly obsene or
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manipulatethe proxy; not the context itself. (In the parlanceof [RJP04, theinde-
pendenceonditionensureseparability) To queryor alterthe context, agentamust
usethe proxy asa sensomndactuator
Using bigraphsasour basicformalismgivesustwo things. First, we canwrite

our own reactionrules. We claim that becauseof this ability, modelsbecomere-
markablystraightforvard andintuitive; hopefully, the reademwill agreeafterseeing
our examplemodelsin thenext section.Secondwe automaticallygeta bisimilarity
thatis acongruenceThus,bisimilarity of agentss avery ne equivalence:No state
of the context andproxy candistinguishbisimilar agents.

Proposition 3.4.1. Let  denotethe bisimilarity in M , andlet A; A°2 A with A
A°. ForanyC 2 C,P 2 P, andx, wehave=x(CkP kA) =x(CkPkAO.

To getalessdiscriminatingequivalencene canconsideagentainderaparticular
stateof the context, or a particularstateof the system.

De nition 3.4.4. Let denotethe bisimilarity in M , andlet A;A° 2 A, C 2 C
andP 2 P. We sayA andA°areequivalentwrt. Piff Pk A P k A% andwesayA
andACare equivalentwrt. C;PiffCkKPkA CkPkAC

We conjecturghatthe above formsof derivedequivalenceswill prove usefulfor
reasoningabouta givenPlato-graphicasystem.

Working within the Plato-graphicamodel,we arefree to emphasisary of its
threecomponentsperhapsnodellingP in greatdetail,but keepingC andA abstract.

De nition 3.4.3above doesnotimposeary restrictionon compositionof states.
For example, assuméhatwe have a Plato-graphicainodelM = (C;P;A), thatc, p
anda arecontrolsof C, P andA, respectiely, andthatp is notacontrolof C. Then
thebigraphs

F=c( o] 1kpka( 2) and G=ckpka

areboth statesof 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-graphicabystem
maybetoo ne arelation: Concevably, whencomparingwo statess ands’, we may
wish to take into accountonly contexts C suchthatC sandC <° arethemseles
statesj.e., we might wantto outlav F asa possiblecontet for G. We canachiere

this ner control using place-sorting.So, we de ne a place-sortedPlato-graphical
model. Theintuition behindour sortingis thatwe wantto keepcontrolsof C, P and

A separatevhencomposingcontexts of form C k P k A.

sortedinterfacemm; X; S i whenwe do not careaboutnames.

De nition 3.4.5(Sorted Plato-graphical model). LetM = C[ P[ A beaPlato-
graphicalmodelwith C = (K¢;Rce), P = (Kp;Rp) andA = (Ka;Ra). Dene a
sortingdisciplineonM bytakingsorts = fK ¢;Kp; K agand,for primes,sorting
condition (f:S ,! § =ctrl(f) S” 8 n:S = S, lifting to an arbitrary
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bigraph f° by decomposing into primes f® = fq::: f, ; and declaring f° well-
sortediff all the fj are. Let bean assignmenbf -sortsto therulesof Re, Rp,
and Ra, sud that every rule is well-sortedunder . De ne M °to beM sorted
by( ; ) (using tolift thereactionrules).In thiscase wecall M °a sortedPlato-
graphicalmode| and de ne the statesof M ° to be the well-sortedbigraphswith
outerfaceK ¢c;Kp;Ka.

Thecondition essentiallyequireghat(1) the controlsof aprime (bigraph)are
elementof the sortof its outerface,and(2) the sortof the outerfaceis exactly the
sortof eachof thesites.Underthis sortingdisciplineandnew de nition of statejf G
is assigned sortsuchthatit is a state thenF cannotbeassigned sortthatmalesit
composiblewith G.

Is the bisimilarity in the sortedsystemM © a congruence?The sorting disci-
pline of M % is in generalnot homomorphidn the senseof Milner [Mil05c, Def-
inition 10.4]: we cannotgive a sortto controlsin K¢\ Kp. (If C, P andA are
pairwiseindependenthe sortingis homomorphichowever, sucha modelis patho-
logic.) Neitheris the sorting safein the senseof Jenser{Jen06 De nition 4.30];
condition (4) cannotbe met. Countergample: Supposef : K¢ | K¢ is well-
sorted;takeg = f 1 : K¢ ! Kg;Ka (recallthatl : ! Hhl;;i denoteghe
barrenroot). Clearly U(f) = ( o] 1) U(f 1). However, if Kc , Ka
then( oj 1):Kc;Ka! Kcisnotwell-sorted.

Neverthelessthe sortingof de nition 3.4.5doesgiveriseto abisimilarity thatis
acongruencewe prove soin AppendixC.

3.5 Examples

3.5.1 A Simple Context-aware Printing System

We modelthe simple context-aware printing systemof [BP04. An of ce-building
containshoth modernPCL-5ecompatibleprintersand old-fashionedraw-printers.
Occasionallythe IT-staf at the building removesor replacesithertypeof printers.
Eachprintercanproces®nly onejob; queueings doneby acentralprint sener. The
print sener dispatchegobsto raw-printersonly if it knows no PCL-printersjf there
arePCL-printersput they areall busy, thejob will simply have to wait. This system
is contet-aware: Thetypeandnumberof printersphysicallyavailabledeterminghe
meaningof the action“to print”. We give a modelB of this systemin Figure3.1.
Looking atthecontrolsof B, it is straightforvardto verify thatB is Plato-graphical.

Proposition3.5.1. ThemodelB of Figure 3.1is Plato-graphical.

We take adetailedlook atthemodel. A stateof the context C consistf nested
physicallocationsloc, within which printersprt areplaced.We distinguishbetween
PCL- and raw-printersby putting a token pcl and raw within them, respectiely.
Eachprinter hasa single port, intendedto link the printer to the proxy. Hereis a
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Control Activity Arity |Comment
loc active 0| Nestedocation
prt passve 1| Physicalprinter
Contet C. pcl atomic 0| Printertypetoken
raw atomic 0| Printertypetoken
dat atomic 1| Binary datafor printer
loc( o) —— loc( oj=x:prt,(raw)) (3.1)
loc( o) —— loc( o]=x:prt.(pcl)) 3.2
loc( ojprt,( 1)) —— loc( o) jx= (3.3)
prt,(dat;j o) —— prt( o)jz= (3.4)
Control Activity Arity |Comment
prt passve 1| Physicalprinter
pcl atomic 0| Printertypetoken
ProxyP raw atomic 0| Printertypetoken
yre. dat atomic 1|Binary datafor printer
prts passve 1|Known devices
jobs passie 0| Pendingdocuments
doc atomic 1| Document

jobs(doc; j o) kprtsy(pcl) k prt,(pcl) —.

: . (3.5)
jobs( o) kprts,(pcl) k prt,(pcl j dat,)
jobs(doc, j o) k=xprts,(pcl) j prts,(raw) k prt,(raw) —. 36
jobs( o) k=x:prts,(pcl) j prts,(raw) k prt,(raw j dat,) (36)
=x:prt,(pcl) kprtsy(pcl)  ——  prty(pcl) k prts,(pcl) (3.7)
=x:prty(raw) k prts, (raw) —  prt,(raw) k prts,(raw) (3.8)
Control Activity Arity |Comment
AgentsA. jobs passie 0| Pendingdocuments
doc atomic 1| Document
jobs( ¢) —— jobs( oj=z:doc,) (3.9

Figure3.1: ExamplePlato-graphicamodelB.
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Contxt C ProxyP AgentA

(31)KC (35)KA,KP,KC (39)KA
(3.2): K¢ (3.6): Ka;Kp;Kc

3.3): K¢ (3.7): K¢c;Kp

(3.4): K¢ (3.8): K¢c;Kp

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

stateof the context with a PCL-printeranda raw-printer at adjacentocations;the
PCL-printeris idle whereaghe raw-printeris busy.

C = loc(loc(prt,(raw j dat;)) j loc(=y:prt,(pcl)))

SettingC in parallelwith someproxy P will allow P accesso theraw printerthrough
the sharedlink x, but not to the PCL-printer becauset is in a closedlink. The
dynamicsof C allow printersto appear(3.1, 3.2), disappeas3.3),and nish print-
ing (3.4).

A stateof the proxy P consistf a pool of pendingjobsjobs andtwo tablesof
printersprts; onecontainsatokenraw, theotheratokenpcl, indicatingwhattype of
printerthetablelists. Theprts is atablein thesensehatits only portis linkedto all
theprintersin thecontext thatthetableknows about.Hereis anexamplestateof the
proxy which knows oneraw-printer, knows no PCL-printersand hastwo pending
jobs.

P = prts,(raw) j =y:prts,(pcl) j jobs(=z:doc;, j =2"doc0)

SettingC andP abovein parallelby k, andclosingthelink x, we getasystem=x:C k
P, wherethe table prts, (raw) andthe physicalprinter prt,(raw j dat) arelinked.
The dynamicsof P statethatif thereis a job anda known, idle PCL-printer the
proxy may activate this printer (3.5); thatif thereis a job, no known PCL-printer
andanidle raw-printer, the context may activatethat printer (3.6); and nally , that
the proxy maydiscover a previously unknawn printer (3.7, 3.8).

Thedynamicsof A allow theagentgo spontaneouslgpooldocumentg3.9).

Notice how the two printing rules(3.5) and(3.6) do not obsenre the context di-
rectly. Instead,the proxy obsenesthe context (rules(3.7) and(3.8)) andrecords
its obsenationsin the tablesprts,(raw) and prts,(pcl); the printing rules (3.5)
and(3.6) thenconsultsthe tables. It is straightforvard to determinewhetherthere
areno known PCL-printers:simply checkif thetableof PCL-printershasthe form
=y : prtsy(pcl).

As obseredin section3.3and[BP04, it is generallyvery dif cult, if notim-
possibleto obsene theabsencef somethingn the context directly. An interesting
but rathernaturalconsequencef the indirect obsenationis thatit becomesasyn-
chronousij.e., it is possiblethata PCL-printerexistsbut hasnot yet beenobsened.

ThismodelB canbelifted to asortedoneby addingthesortsgivenin Figure3.2;
the gure assignssortsto the outerface of both the redecesand reactumsof the
indicatedrules.lt is straightforvardto verify thatall of therulesarewell-sorted.
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Proposition3.5.2. ThemodelB with thesortingassignmendf Figure 3.2is a sorted
Plato-graphicalmodel.

3.5.2 A Location-aware Printing System

Supposeave extendthe printing systemwith location-avarenesshy stipulatingthat
a print job is not printeduntil the printer andthe device submittingthe job areco-
located.To modelthis extendedsystemwe introducea new controldevi for devices
(PCsor PDAs) with one port and changedoc to include an extra port so we can
link submittedjobs to the devices submittingthem. The linking is re ected in the
following modi ed rule (3.9)for spoolingprint jobs:

loc(devix j o) kjobs( 1) — loc(devixj o) kjobs( 1j=z:doc,x) (3.9

We mustalso modify rules (3.5) and (3.6) to insist that the device and printer are
co-locatedRule(3.5) becomes

jobs(doczx j o) kprts,(pcl) kloc(devix j prt,(pcl)) —

jobs( o) kprts,(pcl) k loc(deviy j prt,(pcl j dat,)): 3.9)
(We suppresshenew Rule(3.6").)

Modifying the systemonceagain,insteadof insisting that device and printer
have to be actuallyco-locatedwe just requirethe print job to endat a printer close
to the device. The print sener will needto querythe proxy for the printer nearest
a givendevice. We saw in subsectiorB.3 thatimplementingsuchqueriesis awk-
ward, sowe will needto usethe proxy. In the precedingsection we did sodirectly
in bigraphs;this time around,we transferthe expressve corvenienceof a general-
purposeprogramminganguageo bigraphsfor easeof implementation We usebi-
graphddirectly for modellingtheactualcontext C, whereaswve will exploit bigraphs
asameta-calculusor modellingthe proxy P.

In detail, the whole modelis B = C[ P[ A, withP = S[ L. HereC is
intendedto be a bigraphicalmodelof the“real world”, the proxy P is comprisedbf
alocationsensorS anda locationmodelL andA is thelocation-based@pplication
(the“computationalagent”).

A stateC of C couldlook like this:

C = loc(loc(loc(loc(deviy) j loc(deviy j deviy))) j loc j loc(deviy))

Changesn therealworld aremodeledby reactionrulesthatrecon guresuchstates.
If we wantto model,say thata devicesmaymove from onelocationto anotherwe
includethereactionrule

loc(devix j o) kloc( 1) — loc( o) kloc(devik j 1): (3.10)

To implementthe proxy, encodeasa BRSa programmindanguagd. with data
structures communicationprimitives, and concurreny, e.g., Pict [PTOQ or CML
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[Rep99. (We returnto this assumptiorbelon.) Thatis, de ne a translationfrom
termsof L to bigraphs,andaddreactionrules encodingthe operationakemantics
of L. Thenimplementhe location model,the sensorandthe agentsin L anduse
the encodingto transferthat modelto bigraphs In particulay a stateof thelocation
modelL will have adatastructurerepresentinghecurrentstateof C. If L isaneven
half-way decentprogramminganguagejt shouldbe straightforvardto implement
queriessuchasoneof section3.3orthe“ nd closestprinter’ we needabove.

Thesensoiinformsthelocationmodelaboutchangesn C. We extendtheabove
rule (3.10)moving adeviceto

(loc(deviy j o) kloc( 1))jSjL — (loc( o) kloc(deviyj 1))jSCjL; (3.1F)

whereS’ is an L -encodingof “senda noti cation to L that device x hasmoved”.
Uponreceving the noti cation, L updatedts representatiof the world. Agents
of A canin turn queryL whenthey needlocationinformation.

3.6 Discussion

We considerthefollowing questions.
. Whatlanguaget canweencode?

. How closearePlato-graphicaimodelsto realsystems?

1
2
3. Whatchallenge$ave we foundfor bigraphicalmodels?
4. Whatusesdo we envisionfor Plato-graphicamodels?
5

. How dowe reasoraboutPlato-graphicamodels?

Ad. 1. As mentioned thereexist bigraphicalencodingsof various -calculi
[Jen06 JM04, IM03 andof the -calculus[MilO4c, MilO5b]. Using ideasof the
latter encodingswe have encodedMini-ML (call-by-value -calculuswith pairs
andlists) in local bigraphgMil04c]. Basedon our experienceswith this encoding,
we nd it palatableo encodeCML or Pict:.

Ad. 2. Themodelcloselyre ects how someactuallocation-avaresystemswvork,
for instancethe onerunningat the ITU. Here,a sensorsystem(madeby Ekahau)
computesevery two secondghe physicallocation of every device on the WLAN.
The sensorsysteminforms a location model aboutupdatesto locations;location-
awareservicegheninteractwith thelocationmodel.In our sketchedPlato-graphical
model,thelocationmodelL maylag behindthe actualC, if L'srepresentationf C
doesnot re ect somerecentrecon gurationof C. But thatalsohappensn thereal
systemat the ITU —whena location-avare serviceasksthe locationmodelfor the
whereaboutsf adevice, it obtainsnotthe positionof the device, but the positionof

1\We are presentlyworking on implementingan interpreterfor bigraphicalreactve systemssuchan
interpretewill male it easietto experimentwith theseandotherencodings.
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the device the lasttime the sensorchecled. In the meantime, the device may have
moved.

Ad. 3. When modelling the physicalworld, we have madeuse of both the
placeandlink graphstheplacegraphmodellingthelocationhierarchyof abuilding.
As arguedin [BDO05], DAGs or graphsaremore naturalmodelsof location. Thus,
systemssuchasthe oneswe have considerecheresuggesigeneralisingthe place
graphpartof bigraphspr considemwaysto encodeDAGsor generalgraphsnaturally
asplacegraphs.

Ad. 4. Givenanimplementatiorof bigraphicalreactve systemspnecould sim-
ulate the behaviour of a location-avaresystem,andthusallow for experimentation
with differentdesignsof location-avareandcontext-awaresystems.Lik ewise, one
could experimentwith differentchoicesfor the L languageof section3.5.2. Such
simulationsuggestgurther extensionsof the bigraphicalmodel: In actualcontext-
awaresystemspneis generallyinterestedn timing aspectge.g.,thesensosamples
only every two seconds)gontinuousspace(e.g.,the sensoreally producesontin-
uousdata),andprobabilisticmodels(e.g.,to accuratelysimulatesensorsandsensor
failure).

Ad. 5. What aboutusing Plato-graphicamodelsfor formal reasoningabout
contt-awaresystems?neuseof formal modelsis to prove anabstrackpeci ca-
tion modelequivalentto a concreteémplementatiormodel. In  -calculus,we come
with -termsi;s, onefor the implementationand one for the speci cation. The
termsi ands arethemselesthe models;we take ( -) bisimilarity asequivalence,
soto prove i ands equialent,we merely prove thembisimilar. We can play the
samegamewithin any BRS: Simply comeup with a bigraphl (theimplementation
model)anda bigraphS (the speci cation model),and prove thembisimilar within
thelabelledtransitionsystenmof theBRS.Becausehatbisimulationis acongruence,
suchreasoninghouldbetractable g.g.with the bisimulationin de nition 3.4.4.

Unfortunatelybisimulationwithin asingleBRSis notalwaysenoughwrt. Plato-
graphicalmodels.Supposeve wanta speci cationmodelM with anabstractview
of thecontext, andanimplementatiormodelM °with a detailedview of the context.
We expressthis by having M andM ° differ only in their context sub-BRSsthatis,

M=C[P[A M%°=C°[ P[ A:

Thetroubleis thatbecause€ andC® may have differentcontrolsandreactionrules,
bisimulation betweentheir respectie labelled transition systemsis meaningless!
Whatwe needis a notion of equivalenceof BRSs,not just equivalenceof bigraphs
of asingleBRS. At thetime of writing, we know of no suchequivalencé. Thus,our
investigationof bigraphicalmodelsfor context-awaresystemsuggestshatequiva-
lenceof BRSsis a key notion currentlymissing. One possibledirectionwould be

°Thereademay suggesthatwe just de®nea commonlanguagefor modellingboth the abstracand
detailedview, and de®nea translationfrom this languagento a single BRS. However, in this casewe
areno longermodellinga ubiquitoussystemdirectly in bigraphs(aim 1 of the Introduction),but using
bigraphsasa meta-calculugaim 2 of the Introduction).
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to try to recover from the notion of WRS-functor[LMOO] — functorsthat presere
reactionrules— a notionof aBRSimplementinganotheBRS.

3.7 Conclusion& Future Work

We have initiatedanevaluationof the useof bigraphicakeactve systemdgor models
of context-aware computingin ubiquitoussystems.We found that BRSs,in their
currentform, arenot suitablefor directly modellingcontext queriesput ontheother
handsuitablefor modellingrecon gurationsof theactualcontext.

In responsewe proposedPlato-graphicamodels whereboth stateanddynam-
ics arelogically dividedin threeparts: the actualcontext, the obsened context (or
proxy), andthe computationabgents respectrely. The computationabgentsand
the actualcontet are separatedandinteractonly throughthe proxy. This separa-
tion into differentBRSsmakesit possibleto encodedifferentpartsof the system
usingdomain-speci clanguagesMoreover, we have shavn how the contect-aware
printing systemof [BP04] canbe modeledstraightforwardly in the Plato-graphical
model.

Further we have amguedthat Plato-graphicamodelsare usefulfor simulating
contet-awaresystemsandwe arecurrentlyworking onanimplementatiorof BRSs
at ITU to allow suchexperimentation.Only throughsuchexperimentatiorwill it
be clearhow useful Plato-graphicamodelsreally are. For simulationpurposest
will be importantto extend bigraphswith timing aspectscontinuousspace,and
probabilities.

Finally, we have pointedout that establishinga notion of equivalencebetween
BRSs,asopposedo bisimilarity within aBRS, is importantfuture work.
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A Bigraphs
We recitetheidenticalrelevantde nitions of [JM04] andafew from [Mil05c].

De nition A.1 (puresignature). A (pure)signatureK is a setwhoseelementsre
called controls For ead contol K it providesa nite ordinal ar(K), an arity; it
also determineswhich contmols are atomic and which of the non-atomiccontmols
are active. Contmwols which are not active(includingthe atomiccontmls) are called
passie.
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De nition A.2 (prime interface). Aninterfacel = hm; Xi consistofa nite ordinal
m calledawidth, a nite setX calleda nameset Aninterfaceis primeif it haswidth
1.

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

De nition A.4 (place graph). A placegraphA = (V;ctrl;prnt) : m! n hasan
innerwidth m andan outerwidth n, both nite ordinals;a nite setV of nodeswith
acontrol mapctrl : V! K;andaparentmapprnt : m] V! V] n. Theparent
mapis agyclic, i.e. prnt&(v) , v forall k> 0andv 2 V. Anatomicnode—i.e. one
whosecontml is atomic— maynot be a parent. We write w >4 w0, or justw > w?,
to meanw = prntk(w®) for somek > 0.

Thewidthsm and n index the sitesand rootsof A respectively The sitesand
nodes-i.e. thedomainof prnt —are called places

De nition A.5 (precategoryof place graphs). The precateory of place graphs
"PLG has nite ordinals as objectsand placegraphsas arrows. The composition
A1 Ap:mg! mjyoftwoplacegraphsA; = (Vi;ctrlj;prnti) : mi ! mi+1 (i = 0;1)
is de nedwhenthetwo nodesetsare disjoint; thenA; Ag E (V; ctrl; prnt) whee
V =Vp] Vg, ctrl = ctrlg] ctrly, andprnt = (Idy,] prnt1) (prnte] Idy,). The
identityplacegraphatmisidn E Giikildp):m! m.

