CARDIFF SCHOOL OFE&MNEERING, CARDIFINWERSITY, CF24 3ARALES, UK

An Intelligent System forFacility
Management

Michael JamedDibley

October 2011

A thesis irsupport of the application for the award of a PhD degree from Cardiff University, Wales,






Summary

A software system has been developed thainitors and interprets temporally changing

(internal) building environments and generates related knowledge thabsarstin facility
management (FM) decision making. The use of the multi agent paradigm renders a system that
delivers demonstrable ratiality and is robust within the dynamenvironmentthat it

operates Agent behaviour directed at working toward goalsendered intelligent with

semantic web technologie$he capture of semantics though formal expression to model the
environment, adds achness that the agents exploit to intelligently determine behaviours to
satisfy goals that are flexible and adaptaldlee agent goals are to generate knowledge about
building space usages well as environmental conditions by elaborating and combingay

real time sensor data and information from conventional building madedslitionally further
inferences are facilitated including those about wasted resources such as unnecessary lighting
and heating for example. In contrastyreent FMtools, lacking automatic synchronisation with

the domainand rich semantic modelling, are limitedttee simpler querying of manually
maintained models
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Chapter 1

Introduction

The International Facility Management Associafibjdefinefacility managemen(FM) & & o P> ®
a profession that encompasses multiple disciplines to ensure functionality of the built
SYOGANRYYSYy(d o6& AyGSINI GAy3T LIEegntiinSaFMakfol OS> LIN
refer to the associated actiws includingbuildinguseanalysisidentification ofefficiency
andimprovementof space usgsafety conformance, maintenance, security and crime
prevention.This research targets space usagporting andthe provision of a framework for

the identification of unnecessary energy use

Therequirementfor effective FM tools arises from the inherent complexity of buildings such

as large offices, schools and hospitals, and their associated systems. Buildings are complex in
terms of the number of components, technologies, structure and seprigeision all ofwhich

needto be carefullymanagedo obtain the best benefito Sg WINBSY Q AYAGALF (AL
operational cost incentives produ@amotivation to bring about reductions in wasted energy.

In the UKthe total energy used by buildings accosifadr around 40% of C&@missiong2],

and one way of reducing ith(as well as the associated financial costs), apart from those

efforts that target insulationdraft reductionand thermal efficiency, is through more effective
FMandspecifically better efficiency in space usalptivered by improvements in its functional
managementAtarget forimprovements is th@peration of current building stockut the

feedback of operabnal performance into strategic planning could also deliver benefits.

ExistingFMtools deliveruseful functionalitythrough the use of data that is manually entered
or imported inCSV oKML format, or DXiR the case ofimple geometric data. The data
though is only loosely describgat best so lacks semantic definition. Information sources can

includethe following:

1 Floor plans (2D).

1 Assetregisters/ asset tracking packages.

1 Informationgenerated by a helpdesk building maintenance systesfor work
orders.

1 Humanresources (HR) systems that allocate staff to déskeasetc.



Such softwareystemse.g.CAFM ExplorgB] deliversometacticaland strategiaecision
makingassistancebut there remaina number of areas where improvements can be made

Sme characteristicof FM took and related shortcomingare outlinednext.

A largevolumeof useful information is generated throughout tiehole building lifecycldout

FM toolsrarely utilisethe architecture,engineering and constructiofhEC) domain

information from other building lifecycle stagesith the exception o§imple representations

of perhaps floor plansThatsituationis a result ofhe historical fragmentation of the

construction imustry in terms of time, spacand technology4]. The problem is compounded

by often differing terminology and semanticsdifferent building lifecyclestagesAs a result

errors, inconsistencieandtime and cost implicatiogs are introduced when information is
regenerated or imported and exported between different representations. Specifically at the
building handover and commencement of FM operations, even where mechanisms are
sometimes in place to ensure the transferfildinginformation, (i K I 4 A y FuBakiffyr G A 2 y Q&
is often lowdue topaper documents remaingin storage, a well as issues relateéd any

electronic sourcemcludingformat differences media storage management, seatahility

and accessibilitdifficulties[5]. Regarding theoperational informationgeneratedover the

relatively longime span2 ¥ | 0 dzA £ RA y 3 Qthatigdrdtafiah specificglllist LK & S
typicallynot fed back into earlier lifecyclelated acivity, resulting iraloss of opportunity to

learn from previous projects. Such informatitivat couldevenbe fed back to conceptual and

detailed desigri6], could support the following activities:

9 Bvaluaton (long term performancedf specific building construction componergs.
glazing, wall construction @situ thermal properties), door hinges, etc. Thesitu
performance of different types of plant and other assets could also be evaluated.

9 Evaluaion ofany variation irbuilding configuration

1 Long term @ergy management and optimisation

Citingthe future ability of FM toolsto supply information to other systems in the enterprise
Nelson et al[7] state(i K | (somiespstetps claim thave this capability but there was little
evidence available of its utilizatiériThe ifemBomb projec{8] is an uncommon exception
though, in that it addresses interoperability between ttaesign, construction and FM of

buildings, propagating information to the FM tools using a shared IFC product.model

In connection withintegrationbetweenrelated 6ame lifecycle stagé-Msystems, Nelson, et

al.[7]furtherNBLI2 NI GO0 KSNB FFNB adAftt fAYAGFIrGA2ya Ay GKS
different subsystems of an FM system and between the helpdesk and building management

aedgaidsSvyaé ra ¢Sttt a aAyl RSldz GS f(Simiallyeryo SG6SSy Ca
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limited integrationexistsbetween FM tools and hardwearfor monitoringand control. A highly
desirable feature onyFM tool is to determine exactly how spaces are being used, and if they
could be used more effectivelgs typified by, for exampl®]. Such a provision thatoes not
require manual intervention by users to repeatedly report the environmental s&te

impossible vithout synchronisationvith the data from sensotsThe generalequirementis
expressed by Shen, etfl0]g K2 a0 S a2y S Yhegaelad&ldess f Sy 3 S
sensor system (as reattime data collection system) into reime decision supporsystems

to help construction engineers anddility managers tonake the right decisions in a timely
manner thereby improvingroductivity and efficiend§, Moreoverto fully exploit that data

without human interventionjntelligentmachineinterpretationis required While froma

functional perspedte, assuming thaeployedsensors are static, the wireless property is
irrelevant, but regarding the cost of installation, the saving is signifizlieh compared to

wired devices

The aims and objectives of this research are discussed next. Followirg liigh level

overview of the system developed is provided, followed by an overview of the thesis structure

1.1 Aims and Objectives of the Research

A softwareframeworkwith accompanyindpardware sensors sought thattargets the
particular domain of FMjelivering richer decisiomakingassistance than is currently
availablewithin that domainby addressinggome of thesalientweaknesses of existing FM
tools. More specificallyhie deliverable is a systethat provisionsenvironmentaldata and
elaboratestifor the purpose ofjeneratng high level knowledgeaboutthe internal conditions
in the buildingand abouthow spaces are being usethat knowledgeshouldallowthe
identification of how well matchethe internalenvionmental conditions aréo its usage and
should provideopportunities to reducevasted resources such as unnecessary heating and
lighting. The syster@iatelligence is to be delivereid the form of theability to perform
deductive inferencewhich as well as facilitating knowledgengeation, will contribute
towardsrenderingthe system tdoe autonomous andilmostself configuring. Furthermore the
systemhas the specifiaims to minimisets internalresource usage.e. Sensor provisiorso
that the demands on hardware power are nmrisedwhich in turn permitsa cheap(wireless)

sensometworkthat can be powered from batteriesnd thus easily installed
The hypothesisaims and objectivesf the researchare presentedin the nextsulsection.

1.1.1 HypothesesAims and Objectives

Thehypothess that this thesis addressesas follows:



To show that the application sbftwareagency based on the belidesireintention
formalism supported with semantic knowleddeases thatre synchronised in near
real time to the environmentdelivers several benefits ithe realisation of a
intelligentsoftwareframework Specificallghat frameworkcanusefully supportsome

fundamental knowledge requirementis the discipline ofacility management
Theaimsof the researclare summarised as

1 To createa softwaresystem thatelaborates(raw)datafrom a range of sourcassing
inferenceto generateusefulknowledgeto support decision making in the discipline of
FM. The data shouldepresent the current dynamic state of the environmgand
(easily availablejonventional building models should be thaginalsource of
additional information

I Torealise a system that haeansparentand structuredrationality and is largelypro-
activeandautonomous The former(rationality)allows preditable behaviour in
complex systems while the latter supports intelligent behaviour with minimal
configuration and user input.

1 Torealise a level of intelligence in the system using semantic reasoning for the
purpose of directing the above autonomousHaviour

1 To intelligently managethe supportingsensor infrastructure, so that the monitoring
capability ofthe systemcanbe delivered byeasily deployediattery poweaed

wireles9 hardware
The objectives of the research are:

1 Todeviseasoftwarearchitecturethat is flexible, scalable, can handle missing
information, is robust and almost self configuring and that generates knowledge that is
easily consumed by external tooksdditionally factors affecting practical operation
should be identifid and addressed.

1 Identify the useful knowledge related aspects that contribute towards the process of
facility management and realise the deliverance of the associated knowledge
generation mechanisms.

1 After identifying therole and benefibf external fornal knowledge modedto the
framework,select a semantic knowledge representatimd usinghat, createmodek
of the employedsensor systemand their capabilitiesand of the building
environmens to which those systems are deploydthen exploit those elveloped

resources in the framework.



1 <elect or create, therapply suitable software modellingethodolog/ / methodologies
to createthe software implementations

1 Develm suitable hardware

1.2 Dependant Disciplines

In order to deliver high quality useful infoation the system relies on accepted theories and
formal principlesandutilises a range of proven software framewar&stending them where
appropriate.Thecontributing disciplineare knowledgeengineering and the (software) agency

paradigm.

Knowledgeengineeringprinciples coveknowledgesystem developmenincluding modelling

and the processes and mechanisms used during operation to exploit those sources. In the case
of semantic resourcesheseincludethe provision oinference mechanisms for the bieery of

non explicit informatiorcontainedtherein. In its application in theystem developed, referred

to hereafteras the Intelligent Facility Management Syst@RMS, semantic web technologies

are used to model the domains of intere§thesemantic arebased orsub-sets offirst order

logic. The following chapter describes the esselktimiwledge engineerinfundamentals and

techniques used in the system development.

The other main discipline contributing to the work completed is that of softwgenay, a

paradigm that extends object oriented programming with further properties rendering an

entity that is more capable of acting without user interaction, and that when equipped with
some level of intelligencachieves devel of rationality. Such agés can then behave

predictably under changing and unexpected conditions. The principles, practices and resources

in the field of software agency are the subject of chapter 3.

1.3 High Level System Overview

The IFMS consists of both hardware and softwane informal representation of its layered
architecture is shown ifigurel.1, whileFigurel.2 shows a simjified illustration of its
topology. Thesystemis dividedinto the infrastructure and the agent lay@figurel.1). The
infrastructure can be further divided inttayersthat comprise of thehardware andnterfaces
to that hardware The information layecontains the sensor nodexecutables which provide
access tqnear)real time data captured form sensors deployed in buildinggether with
building information modelexpressedn the IFC formaandseveral ontologiesThe agent
layer in turndeliverssupport for external application3.he stickiguresin Figurel.1 represent

agent typegin some case usingpmmunication realisingcollaboration, resource



managementnegotiation and proxy roles for tool suppoA.core set of agent types
collaborate,using the infrastructure servicand artefactdn the infrastructurefo pursue
goals to build knowledge for the supportthioseexternal tools The €manticmodels and
1y26t SRIS o6FaS 6Y. 0 WYl OKAYSNE Qequéstddw level OSy G NI NP
dataabout the envirmmentfor the pursuit of goalsThe primary domains about which
knowledge is modelled is the building environment and senddre nominallypuildings
ontologymodelsbuilding entitiesand relations to capturéopology, system membership and
other properties. Specifically theonceptsare primarily spaces, roomsypeningsdoorways,
windows furniture, fittingsand plant such as HVAThesensors ontologgaptures domain
knowledge about thehysical characteristics of the sensing devices, the deteptiocesses
and the sensed phenomen@hus detailed descriptions can be created that define sensor
contexts so that sensing capabilities within the building can be inferrethgakcount of

complex building configuratiorendsensor locations etc.
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buildingmoel (IFC) OWL knowledge bases - sensor networks —wired and ZigBee wireless

describe building, sensors,
communication entities

sensor node

sensor node

"

facility management tools

agent framework - zone, sensor, fm etc agents

Figurel.2 - Simplified framework topology. The lines show the utilisationestices or
resources by the various entities. The ultimate aim is the support of decision making tools,

while informatory / data inputs are ontologies, a building model and live sestestar,

ThelAVIShas general applicability in the scope of monitoring the internal environment of
buildingsfor the purpose ofjenerating building oriented knowledg®ne of the cordiigh
levelfunctionalitiesof the agent layehas the objective of identifying wasted ragaes Thisin

turn relies on knowledge generation about occupancy. Another example is the monitoring of

the internal environmental conditionwithin the context of other knowledge.

The software agent architecture facilitates easy integration of venyblkexiew goal seeking
entities. Theexistinghardwarecanmonitor temperature, ambient light level, motion and
proximity e.g. door and window statelsut additionaldevices can be added easily at several

levels of abstractionThesystemhas beerdeployedwith both wired and wireless sensars

1.4 Thesis Structure

Following the introductionliterature review sections presemelevant theory and significant

contributions inthe areasdf y 2 6t SR3IS Sy IAYSSNAY3I | yR az2fagl N

presented next where the system implementation is described. Follothigigs a description



of results. A section describing proposed further work folltiweg. Finally a conclusion is

preseried.






Chapter 2

Knowledge Engineering and its Application in the

Construction Sector

To addresshe aims otthe Intelligent FacilifylanagemeniSystem (IFMS$hhis chaptemreviews
two mainareas, namelgemantic web basekinowledge modelling techniques aedisting

information representation in theonstructiondomain.

In the system developednowledge engineed artefactsand machinerydirectintelligent
behaviour andsupportknowledgegeneration through the ability to perform deductive
inferenceon modelled domairknowledge. Theknowledge generatd is for the intended
purpose of automatingome aspects of FM or at least agsigthe Facility Managef¥ecision
making.The emergingemantic web provides a range of freely availabledéml authoring
knowledge modédéd artefactsand forthe run time support of software systems requiring the
services of knowledge baselhe nature othosesemantic weliechnologieds well suited to

meeting the knowledge needs of the IFMS.

Information exchange allows existingnstructiondomainknowledge to bencorporatedinto

an application suchs the IFM%ind thus exploitedindustry sanctionedr defactoWSt SO NB y A
information representationtandards facilitate the exchange of information between software

tools. Tools typically internally store information in a specific way that best meets their
specialisednformational needso a transformatiorio the common format is typically

performed

The first twosub sectiosin this chaptercoverinformation/ knowledge representation
dividedaccording to the formalityf its underlying semantics. Informahowledge
representations (KRa)ith which the majorityof information exchangén the architecture,
engineering and constructidfacility managemen{AEC/FM) domaiis completed, is
presented first The motivation for the existence 6P S t S OitifdvRayioh Eatdardsis
described together with theiscope and some technical detaidextthe discussion of formal
KRsfirstly coverssemantic web based technologiaad somerelated background theoryStill
within the scope of formal KRy averviewis then presenteaf the currentlyavailable
software toolsand programming interfacehat supportthe run time use osemantic
knowledge based-ollowing thatthe practices used to generand maintainsemantic

11



knowledge resources are brieftiiscussedincludingdevelopmentmethodologies. The IFMS
relieson a rich model of its contex$o the derivation of an adequate model is fundamental to
its succesdNext a review ofomegeneral semantic resources i.e. those that are not
specifically targetd at the AEC/FM domaiut that are relevanto the knowledge modelling
effort in the IFM$are presented together with someassociatedackground theoryFinally

some published works on the application of ontologies inAlRC/FM domaiare reported.

2.1 Informal KnowledgeRepresentations

Thecomplex natureof the ACE/FM industry arttie increasing use of computational resources
within the related disciplines have raised ttgve for information and knowledge exchange

over a number ofecentyears. Rsources such as standards and schemas which allow accurate
exchange of information ovektS 6 dzA f R A hade@@erged, ah$thodedduBesare a

key facilitatorfor the IFMS to gainontextinformation.

The AEC/FM industry is typified by complex, unique projects that involve many diverse

commercial enterprisegnany individuals with wvging skills and disciplines, competence

levels, languages and cultures, potentially working in geographically distributed, short term

collaboratiors or sometimesin virtual businesorganisationgin the sense of a collective

comprising of severahdeperent businesses that work together to achieve objectives,

interacting electronically. The fragmentation of the industry has occurred over recent years as

I aNBadzZ G 2F GKS O2YLX SEAG& 6Aprodudtsy[d.= aL} OS | yR
Historically there was much less divis{dd], but this increasing fragmentation requires

progressively more coordination. The application of computer assistance has in the past been

confined to supporting egineers executing specific activities, which lead to the so called

WAatlryRa 2F dzi2YlIGA2YyQd ¢KS LINBaSyOS 2F GKSasS WwWa
between the many lifecycle stages of the construction activity. Errors, inconsistencies, time

and cost implications are introduced when information is regenerated or imported and

exported between different representationStandards, schemas and other efforts aim to

improve the situation. Currently such resources are primarily infonggalesentations, in the

sense of lacking mathematical formulation.

Shared information models are the first step in addressing the requirement of data sharing and
interoperability, the requirement for which has existemsome extenfor more than 30 years

[12]. Work in the area ranges from the specification of schema for products and building
related activity to the additional layering oftraditionally implicit)lsemantics and process
specificationsThis is currently achieved various extents through the usef varying

combinations and levels of sophisticatj@i models and frameworks. Native use of product
12



models by applications and users to realise interoperability is a first step and is described first
Additional mechaismsthat build on the product modeduch @ model viewsand process

descriptions are then discussed.

The distinction between knowledge and information is that of context, readiness for direct
consumption by humans or intelligent agents, dhd inclusionof references to more abstract
concepts as well as concrete ones. Similarly in comparing data to information, data is less rich,

lacks context, and has less perceived value.

2.1.1 Product Modellingin the Construction Sector

A product modein the scope of AEEM, or aBuildinginformation Moddling (BIM)schema

instance is a data model representing the entities relating to buildings such as geometric data,
schedules, geographic and material specificgtishich is generated during all stages of a

odzA f RAyaQa fATFTSO0e0t S® LRSI tnieddatestShas La O LIG dzN
provenance. Isikdag, etdl3]a i §S &. Laa | NB LINBYAAadmatiah, G2 0685
AYOGSNRLISNI 0AfAGe YR O2ttl 062Nl iA2yéd ¢KS Y2R
numerous federated databases or data sharing can be facilitated by web sdha¢emn

addition to the capture of building relatkentities, such schemase ideally able toepresent

related informationsuch aglesign rationale antheta datae.g.provenance

A summary of the knowledge modelling notations that are in use or that have potential
application for modelling in thAEC/FM domain are shownTiable2.1. A fundamental
discriminator inKRis expressiveness of the notation used to capture knowledge.
Consequential interelated propeties of the language arefficiency, flexibility, conciseness,
and a limitto the complexity of what can be capturdds well as decidability in formal
languagesdiscussed isection2.2). The languages listed in the table are all of a similar
expressivityThe expressivitis a function of the language constructs. Statements can often be
mapped fom one language to anothgwhile preserving the intended semantics, potentially

by using a compound of constructs where expressivity is lower.

Table2.1 - Summary of common modelling languages and their presence in the AEC/FM domain

Notation Features Usage /maturity Scope/ example uses

and/or standards

EXPRESS STEP (Standard for the Exchan¢ Successful but not Wide,used in range of

/ of Product model data]l4]is an  extensively industries/ IFC(see
EXPRESS ISO standard for the exchange understood section2.1.2), CIMSteel
G/ STEP and archiving of product data. [15] structural steel

13



There are parts that cover product definition
construction specifically as well

as lifecycle. Both rich in

constructs; EXPRESS is a lexice

modelling language and EXPRE

G provides graphic

representations of an EXPRESS

subset.
Entity- Data modelling: concept and Widely used in Databases (relational)
Relation relation constructs; succinct database Numerous traditional
graphical representation modelling well applications
understood and
very mature
IDEFO to Wide range of mdels supported. Rich modelling and Widely applicableE.g.
IDEF14  Selected methods: IDEFO functic collectively whole lifecycle
modelling, IDEF1 information provides wide application scope in the
modelling, IDEF1x data modellin coverage. Integrated Building
IDEF4 objeebriented design, Generally mature  Process Modg(|IBPM)
IDEF5 ontology description, IDE but not extensively [17]
design rationale capturg16] used
UML + Small set of constructextension Easy to understand Mostly sofware
OCL for constraints but supports wide and familiar to engineering, variants
range of model types (13 types ¢ users scales well  used for systems and
diagram). No formal semantics to more rigorous  data warehouse
application. No modelling Popular
implicit Lends itself to mapping
specification. to formal
Widely supported representations (see
by tools. section2.2.3.)
XML Distinction between markip and Commonly used, Very wide, not

content being described. Simple

syntax

describes data
structures,
extensive tool

support

restricted to internet
applications /ifcXML

(seesection2.1.2
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2.1.2 Industry Foundation Classes

ThelndustryFoundation Classef~J arean open data schema haviagaxonomic structure

that has thefundamentl purpose to facilitate information exchange in the construction

sector. It isa priori(independent of experience) agreement of concepts that has evolved over

a number of years and systems adopt or translate to this representation. The IFC captures
information relating to the design construction and management of buildings, tbear

lifecycleup to demolition. Specifically the IFC can be divided into constructs for modelling
products, processes (information about the processes to design, construct amaga the

project), resources (resources consumed by the process), and controls (constraints, which are
key to establishing model integrity). It has matured over more than ten years. IFtheases
EXPRES8Shemdanguageand STERStandard for the Exchangé Product model data) (ISO
10303)[14] physical file formatt YR A& &G A Y ONBI a Ay JI8putm@®eO S LIG SR é
recently has attractedhterest representedhs XML in the form of ifcXML, consistent with the
extensive use of XML for the sharing of business data. XML is widely used and understood with
wide support with tools for editing and integrity checking. A small but significant advantage of
the XML versin of IFCcompared to the EXPRESS foryigathat it can be divided into separate

physical storage, which affects issues such as ownership and responsibility for maintenance.

15



ThelFC has been selected as a standard by several organisations worldwideyayNuy the

General Services Administration in USA, and for use in official government documents in China

[19] and enjoys government and industry support in Finlf2@). In the context of nativeise

by applicationsits use is mainly restricted to CAD data exchgd2dé Howard, et al[12] less
L2aAdAGSte ASYSNIffe NBELRNIIFGEZA BERGENME i 2NIy 2N yOS
CAYflIYR 6KSNB GKSNB KIla 0SSy al Yl 22N O2YYAlGYSyi
O2yaliNHzOGA2Y LINRPOS&aa adl | SK2 fyHoward and BjorkfC/ dzal 3S¢ @
IFC is its complexignd its dependence on a limited number of expeliut they state that

there could now be renewed interedue to several factors including an increasing

understanding of benefitef BIMby property ownerg12]. Theystate one viewpointthat its

development over ten years has been regardedoasslowby some individualand that it has

lacked of adequate resourc§h0]. However, therecently achieved feasibilityf usingBIM on

desktop computers counters the negge criticismabout development time to some extent

[10]. Hidingthis complexity from users and applicatiossdesirable and some approachae

discussed in the following subsectio@erovsel22] reportsmore recently in 2011 that

f 6K2dzZa3K adAftt adlyRINRa AyOfdRAY3I LC/ addd KI @S
supporting interoperability ... (thaprogress is very important and its impact will be evident

years from now @

Standardssuch as IFC help to imply semantics of the entities through taxonomy, generic

naming (terminology) and properties of entities constituting the data mduiel do not

SELX AOAiGte &adlrdS (GK2asS aSYlyGiAadaod !dsant@di2NI Ay (KS
RSANBS 2F &dzLILI2 NI F2NJ aidl yRI NHBAaThérdhaeysom8 T F2 NIi a4 o &
barriers that make the development of a common conceptual model difficult though, including
different semantic definitionsf products, as well as varying scope and levels of abstraction of

the definitions. The varying views of the data models are due to diverse applications in the
construction industry and its fragmentation makes consensus difficult especiadly for
posteriori(dependant on experiencefodels[23]. Katranuschkov, et gR1] agree, stating

GKIFG aNBOSYyUd LINFYOGAOS Kla akKz2gy GKIG SadlofAa

modSt a LINRP@S&a G2 o6S | f2y3 IyR O2YLX AOFGSR LINRPOSAa

interoperability dependency, shown Figure2.1.

Amor, et al[24] have analysed the preservation difie integrity of the semantics of IFC data

representation as it was imported and exported between tools such as CAD and states that the

integrity israrelypreserved. Thghave also apieed some simple metrics to the various

versions of IFC (such as the number of classes, average deptienfancetree, average

YdzYoSNI 2F | aa20AGA2ya LISNI Oftlaa G23SGKSNI gAGK 240
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complexity are understandable in a ‘

mature mode] there are measures of
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6KAOK Aa yzua ySoOSaal IFC model view definitions
IFC model specification

Figure2.1 ¢ IFCinteroperabilityPyramid[25]

2.1.3 Application of the Industry Foundation Classes

Work that builds on the fundamental product model and the advantages readised

describednext The Building Lifecycle Interoperable Softw@dklS) project builds on IFC to

promote the whole building lifecycle application of IFC. IFC has extensions to support FM and
domain specific entities targeted at for example electrical, HVAC and structural engineering
domains. BLIS specifies, with theendled IFC, the distributed software infrastructure for
collaboration throughout the building lifecycle, supported by a common shared database
schema. A specific aim of tiBd | Sproject is to capture design rationale thrghiout the

lifecycle. Itaddressed 1 & 202SO0AOBSEA UGKNRAAK ALISOATeAYy3d |
Sy2dzaK (2 SyR dzaSNER GKIG (GKS@& ¢ A26)fandLJdzNOKI & S
corresponding IFC models to realise those, thereby focusing indsettware providers and
users.Views,of the IFC model supporting the various use cases ensure consistent
representations for sharing. These views constitute layer two of interoperability dependency,

seeFigure2.1.

Despite its maturityHietanen and Lehtinef27] statethat the IFCare not widely used in
AYRdzZAGNE RdzS G2 aYAaaiay3d | ObEEWEEe®2Odza | yR

QX

implementation resources are limited, they suggest focussing the scope to allow the
improvement of qualitywhichshould then drivehe demand for wider scopeEven withira
narrow scopdhough,the advantages of IF&e clear.For examplerelating todesignproducts
where dataexchange is focussexh geometry While both approaches @mployingDWGand
IFC formats for data exchange will suffitee use of IF®y virtue of its domain mode$ a
superior solutionFor examplein the delively of presentation optionsan application, the use

of IFCentity propertiesisamuch more flexibl@pproachthan an alternativenvolving layering
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[27]. Thelnformation Delivery Manual (IDM28] (described next) and supporting

specifications address thdentification of exchange scenarios

Supplementinghe IFC specification, tH®Mand Model View Definitions (MVD) are

concerned with modelling the relationship between processes and applicatispgctively.

Those model instances are captured using respectitledylFC process (generating process

maps,Figure2.1) and constraint schemadvhieL C/ G RSFAY Sa GKS F2N¥IF G F2N A
SEOKLtfedlSéa RSFAYSE G4oKAOK Ay F2NXbfutheey G2 SEOKIy3S
specification, thdnternational Framework for Dictionaries (IHR9] allows the definition of

howt2 &GAYy dSNLINBG GKS [ Sirilbolaspacs yf a fréc€s& hogdel] HidR £

IDM specifies the scope and timing of information exchange while the IFD details explicitly the

entities described by IFC. The IDM typlicaonfirms that information exchanged for a

particular process is completevhile the IFD provides a vocabulary and definition of entities to

promote unambiguous understanding of the moddistorically he dictionaries SINTEF/BARBI

(Norway)and STABU/Ldcon (Netherlands) which have evolved over several years have

influenced the development of the IFB.web servicapplication programming interfacd@P)

promotes wide access to IFD, and its data model is captured in the EXPRESS notation,

supported by object oriented database management products,dEbvell as project called

the Simple Access to the Building Lifecycle Exchange (§38]l-&)dress the upper two

layers of interoperability dependenciigure2.1).

Extending the lifecycle support provision by Ith€,SABLproject adds a set of high level
domain specific Application Programming Interfaces (APIs), specification of a communication
protocol and query language for product information servers. These édthbined with

product model servergrovide a frameworkor common agreements on data sharing. Shared
semantics are implied in the framework so clients must translate to this representation.
Limited support for versioning and partial model exchange in IFC is enhanced in SABLE.
Structuring domain processes thrglu its domain specific interfaces, SABLE addresses the

upper two layers of the interoperability pyramid

Arecentversion of IF§ 2x3g, has entities containing globally unique identifial®wing
referencing to a nominated library containing lookup imfation such as material

specification and text strings in different languages. These identifiers can map ontologies or
other semantic informationand material specifications could be parttbé international
standard[19]. While the specifications alordo notexplicitly specify the semantics of entities

or provide detailed descriptions of therar define any type of process modatstance)jt
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does providehe constructs to enabl@ dzLJLJ2 NII F2NJ aNBIt aSYlyiAao A
' Y2y3 | Oli2NB SEORLpBeicgaed A Y F2NNI GA2YE

2.2 Formal KnowledgeRepresentations

Thissubsectiondiscussesome background theory of formlhowledge representabns(KR$,
together withsomerelated construction domain specific published workhe formality refers

to the logical formulation of the underlying semantics, typically based orofidgr predicate
calculusin contrast to those representatigdiscused in the previousubsection, the
underlying semantics arhus explicit,allowingreasoningo be delivered through the
verification of logical consequen¢®&2]. Supporting resources are mentioned and applications

discussed.