De nition A.6 (tensorproduct, "PLG). Thetensomproduct in PLG isde nedas
follows: Onobjectswetakem n = m+ n. FortwoplacegraphsA; :m;! n; (i =
0;1)wetake Ag Ap:mp+ mp ! ng+ ngtobede nedwhenAgy andA; have
disjoint nodesets;for the parent map,we r st adjustthe sitesand rootsof A; by
addingthemto my and ng respectivelythentake the unionof thetwo parentmaps.

De nition A.7 (barr en,sibling,actve,passie). A nodeor rootis barrenit is hasno
children. Two placesare siblingsif they havethe sameparent. A sites of A is active
if ctrl(v) is activewheneerv > s; otherwisesis passie. If sis active(resp.passive)
in A, wealsosaythatA is active (resp.passve) ats.

De nition A.8 (hard placegraphs). A hardplacegraphis onein which norootor
non-atomicnodeis barren. They form a sub-pecatgory denotedoy ” PLGp,.

Presupposadenumerablset of globalnames.

De nition A.9 (link graph). Alink graphA = (V;E;ctrl;link) : X ! Y has nite
setsX of innernamesY of (outer)namesV of nodesandE of edgeslt alsohasa
functionctrl : V! K caIIedth%controlmap andafunctionlink : X] P! E] Y
calledthelink map whee P E vy ar(ctrl(v)) is the setof portsof A.

We shall call theinnernamesx andportsP the pointsof A, andtheedgesE and
outernamesy its links.

41



De nition A.10 (precategoryof link graphs). The precatgory "Li1G has name
setsas objectsand link graphsas arrows. ThecompositionA; Ap : Xo ! X3
of two link graphsA; = (Vj; E;ctrlj;link;) : Xij ! Xj+1 (i = 0;1) is de nedwhen
their nodesetsand edg setsare disjoint; thenA;  Ag = (V;E;ctrl; link) where
V = Vo] Vy;ctrl = ctrlg] ctrly; E= Ep] Ezandlink = (Idg,] link1) (linko] 1dp,).
Theidentitylink graphat X isidx = (;;;;;k;ldx) : X! X.

De nition A.11 (tensor product, "L1G). Thetensorproduct in "LIG is de ned
asfollows: Onobjects X Y is simplytheunionof setsrequiredto bedisjoint. For
twolink graphsA; : X; ! Y (i=0;1)wetakeAg A;:Xp Xi! Yo Yitobe
de ned whenthe interfaceproductsare de ned andwhenAg and A; havedisjoint
nodesetsandedge sets;thenwetake the unionof their link maps.

De nition A.12 (parallel product). The parallelproductk in “LiIG is de ned as
follows: On objects,X kY E X[ Y. Onlink graphsA; : X; ! Y (i = 0;1) we
deneAgkA;: Xo Xi! YokYswheneerXyandX; aredisjoint, bytakingthe

unionof link maps.

De nition A.13 (concrete pure bigraph). A (concrete)urebigraphover the sig-

nature K takestheform G = (V;E;ctr;G”;G") : |1 Jwheel = hm;Xi and

J = n;Yi are its inner and outer faces each combininga width (a nite or-

dinal) with a nite setof global namesdrawn from . Its r st two components
V and E are nite setsof nodesand edgesrespectively The third component
ctrl : V I K, acontrol map assignsa control to eadh node The remaining
twoare: GP = (V;ctrl;prnt) : m! n, G- = (V;E;ctrl;link) : X ! Y.

A placegraphcanbecombinedwith alink graphiff they have thesamenodesetand
controlmap.

De nition A.14 (Tensor product). The tensorproductof two bigraph interfaces

isdenedby hm; Xi ;Yi T tm+ n;X] Yi whenX andY are disjoint. The
tensorproductof two bigraphsG; : I; ! J(i = 0;1)isdenedby Gy G; E
hGf GGy Gli:lo 11! b J whentheinterfacesexistandthe nodesets
are disjoint. Thiscombinationis well-formed,sinceits constituentshare the same

nodeset.

De nition A.15(precategoryof pureconcretebigraphs). Theprecatgory Big(K )
of pure conceete bigraphsover a signatue K haspairs| = m; Xi as objects
(interface$ and bigraphsG = (V;E;ctrlg;G”;G") : 1 | Jasarrows (contexts).
We call | theinnerfaceof G, and| theouterface If H : J! K is anotherbigraph
with nodesetdisjoint fromV, thentheir compositionis de ned directlyin termsof
thecomposition®ftheconstituentasfollows: H G £ hHP GP;HL GLi 1! K.
Theidentitiesare hidy,;idxi : 1! |, wheel = hm; Xi.

Thesubpecatgory” BiGy consistof hardbigraphs,thosewith placegraphsin
"PLGy,.
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De nition A.16 (tensor product, ‘BiG). The tensorproductof two bigraph in-
terfacesis de ned by hm; Xi  n;Yi T m+ n; X [ Yi whenX andY are dis-
joint. Thetensorproductof two bigraphsG; : I; ' J (i = 0;1) is de ned by
Gy G ¥ hGf GP;Gy Gli:lg I1! &jJwhentheinterfacesexistandthe
nodesetsare disjoint. Thiscombinationis well-formed,sinceits constituentshaie

the samenodeset.

De nition A.17 (parallel product, ‘BiG). Theparallelproductof two bigraphsis
de ned on interfacesby hm; Xi j n;Yi 2 hm+ n; X [ Vi, and on bigraphshy
GojGi® Wb G GLkGLi:l, 11! &3 whentheinterfacesexistandthe

nodesetsare disjoint.
Referto [JM04] for thede nition of "BBG, 'BBG,, andl .

De nition A.18(bigraphical reactivesystem). AbigraphicareactvesystemBRS)
over K consistsof "BBG(K ) equippedwith a set’Reacts of reactionrules closed
under supportequivalencgl ). We denoteit — and similarly for "BeGh(K ) — by
"BBG(K ; Reacts).

Referto [Mil05c] for the de nition of s-cateory.

De nition A.19 (place-sortedbigraphs). Aninterfacelm; Xi is -(place-)sorted
if it is enrichedby ascribinga sortto ead placei 2 m. If | is place-sortedvedenote
its underlyingunsortednterfaceby U (1).

We denoteby "Bicy(K ; ) thes-catgoryin which the objectsare place-sorted
interfacesandeac arrowG : 1! JisabigraphG: U (I)! U (J). Theidentities,
compositiorandtensorproductare asin “BiGh(K ), but with sortedinterfaces.

De nition A.20 (place-sorting). A place-sortings atriple = (K; ; )whee
is a conditionon the placegraphsof -sortedbigraphsover K . Thecondition
mustbe satis ed by theidentitiesand preservedy compositiorandtensorproduct.

A bigraphin “Bicp(K; )is (-place)sortedf it satises . The -sortedbi-
graphsform a sub-s-catgory of "BiGy(K ; ) denotedby "BiGy( ). Further, if 'R
is asetof -sortedreactionrulesthen”BiGy( ;’R)isa -sortedBRS.

B Encodingof “nd all devices”

Considetthefollowing simplebigraphrepresentingbuilding consistingof locations
(e.g.,rooms)anddevices(e.g.,PDAs) in thesdocations.(We have omittedtheouter
namesonthelocations,andalsosites.)

| = loca(loca(loca(loca(deviy) j loca(devi, j deviz))) j loca() j loca(deviy))

Considehow to implementaqueryto returnall thedevicesin thebuilding by means
of bigraphicalreactionrules. Obsene thatwe have choserto representll locations
via the samecontrolloca, ratherthanusingdifferentcontrolsof ce , building, etc.,
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for differentlocations- thisis to avoid having to write reactionrulesfor every com-
binationof locationcontrols.

Now, assumehata queryoccursby someprocessntroducinga nodewith con-
trol f into the system(in a uniqué® in node),andthatno otherqueriesmposethem-
selveswhile we calculatetheanswelto this one. Theterminationcondition(observ-
able by the “input/outputprocess”)is whenin is empty (and nodeswith control f°
appeatin the nodewith uniquecontrolout). We cannot handleconcurrengueries
sothatis why we wish to detecttermination(sothatwe canbegin the next query).

Theideais to do adepth- rst search/collectiomvhile keepingtrack of wherewe
have alreadylookedby placingthesesubtreesnto “searched-nodeg’). Controls:

Control Activity Arity | Comment

in passie 0 | Inputnode

f atomic 0 | Controls nd-all query

O atomic 1 | Answernode

loca active 1 | Nestedocation

out passie 0 | Outputnode

g atomic 0 | Dummy; justto keepin non-empty
devi atomic 1 | Device,haslink toid

s passie 0 | Collectssearchedhodes

And now, for therules. Initialization; movef into the top location(enclosingall the
others)to indicate“the point of control” in the structureandaddg to indicatethat
we arenotdonewith thequery:

in(f) j locaop(locax( o)) j out() —. in(g) j locawp(locax(fjs()j o)) jout()
If adeviceis found,addit to s, andaddarepresentatiefor it to out:

locax(fj ojdeviyjs( 1))jout( 2)
—— =ylocax(fj ojs( 1]jdeviy)jout( 2ji%)

Noticethatthelabel(context) of this transitionwill includethebigraphtop=x. This
rule canbe usedaslong astherearedevicesin the currentlocationbeingsearched.
Whendonewith thislocationf is movedup, sincewe assumehatalocationcanonly
containeitherdevicesor otherlocations.(The querywould have beensigni cantly
harderwithout this assumption.) So, if a location containinglocation(s)is being
searched:

locay(fjlocay( 1) js( 2)j o) — locax(locay(fjsOj 1)js( 2)j o)

Then,searchdeeperA new s-nodeis createdvhengoingdown, thisis atrick to do
“on-line garbageollection”whenclimbing backupthetree.(Thequeryhasto leave
thebigraphasit wasinitially.) Whenaleafis reachedanemptylocation)movef up,

SCertainpropertiescanonly be ensurecby invariantsof the reactie systeme.g. uniquenessf con-
trols.
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meming s-nodes.This is moreclever thandoing a clean-uptraversalbecausehere
is no constructionin reactionrulesthatcanexpress‘not”, i.e. onecannot write a
rule saying“clean up until thereareno mores-nodesin thetree”. The “climbing”
rule:

locax(locay(fjs( 2))js( 1)] o) — locax(fjs(locay( 2)j 1)j o)

Notice how the presentedulesusesitesto make themselesgeneral. To cleanup
whenwe have traversedhe wholetree(andthereis exactly ones):

in(g) j locawp(locax(fj s( o)) — in() j locawp(locax( o))

At this pointout will have all representaties,in is emptiedto indicatetermination.
(The readeris encouragedo try out the ruleson the examplelocationmodel. It is
easiestloingit usingthe graphicalbigraphnotation.)

C Rigid control-sortings and RPOs

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

De nition C.1 (Rigid control-sorting). LetK bea setof contmls. A sortingS =
(K; ; )isarigid control-sortingf P (K ) andthere existsa predicate , sud
that

e ) siEs( @) fori<m
(Mism) o (ms) Gy e (v)si(F (v))  for v nodein f:

In the sequel,we assumea x ed setof controlsK , rigid control-sortingS =

(K; ; ), asortedsignature S anda correspondinginsortedsignaturel ( S) =
; following [Jen0@, we write BIG( ) for the precatgory of concretebigraphs

over andBic( °) forthecorrespondingrecatgory of sortedconcretebigraphs,
andwe write U for the forgetful functorfrom Bic( ) to BiG( ); recallthatthis
functoris faithful.

In TheoremC.1 we statethat BIG( S) hasRPOs;it follows that the standard
bisimulationon BiG( ) is acongruenceTo establisiTheoremC.1, we will need
somelemmasto make precisgusthow closelyBig( S) mimics BiG( ).

LemmaC.1. If U (a) = p ¢, thenthere existsuniqueb;cs.t.U (b) = p,U (c) = q
anda=b c

Proof. For existence,supposea : (m;sy) ! (n;s,) andcodq) = dom(p) = |I.
De ne

s() € s(p (0)): (3.11)
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We claim thatc = (m; sp) f (Is) andb = (I;5) P (n;s,) arewell-sorted.
Considerc. Condition (i) of De nition C.1 is satis ed by (3.11) Condition (ii)
is satis ed becausehe nodesof c is a subsetof the nodesof a. Now considerb.
Fori < n,we nd

sm(i) = sa(@(i)) = sa(p (q (1)) = si(q ());
satisfyingCondition(i). Next, for v anodeof g, we nd
(ctrlig(v);s(a (v))) = (ctrla(v);sa(p (a (V) = (ctrla(v); sa(a (V))):

But (ctrla(v); sa(a (v))) is satis ed by well-sortednessf a; thus Condition (i) is
satis ed.

For uniquenesst is sufcient to provethats is theonly sortingmakingb andc
weII—sorted.Supposegois analternatesuchsorting.If thereisi < | s.t.s1°(i) , s@) =

si(p (1)), then(l; <) P (n:s)is notwell-sorted:contradiction.Thuss’ = §.
LemmaC.2. If a;bisacospamandU (a) = U (b), thena= b.

Proof. BecausdJ (a) = U (b), aandb musthave the sameinnerwidth, m:

(M) — = (ns) —— (m:L):
Supposéor acontradictiorthatthereisi < ms.t.s2,(i) , sn(i). Then
$(@ (1) = sni) , (D) = s(b ());

but thatcannotbe, because (i) = b (i) followsfrom U (a) = U (b): contradiction.

TheoremC.1. BiG( S) hasRPOs.

Proof. Consideithesquarg(i) below.

(i) (ii)
Apply U to geta similar squarein BIG( ), and erectan RPO there, altogether
obtainingthediagram(ii). By LemmaC.1,therearecy andcfactoringhy s.t.U (cp) =

ho andU (c) = h; symmetricallytherearealsoc; andc® factoringb; s.t.U (c1) = hy
andU (c”) = h. (Seediagram(iii) below.)
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(iii)

But by; by is acospansoalsoc; c’ is a cospanthusc = c® by LemmacC.2, andwe
have a candidateRPOcy; ¢1; C.

Supposely; di; d is an alternatecandidateRPO.We must nd uniquees.t.c =
d e BecausdJ (cy); U (¢1); U (c)isanRPO,we nd uniqueps.t.U (c) = U (d) p.
By LemmaC.1,thereareuniqued® es.t.U (d% = U (d),U () = pandc= d° e But
thend; d°is cospansoby LemmaC.2,d = d® Thus,we havefoundes.t.c=d e
For uniquenesssupposehereis € withc=d €. Then

h=U@=U() U@=U(@ p

but thenU () = p = U (€ by uniquenes®f p; but €, eis alsoa cospan,so by
LemmaC.2,e= €.

Corollary C.1. Bisimulationon the standad transition-systenof BiG( S) is a
congruence

Proof. By [Jen06 Theoren3.16],possessionf RPOsis asufcient prerequisitdor
thedesiderata.

We cannow provethatthesortingof De nition 3.4.5givesacongruentiabisim-
ulation.

TheoremC.2. LetS bethesortinggivenin De nition 3.4.5.Thenthe bisimulation
overthestandad transitionsof BiG( S) is a congruence

Proof. By Corollary C.1, it is sufcient to show that S is a rigid control sorting.
Take (k;K) = k2 K. Clearly, (m;sn) !f (n;sy) isequivalenttoi < m =)
Sm(i) = sa(f (i))andv 2 f =) (ctrl s (v); sa(f (V).
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Chapter 4

Encoding MiniML  with
Referencesn Bigraphs

4.1 Purpose

In this chapterwe encodea MiniML-lik e calculuswith references, , in bigraphs.
Themotivationis two-fold: (1) Wewouldliketo beableto expresssomepartsof our
bigraphicallocationmodel(seechapters) in  utilising the Plato-graphicahbility
to combineseveral languages.(2) It is aninterestingstudyin itself to investigate
how onemaymodelreferencedn bigraphsbecausé¢o the bestof ourknowledgeno
previousencoding®f calculiwith sideeffectshave beenstudiedin bigraphs.

Recallthat we found it usefulto be ableto expresssomepartsof our system
in a high-level languagegchapter3. We claimthat is suchalanguage.We need
referencedor thelocationmodelpartL andtheagentpartA of our locationmodel
in chapter5. For now, we askthe readerto trust us whenwe say that references
areneededor encapsulatinghe stateof the locationmodelwrt. the agentandthe
sensor

We investigatethe useof closedlinks in local bigraphsasde ned in [MilO4c,
Mil04d]. This chapteraimsto

« furtherinvestigatea questiorof chapter3, namelywhich high-level languages
thatcanbeencodedn bigraphsor usein Plato-garphicaiodels,

» communicatefew humbleinsightsaboutthebehaiour of closedinks (edges)
to readersvith someknowledgeof bigraphs,

* to experimentwith andillustratesomenon-trivial matdes

» andto shav how referencesanbe encodedn (local) bigraphsusingclosed
links.
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First, we nd that closedlinks cannot interferewith outer names(openlinks) or
with eachother andthatthey behae asthey doin binding bigraphswhenthey are
replicatedaspart of a parameterSecondlywe nd thata calculuswith references
canbe encodedn (local) bigraphsusing closedlinks. Thereare somesubtleties
associatedvith the encodingandthe resultingreactionrelation,which we address
aswe goalong.

4.2 Non-interferenceof closedlinks

Recallthatthe arity of acontrolK : b ! f is a pair of nite ordinals,b is the
bindingarity and f thefreearity. Considerthefollowing binding signature with
aparametriaeactionrule.

Control Activity  Arity |Comment
loca active 0! 1|Nestedocation(e.g.aroom)
devi atomic 0! 1|Mobile device
locag( o) — =X:locag(devixj o) (4.1)

NOTATION. We introducethe operator =x : B asa generalisatiorof =x B, in the
sensahat=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 (parametriaeactionrule) of [Mil04c] andthe additionalclari cation in
section3 of [Mil04d], our parametriaeactionrule (4.1)is of theform

R:11 KR:191 K ;9

wherel = X andl? = X0 arepartitions(i.e. disjoint) with widths m andm®, and
:m°!  mis amapof ordinals. The fourth componenis a vectorof bijections
5:X ! X{for eachj 2 m".
A parametriqule generategroundrulesof theform

(R ') arR !9 &

wherel H,1° H%andK L areinterfaceextensionswith H® = —(H)%. Let
I :H! Land! °:HO! L bewiringsthatagreeonthenamesf H®andhave the
samesupport,i.e. j! j = j! 4. Thenforarnya: | H, completethe groundrule by
deninga®="(a):1° HC

NOTATION. We follow the short-hanchotationof [Mil04c] andwrite a local inter-
faceasa vectorof names.We omit the parentheses the vectoris of sizeone,and

1~ is theinstantiationmap.
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thecurly bracletsif the setis a singleton.We omit theemptyinnerface of ground
bigraphs.

Thecomponent®f (4.1) areasfollows.

R = locag( 0):;! g

R = =x:locag(devixj o):;! g
= ld;

~ = (ld)

whereld; is theidentity functionon the nite ordinall = fOg and~ is a vectorof

isomorphismgelatinglocatednamesin the parametergnonein this case).We see
thatx , gsinceotherwisecodR), codR?. Thus,wecouldjustaswell havechosen
RC = locag(=x : devix j o), sincethesetwo termsdenotethe samebigraph,which

is apparengraphically andjusti ed by Prop.2.7 (opendecompositionpf [Mil04c].

In thetermlanguagehowever, onemustbe carefulwhenchoosingnamesijf x = g,

thenlocag(=x : devix j o), =x:locag(devixj o) = (idg =x) locag(devixj o)

becausédy =xis notde nedwheng = x. We seethatwhenwriting rulesa closed
link cannot“capture”outernamedy accident.

Now considey informally, the following situation: What happensf we apply
(4.1) twice consecutiely? If we think of a device's outer nameasits identi er,
canwe accidentlyreuse(the nameof) a closedlink andtherebyidentify two dif-
ferentdevices? l.e. canwe formally have the following sequenceof reactions:
locay() —— =f : locap(devis) —— =f : locay(devi; j devi)? The answeris
no; the secondreactionis not allowed. Let us corvince oursehesby looking at an
example.

Considera bigraphB; = locay(), thenB;
C!; a! %a suchthat

B = C (R !) a
B, = C (RO 19 &

where! is awiring andparametenis discrete(for ; andg). Clearly, we musthave

. By if andonly if thereexist

a = 1:;
' = id. ;v

(@]
I
ie!
-
«
«Q |
o

@ = a
10 =

whereB; = =f : locap(devi;) = loca,(=f : devi¢) forary f , p (forcedbytherule).
Clearly, the choiceof the namef is insigni cant, becauseét doesnot appeaiin the
outer(or inner) faceof B, whenclosed,andsinceedgeg(closedlinks) do not have
identity in abstractbigraphs. Thus,=f : locap(devis) = =k : locay(deviy) for ary
f:k, p.
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Wewishto apply(4.1)to B,. B, canbematcheddy (4.1)in two waysdepending
on whetherthe closureof f is donein the wirings !; ! © or in the context C. If
we close f in the context thenthe wirings !; ! ° will be placings and Prop. 3.5
(placingssufce) of [Mil04c] stateghatit sufces to considersuchgroundrules.To
accentuatehiswe write ;  ©for thewirings (placings),andwe have

a = devi:f

= idf:f! f

= p=g =f:fg;fg! p
&L = a

0 _

whereBz = =h: =f : locay(devi, j devit) for arbitrary f;h , p. Graphically it is
clearthattheorderof closureds insigni cant sothisalsoholdsin thetermlanguage.
Could we have chosenf = h? No, becausehat would renderC unde ned. We
concludethat closedlinks cannot interferewith oneanotheywhich is apparenin
thegraphicalrepresentation.