2.2.1 Description Logics

Description Logics (B | NE &l FlLFYAfe& 2F f23A0Ft F2NNI{ A3
NEF&a2yAy3 | 062dzi 2By 0 plodiddzméansitoysats fel&tienIntps

between concepts far beyond tH&A type and others provided by notations such as UML.
Typical are the provision of the universal qualifier that constrains the type of objects involved
in roles, and the existential qualifier that asserts the relation holds for at least one object of
the target domain. Further characteristics, in contrast to notations such as entity relationship
modelling for databases, are an infinite domain and ¢ipen world assumptiofOWA (most
databasesnterpret the opposite, where information not asserted lte true is falseand that
information given is complete). Additionally humans and databases assume distinct names
refer to different objects; thainigue names assumptioStatements can be added in the DL
knowledge bas€KB though to render closed world and uniqgue names assumptions if
required. The basic reasoning of DL is the deduction of subsumption and satisfiability. The
latter determines whether a concept expression yields an ersptyvhile the former
identifiespresence oW 4 & NB. Diffefieit 2oyhbinations of language constructs give rise to
varying computational complexity of the reasonidy limiting the combinations of constructs
the language becomes less expressieg reasoning becomes more managealdlae

selection of constructs is therefore a traoéf.

Entailment (logical implication) is another reasoning problem, which in complex KBs can be
demanding32]. The decidability of a KB is a key factor related to the conistiuged in its
contained statements. If that system is undecidalhen the reasoning procedure may never
terminate when attempting to prove that another statement is not entailgdthe KB

Propositional logic is decidable (using the truth table appraagroofs), while first order logic
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is, in general, not decidablEntailment is therefore termed serdiecidable A reasoning

(proof) technique is said to be complete if it can prove all entastatements(a statement

follows from the premise accordirig the defined semantics of the systema)ge in fact

entailed Reasoning, and reasoner support the Web Ontology Languag®\WVL) in particular
aredescribed in more detail isection2.2.4 Formally, language semantics are defined with an
interpretationl O2 y aA ad Ay 3 2 Fard a fyiretion tiSatmapgsatomié cBricepdA

to members2 F' arkl atomic role Rtoa binaryNS € G A 2y 2 T ' laddcEve LINR R dzO

definitions then state the semantics of the language constructs constituting the language.

GCommonly a DL knowledge base consists of two parts, one describing the concepts and the
other describing individuals, refeyd to the T and A box respectiveBhe T box contains

concept definitions which define new concepts as equivalent to others (that eventually refer to
atomic concepts) using the language constructs. This concise equivalence which characterises
DL KBs statenecessary and sufficient, in contrast to other types of knowledge capture which
commonly state just necessary conditidB&]. Additionally in DL KBs, concepts are usually
stated without allowing self references or statementterms of other concepts referring back

to them (acyclic), and only a single concept definition ex&2$

The Abox consists of membership assertions of concepts and roles, but assertions of role
constructed from combinations of others are typically only foundery expressivianguages.

Here, in contrast to T box reasoning mentioned above, the main reasoninggsraomprises

of determining memberships of individuals in a given concept. Other processes are based on
this process though such as checking KB consistency i.e. that all concepts contain at least one
individual, as well aalisationandretrievalwhichfor an individual finds the least abstract
concept containing it and which finds all individuals contained by a given concept respectively
[32]. A (and T) box reasoning is provided by reasoning engines such as RACER described i

section2.2.4

Many logics are possible with the use and combination of different constructs; that
expressivity is described with a notation part of whickhgwn inTable2.2 for logic

SHOIN(D) , the logic corresponding to OWRAL (seesection2.2.3. The appende(D)
denotesa set ofconcrete domais, nominallydatatypes that includes string, boolean, float, a

URI type and support for a number of integer ranges and dates and timesgantiogrs.

Concrete domains such as this, together with the provision of pre defined operators allow the
definition of concepts more elegantly than creating abstract concept expressions to capture

the same.
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Extensions to DLs provide Table2.2 ¢ DL Constructors Notation covering OWL DL & Lite

constructs for normontonic KR — —
Abbreviation Description

(opposite to systems where

AL Attributive LanguageAtomic negation

learning a new piece of : : .
concept intersection, universal

knowledge cannot reduce the _ o , ,
restrictions, limited existential

set of what is known), epistemic L
guantification

(concerning the nature and i
Complex concept negation

scope of knowledge) and

Patatypes

temporal, as well as constructs
for representing belief, uncertain F Functional properties
and vague knowledge. The latter H Role hierarchy
has been approached through O Nominals (singleton class)
the application of probabilistic | Inverse properties
and fuzzy logics. Rule extensmnsN Cardinalityrestrictions
in particular enhance "

S AL + transitiveC

expressivity and are discussed

below.

2.2.1.1 Combining Description Logics with RailSupport

This sulsectioncovers the addition of rules to DL, taegmentation of OWL in particular is

described below isection2.2.3

Several researchetsave investigated augmenting DL KB systems with rule support typically
realised with the Datalog language and its extensions. Datalog is a language supporting
(specification of queries, rules and facts) deductive databases. R®4giates that such

integration leads to systems that are undecidable in reasoning but that that can be addressed
GAGK GKS AYGNRRAzOGAZ2Y 2F aal ¥FSySaa¢ O2yRAGA?Z2
and Datalog rule systems (by Iting the use of variables in the rules), but with the

consequence of significant reduction in expressiveness. He presents a framework for certain

DL and datalog variants that reduces the constraints regaining expressivaiesmain

semantic difficultiesire related to the ceexistence of knowledge interpreted using open and

closed world assumptions of the DL &8 non-monotonic Datalog rule§34]. Rosatifurther

statesthat additionalwork will address more expressive logsteh as that of OWL. Other

 LILINR F OKS&a NP LI2&aarofsS 08SaARSa wWidA £ Q AydsS3

separated from DLs.
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Conversely, the augmentation of rules with information from ontologies has been developed

in several works, includgnthat presented by Mei, et dI35]. They present a set of languages

O2YLIaSR 2F GKS a45FGlFf23 NHz S&a LAAQNIoBHGS®AAaSR o6& 5
Their pybridin contrast tohomogenouy approach interpretseparately DL predicates and

rule predicates (only occurring in rules) using appropriate open and closed world semantics

respectively. The popular DL reasoner RA@EStribed irsectior.2.4) is utilised together

with the rule engine OO jDREB6].

In the context of the semantic wethe Semantic WelRule LanguagéSWR)is a rule

implementation tha complements OWL ahOWL2, and is describeddaction2.2.3

2.2.2 Ontology

The well knowrearly, computer science basatkfinition of an ontologyy GrubeA & a | y

SELX AOAG &LISOATAOI (BA. Mg elaBoFates the@eXigitiors hiidl diztdeh 1 | (A 2 y £
conceptualizatiorrefers todconcepts, relationships, and other distinctions that are relevant

for modelling adomairg, while thedspecificatiortakes the formdefinitions of representational

vocabulary (classes, relations, and so forth), which provide meanings for the vocabulary and

formal constraints on its coherent USE88]. Boorstintroduced mutual and machine

LINEOSaalofS OF2NNIEO0 FGGNRAROGdDzISE Ay KAAd RSFAYAGAZY
aKF NBR 02y OBRdJindayehekadntéxitie gugpose is to facilitate information

sharihg and reusgwhile preserving some appropriate semanfise is an embodiment of

ontological commitment$40]. Moreover the same domain can be modelled differently,

perhaps for different purposeand using differentepresentationgFigure2.2). Another

definition of ontology which ialsoO2 Y LJdzi SNJ 8 OASy OS o6FaSR Aad az2yidz2f23A
providing a controlledvocabulary of terms, each with an explicitly defined and machine

process able semantics. By defining shared and common domain theories, ontologies help

020K LIS2LX S YR YI OKAYSA {42 Inde moedshard coitskt Y2 NB STTS
2T (KS S0z 2yi2t23A8Sa GeLAOlffe [dpmed KI @GS (I E2Y
literature in general does not constrain ontologies to a formal basis, lightweight ontologies

being those without.

An ontologycharacterisepresented by Guarinthat can describguality isontological

precision wherethe precision progressively increasiesm representations by @ OF (| £ 2 3dzS¢ =
taxonomy, object oriented designp to axiomatic theory43]. Healso adds ontology coverage

as a quality indicatoAlthough it may not be explicitly stated, every software design, database

or knowledge base is based on some form of conceptualisfdion
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For purposes including

thoseto characterise - =m ke | concept
ontologies Yudelsonet al. :‘:h,_% —

[45] have developed meta

ontology. Thetop level

discriminators include

, , , , “passive infra-red sensor™

choweg, awhate, awhye and i o

owhoe. They also present an

ontology classification,
Figure2.2 - Different conceptualisations of an entity (based ©gden

itself at the upper layer a
and Richard [44])

taxonomy, then a

partonomy below, that covers the well known classifiers such as taxonomy and partonomy,

but adds others includindggenealogy, dfunctior, ccausativé > ¢ | a& 2I0OAR G & DBG NR 6
[45]. Althoughnot an explicit (meta) ontology, rather a proce€s)toClearj46] attaches

defined meta propertiebased on philosophical concepts,properties in taxonomiggor the

purpose of analysis in order to eliminate incorrect subclass relationf3®hs

2.2.3 Web Ontology Language

OWL is a DL based ontology language recommended by the World Wide Web Consortium
(W3C) for usavith the Semantic Web. dtsemantics derive from that of DL, overviewed in
section2.2.1 OWL has three variants: OWite, DL and full. OWDRL provides the

expressiveness GHOIN(D) (@W@SNE S E Lok ite with SQer Gofsiiucts

including not allowing unions and compliments, restricting the type of intersections, limiting
cardinality to zero and on¢ogether with some other constraints, corresponds3éilF(D).

The Lite versin, through its lower expressiveness simpler for reasoners to process, and

presents fewer difficulties for tool authors of products such as editors to provide software
support[32]. Although there are significantly morestdctions in the syntax of OWML A 1 S & (1 K ¢
SELINBaaA@dSySaa Aa @ NEUNRE AMLBe aiddDL, DWRulldoed ¥ h 2 |
not impose any restrictions on the use of the underlying RDF and RDFS notatioméjair a
disadvantage is that OWRuIl is undecidable as the restrictions applied to maintain

decidability in the other variants are removed.

The provision of rule specification i.e. if A then B, within @¥&&recentlyproposedto add

expressivity that cannot be caped by the DL. An often quotegeneralexample is the

NBfl GA2YyaKAL] & dzOikthelbéothed ¢f theit PReyitSIQ & 2dm[ OfASE 2y S a4
that has been implemented. #dds rule supporto OWL-DL and Lite with the addition of Horn
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like rules butallowing the headdonsequen) and the body (antecedent) to contain any OWL

class, property or individual. In Horn rules the head contains a single atomic formula and the

02Re& O2ylGlAya || O2yedzyOitAzy 2F | G280 F2NNdzZ I ad |
ardGAaFTALOATAGE YR Syial Af YS yadl.(CertaiNdstristigns ISy SNI £  dzy R
iK2dzaK OFly 6S FRRSR (2 (KS NYz Sa G2 NBYRSNI GKSY W

(@]

least appear in a neBL atom irthe conditionof the rule. So facts have to be added for those
variables, essentially restricting the rule to known individ{é8j. Consistent with OWL, SWRL
should beformulatedto upholdthe OWAand support monotonicinference(should not

counter existingnformationin the ontology.

2.2.3.1 Mapping from UML

The mapping of language constructs has application in ontology development for the purpose

of reusing existing resourcelescribed by UM{making implicit semantics exgit).

Additionally, the provision ofa graphical representation for OWL anditakadvantage of

02YY2y YR gARSt @& dziaSR ¢aefiRtdesniobihtibris. AlBSANE y 3G Ke | a
motivations are relevant in the context of thieevelopment of thdAVIS.Object oriented

designand ontology development of course share their central concern for modelling

Brockmans, eta[49]LINSaSy 4 | ! a[ y20FGA2y FT2Nl h2[d ¢KSe& adl
gAradzZ £ aeyaGlE F2N Yw fFy3dzZ 38 gatefvéntsared SSy | NBHdzSR TN
otherwiseexpressed usingust text based syntax. Their ontology definition metadel

(ODM) is intended to provide an intuitive mapping to the syntax and semantics ofFDMW/L

Additionally, the ODM enablefor examplethe use of the Eclipse Modelling Framew(elg.

[50]) to derive aJava API from OWHAlternative appoaches by other authorshat were later

merged realise a very rich metaodel to capture many KR, the single onehut the

disadvantage is the consequent complex mappings compared to many simplenodéds

for the different KRs. All solutions amecessarily defined usitga DQ& a Sl ho2SOG CF OAf
(MOR [51]. While practicallyUML representations can be a very useful way of maintaining

ontologies, in a report comparing OWL and UML, Hart, ¢b2] state that for some

constructs there are alternatives for mapping from UML to Q&vid that thebest choicecan

RSLISYR 2y (KS O2yiSEd® 2KAES a2YS YILIWAYy3Ia NB Ay
features tha can only be expressed in an ontology language ... e.g. transitive and symmetric

LINE LIS NI A 4. UMLyis paréicila@rly suited to illustrating certain ontoydigatures

most obviouslytaxonomy (hierarchalnd partonomyrelationships.
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2.2.3.2 Other Mappingsand Translation

The epresentation of ontologies directly in an objestented programming languagénstead

of manipulating primitive objects from an ontologyogramming interfacegenerallysimplifies
programming. The fraework Jastof53] is such grovisionii K | {supgofsdrist features of
OWL-Lite and OWADLE A Y emhvironkierdd. |

Translating from an XMlsyntax centricjepresentationhas similar advantages to translating
from UML in that existing resources captured in that format can have the implicit semantics
made explicit, lending itself to further reasonirgstandard and well supportg@ith tools)
process ighe translationtechniqueinvolvingan XSL{extensible style sheet language
transformation) processofrThe translation involvethe processorreadngand processing

style sheet written in XSl@languageemploying acombination of procedural and declarative
statements)o generate the transformed outputxpressed in RDF (itself XML basethveral
XSLT style sheets thaanslate XML schemas into OWias been publishec.g.[54]. Such
style sheetdncorporatestrategies tchandlecomplicationssuch aghe different topologies of
XML Schema and RDF Schema / OXWiLschemas ar¢reeswhile RDF Schema / OVdte
typicallydirected grapk that can be cyclic.

2.2.3.3 The Semantic Web

A leading motivatiorior the development and application of DL and specifically OWL is the
Semantic Wehywhich isdescribed in this subsection. The Semantic Web is an open standard,
layered, distributed infrastructure presented by the W[B6]. It builds on the existing Web

and is an environment where machines will automatically process published knowledge on
behalf of users to meet desired goadgplied to this context,ite agentparadigmis that

where software moduleson behalf of usergetrieve and reason witlkKRs published on web

sites to satisfy goals. Agents can use the services of other agents as well as utilise knowledge
contained in the KB accompanying human readable representations at webTsites

combination of ontologies, a commoariguage representation for expressing thaseologies

and as welbs forformulating queries and represeiigresults, and the support of the existing
Web, are the foundatiors of the Semantic Wep42]. Although in the Semantieb where
agentsareableto interpret content, theydo notWdzy RSNE GF yYRQ Al Ay GKS
humans do, buthey areable to process the knowledge in formally defined wi@&.ThelFMS

and the Semantic Web share the reliance on KR and infer&fmeover the Semantic Web
adoptsproof and trustfunctionality in its uppefstack)layers,andsimilarconcerns couldbe of
importance in realising the integrity of tHEMS particularly if itdynamicallyelicits knowledge
froml y W and)8istributed(web)sources.
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Proof is realised by the explanation of how inferenaesreached and can be published for

later checking; the advantage is that proofs can be checked quicker than they canvezide

In order to realise trust in the Semantic Web, entities such as ontologies and proofs can be

digitally signed by their author®igital signing such as the use of XML signatures (a standard

schema for authenticating aniut typically XML entitie$ spans the data representation,

2yG2ft23e8x £t23A0 YR LINR2F tFr&8SNA 2F (GKS {SYIyidAao0
expected to emerge through transitive trust prorogati@ne approach for the provision of

proof could be viathe use of thésF £ S NBI 42y SND& SEA3F I yI GA2ya 06488

2.2.3.4 Ontology Interaction

An ontologyAR allows the manipulatiomf an ontologyand its statements using the familiar
object oriented programming paradigmlaSses are provided for readiagdwriting
ontologiesto/ from serialised storagas XML (sometimes using a rangéstdndard)syntax
rendering options)and to add, remove anedit (ontology) conceptsproperties and
individuals(typically as fairly primitive representations mapping the ontology construtts
object classesallow reading and setting of the properties the constructs for which they are
proxies Ontology quey can therefore be realised by programmatic exploration of the
ontology via class instan@ad/or individual instancerocessing but for complex queries that
can be inefficient and complex. Typically APIs proaidaery interface supporting theopular
SFARQL Protocol and RDF Query Language (SR#dR@tursive definitiomf SPARQL
Protocol and RDF Qudrgnguagé[56]. Other query languages have been developed with
various properties, which can be more or less suited toriaeire of knowledge base being
queried.Popular API&r OWL and RD&re OWLAPI[57] and Jend58]. The APIs can be
coupled to a reasoner/s using either propriety interface or via a generic interface, typically DIG

(seesection2.2.4.2.

2.2.4 Inferenceand Reasoner Suppofor OWL

In this subsection,fter a general description of reasoneascommon API for reasonetthie DL
Implementation Group (DI@escriptionLogic interfacds briefly outlined. Nexta popular
reasoner supporting OWLlhe Pelletreasone[59] is described in more detaipllowed by an
outline of some featuresf another calledRACERRenamed A box and Concept Expression
Reasoner)60]. Finally, the support for lessxpressive reasoning delivered by Jena is briefly

described.

26



2.2.4.1 General Features

A Reasoner provides inference services for ontologies. Most reasoner engines support the
same main servicdsom the categories oihferenceof new conclusions and for verificati of
consistencyTheconsistencycheck involves verifying that there is no contradictimiween

any (asserted and inferred) ontology statemeras,well as verifying concept satisfiability,
where it is verified that every class can have A box instaneesass definitions are not empty
by implication Commoninference servicegenerateall thelogical consequences from the
axioms in theontology, includinghe inferred class hierarchgf. asserted hierarchywherefor
named classe®r examplenecessary and sufficient conditioadd inferredclass

relationships Inference alsanvolvesrealisationwhichis theevaluaton, from ontology

axioms of which classes A box individuals are membe@&ysgpically in connection with reasoning
with concretedomain entities, natural numbers, integers, reals, complex numbers and strings

are supported

Reasoner engines typically have similar components, consisting of a parser, interface modules,
query engine, as well @score reasoner. Reasoning is achieved uaingriety of algorithms
depending on the constituent DL constructs presémiorder to be useful in practical
applicationsreasoners need to be sound and complete. Soundness refers to the reasoner, or
strictly the decision procedure which it employs, wlefivering any incorrect resultsy

applying valid inferences with asserted true premjsekile completeness refers to finding all

of the correct and valid resul{§1].

2.2.4.2 A Common Application Programming Interface

To providea general API that provides easier integration with current programming languages

than previously offered (typically in the style of Lisp syntax), the DIG interface has been
developed. It (specifically version 1.1) provides ask (& answer)/tell functipnatid KB

management, with an HTTP based protocol defined by ans¢hemd62]. A protocol such as

SOAP was not used due to its object centric nature; in contrast the emphasis for DIG is on
message passirf§2]. The current specification defines a minimum subset of functionality
gAOKZ2dzi 2@y OKNRYAALFGAZY F2NJ Ydf GALX S Ot ASy(a
stateful connections, transactions, reasoner preferences arshé@2]. The concept

language is based on a logic that is rich enough to support OWL well as other DL but with some
constraints for concrete domainsuch as no support for linear inequalities or named concrete

objects[62].
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2.2.4.3 The Pellet Reasoner

The Pellet Reasonerisan OWI NBIF 82y SN 6AGK GaSEGSyaArdsS adzllliz NI
individuals (including nominal support and conjunctive query),dsedined datatypes, and

RSo6dZA3IAY A & dzLILIPEBIAI réadddihgXefuestd afe 3atistied by reduction to

consistency checking which is processed by a (pluggable) tableaux reasoner; the defaalt ca

substituted to process OWDL extensionfg3]® t St f SG Ay Of dzRSa aSOSNIt wWyz29
including that for handling nominals and individuals and reusing query an§g8&jré\ box

(conjunctive) queries are supported using the (RDF) SPARQL query language. SWith rules,

some constraints, are supported; OWL and native SWRLiyjsa are permitted in the head

of rule definitions (the combination of DL and ruledigcussedn section2.2.1.]).

In particular Pellet provides its owwmprovedA box query enginfor SPARQL suppdttat is
tailored for that applicatiorfwhere the query is related to the T hdke default Jena query
engine ignvoked. Another featue, although only supported through the OWL API is
incremental reasoninthat can assist the programmas deliverhigh performanceExtending
the standardibraries,Pellet provides support for spatisdasoningoased orRCE calculusn

a version of the library known &%lletSpatia]64]. Another facility in Pelleis the provision to
enable the closed world assumption by supplementing th& DL with the K operator i.e. K
applies syntactically, and is tasted to the languag@LC . Application of he closed world
assumption to OWADLcan beeitherviaa T box ruleor the operator can be applied iqueries
to classes and propertig65]. In contrast to theOWAthat is suited ¢ situations where the
modelled knowledge i;mcomplete, the closed world assumption sometimes better suites the
context. Exampleare default reasoning and querying data structures wherentologyhas
beengeneratedfrom a general schem#xioms for example can be added to classes in OWL
to render closureat ontology design timebut the requiredinference mayary according to

context, so statingclosure atdesigntime is not possible using that method.

Another feature ofPelletis that itprovidesan explanatiorfacility, which is an account of how
inferencesarereachedi.e. the set of ontology statements that entail the inferenbe
statement is made abowvhetherthe explanation is minimat¢ncise in thegeneral case
Such a facility haasn application for debugging ontologiegistifyingconclusions at run time
and could contribute in establishing trust, or at least reduce its overhead regarding

computation

Finally Pellet is well supported, freely available and is open source.

28



2.2.4.4 The RACER Reassr

The RACER Reasoner includes support for OWL and RDF. It pesvidel asa DIG interface,

a lower level TCP socket based interface providing extended query facilities. RACER supports

the usualinterference services for @nd Aboxes In particularit addresses the synchronisation

of multiple clients (such as thread safety, read/write locking) with the introduction of the

Wwl OSNJ t NPEeQ 06Si6SSy (KS OtASyida FyR GKS NB
queries, & asynchronisnfiacility isprovided for clients to register a call baffr notification

when the answer of a given query changes due to changes in the Ali®xlirect

implementation of several common query formulations eeporting of children and parents

of a given concepteport the concepts of which a given instance has membership, report role

fillers for a given instan¢ehat can otherwise be executed using a query language, have

become less important.

Even thougta licence is available for educational use, it is tirmétdid and closed source in

that configuration. Br non researchdeployments, it i€ostly. Thus while RACER has and some
attractive anduniguetechnicalfeatures,the licensing makes less attractivefor use in the

IFMS

2.2.45 OtherReasoners

In contrastto the above mentioned reasoners, the ontology APl Jena provédessningbut
with some limitations but such reasoning is still useful in pracficeexamplefor computing
hierarchies and can be very efficiesb reduces computation demandhelimitation is in

terms of the scope of support provided. Several RDFS based options are availalelk ags w
support for just the OWALite variant.Variousconfiguratiors are availableranging from the
support of almost complet&DF$ferenceto asimpler option providing primarilgransitive
support honouring sub class and sub property implicatidransitive and symmetric properties

of thosesub class and sub role relationshipaddomain and range entailments in rolgs8].

2.2.5 OWL Tools

Typically OWL ontologies are maintained with an editor in contrast to manipulating the
underlying text based representation, and editors offgith the support of reasonershe

ability to graphically indicate reasoning inferences. A popular ontology tool supporting RDFS
and OWL among others is Protg§é]. Protégé offers inference services such as inconsistency
checking and inferencésualisation via connection to a DIG compliant reasoner, as well as
well as editing wizards and general ontology visualisatatiet is also directly integrated in

recent versions.
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2.2.6 Ontology Engineerig

Soundsoftwareengineering techniques are neededdenerate ontologies and to facilitate

their interoperation with existing (and expected large supply of semantic web based)
ontologies. Specific activities such as applying metrics and identifying characterisations such as
level of detail are important ithat activity. This sub section describespects of ontology
engineeringthe activity of developing, structuring and maintaining ontoloyid$ie discussion

mentions some ontology development methodologies.

Ontologies, to varying degrees, focus on specibmains and are usually authored for specific

applicationg40]. Regarding the authoring of ontologies, GrupE] describes five design

ONRGSNREF F2N 2y (2t 2abkedve Vefinitiahé ihdederdént obstryal o 6 A 3 dz2 dz&
computational context), coherent, extendible, minimal encoding bias and minimal ontological
O2YYAUYSytéd daiAyAYlrf SyO2RAy3 o0Ala¢é LINBY2GSa AYyR
used, avoiding the construion that is motivated by conveniences or elegances provides by

GKS f1y3dzZ 3S AGaStFs gKAES GYAYAYLFE 2yaGa2t23A0Ft O
constructing statements where implied assertions about supporting entities is no more than

that required OKA S@SR o6& ail (A K@, and i Sontdasgt © kyficalprodudi K S 2 NB €
modelling objective§21]. Uschold, et a[67] describe the stepsinauthgfid | & a1y 2¢f SR3S
capture,codingk YR AY 0 SANI A2y S6AGK SEAAGAY3T 2yi2t23A854¢z2
previous two phases where appropriatgith an attempt to reach consensus with the wider

community.

Regarding the quality of ontologies, Jebal.[68] raise the simple criteria of how well an

2yiG2f 238 AYANNRBNE (KS NI Hdnesgepalib]présant antdldgd & LISOA T A OF
j dzl £ A0 & Y S{ NANEss and colrettyeds), Seinantiz (nbedliinghhhess, consistency

and clarity), pragmatic (number of classes & properties, accuracy and relevance), and social

6SEGSYU 2F dzal 3S o6& 20KSNJ 2y (2f23A84a YR ydzYoSN 2

metrics are corputed and how they should be combined for overall assessment.

In addition to ontology construction furtheelatedengineering effors are thoseof ontology

alignmentto allow interoperationand change trackingyQ]. In order to facilitate reuse in an
SYGANRYYSYyil 6AGK 20KSN) 2yi2ft23ASax |ff Ydzald 6S Ay
through an alignment proce$g0]. Discrepancies can arise due to differencesipressivity,

level of abstraction, syntax as well as semantic and conceptual differences. Version and

configuration management support is important to accommodate the natural evolution of

deployed ontologies. The output of similarity comparison generates mappings between

SyiAriGASa adzOK | a4 GSEI OGZ[7ALILINRPEAYLEF 082 &dz2LISNBESG |y
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There are many approaches for aligning ontologies, including syntax (fasedere

ontologiesare expressed with different languagesis well as semantic bakeéithin the

O2y GSEG 2F h2[3= GKS WaAYAf Ll NR EF2 SimiladyS R | LILINE
comparison, completed by comparing the entities in the ontojagy be done in several

gl &ad /[ 2YLI NA dednholdicay(compaisdndaRestiy naimés, including with

the support of a dictionary to identify equivalence, opposite and subsumption), internal

structure (range and cardinality of attributes), external structure (relationship comparison,
includingcardi  ft AG@X NI y3IST &dzo ad4vaJiBa @&léd deryaRtic & dzLJS N& d:
comparison identifies the explicit and implicit interpretation of entities captured (the latter

facilitated by a reasoneras well as lexical comparisohdescriptions. Specifically the Faleon

AO tool employs a combination of linguistic comparison and graph matgfshd.inguistic

comparison involves (possible) lexical comparison of names and annotations, together with
statistical processing of ontology related text. Another algorithm realises graph matching by
SEIFIYAYAY3 (GKS a&0NHZOGdzNI f &aAYAfINAGE 2F (GKS
2y G2t FRAASaE

2.2.6.1 Ontology Development BthodologiesOverview

Several ontology development methodologies have been published and this sub section
summaries their salient defining characteristics. Those characteristics are liftadle2.3.

The motivation is to identify the most appropriate in the context of the IFMS, or to inform the
development of a custom methodologyhe ontology development methodology adopted is
identified in sectiord.3.3

Table2.3 - Defining characteristics of selected ontology development methodologies

Name Defining feature/s

Neon[74] Complete and detailed suppost Wa 4 SLJ o0& doi S LIQ
reusing existing resourc&s 9 scenariog.g. starting with
GFrE2y2Yés aSYFLyaAadz FTNRY waod
familiar software engineering paradigméarious granularities of
reuse are supportedvholeontology reuse ontologymodule
reuse, reuse oindividual ontology statemenisnd reuse of
ontology design patterns{ dzLJLJ2 NIl a WwO2y i SE«
ontology developmentwith the specification oMeta Object
Facility[51] based meta mode]soveringontologies, rules,
mapping and modularisation.

Methontology [75] One of the most comprehensive and is typical in that it has disti
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phasesalignedwith software engineering methodologies. Those
phases are: specification, conceptualization and formalisation
(conversion of the conceptlianodel into a formamodel [formal
up to the formality of the KR, not necessarily in a mathematical
sense], implementation (transforming the formal model into a
representation with a KR language).

Cyc (in39]) Customises athextends an existing, extensive high level ontolo¢
New ontologies are specialised from an extensive existing
ontology, with tool support.

SENSUF6] Customises and extends an existing, extensive high level ontols

OnTo-Knowledge After capture of requirementsa semi formal ontologys created

Methodology (OTKM)  which is later formalised intatarget ontology Evaluation of that

[77] ontology from diférent perspectives then follows. A mainince
phase is specified. Refinement, evaluation and maintenance
phases can iterate.

Uschold and King67] Employs process stages: purpose identification, building (captu
coding, integrating), evaluation and documentation

Gruningerand Fox TheGruningerand Fox methodology introduce formality after the

methodology[78] scope of the ontology has been identified. The scope is derived
FNBY AYTF2NN¥IE dzal 3S A0Syl NA?2
competency questions and their answers are then used to extr:
the main concepts and their properties, relations and formal
l EA 2[MR €

On comparing the published methodologies, there is a variation in scope and level of
specification of the processes described. As expectedithia focus of most is authoringut
some also covetp variousextents lifecycle management argdkevelopmentsupport activities

such as knowledge acquisition, evaluation, integration, merginigadignmentand

configuration managemeriB9]. The methodologies also exhibit varying application
independence e.g Cyc (application dependant), SENSUS (intermediate dependence),-and On
ToKnowledge Methodology (OTKM) (inaéement)[39].

Regarding Neon, specific feature is its support for the developmentcohtextualised
networkedontologies. Various Meta Object Facilfl] based meta modelare defined
includingthose thatallowthe spediication ofontologymapping and modularisation.

Specifically regarding modularisatiadhe OWL specification only provides limited support for
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modularisation via its definitions afwl:importssemantics. Making no (metavel) distinction
0SG6SSYy Wyl (A @GS Q,tHe yoRinated adpiNgy 8 Simp§ Aclublad AsSadvhole
bS2yQa Y2RdzZ I NAal GA2y FI OAf AAlséfacifitafedyzhg’ i NI a4 G L.
modularisationfacility is aninformation hidingprovisionwhich, similarly to that in object

oriented (OO) engineering/lows the specification of reusabliéterfacesQ The technique

allows, for example parts ofanontology to be develope¢evolve Wo SKA Y RQ G KIF G Ay
without requiring changeshithe interface clientsthusleadngto easier maintenance of

deployed systemsA benefit of jartialimportingis that its applicatiortould be an alternative

to ontology pruning for specific applications, for the purpose of attaipedgormance

improvemrents in ontology classification and realisation example, again easing

maintenance

Regarding ontology design, most methodologies include strategies to identify concepts and to
derive a taxonomy, and here the approach varies between top down, bottoor ugddle out

[39]. With a top down strategywhere the most abstract entities are identified first, the level

of abstraction can be introduced in a consistent way but the structure may suffer from

unnecessary abstraction, and commonality may be dispersed if the abstraction of artificial

entities istoo fine. The conversdottom up, where the most concrete entities are identified

first results in very high detail in the taxonomy. Often many entity layers are not needed and
common characteristics can reside in multiple entities which can in turntteamtonsistency.

! WYARRES 2dziQ FLIINRIFOK A& F O2YLINRYAAST ARS

abstracting and specialising them as needed leads to less redundancy and better structure.

A number of authors have presented comparison criteria fdolmgy methodology
comparisonFernandez LOpdgZ 9] presents nine criteria including the level of specification,
level of application dependence, concept identification techniques, comparison with the IEEE
standard forsoftware lifecycle processes, link to any KR formalisms, as well as dHdensz

PéreZ39] elaborates on some of these categories.

2.2.7 Ontological Resources for tHEMS Domain

A wide range ofesourcesontaining highmplicit or explicit semantic content exists that is
applicable to the IFM$Resourcesnclude descriptions dfigh level abstracicommon sense)
concepts, andlomaindescriptions inengineering, mathematical, physicantexts,as wellas
productand sinple processnodels The esources vary in type, amouaft detail and level of
abstraction, and by virtue of the languaded SR> @I NBE Ay SELINB&&AOTSYySH

LINES O A48]JRadd/cénsequent succinctness. The ontological precision increases progressively
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FNRY 1y26fSR3IS OFLIIdzZNBR Ay | aOFGFt23dz8¢s GlFLE2y2Y
theory [43].

Commonlythe level of abstraction with respeto dependence on purpose and domain can
be aligned with one of three layers from: so called upper level, domain or applicatien.
upper layer captures the most genemidreusable terms, including common sense concepts.
The lower levels speciadi the concepts above. Layering facilitates interoperabiilitgnsuing

consistencypetween domains

The following paragraphsummarises a small selection of resources that have not already
been mentioned that coultde selectedor ontology development for, rdirectly used in the
IFMS Thedesign of thdFMS2 @ntologes, including the selection of contributing resources is

described in sectiof.3.

There are severalell known upper ontologieandthe Suggested Upper Merged Ontology

(SUMQB80)) isone example SUMO describes fundamental concepts in first order logic, is

highly axiomised and includes 1000 terms, 4000 axioms, 75Q ftulesn IEEE initiativegn

open standardand is mappedo the WordNetlexicon[81]. Ahigh leveldistinction in SUMO
entitiesobjectand procesglerived fromphysical entitycan be aligned with théendurantsand

2 O O dzNBI&Bsffidatiohs by Fieldingt al.[82]. Endurants and occurrents refer to the

temporal existence of an entity artie different typesnever formpart of relationships with

each otherFieldingetal.l f 42 BepehdefliS I ¥ R AYRSLISWreaBynid ¢ | yR & dzy
LI NI A Getzfsdctidib.3.3).6

At the same upper layer of abstraction as SUMO areTthe Level Ontolagsof Universaland
Particulars developed by Guarino and Welty (88]). The Universals Ontology has been
derived from the philosophical consideratiomigidity, identity and dependencymeta
properties used in Ontoclegdd6] (see sectior6.3.3). The formulationof the Individuals

Ontology is structured on the base conceptab$tract concreteandrelation [39].

ThePhysSyq83] ontologysetdefines abstract reusable ontologies for: mereoldgypology,

systems theory, component, physical and procédsgtilises theEngMathontology[84] for

mathematicalKR holisticallyrealisingd X ® G KNBES O2y OSLJidzr t @GASgLIRAYyGaY |
physical processes anll 1 K S Y I (i A O [838]. SpeBficdllyiErRgMyitiatditates

ontological mathematical modelling in engineering usgtolingua providing &.. conceptual

foundations for scalar, vector and tensor quantities as well as functions of quantities, and units

2 F Y SI38]dzNES ¢
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Finally h the domain okensors, the schem@ensorMIO | LJG dzZNB & G ddd IS 2 Y S NI
20aSNDIF GA2Yy I OKI NI OG SNR A[65) Based @elspedtsSof 4 2 NE | Y R
SensorM|L.OntoSenar [86] isan OWLDL ontologythat includes a fewconceptto-concept

linksto SUMOIt was developed for the purpose déta fusion andhe modellingeffort

focuses orthe sensor data rather than the associated proce$8&%

2.2.8 Application of Shared Ontologies and Semantics

Thissectionpresentsthe application of ontologies within the AEC/FM sechdost commonly
formal representationgre usedn order to preserg semantics between contexénd/or

application. The IFC is a pd@ucentral resource.

Specialist knowledge both of the domain and data model is required to interpret and use
(manage, manipulate and query) product models such as IFC for the purpose of achieving work
deliverablesThe semantic elaboration of such modeldth an (ideally consistent axiomatic)

ontology, leverageghe utilisation of such resourceshe rich specification of knowledge,

enhanced byormal representation thatallows reasoningprovidesthe opportunity for higher

quality automationin comparison to the data centric, rigid approactcofventional

software Additionally, formal capture of accurate semantics can guarantee more consistency

and fewer errors. A commoemergingutiliser of ontologiesnot restricted to the AEC/FM

domainisthe Semantic Wepmentioned aboveg K SNBE a ddd Ay F2N¥YI GA2Y A
YSI ypMg3é

To bringthe IFC base®8IM models into the arena of the Semantic Web, thereby enabling
interoperation in a distributed environmemtnd promoting automatic processing of building
related knowledge, Schevers, et [@8] describe a conversion (without any further semantics
than tha implied inthe IFC) othe IFC toOWL. The authors suggest some technical solutions
to handle differences in constructs but state that better solutions may be achieved by for
example by changing the building representation in the models to explefacilities offered

by OWLAs mentionél, this mappingloes notadd semantics beyond that implied by the IFC

taxonomy. Another representation tieL C/ Ay h2[ X dzaSR +a | WR2Yl!
the InteliGrid project, is mentioned ifiable2.4.

Having similar motivatiorKatranuschkov, et gJ21] propose an ontological framework that

adds unambiguous semantic high level definition interfaces for IFC data mddelse the

models usersand system®snly need to maintain consistency with the ontology aluinot

have to share the same views on the data, or process the data in predefined ways dictated by

the data representation. While the framework was aimed at neing influenced by any
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product model, some generic high level IFC entities were considered appropriate. The

existence of different views is common in a working environment due to the varying task and

disciplines involved. While a complex ontology is mik&ly to be complete, light weight

representations promote easier usseo Katranuschkov, et alurther suggest quantifying

ontologies in terms of the number of concepts involyadd their ability to fully and accurately

model the domain. The framework ptemented consists of an upper meta laylwer

domain specificschemas y R 2y (G 2f 23A S48 6KAOK LINR.EIMIBS aFt SEAOACL )
used to implement the framework although the authors acknowledge that the semantically

richer OWL would have been an alternative. The ontology layering can be aligned with the

002500 al yI 3SYSy ietaOhjud FziliQ @y conbmdayersa? & profilesare

analogous to domain specific ontology extension schemas). The framework also uses software

RSaA3dy LI GGSNya R2OdzySy i 8Rbegodd tiekKdbtexda® OF f f SR w3l y 3
software engineering as documenteg [90] [21]. These patterns are elegant solutions to

common software problems and address entity creation, structure and behaviour.

Beetz et al.[18] present a formuléion of an OWL ontology from IFC. Two approaches are

presented using IFC XML and EXPRESS schemas; the latter conversion is facilitated with the use

of a custom parser while the former uses a style sheet transformation (XI$liJ parser

generates an absact syntax tree (a tree representation of a sentence, structured with nodes
O2NNBalLRyRAYy3 G2 O2yaiNdzOiGa FTNRY (KS @20l odzZ | NBO
mapped OWL definitions. Although not taking advantage of available standard tools for the

transformation process, the conversion from EXPRESS retains information lost in the derivation

of the XML representation from the original IFC. XML is less expressive than EXPRESS. The

authors suggest possible translation into UML, that representation offeciearly defined

a@ydlE odzi adldS GKIFIG a&a2YS | y[BiFhdduthds? y & G NHzOGa 2
adrdsS GKFG avyzade 2F GKS 9.-tw9{{ O2yadNrAiyida Oy

constraints are covered with OMspecific, maximum and minimum).

Efforts for providing an ontological resource in the AEC/FM arena have focussed on the IFC and
some of that work has been mentionedRezgui statesdweverthat other resources such as a
glossary or classification systeiwutd potentially beused[91]. Helists five resources including
BS6100 (Glossary of Building and Civil Engineering terms) and OmniClass Construction
Classification System (OC{®2) but with justification (se¢91]), points to the suitability of a

taxonomy; the IFC can be regarded as that and additionally is the most [8dént

Facilitating semantic interoperability betweealiverse and changing product information

definitions(ontologies) is important in an FM context and arises due to the preserae of
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diverse range of building components and assets from different suppliers, which ideally are
supplied with accompanying elgonic data.Mutis, et al.[23] propose an approach that
YSRAIFGSA G GKS t2¢ FTdzyOlAa2ylt LINRPOSaa f S@St
SFOK 2yS 2F G(KS | O0l2NA Oy 0SS &hitlfaknOweideed RST
base describing process work on demand to establish relationships and resolve conflicts to
support the interaction of the various actors to deliver the process outputs. Another approach

by [93], which adlitionally addresses product lifecycle evolution, presents a layered product
ontology structure to facilitate interoperation where there is no shared ontology. The authors

propose five a@s of ontology architecture:

T aeyidl OGAO ol dcidDiven fthitactued MDA)a

1 domain dependency

9 constructive (specification of terms, facts, constraints, derivation rules used, and
determining the &nguage expressiveness)

9 theoretic meta layer (specification of the constructs)

1 ewlving (static, shared or both)

Mapping is defined in the meta layers thereby realising translation. s8eton2.2.6for more

details.

Some further application®f ontologies within the AEC/FM industiutside that ofprimarily
supportingknowledge sharingxchange, areabulated belowm Table2.4.
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Table2.4 - Applications of ontology in AEC/FM outside of product model sharing

Application/Title Author/s Details

Support [94]
reasoning in

early design

Manage VO [95]

processes

Provenance data [96]
management

Facility [97]
modelling for

Sydney Opera

House

User [98]
information

seeking

assistance

ifcOWL [99]

Knowledge [91]
management

environment

PaAy 3 | KRA KRG dSAIKRAE RAY I &
adzLILI2 NI s GKS | dzZiKk2NBRQ OF &8s
stage design, specifically structuring rooms (size, layout). Tt
oyd2t238& OF LWAdz2NB&a GKS adzyRS
NBf I GA2YyaKA [94], aadFnags to a sizalf s& bfy -
entities from IFC for interoperability. The solution compensa
for missing details at the conceptudésign stage.
5S0St2LISR W2y i2f 2c¥®gridaarads
administrator management and end user task support e.g.
business process object manager that can view available
business processes withthe environment and logically
execute selected processes.

Provenance enhanced complex product model managemen
with IFC based ontology.

Facility management application realised by IFC and OWL f
improved information availability, accessibility and correlatio
Inter connection of existing databases and IFC via unique
identifiers, linked IFC to OWL ontolog

Agent and hypermedia facilitated layer accesses a shared
ontology to distributed (partial) models that assists users in

navigating product information.

I GR2YIAY SEGSyarzyé 2yamf
0G0 KS LizN1LI2 &S w2F 6KAOKB A

NA

[a}73

models but to provide capabilities for their more intelligent a
Ay G SNER LIS NJ99.{TKe IntiGHdEO®thldgy Frameworl
project addresses semantic interoperability of dynamic VOs
within a grid environmentThe mapping for IfcOWL is aimed
FRRNBaaAy3d aLINF OGAOKE RIFGL
& O S y [[99Jrazharthan optimising KR.

Knowledge management support for users; the domain
2ytz2f238 oFlaSR 2y (G4KS LcC/ 1
ensure relevancd, OOdzN> Oé > | yR O2 YL
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dza SR Ay O2yedzyOiAzy ALK ac
adzY Yl NR &l (A Z9). AipdoEeksyfok dparBentt
summarisation is described, complimented with ontology
mapping. Criticalactors for the success of any knowledge

management (KM) undertaking are devised.

Semantics Basec [101] Monitoring of large scale industrial systems, addressing the
Monitoring of scalability of reasoning with the introduction severat co
Large Scale operating reasoning engines, constituting layer four in a five
Industrial layered architecture. The top layer provides task oriented
Systems services, whiléayers three to one provide distributed storage

semantic representation of sensor data (potentially using X<
¢ seesection2.2.8for automatic translation), and the data
itself respectively. The KB spans the top four layers, and the
authors propose a standard ontological three layer structure
upper,intermediateand specifi¢seealsosection2.2.7) to

facilitate interoperability.

2.3 Summary

This section haeviewedsomesalientaspects oknowledge engineering theorgxisting
AEC/FM domain resources both semantic and non semantic aswllédge enginedng
principlesin order to inform the development of the IFM®Bhe motivation iso facilitatethe
perseverance of the intendegsourcesemantics and to be able to fully exploit the content
through the provision of reasonin@he ultimateaim is to generate useful knowledge for FM,

but also to direct intelligent system behaviour in order to derive that knowdedg

It has been seen that the IFC is a rich and widely used resource AE@/&M arena. Apart

from its primary application for infmation st NAy 3 Ay A G& WNI g Qbuilf 2 NY =
on the basic (IFC) product modlel i & LJA O f f & WS E (tSeNdarcdtsirdlerayod Q A § &
to extend its scope. Work has been described that cokrowledge management and

information retrieval applicationsas well as informatiosharing and interoperability.

Regarding the latterite addition of semantics address problems encountered arising from the

interoperation ofheterogeneous software systems

The technical nature of semantic web based technologies was discussed so that appropriate

decisions can be made for its application in the context of the IBd®e details of OWL KR
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were presented together with thesg of rules to add expressivity. Tadatal features of the
language®.g. OWAand rules will guide authoring. OWlite and DL are expressive but
decidable andh verygood ®t of resources are readily available to implement KBs based on
those languagessome open source frameworks that suppO®WL_Lhave beerdescribed.
Reasoning can be demanding computationatythe selection ofeasoning optionshould

take into account the exact requirement taintainacceptablesystem performancelhe
semantic web (layered) technologies above ontologiesh as proof and trustould be an

issue for consideration depending on the nature of the system developed and the resources

utilised

Finally the nature of engineering ontologies was briefly presented and some ontology
devebpment methodologies reviewed so that an appropriate choice can be made for
developingaresource for the IFMS, or so that a custom methodology can draw on existing

best practica.
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Chapter 3

The Multi Agent System Paradigm and its Application

in the Construction Sector

Thischapterinitially describeshe features of rationahgencyand showsthat those features
arewell matched to applicatiom the Intelligent FacilityManagement SystemKMS.
Following thatthe realisation okoftwareagency is presented.ogical and philosophical
foundations are presentedeading tathe development ofmplementable systemdNextsome
published software frameworkhat allow the impémentation ofmulti agent systems (MASS)
are discussedo that suitablechoicescan bemade for the implementationthe IFMS
software. Finally a review of the application of MiAghe architecture, engineering and

constructiorifacility managemen{AEC/M) domainis presented

Software agents constituting dafiAS relate to the subject of the previous chapter in the sense

that they expected to utilise knowledge bas@éBs)Yencompassing domaind some general
knowledge in a formal representation, and WNB y OS W Yith ofrtoffebde Q 0

themselves intelligentSpecifically agents will uskee services oKBs in order to direct their
behaviour for the purpose of pursuing their goals. The gpafs Wo 2dzy R NB Q | ASy (i :
close to the userareto ultimately support knowledge generation for the purpose of facility
management (FMYut other agent types are required to specialise differantéas of tle

system in order to support tnboundary agentthrough collaborationThe knowledge

requirementof the KBs contentio support specialised behaviois thus specific to agent

types.

3.1 Multi Agent Systems

3.1.1 Multi Agents Systemand Rational Agency

In general terms, agents can be characterised accotditige following categoriesreflex
(responses triggexd directly by precepts), model based reflex (actions triggered by current

and past percepts or modelled states of the environment), goal based (work towards assigned
deliverablesiandutility (the addition of other metrics to quantify the quality of mesgia goal)
[102]. Allagens perceivethe environmentandact upon it in some way. A rational agent is

one that selects the best action within the constraints of its knowledge about its context, the
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knowledge it collects, anthe actions it is able to perforl02]. In order to state ifational

behaviour is reachedhe metrics that indicate the level of success have to be diraY I 'y Q &
RSTFAYAGA2Y 2F NI GA2YIf O0SKI@A2dzNI A4 &AYAL Il NJ odz
production of actions that further the goals of an agent, based upon her conception of the

¢ 2 NJLE3E Behavioutthat is rafonal is considered intelligent.

Agents of all variants find useful application. The key aspect of agents is that they act
autonomously. Software agents perceive their environment through software interfaces and
act on it using other interfacgshe interface maybe linked to hardware or other softwarei
order to be useful, or at least act on their internal stafke percept sequence can be the
record of everything it has ever encounterddK S NB I Od A2yl f | ALISOG 2F vy
determined by is mapping of percept sequences to action$f the agent is goal based its

overall lehaviourshould be strategicallgonsistent with goa In generakhe behaviour of any
agent typeimproves with the addition of learning. Im&nvironmentwith multiple agnts,
individual agentgan interact with each other as well esternal entitiessuch ashiumans
hardware, databases et@he interaction between agents can be of a collaborative or
competitive nature, anarganisatiorl structuressuch as hierarchgan be configured.
Interaction can extend to discussion, argument and negotiation, and can involve arbitration

and contracs.

Theapplication of multiple agent®achcomplimented with social abilitgollectively
accommodates mangiverse andsimultaneas objectives, some of which may oppose each
other. Each agentype canhave multiple objectives but like objects in object oriented system,

good design suggestohesivenesi terms of utility Social ability includes, given a common

language and socily 2 N¥a Qs> GKS FoAfAGe G2 O22LISNXiGS Fa ¢S

negotiation. As agents are self interestadd specialise in a particulatility, the collective
utility of the systencanbe higherdi Ky (G KS Wadzy 2F (GKS LI NIiaQ

The goal directe characteristic delivers a level of flexibiltgd hence more rational behaviour
in a dynanic environmentAdaptability to the syste® environment and contexs realised
througha mechanism that allowthose entitiesto be assigned, and work towards,
(declarativehigh level descriptions of what to dimsteadof explicitly describing sequensef
staticactions In that waythe system (or more specifically the entities in it) behaves more
rationally, driven by the dynamics of the environment and otinfluencing factorsto choose
the most appropriate behaviouDnemechanisnof realisinggoaldirected behaviours a
formulation referredto aspractical reasoning involving the tvdistinctstages ofdeliberation

and meansend reasoningprimarily attibutable to Bratmarj103]. Meansend reasoning is the
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LINE OSRdzZNE 2F RSOARAY 3 Keapaliitiegra reafithe $téteSof affarS vy (i Q &
that have been decided (intention/§)04]. In contrast to purely theoretical reasoning
concerned with reasoning about beligf04], practical reasoningesemblesmosthuman

reasoninghat is directedtowards actionsReasoning is restricted to deductive in this scope.

Auseful grouping ofgentcharacteristics ithat of the weakand strong notionof agency

[105]. The former includes autonomy, perception and appropriate reaction to the

environment and an abilitto communicate using a camon high level language. The strong

notion of agencysesappropriatehuman likementalistic attributese.g.belief, desire and

intention, choice, capability, obligation, commitmeidi06] [105], to model the behaviour of

complex systemgsAttitudes can be identified as either an informational attitude, or a pro
FGGAGdZRS ¢ KA OK Ay T Mardligtio Geits are/attribides iih & feast 00l A 2 y ¢
attitude from each categoryThe use of sucéttitudes is most usefutypically where internal
mechanisms are not well understood, aue to their complex naturere not easily captured

usingconventional techniquefL06].

3.1.2 The Belief Desire Intention Model

A modelof practical reasoningapplicable where deliberation is subject to limited resources in

terms of processing poweis that developed bBratmanbased orthe mental attitudesof

belief, desire and intentio(BD) [104]. Beliefscapture a perspective of a domain in the world

that isboth incomplete and narrow. Goatse theembodiment of desire and capture the
Y2UAQFGA2Y F2NJF OSNIFAY O0SKIF@A2dzNI FyR adNT
affairs thatan agenthia OK2 &Sy FyR O2YYAGGSR G[204]dadddrd {0 K i
practical terms areommonlyO I LJGi dzZNBER o6& LJX yad tflya FNB (el
supplied by a so called plan libramyt can be dynamical S @I f dzF § SRE ONR & DK Qb
Goals peliefsandintentions/plans capture thé 3 S yhitisia@onal, informational and

deliberative attitudes.

In[107], Bratman develops a theory of intention, describing properties @atations to other

attitudes. Intentions characterise behaviour, and have the followpngperties[107][104]:

f Contribute toward motivatio® ! & O2 y R dzQro-attudeyid defarisdnyo3 £
a desire that just influences an outcorfi97].

1 Have persistence.

1 Involvecommitment. There are two aspects to the conitment, one is a relationship

to actiondvolitionalO 2 Y Y A (i ah8 tidiother is a role in the interval between the
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intention adoption and its execution NS I 42y Ay 3 OSYHNBR O2YYAlGYSyil¢
(described next)
f ConstrainfurtherreRSt A6 SN A2y Ay GKS OdNNByid O2yiSEGZ
Ay S N7 Redated and furthemcompatible options can be ignoréal current
deliberation and for consistencgurrent deliberation should be compatibl&he
impactis that computationatesource igeleasedand sopracticalimplementation is
more feasible, although the trade offagpossible lack of response in a rapidly
changing environment.
1 Form a basis for further intentions, as a reasoning basis for both further intentions at
the same abstraction level, and as asks for more detailed intentions that are aimed
at actioning that intentiorf103].
1 Can be changed or cancellddoweverwhere that intention influences deliberation,
without specific propagation mechanisnthangel or withdrawn intentionsin that
scopemay persisuntil the next deliberationthusan element of commitment persists
T ' NB SyiGrAtSR o0& LXlyaod ¢K2asS aoodd LA Fya LIEF& |
SEGSYRAY3I (GKS AyTtdSyl8 2F RSEAOSNIGAZ2Yy 2@SNJI
1 Inrelation to beliefsintentionsplay a complementary role in some contexts in the
sense that the assumption is formed that at some pgimé¢ intention will be executed
andthe entailed beliefs will badoptedi.e. specific beliefsvill bebrought about.

1 Enable the behaviour of others to be predicted.

The primanjustificationfor beliefsis stated in[108]: dbeliefs are essential because the world

is dynamic (past events need therefdoebe remembered .€The integration of beliefsvith

other attitudesis several folgfor example as well as central to plan execution and control
beliefsinfluencedeliberationO2 y A G A Gdzi Ay 3 F dadzyLJiAz2ya GKIFG FNB aodd
0 I O1 3 N®elzih Rantrast to their utilisation in algorithmbeliefshavea wider scope and

play a more fundamental role, $beir semantic expressiomspecially ifjrounded in an upper

OWO2YY2y &S ybacBmsmor ysafd If i®aBeXpectation thatm deliberation an

agentmghty SSR G2 (F 1S AAIYATAOP ya2 mBFSXBIfi A2y G F2NJ AN
deliberation beliefs should be taken with an appropriaieR S I NBE S 2 F[1A9)FOFS LIG | y OS¢

example taking abelief forgranted in gparticularcontextmay be more appropriate than in

another. The cognitive background gives thgent an improved ability to deal with incomplete

and vague&nowledge Beliefutilisation should of couse be consistent with their formulation

e.g.with the application of theopen / closed world assumption.

Regarding the relationship between beliefs and intentions, several properties relating to

consistency and completenebstween the twq affectrationality. To be rational, an agent
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should believe that an intention may lead t@een state of affairbeing realised.e. not
believethat it will not be the casehut that that state of affairs wilhot necessarilgome about
(as other factors beyond its knowledge may prevent it). The former describes consistency
between intention and belief while the latter describesmpleteness between the twid04]
[107]. However as outlined abwe, the agent has the expectatidbelief)that the intention

will come about, so theelatedreasoning centred commitmermtiays a role in deliberation
[107].

An effect onl 3 S Yehavidurand anagentcharacteriser captures the natudé dropping
commitments Thecharacteriser is one of three discraaps: |  liddly committed(BDlagent
disallons changedgo beliefs and desirethat would render inconsistency with current
intentions,a singleminded canmitmentoneWA £ £ O 2 y a A dhdbadidien Mikdey 3 S &
agentwill adopt changes mlting in modified intention§l10]. In a BDI agent there is no
commitmentpolicytowards beliefs and goa[410]. The commitment is to both means (the
plan/s¢ how it will achieve what it has decided to)dmd the end (the goat what it wants to
achieve)104].

Different dynamicagentbehaviour result from variations in the balance betweeteliberation
andplanexecutionin the context of commitments tends Long intervals between
reconsideratiorof intentionscan lead tahem becomingirrelevant whilelong intervals of
deliberation carresult inintentions never being completedrhe implementation of suitable
(metalevel) control to allow some reconsideration of goals and ptasslts in an appropriate
commitment strategy. The strategy showtiow time for adequateleliberation execution

while balancinghat with time to achieveacceptable advancement in executing intentions. The
variation in commitment strategiillustrated by the extreme#Vithout any commitmeni&an

agentcanbe unstablewhile the opposite leads to inflexibility.

Regarding commitment to means, thea S Wiyipitadly planjmplementation determines i
characterisationa blindly committed agent will not drogn intention until itis believed that it
hasbeen achieveda single minded agent will not drop intentionastil the intentionis

believed to havdoeen reached or that it is not now possible to achieve it and a open minded

one will only drop an intention when it is no londazlieved to beviable[104].

Theagentmodelformulation based on belief, desire and intentidvas beerthe focus of the
discussionseveralother combinations of attitudet®oweverhave been argued in the
literature, and theselection of specific mentalistic or other attributes to realise an intentional
stance/model is contentiougl 10]. However the attitudesof belief, desire and intentioare
the most widelyadopteddueto A (4 & 0 | & Ae&tab® yhilasdphichlBhaded buman
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LINF OG A OF f[I0NBE AR MR Y A E nialdBion4bihe intgridddddatherdare, for
example the designstance where understanding of purposeassufficient perspective for
model formulation andthe physicalwhere the laws of physia@dequately andgimply explain
behaviour[111].

3.1.3 Logical Formulation

Logicalformulationsin the domain of agencifind several applications including for the
specifcation ofsemantics fomodelssuch as BDI, witut g KA OK a¢ ddd Al A& ySOSNI Of
whatishappening2 NJ ¢ K & 1] Qih’rNdesiate thdirect execution of a formalism
by agentsi.e. direct execution of a spefétion, andas arole inanalysis and verification of
MASsEven though a formal implementation was not anticipated for the IMFS, the area is
briefly reviewed here so that perhaps partial implementation of the model, for exanfiien
I 3 Sy (i Qzanbeconsidered

For modelling of MASshe¢ application of a modal logfwith possible worldsemantics)s one
approachthat canbe used to reaso with statementghat includeopaque contextsSuch
statements are createftom notionalstatements aboupropositiors or first order logic
statements for example believesfacilityMgr, zoneUsézonel thoroughfare) (adapted from
[113].