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

R = rep( o):;!

R = ojrep( 1):(Gii)!
= f0;17! Og

~ = (Ild.;1d.)

Notice how this rule doesnot sayarything aboutlinking. Applying this rule to the
bigraphB = 3 : rep(u; j v;) we obtainB®= = : (u; j v;) j rep(u; j v;) because

a Ux j Vy : TX; YO
= idigyg: X yg! X yg
= d:(I=jl=y):fx;yg!
& = (Ucjvy) k(uxjvy)
O = idiyglidicyg: (G ygfxiyd ! fx;yg
The closureresidesn C sothe global outernamesof the two replicasareidenti ed
(mustpoint to the sameedge). If onewisheseachreplicato have its own private
link, oneshouldusebinding portsor replicateusing,e.g.,the following rule, which
is aone-timereplicationrule for simplicity.

R = =x:rep( ohxi):fxg!

RO = =: ohij=y: ihyi:(xy)! ;
f0;1 7! Og

X7 x;x7'y)

l
Il
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With thisrulewe have B = = :rep(u; jvi) — B= (3 :u jv)j(E:u jw).
We shav the componentsf thematchto illustratethe “trick” of closingthelinks in
therule sothatthe context cannot identify outernamesbeforeclosingthem. The
intuition is thatthe context C hasno handleonthelinks andthuscannot manipulate
them;x is closedin R spu andv in acannot have differentouternamesecauseC
cannotreunitethem.

a = UxjVx:X

o= id. ot

C = id ;! ;

& = ujvekuijvii(xy)
19 = id. jid. : (G;;)!

This concludesour treatmenof closedlink non-interference.

4.3 Encodingreferencesvia closedlinks

Considetthefollowing MiniML-lik e call-by-valuecalculus with pairsandprojec-
tions, referencesgatatypeconstructoranddeconstructorsx ed-pointsandnatural
numbersWe needsomenotation.

NOTATION. Denotethe dereferencingpperationby ! (bang). n rangesover the set
N of naturalnumbergincludingzero).x; f rangeoveranin nite setV of variable
nameswith members; y; z andsoforth. | rangesoverasetL of refeeencecells D

rangeoveranin nite setD of contructomames.C rangesoveranin nite setC of

contructomameswith membersCO; C1; C2 andsoforth. ThesetsV ,L, D, andC

arepairwisedisjoint. We usethe shorthandhotation'caseeof C x; ) € =0 for

'‘caseeof CoXxg) @ jCixi) e@j::1jCyXxn) &' Likewisefor data-type
declarations.

Hereis thecalculus in form of a BNF grammarwith programsp, termse values
v, andevaluationcontexts E.
p F datatype D=Cjoft="";p8ge
e F x8ege8(e;e) 8fste8snde8letx=gine 8
refe8 le8 e B e 8 Ce8 caseeof Cix;) ¢ i=0n gy
v F xe8 x f(x)=e8 (vi;v2) 8Bunit 81 8Cv 8n
E F []8(e 8(v;E)8fstE8sndE8letx=Eine8letx=vinE 8
Ee8VvES8refESB'EB8EBe8vB EB8CES
caseEof Cjx;) g '=O"

A programis a possiblyempty sequencef data-typedeclarationdollowed by an
expression.Whenwriting concreteprogramswe will typically omit';'.  Concrete
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cell constantgrangedover by I) only arisein termsthataretheintermediataesults
of evaluation;they arenotin the languagen which programmerswvrite. We have
chosento explicitly includeseveral constructdn the calculusthat could have been
encodednstead. This is doneto avoid cluttering the presentatiorand use of the
calculuswith encodings. Shouldwe, however, wish to formally prove properties
aboutthis calculusthenencodingsvould be preferredto limit the numberof cases
in inductive analyses.

We introducea store to keeptrack of store cell values,andde ne dynamicsvia
asingle-stepevaluationrelation ! oncon gurations We usethe following nota-
tional corventions.

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

We call the following rulesbasic

Hst (v1;v2); i ! hvy; i
kend (vi;vo); i ! hvy; i
Hetx=vineg i ! hdfv=xg i
hrefv; i 1 H;( ;17! Vi ; I 2L fresh
Hi; TE7v vl v hyy [I7Y Vi
HB Ve [I170v]i ! hunit; [I 70 Vi
hxev; i ! hdfvxg i
hx fx)=¢@v; i ! hefv=x; (x f(x) = e=fg i
hcaseCjvof Cixi) ¢ =01 mgfvexgg i if j20;:i;ng

Noticethatstoresarenotterms.Webrie y explainthelastrule. It allows evaluation
of a caseconstructprovidedthatthe expressiorto be matcheds a value,andthatit
matchesneof thecontructorgdeclared Theresultof theevaluationis asubstitution
of v for x; in the j'" branchof the casecontruct. Thereis only onevariableon the
left-handsidein eachbranchwhich meanghatif onewishesto matcha constructor
with avaluethatis, e.g.,a pairthenthevariablex; hasto be manuallydeconstructed
(in this caseprojected)on theright-handside of the matchingbranch. We will see
anexampleof thisin chapter5. We closeevaluationundercontexts:

De nition 4.3.1.1fhg i ! he’ 9 thenthereexistsa uniqueE sudthate= E[r],
b; i ! W% 9 isareductionby oneof thebasicrules,ande’ = E[r].

We encode in local bigraphs. The signatureis shovn in gure 4.1. For now,
leti0;i1;i2;::: represenhaturalnumbers. Theseare usedinsteadof a more cum-
bersomebigraphicalrepresentationihich will be presentedn subsectior.3.1,of
naturalnumbersusingonly constantzeroandsuccessorBinding portsareusedto
delimit variablescope(seee.g. leth, lam, andcasee). Somecontrolsare passive
to preventevaluation“underthem”. Thelastsix controlsarenotimagesof -terms,
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Control Activity  Arity |Comment

var atomic 0! 1|Variable

app active 0! O|Application

appl active 0! O|Left partof application

appr active 0! O0|Rightpartof application

pair active 0! O|Pair

pairl actve 0! O|Left componenbf pair

pairr active 0! O|Rightcomponenbf pair

fst active 0! O]Left projectionon pair

snd active 0! O0|Rightprojectionon pair

let active 0! O|Letconstruction

letd active 0! O|Declarationof 'let'

letb passie 1! O0|Bodyof'let

ref active 0! O0|Referenceequest

deref active 0! O|Dereference

assign active 0! O0|Assignment

acell active 0! 0]Cellcomponenbf assignment

aval actve 0! O|Valuecomponenbf assignment

case active 0! O|Caseconstruct

casel active 0! 0]Constructoto bematchedf 'case’

casee passie 1! 0|Casebranchof 'case’

Cn active 0! O]|A controlfor eachmemberof C

val passie 0! 0|Value

lam passie 1! 0|Lambdaabstraction

X passie 2! O0]|Fixed-pointconstruction

unit atomic 0! O]|Unit, for sideeffects

i0,i1,i2... atomic 0! O|Naturalnumbers

cell atomic 0! 1|Generatedeferencecell (term)

cell’ passie 0! 1|Generatedtorecell

store active 0! O0|Store

exp passie 0! O0|Delayevaluation

sub active 1! 0|Termtoundegosubstitution

def active 0! 1|Termtobeinserted
Figure4.1: Signature
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but areintroducedto implementa store,call-by-valueevaluation,and substitution.
cell denotesareferencecell generatedby evaluation.cell® denotesa storecell, i.e. it
residesn store, holdingthevalueof areferencecell, whichit refersto by a closed
link. As will becomeapparentvhentranslating -termsinto local bigraphsexp is
usedto delayevaluationcertainplacesin termsto implementthe call-by-valuese-
mantics.sub anddef areusedto performexplicit substitution,sub holdstheterm
to undego substitutionfor somex anddef holdsthe valueto beinsertedinsteadof
X. Thepurpose®f theothercontrolsshouldbecleat
We provide a formal translationof  into local bigraphsassumingwvell-formed

-programs ThesemantidunctionL Mranslateprogram®, andthesemantidunc-
tion ~« translategxpression® Theideais to presere the call-by-valuesemantics
by insertingpassve exp controlsto hinderprematureevaluation. Binding portsare
usedto limit the scopeof variables)ike lambdaabstractionén the -calculus.

NoTATION. Wewrite f g asfg, andcompositiorbindstighterthanprime product
(ontheright-handsides).
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Ldatatype D = C; of t, =% ; pM
Ldatatype D = C; of t, =" ; e\
~X® XIf xg

~en &) x

~fst e x
~snd es x
~let X = g in e°x

~ Xex
€ 6°x

~efex
~les x
~€ B e°x

~Cex

~caseeof Ci x;) g =%Mey

~Unit e x
~Nex

LpM

~©x

X vary

(pair idx)
(pairl

(pairr

idx)~€1®x |
idx)(exp idx)~eex
idx)~€ x
idx)~€ x
idx)
(letd
(Ietb(x) idx)~e* X]f xg
(val idx)(lamgyy idx)~€ x)f xg
(app idx)
(appl
(appr idx)(exp
idx)~e x
idx)~e x
idx)
idx)~e1*x ]

(fst
(snd
(let

idx)~er*x

idx)~€er*x |

idx)~€2* x

(ref

(deref

(assign
(acell

(aval idy)(exp idx)~e*x
idx)"‘E’x
idx)

(casel

(C
(case
idx)"‘E’xj

(caseey,) idx)(C1
(exp idx)~€1°x) x

idx)

(casee(,) idx)(Cn

idx)
(exp  idx)~&n*x] x,
(val j X) unit
(valjX)in ; 8n2N

ThesubscriptsetX onthetranslationincludesthe namesof all freevariableg(fv) in
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e Thus,eachtermehasmary bigraphimages All theimagesof ~« x aregroundso
they all have theemptyinnerface , andthe subscriptsetasouterface.We require
-termsto be -corvertedin suchaway thatthe bindingvariablesareall different.
-corvertible -termshave equalimagesge.g.~ y:ye. = ~ z:ze.. Noticehow we
do nottranslatecon gurations,merelyterms.This is becausehe storeis implicit in
the -world, but we needto modelit explicitly in bigraphs.The storeis assumedo
be emptyatthe startof evaluation.
The parametridoigraphicalreactionrulescorrespondindo the dynamicsingle-
stepsemanticof arepresentedn gure 4.2. Thereis aninformal dynamiccor
respondencbetween ! and — , namelythat ! canbemimickedby oneor
moreusesof —— . During evaluationsomevariablesandcellsmaydisappeaand
new cells may be created.We demandthatfv(e) X, which is aninvariant. The
rst rule we wish to emphasisés rule (4.6). Evaluationof a'let' expressiorresults
in a substitution.We emphasis¢hefactthat g in theredex canhave x in its outer
faceandmaintainit in the reactumasexplainedearlierin this chapter (4.7) needs
to beawide rule becausave wish to have the storeat “top level” andnotembedded
in the programassuch. Thelink is closedoutermosimmediatelyuponcreationto
only grantthe freshly generatedeferencecell cell, accesgo that storecell. Thus,
we know thatl is notin cod ¢);cod 1). Dereferencingandassignmenalsowork
asonewould expect,(4.8),(4.9) and(4.10),the extra outernamel beingnecessary
to maintainthe outerface. This prime productis alwaysde ned becauseave know
that ¢ is avalueandthushasouterwidth 1 (like I=). I is closed but thisis not ex-
plicit in rules(4.8)-(4.10)becaus¢hecontext hasto beableto identify thenamel of
differentregions. In thesecondassignmentule (4.10)we extendval(unit) with the
wiring flg: ! flgto maintainl in the outerfaceof the rst region of thereactum.
Applying the x ed-pointconstructionto a valueresultsin a nestedsubstitution,as
onewould expect. We have arule pair (4.13)and(4.14)for eachdeclaredcconstruc-
tor in the sourceprogram.In rule (4.15)we exploit local bigraphsby usinga wide
reactionrule in connectiorwith bindingto substituté‘at a distance”oneoccurrence
atatime?. Furthermorenoticehow we have written two sitesas g in R® implicitly
dening ~= f0;1 7! Og (4.16)terminateghe substitutionwhendone;it cannot
be usedbeforewe areactuallydonesubstitutingbecause o cannotcontainx in its
outerfacesincein thatcasecodR) , codR?). Therestof therulesshouldbeclear

4.3.1 Encoding of natural numbers

Here we presentan encodingof naturalnumbersin bigraphsusing a Peano-lilke
representatiomwith zeroandsuccessorWe alsoencoderulesimplementingsimple
operationdik e equality on theseusing an encodingof booleanconstantsTrue and
False Thereshouldbe no surprisesn gure 4.3. Therulespresentedn gure
4.4 shouldbe straightforward,but do noticethatwe usenon-negjative subtractioron
integers(so really we restrictoursehesto naturalnumbers)n rule (4.28) andthat
multiplicationis computedaccordingo theformula(m+1) (n+1)= (n+1)+m

2This doesnotwork in binding bigraphsbecauséerea namecannot residein multiple locations.
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pair(pairl(val( o)) j pairr(exp( 1)))
——  pair(pairl(val( o)) j pairr( 1))
pair(pairl(val( o)) j pairr(val( 1)))

——  val(pair(pairl(val( o)) j pairr(val( 1))))

fst(val(pair(pairl( o) j pairr( 1)))) —_ 0
snd(val(pair(pairl( o) j pairr( 1)))) — 1
let(letd(val( o)) j letbyy( 1hxi))

—  subgyy( ihxi jdefy(val( o)))
ref(val( o)) k store( 1)

— = :val(cell) k store(celldval( o))j 1)

deref(val(cell))) k store(cell o)j 1)

S 0jl=kstore(cell( o)j 1)
assign(acell(val(cell))) j aval(exp( o)))

——  assign(acell(val(cell)) j aval( o))
assign(acell(val(cell)) j aval(val( 0)))kstore(ce||?( 1) 2)

——  val(unit) flgkstore(cellf( 0l 2)
app(appl(val(lamy( ohxi))) j appr(val( 1)))

——  suby( ofxi jdefy( 1))
app(appl(val( x (x( ohf;xi))) j appr(val( 1)))

— SUb(f)(SUb(X)( ohXi jdefx(val( 1)))]

def(val( X (rx)( ohf;xi))))

C(val( o)) — val(C(val( 0)))
case(casel(val(C( 0))) j (casee(C(exp( 1txi)))] 2))

—  subgy( 1hxi jdefy( o))
vary k defy(val( o)) — val( o) jfxgkdefy(val( o))
suby( ojdefx( 1)) — 0

Figure4.2: Reactiorrulesfor

(4.2)
(4.3)
(4.4)
(4.5)
(4.6)
(4.7)
(4.8)
(4.9)

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)
(4.16)

(n+ 1) in rule (4.33). As mentionedn chapterd we introducea shorthanchotation
for naturalnumbersjOo means, i1 meanss z, i2 meanss (s z), andsoforth.

In animplementatiorof abigraphicakewrite engineijt is probablytooinef cient
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to work with bigraphicalintegers(and booleans)so onewould perhapschooseto
work with theintegers(andbooleanspf theimplementationanguageénstead.Using
i controlsis amorehuman-readableepresentation.



Control Activity  Arity | Comment

true atomic 0! O0|True

false atomic 0! O|False

z atomic 0! 0|Zero(i0)

S active 0! OfSuccessor

argl active 0! OfLeft algument

argr active 0! O|Rightargument

eqi active 0! 0|Equalityoperator

Iti active 0! 0fLessthanoperator
addi active 0! 0| Addition operator
subi active 0! O] Subtractioroperator
muli active 0! O|Multiplication operator

Figure4.3: Signaturefor natualnumbersencodingn local bigraphs.

4.3.2 An exampleexploring references

In this chaptenwe wish to explore the encodingof referencesandthis only usesa
fragmentof . We shallreturnto the otherpartsof in chapter5. Considerthe
programshovnin gure 4.5.1t iswrittenin , andtranslatednto bigraphs.Clearly,
theresultof evaluatingthis programshouldbe the value4 (i4). This programuses
aliasing andwe intendto seeif theencodingbehaescorrectly We have presented
thebigraphin short-handhotationleaving wirings implicit.

Denoteby Ag thebigraphshovnin gure 4.5. Ag rewritesto A4 = = : val(i4) j
store(loc?(val(i4))) via thereductionpath(4:7) (4:6) (4:15) (4:6) (4:15)
(4:16) (49) (410) (42) (415) (416) (4:8) (43) (45). Themost
interestingstepsarethe usesof rules(4.7), (4.10),and(4.8), but we alsoshav how
rules (4.6), (4.15), and (4.16) are matchedbecausdhereare somesubtletieshere.
We only shav themaps; ~in thematchesvherethey areimportantandnon-trivial.
The readermay want to look up theseruleswheninspectingthe matchesn what
follows.

NOTATION. We useS T; U to denotecertainsub-termsof a bigraphwhenthese
sub-termsare not importantfor the particularmatch,to increasereadabilitywhen
presentinghe matches.

We begin to evaluatethe declaratiorpartof the outermostet; Ap matcheq4.7)
becauseve nd

a = i5k1:(;;)

Po=ida Gt Gss)

C = letletd( 2)jletb)(S) j 3:(ii)! ;
a =&

0

= 1 (id; jid):G5)! Gs3)
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oneselfthatAp = C (R

eqi(argl(z) j argr(z)) —. true

eqi(argl(s( o)) jargr(s( 1))) — edqi(argl( o) jargr( 1))
eqi(argl(z) j argr(s( o))) — false
eqi(argl(s( o)) j argr(z)) —. false
lti(argl(z) j argr(z)) —. false
lti(argl(s( o)) jargr(s( 1))) — ltiargl( o) j argr( 1))
Iti(argl(z) j argr(s( o))) — true
Iti(argl(s( o)) j argr(z)) —. false
addi(argl(z) jargr( o)) — o
addi(argl( o) jargr(z)) — o
addi(argl(s( o)) jargr(s( 1))
—  s(addi(argl(s( o)) jargr( 1)))
subi(argl(z) j argr( o)) — z
subi(argl( o) jargr(z)) — o

subi(argl(s( o)) j argr(s( 1))) — subi(argl( o) jargr( 1))

muli(argl(z) j argr( o)) — z
muli(argl( o) j argr(z)) — z

muli(argl(s( o)) j argr(s( 1))

—  addi(argl(s( 1)) j argr(muli(argl( o) j argr(s( 1)))))

Figure4.4: Operationn integersin local bigraphs.

A; = = :let letd(val(loc))) j letb)(S) jstore(loc?(val(iS)))

F(0)JG( 1) H:iHijh=42:FH)jG()
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(4.17)

(4.18)
(4.19)
(4.20)
(4.21)
(4.22)
(4.23)
(4.24)
(4.25)
(4.26)

(4.27)
(4.28)
(4.29)
(4.30)
(4.31)
(4.32)

(4.33)

where S denotesthe contentof the outermostletb in Ag. It is easyto corvince
') a ConsideranA;s.t.Ag — Ag:

Notice how in A, the closureis done“outermost”’whereasn therule it is donein
RC. This situationis essentialljthe questiorwhether

for someionsF; G; H; |. Lookingathow compositioris de ned in Def. 8.3 (precate-



let z =ref 5
in let y =2z in

snd (y:=4,!2)
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)f [JM04)], we seethatcaseoneof thede nition of thecomposite
link mapappliessoindeedthe equationholds,andthis alsoappliesto our setting.
(It alsoholdsfor k) Thus,A; = C (R® !9 & asrequired.Intuitively, it may
seemweird that one canplug in two link-connectedegions (whenk is used)into
two separatéolesandkeepthe connectiorintact— especiallywhenonelooksatthe
graphicalrepresentationHowever, the closedlink is a visual deception- formally
thelink mapjust mapsthe outernamel of H andl to anedge,andthis relationship
is maintainedduring composition.
We continueby shawving how A; matches(4.6). We have = Id, and~ =

(Id. ; 1dy). Whenmatchingwe canwlog. renamez to X in A; because¢hetwo terms
denotethe samebigraph.

a = loc kS: (I;x)

L= idyjid, ()

C = 4:id jstore(loc)(val(i5))) : I !
@ = a

10 =

Ay = 3 :suby let(letd(var;) j letb,(S)) j def (val(loc))) j store(loc?(val(iS))).
Next up is applicationof the substitutionrule, (4.15). We have = f0;1 7! Ogand
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~=(Id.;1d.).

a = locg:|I

o= I=kid 1t ;D

C = 4 :suby let(letd( 2hx;li)jletby(S)j shx;li jstore(loc?(val(iS)))
s (fx;lgfx;lg!