CNRY . NI i YRap end Gaorigefl2ONi@rraulated aBDImodelof agencyTheir
formularisation (of BDI logitisesa branching time analysis within possible worlds for belief,
desire and intentionCapturing semanticsvith formal BDI logic enablekesired behaviouto

be proved Typically practicalimplementations are not direct executions of such a modetl

in those casethat model or sub elements of it can be used as a specificdtiathat work he
authors alsqresent a transformation of their model to derive an abstract architecthi, tby
making somedsimplifying assumptionand sacrificingsome of the expressive powef the
theoretical framework, is practically implementabl§l10] (seesection3.1.4). In generakhere

is no computational interpretation for possible worlds semansioglirect execution of such a

model is not feasiblavithout such step$114].

In[115], Coherand Levesque describe their formulatiosinga multi-modal logidor smilarly
reasoning about agentbut in terms ofthe two attitudesof goals and belief§ heirtheory (of
intention) presents itentionsformulated in terms of goal and belieisndgives attention to
future based beliefs and how ¢y affect desires and intentioq4.05]. The semantisare
defined usingossible wddswhere the worlds capture differerinearsequences of events

extending forward and backwards. Modal operators are defined for goals and Hekefeell
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ashappensanddonecapturing an event to occur next and one complgtedtached to those
operators are accessibility relatiofthe binary reléion between epistemi@lternatives
(possible worlds)yvith propertiesdefined by the gstemskKD andKD45 respectively, as in
normal modal logicPossible worldare thus be related with the belief and goal operatqgrs

observing the appropriate semantics.

Formal BDI logics require appropriate axiomisafimrthe purpose of reasoning about mental
attitudesin order to deliver a rational syste[h04]. Appropriate deduction mechanisms are
achieved byappropriateaxiomisationof the differentattitudes. The distinction between
knowledge and belietan be illustrated by simple examplessis detailed inTable3.1

together with some other possieaxiomisationof knowledge (obelief). Other axioms

contribute appropriatefurther semantics.

Table3.1 - Possible axiomisation of / rules for knowledge (or belief) in a BDI model

Name / Notation Explanation Application

Nomenclature/

Accessibility

relation

property

Knowledge OO If an agent knows Thisaxiom should be included

axiom/ T/ something then it in knowledge reasoning

Reflexive is true, so cannot mechanism®but not those for
know something belief reasoningFor example
that is false, an agent can believe a fact
although that can that is incorrect or different in
be believed truth value to other agents

Positive ODeOUVULe An agent i, know More efficient deliberation

introspection what it knows or and meansend reasoningand

axiom/ 4/ believes113] assistcoordination within an

Transitive MAS.Regarding gown

knowledge an agent would
know, for example, what
information to seek
Practicallydit is generally
accepted that positive

introspection is a less
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demanding property

than negative introspection,
and is thus a more reasonabl
property for resource

bounded reasonegs[105].

Negative X0 e O X Qe An agent i, know As above

introspection what it does not

axiom/ 5/ know

Euclidean

Non D e OXxX X e An agent knowing Non contradictory.

contradictory a fact does not

axiom /D / know the inverse

Serial of the fact

Distribution O« O O pe 'y F3Syid Allmodallogics include this

axiom /K oO0r knowledge is axiom, butwith the
closed under necessitation ruléeads to
implication logical omnisciencésee

below).

Necessitation QQQD Ot QQ  Anagent icknows All modal logics include this

rule/ N dma e Qb dal £ £ Gt A rule. Itstates that amgent
[104] knows alluniversaltruths of

which thereare an infinite
number, so is not intuitive

[104]

Amodal logic (and the derived epistemic logic) systeftatesto standard logic such as that
employed by OWL reasoneass follows from propositional logicaweak (Kripke) modal logic is
generated with the addition of, as in the formmentioned modal systems, thé

(distribution) axiom ¢ O O « O [ and the necessitation rule:

If Ais a theorem ofhe new logicthen so ig A.

In the derived epistemic logicisreadast [116]. AxiomD above follows from the dual of

e, namelyl e =~x o,
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Theaxiomistion of the modal systemssingKD45 andKT5 respectivelyfor belief and

knowledgeis typical[104]. For other attitudesfor example if110] Rao & Georgeff use thHe

andK modal systems for desires as well as intentions, to respectively satisfy consistency (non
contradiction) and to provide closure under implicati@ome attitudes can be formally

modelled in isolatiopbut for others that are closely integrated with other attitudglose
relationships also have to be modelldtbr example, .outlined insection3.1.2 intentions

have several properties that are closely integrated with those of other attitudethe

axiomisationof BDI systemsegarding thecaptureof thoserelationships between the
attitudes Rao & Georgeffl10]a G 6 S (KSeé addd R2 y20 0StASHS
O2NNBOG FEA2YAALl (A 2y addkhatihe Qust@nsatiEn shobld be guled | 3 S
by the properties required e.g. to hieve belief¢ goal consistency and godhtention

compatibility etc

In the formulation and realisation of agent architectures in general however therevglte
documenteddifficultieswith adopting the above epistemic and other modal logins.
knowledge / belieflogical omnisciencis one of the maiwifficulties it is a result otlosureof
knowledge/ belief under implicatiorand the necessitation rul€Closure under implication of
belief for example i.ethe agent knows all the consequences of statements in its belief base,
leads to difficultiebecause idemands that agents amble to performpotentially unlimited
reasoringrequiring unlimited processing powerherefore that is an unrealistic
implementation objective Thedroppingof specific rules and axioms attie adoption of
modified semanticare used by some solutions to address the difficultigisile in othesthe
difficultiesare changed oremoved due to the nature otheir indirect(BDI)formularisation in
the implementable systenA further problem relates to consistency, if an agent believes for
example all valid formulae in its belief base, then for its belief base to be consistent a very
stringent condition is enforced. Konolige statbat the less demandingroperty of non

contradiction is more appropriatén [105]).

3.1.4 Implementable Systems

As mentioned aboverainitial step towards anmplementable framework iRao & Georgefi a
developmentof their BDlogical system into a BDI abstract architectfurased on logically

Of 2aSR FGGAGdzRSEA 6 Fdz f).ghisNBilliddpea&isathdughdue toNI G Y Iy
the problematic aspects of modal systems described above and oih¢ime related

computational issue$l110]. They thereforedeveloped a system known as the Procedural

Reasoning Systewhich containsome furtherchangeghat constrain expressivity in the

formularisation but whichpermitsmore realistic reasonm
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Based on the ProcedurBReasoning Systerbut with some slight variationss the JADEX
framework[117]. In JADEXgoal)deliberationis provisiored withmeta level specifications for
goals and the relationships between them, such as the stateroecdnditions under which a
goal may be droppecdexpressiorf applicablecontext (conditions under which a goal can be
activated i.e. a desiregnd statement dcardinality to control simultaneous activation. The
goal dropping mechanisii central in contributing towards achieving rationahiit is not
rational for an agent t&eeppursunga goal thathas becomeun-achievable in the context of
its beliefs The drop criteriaideallytake account ofome expression of commitment as
outlined below[115]. Goal declaration and explicit deliberationtime JADEXnplementation
allows close correspondence between design and implementation to be maintairiut
the need for transformations or mappinghe support provided for consistency checkiofy

desires)during deliberations not found irmanyother frameworkgq118].

However there are variations between tRADE Xealisation of BDI agency in comparisoritto
formal foundations One such variation that the definition of intentionss not explicit. Rins
embody intentionsand goal deliberadnis not nfluenced by those non explicintentions The
agent has no modaidf related intentional properties agefined in the theoretical formulisation
so cannot force compliance to ensure rational®ans implemented b high level language
coding (in Java) embodyrther non-explicit complex modal relationships betwebaliefsthat
are similarlynot captured formallyA further difference ishat unlike the general BDI model,
instead of dynamically generatimdans JADEQ @lans already exish@vingbeenimplemented
at design time) and are selectedirun timefrom a plan collectionPlans still implement
meangend reasoninghrough algorithmic implementation and use of sub goélglan can
therefore be fairly abstractontaining only sugoals, concretecontaining only algorithmic
code or a combinatiorof both. Finding a plan match for a goal is performed by checking
preconditions anch meta level reasoning mechanigan be configured to handle the case
where there are multiple matchesPlans satisfying @iven goalin general entail different
intentionsand typicallylead to actionsThe gal lifecyclecanadditionallybe controlled

programmatically in the plan implementation

The role obeliefsin JADEXonformsto their expected roleas in the BDiormulation n that

gKAES OF LWada2NAy 3 GKS | 3theydlatfectgdaidklivetafon &l S¢ 2 F (G KS
planexecution The belief base implementatignst providessupport for theaddition and

removal of Jawa objects and some associated notification mechanjsmd so idairly open.

Thus adefaultimplementationusing these mechanisms does fiotce any formal semantics

Moreoverthere is no provisiofior agents to reason about their own beliefs oo#eof others,

a feature that can add furthdevelsof rationality.In summary, implementatioby the
50



programmerusingthe JADEXramework is easy and intuitiveut adherence to the formal BDI

featuresis not directly provable

ABDI framework that explicitly implements some modal foundations of the theoretical lmode
in contrast toJADEXs thePRACTIcal reasONIng sySTRRACTIONIHI19]. UnlikeJADEX
where appropriate belief semantics is the pesisibility of the programmer, the PRACTIONIST
frameworkrealises modal KD45 belief semantics through the use of a Prolog implementation
Another feature of PRACTIONISTitshandling of goals according to BDI semantics.
Implemented agentseason about galsand their relations includingrominallyd ® ® &
inconsistenceentailment, precondition andR S LJS y R[$2¢]&n8 behave appropriatelyo
guarantee related BDImodelconformity. In PRACTIONIST the support for intentions is more
transparent compared tdADEXwhere intentions are implicitly captured by plans) in that
abstract goalgapturing desiregare promotedto intentions underappropriatecircumstances
after reasoning by the @gal model support mechanisralear distinctiors between deliberation
and means end reasonirig thusfacilitated Additionallycloser correspondence to BDI
semanticcanbe explicitiyreachedthroughthe completion offurther reasoning about the
interaction of attitudes if the provision for declarative plan description is us€ke

mechanisms in th®€RACTIONI&Emework makeadherence to (some) BDI semantiogplicit

and so rationality isnore transparent.

The two frameworks outlined alve show varyindevels of correspondence of practical
implementations to the BDI logical mddé very close correspondence betweitre model
and implementation is realisdoy CA & K SN &  KvBiah NkfdRmsdiréctiesieSution of a
formal specificationderivedfrom BDI theoryj121]. It appliesmodal axiomisations for BDI
similar to that outlined abovdo executable(agent)specificatios in the language system
Concurrent METATEMZ22]. The later is aframeworkthat provides an asynchronouwsn-time
environment for programs agents whose behaviour @efined by execution of mporal logic
statementsin the high level languag@he programs can communicate by exchanging
messagedn contrast topossible words semanticd)¢ models on which the temporal logic of
the Concurrent METATEMNguage is basedrelatively simpleandK | & antoldvidus and

intuitive computational interpretatioa[114].

3.2 AgentMessaging

Inan MASa key feature is social ability, realised through the ability to communjedizh
typically takes the form ahessagexchangeQollaborationis neededso thatanagentcan
move closer tdhosegoalsthat it is not able to carry out alone, @rhere it can gain other

benefitsfrom cooperatian such as achievingigher efficiency Typicallyagentsrequest
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information, action or services from other agentsven if the system is not open,ropliance
to a standardstill hasseveral advantages, includifigrmally defined syntaand (possibly)

semantics asvell as thepossible availability of supporting software libraries.

The Foundation for Intelligent Physical Agents (FEA&ent Communication Language (ACL)
[123]is a standardanguagethat has semantics based on speech act thedhe theory of
speech act modelscommunication as actions th#ad toa change in the state dfie
participantsin the form of, for examplea change of beliefsr a request toperform some

action. The theory separatemessage semantics frothat of the contentallowingthat

content to be flexiblealthough someerformativesincorporateanother speech acin the
contente.g.requestwhen(see below)The main message featurase its precondition and its
rational effect the latter should beconsistent with the performativé G KS W02 YYdzy A OF G A @S I
e.g. inform, request, and which captures the objective of the seriiee.precondition can
include modaktatements about attitudes and action conditions relating to itssdfwell as
about those agents it is communicating wi@onsistent with the agent paradigm, the rational
effect does not have to bactioned just the preconditiorshould be observedrte standard
defines 18composite and macrperformatives, derived from inform, request, confirm and
disconfirm[124]. Expressed using the formal semantic language ($t.3tandard describe

(with an SL formulahe semanticdor the rational effect and precondition for each
performative. TheSL captures the modalitiekelief, uncertain belief and intention together
with action expressiongoneetc. Themodaloperatorsin SL are defineih similarway to those

in section3.1.3using Kripkgossible world semantics, e.g. the belief modal operator satisfies
the KD45 model, while thencertairfty) operator adds probabidtic definitions to the possible
g2NI RQa | OOSaaAoAtAdle oONBfIlFGAZ2Y

There are tw approaches that can be used to realise conformance to tha stihdard,
either agents carformulate messages in terms of the formal specificatmmgan alternatively
adoptthe use ofappropriately constructegrotocols.While the use of protocoléeads to
simplermessage contenfgents areonly ableto handlea given perlocutionary adh a fixed

way, andhandling foralternative expressiashas to be explicitly coded.

TheFIPAACLspecification includemeta datato describe thecontent such as the ontology
used,andthe language aswell as message properties including destination and sender, and a

unique message identifier if applicable.
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3.2.1 Messag&ontent

The contenf(field) of an ACL message contains the informational part of the message, in
contrast to the performative as outlined above (whose semantics and syntax are defined by SL
in terms of pre conditions and rational effect). The FIPA specification states that thentont

can be a string or a sequence of bytes, so the encoding mechanism is not constrained.
Technical aspects and related work using the semantieviedge representation®WL and SL

for message content are outlined beldegether with the use of a basic afbgy

representation constructed using Java objetitscontrast non semantic encodinger content

could begenerated by serialisingava objects orouldsimplybe ad-hoc strings.

3.2.1.1 SL as Message Content

The SL has been mentioned abovetia context of nessagesemanticgdefinition but it is a
general purposdanguage angan also beised toalsocapture message conterbpecifically
FIPASL[125]K | & (i K NJB ®mikalyNer,Sh/T éhdBlPcapturing increasingly

expressive statemenjsip to in SL/2 grammaallowingthe use offirst orderpredicate and

modal logic and action operators bwith some restrictions to remain decidall&25]. As an
applicationexampe, modalstatementssuchr & &l ISy G A 06St AS@Sa (K
are useful for high level dialogue about godike FIPACLspecification includes eontent
reference modethat describesa schemdor the construcion of message content. The

reference models a class taxonongonsisting ofamong othersthe classes: predicate,

concept and agent actigrnwhich in arimplementationare typically further elaborated by
ontological descriptiond-or the purpose of creatingrounded and ungroundeexpressions
describing single or multiple entities, includiiigntifying referential expressicand

aggregats, the schema alsalefines a number of term specialisations (agent action is a type of

base message content as well as a term)

As part of its gpport for MAS developmenthe Java Agent DEvelopment Framework (JADE)
framework[126] supportsFIPAACL messagirigpth in terms of messag¢ Sy @St 2 LJISQ ONB
andcontent @nstruction with various languages well asnessage delivery (JADE is described

in more detail irsection4.4.3. The framework supplies libraries to create and parse

expressions based on tl@PAACL reference model, from which messagatent, including SL

and others can be serialised or deeriali®d using so called codedhe message content is
generatedin conjunction with an ontologgpecification i Java)That ontology (that is

accessible to participating agentis)createdby extending)ADHibrary classe®ither manually

or with the use othird party tools to generat& from OWL for exampléwith certain

constraintsg seesection4.4.3.9. Thecodec support the encoding andecodingof the
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reference modebasedstatements intoSLand XML.as well as alatform independenbinary

format knownas LEAP | W250Q WI RR

Although thecreation and parsing of SL language content is well supported, there are no

known reasoners for S0 an aehoc solution would be needed to perform validation and

inference ofmessageontent. A further requirement is that in order to maintain the

decidability ofthe SLstatement the programmer has to ensure that statements conform to

one of the profies Whether suchvalidation and inferencservices are needed is dependent

on the nature of the MASHexibility in message handlirgained from such a provisias likely

to be most beneficial where the MASW2 LISY Q ' yR | 3Sy G a Kdsighed y2i 0SSy a
to work together Another slight drawback is that the Java ontology has to be regenerated if

any ontology on which it depends changes.

TheJADE Semantics Addiamework(JSA)127] provides a further abstractiofor the
implemenfation of SLbasedmessagingremoving the need for the programmer to implement
at least some inference in SISArovidessupporting libraries to interpretSLmessages and to
initiate them (compose and send), as well as interpnetre generakvents perceived by the
agent through the use alile setscalled semantic interpretation principleBy formulating the
message in terms of the FIPA SL specification the seraahtite message are fylcaptured
enablingthe recipientto infer the intent instead of reljpg on protocols. Although those
protocolscancapture the semantics of the message (typically with the use of a state
machine/s) the fixedinterpretatior/s means thatagents are constrained to interact in fixed
ways.As noed above bwever, in the context of a closed systethe benefits from such
flexible messagingre unlikely to beas beneficiahsits application iran open systemn JSA
several semantic interpretation principles are pre defined including those tosstipgention
conveyance, belief transfer (add or remove facts while preserving belief base integrity)
together withmore general rulesdA y 1 SNIINB G WNI 6Q YSaal 3Sao wS3aF NRAY
support the generation of semantic representations of firecondition and rational effect,
which are processed by the form@tefault)and other semantic interpretation principleshe
inclusion of annternal agent architectur@integralinterpretation engine andbelief base
mechanisnetc) means thathe frameworkis already awar@ ¥ G KS | 3Sy G4 Qa NBft SGFyid |
for handing outgoing and incoming messages regarding its pre and post conditions (the
framework necessarily uses ACL semantics as expressed in the specjfesatitime use of an
integratedbelief base means that appropriate message semantics can be efsdmuaever
the BDI formulation on whicBSA agents are based is one proposed by Sadgkk8], not the
formulation by Rao an@eorgeff(described abovesade] Qa T 2 Natsdaisédiordefige

the semantics of FIRACL)Y 2 RSt & | mental Safeysingxdodal operators for belief
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and uncertaintywhose semantics are defined as noted abot@jether with an operatos

capturing intentions and furthervayai & 2 F Ay GSy (A 2y &whok&k2a S @I NR |
achievement goal (agemtloes not believe thap holds), persistengoal (agent will drop
her/hisgoalp(when)A i A& &l GAAFTASR 2NJ akKS [I0@aySa (2 oS

Apropertyin the context of dialogue based onentalisticc 3 S ytfitéd€s e.g. belief
expressions in messagésthatmodal contexts in general create referential opacity so
contexts cannot be substituted without violating the intended semantics. JSA removes the
need forconcern bythe programmelin many casesalthough in practice thbandling of such

messagesgwithout SA)may berelatively simple.

3.2.1.2 OWL as Message Content

As an alternativéo FIPASL as a content languagke use ofOWLhasbeenreportedby a few
authors.Schiemannet al.[129] describethe use of a codec and related librariespimvide
OWL:-DLbased messaging and associakemdwledge base for agents withthe JADE

framework. Message inference and validation is delivered with the use of the RACER reasoner

via the DIG interface (sexcion 2.2.4). However the framework only captures propositions

and referential expressions and tnmodal expressionm messageslue to the lower

expressivity of OWL compardd SL.The frameworldoes notsupport all the speech acts,

specifically those where the semantiod WSk 3 Af 8 Q 0 $he@fidsiviedh 6 SR Sd3I ¢
performative hacontentthat contains a further speech airt its content fieldian action to

perform when the statement condition becomes trusp separation is not attempted and

therefore not supported by the framewoifk29]. With the absence of any message semantics

in the content the frameworknecessarilyelies on protocol basethessagindnandling In that

I LILINB F OK | 3Sy i AYyGdSNI OlA2ya I NBaAaQISSD#NE R (4RI
meaning is specified in terms of thesponses that are allowed at each stage of a

conversatio [130]. The knowledge base aspect of the framework does provide automatic

handling ofquerymessages and consistency checked updating of the A baxfeien

message§l29].

Anothersimilar provisiona the above is AgentOWH31]. It alsoprovides OWL ACL content
messaging and an integrated OWL belief base additiondly describesa development
methodology.The authors state the suitability for knowledge managenegmplicationsNo

details about how the unsupported ACL messag#ed aboveare given.
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3.3 Agent Development Methodologies

SeveratonventionaMAS development methodologies have been presented over recent years
showing various characteristics including tHéecycle coverage, level of guidance detalil
provision of guidelines and heuristjgsattern provisionresembance to conventional software
engineering methodologies, availability of supporting tool ang provision orre-use of

existingnotation.

The rature ofdevelopmentmethodologiedor formal (in a mathematical sens&)ASswvhere

the system specificatiowaptured in a logical representation can often be directly execuged
different to that for conventionalsystemsin such systemagents are typially theorem
provers, where goals and beliefs etc. are derived from the logical representation of the
specificationLittle or no refinementas seen in the analysis and design phases in traditional
software engineerings thereforeneeded The evolutiorof formal developmentapproaches
has been independent of conventional approaches, avithout clear definition tgproviding

any overlapping assistance

Methodologies for MAS take primarily one of two forms, either adapting objected oriented or
knowledge egineering methodologiefl 32]. Each has its advantages. Using object oriented
methodologies as a basis has the advantage of familiarity for programmers and the potential
to reuse a range of notations (with modified semanticeevehnecessary) and tools. Although
there are major distinctions between agents and objects, some commonalities can be drawn.
Agentscan be regarded as objedtsat areloosely coupled y Bctivi€]106], that

communicate asynabnously using a high level language. The challenge in adapting existing
objectmethodologies i$0 conceptually model the autonomouson-passivenature of

agents, and as in the IFM&8so capture thespecialiation of the BDI abstraction. Interactions
and collaboratiorshouldalsobe addressei132]. Like objects, agents havestableidentity

and are cohesive, but their environment and collaboration involvement (even in closed

systems) is dynamiwhich is not usuallyhe casewith object systems.

Alternatively, knowledgesngineering methodologidsave been used as a starting point. As
agents are often knowledgatilisers,knowledge engineering practicessist with that aspect
However any basis for modellintdhe behavioural aspects of agents astonomousentities
(with motivational,meansend solving etc characteristigsor their distribution isbeyond the
scope of knowledge engineering methodologiBsveratesearchers have reported the usé

the European starard knowledge engineering methodology CommonKHBS).
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Some methodologies are presentedliable3.2. The list is limited to conventional
methodologies as the IFMS is expected to be afoomal implementationand formal
techniquesdo nottypicallyprovide anypotential assisance

Table3.2 - Selected MAS development methodologies

Name Notable features Summary

Multiagent Targets closed, static (agent Analysis consist of goal and use case

Systems lifecycle and interelationships) identification, and generation of

Engineering systems having 10 or less agent sequence diagrams, then role

Methodology  types.Agoal hierarchyiagram identification and allocation to parallel

(MaSE)134] captures the system specificatior tasks (tasks detail how goals are
Wide use of UML diagramming reached). In design agent types are
(but sometimeddifferent generated from roles with regard to
semantics e.gelass relationships concurrency, interactions are detailed
represents high level and agent architecture devised. From
communicationand automatic ~ agent types and their interactits
code generation with an deployment diagrams are produced.
accompanying tooBDI
supported in the last phase of
agent architecture selection.

Gaia[135] ¢ NHSGa a&O2! NA ¢ Analyss and design phases generate
O2 YLJdzi I G A Zynhtt £ range of models. For the former: roles
havestatidpredictableinter- and interactions models, and agent
relationships and service (types), services and acquaintance
provision Suites systems types (communication between agents)
that aim to improve some models for the latter.
collective tility cf. guarantee the
best solution.Covers analysis
and designCentral is the
identification of roles and related
a Pebpbnsibilities, permissions,
activities, and protocols | Y R
their (roles) interactiorj135]

Wikraz(J136] Design phasspecifically supports Primarily analysis, design and

JADE. Testing not coveregmple

structurediagrams that show

implementation/testing phase. Analysi

identifies candidate agent types,

57



goal composition are prepared allocatesresponsibilitiego the types,

during analysidater elaborated identifies collaborators, elaborates

in implementation details and identifies eployment
(parameterised for raise,and environment for each type. In design
structured for appropriate the agent types reviewed with a view 1

commitment), and again used  deployment (messaging overhead etc
later in the lifecycle to drive plan and interactions are elaboratelext
implementation. non agent interactions are detailed
together with the supporting ontology.
JADE infrastructureesources are
integrated
Prometheus Detailed guidance at each phase Three phase methodolog$ystem
[137] comprehensive coverage from  specificationidentifies system goals
specification to detailed design, and use cases, architectural design
and some support from a freely identifies agent types andse case
available tool. Supports agents scenarios are elaborated into agent
oFaSR 2y &3 #IB7A, 2 interactions, detailed design elaborate
the agent types internal architecture
[137]
Tropos[138] Mental attitudes (including BDI) ~ Six phases: early and late requiremen
supported fom analysis onwards analysis(macro)architectural design,
Development support for detailed design, implementation.
requirements to implementation.
UML class uses with a meta
model definition.Pattern
applicationin (macro)

architectural design.

Thereviewedmethodologies resemble conventiorsdftware developmenimethodologiesn
their structuring nto analysis andlevelopment phasesand to some extent in some of the
content of those phaseshe agent (micro) architecture and societal architectigeelopment
is supported by varying degrees. The BDI model is directly supported by most and ishile it
supported from the outset by Tropos, any overall advantage remains tquamtified The use
of UML notation is common. Some methodologiesma@e suited to particular MAS

characteristics, while othatistinguishingactors are the integration of toolsnd direct
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support for existing rudime frameworks at the implementation stag@spects of a particular
methodology could easily be modified in most cases if more suitable techniques were
identified. Noresearch on comparison metrics for MAS developmeathudologies hadeen

found.

3.4 Applications of the Multi Agent Paradigm in the Construction

Sector

Thewidest application ofgency irthe AEGFM domainis for thesupportof collaborative
processes including concurrent engineering, management of supplys;hmbject scheduling
and control, and &eommerce[139]. These processesxistin AEC/FMand require supporias
aresultof the distributed andlisjointednature of the AEQFM sectorin terms of organisation,
project executiondecentralised control, authority and informati@ndheterogeneous tools
working practicesand information representations e.fi140]. The scope of the support
includesthe applicdion of standards and legal requirements, information retrieval and
accommodation of time differences or preferences didfferent working hours (as proxy for

0 KS Warticipahiy 3 Q

In mechanicakngineering an area that may overlap with AEGhe use of agentsisthe
application of agentfor parametric designin[141]the authors report thauseof several
agents to determine parameters, where each agent has a different perspegtiveach
parameter,the agents concernedegotiate to find a value for the given parameter (the
solution).¢ K S  LINER.d&dvénvaaycoustraints(presend, and perhaps tangled

dependencies between parametérgl4l].

Examples in the area abncurrent engineeringare therealisation of collaborative design
frameworks such agor example for assisting the activity of fire protection engineering and

for facilitatingcollaborative concurrent structural design processassupportcollaborative
workingin concurrent structural design, Bilek, et Hl42] utilise a multiagent collaborative

TNl YSg2N] o0602yaidAaddziaAya I YARRES WGASNRO GKI
project effort and the resourceon which the project depends. The resources with which the
agents interact include product models as well as software tools, databases and other
supporting resources. Agents are grouped according to the facility they provide such as
workflow and coordingon agents, product model agents, expertise agents, software wrapper
agents. Workflow agents and coordination agents for example use resources in the layer below
such adPetrinets (to model resource sharing, concurrency and time dependant activities) to

achieve their goals.

59



Similarly the natureof fire protection engineering is complex due to many individuals,
organisationsanddisciplines working together with complex products and processeasf In
[143],in a(distributed) environment including architectural, structural, and fire protection
models, an agent works on behalf of the fire protection engineer to ensure conformity to fire
protection rules of the evolving designs, and maintaifest fitfire protedion plan. The agent
utilises a rulebased expert system in order to achieve its géaequate or bettefire

protection is achieved by ensuring conformance immediately the design process starts. Their
framework is a multagent systemsome agentsact 88 LINR EA S&Q F2 NJ KdzYl y LI NI A OA
responding to requests for information on behalf of the individudlile other agents in the
framework are responsible for transferring information between agents. Information is

GNJ YAFTSNNBR o0& WY 2aeisét By olhel &¢hisdoQetriovE @ e 32 I f &
information. The advantage gained by mobility is that the quantity of data transmitted can be
less by processing, before transmission, at the location where it resides by migrating the agent

there instead of movig the data to the agent.

Another gplication of agent frameworks is modelling the social behaviour of humans in

building egres$144]. The author®f that researchstate their belief that such systems are

G LI- NI suiatde fosimelating individual cognitive processes and behaviour and for

SELX 2NAy3 SYSNBSYy(G LKSy2YSyl &dzOK & a20Aalt 2N O2
paradigm, the agents represent humans and are able to perceive their environmens(door

exit signs, other people, obstacles such as furniture), have ability to make choices and exhibit

social behaviour, and are kbto perform actiongwalk, run, turn). In a simulation of the

agents exiting from a building in an emergency situation, thé &l NAE NB L2 NIY daO2YLISGA
behaviour, queuing behaviour and herding behaviour (is modelled) through simulating the
OSKI@A2dzNJ 2F KdzYly |3Syda Fd YAONR&AO2LIAO f SPStéd

management and checking conformance to regulations

Further examples in AEC/FM where agency has been exploited include monitoring and
planning for construction sitdd45], anda sensor based security system for intelligent
buildings[146]. Researchielating to agency in intelligent building in general is discussed in the

next sibsection.

3.4.1 Intelligent Buildings and Agency

Inthe scope of intelligent buildingshé MavHome (Managing an intelligent Versatile Home)
project, [147]realisesntelligent agencyn its core infrastructure whose goal is to optimise the
comfort and productivity of the occupants while minimising running €d&te authors have
developed a layered architecture with intelligent agents operating atiiigaer layers. There
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are four layers comprising decision making agents in the top layer that use the information in
the layer below, an information layer that collects coherent information, a communications
layer facilitating information flow between thegants, and a physical layer interfacing to
hardware. The structure is dynamicallyagenfigurable depending othe hardware available

and allows the simple integration of new technologies. Similar functionally layered hierarchical
structures are seen in ber efforts by Joo, et al68] and Helal, et a[148]which are both built

on the OSGi framework (seection3.5). The objectivef both are similar in minimising user
interaction, while the latter is specifically aimed at assisting the elderly and disabled, with a
y2@3St a023yAGABS I aahiai ngtasks using audio ahdizidéddiats. i K S
These two architectures both utilise an ontology based knowledge layer while the MavHome
project focuses on prediction algorithms. The MavHome uses three algorithms each with
specific known advantages. A final algamithas ultimate control for prediction of activity; it
establishes confidence values for the others taking into account aesti about them such as

the history used anthe context, selecting the most suitable. While quoting current high
success rates, thiflavHome projects aiming future development at more complex

environments and support for multiple inhabitants, identified from their device interaction.
Performance is not quantified for the other frameworks and comparison would be difficult

without normalising the test scenarios.

In their researcloo, et al[68] developa framework that automates services throutite
AYFTSNBYOS 2F dzaSNEQ AyaSydAzya G2 YAYAYAAS Y
several management and coordination modul@sievice coordinator manages all the devices

via device handlers in order to realide home serviceshat are offered by the service

coordinator. The various entities in the architecture have corresponding instance concepts in
the ontology allowing the user agents in the framework to reason about user confexts

example given is reasonitige deemed appropriate action adwitching off devices such as

lighting and media when an occupier is recognised as having fallen asleep while watching
television. Rules specify actions to be executed when certain inferences are meet although the
technical nature and integration of thellesis notdescribed A key component of the system

is the context managewhich maintains the ontology including changing the representation to
reflect the continually changing context of the building. It also allows services and user agents
to registe the contexts of interests so that when the registered context is recognisasd

backs can be invoked. The authors identified five key ontology concepts in this setting: device,
service, environment, place, and user. Knowledge management of data igé&mipio the

architectureof Helal, et alas well, rendering knowledge from the lower level data collected

61



and the ability to abstract and reason with the knowledge to make decisions facilitated by the

ontology provision.

In the AEC/FM domajithe literature ony reportsthe use of the weak notion of agency,
typicallylimited to applyinghe agencypropertiesof autonomy and reactivityThe

characteristics of the weaker notion of agerarg howeverwell matched to thosef the

AECFM domainin several aspets. Additionallygeneral MA%gentinteractionprotocols
readilysupportcollaboration,negotiation andcontracting The stronger notion of agency,
exemplified by the BDI abstractigieverages the features of the weaker notion. The suitability

of the BDI characteristics to the IFMS applicatgoutlined in sectiord.1.

3.5 Alternativesto Delive Aspects of Agency

Thesupport ofa MASrelies on many types of service provision includimmgsocietal support:

agent lifecycle control, transport provision for messaging, location sepasegll as arfor

internal architectural support: aavent mocl, signalling, threading and thread

synchronisation facilities. The lattservicesare provided by primitives in any programming

language whil&@ I NA I yG& 2F 2 NJ W0 dzdélirieyy sedefalntidtién@re F 2 NJ T2 NIV SN
frameworks. MAS middleware tigally provides the societal features in a way that conforms

to typically FIPA standardBor internal agent architecture supppsome abstract agent

model, e.g. reactive, BDI, etis typically provided with a high level configuration

programmingfacility but with the programming languaggill accessible to the implementér

required.

Regarding middleware that could be used to implement some features of an MAS framework,
the Common Object Request Broker (CORBA) specifi¢atidfis a standard that describes
support for distributed objects acro$geterogeneougplatforms. The specification includes
lifecycle control, object location, remote method invocation using a varietalb$§emantics
(synchronous/asynchronousni/bi-directional, pass by value / reference) and quality of
service definitioras well as support for dynamic determination of remote objects interfaces
and their invocationImplemenationsprovide language bindings for many popular
programming languagancluding JavaRuby, Pythoand C++The interface definition
language (IDL) captures object interface definitiofiee CORBA Component Model (CCM)
extends the CORBA object model and provides services for event notificstiten,
persistence, securitgnd transactionsThe componenprovisionsimplifiesthe complexity of
CORBA thereby easing developmgnmith the services provision implementation itself as well
as ease of use through pattern applicati@amd deploymenthrough the provision of hosted

containersthat manage system serviceSomponents are described with an extension to IDL,
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known as Component Implementation Definition Language (Ght.jlescribes the offered
and required interfaces, produced and consdrevents, among otheneta data Comparable
202S0G Y2RSta NS LINPYARSR o0& aAONRaz2TaQa

Enterprise Java Beans (EJB).

The Open Service Gateway Initiative (OEG)] framework utilisedn some of the intelligent
building software architectures is similar to service oriented architecture (SOA). SOA is a
common paradigm where information and processing facilities are grouped to support specific
business processgsuch an architecture cape implementeds A (wib sédvice® However

OSGi differs from SOA in that the former excludes transport provisierspeed is much

higher but the system is constrained to the local platform. OSGit®ptaindependent by

virtue of its &va runtimeexecution environment.

The use of Prolog for the support of a belief base has already been mentiomédProlog)
couldbe potentially used for other purposds someabstractagentmodelk determined by the
internal representations and features. A popular Prolog environnraptementationis SWt
Prolog[151]. Alternativelya more primitive provision employing a rule engine implementation
directlymay be appropriatefor examplea backward chaining rule provision could be used for
dynamic planningRule engine@mplementations typicallyse the popular Rete algorithfia52]

for efficient pattern matchingA BDI abstract modé@hplementation could emplpa forward
chaining rule enginér example, but in arfmeworksuch as JADEX, those details are hidden

from the programmer

3.6 Summary

This chaptestarted witha reviewof the agent paradigm and thattribution of agents with

mental attitudes, a useful abmction mechanismParticular attentionwas giverto the BDI

model The properties and interaction of attitudes to uphold rationalitgre then described.
Moreover it was seen that some attitudes e.g. beliefs play a much richer role than they would

if used as algorithm control criteria in a conventional implementation.

Some aspects ohe logicaformulation of agencywere presentednextand aspects of it
highlighted in implemented frameworkBormal models are useful to capture semantics even
thougha formal implementation is not anticipated for the IFM3he particular framework

that explicitly conforms to some formaémantics waslescribedas it could be tilisedin the
implementation.It was seen that thelwice of axiomisation is dependent oretlapplication

and the deductions requiredt wasalsoseen that some attitudes can be modelled more
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simply than othersThe discussiothen covered the difficulties in implementing formal

systems.

Some practical MAS frameworks supporting BDI were thesgmted relating the discussion

to the philosophical foundations and formal semantics where applicable. While frameworks
should address the requirements, flexibility in the implementation remains so the programmer
should be aware of the impact of implentation decisions. Some technical aspects of existing
frameworks were dtailedin order that the best suited for this application can be identified. In
particular the discussion highlighted some attitudes that are not explicit in some practical

implementatons e.g. intentions. The role of commitments was also covered.

A core characteristic of agency is social atiitiacilitate collaborationand that was covered

next. Collaboratioris provisioned wittthe ability to communicate and so discussioragént

messaging was included, reviewing SL and OWL as semantic content caraidattisas the

definition of speech acsemantics Thenature of the MAS influensthe type of messaging

required and so relevant factors have been highlighted in the discudaibite OWL as

message content seems to fit well with OWL based agents, the higher expressivity of SL enable
NAOKSNI RAFf23d | RRAGAZ2Y XY RQ (XKEBLIRSNIt Ay & 2Fa &12YSy 3
discussed in detail so that both functionality gaine mentified and so that those gains can be

balanced with any overhead, redundanepdoverlap or clashes with other resources.

Many methodologiedor the disciplinedapplication of best practices for ttaevelopmentof
agent systemséave been publishednal some selected onegere reviewednext. It was seen
that there is variety in severaharacteristics, ad so the review will facilitate either selection
of the most suitable orit canbe used tanform the development of a custom methodolg

borrowingpreferred aspects from existing work.

Nextsome examples dhe application of the agency paradigmtire AEC/FMdomainwas
presented.The discussiononcluded that only the weaker notion of agency has been applied

but that it haswell suited properties

Finally a brief overview @omesupporting technologies that could potentiattgntribute
towardsrealigng an implementation infrastructurén place ofan MASframework was given.
That discussion gives insight into the technical foundations ofieg@gent framework
provisions, and highlights the abstractions made and consequent benefits gained in ease of

implementation in using an MAS framework.

In overall summary he availability oframeworks tools,and methodologies make the

realisdion of BDlagentbehaviourand the implementation of an MAfBasiblewithout the
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needi 2 A Y LI S ¥yt Thé IieBatdre Mview allows an informed implementation to
be developedand implementation decisions justifie@he development adhe MAS aspect of

the IFMSsystem is described section4.4.3
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Chapter 4

System Development

The section describes thechnologiesand frameworkaused tosupport the RMIS
implementation together with the techniques used to apply théfhe main foundations of
the system argoresented in turn, outlining thesuitability. Next methodologiedor system
developmentusing thosgechnologiesare described Following that the selection and
features of frameworks used in the syst@mealisatiorare presentedproviding some

rationale forthe selections made.

A brief overview bthe IFMS is preséed in sectionl.3. The maindefiningfeature of the

systemis its support of goal directesbftwareentities that interact with thesensor data

sources andbuilding related information sources availablEhat behaviour is realised with a

society ofbelietdesireintention (BD) agents.A further feature is theapplication ofsemantic
modelingF NB Y ¢ KAOK | LILINRPLINAI GS Ay TS Nisigd@ieredd dzA RS
by a number of ontologies and knowledge bases (KBstification for the application of the

agency paradigm and for the use of semantic modelling are described next.

4.1 The Suitability of the BDAgentModel to thelFMS

The primary requirementfahe IFMS is taltimately generate useful knowledge about
buildingsfor the purpose of contributing towards improvements in facility management (FM)

Thefollowing summarisesthe nature of the domain and factors influencing that requirement

1 In order tobuild knowledge many different tasks have to be executed. The tasks are
inter-relatedand asynchronoysand sharesomecommon knowledgend beliefs

9 Detailed building relatedriowledgeis desirable and is naturalalignedto subareas
typically roomsor functional areassothe pursuit ofknowledge elaborabn within the
samescopeis appropriate The division allowspecialisatiorand detailedcontext
focussed knowledggeneration

1 In order tofacilitate collaboratiorof entities aligned withhe functionalsub division
and specialisatioidentified during analysjsamessaging provisiois needed Abstract

and asynchronous assagindacilitates high levels of decoupling and cohesion.
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9 Tasks to be completed to elaborate knowledge have similatratt characteristics but
are context dependantThe context is dictated by the building geometry, sensor
provision, anddynamic)sensor availability

1 The environment about which knowledge is to be generatedimplex andconstantly
changingThe omplexty arises from theeombination of systems (building and plant),
anddynamicinfluencesdriven by a chagingenvironmentand sensing capabilitand
people intgacting with that environment

 Eacha Sy acapsfiities is influenced by its context.

f Software entitiesonsuming sensor dateave mA y O2 YLIJ SGS WOAS 4

through limited sensing ability and potentially missmgldingmodel detail

The software agent paradigm and its extension with the BDI mar@gdarticularlywell suited
to the characteristics of théFMSdescribed above iseveralaspects Thefundamental agent
paradigm supports the requirements for independent software entitiet can collaborate
The system analysis identified several areas of specialisation, anddqgrurpose of flexibility
the developmenimethodologyaligns that withindependententity types while the need for
communication arises tenablecooperation and collaboratioamong those specialist entity
types The ability to collaborate is critical tlow the specialise(tohesivekntities to pursue
activities that, due to their specialism, cannot perform independerithe BDI abstraction
realises preactiveness, wherabstractstrategies are assigned and the entitmsluate and
pursue themechanisnsthat best suit the (dynamic) contexthat contrast¢o analgorithmic
approach wheraypicallyafairly rigidstrategy isonly implicitlycaptured The BDFformalismis
better able to adapt to changes in the eroiiment by knowing iteibstractstrategy explicitly
for which it can usuallgelect a different plan to reach an explicit goalsub goad. Moreover
the separation of attitudes and model thecigrmulation includeswith other inter-
relationships of attitudesgthe taking account of cuent and past goal outcomdsanifested as
beliefs)and their dynamic feasibility tdeliver rational behaviour (see secti@ril). In summary
the BDI abstraction iltsed in thelFMSenvironment adds the potential for increased
robustness through flexibilitgeliveredby the captureof, from a high level perspectivéhe
F3SyGaQ RANB Ondorrgst tladitibnal lalgahthdfc syStéms perform well with

static knowledge that isvell defined withinits applicationcontext.

The flexibilityof BD agentsis gained by the deliberatiomboutthe most appropriate goals to
follow, together withreasoning about how to achieve them. Although in a conventional
system behaviour carof coursebe controlled with the evaluation afonditions(pre
conditionsand object statekto direct flow,and exception handling can catch errors and

unexpectedscenarios, in a notrivial applicationjn contrast to a BDI implementatiothe
68
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behaviour is moreomplexto predict and thamplementationmore difficult to maintaif104].

As behaviour is more difficult to predict, the rationality is less easily demonstrated.

4.2 The Suitability of Ontology Modelling

The applicatiorof ontology to the IFMS offers sevelmnefitsto the system. Some of dse

are listed below:

1 The use of ontology allows the reuse of domain dependant and independent
knowledge.

1 Theexternalisationand formalityof knowledge meanthat exchangd statementscan
be accurately definedtypically the semantics dhe representation has a logical
mathematical basis)hat delivers benefitmiternally within the agent layer buis
particularlyuseful for interfacing to intelligent exteah tools

1 Thecapture of knowledgef the complex domainsanbe representedrery concisdy
(partially enabled by relatively high knowledge representation (KR) expressivity)
that a large proportions inferred Thusthe body of knowledgeés easier tounderstand
andmaintain

1 The semantics of the OWhowledge representatiorkR used allowsomplex
1y26f SRAIS Y2RStfAy3 odzi ¢ Mdiékamplérolg SOSaA al N
restrictions define some facts about relationships but lack detail atimitypes and
numbers of the fillers. That modellirsgiits the nature of the complex domaivhere
such complete knowledge is not known at mdahgj design timeor it can change
Moreover thestatements, appropriately formulated, remain consistent.

1 The fomal representation allows consistency checking, whichdomplex model is
very beneficial in the identification of model authoring errors, or at run time during KB
updating.

1 Due to the emergence of the semantic web, the support for semantic KBs is good,
particularly using the OWL KE53][154]. Support igrovided byediting tools and
reasoners. Additionally a range of work on ontology developmesthiodologies has
been published39].

1 Avoidance of many abloc queries of the informal neexplicit model alternative, as

well as the use of a structured query language

4.3 Methodology

This sub section describsalient methodologies used in the development of the IFFS.

completenessome aspects of the conventional software engineering methodology used in
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the development dthe infrastructureare mentioned, butis the techniques used are fairly
conventionakhe discussion ikeptvery brief.Next, he methodologies fothe development of

the MAS andor the systemontologies are describeith more detail.

4.3.1 Conventional Softwar®evelopmenMethodology

The development of the infrastructure layer and to some extent the agent layer were

developed by followinganventional dject oriented developmentjsingselected Unified

Process workflowsTheprocesss characterised by use case driven, iterative and incremental

development- & ¢St | & & MEbKThé i®rétivedrdBcrem&nyaliatide O ¢

allowedin particularthe dynamic system behaviotw be investigated and evaluated

principallyfrom a realisticsystemdeployment from which observations were feedack into

analysis and desigi case tool, namely Visual Paradigm was central to the development,

especially the early iteration3.he case tool provide®de generation and class diagram

creationbut NOC#WNER dzy R G NA LIQ Sy 3 A Y, S8cNRhindetedih yie cask & OSNEA2Y dz
infrastructure developmentthe ease of maintaining the modgl the later development

stages.

4.3.2 Agent Development Methodology

After reviewingseveral publishedhulti agent development methodologiemcludingthe
Multiagent Systems Engineering Methodold§84], Tropog138], Gaig135], Prometheus
[137], it was seen thahone wereideallysuited in their entirety for usén the development of
the IFMS agent layeOf the methodologieseviewed each show different characteristics
with respect to lifecycle coverage, level of detail, provision of guidelines and heuristics,
similarity to conventional software engineering, availability of tool suppnd provision or
recommendations of notatiorTherefore anethodologywasdevised thatorrows preferred
aspectdrom a numberof exsting published methodologiesThe notivation is toincorporate
into the custom methodology aspeat$ the well evolved and maturprocesses already
developed It is additionally recognised that many methodologies do emphasise flexibility so
some customisation is expected anywaythe limited context of the IFMS, ttepecific

requirements of the custom methadogy areto:

1 Remove unnecessary stages)dto select the simplest processes.

1 Support the concepts of the selected agent formalism (goal, plan, etc.yand
integrate thepreferredprocess artefacts at each phase.

1 Similarly to above, map tilve choseragent frameworkand specify the generation of

supporting artefacts

70



I Usethe Unified Modelling Language (UML) diagramming and st tools where

feasible.

An overview of the methodology used is showrFigure4.1 usingthe BusinessProcessModel
Notation (BPMN) TheBPMNhas been used because it captures activity and sub activity,

input/output artefacts, major decision points and sequences.
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ThecustomY S K2 R2 f 2 3 & Q@as R §edctal idlusNcSdyby tenventional use
case driven software development lifeogadxemplified by the Unified Processccompanied
with UML notation, while thespecialisation ofgent entitesborrows heavily from several
published methodologies which are described n&ktemain inspiration for the analysis phase
was he methodologydescribedby Nikrad136], attractivedue to its compact natureAn
additionwas the use o$implestructure diagrams that show goal compositivhich are
prepared during analysis, later elaborated in implementafjoarameterised for raise, and
structured for appropriate commitmertharacteristicy and again used later in the lifecycle to
drive plan implementationSome asumptions thatesults in the custom methodology being
simpler compared to those reviewed dteat goak are not shared, all agents conform to
society norms that uphold MAS integrigndagents are benevolent e.g. particigain

cooperation when requested.

Thecustommethodology specifies the generation@mpetency questions (see sectidr8.3

to support the knowledge requiraents of (agent type) roles. Tee competency questions are
a main feature of the ontology developmemtethoddogy, thusthe two methodologies are
dependant The link is a mutual dependenaythat the ontology developmenactivity may
alsomodify the competency questions from a technical or conceptual perspegthieh could
lead to changes in agedesign otimplementation.Competency questions atater
elaboratedduringagentimplementationto satisfy thedetailedknowledge requirements of

plans.

Evaluation of the implementesglystemconsists of two sub processes that seek to verify correct
operation as well a® check for adequate performance tiealistic deploymentsTest

scenariosare devisedrom the system use cases and from the deployment specifications in the
form of UML deplognent diagrams and IFC building modé&lsr performance evaluation and
verification, those scenari@rethen loggedduring executiorusing thecomprehensivdogging
frameworklog4j[156] with appropriate configurationsor theverification of deliberation and
meansend reasoning, the agents are configured to wKi® contensnapshots to disk.gent
message recolidg couldalsobe activatedbut typicallyis not needed as much of that content

is covered by the logé\sthe system is closed, verification of conformance to standards such

as the semantics defined for FIPA messaging is not a central concern.

The checkingf traceability the abilityto describe and follow théfe of a requirement, in
both a forwards and &ickwards directio@[157][158]) and completenesé & ® dabivityiok S
identifyingmissing elements in documents generated during different phasése

development lifecycle... [158]d& i3 notcurrentlyexplicitly supported. Such lack of intrinsic
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demonstrableraceabilityand completeness iypicalin refinement based methodologies such
as this where the processtegrity relies solely on thepplication ofgyoodsoftware

implementation practices.

Where necessaryindings fromthe application of the development proceswtivated

modifications tothe methodologytypically the refinement oémalldetails. Regarding the

coverage delivered by thmethodology,the delvery of a working solution is a practical

demonstration The similarity of theeustommethodology tofamiliar conventionasoftware
RSOSt2LIYSyiGs @At oAftAle 2F aSOSNIf WR2Yy2ND YSGK
methodology was required cf. oraf wider scopemeant thatdeliveringadequatecoverage

wasnot problematic

4.3.3 Ontology Development Methodology

For the purpose of identifying a methodology for developingplogies for the IFMSeveral
publishedmethodologiesvere reviewedseesection2.2.6.1). From that reviewhe NeOn

ontology development methodology 4] was selectedor the following reasons:

1 Itis the most complete in terms of level of specifioatand scope, covering nine
A0Syl N 2a AyOfdzRAYy3dI RS@GSE2LIYSyid aFNBY &aONI (OKE
non ontological resourcedoreover its coverage exceeds that required for the
development of ontologies in the IFMS.

f Like several other meth@lf 2 3ASaxX bS2y SyLX2ea wO2YLISiSyoe |
informally stated natural language queries that the ontol@gygxpectedo answer
Competency questions do not embody ontological commitments but are used to elicit

those captured by the ontology 8].

Specifically regarding ontology editirepme general patterns emerged andefie are
described in sectiof.3. Thediscissionincludes the consideration and applicatiohaspects
of the OntoCleammethodologyand other factors that influencethe ontology desigrand
development The workflowfollowed for ontology editing involve initially editing the

taxonomy, which is well proisioned bythe use ofProtégétool and itsvisualisation

4.4 Framework Selectiorand Application

This sub section outlines the frameworks that were selected for use in the IFMS in order to
support the designed functionality. Some priméegtures of the selded resources are

outlined in the discussian
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4.4.1 Architecture and Implementation Languages

After the desigrof the system architecture was completegtie decisions for implementation
languages were made. Primarily those decisions were defreea any constrants for

compatibility with the APIs and implementatitenguage®f selected frameworkgpgether

with a legacy constraint stated by a sponsor at the project outset that the infrastructure

should be implemented with Microsoft products. The constraint s@shat any

implementation would be directly compatible with the spon@oexisting products.

Fortunatelythat was favourableegardingthe interfacing to some hardware, especially the
National Instrumerg USB device interfaceas the interface library provision is only available

on theMicrosoft.Netplatform. Thedecisionto implement the upper agent layer using Java

was determined by th&ery good support for both MAS a@WL ontology interfacing and KB
support (specificallyeasoners) by that language. Moreover the provisiaresonly available in

that languageTo facilitate communicatiobetweenthe two different language basedrtual
machinetypeshosted bythe layers aninterface provision was thus requirefihe open sorce
projectIOP.Nef159]is aRemotingchannelimplementationthat is customised to use the 11OP
protocol, it hosts a CORBA Object request broker (Q&H) performs translation between the

Net and CORBA type systeralsingVl @ Qa wa L an bhjebt based Interfade tain &

thus be realisedAdditionallythe library also supplies an executable to processieta data
contained in .Net assemblies in order to generate Interface Definition Language (IDL) files. The
IDL files can then be used with tdé @1 L 5[ O2YLAf SN 6 WARt 2Qu (2

(see sectiorb.1.2.

Regarding theise of Java libraries in the .Net environment, the free softwkk&V[160]
offersthe potential ability to translae Java byte code intiie .NetIntermediateLanguagell).
Jena wasuccessfully converted bthe relativelyhigh number otdlependencie®f the Jena
frameworkmeant thata high overhead in terms of configuration and run time support was

required

4.4.2 Ontology Interaction Support Library Choices

Jeng[58]is an ontology application programming interface (API). The API presents Java classes
representing the ontology language constructs, together with classes to facilitate model

reading and specification, thus allowing objedented program development supporting

OWL ontology manipulation. It waglected due to its support for OWL (and OWL2 with some
extensions, see sectidn4.3for a description of its applicatignits support for the query

language SPARNdits integrationwith the Pelletreasonerprovidingabstract interfaces.

Additionally, Jena has a number of buitt reasoners capable of delivering RDFS inference

75



among othes, which found useful applicatioAnother popular API, namely tianchester
OWLAP|57] has a number of advantages includitgysupportof arangeof syntaxesits
integration with a number of reasonergnd its interfaces foexplanations, However itdoes

not currently support SPARQtueries.

The Pellet reasoner was adopted for its support of OWL2 reasoning, SPARQL query support,
comprehensiveSWRL rule suppo@ KSy O2 Yo A Y SR qgaely@rgind\édd/jits Q& ! wv
support of explanationsAn anticipated application of rules wdsr example, aa convenient

wayto apply temporal constraints. The Pellet reasoner provides coverage of nearly all the

{2 w[ 2LISNFIy22NB O61Ykd ddA faiddzLILianydiof Extengiblbladetipr G A 2y 2 F
Language (XML) schema data types in rules, and that coverage is adequbh&edrpected

potential scope ofuse

4.4.3 Agent Framework Selectioand Features

In the contextof the IFMS, the following were identified as the megquirementsof an MAS

framework

§ AnarchitecturethatisLINI OG A OF f f & AYLX SYSyiGlofS |yR R
with a good degree of framework suppolAS support including transport, hosting
and lifecycle control.

1 An internalagentarchitectureto supportthe realisation opro-activerational agents
including a motivational aspect, deliberative aspect and a procedural action element.
Typically most solutions ardoseto the intuitive theories of BDI

i Viableintegration with the OWL knowledge soex

1 Publically available framework implementation

TheJADBVIASInfrastructureframeworkis widely reported as formintipe basisof many

published work in the domairand meets all the requirementsf the IFMSThe framework
provides support for agent irdistructureimplementationincorporating FIPA messaging, agent
hosting, lifecycle control, and other infrastructure services such as agent location. Library
support for FIPAagent communication language (ACL) conformant messaging is provided for
message castruction and transport, but no semantics are forced. Depending on the

application the programmer can implement the level of compliance that is appropriate.

The two most favoureihternal architecturesolutions both JADE basedere JADEX and
PRACTIONISTBoth support deliberation and measend reasoning rolederived fromtheories

of practical reasoningooth are publically available and well document&tdePRACTIORT

LJt

framework thoughh & LJdzo f A & KSR | awith thelstdinieft kthat fhas@ot heéhA R G S Q
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extensively testedThePRACTIONI&ameworkis attractive howeverdue to itsgoal centric
implementationand some sipport for reasoning abowariousattitudes, incorporatingthe

modal representation of beliefélowever in the IFM$nostof the I 3 S Kribwile@geof the

world is captured in OWL ontologies isclosely integratedand consist offairly complex
representationsand so forameaningf@ ELX 2 AGF GA2y 2F tw!/ ¢lahbL{¢
fairly extensivemappingeffort would be required. Thus although the rationality of a

PRACTIONIST agent is more transparent, in a practical applid#&tioBX was preferred due to

its fairly open plan mechanism that allowttk addition of some customisatiorthat add

further transparent rationaliy. Those customisations aoeitlined in sectiorb.2.2

The decision was made to utilise the same internal architecturalftine main agent types in
the IFMS. Heever future agents that are integrated into the IFMS may favour a different
architecture choice. Potentially finer grained agent tygest do not use OWL KBsuld be
better suited to PRACTIONIST implementatibog a more complete evaluation is left to

further work.

4.4.3.1 JADEX Framework Application

In JADEdgent behaviouris definedwith the specification obelief conditions, preconditions

on sub goals and plans, and postconditions (the postcondition is the iateintithe case of

plans) Behaviourcan be further definedvith other facilities including activation and inhibit
conditions formulated as Java statements and belief states, event triggering, retry goal criteria,
plan exclusion criteria, and goal and pfailure actionsAgentbehaviour can thspotentially

be achieved in a number of different ways and hence early in the implementation stage of the
methodology the implementation principleslescribed in chaptes are appliedvhere

possible Additionally JADEXrovides a number of modularised capabilities which encapsulate
agent behaviour (fully configured cohesive goals, plans etc. targeting well known scenarios)
such as commonly used functionality e.g. registering an agent with yellow pages facility and

protocol implementations such as contramét.

Theimplementationof agents in JADEX compriskedinitions in aconfiguration filehavinga
framework provided universal schema to help maintain static agent configuration integrity,
together with supporting plaimplementations writtenin Java Theimplementation task in

the methodology outlined irsection4.3.2targets the identificatiorand definitionof agent
specific goals, sub goals, plans and all associated parameters indhigliyeg @nditionssuch
as evensand belief statesContrasting a JADEmplemented agent with that implemented in

JADE directly, JADEdMbiresits rule engine andhe aforementioned agendefinition to
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substituie aJADEP 6 S K I . @He Zfatadakd chaining) rule engine uses an efficient pattern

matching algorithm, to realiskoth meansend reasoning an¢goal) deliberation.