& = loc kloc : (I;1)

10 = id, kidy : (1) ! (;1)

Az = = :sub, let(letd(val(loc))) j letb,(S)) j def,(val(loc))) | store(loc?(val(i5))).
Now rewrite A3 with (4.6)andthen(4.15)to obtain

A5 =1/ . 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'_I(val(i5)))

Thesetwo stepsunfoldedtheinnermostet to a sub, andthensubstitutedn the
valueof x for y. We seethatthereareno morefree occurrencesf thenamey sowe
canterminatethatsubstitutionwith (4.16). = Ido.

a = Tkval(log): (fz;1gl)

I = ideggjidi - (fz;1gl) ! fzlg

C = H:suby Mz lijdef,(val(loc)) jstore(loc?(val(iS))) fzlg!
& = T:fzlg

idizig: fz; 19! fz)lg

whereT denoteghesub-termsnd(:::) of As. Ag =  :sub(, T j def,(val(loc))) j
Store(loc?(val(iS))). Now, simplyremovetheexp from aval in T with (4.9)to obtain

A7 = /I . sub_(z)(snd(pair(
pairl(assign(
aloc(val(loc_I)) |
aval(val(i4)))) |
pairr(exp(deref(var_z))))) |
def_z(val(loc_l))) I
store(loc'_I(val(i5)))
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Az canberewrittenwith (4.10)asfollows. =f07! 0;27! 29

a = idkval(id)kl:(G;;:s)

o= id k(id. jid):Gssi) !t G

C = 4 :subgy snd pair(pairl( 3Hi) jpairr(U)) jdef,(val(loc))) j i
(RN

a@ = val@id)kil:(¢:;)

1k(d, jid):Gss)! Gas)

Ag = = :subg snd pair(pairl(val(unit)) j pairr(U)) j def,(val(loc))
j store(locy(val(i4)))

Notice how the storehaschangedIt is herethatwe realisewhy thelink | hasto be
openin thede nition of (4.10). Hadit beenclosedwe would not be ableto supply
a propercontext C becausdherewould be no way to identify the locationinside
def, with thelocationsinsideR (thatarepluggedinto theholes 3; 4), sincethese
would bein an alreadyclosedlink, andthusnot accessibléby composition)from

the outside. This is animportantpropertyof closedlinks. We may now rewrite Ag

to

A1 = = :snd pair(pairl(val(unit)) j pairr(deref(val(loc))))
j store(locX(val(i4)))
by the non-contreversialsequencd4.2) - (4.15) - (4.16). Finally, we may rewrite
using(4.8).
a val(id) k1:(;;)
o= 1k(@d jid):G:)! G
= = :snd(pair(pairl(val(unit)) j pairr( sHi)))j 4Hi :(;D)!
& = val(i4) kvalid) k1:(G:::;)
1O = id, k(id; jid,): G5ii)! G
Again, the rule would not have worked with a closedlink hadtherebeena deref-
erenceoperationinside pairl of A;;, for example. In this case,however, it works

outeitherway. We nish evaluationby trivially rewriting with (4.3) andthen(4.5).
Thus,we have A4 = 9 : val(i4) store(loc,o(val(i4))) aspromised.

4.4 Dynamic correspondence
We have aguedby examplethatthereis a dynamiccorrespondenceetween and

the encodinghereofin local bigraphs.Informally, we claim that every time we re-
duceatermin by ! wecanmimic thatin the bigraphicalreactive systemwith
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oneor moreusesof —— . To formally prove the dynamiccorrespondencere
would needa substitutionlemma,alemmaallowing usto separate context from a
rede, andalemmacorrespondingo de nition 4.3.1,but for bigraphs.Proving that
the correspondenckoldsbothwayswould lik ely requireusto keeptrack of which
bigraphsareactuallyimagesof -terms.We leave this for futurework.

We concludethatreferencesanbe encodedn local bigraphsusingclosedinks,
thatthey seento behae asdesired andconjecturehatthis canbe provedformally.

4.5 Discussion

Onemay wonder intuitively, why we choseto encodereferencesia closedlinks
andnot binders.We give suchanintuition here. Closedlinks wereincludedin the
bigraphtheoryto capturehenotionof namerestrictionfromthe -calculus.Binding
ports likewise capturethe -calculusnotion of pre x. In essencethe difference
betweenclosedlinks and binding portsin (binding andlocal) bigraphsis locality
andthe scoperule. All bindersarelocated(while edgesarenot) andhave to obey
the scoperule, i.e. all peersof a certainbindermustbe locatedbeneattthatbinder
in the placegraph,roughly said® This meanghatusingbindersis in generaimore
restrictve, which may be preferredin somesituationslike whenmodellingaccess
contmol. In our casewe have a global storelocatedat top level. Thus,in this case,
it shouldbe possibleto encodereferencewvia a top-level vertex actinglike a store
by having a binding port for eachcreatedocation. Summingup, we cansaythat
closedlinks were chosenbecausdhey do not have locality, which enablesus to
avoid worrying aboutthe locality of the storeholding the referenceswhich is the
naturalway to think abouta store we believe. A reasorfor usingbinderscouldbeto
investigatavhetherthereis a simplerproof of thedynamiccorrespondendeetween

andthe encoding,thanwith free closedlinks. Theideais to de ne a family of
controlsstore™, indexedby anordinalm de ning thesetof (binding) portsonstore.
The programresideswithin this control. Initially, we have store®(: : ) with no ports
meaningthatno locationshave beencreated.Then,every time alocationis created
we replacethe currentstore' with a new one,namelystore™?, andbind this nev
locationto the new port (keepingtheold bindings).Whenbindinga new locationto
thestorewe alsocreatea valuenodeholdingthevalueof thenewly createdocation,
andlink this to the new bindingport of the store.Thisidearesemble®neof Robert
Harper[Har0Q (chapterl6),thoughin anothersetting.

3We aim to provide someintuition andthusreferthereadetto [JM04] for precisede®nitions.
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Chapter 5

A Bigraphical Location Model

5.1 Intr oduction

In thischaptemwe make moreprecisevhatis meanty theterm“re ective” building.
Having a clearideaof what propertiessucha building shouldpossessve move on
to exhibit a Plato-graphicamodel correspondingo sucha building. Someparts
of the modelare formulateddirectly in bigraphs,and somepartsare expressedn
aslightly enhancedind sugaredorm of , named ggar. In @ sensethis chapter
bringstogetherthe work of the chapters2, 3, and4. This chaptempresentsvork in
progress.

5.2 A re ectivebuilding

We de ne are ective building in moredetail. In [HopO0(J on “sentientcomputing”
thefollowing three“location catgyories”arestatedasimportant.

» Containment
* Proximity
» Coordinatesystems

Containmentefersto anobjectbeingwithin a container(location).Proximity is the
notion of beingcloseto something. Coordinatesystemsprovide locationin space
(subjectto someerrorvalue).We have seencontainmenbeforeasa spatialrelation-
shiponlocations.We interpretproximity to covertwo situations:(1) Nearmeasured
in physicaldistance,and (2) nearas within the samesymbolicrange,i.e. within
the samecontainer(at somelevel in the topology/hierarchy)Our startingpointis a
symbolicmodelsowe abstractway from coordinatesn this treatment.

We do, hawever, addsomeadditionalpropertiesto our list of re ective building
properties:
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* Device positioning
« A x edsetof uniguelyidenti able mobiledevices

Whenconsideringare ective building we think of located-objectsisbeingmobile
devices(andhencefortireferto themassuch)sucha mobile phonesand PDAs.

In our modelling effort we abstractthe re ective building by abstractingover
locationtypes( oors, wings, roomsetc.) anddevice types(PDA, mobile phone,
laptopetc.).

We capturesystemsvhere e.g.,auserarrivesatamuseunandrecevesamobile
device to be usedtogethemwith the positioningsystemandthelocationmodelat this
museum.

5.3 The model

Beforethe presentatiorof the Plato-graphicamodelit is instructive to explain the
key designchoicesmade.

5.3.1 Designchoices

Severalchoiceshave beenmaderegardingthelanguagesised therepresentationf
locationsanddevices,andthe locationhierarchy We treattheseconsiderationsn
turn.

5.3.1.1 Languagesused

We have usedtwo languagesn the model. The partsC and S of the modelare
written usingthe bigraphicaltermlanguageandpartsL andA in asugaredrersion

sugar Of thecalculus  presentedn chapterd. We preferto work within bigraphs
exceptwhenit becomegoo incorvenient.We show thatbigraphsarewell-suitedfor
modellingC andS, andnot just C assuggestedn chapter3. The locationmodel
L is, however, sufciently complicatedo write natively in bigraphsfor usto prefer
writing it in - sugar. A cOMmunicatesvith L soit makessenseo write A in  sugar
apartfrom thefactthatit is easierto programA in  sygar thannatively in bigraphs,
aswill becomeapparentThus,we have arealworld C written in bigraphsa proxy
P = S k L spanningboth bigraphsand suar, and a location-avare application
A writtenin  sygar. A key issuein this setupis how to realisethe communication
betweerthe “bigraphworld” andthe* g4ar world” in P. Laterin this chapterwe
explainhow  syga-programscorrespondo  -programs.

5.3.1.2 Representinglocationsand devicesin C (and S)

We useonecontrolloc : 0! 0 to representocationsandonedev : 0! 0to
representlevicesabstractingaway differentlocationtypes.Anotheroptionis to use
differentcontrolsfor the “dif ferent” typesof locationsin a building; wing, oor,
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room andso forth. The reasondor choosingoneloc control are (1) to limit the
numberof reactionrulesto bewritten —we do not needto have arule for eachcom-
binationof thedifferentlocation(anddevice) typeswhereonelocationis sourceand
the othertarget, and (2) identity andtype of a location canbe representedorve-
niently in anothemway (to which we returnbelon). Devicesaresimply represented
by a device control.

5.3.1.3 Known devices

As mentionedn section5.2 we considera re ective building to have a x ed setof
known devices,which pertainsto all partsof the model. Somemay be in useand
somemay not. A device is in usewhenit is in alocationwhich is not the special
“unuseddevices”location. Initially, eachdevice is eitherin thislocationor in oneof
thelocationsof thelocationhierarchy(to be addressedext). This propertyshould
be invariantunderreaction. No new devicescanappear As mentionedn section
5.2thisis arealisticchoice,andtechnicallyit signi cantly simpli es ourtask. This
is dueto the factthat whena device is discoreredin C we have to mirror this by
adiscoveryin L via S, andthus generatea correspondindgreshidenti er for this
devicein L. It is dif cult to ensurehis automatically

5.3.1.4 A statictree-structuredlocation hierarchy

It is a simplifying choiceto work with a staticlocation hierarchyas opposedo a
dynamicone.lt is reasonabléo have a staticlocationhierarchyin this casebecause
a(re ective) building in therealworld seldomlychangesThus,thelocationhierar
chyin the modelneedsto be alteredonly on rareoccasions Accordingto [Leo9§
locationhierarchiesaretypically static. Furthermorewe organisdocationsin atree
utilising the structureof placegraphs.Thisis alimiting choice,but notanuncom-
monone.Thesamehierarchyis presenin C andL, but representedifferently.

5.3.1.5 Modelling the realworld

For our purposeshe following abstractionis suitable: Devices can enter move
aroundin, andleave a (re ective) building which is obsenationally equivalentto
beingturnedoff. Theserecon gurationsshouldbe modelledin C.

5.3.1.6 Identi cation of locationsand devicesin C and L

A locationin the bigraphicalpart of the modelcanbeidenti ed by alink or by an
embeddeddentity control. We assumehatlocationsare uniquelyidenti ed which
requiresanequalityoperatiorontheiridenti ers. Suchidenti ers could,e.g.,benat-
ural numbersor strings.We have chosematuralnumbersfor simplicity andto keep
ourfocus. StringscanalsobeencodedThepropertythatnotwo locationsor devices
have thesameddenti er is invariantunderreaction.e. maintainedy everyreaction
rule. Now considerthe two approachesidenti cation via a link or an embedded
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control. Links canbeopen(outername)or closed(edge).Usingclosedlinks in C is

notaviablesolutionbecausé¢hey donotin factrevealary identityinformationto the
context andthuscannot be distinguishedwhich is requiredto supportcertainbasic
queries.Openlinks could be usedbecausehe locationhierarchyis static; location
identi ers areassumedo be uniqueinitially, andnew locationsarenotintroduced
underreaction.Thus,thereis norisk of anidenti er (outername)beingreusedi.e.

two differentlocationsbeingidenti ed. As no new devicesareintroducedwe are
safe. The samereasoningappliesto device identi ers. Anotheroptionis to placea
unigueidentity controlasa child of eachlocationanddevice control,which is what
we choose.Our choiceis supportedby the following two considerations(1) The
modelbecomesimpler Hadwe choserlink identi ers in C wewould haveto relate
theselinks to locationidenti ers in L which could be naturalnumberg(or strings).
This canbedoneby “exporting” thelocationidenti ers of L to toplevel of thePlato-
graphicakystemwhichis notentirelystraightforwardaswill becomeapparentater.

(2) Giventheintuition that controlsrepresenentitiesandlinks representwireless)
connectiondetweerentitiesit seemsappropriateéo modelidentity of an entity as
partof thatentity (e.g. like a MAC addres®f a device or thenameof aroom),i.e.

via anidentity control. Initially, C andL have the samelocationhierarchy(in their

respectie languages)Next we discusshow closelycoupledC andL shouldbe.

5.3.1.7 RelatingCandL via$S

An argumentfor a high degreeof coupling betweenC andL is a low modelling
effort, whereasa low degreeof couplingimplies strongermodularity which is an
argumentagainsta tight coupling. Let us considerthe setupto decideon a design
choicehere. The setupis thattheinitial con guration of the systemis given,andin

particularthatthelocationhierarchiedn C andL arecoherent.For simplicity, take

locationsanddevicesto beidenti ed by -integersin L. Encodingntegers(or rather
naturalnumbers)n bigraphsyields an easycorrespondencele ned in S, between
identi ers in C andL. Thisis arathertight coupling, but not anunreasonablene
sincetheuserof thesystenis obligedto de ne thelocationhierarchyandthedevices
in bothC andL initially. FurthermoregdecouplingC andL merelycomesdownto a
mappingin S.

5.3.1.8 Location systemsasPlato-graphical systems

Consider gure 5.1. Location-avareapplications(agents)are capturedby the part
A. Thelocationmodelincludingqueriegandactuators)s partL. We haveincluded
both queriesand actuatorsin L becausehey are really interfacesto the location
model. The positioningsystemincludingsensorss partS. S informsL of location
updatesThephysicalworld is partC.
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Application A

Queries Actuators L
Location model L
Position updates L

Positioning system S

Sensed information S

Physical world C

Figure5.1: OveralllocationsystemmodelseemasPlato-graphical.

5.3.2 Intr oducing the model

We beagin by brie y recalling Plato-graphicamodels. Considera Plato-graphical
model X = (Cx;Px;Ax) asde ned in chapter3. This modelconsistsof a world
cx 2 Cx, aproxy Px with constituentsy 2 Sx (sensorjandlx 2 Lx (thelocation-
awaresystemsrepresentationf theworld | x), andalocation-basedpplicationay 2
Ax. Theoverall intuition aboutthe systemis asfollows: cx 2 Cx recon guresas
it pleases.Essentiallywe have threerecon gurationsof cx; discovery of a device
in somelocation,movementof a device from alocationto a parentor sub-location,
andloss of a device (the systemlosestrack of the device). Much like in the real
world, changesn cx occurin anunpredictablendnon-deterministienanner The
systemsy observingthe statecy of the world tries as bestit canto inform Ix of
changeto cx by invoking certain“interfacefunctions” in Ix to updateits internal
representatioof theworld (building). sx hasaccesgo cx andlx by sharedcontrols
(with cx) andanoutername(with |x). Dueto theasynchronicitypetweercy andLx
we arelikely to experiencesomediscrepang in the“states”of thetwo parts.Thisis
perfectlyrealisticwrt. real-life indoorpositioningsystemsuchasEkahau.To make
ourmodelevenmorerealisticwe ervisionintroducingtime sothateventsfrom sy to
Ix canbetimestampedndthusordered.This shouldenabldx to updatets internal
representatioto moreaccuratelymatchcy asobseredby sx. ax canquerylx viaa
speci c setof “interfacefunctions”. RecallthatCx andSx arenatve BRSswhereas
Lx andAx arethe BRSsresultingfrom a translationof  gga-programsinto local
bigraphsalongwith the bigraphicalreactionsemanticsgde ned in chapter4. Thus
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utilising the “multi-lingual feature”of Plato-graphicamodels.Having brie y given
the intuition behindthe workings of the modelwe proceedto de ne it asa Plato-
graphicalmodel.

5.3.2.1 Our re ectivebuilding

We chooseanexamplewhich holdsthe essentiatonceptuathallengesrisingfrom
the previousdiscussionbut is alsokeptsimplefor the sale of clarity. A morecom-
plex building, e.g.thelT Universityof Copenhagerganlikely be modelledwithout
problems.

Intr oducing the simple re ective building We model a piece of ITU. Before

shaving the building as a tree and a bigraph,we brie y statethe intention. We

modelthebuilding, theatrium(in reality spanningall ve oors) in thecentreof the
building, two of thefour wings, two of thesix oors, ahallway, andtwo rooms.The
building (i1) containgheatrium (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 assumssix known devicesnumbered10 throughil5, all in use.One
device in the building, two devicesarein the atrium, oneis on the third oor, one
is in room4C16,andonein room4C10. We could have madeotherchoiceswhich

we addresshortly, but for now, we askthereadeito considettheinformal graphical
representatiom gure 5.2. Do noticethattheid-controlsaroundocationidenti ers

have beenleft out for simplicity. Somechoicesweremadeto arrive at exactly the

locationhierarchyof gure 5.2,eachoneis addresseth turn.

» Theorderingof wingsand oors.
» Wheredevicescanreside.

We could,of coursehaveincludedmorewings, oors, roomsetc. easily Firstof all,
noticehow wingsareconsideredo beabove oors in the hierarchy This indicates
thatonehasto bewithin awing to move from one oor to another At thelTU we
have stairwaysthatallow thismovement.However, it is alsopossibleo movefrom a
wing to thebuilding, into anelevator, andto anotheroor . Thisis notpossiblen this
model,but we considerit to a cosmeticproblemthatis irrelevantwrt. our purposes
atpresentSwitchingtheorderingof wingsand oors wouldyield asimilar problem.
Thus, we caneitherstick with an orderingandacceptthe limitation, or modelthe
locationhierarchyusingtwo trees(views),onewith wingsabove oors andtheother
with oors above wings. Thatwould, however, complicatethingsbecauselevices
would thenhave to be situatedin bothtreesandmake a movementin both treesat
once. This movementwould be betweensiblingsin onetree, but not in the other
tree. As we argue below, the movementbetweensiblingsis the mostreasonable
andrealistichaving choseratreestructureto organisdocations.Alternatively, links
couldbeusedto indicatepathsbetweeriocations but thatwould defeatthe purpose
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devs

Figure5.2: Thebuilding asatreewheretheid-controlsaroundocationidenti ers
have beenleft out, for simplicity.

of having imposeda structureonlocationsin the rst place.A brief detour:Thelink
graphis usablefor supportinghe connected-tanddistanceelationshipof chapter
2 thatallow for nearesheighbourandnavigationqueries.

We have decidedthat devicescanresidein ary location,andthatlocationscan
containboth devicesand otherlocations. This is e xible and doesnot causeary
modellingproblems.

For comparisonthe building is depictedasa bigraphin gure 5.3. Again,
noticethattheid-controlsaroundocationidenti ers have beenleft outfor simplicity.
We brie y commenton gure 5.3. Identi ers (haturalnumbers)rerepresentety
nodeswith atomic controlsso we depictthemas small black boxes. It shouldbe
clearthatthe bigraphcorrespondsxactly to thetreeof gure 5.2. We proceedby
presentinghe modelasa Plato-graphicasystem.
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\ loc

Figure5.3: The building asa bigraphin graphicalrepresentationvherethe id-
controlsaroundiocationidenti ers have beenleft out, for simplicity.

5.3.3 X asaPlato-graphical model

We divide the presentatiorinto four parts: The native bigraphicalparts(1) Cx and
(2) Sx, andthe gygar-parts(3) Lx and(4) Ax.

Recallthatwe work in local bigraphssothe arity of a controlis binding! free
Furthermorewe consideractivity andatomicityto be integral partsof bigraphs but
asshawn in [Jen0§ actvity and atomicity could be consideredblace-sortingson
basicbigraphs.We referto [Jen0§ for the details.
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5.3.3.1 Theworld part Cx

We beggin by shaving the building asa bigraphin our term languaggasbefore,
omitting detailssuchasidentity wirings etc.),andthenproceedo de ne thesigna-
tureanddynamicsof theBRS Cy.

loc(il | dev(il15) |
loc(i2 | dev(il0) | dev(ill)) |
loc(i3) |
loc(i4 | loc(i5 | dev(il2)) |
loc(i6 | loc(i7 | loc(i8 | dev(i13)) |
loc(i9 | dev(il4))))))
| devs()

As mentioned, is atree.Having madethatchoiceit is reasonabléo modeldevice
movementby allowing devicesto move from alocationl, into a sub-location; of
I, orinto the parentlocationl; of I,. To justify this claim, think of ; deviceil3
is situatedin location4C16(i8), andthe only doorway of 4C16is into the hallway
(i7), andthe hallway doesallow movementinto anotherof ce, namely4C10(i9).
All devicesarein usein this startcon guration. Remembethata deviceis eitherin
alocationorin devs.