4.4.3.2 Agent Messaging and Content

Regardingagentcommunicationthe JADE Semantics Addd®Ajramework was not adopted,
primarily because as the IFMS system is closed, dialogue is uniform and theieésrent
require the flexibility delivered bthat framework implementationMoreoverconformance to
protocols that deal with more uniform dialogue does not require much coding overimead
JADEXand & a resultmessage content is simplified (seection3.2). While the support of
different sub systems in agents is feasititee use of J&would add complexity which is not
required in a closed stem. The architectire of JSA is closely integrated with semantics of

speech actssono technical integratiomssues would have been expected

A % 4 A x

The semanti€¢ | y3dzZt 3S {[ 6+ a aStSOGSR F2NJ dzaS Ay |3ASydaqQ

reasons:

1 Alibraryis availabldor congruction and parsing of SL statements.

I Theschema allowshe capture ofnested and up tavery expressivetatements(the
expressivity of a statement the (semantic/ LJ2 4 &chiBsscaptured dependant
on the constructs that itises e.g. proposition&brms are less expressive than first
order predicate and modal logic form€omplexgrounded and ungrounded
expressiongspecificallyContentElemerinstanceskan be created describing objects
and sets of objects (using single first order predicategentifying referential
expressios), and formulasan be combined, modified or quantified in those
expressions using the defined connectives and modifierg €quiy, implies, not
(unary operator)gexists forall). Formulas can also be combined with mogjaérators
capturing attitudes: believes, uncertain, intends and action operators.

1 The use of Shsa contents language is a FIPA standard in contoakirtexample
OWL. Ahough that consideration is less relevant foternalagent dialog, SL

expres#ons @n be readily consumed by external tools.

From theFIPA ACL contergferencemodel, the classegredicate, concepandoccasionally
agent actionwere elaborated with Java based ontologies by constructs that typioalty
correspondindFMS ontologgonstructs(including reificationn the case of object or data
propertieg, to capture a ¢implified) sub-setof those ontologieghat is adequate for dialog,
andto capture the requirechgent actionsSpecifically the simplified classes contain a

reference to the corresponding ontology class URle requirement for the creation of the
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Java based ontologyescribedcould be considered a disadvantage due to the (limited)
redundancy renderegcbut without the FIPA SL schema a similar model woale lbeen
required, probablexpressedn an OWLontology. While a restricted subset of the SL

@2 Ol 0dzt I NB Q the IBMS apphtatian@cula¥e2bbn selected andbfined insuch
anontology,customimplementationwould stillhavebeen neededto process the statements

in messagesThe selected semantics supported would necessarily be restricted by the lower
expressivity of OWL, as wat justproviding support fothose semanticsequired for the
immediate applicationMoreover it was consided undesirable to require all agents to be

OWL based.

The Java ontologgefined br the purpose of SL message contértdfor some limited belief
basecomponens, typically for the purpose dfufferingmechanisms see sectiorb.2.1.8 has

a narrow scope and limited expressivifyhe content of dialog and buffered content is thus
constrained but that is not problematic as that matches the natureositextspedfic dialog
and design time bufferingVhile most OWL constructs can be mappedh® object oriented
domain such adava, the ontology wagstricted toa few constructso that there-expression
of knowledgeremainsholisticallyrelatively straightforward. TheJastorproject librarieg53]

can be used to gerate Java ontologiesdm OWLin the form ofJava Beans class and while
there are fundamental differencdetween semantics of the OW{Rand its corresponding
Java representation, thé 3 S yisage @oes not impinge on those areas. An example is the
difference in the semantics tfie definition of necessary and sufficient conditions including a
role restrictionfor example where in OWL any individuadith a definition thatsatisfies the
necessary and sufficient conditiondll be inferred to be anember of thatclass, in contrast to
a typical mappedavamplementationé A y Of dzR A, yitigre Wé Zavia anNEhderitatigost

upholdsthe constraintcorrespondng to the role restrictiorj161].

4.4.4 Other SupportingTechnologiesl.ibraries and Software

This sub section presents a brief overview of the remaining supporting technologies and

software provision used in the IFMS, and the ragilerfor their selection where appropriate.

4.4.4.1 Building Information Model

Due to the complexity of generating and maintaining a realistic ontological building
NELNBaSYyidldA2ysS FYyR Y2NB2OSNI F2NJ GKS TN} YSg2
of amanually generated building representation was not considered feasible. Thus a

requirement for agents to interpret a building model was add&d.increasingly well

supported (by modelling tools) open standard is thedEiemaas describecbovein section

2.1.2 and acomprehensiveand populamodelling toolsupporting that schema via export and
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import is AutodeskRevit ArchitectureThus gooduilding modellingntegrationin the IFMS
was rendered by its adoption of theC/ | & G KS faliNikt 561 bhilBing $hadeélsJ2 NI Q

The libraryOpenlfcJavaToolb@%62]is a facility that allows programatic accesgo IFC

models. The librargllows the reading and writing of STEP (Standard for the Exchange of
Product model data]j163] physicalfiles containingFCschemasyiaan object oriented
representation of IFC entitieas well agprovidingsome datananagement functionality. The

Java classes are a close mapping of the basic EXPRESS entities and attributes of the IFC
schemaso theprogrammerrequires experience of th#-Cin order to use the libraryThetool

kit captures a binding between the EXPRE&ema languad&64] and Java which has less
expressivity and different constructs, so a simple complete mapping is not always possible. For
example EXPRESS includes local (to entities) and global rules, and derived attributes. However
it was found in practice that no infornian was missing when working with

OpenlfcJavaToolbego the difficulties in the mapping do not currently affect the

representation, at least in this instance. An alternative to the tool box library is the direct use

of the STEP SDAI (Standard Data Adogmsace), but the former is significantly simpler for

the programmer to use

4.4.4.2 SensoiSystems

A number ofbuildingrelated communicationprotocolsexist for the integration of building
systemshat include sensors, some of vith are open standards. Hower while the IFMS
software architecture will easily accommodate the connection of suitable adaptors to standard
protocols, for the small set of wired network devices connectedstandards conformance
was required. Regarding the wireless devices, whitespecifically building related, host
devices conforming to the ZigBee standard were seledayBeds awirelessprotocolthat
implementsmesh networksspecifically for hosting sensors and actuat@@snsequently
propertiesof the ZigBee standarare \ery low power consumption and low datlaroughput
rate, whichmatchthe requirementsof easy instadition, allowingthe use ofbattery power
sourcesFurther characterises are low cost and high reliabéitg securityMost ZigBee
devicehostofferings are supplied with irmware stack implementation that offer the user an
API at the application layer in the OSI 7 layer model, providing node network configuration,
data send and receive, and message roytasgwell as other non network relatde

functionalities (see sectio@.1.3.1).
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4.5 Summary

This chapter has discussed the selection of the main technologies and software frameworks
that are wsed to realisghe IFMS implementation. Where alternative options were presented
in a particular domain in the previous chapters, tatonales for choices havmeen

presented.The application of the selected resources is discussed in the next chapter.
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Chapter 5

General Principles of Implementation

This section discusses tgeneral principles ahe detailed desigrand developmenbf the
Intelligent Facility Management SystdifM3. Anoverview of the system is presented in

sectionl.3.

After a brief presentation of general architectural layer independent andatyer

considerationsthe dewlopmentof the mufti agent layersoftware is describedext The

development of the infrastructure layers is fairly conventional so is not discussedain

abstract perspective in this chapter, but some salient details are presented in séctidrne
F3SyidaQ AYLI SYSyidldGAazy OF LJi dzNBa owhikhireies 2 dzNJ | &
extensivelyon knowledge bases for the support of deliberation and mearsreasoning

Those knowledge provisions in knowledge bases by ontolpggewell as other provisions by

building domairilFCmodels aredescribed next. Thdiscussion includes a description of the
(domain)scope of the knowledgsourcegogether with overviews of the mechanisms used by

the software agents to access and exploit that knowledge

5.1 System Wide

5.1.1 Propagation of Eventand Time References

Thepropagationof evensthrough the systenuses a variety of mechanisms, governed by the
requirements for timeliness and simgitly in implementation where possible. Time stamping is

critical for accurate data capture and data is time stamped as close to its reading as possible,

I 2 ARAY 3 F2NJ SEIF YL S WNR dzy RrordlAcudatyg tnedtagpst A y 3
are required foraligningand comparingventsequences$n the analysi®f physical event

driven sensing such as motion detection.

Theinfrastructureinterfacemodules read sensotgpically via interrupt driven mechanisms or
by arelatively fast polls (5 Hzand notifythe sensors nodever the .Net Remoting chanrsst

a lower rate(1 Hz) This isufficient to provide recent data availability to the agent layEne
sensor node is thepolledat 2 Hzby theassociatedhgent. That waghe implementation is not
over complexwhile dataaccuracy is preserved@heinfrastructuresensor manager retains

objectrelational mappindORM) derived(log)classes for each subscribed sensor and
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synchroniseshe database on @eriodicbasisbut retains sensor data in memory for several
hours Queries to the sensor manager initially attempt to retrieve requested history from
thosememory basedistories but force a database synchronisation if the data ranges are
outside those held in mmaory. Typically in practica database synchronisation to the ORM
layer is rarely needed. That architecture renders gowerallrun-time performance even

wherelarge database tablegre involved

Time stamping, and time referencissa central concern ithe systemThe mairissue in the
agent layer as a consequence of theent propagaibn described above is that events arrive i
the agentlayerilRA & ONB (G S ile AwNiil® evihd tim@ empsQre accurate, they may be
separated due to the propagain characteristicsHowever that is noa problem asn general
event times arenot directly compared to local time references. For example event distate
machines derive time referencesdm events, even when those events do not trigger
transitions Where timeout values are requirethe typical update rate is taken into account.
Inany case, primarily for logging and diagnostics where the local time is\Wsedows

platforms hosting IFMS executables are synchronised using the internet time syrsetiiami

facility.

5.1.2 Interconnection between Virtual Platforms

In orderto supportobjectbased communicatiobetween theinfrastructuresensor noddype

(a C# .Net assembly running in the Microsoft Common Language Runtime enviroamgent)
the correspondin@genttype (running in a Java virtual machine) in the agent layer,
customisation of .Net Remoting waslised The infrastructure uses the remoting facility so its

extension to allow communication between C# and Java virtudioptas fitted well.

Integratedwas achieved @ dza Ay 3 dbSi wSY2 i Apyoddvar yORIZAWIF2AEE 6 f S L.
RMI/IIOPprovision. A library provision called IOP.N&69]was used in the implementation.

That library provides a tool to generalieLfrom .NetassemblieQ@neta datatogether with

stub andskeleton generatioflCORBA language bindings for.@Mly the stubs are needed

and theywere addedo a custom communicatiorigorary for use by C# executableBhe

commands to generate the IDL andiss were implemented as custom build commands in the

C# development but were removed once the interfaces were stable in order to reduce build

time. Javadanguage bindingaere generatedusing theWA Rf 2Q O2 YLIA f SNJ a dzLJLX A SR 4 A
J2SE platform. Theegerated classes together with the ORB shipped with y&g&added to

the Java builds
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5.2 Implementationof the Multiagent Layer

This section describes the general principles used to implement the software agent layer,

covering the internal and external (dety) architecture.

5.2.1 Application of JADE andADEX

This section describes the realisation of BDI agents using the JADEX framesviiskhost
framework JADEJADE provides an infrastructure for Fidfnpliantagens, while JADEX
GFNBSGa | 3&pitciu®@ AYyaSNYyLFE |

TheJADEXramework allows very flexiblBDI agent implementationsn some cases the
mechanisms provided were not well suitedy.for performance related concernspother
general application patterneere devised andre describedlong with the standard
mechanisms appliedsome more defined customisations, some of which build on the BDI

modd are describedext

5.2.1.1 AgentPackaging Distribution and Lifecycle Control

138y i GeliSa NB O2YLIAE SR AY ingtanteyareWpieaByOdzi | 6 f S
launched with a preconfigured shortcut, passing an index that refers to a configuration in a

file for the agent type. The stattp creates an agent controller and by default creates a

container for the agent at the specified hostseparate controller for each agent allows

platform independent agent lifecycle contrdlhe settings file allows support for deploying the

agent behind a routeby specification of address details thidtpresent is set in the message

meta data at agendialog initialisation

5.2.1.2 Internal mechanisms

Although the implementation uses almost all of the techniques supporting BDI agent
behaviour aprevalent mechanism is the triggeringgdalsand in some case plans diregtly
from belief base changes. The madismrealisesbelief base consistency, agent consistency
and agent rationality as a whole. Additionally regarding the implementation, the triggering

mechanism allowplan decoupling and coh&si to be maintained.

The internal agent architectur®y its ndure, in general removed the concern for
programmer implementatiomf threading, synchronisation ambtification mechanism In
tKS FNIF YSg2N] iséxeoitdd (LI I y1858thiSimplementationis simplen

comparison o that of the infrastructurefor example.
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Another pattern that emergedelates tothe two alternativegoal / plan formulation

OKEF NI OGSNRAaLFGA2yE Ay NBaLSOG 2F tATSAOtSod ¢NRIIS

alternative is theshort lived (repeated)goalactivationand plan executiopwhere

commitmens2 NJ 2 G KSNJ 6 St ASTa LIS hIakeqidtivelppp®ackodSy 1a Q ad NI

goalsremainadoptedcf. completeor droppedand plansswitch between theactiveand other
non activestates withthe call toW ¢ | A édn@dmillonor event Both implementations are
used but the second moneidely as theimplementationsare generallysimpler. The short lived
approach hashe overhead of possibly saving extensive state informakiof) in its support
the technique makes the state of intentions more expliSimilarly, © someextent, the
formulation ofcommitments (see sectioh.2.2.]), realisedby beliefsachieves the same
objective andadds structureo the capture of intention statedn that casehe plan

periodicallyverifies its belief state to determine if it isiiktommitted toanintention.

Regarding thd ADEX mechanism involving thggering ofgoalsfrom belief base changes or
conditionsintroduced abovewhile itdoes notallow thespecificationof context with
parametersthe nature of those goals is tygally close to the mental state of the agesb the
context is readily determined. Where context is specified for goals, the natureesé thre
usually more removed from the attitudes and their purpose is to carry out intermediate

processing or externalldirected actions.

Many belief base implementations involveraoplexJavatypesor collectionsn the belief base.

The JADEX framework provides support for the configuration of Java &esntsiotification

w

mechanisms. However Bomecasest was necess@ (2 WIKNRGUGI™H® GKS y2G8AFAO!l

technique used is described in sectioR.4.4

Meta goals were initially implemented to realise some deliberatfonthe scenario to select
plans to activatavhere multiple candidate plans exists the plan selection criterfar a gven
goalis not conclusive)That provision in the frameworkunlves the configuration in the agent
definition file (ADB of a range of triggers and other settings. While its advantage is the ability
to activate multiple plans, the implementation is nat simple as an alternative of using a
conventional top level goal to implement the deliberation andhe corresponding plan
creating and configuing goalsusingthe provided Java APl&dditionally, the latter technique

avoids the use aJava expressions the ADRhat are not compiled atlesign / edittime.

5.2.1.3 Deliberationand MeansEnd Reasoning
Theinvocation2 ¥ RSt A0SN}Y GA2Yy Ay GKS LCa{ F3Syia
deliberation in terms of resource (processor usage) and execution timehaengite atwhich

the environmentchanges. A large proportion of implemented deliberation involves inference
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whichhasrelatively large overhead so the frequency is relatively low, for example in some
casesas slow as once every 5 minut&eliberation reakes where practicathe theories
outlined in sectiorB.1.2 includingcarrying out the evaluation of practical feasibility of goals,
constraint of deliberation by current (explicd@pmmitmentsas well ageconsidering current
commitments Evaluatiorof practical feasibilitylike other deliberation aspectsstypically
semantichased. In the implementation, he @nstraintof deliberationby commitmentya
theoreticalcharacteristiadentified above)is realisedoy algorithmic processinof relevant
explicitcommitmentobjects(see sectiorb.2.2.]). Where relevant existingpmmitmentsexist
the implementation then realises reconsiderationdwaluaton of adequateevidenceto drop
the associated goalnd essentially stardeliberationfrom scratch ontie nextdeliberation

cycle. A simplification in thenplementationis K I G 06 St AbSlieved NB WT dz f &

As impliedoroceduralcommitmentis renderedin the deliberation mechanism that takes
account of that knowledge captured by the relevant instances oett@icitcommitmentclass
and the associated audits. Moreovg@rocedural)commitmentis implcit in the rate of
deliberation That type of commitment isurrently not capturedy the classinstances that
capturethe more intention related commitmentAdditionally other commitmeninformation
has to bederived Typicallyplanclassesre populated withmeta datg implemented as statics
that capture intention related durations, representing plan stetegations and timeoutsfor
example, thus are readily available for inclusion in deliberatiben taken in the context of

the associated logo determine the current state of intentions

Thedeliberationimplementations also introducthe notion of choice, a mental attitude
where availableChoice is typically realised by the predefined ordering of subclasses of an

abstract or enumerated type. Those classes can be ontology classes & 3w constructs.

Anillustrative example of deliberatiomnd meansend reasoning realisatiois in the zone

agent typeimplementation and isoutlined in sectior6.2.1.2.1 That examplaligns

deliberationwith Yeasibilitevaluation and selectiomnd meansend reasoningvith practical
evaluationtogether with other algorithmic implementations (that lead to actiarnE)e feasible
options are inferred fromPA RS Q O2y RAGA2y & FTNRY (GKS F3ISyi
availability of dependencies et®art of neansendreasonings theidentificationof

alternative practical solutionthroughinference based orequested anderifiedhardware

dependency \d secured leases, thus reflecting the #ime status of dependencies

(alternative solutions arise whewdifferent resources including alternative hardwase

availableA y 2 NRSNJ (2 Niidntdis). Thds@dependdhSigs méude teristence

of suitable cooperating agents that are appropriately committededl asfurther
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dependencies affecting cooperating agents such as hardware availability and appropriate

environmental factorsAlternatively an outcomef mears-end reasoningouldbe the

conclusionthat there are ngpractical solutionsin which case other mechanisms apply, namely

the auditing ofplanoutcomeand the removal of current intentions @S ® LJX |y WFIF Af dzZNBQ |y
drop. The role of the audit class is described in sechigdh2.2

5.2.1.4 Goal /Pan structuring

Some plan derivedlass hierarchiesave beenmplemented tostructure andreuse

implemented functionality for hardware clientscludingfunctionality relating to lease

request, verification and management. Typically plans that utilise device resources follow a
two phase scenario and ihiscaptured in the abstract classéBypicallysuch plan
implementationsinitially determine the prefered resources and request appropriate leases.
Granted leasesre then verifiedln the lease specification, the agedaterminesacceptable
alternative resourcesandlater during verification the actual leases granted are analysed and
roles assigned to thactual leasedf the verification failsthe reason for the constraints not
being metare analysedand an error codés returned Descendant classes override the
relevant abstract methods to specialise behavitarrlease specification and verification
Instead of statically assigning roles to granted sensor resourgast,plans query the ontology
forasecondtmg gKAOK Aada TFTANRIG a28yOKNRBYAASR (2 (GKS WwWra A
roles(selection of devicesusél K S  WI a 3 A Batywvey efry igddrces]ia addition

to that minimum set requested are utilised.

A variety of goal and sub gadispatchmechanism$ave beerimplemented allowing
appropriatesynchronisation.e. synchronous, asynchronquehaviour and lifecycle control
(top level goals for example remain active after the dispatching plan or parent goal has
completed) Exception handlingvas implemented such thaafter appropriate logger
interaction, a plan lifecycle control virtual metldooverrideis typicallyinvoked(see section
5.2.2.2.

5.2.1.5 Messaging

The implementatiorpattern for message listening by agents is divisigr{Java basgd
ontology, where eachontologyhas a correspondinglan handle. Thus listening plaare
implemented fordevice zone and the most general event based messadihg
implementation is a fairly wide category approactréalucethe overhead of defining multiple
finely gained message handling eventdile alsoderiving some structuring from the ability
of the JADER iéternal search / match implementation fokgent Communication Language
(ACL)messagerocessing The framework uses search matchongAClmeta datg andhere
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with suitable plan implementatiorthe ontologyidentifier is an adequateliscriminator. The
relevantplan thenfurther discriminates on theemantic languag8Lcontentin most cases
typicallyusingrun time classhecking atr de-serialising the SL statement. Specificadlyhe

case of arldentifying Referential Expressgr actionexpressions for examplée agents
determine the type of the received message act depending on the run time class of the
extractedprimarypredicate(in practice the predicate name is a constant so is checked instead

in some cases)

The message handlinglan is responsible for message interpretation gmndpagation, which
typically involves the request for an actideelief or intentional attitudegexternalised

intentions in the form of commitments, describe goal entailed resource use and duration for
example) or for the updating of beliefs. All action requests are honoured and all notifications
are trusted. Most#&bout85%) message encoding uses L, butvhere the expressivity of SL
is not necessarysomeimplementations(for ease of implementation)se a custom binary

encoding basedn standard Java serialisation.

Most message content croseferences ontology URIs and typicatigw conceptsritroduced
by the (Java based) communications ontologies are reifications of relationships made by the
agent, adding further properties about its beliefs. For example a concept caliex

characterisatior RRa | GAYSAGF YL @1 tdzS FyR GKS F3SyidQ

The JADEX framework providegplementationsof several FIPAefined interaction protocols
such as contract net and auction variants. However the IFMS interaction, while observing FIPA

messaging semantics, remaimedativelysimple so no such provision igilised

The settingof timeout valuesfor messagingelated activityhad to consider the dynamic
behaviour of agentsSynchronous queries involving reasoning can take several seconds so
relatively large timeouts are require&urtherrefinements of seiihgs werecompleted during

deployment testing (see sectiah3).

5.2.1.6 Agent Collaboration

The role ofagentcollaborationis primarily usedor the purpose ofserification and for
improvements in efficiengyor in a few scenarios to support behaviour that would not be
possible without collaboratioe.g. to support the pursuit of a goal that requires a statement
that can only be asserted by another agdror efficiencyan agent can use knowledgd a
shared resource, such as an opening or an assertion about itsfzomeanother agentif the

latter has accumulatethe knowledgeover a longer period.
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Regardinghe exchange of information betweerzone agentnstances, some information
exchange is supported by subscribe and notify mechanisms, while iofoemation is
requested when neededypically occupancy change triggers notification of beliefs, while

deliberation where changes are instigatetiggers the notification of commitments e.g. zone

&
O«
w»
b

determination modeReceived information is typically handleddoyr RRAGA 2y (G2 GKS N
knowledge base/s, followed by ontology consistency checking. If the ontology is rendered
inconsistenfthen all the adied knowledge is removed and ignored. Conflict resolution is out

of the scope of the current implementation, but a useful application would be to just remove

that which causes inconsistency, or bettignore that whichdoes notimprove the general

knowledge of the agent (within the IFMS, all exchanged messages are trusted).

Lock scenarios (deadlock and live lock) are avoided in the agent infrastructure due to the

rational behaviour ofagents Y R G KS y I G dzNB 2F GKSRdgadngaQ Ay dSNYL
deadlocki KS | 3SyiQa . 5L | NOKAGSOU dzhideoutslaridSa & dzOK + a0S
deliberation realise appropriate behaviotar handle it.Livelock isalsounlikely due to the

differentl 3 S ¥dntaxe, but in the rare event of such a scengiimeouts and deliberation

would againmodify behaviour appropriately.

5.2.1.7 Learning

The IFMS agentas part of their standartehaviour build and continuallyupdatebeliefs

about the world, thereby realising a type of learning. Such éwvgbeliefs are used to improve
behaviour as well as to inform the generation of knowledggents also review existing beliefs
with respect to new knowledge in some cases. For example when a zone agent reaches the
conclusion of an occupancy that is incormigtwith existing beliefst will iterate back through
previous beliefs andemovethose thatare considered tde erroneousgiven that the current
knowledge is reliablésee sectior®.2.1). Knowledge derivations for such actions are based on
robust scenariosThus the agenaccumulatesand also reviews its beliefAs well as triggered

by new knowledgén an appropriate contexthe reviewof selectedbeliefsistime triggered.

As expectedin order to learn generally useful facts, an agent teaislentify the context of
those factswhich may involve the pursuit of furthgoals to fully define the context of the
new facts if they are not already known, or themay be only certain agent states where new
assertions can be made. Foraexplea primary context variable relating to characterising the
lighting levels for a zonis the distinctiorbetweenwhether the zone in use ornot (typically
mapping tooccupiedor unoccupiefl Thus themonitor key parametergoal(seeTable6.3) is
triggered at occupancychange and it will onlgontinue toassertbeliefs about lighting levels

while thecurrentoccupancy belief is defined (the galles nottrigger occupancy evaluaiti

90



goals itselflue to theassociatedead time and relatively high resource usag&ecifically the
aims of thegoalincludethe accumulaion ofthe ranges ofambientlighting valuedor the zone
when itis being used and whenig not(being used)Without the support of numerical

lighting models, the resolution of details such as the influence of combinations of artificial and
natural lighting, shadows, window shading, sensor orientation etanentlybeyond the

scope of the zone agent type

In addition tostraightforwardbelief base assertions ande associatedtatement of context,
further learning is realised througtelativelysimple KB class assertiotmt not yet extending

to more complexsemanticstatements Section8.1.1 elaborateson learning improvements

and sectiorB.1describes the pposed use of additional ontologies such as human / building

interaction modelling that could contribute toward the exploitation of learned facts.

Once(even simpleJacts are learnegthey can be reused in inference in the currently
implemented simp rule based learning plansofFexample, with the earlier example, a sharp
ambient light level change could lead to an inference of occupancy change, once other
variables have been eliminatedhilethe previousexample shows an alternative mechanism

to potentially reach a conclusion of occupancy available through the pursuit of other goals, the
use of rules tevaluate occupancy under specific conditions e.g. count up/down from zero or
occupancy determinatioris much more efficient thathe use of sensomonitoring, andhe

conclusion ismmediately available.

5.2.1.8 General

For performanceonsiderationsin some plan$ufferingis occasionallyused The buffering is

of someinfrastructure related knowledgee.g. location informationand someontology
derivedknowledge However the use of bufferingas only used where strictly necessaiye

to the synchronisation requirement and overhead in maintenance introduBeffiering of
semistaticand short liveddata, such as conclusions from complex ontology quegied

infrastructure related knowledgalid significantly improve performance in specific situations
particularly location finding related interactions with the Yellow Pages adédmise situations
GBLIAOLHfte Ay@d2f O3S I|agedndiab® dmpledhentdtidnOwetdlusudingtye Ay A
result of unit or integration testing conclusigrend some examples are described in section

7.24.1

In contrastto the devebpment of the infrastructure, the application of patternstire design
of agentswas very limited. The implementation of agents using the predefined internal agent

architecture and integration with JADE MAS framewgarieant that design and
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implementationistypically at a higher level of abstractidiman infrastructure desigand it is

at the more fundamental level that those patterns find application.

5.2.2 BDIModelCustom Application

While most BDI derived behaviour waslisedthrough the JADEXamework outlined in the
previous sectionsomeaspectf the IFMS design isot directly supported. Théollowingsub

secions describe the main two main contributions in realising the design.

5.2.2.1 Commitment

The JAEDEX framewates notprovideanymechanismapartfrom run time interrogation of
active goalsto representexplicitythe - 3 Sy G & Q O andtielr énvalingrik &or use of
active goal derived information some modelling and inference mechanism would be needed,
approachinga formal system)Commitmentananifestthemselvesn several waysut for the
purposes of the IFMS based agestsme properties include the interval of validity together
with an abstract description of the plawhile entailmentcan include the resourceseded to
completethe associated intentionsThelFMS implementatioadds an abstract class
Commitmentand sub classes to describe such commitments. Properties subh aalid
intervalin the abstract class are typically assigned as a result of deliberatidrelaborated
during meansend reasoning andther plan execution. There is a direct mapping between
plans and theeommitmentclass andthe instancef the clasexternalise andgtructurethe
propertiesand entailmentof intentions capturing as well loyalty to both ends and means
[104]. Ideally such constructs would be included in an agent ontology sdt tfthat agend
couldreasonabout its atttudes(and that of othersjo realise a step towards a more formal

agent model. Thahowever hasot yet been modelledseesections3.1.3and8.2.17).

Primarily the role othe commitment class is toontribute towardsstabilitythrough the
persistence of previous deliberation outcomésplicit in deliberation implementation are
strategy mechanisms regarding the agdmtsals.Thus with appropriate deliberation
implementation incorporating the audit implementation (sB&£.2.2 and other mechanisms,
andapplyingthe knowledge captured in theommitmentderived classeshe appropriate

level of agent commitmenfpro attitude) can be realisedvioreover commitments are used by
active plansto syncBry A & S ¢ A (i Keliberation, tyg&lly usita super clagan
YSGK2R (2 OKSO1 AdtiffonatlyzhéextérialisalieénvdommitinEnkiimgpoves
rationality in others ways, for examplas the agent is able to discern the resourcesaduigy

different active plans, it is able to reuder example existing resources already leased.
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As well as internal usénstances othe commitmentclass are used to facilitate cooperation
where agents exchange attitudes, in addition to belidigents shareommitments for

example in collaborative occupancy determinations where knowledge about neighfburs
occupancy evaluan mode is neededThe occupancy evaluation modédt manifessas a
particularset ofgoak) adopted (and committed tQ)f any,by a (candidatg cooperating
neighbouragentisin practice one of @aange of options from those that are feasiblEheagent
instigatingpotential cooperationis able to determinétself before entering into dialoghe
feasible modes of the candidatand so the dialogssentiallyresolves the choices made by the
candidate Another factor is the valid interval of thé S A 3 K it2rdisdJal&ocaptured by a
commitment instance)as ideally one that is soon to exis considered irdeliberationto be

not worthwhile for useas a dependencHowever a complexity ihat the implementation

lacks the distinction between current (which after deliberation is refreshed, typically extending
its valid until dateommitmentsand strategic ones. Therefore an agent will attempt te us
y2 0 KSNDa ad & baysidi d6&gration as long as it is currently valid. The
implementation of strategicommitmentsto supplement the currenis an area of further

work.