The signatureand dynamicsof Cx arede ned asfollowsin gure 5.4; Cx =
(K ¢y Rey). First, noticehow we have allowed ourselesto representaturalnum-

Control Activity  Arity |Comment
id passie 0! O|Hostsidenti er control
loc passie 0! OfPossiblynestedocation
Context Cx. ey passie 0! 0|Mobile device
devs passve 0! O|Hostsmobiledevicesnotin use
i0,i1,i2... atomic 0! O0]In nite family of identi ers
loc( o) kdevs( 1jdev( ;) —. loc( ojdev( 2)) kdevs( 1) (5.1)
loc( ojdev( 7)) kdevs( 1) —. loc( o) kdevs( 1jdev( 2)) (5.2)
loc( ojloc( 1jdev( 2))) — loc( ojloc( 1)jdev( 2)) (5.3)
loc( ojloc( 1)jdev( 2)) — loc( ojloc( 1jdev( 2))) (5.4

Sorts:
(51) . KCX; KCX
(52) . KCX; KCx

(5.3): K¢,
(5.4): K,

Figure5.4: Part Cx of the Plato-graphicamodel X, with sorts.

bersbyi controlsinsteadof usingthe morelow-level representatiomwith zeroand
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successor Equality and other basicoperationscan be implementecdby anin nite
setof reactionrules, capturingall combinations.Rule (5.1) discoversa device by
moving it from devs to someloc. Therule is parametriseaver the identity of the
location,its contentbeforethe discovery, the setof known devices,andtheidentity
of the device beingdiscovered.Rule (5.2) performsthe oppositeoperationnamely
to losetrack of a device. Notice how a device canbe discoveredandlost in any
locationwhich allows usto modela device beingswitchedoff (manuallyor because
the batteryrunsout, e.g.) andturnedon againin anothedocationby rule (5.1). The
rules(5.1) and(5.2) aredualin asense.Therules(5.3) and(5.4) arelikewise dual
andmove a device up or down onestepin thelocationtree. We arguedearlierthat
this is a fair representatioof movementhaving chosera tree structureaslocation
hierarchy One maywonderwhy we do not simply have onerule to move a device
from onelocationto ary othersincewe do not imposeary restrictionson move-
ment. Therearetwo reasondor that: (1) It contradictshe choiceof atreestructure
of locations,and(2) we would needtwo rules. We believe the rst point hasbeen
coveredalreadyandproceedo justify the second Considerthefollowing rule.

loc( ojdev( 1)) kloc( 2) —. loc( o) kloc( 2 jdev( 1))

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

loc(' ojloc(dev( 1)))jloc( 2) —. loc( ojloc())jloc( 2 jdev( 1))

More generally it canmove a device from onelocationinto anotherlocation pro-
videdthatthereis a contect which assignghema commorparent whichis notone
of thelocationsin question.However, it cannot performthefollowing reaction:

B =loc( ojdev( 1)jloc( 2)) — loc( ojloc( 2 jdev( 1)) =B°

Thatis, it cannot move a device from a location |, to a sub-locationof I;. To
realisethis let ustry to constructa match;it sufces to arguethatfor all C we have
B,C R !) a

R loc( ojdev( 1) kloc( 2)):(G;5:)! (i)

a i1ki2ki3:(G:i53)

! (id. jid.) kid. : G500 G

C = id. jid. : G::)!

Clearly, thisis notamatch,andcannotbemadeso. Theintuition is thatthe context
C musthave two holesbecausdr hastwo regions. Intuitively, thetroubleis thatthe
contet cannot take somethingrom oneof theseholesandputit into the other—it
seegheregionsof R (andRY from above, soto speak.Onecouldtry to circumvent
this mechanisnby including onelocationin the otherthrougha parametem, but
that alsofails, becausdhe context cannot getrid of eitherone of the parameters
it absorbsandwill thushave onelocationtoo mary for the match. Thus,for the
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schemawith thewide ruleto work asintendedwe mustincludeanotherulethatcan
move a device into a sub-location.We have sucha rule above, namely(5.4) which
canbe appliedconsecutiely. We concludethat the two movementrules chosen,
(5.3)and(5.4),arethebetterchoice.

With this analysisn mind, we remarkthatthe suggestedule (3.10)of chapter3
perhapshouldbereplacedy two rules.

This concludesour treatmentof Cx. We proceedwith Sx andthenLy before
gluingtogetherCx andLy via Sx.

5.3.3.2 The sensorpart Sy

Sx is therepresentationf a simplesensorsystemthatcan (1) obsene (sense}hat
adeviceis in a certainlocation(in cx), and(2) obsene thata device is notlocated
(sensed)i.e. residingin “location” devs. Therecould be (atleast)two reasondor
losing track of a device: (1) It wasturnedoff, and(2) the positioningsystemsim-
ply did not pick up on the signal from the device (for a certainamountof time).
Recallthatthe setof devicesis x edandknown. sx informsly abouttheseobsena-
tionsby invoking certain“interfacefunctions”providedby Ix. We will examinethis
communicationn subsubsectiof.3.3.3.

Becausawe have chosena rathertight couplingbetweenck andly, namelyto
representocationanddeviceidenti ers by thesamenaturalnumbersn bothworlds,
sx doesnot heedto maintaina mappingfrom oneworld to the other We do require
that -integersarerepresentedn the sameway asintegersin Cx — namelyby i-
controls.sy is writtenin bigraphsput alsohasaccesgo bigraphicalrepresentations
of -terms.

The signatureand dynamicsof Sy are de ned asfollows in gure 5.5; Sy =
(K s,; Rs,)- Rule(5.5)modelsthecasewheresy obseresadevicein alocation,and
informsly of this. Thisis doneby “calling” thefunctionin Ix, exportedby g asthe
rst componentn atuple,with the bigraphicalrepresentationsf the device andthe
location.invoke modelsa pool of pendingfunctioncallsandmusthave namefuns
andbe emptyin theinitial con gurationof sx. In therule we have thatvarg refers
to exactly the samenameasinvokeg to forcethevar-controlto referto preciselythe
nameexportedfrom Ly. To re the context of the rule mustidentify g and funs.
We needto encapsulat¢he locationidenti er in a id-control to distinguishit from
sublocationsndthusmake therule work for ary location(identi er) . Rule(5.6)
applieswhensy obsenesadeviceinsidethedevs control. We will show therelevant
functionsin subsubsectioB.3.3.3.

Notice how sx merelyobsenescyk (sensinglandinformsly (acquisition). This
may very well leadto discrepang betweencyx andlx. To make the systemmore
precise,.e. to ensureatighter correspondencbetweency andly onecould allow
sx to alsoobsenre Iy, andthenonly inform |y of the locationof a device cx when
cx andlx disagreeThisis nottheway positioningsystemswork in reality, but may
be usefulfor simulationpurposes.For now, we leave sy asis. This concludesour
treatmenbf the positioningsystemSy.
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Control Activity  Arity |Comment
id passie 0! O|Hostsidenti er control
loc passie 0! OfPossiblynestedocation
dev passie 0! O|Mobile device
devs passie 0! 0|Hostsmobiledevicesnotin use
app active 0! O|Application

SensorSy. appl active 0! O|Left partof application
appr active 0! O|Rightpartof application
var atomic 0! 1|Variable
exp passie 0! 0|Delayevaluation
i0,i1,i2... atomic 0! O0]In nite family of identi ers
invoke active 0! 1|Hosts“function calls”

loc(id( o) jdev( 1)j 2)kinvokeg( 3)

loc(id( o) jdev( 1)j 2)k
invokeg( 3 j app(appl(app(appl(fst(varg)) j appr(exp( o))))
j appr(exp( 1)))) (5.5)

devs( ojdev( 1)) kinvokeg( 2)

devs( o jdev( 1) k
invokeg( 2 j app(appl(fst(snd(varg))) j appr(exp( 1)))) (5.6)

Sorts:
(55) . KCX; KS><
(56) . KCX; KS><

Figureb5.5: Part Sy of the Plato-graphicaiodelX, with sorts.

5.3.3.3 Thelocation model part Lx

This partis implementedn s,gar becausenriting it natively in bigraphsproved
too cumbersomeWe sawv the “ ndall” queryin appendixB of chapter3, andit is
signi cantly moreinvolving to encodemoreadwancedqueries.Herewe explain the
ideasinvolvedin this partof the model,andin subsectiorb.3.4we explain how to
gofroma gga-programto a -programautomatically The presentatiorof Ly is
dividedinto thefollowing parts:

» Data-typedeclarations
* Thebuilding con guration

» Theinterfaceto Sx; recon gurations
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» Theinterfaceto Ax; location-basedueries
» Communicatiorbetweerlyx andSx

Whenthesepiecesarein placewe gluethemtogetherto form a presentatiorof (the
structureof) Ly asawhole. To keepthe discussiorfocusedwe take the liberty of
beingvery brief whentreatingauxiliary functionsin ax — we areinterestedn the
recon gurationsof Ix andthe queriessuppliedto ax .

Data-typedeclarations areacorvenientwayto abstracewayfrom theunderlying
type whenprogrammingn (a fractionof) SML. In Ly we chooseto work with just
one basicdata-typefor location and device identi ers; naturalnumbers. Natural
numbersaandequalityon themcanbe easilyencodedn bigraphsasseenn chapter
4. We could have usedstringsinstead but naturalnumbersaresimplerandsufce
for our purposes.

Thedata-typesisedin Ly areasfollows.

type lid = int

type dev = int

datatype  hierarchy = (* id, devices, sublocations *)
Loc of lid * dev list * hierarchy list

A hierarchyrepresenttheaforementionedbcationtree. A locationhasaniden-
ti er, alist of devices,andalist of sub-locationsBoth typesanddata-typedelong
to thesetC. For now, we assumdists asa prede neddata-type.We alsoassume
a few basicoperationson lists, namelycons('::"), append('@"), reverse(‘rev’),
and'map'. We addresshow to encodelists andthe associatedperationsn  in
subsectiorb.3.4.

The building con guration  Thebuilding lookslikethisin  sugar andcorresponds
exactly to theonein Cx. Theinitial con guration Iy is shavn belowv alongwith
someenclosing sugar code.

val funs =
let val state =
ref (Loc(1,[15],
[Loc(2,[10,11],]),
Loc(3,[1, 1),
Loc(4,][],
[Loc(5,[12],[]),
Loc(6,][],
[Loc(7,[],
[Loc(8,[131.0]),
Loc(9,[14],[DDDDD)

val devs = ref ]
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in ... end

As canbeseenweimplementdevs as(areferenceo) alist. We usereferenceso
updatetheinternalrepresentatioof |x. The -locationsaretranslatednto bigraphs
by the translationgiven for constructorsin chapter4. The dynamicsof Ly, i.e.
recon gurationsof this con gurationareimplementedby -functions,to whichwe
will returnlater. Threedotssignify place-holdersignorethemfor now. We explain
whathappendo the'val' declaratiorin subsectiorb.3.4.

The interface to Sy; recon gurations Ly suppliesSx with someinterfacefunc-
tions. The purposeof thesefunctionsis to allow Sy to inform Ly of events(move-
mentof devices), which Sx hasobsenedin Cx. As mentioned,Sx cando two
things:

» Obsenethatadeviceis in a certainlocation,andinform L.

* Obsere thata device is not sensedn ary location,i.e. currentlynotin use
andresidingin “location” devs, andinform L.

Thesetwo situationsgive riseto two recon gurationsj.e. gga-functions.

fun sobserved d =

fn I =>
let val state' = delete d (Istate)
val devs' = del list d ('devs)
val state" = insert d | (Istate)
in state:=state"; devs:=devs' end

fun slost d =

let val state' = delete d (Istate)
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 whata “function
call” means)whensy obsenesthatdevice d is in locationl in cx. The function
makessureto deleted everywherefrom thestate hierarchylx, andtheninsertsit
in the(possibly)naw locationl . Likein cx thisguaranteethatd is eitherin exactly
onelocationor in devs atary pointin time. This is underthe assumptiorthat
it is calledwith an existing location. The functionslost is similar, but placesd
in devs . Theauxiliary functionsdelete ,del _list ,andinsert arefunctions
internaltolx, andstate anddevs aretwo privatedatastructuresn Ix constituting
the currentcon guration. We show thesefunctionsbelow for completeness.
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(* remove an element from a list *)

fun del_list e =
fn I =>1
| (x:xs) => jf 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,Is)) =>
Loc(id, del_list dev ds, map (delete dev) Is)
(* insert device 'dev' into location 'Iname’
in hierarchy id' *)
fun insert dev =
fn lname =>
fn  (Loc(id,ds,Is)) =>
if Iname=id then Loc(id,
dev::ds,

map (insert dev Iname) Is)
else Loc(id, ds, map (insert dev Iname) Is)

They shouldbe straightforvard andthe commentssufcient. We do, however,
notethatthefunctionsarecurriedandthustake exactly oneparameterAlso, notice
how sx doesnotknow theinternalsof Iy, but merelythe namesof thetwo interface
functions'sobsered' and'slost'.

The interface to Ax; location-basedqueries The interfaceto Ax is currently
de ned by two functionsvisible to A x, but with internalworkingslocalto Lx. It is
possiblefor the application(Ax) to enquireto the whereabout®f a certaindevice,
andto enquireaboutall the devicesto befoundin a certainlocation.

fun awher d = whr d (Istate)
fun afind Iname = flocs (pickloc Iname (Istate))

Thesefunctions have no side effects, in particularthey do not alter Ix. The
function'awher' is basedn thefollowing auxiliary functions which shouldberead
bottom-up.

(* find the identifier of a device's location *)
fun whr dev =
fn I =>
case | of
(Loc(_L[1.0)) => NONE
| (Loc(id,d::ds,ls)) =>

if dev=d then SOME(id)
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else whr dev (Loc(id,ds,ls))

| (Loc(L[1s)) =>
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' Is end

We believe thatthe commentsaresufcient explanation. We addressSNONE',
'SOME(X)" (which canalsobe usedin Ax) andembeddedunctionsin 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' 0 =1
| fall (loc::locs) = (fall loc) @ (fall locs)
in ds @ (fall N @ (fall Is) end

(* pick the subtree with id ‘loc' from a hierarchy *)
fun pickloc Iname =
fn  (Loc(id,ds,Is)) =>
if Iname=id then SOME(Loc(id,ds,ls))
else let fun pickloc' [ = NONE
| pickloc' (loc::locs) =
case pickloc Iname loc of
SOME(l) => SOME(l)
| NONE=> pickloc' locs
in pickloc' Is end

(* unpack option, return list of devices *)
fun flocs option =
case option of NONE=> []
| SOME(l) => fall |

Again, we referto the commentgor explanation.

Communication betweenLx and Sx We promisedo addresshequestiorof what
it meando calla gga-function(in thiscaseivingin Lx) from anative BRS(in this
caseSy). We needto beableto someha exportselectedunctionnamedrom Ly to
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Sx. Suchamechanisnis notpresenin , sowe introduceit by meanf additional
syntax.Theeffectis thatLy hasthefollowing form:

export <name> from <exp>

Theideais to export the namesof somefunctionsfrom Ly to otherpartsof the
system.Onecanthink of it asaspeciaformofval f = exp knownfrom SML.
This is doneby makinga particularnameglobal in the Plato-graphicakystem(by
closure),andthento make surethatthe translationof relevantfunctionsin 'exp' in
Ly referto this name.Thetranslationof this new syntacticconstructioris:

~export f from exp x = def¢(~exp.)

We emphasis¢hefactthatwe exportonenamef, which canpossiblynameatuple
of function namegqasis the casefor ly). Thus,we canuseprojectionson the name
(‘val") f to referto theindividual function namesof the tuple (nestedpairs). This
wasdonein Sy whereusedan explicit projectionon a nameg that mustmatchthe
exportednamef.

The Plato-graphicasystemwith functionexport hastheform

=f : Cx ka kdeff(~exp;) k“'Ax'f

whereAyx is the componentAx beforetranslationinto bigraphs. Notice that exp
is translatedrom  s.g4r into bigraphsusing an empty set. This ensureghat f <
fv(exp. f will bereferredto from Sx. For example,f couldbefuns andexporta
tuple of functionnamessobserved andslost

It is importantto be awareof the factthat Sy accessethe function'sobsered'
etc. by linking controls(varsin this case}o the projectionsontheexportednamef.
As we saw in thetreatmenbf Sy above, Sx canproducefunctioncallsin Ly by in-
troducingapplicationsof var controlsto (bigraphicalrepresentationsf) arguments.
We presented.x in aform wherefunctionstake exactly oneargumentto matchthe
way Sy introducedunctioncalls.

To sumup, Ly hasthefollowing form:

export funs from
let val
fun sobserved d =fn | => ..
fun slost d = ..

in (sobserved, slost, ) end

This concludesour treatmentof inter-componentcommunicationbetweenSy
andLy.
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Lx collected We presenthestructureof Ly (~Ly* = Lx) asawhole,but we leave
out (denotedby threedots)the auxiliary functionsandcommentsfor readability

export funs from
type lid = int
type dev = int
datatype  hierarchy =
Loc of lid * dev list * hierarchy list

iét val state =
ref(Loc(1,[15],
[Loc(2,[10,11],1]),
Loc(3,[1.).
Loc(4,]],
[Loc(5,[12],[]),
Loc(6,[],
[Loc(7.]],
[Loc(8,[13],[),
Loc(9,[141,DDDD)
val devs = ref ]
fun sobserved d =

fn | =
let val state' = delete d (Istate)
val devs' = del list d (‘devs)
val state" = insert d | (Istate)

in state:=state";
fun slost d =

devs:=devs' end

let val state' = delete d (Istate)
val devs' = del list d (‘devs)
val devs" = d:devs'
in state:=state’; devs:=devs" end
fun awher d = whr d (Istate)
fun afind Iname = flocs (pickloc Iname (Istate))
in (sobserved,slost,awher,afind) end

5.3.3.4 ThesignatureK , for Lx

Apart from the controlsgivenin gure 4.1 we obtainthe following controlsby the
translationgiven in chapter4. They areshovn in gure 5.6. This concludesout
treatmenof L.

5.3.3.5 Dynamic correspondencdetweenCy and Lx

Cx andLyx upholdthesamenvariants:
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Control Activity  Arity |Comment

Loc active 0! 0]Locationhierarchyconstructor
Nil passie 0! O|Emptylist constructor

Cons active 0! O0]List constructor
0
0

Model L.

NONE passie 0! Emptyoptionconstructor
SOME active 0! Optionconstructor

Figure5.6: Additional controlsfor the signatureof L .

* A deviceis eitherin devs or exactly onelocationatary time.

 Locationsanddevicesareuniquelyde ned, andin one-to-oneorrespondence
betweerCy andLy.

We remarkthatit is reasonabléo extendLy with a parentmapwithout doingsoin
Cx becausehe internalrepresentatiomnd datastructuresn L, areof no concern
to therealworld aslong astheinvariantsarekept. We stresghefactthatthesetwo
worlds mustagreeon therepresentationf locationidenti ers, i.e. naturalnumbers.
Cx uses controls,andsodoesL x becaus®f thetranslationde ned. It is, however,
up to the speci er to make surethatthe samenumbersaregivento corresponding
locationsin bothworlds.

5.3.3.6 The application part Ax

This partshouldbeasimple sga-programthatutilisesthe queriessuppliedby Ly.

An exampleapplicationcouldbe“ nd thenearesprinter” wrt. the currentlocation
of my mobiledevice. We do not acutallygive sucha programhere,but merelystate
thatsuchaprogramshouldbe straightforwardto construcigivenwhatwe have done
in Lx.

5.3.4 From gygarto

sugar IS @asugaredrersionof  which additionallyhasa mechanisnto exportfunc-
tion namego top level of Plato-graphicabystemsasexplainedearlier Most con-
structsin  sygar cansimply be unfoldedto or encodedas -constructsput we also
have the name-&portingenhancemeraddingmodellingpower to the calculus.
We begin with the enhancement.This is the main differencebetween  sygar
and . Theeffectis that sygar-programsp® are not just expressionsput are now
encapsulated:

p’F export f from p

Therestof the construction@resyntacticsugar They are:

e Comments
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* 'type'and'val' constructs

» Nested let' construct

» Tuples

» Anonymousandnominalfunctiondeclarations
« 'if-then-else' conditionals

* Basicoperationon naturalnumbers

» Patterns

We treateachitemin turn.

Comments areenclosedy '(* and™)' aresimply discardedvhentranslating.y
into bigraphs.

'type' and 'val' arehandledasfollows. type declarationsaretreatedastextual
substitutionon the sourceprogramsuchthattype dev = int is discardedand
dev is replacedby int everywherein the sourceprogram,for example. This, of
coursefrequireghat'dev' is notusedavariablenamej.e.V \ C=;, asmentioned
earlier This meansthatary constructomamefrom C is legalin a sygar-program,
andthatit is theprogrammersesponsibilityto usethesoconstructedermscorrectly
i.e. to make surethatcaseexpression®nacustomconstructohave theright number
of branchegorrespondingo the constructor

Let us considerbooleansandlists to seehow the generalconstructorand case
termsof sygar canberepresenteth . For booleanghefollowing termsarelegal:
True unit, Falseunit, andcaseeof True x; ) e j Falsex, ) &. For lists:
Nil unit, Cons (xy; X2), andcaseeof Nil x) e jConsx) leth=fstxinlett=
snd x in &. We would want to introduceabbreviationsfor nullary constructors;
True, False andNil . Furthermoreye couldintroducesyntacticsugarfor the case
constructonlists: caseeof Nil ) e jCons(h;t)) &. Asanexamplewe shav
thesemanticof lists(in  and sygar), Which aremoreinterestinghanfor booleans,
would thenbe (leaving out the storesincethereis no side-efect):

caseNil of Nil ) e jConsx) leth=fstxinlett=sndxin &
boe

caseCons (vi;v2) of Nil ) e jConsx) leth=fstxinlett=sndxin &
I (leth=fstxin lett = snd xin &)f(vi;Vv2)=xg

Theoperationgfunctions)in lists, namely"::', '@', 'rev', and'map’' canclearlybe
codedin gugar (and ). Thetwo functions':' and'@' areusedin x, butcaneasily
bemadepre x.
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We havejustseerhow to represenbooleansandlists. Anotheruseddata-typen
Ly is options,i.e. 'NONE' and'SOME(x)'. Having presentedists we trustthatthe
readeris corvincedthatoptionscanberepresentedimilarly.

A 'val' declarationinside a 'let' expressionis discardedsolet val x =
expl in exp2 becomedet x = expl in exp2.

Nested'let' constructs cansimply beunfolded.Thus,

let val x
val vy
in ... end

becomes

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

wherethe'val' and'end’ keywordsarediscardedindertranslation.
Tuples aresimply nestedbairssuchthat(a; b; ¢) = (a; (b; ¢)) andsoforth.

Anonymous and nominal function declarations We usetwo differentways of
declaringfunctionsin Ly; anorymousandnominal. Theanorymousfunctionsareof
formfn x => e andaretranslatednto x:e Nominalfunctionsonformfun f
X = e ... ,wherethedotssignify therestof theprogramaretranslatednto let

f = (fix f(xX) = e) in .. becauseéhey canberecursve.

if-then-else' conditionals aresimplyunfoldedusingthe'case'construcsoif b
then el else e2becomegase b of True => el | False => e2.

Basicoperationson natural numbers areassumedo exist asprimitivesin = sygar
becauseve have alreadyshovn thatwe canencodehemin bigraphs.Theoperations
usedare'=", 'i=" (lessthanor equalto), and'-' (subtractionjon naturalnumbers.

Patterns areusedheaily in Ly. It is perhapsasiesto seehow patternsareun-
folded by seeingandexample.Considerthefunctiondel _list  shawvn above:

fun del_list e
fn ] =1
| (x:xs) => jf 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 ] =1
| (x::xs) => if e=x then del list e Xs
else x : del_list e Xs

Then,unfold the pattern:

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’signies . This syga-expressioncanbe translatednto a -
expressiorby themethodsshavn above.

Therearealsomoreadwancedpatternsn use,i.e. patternsvherewe donotmatch
merelyaconstructofike'List', butacompositeconstructosuchas'Loc(5,Nil,Nil)".
Considetrthis case:

case exp of Loc(5,Nil,Nil) = e
We unfold thisinto

case exp of Loc p =>
let a =fst p in

let b =fst (snd p) in
let ¢ =snd (snd p) in
e

adheringto therestrictionthattheleft-handsideof a'case’ branchmustconsistof a
constructoanda variable.

This concludesour justi cation of the claim that s ga-programscanbe trans-
latedinto local bigraphs.

5.3.5 The model X is Plato-graphical

Having explainedthe modelwe stateandstatethatit is actuallyPlato-graphicalThis
propositionrelieson thefactthata givenimplementatiorof A x usesa subsebf the
controlof our Ly asgivenabove.

Proposition5.3.1. ThemodelX is Plato-graphical.
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Proof. It is enoughto obserethatCy ? Ay, andthatx = funs.

This concludesour presentatiorof the bigraphicallocationmodel. We proceedby
relatingthe presenteanodelto thelocationmodelsof chapter2.

5.3.6 Relating our modelto the location model classi®cation

In chapter2 we introducedandclassi ed locationmodels.We justify our claim that
our modelis representatie for a classof the presenteanodelspresentedn chapter
2. It isimportantfor our modelto berepresentatie because¢hatpropertyrendersour
work relevantfor awide rangeof locationmodels,andthusawide rangeof location
systems.

5.3.6.1 Classifyingthe model

Clearly, themodelX is symbolic,but notgeometric.Thus,thereis no notionof met-
ric distance We have shavn thatthelocationmodelL supportdocationqueriesand
certainrecon gurations,andalsothe accumulating nd all” query amongothers.
We have not shovn how to supportrangeand navigation queries but thesequeries
canbeeasilyprogrammedby introducinganexplicit parentmapto thelocationhier
archy A rangequeryis thenalittle primitivein the sensehatrangesaredetermined
by locationcontainment.One could consideraddingweightsto edgesandthereby
enableshortest-patmavigation queries. We have implementedthesequeries,but
do not showv them herebecausehey do not add anything conceptualto this treat-
ment. Somenon-trivial work still remainsto support‘nearestneighbour’queries,
namelyto instrumentthe modelwith geometricinformation. To this endwe could
perhapsnstrumenteachlocationwith a coordinatecontrolholdinganorderedriple
of integers.

We proposeo look atthelocationhierarchyandqueriessupportedor deciding
when a given model correctly implementsa speci cation. We concludethat the
modelis representatie in the sensethat it capturesthe essentialof an exclusive
symboliclocationmodel.

5.4 Concluding remarks

First,we considemwhethemwe areary closerto answeringhe ve questionof chap-
ter3:

1. Whatlanguage$ canweencode?
2. How closearePlato-graphicaimodelsto realsystems?
3. Whatchallenge$ave we foundfor bigraphicalmodels?

4. Whatusesdo we envisionfor Plato-graphicamodels?
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5. How dowereasoraboutPlato-graphicainodels?

Ad. 1. We have successfullencodednextendedversionof MiniML, whichshould
to enableusto encodea wide rangeof location-avareapplications.It turnsoutthat
reactionrulesareenoughfor Cx (andSy).

Ad. 2. We have enoughstructureto representin exclusive, symboliclocation
model. We have found possibleusesfor DAGs, timed and probabilisticevents,and
continuousspace Suchextensionanbeusedto lift themodelto real-life systems.

Ad. 3. We found that one may useclosedlinks in a clever way (seechapter
3) to handlethat somethingis not presentin the context underreaction. We do,
however, ervision thatthis so-called‘negative” context informationwill be needed
in the bigraphtheoryin the long run, and conjecturethat a safe sorting exists to
enforcethis.

Ad. 4. We ervisionto implementPlato-graphicaiodelsaccordingto speci ca-
tionsof locationmodels(andalsocontext models)whenatool allows usto perform
automatedeactionsThisis thebasisof the simulationchallenge.

Ad. 5. Thisis still an openquestion.Onequestionis: To whatextendcanwe
transfer reasoningo bigraphs?As anexamplewe could mentioncontectual term
equality Thatisif two -termsf andg arecontectually equalthenaretheirimages
under~+ contectually equal?Onecould arguethatthis questionshouldbe studied
in asimplerandbetterunderstoodrameavork thanPlato-graphicasystemsAnother
guestionsis: What doesit take for usto be ableto substituteone componentor
anotherin a Plato-graphicabystem(recall proposition3.4.1andde nition 3.4.4of
chapter3)? Thisis indeedanimportantquestiorfor future work.

5.4.1 Conclusionson our modelling effort
We draw thefollowing conclusions:

» We canencodeanextendedversionof MiniML in (local) bigraphs.

» We canrepresentan exclusive symbolic location model and all the desired
querytypeson it in bigraphs. (We askthe readerto trust that we can pro-
grama symbolicrangeand navigation query sincewe have not shavn these
explicitly.)

* We canrepresenthe world and a simple positioning/sensosystemin bi-
graphs.

» Wehavetakenonemorestepin evaluatingPlato-graphicadystemsndthereby
bigraphsasmodellingformalismfor GUC.

» We have aguedthat Plato-graphicasystemsnableconvenientmodellingof
location-avaresystemsi.e. facilitateprogrammingpf alocation-avareappli-
cationin  sugar queryingalocationmodel.
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» The modelling effort was not low, but we now have a fairly accuratebase
systento supportmary otheragentglocation-avareapplications).
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Chapter 6

Related Work

6.1 Intr oduction

In this reportwe have taken an experimentalapproactto testingwhetherbigraphs
are usefulfor modellingand programmingcontext-aware systems.In this chapter
we assess$o what degreeotherformalismscananswerthe challengeof modelling
andprogrammingcontext-awaresystems.

Bigraph theory hasrootsin processcalculi andin particularreactve systems
(RSs),but is formulatedin category theory Thus,we considerformal approaches
to explicit context-awarenes$asedon processcalculi and reactve systemso be
closelyrelatedwork. We alsoreview alogic for specifyingcontext-awaresystems,
which hasa tuple space-basethiddlevare supportingit. Due to the completeness
(fromtheoryto practice)of thisapproactwe meritthe presentationf it amplespace.

We do not consideralgebraic graphtransformationn this reportbecausehere
has,to the bestof our knowledge,notbeenattemptgo formalisecontext-awvareness
via algebraicgraphtransformationlt is, however, relatedwork regardingbigraphs,
so relating bigraphsand Plato-graphicamodelsto algebraicgraphtransformation
will berelevant,atleastfrom atheoreticapointof view, atsomepoint. Therearealso
severaltoolkits andmiddlevaresavailableto supportheimplementatiorof context-
aware systemsand somesystemshave suchsupportbuilt into them. We refer to
[JPRO4]for an overview of theseaswe do not in this pieceof researchconsider
implementationsStudyingsuchsystemsn moredetailcouldbecomeelevantwhen
implementinga context toolkit on top of a bigraphicalrewrite engine. In our work
we do nottry to developnew locationmodelsandthusdo not considemwork in that
areato berelated,.e. relevantfor this chapter We have merelyprovideda digestof
thatliteraturein chapter2 of this report.

Having narrovedthe scopeof whatwe considerelatedwork in this report,we
proceedo give amethodfor treatingthe selectedvorks.
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6.1.1 Method

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

1. Reporton the purpose/ainof thework andits strenghtsandweaknessedn-
cludein thisreportthe aspectshatareimportantfor modellingandprogram-
ming context-awareandlocation-avaresystemsWe aim to be objectie.

2. Evaluatethework wrt. how the formalismcanbe usedto modelandprogram
contet-aware(location-avare)systems:
» Negative contet information.
 Controlstructures.
* Representing locationtopology
* Queriesonthetopology

Interactionbetweera location-avareapplicationandthe locationtopol-
ogy.
Themodellingeffort.

3. Reasoningn practise.

The rst itemis natural. We try to tailor the treatmenbf eachpieceof relatedwork
suchthatwe candraw on it whenrelatingthe work to our own. We have pinpointed
six itemsthatareimportantto considerwhenestimatinga formalismfor modelling
and programmingocation-avare systemsand location modelsin particular This
focuson the locationaspecbf contet re ects the focus of our own work, andwe
are aware of the fact that someof the relatedworks treatedhere capturea more
generalnotion of contet. The third item is aboutreasoningwhich is one of the
main reasongor taking a formal approacho the study of contet-aware systems.
We emphasis¢hatwe wish to reasoraboutconcretesystemsi.e. really experiment
with andchallengehetechniqueso give guaranteeaboutrealsystemsAdmittedly,
thisis ahardtask.

At a later stagewhenmoreapplicationshave beenstudied(andthe formalisms
areperhapsnoreadvanced)t would beinterestingto try to estimatehow well they
canbeusedfor simulation,but for now we restrictoursehesto theevaluationabove.

We proceedo treateachpieceof relatedwork in turn,andthenwe draw conclu-
sionsbasednthetreatment.

6.1.2 Context calculi versusprocesscalculi

In [RIPO4]the differencebetweencontet calculi andprocesscalculiis considered
to bethepresencef constructgo explicitly modelcontext interaction.Anotherway

to expressthe differenceis givenin [Bra03, whereprocesscalculi are described
asformal theoriesof concurrentdistributed systemaaking advantageof algebraic
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reasoningandcontet calculi shouldseparaterocessehaiour from the (multiple
notionsof) computationaktontext. This is our criterion for picking relatedcalculi.
This rulesouttraditionalprocessalculisuchasthe -calculus.

6.2 Context UNITY

In thissectionwetreatthe Context UNITY framework of Roman Julien,andPayton
[RIP0O4,JPRO4].

6.2.1 Report

Context UNITY is a specialisatiorof Mobile UNITY [RM02, RMP97 to provide
constructgo reasoraboutinteractionwith the context. Therearetwo goals;(1) to
simplify developmentof context-awareapplicationsand(2) to gaina betterunder
standingof the essentiafeaturesof the context-aware computingparadigm. Con-
text UNITY programscan be translatedinto Mobile UNITY programs(with the
exceptionof non-deterministi@assignment)which meanghat Context UNITY can
largely be considereda syntacticallysugaredversionof Mobile UNITY. Underly-
ing theMobile UNITY syntaxis atranslationnto a rst-order Hoare-styleemporal
logic [RMO2].

The next two subsubsection&.2.1.2and 6.2.1.3)give a quite detailedwalk-
throughof Mobile UNITY and the additionsto obtain Context UNITY. We have
devoted ample spacefor this treatment,but the readermay be satis ed with the
resumegiven rst.

6.2.1.1 Context UNITY, very brie'y

“Context UNITY representsn applicationasa communityof interactingagents.
[RJIP0O4].Eachagentis uniquelyidenti ed andits behaiour exclusively de nedby a
programdescribingts interactionwith variables. An agentinteractswith its context
by readingandwriting (actuation)specialvariablesandcanitself decidewhich parts
of thecontet thatit nds interesting.Thevariablesaregovernedby agent-speci ed
(guardedyules,thus separatinghe managementf an agents context from its in-
ternalbehaiour. The unprecitabilityof context-aware systemss implementedoy
non-deterministi@ssignmenstatementsAgentshave alocationimplementedy a
specialvariable which canbemanipulatedy theagenttself (subjectve movement)
or by the operationakrvironment(objective movement). Agentsrun concurrently
A simplemuseunguidesystemwasbrie y sketchedn [RIP04].

6.2.1.2 Mobile UNITY

We review Mobile UNITY asa basisfor Context UNITY highlighting someim-
portantfeaturesto give the readeran intuition of the approach. Mobile UNITY
captureghe notion of locationandmovementacrosdogical spacesvhile providing
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formalreasoningia assertionsTo thisendtheformalismhasanotationfor express-
ing mobile computationsanda logic for reasoningabouttheir temporalproperties.
Thus,Mobile UNITY canbesaidto extendthe UNITY [CM88] modelof concurrent
computatiorby addingconstructdor componentocationandtransientinteractions
amongcomponentsMobile UNITY aimsto decoupleaprogramsinternalfunction-
ality from its interactionwith the computationatontext.

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

A systentonsistsof programdeclamtions a componentsection,andanin-
teractionssection.

» A programhasa location, declaredocal variableswith their initial values,
andspeci esclausego control subsequenassignmento thesevariables. A
clausecan be the asynchronousonditionalwhenor the synchronousondi-
tional reacts-to Assignmentganalsobe enclosedn an inhibit-whenstate-
ment,which disallons assignmentindercertainconditions.

» Thecomponentsectioninstantiateshe programs.

» Theinteractionssectionde nes how the programscaninteractbecauset has
accesso thevariablesof theprograms.

In Mobile UNITY one speci es a systemconsistingof programs (processesjun-
ning in parallel,non-deterministicallyscheduledn a weakly-fair manner The key
elementf programspeci cationarevariablesand (labelled)conditionalmultiple
assignmenstatementsProgramsaresetsof conditionalassignmenstatementsand
eachprogramhasa location,which is a variableoutsidethe Mobile UNITYmodel
(and thus parametriseshe model). Programshave declare and initially sections
muchlike imperative programs.The assignsectionde nes a programs behaiour.
The transientinteractionsin Mobile UNITY consistof four additionsto UNITY:
Transactiongsequentiactritical regions),globally uniquelabels(on statements)n-
hibitors (strengtheningf guardsy predicates)andreactivestatements/hichareto
beexecutedo x ed-point,interleaved,afterany otherexecutedstatemenincluding
thosein transactionsOneobsenesthatthe reactively augmentedtatementsnake
up the basicatomicstatetransitionsof the Mobile UNITY model. The components
sectionde nes which programghat make up the systemandtheir initial locations.
Theinteractionssectionde nesinteractionbetweertheprogramsProgramsnteract
solelyvia sharedvariables.Regardinglocationit is worth remarkingthat programs
have subjectve (or local) movement;.e. thatcanaccessheir own locationvariable.
Thiscan,e.g.,beusedto enforceco-locationduringprocessommunicationShared
variablesaretransientin the sensethat sharingis controlledby a predicate(wher)
guardingthe assignmentComparingreactive statementandwhen-conditionspne
one canthink of reactve statementss providing contet informationin an eager
manneywhile when-conditionarelazy. Thelogic is usedfor reasoninge.g. about
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safetyandlivenesgropertiesof the system,see[RM02] for a formal de nition of
theseproperties.

As mentionedin [RM02], the Mobile UNITY notationis very expressie, but
shouldberestrictedn practiceto obtain,e.g.,terminationguaranteeandmoreef -
cientimplementation.

6.2.1.3 From Mobile UNITY to Context UNITY
In [RIPO4]it is statecthatcontext modelsshouldhave thefollowing properties:

» Expansve: Thescopeof contet of a particularagentshouldnot have a priori
limits.

» Speci c¢: It mustbe possibleto specifytailor-madecontet de nitions for an
agent-context de nitions shouldbe modi able.

» Explicit: Agentscontrol their contets — this requiresan explicit notion of
context.

» Separable:An agents contet speci cation can be separatedrom its be-
haviour speci cation.

» TransparentTheagentshouldbefreedfrom theoperationatletailsof discov-
eringits own context.

In Context UNITY contet is de ned from the perspecitie of a singlecomponent.
Onecanthink of acomponentagent)asa statetransitionsystem statechanggrep-
resentingchangein context) occursspontaneouslyvithout agentcontrol (cf. the
weakly-fair scheduling).Behaviour (andstate)of a programis de ned exclusively
throughits interactionwith variables.Therearethreeimportantvariabletypes. In-
ternal: Thesearenotaccessible/visibleutsidetheagent.Exposed Publicvariables
thatcanbe partof otheragents'contet. (Thesehave accesgontrolassociatedvith
them.) Contet: Variablesthatdirectly model,accessand modify context in a pro-
gramby gettingand putting informationfrom/to exposedvariablesof otheragents
accordingo theagent-speci ccontext rules(seebelow). In additionto context vari-
ablesaprogramnow hasacontext section which providesrulesto manageanagents
interactionwith its desiredcontext., i.e sensingof informationfrom the operational
environment, andaffecting otheragentsoy impactingtheir exposedvariables.The
context sectionthussecuresiecouplingof anagentsinternalbehaiour andmanage-
mentof its context; it is saidto allow projections i.e. local changecanimply global
change. An agentcanalso feed back informationinto its own context. We take
a shortdigressioninto exposedvariablesbeforecontinuingwith non-deterministic
assignmentExposedvariableshave anin-built accessontrol policy; exposedvari-
ablesconsistof six componentspne being a function from the referenceagents?

1In Context UNITY, the operationakrvironmentconsistsof everythingthatcould potentiallyeffect a
program(computationahgent),andthe partthatdoesis namedcontext.
2By referenceagentwe meantheagentwhosecontet we areconsideringJRO5].
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credentials(seebelow) to a setof operationson that variable(e.g. reador write).

Four suchexposedvariablesare built-in: Location, type, agentidenti er, and cre-

dentials. The type variableholdsthe programs name,while the agentidenti er is

the uniqueglobalid of the agent. In the credentialsvariablea pro le of attributes
for the programis storedfor queryingby otheragentsregardingaccesgo their ex-

posedvariables. Returningto non-deterministi@ssignmentto handlethe lack of

a priori knowledgeaboutthe operationalervironment,Context UNITY introduces
non-deterministi@ssignmenstatement$o be usedin context rules. A contet rule

governsthe interactionsassociatedvith a certaincontet variable. The rule can
quantify over variablesthat are place-holderdor otheragents'exposedvariables
(via the usesconstruction).and de ne restrictions(via the givenconstructionjand
interactiong(via the where-becomesonstruction)vith these.Context rulescanbe

declaredeactive Systemsn Context UNITY alsohaveagovernancesectionwhich

containsrulesto capturebehaiours that have universalimpactacrossthe system.
This happenshroughassignmento exposedvariablesandgovernanceulesareas-
sumedto be safe(andthusdo notinvolve credentials).Objective (so-calledglobal)

movementcan,e.g.,beimplemented/ia governanceules.

6.2.1.4 Formal differ ences

Formally, thereis only onedifferencebetweerMobile UNITY andContext UNITY,
namelyanadditionalproofrulefor non-deterministiassignmento context variables
modellingtheunpredictableealworld. It is claimedthatthe otherconstructsanbe
translatednto Mobile UNITY construct§RJP04. This soundsplausible.

6.2.1.5 Middlewar e support

Two middlewvareshave beenusedin conjunctionwith Context UNITY; EgoSpaces
andLIME.

EgoSpacepIR02 JR0O] is amiddlevarethatprovidescontect informationto ap-
plicationsin anabstracform. EgoSpacesvolvedfrom LIME. As theauthorswrite
in [JROT: “LIME requiresstrongassumptionsboutthe operatingervironmentthat
fail to hold asthenumberof devices,connectionsandthedegreeof mobility grows”
EgoSpacess claimedto overcometheseweaknesse€kgoSpacess comparedo the
Contet Toolkit in [JR0Y, andthereEgoSpacess foundto bemoresuitablefor sup-
porting developmentof contet-awareapplications(in anad hoc network scenario)
becausét addresseanapplications needto dynamicallydiscover andoperateover
a constantlychangingcontext. An importantnotionin EgoSpacess aview. A view
is a projectionof all dataavailableto the referenceagent. Views canbe created,
rede ned, and deleted,and are de ned over network, host, agent,and datacon-
straints. Views areupdatedvhenagentsaccesshem,andthusprovide asymmetric
coordination. EgoSpaceg@rovidestriggeredreactionsand also “migrate”, “dupli-
cate”, and“event” primitives, sincethesehave beenfound commonandusefulin
practice. EgoSpacess implementedn Java using tuple spacegvia Elights), the
CONSUL framework is usedto collectcontext informationfrom sensorsandother
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agentstloseby, andthe SICC protocolfor makinga network treeandsendingmes-
sages.Thereis, surprisingly no discussiorof whethersucha locationtreesufces
for thesepurposeswe would suspechnot. Performancesimulationhasbeendone
via the OMNet++discreteeventsimulator

TheLIME [MPRO€ coordinatiomrmiddlevareis animplementatiorof aLIND A-
like tuplespacecalculussupportingmobility, andit hasbeenspeci edusingMobile
UNITY, andalsoin CRSs(seebelow). To demonstratéhow LIME can be used
asa contet-aware middleware supportingcontext-aware applicationsan example,
namely an applicationfor tracking usersvia GPScalled TULING [MPO04], was
modelled. A lightweightversionof LIME is Limone [FCRHO4, which “...centers
the coordinationtasksaroundacquaintancesandknowledgeof speci ¢ coordinat-
ing partnerss essentiato Limone's functionality” [JR05. Thus,it fails to capture
theunpredictabilityof adhocnetworks.