The typical cration and updating oEommitmentobjects has been mentioneoreover the
implementation realises complete commitmemtanagementandlifecycle synchronation

with agent statd.e. its significant goalRegarding maintenance, in general commitments vary

during plan execution and their synchronisation is exemplified by the explicitly implemented

state machine based plans, where commitment to means includes leases. Regarding lifecycle
control, & an illustrationplan failure as well as deliberation (aftéb NB O2 y & AdArS NI G A 2 y ¢
withdraw commitmens under appropriate circumstance. The implementation is integrated

with the JADEX framewodsingplan methodoverrides where the auditmaintenance

mechanisms are alsmplemented

The commitment instancesbjects are wred in belief base for convenienadthough their
semantics are subtly different to belief attitudes in that they closely related to intentjors

attitudes)and differ frombeliefsin thatthey donot NS LINS & S y ( vieivkfShe watdS y (i a Q

5.2.2.2 Role of Audit

The role of the implementedudit mechanism iprimarilyto support deliberation.

Deliberation uses the log to assess the success of previous goal execAi@xpected the

JADEX framework provides the ability to configure in the ABBettingsto retry a failed plan
forexampledo dziT GKSNB Aa y2 LINPGDAAAZY F2Nbriokés | ASy(

the number of retries
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As mentioned in sectioabove,the audit meclanian is integrated with theéBDI framework
using the retvant plan nethod overrides. Theemanticsof the auditareclosto thel 3 Sy (i & Q

belief attitudesbut are self focussed

The auditclassrecords theenumeratead planlifecyclestates and outcome®.g. succeeded,
failed, droppedextended etc The log isipdated each time a commitment changes and at

plan lifecycle changedll audit activity is time stamped.

5.3 OntologySupport

This section describake ontologyprovision implemented to suppothe agents. Most of the
techniquesfor interactionused in the FMSare not agent specifibut, in common with other
systemspntology interactionn an MASaises requirements fortimely response to querieas
well as deliveringorrectinferences services. The issues are discussed in the following sub
sections Theontologyartefacts,and the development of thseartefacts are described in

section6.3.

A general consideratioa A 1 K G KS | 3SyGaQ LINRBOSaaAy3a 2F 2yGzftz23e8
Y6IEGdz2NE 2F AdGa Y2RStfAyYy3a |adadzYLliAzyo Ly O2y (NI &l
(OWA), Java algorithimplementations can render eithehe closed world assumption (CWA)

throughnegaiton by failure or render the OWA by strong negation, so appropriate Java
implementatiorsarerequired For examplewhile processing lists returned from querying the

IFCmodels(using a simple get type method) the lack of an entity implideds notexist in

that context so algorithms can validly render the CWA through negation by failnes is

appropriateas thelFCmodel contains complete informatiowithin its context analogous to a

databaseln contrast when dealing with ontology knowledge imalgrocessing of that

1y26t SR3IS Ydzad 0SS O02yaAradSyid sAGK GKS h2! 2F (KS

The IFMS agents use the Jena API and the Pellet reasoner (see 2&:8ah The majority of

theA YL SYSYGSR jdzSNASE dzaS GKS {t!wv][ KdzSNE I y3dad :
engine@ A | WWMBriateifew ontology interactions use object oriented manipulation

using the Jena mapped ontology construct clas@esasionally the low level Pellet interfaise

used for example to force classification and realisgtimrnt in most cases that and other fine

grained reasoner contrpisonly rarely needed as KB changes atomically trigger those reasoner

services. Howevehe (JenanfModel) rebindmethod, which forces the inference model to

checkforchangesa |t gl &a Ay@21SR I FGSNI WAYONBa¥Sy il fQ dzLRI

these changesra not detected. Théayeredconstructionof the models accoustfor the lack
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of automatic triggering.e. the inference model does not detect changes below it

automatically The models and their assemlalre discussed in sectidh.3.1

5.3.1 Ontology Models

The IFMS agents configure multiple ontology models. The models are created from shared file
based ontologies which contain mostly T box contextept forthe sensors ontologywhich

includes in addition A box descriptions of ssors andZigBeenetwork instances The model

creation is detailed iTable5.1. While agents extensively populaerun timethe A boxes of

the created modelsand8S¢ ¢ o62E aidGl 6SySyidaz GKS Y2RSta |

they are loaded from, thus KB assertions are staired

Table5.1 - IFMS MAS ontology models

Name and assembly Used Configuration Application
by type

sensorOntologyModel Sensor RDFS Simple query and
agent  entailment where very fast

response required

sensorOntologyModelPellet- Sensor WT dzf f WL general
sensorOntologyModel agent inference
nonlnfSensorOntologyModel Zone Noinference
agent
sensorOntologyModel Zone WT dzf f QWL Faster query, used
agent inference when query is sensor
domain only
noninfBuildingOntologyModel Zone No inference Fast update, loaded at
agent start-up
buildingOntologyModel<- Zone WT dzf WL Used for feasibility
noninfBuildingOntologywlodel agent  inference FaasSaaySyi

aslsNonInflsBuildingOntologyModel  Zone No inference Fast update, loaded /
agent updated on demand to
sync with environment

aslsBuildingOntologyModet- Zone WTdz fAWL I DSYSNI f WI

aslsNonlInflsBuildingOntologyModel agent inference and sensors in situ
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The rationale for each agent creating its owrsiBhat it facilitates agent centrideliberation,
meansend reasonin@ndbelief support. While someagenttype KBs will have commalities

in termsof the individuals and axioms present, particularly relatingriowledgederivedfrom

the IFGmodel, each ageradds and maintains assertions for very specific purposes, depending
on its behaiour i.e. isactive goals. Moreover the ontologies support all agent types as well as

different deployments.

The differentKBroles are listed iTable5.1. While the YullCPellet inference model would
support all of the inference requirements, the RDFS inference models pragidaificant
improvementto the time taken to deliver aesponse queryrad can be used where query
resultsonly rely on simple RDFS entailnteFor examplespecific aspects of lease
management by the sensor node agent can be completed using only RDFS inferericer
scenariosno reasoner is needed such as the updating of the A box with many individuals,
where the ontology realisatiors not required after each update, but just after the ladn
attached reasoner is triggered when the ontology changes in order to ensasstencyand
completerealisation andfor scenariosuch as loading large number of individuals derived
from IFCbased models the processing overhead and time delays is very undesespézially
gAGK GKS WT dzZTHu®QKBs &d cte&ed withiSdverat Isfy&rddImodels with
appropriate reasonerattachedas described iffable5.1, and manual modedynchronisation
is invoked aslescribedabove wherthe update below the model of interest is completeis
well as for updatinga non inference model is useful for non semajueries. In some limited
cases agents retrieve very simple asserted facts such as data properties where no inference is

required e.g. to lookup a ZigBee host address, retrieve zone by name etc.

While perhaps set ofshared KBper agent type and per goyment with the addition of
reification, could have beenraalternativedesignto that adopted additional implementation
and run timeoverheadof shared resource management (synchronisation and preventing

concurrent updates etd)etween agentsvould beincurred

The agents retaisome meta data about theKBs specifically relating tbuilding ontologies

to describewhichgoalupdate modes have been invoked to lgaakticular categories aFC
derived dataFor examplelte zone agent type has a goaldeate andoad IFCderived
individualswherea mode parameter specifies the type of data to (o). In the scenario to
synchronisghe KBwith activeleases to modedctualsensoravailability it is notalways
necessaryo load semi static data such as building geometry and ancillaries such as furniture

and plant.
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5.3.2 Ontology Querying

Two techniques were used to query ontologies, the first involves the use of an object oriented
API (Jena) to manipulate mapped ontology camss directly in Java, while the second

involves the use of a query language. Typical queries using the object based approach involve
retrieving a class or individual by its URI, then processragsertonsor inferencegincluding

anonymous classesgturned in lists by various API interface methods.

In contrast to the object based approach howeutie SPARQL query facility was preferred
due to ts easier implementation and maintenande order to enablehe inclusion of OWL
constructs in queries, iaddition to SRRQL constructshe mixed configuration foquery
supportwas usedhat invokesboth ARQthe Jena SPARQL query engine supporting standard
queries)and Pellet query engine3ypically queries used tieEL ECTconstruct but a few use
ASK which extract values or provides a true/false response respectiValy performance
differencebetween those SPARQL query formulations and between the SPARQL and object
query mechanisnmas not been generally quantifidnit good performance was achieved, i
some cases after reformulatiofRegarding the formulatioof SPARQL queriessimple

technique that improved performanogas the removal of superfluous bindisgasmentioned

in section7.2.4.1

Two simple sampl8PARQf{ueries are shown belovirhe firstqueryin Figureb.1is part ofa

sensor role assignmesequencenhere sgcific sensor characterisations and context

assertions are soughthe quenyin Figureb.2 determines if a given individual sensor has a

class (asserted or inferred) that states thiasiconnected to a (mains electrical) outlet,

involving T box querying and well as A box. Thesainples omitz YS WLINI®Br Yo SQ
clarity, that defines the namespaces efeor query execution, the appropriate ontology model

is passed to the query engitegetherwith the query itself. Irmost cassthe agents pass
0KSANI WFdz  AighedKRETypodihe tqueifies (Belexténgiye Tference in the
evaluations of queries. Thus relatively simple queries exploit expressive semantics to deliver

the result.
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Regarding tke general requirement to classify and realise ontologies after any chérge,
most significant improvement was gained throutje pruningof the SUMO ontology
(imported by both the sensor and buildingtofogies) Early stage testing revealed the impact

of the unnecessary classification of a large portbthe SUMO ontologfsee sectiory.2.1).

SELECT DISTINCT ?sensorExt ?sensorint

WHERE

{
space building:spaceld \ <zoneld> \.
{ ?sensorint rdf:type sensor:Motion }

UNION { ?sensorInt rdf:type sensor:BinaryProximity } .

?sensorExt rdf:type sensor:Motion .

?space building:directlyConnectsWithZoneWithOpening

?directlyConnectedSpace .

?space building:spaceContainsSensor ?sensorint

?directlyConnectedSpace building:spaceContainsSensor
?sensorExt .

?sensorint sensor:observes building:<forStructureld> .

?sensorExt sensor:inProximityOf building:<forStructureld> .

Figure5.1 - SPARQL query to assign a sensor role

ASK

WHERE

{
sensor: <sensorld> sensor:functionalPart ?component .
?component rdf:itype ?componentClass .
?role rdf:type owl:Restriction .
?role owl:onProperty sensor:electricallyConnects .
?role owl:someValuesFrom sensor:Outlet

Figure5.2 ¢ SPARQL query to determine if a sensor is attached to mains power

5.4 IFCBuilding ModelSupport

This sectiordescribes thesupporting techniques and software implemented in order to equip
agents withthe ability to derive a semantiouilding representationby extracting appropriate
informationfrom alFCformat buildingmode. Themotivation is described first, followed by
the steps carried out to prepare a suitable model. The mapping captured by the
implementation, consistent witlthe ontology designis then described. Following thahe key

aspects of manipulating-Centities for ontology A box loadingdescribed.

5.4.1 Usageof IFC Building Model Support

The readingf IFCand associated processing is performed primarily to gemeaatontological

representation of building and particularlyf zonesinside those buildingsith which an
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agent associates itselind isthen responsible for monitoring and generating related
knowledge The different usage of ontologies, including tk€derived ones is described in

section5.3.1

5.4.2 Utilisation of IFC Building Model Support

Thetool used for modepreparation was Autodesk Rewitchitecture[166]that has the facility

to export buildingmodels inthe IFCF 2 NXY' I § @ Ly 2NRSNJ (2 FIFOAfAGLHG
user to define the sensors deploymenithin Revitthe (i 2 2U TR aY A £ A S aulliseBl INOA £ A (0 &
FILOG F aAYLX S wS@AG O2YLI GA06ES YI ydzZFl Ob dzZNB ND
purpose of representing a generic sensor / ZigBee host / cluster. The representation is a simple
disk but the visual rendering is not critical. A number ofifpindividuals were created to
representindividual wired and wirelessensors, sensor clusters, ZigBee host, and a host and

cluster, but the use of tlese is only to improve the integrity in the Revit drawing. The family

has various properties that can lset but the only critical property is the unique identifier that

cross references an entity in the sensors ontolddye cluster type makes it simpler for the

use to place devices in the drawinigut those devices connected to ZigBee hosted units via

the Molex connectorsvhichcan be positioned independently of the hestill need to be

modelled separately

Some selectethappings betweettheories and primary classes in the buildovgology and
the sourcelFCentities areoutlined inTable5.2. Details about the building ontology design

rationale aredescribed in sectiof.3.6

Table5.2 - Selected fgh levellFC/ building ontology mappings

Description Source Notes

Boundary IfcRelVoidElement Boundary composition The IFC
topology IfcRelFillsElement (derived from constructs derived fronfficRelConnects
and IfcRelConnects and links wall, opening and door. Thelating
mereology IfcRelSpaceBoundaryand entity IfcRelSpaceBoundamelates the

IfcRelContainedInSpatialStructure wall and door to spaces. The relating
entity IfcRelContainedInSpatiat8icture
relates the wall and door (but not
opening) to a building storey

Face Adjacent neighbour identified from
topology IfcRelSpaceBoundary shared wallgphysical or virtualysing

connection geometry as wall that span
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Building
» IfcSpace JfcWallStandardCase,

entities IfcCurtainWall, IfcWindow,
IfcDoor, IfcOpeningElement
IfcFlowTerminal

Sensors
IfcBuildingProxy

Pant
IfcBuildingProxy

Furniture

IfcFurnishingzlement

multiple spaces still have tHECrelation
i.e. some are not neighbours in the
defined semantic sensevhile the
adjacent with openings derived from
shared openingsaptures adjacenciy
the sense that people can move betwes
those spaces

Main mappedfcBuildingElement

derivedbuilding entities

Minimal semantic capture in thE-C
model, primarily location, relative to
building floorso appropriate coordinate
transforms are applied to evaluate
spatial relationshipsGeometric
algorithms tests for containment inside
polygons representing the floor plan.
Processe®Setfor further information
Geometric algorithms tests for
containment inside polygons
representing the floor plafProcesses
PSeffor further information.

As aboveéProcesse®Setand object type
for further information Located relative
to floor so appropriate coordinate

transforms used when determining

context
5.4.3 IFCGeneral Processing
The software implementations 2 NB I f A 4SS ( K FCITEPEXRRESS nivdids RAy 3 2 F
implementedin agent plans and utiliséhe third party libraryOpenlfcJavaToolbaescribed in
section4.4.4.1 Most ofthe implemented classes are written using v0.9penlfcJavaToolbox
whichdidnot§ i Ay @SNARS NBfl GA2yaKALAZ NBldZANRY3I GKS

required role filter. However a recent update to the framework assigns the inverses which

made later implementations more compact.
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Whilethe EXPRESS schema allows speatficafia range of collections e.g. array, list, set,
bag, a notable feature of thE-Cschema is uniform obijectification biilding entity
relationships ThelfcRelationshipbaseclass captures relationships, with the ability to add
propertiesto those rehtionships andspecialisation of thoseelationshigs in sub classes
Navigationis specifiedin the form ofrelatedandrelating attributes. The related role uses the

set collection semantics for the general case of support atoraany relationship

The algorithmiégmplementation ofthe supporting library is of course consistent with the
modelling captured in the ontologies, and thus manifabtstheories captured in those

ontologies. Thelasses constituting the library implementation agsentialy zone focussed

and provide methods to create th&box instantiations from the space outwardde

methods create individuals representing the space boundary, and then elaborate the boundary
creating the corresponding topology and mereol@gyl so on. Fuher methods
implemengtionsgenerate interzone relationships and establish the semantic relationships of
the sensors to the buildingddditionally a few derived properties are evaluated e.g. aspect

ratio for spaces and inserted into the KBs.

Typicdly, the library methods implemented to suppdECinteraction follow the pattern of

initially retrieving a collectiorof typed entitiese.g. building entity, relationship etfrom the

IFCmodel, locating the requiredbject, and thenusing the Jena ontologyb@ect mapped API
andfollowing the encapsulatetuildingontology semantics, create the corresponding

ontology property or individuadnd establish the ontology relationshigkhe use of run time

type checking andastingin the manipulationof IFCobjectsis extensivedue to the

widespreaduse of abstract types and inheritance hierarchirethe IFCschemaSome testing

gl a ySOSaalNeE G2 GSNATFe GKIFG | f iFCaxppravied OGO Of
handled

The Jena framewonksed was found to support all the OWL constructs (vocabulary) required

except for that to assert qualified cardinality constrair@g(the building ontology expressivity
isSROIQ(d)). However the framework allows creation of additional vocabulary through the

use of the resource factory interfagdzd A y 3 (G KS | LILINRLINA I GS WR2y 2 NI

construct stringthe Pellet reasoner of course supports reasoning withhdCDWL2

expressivity)

5.4.4 IFCGeometry Processing

Geometry plays a significant role in evating relationships from th&~Cmodel for the capture

of semantics in the ontologies. Therefore a custom library class was implemented to allow
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basic geometric manipulation of geometric entities. As well as for evaluation of ontological
relationships, agnts occasionally use the functions to resolve semantic ambiguities as the

ontologydoes notattempt to capture extensive geometric modelling.

One of therequirements was to derive spatial separations and the implemented methods to
take into account both the different coordinate systems used as wall gesnerakthe complex
representation of building entities. The spatial separations are used for somégmptobject
properties whose semantics are partially numerically derivearderto approximage
appropriate reference poirgt of different entitiesthe implementation supportthe range of
shape representatiomusedor building entities The RevitFCexport was found to use the
STEP derivesivept solidype shape representatiofa concrete shape representation of the
IfcShapeRepresentati@tasy, with extrudedrepresentationaptured by
IfcArbitraryClosedProfileDeinstances (in turn represented bypalyline) and the simpler
IfcRectangleProfileDe(in turn a rectangle)thus algorithmic support was implemented for
thoseshapes Ingenera) the implemented methods find the centroid of the 2D floor plan
representation of the building entity. In tHECmodel, each entity has one or more abstract
IfcShapeRepresentatisyplaced wihin its local coordinate system withl&cObjectPlacement
instance The object placememtlassinstances specify the location of the local origin and the
orientation of the Cartesian axi¥hecoordinate system is locategéia an arbitrary number of
other IfcObjectPlacemerinstances| Yy R @A I (i K S0 atvbrig éodtdirate &Ndnd A y
The liN> NB dza S& ( K &corfinio rafétddée panhibimsstgéomietéic operations.
In order to support arbitrary translations and rotations of coordinate systems (specified by
IfcObjectPlacemerinstances)a set ofmatrix based transform methods weimplemented in
order to transpose representatioristween coordinate systels 2 NJ (@ LA Ol f f & (2 GKS
coordinate systenas mentioned A third party matrix library implementation was used in the
transform methodsFurther geometridunctionssuchas esting for containment inside a

polyling utilise the Java Abstract Window Toolkit

5.5 Summary

Thischapterinitially outlines some system wide implementation issues such as the
propagation of events through the IFMS and described how communication between th
different layers and virtual machines is realised. The implementation ensures fairly precise
time stamping of events to preserve the quality of environmental observations. Some
implementation techniques to maintain relatively straightforward implemematcan

introduce some latency in data propagation but the consumers of low level data are

implemented to uphold accurate environmental modelling.
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Next the generaprinciples of application of the chosen MAS framework wdiseussed and

the customisations rad additions described. Thapplicationpatterns and the basis for the
extensions to the framework are based on the BDI abstraction formation described in section
3.1.2 The JADEX framework is fairly flexible and doas notforce in implementation the
exploitation of the formal basis of the BDI model in all cases. The motivation for close

conformance to the BDI formulations is to deliver better levels of rationality.

Thesupport of agents by ontologiésthen described in gneral terms. The discussion covered
the use of different reasoning abilignd the different roles it suits, and the structuring of KBs.
Finally the exploitation of a primary information souinghe IFMSthe IFCbuilding models

are described The desgption includes details of some saliengrocessinghat are

implemented for execution by agents

The next chapter discusses the detailed application of the patterns presented in this chapter
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Chapter 6

Detailed Developmentand Implementation

Thischapterdiscusses the detailedevelopment and implementatioaf the IFMS The
developmentof the infrastructurelayer that provides sensor data frootservations of
internal building environments covered firstNext the detaileddevelopment and
implementation of the agent layer and the use of ontologiesdescribed, where the
principles ofimplementation described in the previous chapsee applied. Thenethodology

identified in sectiom.3was used to develop the ontology artefacts

6.1 Development of the Infrastructure Layer

Theinfrastructurelayer comprisesf interfacesoftwarefor a range of deployed sensors and
devicesas well as management nodes responsible for data logging and simple services such as
registration.The wired sensor and device interfaae realised witta number ofexecutable

reading digital or aalogue data from USB or RS232 pas configured with anxmlfile. On

start-up, eachinterface locates and regtersits attached sensors and deviogih a sensor

node executableand periodically, or according to ponfigured criteria, updates the sensor

node with the contents of the local buffer afidrther supporting information Similarly the

wireless network interfaces registers its hosted devices with the sensor node.

Themain high level interfaces and components of the infrastructure are showigime6.1
andthe deploymentdetails are elaborated in the following subsectiofbe use interfaces for
the executables are shown Figure6.2. However the interfaces offer very little user control as
the main purpose is to facilitate simple high lediggnostics such as to simply ascertain the
propagation of dataQurrently all sensor interfaces and sensor nodes are implemented with C#
running on Windows platform<Jass based communication is realised usinghtierosoft

.Net Remoting framewotkr heremoting channelsn order to support distribution at the
platform leve| are configured to use the TCP protocol (except for the web monitor channel
that is configured to use HTTP), and the performance has been found to be very good using
the default formatter for serialisation Other configurations of inteprocess primitives and
formatters e.g. named pipe etcould be used if only intgprocess communication on the

same platform was required, antiperformance or other factors such as security wernen

to bea concern
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Regarding flexibilitysensors on any platform running Jazan be integrated by using .Net
wSY2GAy3Qa Odzaid2YAal of Satdchhiue #ha B tisedby'tRe MKB @ Qa

layer agents to access infrastructure datagnsorgrom building managemensystemscould

walLkL

be integrated withmterface software tlat decodeghe associated (standargyotocolse.g.

BACnetSimilarlyadaptors for other data sources such as RSS weather data could be added.

<<artifact>> =

SensorNode
<<manifest+>
W ISensorManager
<<component>> & )
SensorManager
] 0o 0 0 0 O
<<artifact>> <<artifact>> <<artifact>>
DigitallOModule ZigbeeNetIntf SeriallOModule
[ A i :
; lActuator N / ISensor !
<<manifest>p P :
; ’,' ' . <<manifest>>
',‘ ;  <<manifest>> 2 fe:st
<<manfest>>
J' I" \‘ iy i
L ¥ y v
<<component>> & <<component>> g <<component>> El <<component>> &l
DigiatlOutputs ZigbeeNetworkManager Digitalinputs TemperatureModule

Figure6.1 - High level interfaces and components in the infrastructure
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Figure6.2 - Some of the IFMS infrastructure executablese Blue arrows represertommunicationchannels and indicate the direction of the flow of datde text in the displays
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displays recensensor readingas well as a fewode status values aralsooffers somesimple controlgo activate diagnosticsThesensor nodeisplay summarises registered
sensor status and recen¢adings
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Thesensomanagerinterfaceimplemented forregistration and updatingyy device interfaces
typically realise the application tie facadepattern [89], exemplified by a restricted set of
high levelmethods usindypes supported by the IDL to Java mappings. While the IIOP.Net
libraries allow the custom specification of language construct mappings, the primitiverbuilt
types were adequatéor use in the facade definitioa.g.substitution ofsimple array for
compex collection typesised internally A simple typaised in the facadér which custom
implementation was required was thaate type, which handles daylight saving time and time
zone. Regarding the call semantics across the remoting channels, the dngitexhentation
was kept as simplas possible by using a combinatiohpass by value and reference, and the
use of unidirectional implementations where possible, avoiding the requirement for the client
to register a listener sink for cddackimplemenftions The sensor manager specificabyart
from the facade interfacehostsother interfacessuitable for use within the infrastructure

layer and for an ASP based web monitor.

The range ofensorsurrently connectednclude temperature, motion deteain (PIR),
proximity switches on doors and windoyandambient light Most sensors and actuators are
hosted byZigBeeawireless platforms. Th&igBednterface is described in detail in sectiérl.3
Actuators are supportetoth in hardware and softwarbkut currently are only used to control

Sensor power.

The classes capturing sensor histavhich realise persistencaere generatedrom a case
tool and employthe NHibernateg167] object relation mapping frameworkotherefore

benefit from database performance enhancement delivered by those libraries

As well as the use of the facade pattethe infrastructure layer employs further dgsa

patterns[89] including:subject/ observer state, singletonfactory, proxy and smart pointer.

Due to theearly development ofhe infrastructure layerbefore development othe client

(agent) layeand before any ontolgy developmentsome sensor and actuator hardware
interfaceimplementatiors use an XML configuration file.€l$ituationallowedsomeeasy
immediatetestingimplemented in local proceduregVhile the configuratiors only contain a

very minimal descriptionf connected hardwarghe information is replicated in theensors
ontology. Currentlfhe sensor node agent is able to read the configuration from the sensor
manager interfacéhosted by the sensor node executable with which devices regisiet)

partially verify consistency with theensor ontology from thatThe issue arises from the

relatively simple XML configuration file content which is adequate to describe connected wired
sensorsbut is inadequate to fully describe thdrelesssensor network, nowould the latter

be desirableThus currently consistency between the XML files and the ontology has to be
108



manually checkedA readily implemented solution is for any (trusted) client agent to write the
configuration subseextracted from the sensors onlimgyto the infrastructure sensor node
which would then update its XML based persistent configuration. A preferred solution would
be togivethe infrastructure elementghe abilityto read configurations from the sensor
ontology but lack of a readily avalile suitableAPI for C# prevents that (a possible approach is
the use of the tool IKVM, mentioned in sectib.1). For the same reason the infrastructure
also ontains somédclass)modelling of sensor and actuator devices whichatesa small

degree of redundancy with the sensamtology. The sensor and actuator classes however

remain fairly abstract.

6.1.1 Database Support

The objectrelationalmapping(ORM)frameworkNHibernate was used for database support

with the sensor node modul®©RMclasses were readily generated using the Visual Paradigm
case tool used for modelling much of the infrastructure, especially the early stage design. The
classes generatedrgvide support for features including lazy collection and association
loading.For improved efficiency in selectippome SQL queries were integrated, using
mechanisms provided by the framework. In summary, even using the defaults for the
framework generatd by the case tool, the use of ORM addsgnificant maintenance

overhead and for the relatively simple and small number of persistent objects used to date,

the benefits gained from ORM are not overwhelmingineficial

6.1.2 Wired Sensor Support

This sedbn briefly describes the hardwaieterfacesthat supplies near real time data to the

framework.

The wired hardware consists of a number of cheap sensors for motion detection, temperature
and the detection of the open or closed state of door and windagiag magnetic proximity
switches. However in the wired setup, the devsedectionis not subject to the constraints of

low power consumption and narrow voltage range operation as is the case with the wireless
platforms, so almost any signal level devigigher digital or analogue, can be easily connected
to the USB interfaces used. The interface units used are from the National Instrument range,
specifically the 6501 and 60(968] devices have been used. The devices are lgghpvith

interface software that makes software integration in C# straight forwRejardinghe
interfacingof the serial thermometersonnectedio RS232 portshe sameNet framework

serial libraryas that usedor the ZigBeenetwork interface was ugk The wired infrastructure

deployment is shown ifrigure6.3.
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Figure6.3 - Deployment of the wired IFMS infrastructure

A primary concern in the implementation was thread safatyd thatwasaddressedising the

extensive range of primitives provided by the Microsoft C# libraries. Primarilyi thex

synchronisation class support was utilised with appropriate timeouts for mutual exclusion, or

the ReaderWriteprimitive for scenarios involving exclusiontlveen one writer and one or

more concurrent readers.

A difference between the wired and wireless sensor provisions is the monitoring of sensor

pulse lengths. It is sdty the wired system but not by the wireless. As thajority of sensors

are wirelesspulse length is not currently utilisday agentsalthough it does have useful

potential if the sensor&haracteristics are fully modelle@he rationale for not supporting

pulse length is exemplified by the case of motion sensors. For such devices the generation of

pulses is unspecified if continued uninterrupted movement is observed, although during

testing it wascasuallynoted that new pilses are usually generated in contrast to the extension

of an existing active state. Moreovtite wireless hardware design is simplified by not

would probably le required

6.1.3 The Wireless Sensor Network Implementation

- A

0KS W2FFQ

The wirelessnterface module was implemented to deliver sensor data sampling, actuator

control, network control and wireless node management and configurafitwe hardware
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design is described in g&mn 6.1.3.1 TheZigBeehost device ETRX357x hosts a range of
sensors and communicates to a controller device, which is in turn connected to a host PC
either overUSB or Etherndgla deployment is shown iRigure6.4). The software components
realised by theZigbeeNdntf (Figure6.4) interface module provides a high degree of control

via its interfaces, the client of which is typically a dedicated software agent.