Numerousothermiddleware systemsxist, but we referto [MP04] for anover-
view of these sincemiddlenvareassuchis not the focusof this report. We do, how-
ever, mentionKlaim, which is a formalism(processalculus)to supportcomputing
with mobile processeandexplicit localities. It usesLIND A-lik e tuple spacesFur-
thermore a modallogic hasbeendeveloped.Thereis alsoa programmindanguage
X-Klaim, basedon Klaim, for programmingdistributed applicationswith mobile
code.A compilerfrom X-Klaim into JavausingtheKlava packagérun-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 constructingorooftrees.

6.2.2 Evaluation

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

Therearedifferenttypesof variablesandguardecassignmentto these We also
have transactionsinhibitors, context rules,credentialet cetera.Context UNITY is
corvenientfor programming.

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

If we implementa graph-basedopology then symbolicrangequeriesare un-
suppported.

Probablyagentsvouldinteractwith thetopologyvia context variables An agent
couldtheninform otheragentsof its movements.

The modellingeffort may not be low becaus®f thelocationtopologyproblem,
but Context UNITY is well-suitedfor mary othercontet aspectsContext interac-
tion (sensingandactuation)is sharplyseparatedrom internal programbehaiour,
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andis possiblevia context variables(in the context section). Non-deterministias-
signmentstatementsapturethe a priori unpredictabl@perationakrvironment.

To the bestof our knowledgeno locationmodelhasbeenformalisedin Context
UNITY, but we imaginethatformally it would resemblethe approactof [Leo99,
becausea rst-order logic is usedtherealso. However, someexamplesutilising
locationinformationhave beenencoded.

6.2.3 Reasoningin practise

To the bestof our knowledge,the logic hasnot beenusedto reasonaboutthe ex-
amplesimplemented. All Context UNITY constructscan be translatednto logic
formulae,andit would thenin principle be possibleto build prooftreesestablishing
certainproperties. It doesseemcumbersomeand formally handlingand proving
thingsaboutsystemswith non-determinisnis notoriouslyhard.

This concludesur discussiorof Context UNITY.

6.3 Contextual reactive systemgCRSS)

In this sectionwe treatBraioneandPicco's theoryof CRSS[Bra03 BP04.

6.3.1 Report

CRSsis a generalisatiorof Leifer andMilner's RSs[LMO0O0] in the sensethat in-

teractionshetweercomputationabgentgprocessesandthe contet aredisciplined.
In CRSsit is possibleto specifythe computationatontexts underwhich a classof
behavioursis allowed,andthecontextsundemwhichit is not. CRSsis acatayorythe-
oreticalapproachnspiredby that of reactve systemsandbigraphsLM00, JM04].

Themotivationfor CRSsis two-fold:

 To separatehe proceshehaioursfrom the computationatontext.

* To allow the speci er to de ne the notion of context andthe rulesgoverning
how it affectsthe processes.

Thegoalof CRSsis to devisea formalismfor modellingrealmiddleware,in partic-
ular LIME. It is claimedthat processcalculi have beensuccessfullyusedfor spec-
ifying the semanticsof coordinationmodelsand languageshut that thesedo not
sufciently addresgshe modellingof a changingcomputationatontet; mary such
calculihave aratherrigid built-in context notion,i.e. atight couplingbetweercon-
text andprocessWe agree.

In CRSscomputationaktepsaredescribedastransitionsthat rewrite termsand
thuschangeahe stateof thesystem.Thetroublewith RSs,in the scenarimf context-
awarenesss thatevery computationatontext mayhostary interactiorwhichmakes
it dif cult to representynamic,subjectve behaiour. We think of reactve systems
asspecifyingtheinternalsemantic®f asystem.n CRSs;t is possiblgo specifythe
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computationatontext underwhich a classof interactionss allowed (via enables),
and underwhich it is not (via inhibitors). Contet is a rst-class elementof the
formalism.We recitetherelevantde nitions (Def. 1, 2, 3, and4) of [BP04] to make
thefollowing discussiormoreclear

De nition 6.3.1(Reactive System). AreactvesystemRS)isa(C;I;R; D) quadru-
ple, whee Cis a catggory, | 2 ObC;R [ xooncC(I;xX) C(I;X),andD  Ciis
composition-e ecting,i.e., DopD; 2 MoD =) D;2MoD;i=0;1:

Themorphismsof C arecontets (“termswith ahole”), andgroundcontexts are
processeg‘terms wherethe hole is replacedby a compatiblesub-term”, by mor-
phismcomposition) denotedoy C(1; x). Notice thatcontexts have exactly onehole.
D speci esreactivecontets i.e. contextsunderwhicharule may re, andR is the
setof elementaryrewrite ruleson processestewrite rulesarepairs(l; r) of ground
contets, wherel is namedredex andr contractum Extending(composing)ele-
mentaryruleswith reactive contexts, alongwith thefollowing reactionrelationship,
yieldscompositeules:

De nition 6.3.2(Reactionrelationship). Thereactionrelationship! , is de ned
asfollows:a! & () 9(;r)2R; D2MoD :a=DI » &= Dr:

This relationshipcontainsboth elementaryand compositerules of the RS so
R ! [ x200cC(l;x)  C(I;x). A motivating exampleof contect-aware printing
is givenandit is remarledthat‘it is not possibleto forbid the reductionof a redex
basedon the propertiesof the context it is immersedn” [BPO04]. (It is this example
that we encodedn chapter3.) To alleviate this, CRSsare proposedwhich allow
elementaryrulesto be extendedonly be someinsteadof ary active contexts. The
following de nition capturesxactly this:

De nition 6.3.3(Contextual reactive System). A contextual reactve system(CRS)
isa (C;I;R;D;DH;re) quintuple suc that (C;1;R;D) isa RS,andD~;re isa
function mappingany elementaryrule (I;r) 2 R to a composition-e ecting sub-
categgoryof D.

Thereactionrelationships alteredcorrespondingly:

De nition 6.3.4(Reactionrelationshipfor contextual reactive systems). There-
actionrelationship! ,is de nedasfollows:
al & () 9(;r)2R; D2MoDH;re :a=DI ~ &= Dr:

We seethatdifferentelementaryulesmay have differentcontectual constraints
S0 someexpressvity wasgained.We remarkthatinternaltransitionsperformedby
a group of processestill doesnot affect the surroundingcontext, i.e. thereis no
actuation

Usingenables andinhibitors, for (elementaryyules,onecancontrolwhatmay
andmay not be presenin the contet for aruleto re. Essentiallyanenableris a
set,closedundemorphismcompositionwhichhasaselementgpredicate®ntuples.
Sucha setprecedes rule andguardsapplicationsof this, soto speak.Lik ewise for
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inhibitors. We referto [Bra03 BPO04]for the formal de nitions, aswe heremerely
wishto passonintuition. We do, however, reciteanexamplefrom [BP04]. Hereis a

rule printingona'raw' printer, which doesnot re if a PostScripprinteris present,
assumingprint primitive anda simpletuple spaceprocessalculus(cf. Table1l of

[BPO4)):

f jhvi:v, prpgf print (txt):Pjhprrravi | P jHob,txt,rani j hpr:rawi

where' ' denotes holein acontet, andanglebracletsdenotetuples;hvi is atuple
with valuev, for example.This rule canberewritten usinganinhibitor:

f jhor:psg” print (txt):P jhprrawi ! P j Hob,txt,rawi j hpr:rawi

The smallc signi es thatthe tuplesmentionedn the setmustnot be presenin the
context if theruleisto re. Furtheranenablercanbe speci ed:

f jhor:psg” f jhprrrawig print (txt):P ! P hob,txt,rawi

It looks simple,but is underpinnedy a few technicalcontructions.What hashap-
penedin thesetwo reformulationstepsis essentiallyto move informationfrom the
termto thecontet of arule.

6.3.1.1 Application of CRSs

CRSshave beenusedto formalisethe core of the LIME middlevare[Bra03, and
alsoatuple spaceprocessalculusbasedon Linda. Theideais to representontext
by aglobaltuplespacethusseparatingpeci cationof behaiour from speci cation
of context whereit mayoccur In [MP04] thereis a descriptionof the TULING ap-
plication which shavs how locationcontet canbe madeavailablein LIME. Thus,
for locationcontext information,LIME canbe usedmuchlik e a context toolkit, i.e.
facilitate programmingof mobile applicationghatneedaccesgo locationinforma-
tion.

6.3.2 Evaluation

Negative contect informationcanberepresentedy inhibitors.

CRSscanbethoughtof asameta-calculudjk e bigraphs.This hastheadwvantage
thatdifferentdomain-speci ccalculi canbe encoded.Thereareno in-built control
structurego facilitatecorvenientprogramming.Onecanachiese control by repre-
sentingcalculiwith controlstructuresput thenthe controlstructuresdependon the
calculusthatis formulatedasa CRS.As an example: For a proces<alculusbased
on Linda therewill be operationdor interactingwith tuple spacesand thesewill
provide somecontrol of computation.

Only at locationtopologiescanberepresentedf representedsaterm,andit
is notfeasibleto have a hierarchicakpacere ectedin thesyntactictermstructurein
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the generalcase,asmentionedn [BP04]. This meansthatwhichever calculuswe
wishto represenasa CRSwe canonly have at terms.

Consideringthis limitation we can not supportrangequeriesin a naturalway,
nor nearesheighboumueries.Positionandnavigationqueriesdo seenteasible but
we lack structureandthis is likely to renderprogrammingof queriesharderthanin
bigraphsandthus not corvenient. As statedin [MP04], a querysuchas“nd all
componentsvithin aradiusr from point (x;y)” cannot be performedbecausehat
would requirea rangesearchinsidethe tuple spaceandLIME only providesvalue
matching[MPO04].

How interactionbetweena location-avareapplicationa andthe locationtopol-
ogy t would be realiseddependon the calculusrepresentedsa CRS.No matter
thechoiceof calculustermswill be at andawill livein thesamesystemandatthe
samelevel ast.

The modellingeffort would probablybe high becauseve lack structurefor our
speci ¢ purposadespiteencodinga suitablecalculus.

6.3.3 Reasoningin practise

It is unknavn to what extendthe techniquesof [LM0O] canbe usedin the setting
of CRSs,i.e. whetheroperationakongruencesanbe derived automatically(from
aRSto alTs,i.e. from internalto externalsemantics).In [Bra03 it wasneces-
saryto restrictthe de nition of bisimulationto ensurethat bisimilar processebave
sufcient contextsin common.Furthermoreassessing’lhetheraddingnegative con-
text informationincreasegxpressienessneedgo be explored. No logics exist for
CRSs.

Collectingthesefactsit is fair to saythatreasoningn practises notfeasibleyet,
andno suchattemptshave beenmade to the bestof our knowledge.

6.4 A calculusfor context-awarenesqCAC)

In this sectionwe treatZimmer's calculusfor contect-awarenesgCAC) [ZimO5)].

6.4.1 Report

CAC “is a processcalculus,whoseaim is to describedynamicsystemscomposed
of agentsableto move andreactdifferently dependingon their location” [ZimO05].
CAC featuresa hierarchicalterm structurelike Mobile Ambients[CGO0(, and a
genericmulti-agentsyndironisationmechanisninspiredby the DistributedJoincal-
culus[FGL*96], we remarkthatlocationsareorganisedn atree. Onecanthink of
the calculusasa hybrid betweenthe two calculi just mentioned gxceptthatit also
featuresnon-localprocessynchronisationThe motivationis to developacalculus
thatmodelshow devicesinteractin a uniformway in wirelessnetworks. Ambients
are calledagentsandtheserepresentocations,which areeitherphysicalor logical
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unitsof computation Agentshave de nitions thatenableenclosedrocesseto per
form reductions.The mainfeatureof CAC is multi-agentsynchronisatiorof tuples
of valuesonnamedchannels Agentsarenotdirectly awareof theirenvironment but
inform it of their capabilitiesby asynchronouslgendingatoms The ervironment
hasde nitions consistingof rules(think join patterns}o performglobalsynchroni-
sationonthesecapturechtomsithisis novelwrt. theDistributedJoincalculuswhere
synchronisatiomappendocally andnot acrossagentboundariesThereis a notion
of priority (or scope)f patternsnamelythatthe deepestule (pattern)matchesrst.
Agentscanmove by thego primtive, but mustgive theexplicit pathto thedestination
becausenovementhappen®nestep(up or down in thetree)at atime. Thereis no
way to openor closeagentsjust like in Boxed Ambients[BCCO01]. De nitions of
a particularagentareactivated(by a reactionrule) by addingthemto the enclosing
agents de nitions. Reactionrulesrewrite anagentif anenclosedrocesanatches
oneof theagentde nitions (undersomerestrictions).We remarkthat contets can
have ary numberof holes,andthat parallelcompositionin CAC is not commuta-
tive,which accordingo [Bra03 is unusual We agree Thereasorfor thisis thatthe
namesn therede< of arewriting rule areboundpointwisein theprocessxpressions
onthereactumof therule.

6.4.1.1 Example encodingsand expressiveness

A small location-dependenprinting exampleis given to illustrate how a process
interactswith its enclosingagent. Further a form of “remote procedurecall” is
encodedria continuationsandalsoa smallpacket routing protocol.

Expresvenesss investigatedy encodinga monadicasynchronous -calculus
with replicatednput,anda -calculus.

6.4.2 Evaluation

A basicmodelhasbeendevelopedwhereagentanay usedifferentnotionsof com-
putationon differentphysicallocations.

In the currentversionof CAC it is not possibleto expressnegative context infor-
mation. The authorsuggestso add negatedtermsin patternrules. This would be
like adding“not-controls” (or co-controls)to bigraphs,which is inelegantbecause
thentherewould haveto alwaysbeoneor theother Introducinganotionof inhibitor
likein CRSsor asortinglikein bigraphss preferable.

Thecontrolstructuresn CAC aresomevhatlik e thosein bigraphsatreehierar
chy of terms(agentprocessesknda way to link agents- namelyby channelsand
namerestriction.Rules(patternsjareusedto controlreactions.Theserulesarepart
of the agentsso contets arenot really separatedrom processesat leastnot to the
sameextendasin CRSsor bigraphs Anyhow, whenprogrammingwith thecalculus
thesestructuresandthe movementprimitive areuseful. We emphasis¢he factthat
eachagenthasits own setof rules,which cangrow asotheragentanoveinto it so
thatit canactivatetheir de nitions. This is theway a changingcontext is modelled.
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Thelocationtopologyis atreejustlikein Ambients.In bigraphghereis aforest
of treesavailable.

Queriesby an agent,for examplea location-avare application,happenon the
structurein whichit residesProbably onewould wantto programanauxiliary pro-
cessto traversethe treeandcollectinformation. To do this theagentmustknow the
topology of the entiretree becausehe go primitive needsan explicit path. This is
incovenientanddoesnot harmonisewith the unpredictabilityof contet in general,
but is reasonabléor a locationhierarchylik e a building. Apart from that, program-
mingin CAC doesresemblgrogrammingnatively in bigraphsandis thuslikely to
be equallyincorvenient. In principle, it shouldbe possibleto supportthreeof the
four queryclassegliscussedn chapter2, but the nearesheighbourqueriesrequire
somenotionof distance.

Interactionis betweerprocessem thetreestructure.

The modelling effort regardingthe hierarchyis low, but high wrt. queries.We

nd thatencodingof largerexamplesarerequiredto furthertestthe modellingca-
pabilitiesof the calculus.

6.4.3 Reasoningin practise

More work is neededwrt. the behaioural andequationatheoryof CAC. Thus,the
calculusis notyetripe for reasoningaboutsystemsn practise.

6.5 A formal modelfor context-awarenesgCONAWA)

In this sectionwe treat Baun Kjeergaardand Bunde-Pederses'effort to de ne a
formal modelfor context-awarenes$KBP06a KBPO6H.

6.5.1 Report

Like otherapproachegKBP06a KBP06 aruethatwe lack formal supportfor
realistic context-awareness Furthermoreijt is claimedthat existing calculi [BP04,
RJPO04]only dealwith very limited notionsof context, andthata at spacestructure
doesnot sufce while beingdif cult to navigate. Also, context is not just physical
location,but alsological information.

The approachtakenin CONAWA takesorigin in the Ambient calculus,but in-
steadof having onetreerepresentingpacet hasseveral so-calledviews, muchlike
the placegraphof bigraphs. Theintentionis to have onetree (view) for eachcat-
egory of context informationneededby the application,e.g. locationsand printer
types.

In CONAWA, ambientsaredividedinto two syntacticclassesContect andrefer
enceambients.Context ambientqviews) have uniquenamesarestaticin the sense
thatthey cannot move (navigateviews), andcanonly becreateddeclarednitially)
and opened(a standardcapability). Referenceambientsare embeddedn context

102



ambientsand navigatetheseby exercisingthe capabilitiesin, out, enter, exit, coen-
ter, coexit, andopen in andout arenotobsenableby thecontext, whereagnterand
exit are. Using the co-capabilitiesrequiresthe context to allow thesemovements.
Capabilitiesareinstrumentedvith two piecesof information;abooleanexpression
over contexts to de ne which contets the ownerof the capabilitycanbe performed
wrt., andthe namesof the referenceambientghe owner of the capabilitycanexer-
cisethecapabilityon. A wildcardnameis includedto matchall referenceambients.
Referenceambientscanbe replicatedand caninput/outputnamedocally. A refer
enceambientwill have a single (for consisteng) presencen one ore more views
simultaneouslypy areferencege.g. a printerambienthasa typeandalocation. The
capabilitiesn andout of the Ambientcalculusareproposedxtendedo enablenav-
igationin severalviews at once. A referenceambientnavigatesviews by explicitly
giving thepathto collectcontext information. Thisre ectstheideathatcomputation
is seenasembeddedn a numberof contets at the sametime. Communicatioris
local, i.e. anambient(or rathera referencao an ambient)may communicatewith
otherambientswhich areits siblingsor fatherin thetreewhereit currentlyresides.
They communicatghroughthe ether of eachview, muchlike a tuple space with
no channelsnvolved. Actionsandcapabilitiesarerestrictedby booleanexpressions
over contexts. Name scopingand generaloutput pathshave beenleft out of the
calculusfor simplicity. This modelis parametrisedver the notionof “proximity”.

6.5.2 Evaluation

The authorsevaluatetheir calculusby modelling examplesof the four types of
contet-aware applicationsdescribedin [SAW94], to which we returnin chapter
7. For now, it is enoughto know thatthefour applicationtypesarecateyorisedfrom
a userinterface(Ul) parspectie accordingto whetherthey provide informationor
supply commandsandwhetherthey areinvoked manuallyor asa reactionto the
currentcontext. The authors nd thatrepresentaties(in the domainof “pervasive
health-care™)of all four typescould be modelledin CONAWA. Two thematicex-
amplesare“ nd the nearesftavailable doctor” and “updatea contet/view usinga
referenceprocess”.

Contets are specialuniquelynamedambients.Referenceambientsmay move
aroundin the contexts by exercisingcapabilities. Thesecapabilitiesmay be instru-
mentedwith a “boolean” expressionstatingwhich contexts they matchandwhich
they do not, i.e. in which contets the capability canbe used. This is decidedby
namingthe matchingcontexts, and putting a negationsign in front of the names
of non-matchingcontets. This is not the sametype of negative informationasfor
examplethe inhibitors of CRSs. The differenceis thatinhibitors limit reactionto
certaincontexts wheresomethings not presentput “boolean” expressiongliscrim-
inatenamedcontexts andnot their contentsThisis againof introducingviews. We
alsohave views in bigraphsin thata placegraphis aforestof treesthatcanbe made
uniguelyidenti ed by requiringeachtreeto have a uniquecontrolon therootnode.

Thereare someimportantcontrol structuresyiews, (guarded)capabilities,and
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agentreferencesAgentreferencesllow thespeci er to referto anagentto partale
in differentcontexts, i.e. differentviews on theworld/situation simultaneouslyThe
guardscanbe usedto controlin which views a given capability can be exercised,
which resemblegrogrammingwith conditionals.

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

Theonly querythatlackssupportis “nearestneighbour”. You have to consider
the entiresystemto formulatesingleambients.Speci cally, an agenthasto explic-
itly give a pathfor moving, which may be an unreasonablassumptiorbecauset
requiresdetaileda priori knowledgeof the whole operationakernvironmentandnot
justthe context athand.This doesnotre ect theadhocnatureof therealworld, but
is reasonablenoughfor alocationhierarchy

Interactionbetweena location-avare applicationa andthe location topologyt
canhapperby programmingato traverset. An ideais to have anauxiliary agentcol-
lect this information. The authorssuggesto introducedesignatedeferenceagents
to updatecontets, i.e. to actascarriersof sensotinformation. An exampleis given
in thediscussiorof [KBP064, which requiregheability for referenceagentgo out-
put capabilities,andnot just names.Having referenceagentsinvoke these“sensor
agents”could be consideredactuation.Still, thereis no representatiorof the world
(like C in Plato-graphicasystems).

We remarkthatreferenceambientscannot remove themselesfrom views, soa
device will alwayshave somelocationonceit hasbeenlocatedonce. Thisis nota
problemfor locationmodelsasseenn chapters.

Themodellingeffort is probablyonlevel with thatof CAC sincebothareAmbient-
basedorocessalculi, albeitwith somedifferencegpatternsrersusguardedcapabil-
ities andviews).

6.5.3 Reasoningin practise

No behaioural or equationakheoryhasbeenestablishedor the calculus,nor any
expressvity results. Thereis no formal semanticsof the calculus,merely a few
examplesof whatreductionrulescouldlook like.

We concludethatmuchwork is neededeforeary formal reasoningcanbe car
ried out.

Herearesomesuggestiongor corrections:

» ConsideringTablel1 of [KBP064d, presentinghe syntaxof CONAWA, it can
beseenthatthereis no basecasefor the syntacticcatgyoriesC andR, thusthe
inductive de nition is notwell-founded.

» Theimportantexamplein Figurellis not syntacticallycorrectbecaus€l) a
referenceagentFNDAP2' is (illegally, seeTable1) usedaspre x to acapa-
bility, and/or(2) the squarebracketsdo not match.

It should,however, be possibleto correcttheseerrors.
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6.6 Other approaches

We mentiona work wherea location modelis formalisedin rst-order logic, two
worksin progressandonepieceof researciormalisingcontet from the viewpoint
of arti cial intelligence(Al).

» A formallocationmodelin Z/Eves[Le09§.

» TheAgentDistributed -calculus(AgDpi) [Hen05 Hen04.
+ TheN! programminganguageeffort [WBBOE].
 “FormalizingContet” [MB97].

In appendixC of [Leo9§ threelocationservicesare speci edin 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 objecttypesare
declared;LOCATION and OBJECT A location hierarchyis then declaredas an
assymmetri@andtransitve inclusionordering.Predicated locationscorresponding
to therelevantspatialrelationshipsarealsode ned. Hereis a parametrisedbcation
guerywhichfor all located-objectata givenlocation:

target?: LOCATION * resultt : P(OBJECT) =)
result = fx : OBJECT j (x; target?) 2 locatedAy

where'locatedAt'is a predicatewhich decidesvhethera givenobjectis in a given
location,andP is the power set. A sightingoperationss alsode ned, alongwith
someotherqueries.Thus,settheoryis usedasa programmingdanguage.

AgDpi is Distributed -calculus(Dpi) with nominalagents In AgDpi thereis
mobile coderunninginside nominalagents. Dependentypesare usedto enforce
selectve accesgread/writecapabilities)to resourcesLocationsareuniqueandor-
ganisedn a at structure.Communications local andauthenticatedvia types).A
specialkind of channeldiscis usedby agentgo discover local resourcesandthen
theagentsactaccordingly This work is worth following shouldit progresgrom the
current‘work in progress’statuse.g.emepgeasafull- edged procesgalculus.

In [WBBO06] a rst stepis takentoward a programminganguagefor penasive
applicationsbasedn the Ambient calculus. The languages calledN! becauséts
syntaxresemble<C! or Java. Communicatioris betweenambientsand processes
is asynchronous.Namedports are adoptedfrom the -calculusto facilitate easy
messag@assingA prototypecompilerexists.

In [MB97] contet is formalisedasa rst-class object,andcanbethoughtof as
ageneralisatiomf a collectionof assumptiongin a Gentzerstylelogic). A contet
may even correspondo anin nite andonly partially known collectionof assump-
tions. The pointof origin is arti cial intelligence,andtheformalismusedis a rst-
orderlogic. Thereis no clearrelationbetweerthiswork andour eld of researctso
we refrainfrom furtherdiscussiorof 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 provesnecessaryor modellingubiquitoussystemsn bigraphs
andPlato-graphicainodelsis uncertain We suggesmoremodellingexperienceor
decidingthis.

Controlstructureslecidehow corvenientthe programmingaskis. In thecalculi
wherehardly ary areavailable,it seemsaunrealisticto modeland programrealistic
systems.

Hierarchicalocationtopologiesshouldfeaturein calculifor location-avareness.
Consideringhow otheraspectof context may very well be hierarchicalin nature,
e.g. the organisationof a compaly, we conjecturethat at topologiesarenot suf-
cient.

Likefor location,queriesonthe context arebestsupportedf the context is struc-
tured. Furthermorecontrolstructureselp.

Interactionbetweena location-avare applicationand the contet topology can
becomecomplicatedf the applicationitself is partof thetopology Separatingon-
cers,asin Plato-graphicaiodels,is useful.

The modelling effort is high when programmingdirectly in meta-calculi. One
cangain control structuresy encodingothermoredomain-speci ccalculithough.
As faraswe know, it is a novelty to explicitly representheworld asa systemin its
own right, asdonein Plato-graphicainodels.lt is this featurethatis the basisof our
simulationidea.

6.7.2 Reasoningin practise

None of the works considerecherehave beenusedfor reasoningn practise. Nor
have bigraphsor Plato-graphicainodels.Tool supportseemdo berequiredto really
make progressn thisarea.

6.7.3 Summasummarum

On a high level we can say that further experimentationwith large examplesis
neededandthat tool supportis essentiain this effort. Much work in improving
thetheoriesoolsalsopersists.
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Chapter 7

Futur e Work

7.1

Possibledir ectionsfor futur e work

We have identi ed somedirectionsfor futurework.

Characteriseontet-awarenesn termsof Plato-graphicamodelsandenrich
our modelto supportthis.

Model areal-life system.

Createa list of propertiesonewishes(to prove/guaranteefor context-aware
systems.

Work onatool for BRSsto enablesxperimentatiorwith modelsformulatedin
bigraphsandsimulationof systems-to really testhow usefulPlato-graphical
modelsare.(The rst questionof sectionl.3.)

Investigatdormal reasoningaboutPlato-graphicasystemsperhapsy study-
ing a form of bisimulationbetweenBRSs. (The secondquestionof section
1.3)

Formally stateandprove adynamiccorrespondenceetween programsand
their bigraphicalimagesunder~-«x.

Enhancebigraphtheory

We discussachonein turn.

7.1.1 Characterising context-awareness

Motivatedby thefactthatthe notion of context is still ill-de ned [DAOQQ], we strive
for a ner taxonomyof context with thepurposeof a“context checklist”for applica-
tions, which could helpto de ne needeccomponentsn alibrary for context-aware
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programmingWe believe thatcharacterisinghe context typesof [SAW94] in terms
of Plato-graphicamodelswill aid in understandingf context-awarenesss such
by sharpeninghede nitions. By formalisinganapplications contet interactionas
interactionbetweerPlato-graphicatomponentsve gainprecision.

We brie y recallthefour typesof context-awareapplicationghatarementioned
in [SAW94]. Thetypesarealongtwo axes: Manualvs. automatic andinformation
vs. command.Manualandautomaticreferto whetherthe userhasto do something
to make the applicationeitherfetch information or performan actionspeci ed by
the command.Proximateselectionhasto with nding or emphasisinghe located-
objectsthat are nearby and is a manualinformation task. Automatic contextual
recon guration is an automaticinformationtaskthat addsor removescomponents
(typically software)or altersconnectiongtypically wireless)dependingn the con-
text. Contextualinformationandcommandsrecommandsvhoseexecutiondepend
onthecontet — printing to the nearesprinterwill have adifferentresultdepending
on the users location. Contet-triggered actionsare simple'if-then' rulesusedto
specifyhow context-awaresystemsshouldadapt,andcontext-triggeredareinvoked
automaticallyaccordingo theserules. Thisis enoughknowledgefor our purposes.

Now, considetthefollowing setup(suggestedby Niss)depictedn gure 7.1.

1
—_— S 3
C L —_ A
T Ac 4

Figure7.1: Thefour catayoriesof context-awareapplicationsasPlato-graphicain-
teraction.

Weimaginethefollowing four interactions:

1. TheproxyP possessessensolS which sensesecon gurationsin the context
C andinformsthemodelL.

2. Pis extendedwith anactuatorcomponentAc) which canaffect C on behalf
of A, i.e. malkeit recon gure.

3. TheagentA is informedof relevantcontext changeby P (L).
4. A affectsL, i.e. makesit changédts conceptiorof the context information.

Onecanthink of (2) asactuationg.g.if theagentwishedto turnonthelight in adark
room. (4) representshe ability to overridethe modelif it, e.g. hasaninaccurateor
wrong conceptiorof the contet. (3) canbe either“manual” or “automatic” (to use
thetermsof [SAW94]), with themanualcasebeingtheagentaskingfor information,
andthe automaticcasebeing somesort of eventor call-back. (1) canlikewise be
dividedinto manualandautomatic.
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We claimthatthis setupgeneralisefSAW94]. “Automaticcontextualrecon gu-
rations”arehandledentirelyin C. “Context-triggeredactions”is the call-backof (3)
mentionedabove. “Proximateselectionand contextual information” is the manual
versionof (3). “Contextual commands’aremorecomplicated We think of thisasa
sequencef interactions;rst A asksP for therelevantcontet informationandthen
it issuesacommandby (2) and(4) above.

Onceestablishedhe characterisatiorshouldbe challengedby capturingother
informal characterisationsf contet-awareinteractions.In [Sch9g the following
questionsfor determiningsituationsare emphasisedWherethe useris, who the
useris with, andwhatresourcesrenearby The componentsiredevice agentgthat
maintainstatusand capabilitiesof devices), useragents(that maintainuserprefer
ences)andactve maps(that maintainlocationinformation of devicesandusers).
Anotherwork to draw challengegrom is [DAOQ] wherethe computingenvironment
consistsof CPUs,devices,andnetwork connectvity. Thereis alsoa notion of user
ervironmentcharacterisedly locationandnearbypeople.Furthermorethe physical
ervironmentsuchaslighting andnoiselevel is important. The modelrequirements
hereincludeinterpretationacquisition,andstorageghistory) of context.

This characterisatiomaysene asa framewvork for comparingconcretecontext-
awaremodels(of realisticsystems).

7.1.2 Formalising realisticexamples
We haveidenti ed thefollowing directions:
* Modelthewholeof ITU.
* Modelareal-life system.
» Modelaprotocolfor deliveringmessagesm MANETSs suchasGeocasfDRO03].

Modelling ITU shouldbe straightforward. Picking a suitablereal-life systemis not

easy and requiresmore consideration. Modelling a protocol like Geocastseems
to requiredevicesto containmessagesand somesort of reachabilityinformation

inherentin thetopology

7.1.3 A list of properties

We shouldcreatealist of propertiesve want(to prove/guarantedpr context-aware
systemsAll propertieshouldberelevantfor real-life systemsandalsobe provable
by thereasoningrinciplesavailable. Somepropertieamay not be provablewith the
currenttechniquesothey may give riseto researctof new reasoningorinciplesfor
bigraphsor Plato-graphicamodels.
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7.1.4 Tool support

In the bigraphicalProgramming_anguagegroup at the IT University of Copen-
hagensomemembersrecurrentlyworking onaprototypemplementatiorof BRSs.
Normalisationof bindingbigraphshasbeenimplementedThe next stepis to imple-
mentanalgorithmfor matching(lik e theexamplesave sav in chapted) [BDGMO6].
Perhapsit is anideato implementan add-onfor local bigraphs. This tool will be
crucial for simulationpurposesdecauseealisticexampleseasilybecometoo large
to handlemanually let alonereasonabout. We needtool supportto truly conduct
experimentswith real systems.We have alreadyde ned a translationfrom  sygar
into theimplementatiorof bindingbigraphterms.Assumingthatwe canimplement
a simulatorit will becomerelevantto look a location event generation- perhaps
inspiredby the genericlocationeventsimulatorof [SC0J.

Despitenot having written muchaboutthis directionfor futurework, we believe
it to becrucialfor answeringhe rst of thetwo openquestionof sectionl.3,in part
becausdt supportghe precedinghreedirections,andalsoreasoningn practise

7.1.5 Formal reasoning

Proving propertiesaboutthe bigraphicallocationmodelcould be desirableput it is
uncleawhich propertiesve wishto proveandwith whichtechniquesCertainly one
possibledirectionis to make precisesomecriteriafor whencomponentsf a Plato-
graphicalsystemcanbe substitutedwhile maintainingpropertiesof the systemasa
whole). This hasto dowith bisimilaritiesbetweerBRSs.

We maywish to prove propertiessuchas,e.g.,accesontrol. This mayinvolve
using BiLogics [CMS05, or perhapsaccessontrol could be ensuredvia sorting
(only allowing deviceswith aparticularaccessokento enteraroomwith amatching
token), and then proving that the systemcan not placean illegal device insidea
protectedoom,by ruleinduction.Furtherstudiesin desirablepropertiesof context-
awaresystemsareneededWe have uniquenessf device locality by invariant(rule
induction).

A techniquefor securingcertainpropertiesof our modelscould be to usesort-
ings further. We believe that SgrenDeboisis currentlyworking on transferringthe
work of [DBHO06] from the settingof RSsto bigraphs. A clever thing aboutthis,
from our viewpoint, is thatit enablesisto expressnegative context information, by
removing the unwantedbigraphsfrom the system.We could perhapsalsoimposea
building sortingto ensurethatcertainlocations(perhapsdenti ed by ainternaltype
control) arenot within certainotherlocations,e.g. we do not wish for buildingsto
be within rooms. To this endwe envision usinga predicatesorting asde ned in
(De nition 15) of [DBHO06]. In [DBHO6] a sortingof a category B is afunctorinto
B thatis faithful andsurjective on objects(De nition 4 of [DBHO06]). This allows
usto de ne decomposiblgredicatego lter out unwantedmorphisms(bigraphs).
To combinesortings,Debois, intuitively, combinespredicatesortingsvia conjunc-
tion by a pullbackconstruction(Proposition4 of [DBHO06]), whereasHgghJensen
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composessorting functors. Thus, we can combinean additionalsorting with the
Plato-graphicasorting.

7.1.6 Dynamic correspondence

-programsandtheir imagesunder~+x evaluatein one-to-mawg correspondence,
i.e. thebigraphicalrepresentatiotakesoneor morestepsfor each reductionstep.
Thus,we wouldlik e to prove somethindike thefollowing “conjecture”.

Conjecture7.1.1.

8e ;X;50:9€; %hg i! M G A~ 4 Gey==Y:gj9 )

(~he iesx —*=Y:gjs),wheefvi@®[ fv(€d Y X,and —* isthe
transitiveclosue of —. .

Theideaof a proof shouldbe: Analyseeachof the casesf possiblereactionin
We needa substitutionemmafor thecasesvhereevaluationresultsin asubstitution.
If we canprove suchalemma,thentheresultcanbelifted to evaluationcontexts by
thelemmas7.1.1and7.1.2. However, a substitutionlemmaseemdlif cult to prove
becausave may have to performa substitutionon a lambdaabstractionwhichis a
passivecontrolin bigraphs! It seamghatwe needsomesort of logical relationto
resohethis.

Lemma 7.1.1. For anyevaluationcontet E, terme, andsetX sud that fv(E[€])
X, it holdsthat~E[gex = ~E*x ~ex.

Proof. Theproofshouldbe by structuralinductionon E.
Lemma 7.1.2. Thislemmashouldcorrespondo de nition 4.3.1.
A proofshouldbe by structuralinductionon evaluationcontexts.

Conjecture 7.1.2. e conjectue that “the oppositedirection” of Conjectue 7.1.1
canbeproven,butit seemshatweneedsomewayto keeptrack of the bigraphsthat
areimagesof -terms.

We emphasis¢hefactthatthe“conjecture’doesnothold asstatedbut is merely
statedto give thereaderanideaof whatwe would like to prove. Thereasorthatit
doesnot hold is thatwe cannot performsubstitutionunderpassie controls. How-
ever, this doesnot make the encodingwrong, becausavhen sucha control, e.g.
alambdaabstractionjs appliedeventually it will becomepossibleto performthe
substitutionandthus“catchup”.

Onecouldalsoconsiderstudyingotherprogrammingdanguagessuesn the set-
ting of bigraphs.t would probablybewiseto doit in assimplea settingaspossible.
We do, however, not seethis asimportantfor our endeaours.
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7.1.7 Enhancing bigraph theory
Currently, thefollowing extensionsareon thewish list;

» DAGs: Replaceheplacegraph(aforestof trees)with aDAG. Themotivation
wasgivenin chapterb, whereorganisinga building with rooms,wings etc.
wasallittle troublesome.

» Time: Timedautomatanayinspire,we think of [D'A99].

 Stochastics:We think that someinspirationcan be foundin [Pri95, Bra02
D'A99, dAHJOT.

» Continuousspacehybrid systems)Possiblewvorks of inspiration(apartfrom
theonesmentionedustabove): [AD94, ACHH93 Hen96 DB96).

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

Thevisionsmentionedn chapter3 remain;DAGs, time, continuousspaceand
probabilisticinformation. Enrichingthe theory of bigraphswith theseaspectss a
demandingask,but certainlyinteresting.

7.1.7.1 DAGs

We decidedo usethe placegraphfor representinghe locationhierarchyinsteadof
merelyby linking, On rst thought,it might seenreasonabléo hierarchicallyorder
oors, wings,rooms,anddevicesin a building. Choosingoneorderinghasits draw-
backs,however. Shouldwingsor oors be higherin the tree? If we choose oors
overwingsthenwe couldendup representingeachwing on every oor, therebyin-
troducingredundang. This can, however, be remediedby using DAGs insteadof
trees. Furthermore DAGs naturally support‘sharedlocations”as, e.g.,an audito-
rium residingonthe oors simultaneouslylf we shy away from alteringthetheory
of bigraphsthen DAGs could be implementedusing several trees(roughly onefor
each“location sharing”), but navigating and keepingconsistenseveral suchviews
would complicatethe modellingeffort. In chapter6 we discussed pieceof related

work, wherea sortof pointeris proposedo addresshisidea.

7.1.7.2 Time

A notion of time in the modelis requiredto be ableto orderevents,i.e. for ex-
amplefor Sy to beableto inform Lx of the orderof sightingsto facilitatea closer
correspondencia the“states”cx andly.

7.1.7.3 Probabilities

Probabilisticinformationis requiredto make the modelmorerealistic,i.e. closerto
theway real-life positioningsystemswork. Thisis desiredfor simulationpurposes.
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The probability information shouldbe attachedo events— perhapsasa tagalong
with atime stamp.

7.1.7.4 Continuousspace

Continuousspacehasto do with geometriccoordinates. It shouldbe possibleto
determinghegeometriovhereaboutsf located-objectsandto computemetricdis-
tances.

7.1.7.5 Summingup: Enhancements

To concludejt seemgelevantto considethesefour aspectdothfrom atheoretical
anda practicalpoint of view.

7.2 Concluding remarks

It seemghattherearetwo roadsto take.
 Continueonthe experimentabath.
 Delveinto extensionsof bigraphtheory

This concludesour suggestionor futurework.
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Chapter 8

Conclusions

In this reportwe have begun evaluationof our main hypothesiswhich statesthat
BRSs are suitablefor programming,simulating, and reasoningrigorously about
ubiquitoussystemsTo this endwe have ascertaine@ moretangiblehypothesighat
supportghemainhypothesisnamelythatBRSsaresuitablefor modellinglocation-
awaresystemsspeci cally a sentientbuilding. The supportinghypothesisasbeen
ascertainedby establishinghefollowing:

» Basedon an investigationof the literatureon locationmodelswe have been
ableto comeup with a representatie examplefor our modelling effort; a
sentientouilding.

* It is awkwardto modelcontet-aware(location-avare)systemglirectly in bi-
graphs.

» Thisawkwardnesanbealleviatedby usingPlato-graphicalmodels.

» Locationmodelsof e.g.asentienbuilding, canbemodelledandprogrammed
corvenientlyasPlato-graphicamodelsusingabigraphicakencodingof aMini-
ML-lik e calculuswith referencesWe have shavn thatthe physicalworld and
a simplepositioningsystemcanbe corvenientlymodelin bigraphsusingre-
con gurations.All thiswith anacceptablenodellingeffort.

Thesentientbuilding casestudyhashelpedusgainabettergeneraunderstandingf
whichrequirementsontet-aware(location-avare)programmingputsonthetheory
usedfor themodelling.

This reporthastried to take a stepin bringingtogetherthe researcton location
modelswith theformaltheoryof bigraphs t is clearthatif theoreticianareto truly
in uence the way systemsarebuilt thenwe musttry to work with the systemsand
problemsthatdesignergace.

Our study of relatedwork shavs that even thoughsometheoriesandtools ex-
ist for supportingcontext-aware modelling and programming,thereis still much
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work to be done. The theoriesandtools do not capturetime, continuousspace or
stochastidehaiour. In addition,therearefew framewnorkssupportingooththeoret-
ical modellingandactualtool support. To the bestof our knowledgeno simulators
for context-aware systemsexist, which we conjectureis animportantchallengeto
overcometo pushforwardtheoryandtechnology

We have identi ed several avenuesfor future research.One avenue,from our
point of view, is to extend bigraphtheory Another avenue,which we intendto
follow, is to expandthe modellingeffort to morerealisticsystemswith supportfrom
a tool, which is to be developedsimultaneously The main goal is to be able to
simulatereal systemsn bigraphs.A tool will alsohelpto reasoraboutreal systems
in practise.

We maybe asbold asto saythatour experimentakende&our hasmaderesearch
contritutions, and hopethat this pieceof work caninspireresearcherto work on
realisingthe global ubiquitouscomputer In the words of ProfessoAndy Hopper:
“...I wantto extendthe computerandinformationsystemdo obsene therealworld
and automaticallymodify the systems'behaiour to suit the prevailing conditions.
Such’sentient’computingsystemill playakey partin ensuringhesustainability
of our planet. Quotefrom http://www.cl.cam.ac.uk/Research/DTG/
"ahl2/aims- research.html
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