<<deployment spec>>
network config

<<executionEnvironment>>
Windows PC

<<artifact> = <<deploy>>

ZigbeeNetintf =~
q

<<virtual serial>>

Ethernst
XOR

0.1

<<device>> <<device>>
EthernetToZigbeeRF USBToZigbeeRF
<<Zigbee rfconnection>> <<Zigbes rff connection>>
o.* *
<<device>> ||~
ETRX357x
1 1 1
1
1 0.2
<<peripheral>> <<peripheral>>
lux sensor PIR sensor 1
0.
1 <<peripheral>> S
: proximity switch humidity sensor
<<peripheral>>

temp sensor

Figure6.4 - Deployment of the IFMS wireless infrastructure

Selected class hierarchies in thgBee network interfacsoftware design are shown in the

next twofigures.Figure6.5 showscommandswhile Figure6.6 shows behavioursjode types

and the network interfaceA number of behaviours for assignment to nodes are implemented
and theircharacteristics are outlined ifiable6.1 The state machine based behaviour manages
the issuing of sequences of commands, and maintains the long term state of remote nodes.
Those commands, implemented as a hierarchy of clagsgsré6.5), carry out a range of
operations The commands are issued to the network controller (a node type) which manages
the handshaking over the wireless network to tiaeget device. Extensive use is made of a
REGEX compliant parser for the interpretation of commands. The comprank$rom the
Telegesis AT command $269], typically consist of reading and writing to the target node

registersto complete actions to realisthe reading of data, invokingreode action timer
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based node action, network related actionthe setting of configurations. In the command

and command control implementation, extensive usenadeof C# delegatesotimplement

calkbacks, with mechanisms to wait for responses for the target host and to implement time

outs. TheZigBeenode microcontroller has resources such as timers and interrupts which the

commands use to achieve a range of actitared which is pdrally modelled in the sensors

ontology) Nearly all commands provided by the interface are asynchronous to render simpler

the clientimplementation

Table6.1 - ZigBee Node behaviour characteristics

Behaviour

Usage

Low power

Standby

Sleepand-

listen

Empty

Power

definable

Onboard timer
power mode

control

¢CeLIAOIE dzal3S | a wat SSLIRQ RS JigBees
stack implementation) based polling for good performance

Reduced network polling, sets attached devices to a disabled state to rec
power consumption, removes listen etc.

Deep sleep only woken by external event e.g. PIR activity. Very low pow
radio and polling, timers etc are deactivdtelhe agent will only use this
mode if there is hardware connected, it is feasible that an associated eve
will occur and it is acceptable to have the node unavailable for an interva
The agent adequately configures any devices used to detect the wake u
event. High level goals and historical leases are taken into account as wi
the wake up constraints before setting this behaviour. The agents typical
check for previous events and linked activity to assert that the node will
become available whenupsuing such event based goals. By querying the
ontology events capable of generating wake up events can be counted.
A behaviour that does nothing. The other behaviours repeat failed steps
successsuch as would occur due to transmission fa@l(NACK) or timeout
(not present), so the empty behaviour should be assigned to those node:
that are not available, to eliminate unnecessary radio traffic.
¢eLIAOCLHfte GKS 3Syd O2dZ R asSa wi
router. Agents do not currently use this mode directly, but it is used as a
super class for other behaviours.

An on board timer controlled power definable useful for USB connected |

that is power critical. Not currently used bgents but used for testing.
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Figure6.6 - Selected ZigBemetwork interface class hierarchiese the node behaviours, node proxies

and node interface

Regarding the managemeaf issuing commands by the controller, a handshaking mechanism
was required for some implementations, typically those that involved the issuing of several
ordered sub commands, where the integrity of the configuration is dependent on reliable
receptionat the ZigBeenode. Particularly sensitive are those scenarios where a sleep mode is
issued and where correct node configuration is required to-spta wake up trigger, until

which the controller is not able to communicate with the node. Handshaking iieftire used,
employingacknowledgements and other control sequengdesluding sequence indexes to
handle interleaved network interactiohresponses Such interleaving arises as node
behaviours are managed concurrentycommandissuing typically overfss. The assignment

of behaviour and consequent issuing and maintenance of configuration command in the
sensor manger facade creates a new thread to manage each request, thereby realising
asynchronous method calls for client agents. The client can latédy \werccessful

configuration
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Like other sensor interfaces in the infrastructutfee ZigBee network interface uses an XML
configuration for core settings although most domain modelling is captured by the sensor
ontology 6eeabovd. The configuration filencludes the ability to specify a calibration
expression or lookup table entries for use in interpolation. In the case of an expression, a
parser library is used to support the string parsing of a wide range of expressions e.g.

logarithmic expression issed for ambient light sensors.

6.1.3.1 WirelessHardware Design

The wireless devices used have been specifically developed with the requirements to be easily
deployable, hag a small footprint, andbe battery powered and wireleggpartialy derived

from the easily deployed requiremenfyhe platforms utilise ZigBeeawirelesshost (node)

namely the Ember / Telegesis ETRX357x product {di7@é¢ In order to maximise battery life

the attached snsors have been selectdadcause of theivery low curreniconsumption while
possessingensing ranges for an indoor environment. The electrical schematic of a sensor unit

is shown inFigure6.7. Some scaling and / or clippinftbe sensor ouput levelswere

necessary with additional discrete componetdsnsure that the iputs remain within the

specification of ther A O N O 2 yhjjuNd\icesFheXiBedhosthas 24 channels which can

be configured as either input or outpu®me can be configured as analogue inputs and one

can be configured as an analogue outdutt f 2 F (G KS W2 drradogedtddBQ & Sy 4 2
power controlled using a digital output directlys thesensompower requirement is within the

current sourcing specification of chaneebnfigured as outputA similar set of sensor types

are mounted on the boards as the wired sensors mentioned abaltt@ough the motion

sensors are fromarange ohdF F SNB Yy i OF LJ 0 &X>A (Wagd R (x3 & SWENR S
During sensor selection, a number of devices and ZigBesWwest evaluated using a
WSNRO2FNRQ 602LIISNI aGNALI 62 NRU ,goNdséngitiviy,LIS 2

and proper connectioncircuitry.
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Figure6.7 - ZigBee sensor host schemadlwowing the ZigBee module (EM35x), sensor attachements and auxiliary channels
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After initial evaluation with the/eroboard prototype, a printed circuit basgulototype was

developed ands shown irthe top left of Figure6.8. Some small changesve made, mainly

layout changes to accommodate easy fixing to ceilings and 12 unitstiareroduced

(Figure6.8, right). A typically ceiling deployed unit is showrsitu inFigure6.9. Eachunit uses

two AA batterieqweight approximately 30g)s the power supplgnd measures approximately
60mm x 40mmThed 6 KM ES®QU 02y ySOiG2NE +fft26 GKS O2yy
actuatorsto the spare channeld/iore details arggivenin appendixA. A realistic estimate for

the total unit cost in a small production run is £35.

As well as low power consumption, a maonsideration when selecting the ZigBee unit was

the provision of commands to allow fine grained control of the peripherals and input / output
OKIFyySta FadlrOKSR (2 GKS ¢gANBtSaa K2alsz oKAC
management, without te need to immediately perform embedded systems development. The
Telegesis range offered that, while still permitting custom development of the ZigBee stack

functions later if required (see secti@g).

Figure6.8 - ZigBee sensor units, PCB before population, first PCB prototype (top left), and the

demonstration units
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Figure6.9 - A (typically) ceiling deployed ZigBee sensor host

6.2 AgentDevelopment andmplementation Specifics

After presenting a summary of the IFMS agent typeEaible6.2, the discussion irhis section
focuses on the saliertevelopment andmplementation details ofwo mainagent types

namely the zone and senaondeagents.The other gent types such as the utility and facility
manager agergare not central to the framework so are only reported at an overview level of

detail. The IFMS agent layer deployment is showRigure6.10.
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Table6.2 ¢ Summary of the IFMS agent types

Agent type Summary

Zone Agent Generates zone centric knowledge by building and elaborating its domain
beliefs

Sensor Controls the (finiteprovision ofresources, reconfigures devices dynamictaly

Node Agent minimise power consumption while satisfying monitoring provisidiay refuse
or substitute resourcgrovision.Resource provision is soughom wired and
wireless sensor networks accessed@P protocoendpoints

Yellow A broker. Maintais agent type registryandagent specific services e.g. senso

Pages node resisters sensor GUIDs. Resgdndhgent related service queriefllows

Agent other agents to find agent host given space id, selection criténd,sensor
host. host a lookup service for agents and some agent meta data

Utility Mainly used for testinghe frameworkand for analysis of performance of goal

Agent used by other agents.g.leasesmechanism. Alsperformssimplerule based
data logdng

Facility Issue goalsRetrieve seleetd beliefs from zone agent$das application for

Manager agent lifecycle control and configuration. Not deployed in testing

Agent
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<<executionEnvironment>>
Windows PC

<<executionEnvironment>>
Jade Platform <<artifact>> &
SensorNode
<<artifact>> O <<artifact>> C o -
<<agent>> <<agent>> o
Zone Agent Yellow Pages Agent
<<artifact>> D1 <<artifact>> &
<<agent>> i <<agent>> 0..1 <<remoting channel>>
FM Agent ! Sensor Node Agent
. i .
W W W
<<artifact>> DO
IFMS common

o.*

the cardinality of agent type deployment is A
1 dependent on the requirement
Router
<<executionEnvironment>>
WWW Server
<<artifact>> o <<artifact>> &
<<ontology=>> <<ontology=>>
Sensor Ontology Building Ontology
<<artifact>> D <<artifact>> &
<<ontology=>> IFCs Building Model
Intemet misc ontology

Figure6.10- The IFMS agent layer deployment

6.2.1 Zone AgenDevelopment andmplementation Specifics

CKAA &dzo aSOGA2y RSaONROGSE a2YS R Jabled3pravidestn 6 KS T2y S | 3
2P9SNBASe 2F (KS 1S a@Syd 2R LIS @E24%0a O2yiSyida R2S:
Wherethe JADEX ADF configuratisettingswere adequate to realise deliberatigiwhich was generally

the casethat mechanisnmwas used. For more complex deliberatjovhile a meta goal mechanism is

available via the ADR slight variation was preferreahd is described igection5.2.1.2 An example of

more complexdeliberaion involving an intermediatéhigh level)goal is thedeliberate occupancy

evaluationgoaland is outlinedn section6.2.1.2.1
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Table6.3 - Zone agent goals summary

Goal Responsibility Notes
Initialise Read configuration file Configureagentand zoneidentity, message
routing info
KB management Populatebuilding ontology FromlFCmodel cluster and individual
KBs sensors are extracted and those of interes
are elaborated into the KB
Infer zone classification
Infer monitoring capability
Infer roles for sensors Allocate sensor roles
Accumulate S E LIS NJ
Bvaluate Determine/ count Detect if the zone if occupied / unoccupiec
occupancy occupancy or maintaina count of the persons
occupying the zoneA number of
alternatives goals can be dispatch&ke
section6.2.1.2
Identify wasted Attempt to determine if lighting or heating
resources has been left activatedPrimarily compares
current and previous environment summal
and evaluates for lighting levehnsitions.
Some assumptions for heating over longe!
intervals are also used as criteria. Can als
dzaS Wt SINYyiQ o0StAST
earlier context.
Monitor key Manage leasesjpdate Trigger at zoneccupancychange Sample
parameters internal environment at regular interval e.g. 5 mingemperature

beliefswith added context

aligned with occupancy
change
Locate resources
Resource Request leases

management

andambient light. On plan completion
generate some simple stigtics. Use
AYFTSNBEYOS (2 asStsSod

determine host using YP agent

Base plan class implements: lease creatio
and formulation, message formulation,
interpretation of reply. Override specifies

devices to request leases for. Requested i
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Summarise zone

Verify occupancy

Collaborae

(client)

Collaborate

(server)

Verify leases / subscribe

Evaluatebeliefs

SL message formulation,

dialog

Find agents

Requestdata

Listen for subscribed

notifications

Verify occupancicounting
with neighbour

Register with YP

Listen for requests

Qubscribe collaborators
(sensor nods, zone
agents)

Listen for notificationsand

handlenotifications

advance of activation where possible
Override implements verification and
ISySNI GA2Y 2F WSELXM
verification

With comparisons to absolute values and
learned values foexpected internal
environmental conditions, and occupancy,
formulate statements about unexpected
conditions

Attempt to verify an occupancy change.
Verified if the occupancy change is confine
to the two zone sharing a given opening, ¢
involves determining if the occupancy of tt
YSAIKOo2dzNREA ySAIKO?2
given interval

Using message dialog, find the host agent
for a given device, device type etc
Formulate SL message and dispatch, proc
reply

Process notifications for active leases,
create internal events to notify active plan:
and provide short term buffer

Request occupandgount

W ROSNIA&ASQ aStF az
can initiate collaboration.

Listen for (SL message or other) requests.
and formulate reply

Manage other agents request for
notification (subscribe) of occupancy coun
and zone monitor occupancy mode

Listen for request for occupancy count, zo
monitor occupancy mode, commitments
and reply to request with appropriate

message formulation. Uses Java object
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serialisation for commitments, otherwise

uses SL
Event handling Listen for events Process notifiddons (for held leases)
Request leases Formulate leases, find device hosts, prepe

and dispatch SL message to appropriate
host
Evaluate Correlate environmental  Attempt to use existing belief$istorical
occupancyusing  conditions with usage to  beliefs andcurrentobservationgo
environmental identify unnecessary determine occupancyThe plan checks for
state and history heating and lighting several scenariogcluding asignificant step
transition in lighting leveland temporally
WOtQ2 ®2 dzy R NB | OG A @)
checkfor no activated artificial lighting afte|
the hours of darkness that could indicate
that a zone is unoccupied. Assertions are
not made until other factorghat increase
confidencesuch as previous similar
observatons, characteristic Lux levels etc
KI @S 0SS y®ndliisiBris hid iSithlf
3SR a WOl yRARL

The occupancy evaluati@ubgoals listed irTable6.2 are described in more detail in section
6.2.1.2 Occupancy evaluation illustrates typical BDI agent behaviour and is central to the
F3ASyGQa YI Ay Y zohehaskdkiolgdgel @ccupafdykval@ition is a central

goal because several other goals trigger from or consume its conclusions.

6211 4EA 11 Ontologylie 08 O

The use of ontologsis centralto thd 2 y' S | 3 Qpetatioll @ndis$nendioned

throughoutthe following sections. In generddoughthe agent maintains two typeof KB

employing the buildings ontology, which imports the sensors ontoleigctingWl & 3IA FSy Q
W dmodets 6f theenvironment¢ KS T2 NYSNJ NBFf SOl dteafitkeS WRSaA 3
environment where all the sensors specified are available and includes no learned knowledge
about zones, either about its own or about other zones learned from neighb®bed¥ | & A & Q
modelis synchronised with knowledge collected from the enwiment including sensor lease

states asserted and inferred knowledge aboutitsownzdng/ R I 6 2 dzi 2 G KSNXQ& 1
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latter includes] y 2 6f SR3IS RSNAJSR T NIodiefdaBdptdrfiongishcyids 2 6 KSNJ | 3 S
monitoring mode Low level sensor eventre not added to the A box for performance

reasons.

The development of ontologies for the support of deliberation and meansreasioning for

the main agent types is described in sect®i

6.2.1.2 lllustrative GoallmplementationDetail - EvaluateOccupancy

Theability to evaluateoccupancys a central high level gbaf the zone agent type. I§
described herén detailto illustratethe application okeveral of thecommon patterns used by
agents in goal solvin@he realisation of deliberation for that goal is descrilfiest, followed

by description of a range of plan implementations. Those implementstigglise means end
reasoningeading to actions in the plarnis order to realise the (sub) goal. A summary of the

sub goals are present first irable6.4.
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Table6.4 - Evaluate occupancy sub goal summary

Description Goal Key features Hardware Dec / unoccupied Inc / occupied Cause of unresolved
requirement scenario/s
Determine Determine Onlyworks retrospectively, IMS + BS. Optional Any BS activity Any IMS activity> Propped opened door when
occupancy Occupancy  working back from the BS environment sensor followed byasserted occupied the BS is a proximity switch.
retrospectively activity so appropriate historical mayincrease ladk of IMS-> IMS/s inadequate internal
triggered by barrier lease coverage is needed thus performance unoccupied coverage of zone use
sensor suited to wired devicesFairly standard or wideanglePIR
robust type to maximise coverage
Determine Determine Readily deployedigBeesensor (OMSt or OMSQ)  (OMSlor OMSO (OMSQCor OMSI A range of scenarios
occupancy by Occupancy cluster i.e. avoids constraint for +IMS Optional activity) followed by  activity) followed by connected with different
monitoring barrier sensor environment asserted none IMS>  IMS->inc human activities are
openings sensoramay dec accommodated but some are
increase not see sectior.2.1.2.2
performance
Count occupancy by Count Desirable as hardware readily (OMSI +OMSD*), OMSI activity OMSO activity If more than one person
monitoring Occupancy deployed particularly using two or (OMSt + followed by (OMSO followed by (OMSI leaves or arrives at the same
openings motion sensors, and that suits OMSQ activity or related activity or related exit time may miscount
well virtual openings. Magnetic entry to neighbour>  from neighbour-> inc
sensor on door fairly robust in dec
role of OMSI| or OMSO
Potentially Check No sensor hardware required BS andidequately  BS followed bymtry  BS followed by>at Multiple occupancy changes

125



determine or count  opening insidethe zone. Adequately committed (all) to neighbour when  from neighbour when inrelated/aO G A @S y S

occupancy without committed (all) neighbours neighbours no other occupancy no other occupancy  neighbour/s, or inadequately
internal hardware determine which if either change of that change of that committed neighbour/s
determine or count is possible YSAIKO2dzNX Yy SAIKO 2 dzNI
neighbours-> dec neighbours-> inc
Generates entry / Monitor Asserts unoccupied. Tracked AtleasttwoIMSs ¢ NI O] WT Ay Track initiationg Sesitive to non ideal human
exit to / from c.f. thoroughfare  motion indicates occupancy retrospective (after behaviour e.g. pausing,
occupancy WFAY Il A&l G variation in walking speed.

The sensor roles are:

1 Opening motion sensor inside (OM&HBovers opening and may cover internal motion, OMSI* covers openingNoiyinal inside, can be outside the
zone but describes the first activation on exit detection.

1 Opening motion sensor outside (OMSQ@pvers opening and may cover internal motion, OMSO* covers opening only. Nominal outside, can be inside the
zone but desches the first activation on entry detection.

1 Boundary sensor (B&kovers door and excludes internal motion, e.g. door proximity switch, restricted view PIR (spot or shaded type). Such sensor
classifications can be asserted or inferred e.g. due to plaoer®®le can be filled by (OMSI* or OMSO*)

1 Inside motion sensor (IM&)detects motion inside the zone
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The determine occupancy goal deteidta zone i®ccupiedor unoccupiedby personswhile

the counting goal attempts to emt the number of persons inside the zone.

The roles are assigned when the goal starts. agents willre evaluate the roles each time the

goal restarts, and so if the current assignment causes the goal to fail, the goal will be dropped

and restarted at which point the roles are re evaluateeighbours are thosdirectly

connectedvia any opening e.g. doorwayhe multiple potential occupancy of zones is

assumed. The covagerole for nternal PIR / external PIROMSI and OMS@ycaptured by

the ontologywith therelationsWA yt NPEAYAG@hTQ | yR W20aSNBSaQo
NEfSa Oy 6S FaaAadaySR (2 &$@bsenedationshipidi A OA LI G A
assigned to sensseand openings based on a suitable semantic description of thecsers

well as other geometric constraints.

A generalisation about the occupancy evaluation goals (and other thadlstilise sensors
regarding sensautilisationis thatbenefit is gained through the use afrange of sensoiis

contrast to a single osmaller numbef devices Theutilisations arematchesof numerous
specificroleswithin the device$§bperational constraintincludingtheir sensingcapabilities
and deploymentin contrast if a smaller number or a single sensor was used then the

suitability of the role matching would be more otampromise

6.2.1.2.1 Deliberation and MeansEnd Reasoningfor Occupancy Evaluation

The implementatiorof deliberation for occupancy evaluation followsnyof the aspects

outlined in the principles of implementath above¢ KS 1 2y S l@®ahdy e LISQa
deliberation is depicteih the UML activity diagram iRigure6.11 and Figure6.12 Thediagram

does notcapturethe allocation ofactivitiesto subgoals and while still containing some flow
control, it is simplified to illustratsome salienscenariosinitially the feasibilityof options is

determined.
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Zone Agent / Deliberate occupancy evaluation mode

trigger occupancy deliberate
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existing occupancy monitor commjtments

no existing occupancy monitor commitments

monitorable zone o

non monitorable zone

next monitoring same as current commitment

-
|

next monitoring different to current commitment

Figure6.11 - Occupancy deliberation in the zone agent type
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Zone agent / Listen Yellow pages / Listen

receive message

%mt message
interpret message

H{prooess nonoccupancy messages)

not occupancy inform

non zone agent ids request

%prooess non agent id requests)

Cf
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mmitment inform message type

request for zone agent identifiers

filter non zone agent types

terpret neig s determine it

send zone agent identifiers

|

|

I—a
} send occupancy monitor type

-
|

Figure6.12 - Occupancy deliberation ithe zone agent typécont'd)
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Occupancy deliberatiostarts by the collection of salient knowledge form neighbouring zone

agents Frst the agent and zon&lentifiers of registered zone agents arequesed from the

yellow pagesgent(each zonegentresisters its agent and zone identifiers together with

other information) Thenfor those zones of interestisingthe agentidentifiersin turn, the

occupancy determination commitment from those neighboarerequested.The zone

identifiers of interest g inferreddza A y 3 gitieiS 2W1 (KB dna tHad information

returned bythoseneighbouring agents synchronised with the same KBKS Y. Qa o6dzAf RAy 3
related information is maintained from agent starp by parameterisation of thFCWf 2  RQ

goal sathat semi static ontology content update is not repeated unless necessary. The next
feasiblecandidate occupancy monitoring moddéernativesarethen compiled from the

inferred zone classifications for the zone of intergsNB2 ¥ (G KS Wl a 3IAGSyQ Y. o

Thosemodes arenextorderedaccording to preference. The preference is derived from the

following considerations:

1 Preferred quality of goal e.g. counting preferred to presedegerminationwhere
possible
M Hardwareutilisation
9 haracteristics of goals such as
0 Leadtime e.g. having to wait for non occupancy evidence
0 Somegoals take longer tevaluateconclusion®.g.assert that no motion has
occurred for an extended time
o Dynamicdependency on provision of knowledge by other agestsr(e
dependencies are captudan feasibility bufor examplead-hoc collaboration
is not, and instead the agent relies on the audit mechanism to capture earlier
failureg
1 Reliability andsensitivity to errors
9 The probability of not running monitoring due to having to perform resejusnces

and other factors

Some of the characteristiedbove are interdependent. The capture of preferemncéhe
implementationincorporating the contributingnfluencesisimplicit though and mostly static
althoughsome meta data is available from plahat describe state durations for example and
abstract descriptions of resources required can be retrieved (but it is only during reedns
reasoning that specific sensor roles are assigriedyardingreferencefor occupancy
evaluationin isolation the general order is: count-determine < check opening use-fo0

occupancy determinatiorA few dynamicrifluencesadjust theorder andmodify ite.g. the
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removal ofthe couning goalR dzNJ& y 3 W 2hdziis MDIEoveffbri 4 dyriufdic
perspective severalof the influences listedignificantlybut indirectlyaffectthe deliberation

outcomeearlierduringhistorical behaviour analysis

Next in deliberation the historical performance of earlier behaviour is evaluated. Reviewing
the audit for similar behviour to each option, the implementation filters out options by
LI @Ay3 &42YS aAYLXS ONARGSNAI RSTAYSR oeé
RdzNJ G A2y aQ ITyeRirstdiBhe diBere@r@rdajfitigicdpancymodesthen
becomeghe occupancy determinatiodeliberation outcomeand anyremainingothers are

neglected.

The outcome of deliberation in general sets a @mof plans but those plans are either of the
determine or count occupancy type. goals can be mixed but share the santcupancy
evaluation type The deliberation choices are mapped to zamierences Thezone inferred
monitoringclasses ardefined in terms of statements relating to geometry, sensor provision
and other beliefabout the zone and about neighbo@nes Some statements derived from

collaboration as well as those the agent makes itsalie dynamic and in some situations serve

azy

G2 WwWStSOIGSQ (KS 2 00 dzLFoyeRaimplSamkighbabrispace yhayde LI 6 A

inferred to be a roontontaining plant that israrelyaccessed, or there may be just adequate
hardwareto detect activity at that opening, so the agent can for example count while that

opening has no associatedtivity.

After deliberation meansend reasoning then attempts in plan implemations to identify

how the associated goal can be satisfied, typically fuitther reasoning andurther action.
Inferencesare again usedhis time inthe? & A & &B,dodmitdrnitrielé Practicalityof

the occupancy monitoringoal €ype) being perused by a given plaandalso forthe

assignment of sensor roleghe inferences are deduced fragssertions of sensor availability
derived from verifiedleases & ¢Sttt & adl iSYSyia RSNAOSR
commitments yia requess for their relevant attitudes, followed bgynchronisation withihe

Y| a )AndhR ca¥e thaho inferenceis reachedo indicate that the plan is practical, after

updatingthe auditwith that fail statushe plan exists

In summary theccupancy evahtion algorithms showdiversityin their capability and in their
implementation Deliberationto select the most appropriateelieson the semantic analysis of
the context (building configuration, sensor types, sensor availabiithlsensor locations
collaborative knowledge and its past performanégpropriate repeated deliberation realises

appropriate agent behaviour withithe dynamically changing environment
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6.2.1.2.2 Determine Occupancy

The determine occupancy plan implementation detethe presence caibsence opeople
inside a zoneThe determination that a zone is unoccupied forms a key basis for the
determination of wasted resourceé. characteristic of the plan is that it can be relatively
efficient in terms of resource utilisation at monitoring ertled non occupan¢guch aghat

f A1 St & overdighR O® yzNI W lizérieJAlSblgdockficerityis@chieved if occupancy
is asserted soon after the stathangeinto the determine occupancgtate, as then some
hardware resources (viaase$ can be droppedThe addition ofurther sensor selection
ONAGSNRLF O6AY FTRRAGAZY G2 NRESQa Fdzy OldA2yltf | yR
device availability was considered, but the typical benefit was not clear without further
investigation(see sectiory.3.4.3. The SPARQL query for thensor rolesection is expressive
but compactandincludes capability and type specification, as well as detatlseofiost
provision in addition to context related criteria definitiomhe commitments mechanism (see

section5.2.2.]) facilitatesthe use of existingactive)devices leases inther plars/ roles.

As well as fothe assignment of sensor role$ig use of inference ithe determineoccupancy
planincludes theime based parameterisation of the algorithms in the pl&ar flexibility
algorithms refer to relativelylastract classifications afpening and boundary sensobut
detailed configurations (specificaliyne related settingsare mapped tespecific inferred

types toimprove the plan operation e.g. the exit suppress eviatérval fora physical door.

Thestate machinedesignof the plan is shown ifigure6.13. On entering a new staté¢he
appropriate resources are requested and verified using the pattern of implementation outlined
in section5.2.1.4 with method overrides for each state thatfitee the resources and the
verification implementationsAfter anappropriateinterval of no occupancy change, the plan

reverts to thedetermine occupancstate to verify the currenbelief.
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Determining Occupancy
do / monitor commitment, maintain leases for boundary monitoring, save last boundary event update

relevant motion event/s/ update belief base 'occupied' Waiting For Boundary Activity |
entry / manage resource leases
do / listen for events and filter, maintain (invariant) occupancy belief

verify timeout[same state for <interval>]

no motion activity[no motign activity for <interval>] / update belief base ‘unoccupied’

[ Determining Presence
do / listen for events and filter, manage this states resources
exit / conclude occupancy and assert belief

boundary events

no boundary activity[no boundary events for <interval>]

reset[boundary events]

Activity at Boundaries
entry / manage resource leases for determine state
do / listen for events and filter, maintain leases for determine state

reset[boundary events]

if the boundary opening is non virtual (door) and
currently (history) occupied then apply an 'ignore’
internal events window to allow for passing
through door, slight pause and door closure (door
sensors trigger on up / opening transition by

default é

expired intarjtion

Figure6.13 - Determine occupancy state machine

6.2.1.2.3 Count Occupancy

In the occupancgounting plan,n common with other planghe sensor role selection is made
from semantic knowledgd-or each opening in a given zone, the algorithm uses a number of
SPARQgueriesthat extract semantics about sensor relationships to the building (context)
and sensor domain knowledg& number of queries are used to satisfy different scenarios
and each query assigns orders of preferred alternafiifeany, to each role. In a fepases due

(i Muaktisatiorfinherentin some of theobject relationshipsthe algorithm may extract
geometric information from théFCmodel in order to resolve any ambiguities (see section
7.2.4.3.

The counting plan is realised by a simple state machine which has an initial state to determine
that the zone is unoccupie@ndthus can set counting to zero. A number of sub goals are used
for that purpose includingthe plan which attempts to infer zero occupancy withasing
motions sensors. If that fails then the agersea another goal which assumes zero occupancy
after an extended interval of ndetectedmotion. When a zero count has been established,
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the plan irstantiatesfor each opening in the associated zoae,objectthat determines the
directionof movement of persons througihoseopenngs That class, thentry / exit trackeiis

described in the next sub section.

6.2.1.2.3.1 The Entry/ Exit Tracker Class

Theentry / exit trackerclass performs the task of interpreting (boundary related) events, and
determines from thosegthe direction of movement of persons through the associated opening.
The class implementation relies on a state maclfifigure6.14) to realise its operation. In
order to handle the nature of event updatinghere events can arrive in blockandthe fact

that events associated with one episode (a delimitetlection of events generated by a single
entry or exit) can be spread over nethan one blockthe class buffers events in collections
and analyses those collectiordigned with the nature omotion events(see sectior6.2.2),

the implementation primarily relies on the leading events associated avitepisode bualso
employsseveral other algorithms that were developed durtheploymentevaluation(see
sectin 7.3.4.2. Thegeneratedentry / exit evets are definedfrom the episode starandan
approximate durationln connection with the approximatiofor duration, agents apply a

tolerance windowwhen negotiating over occupancy charigeolving such events

i ™

Monitoring Opening
events[irrelevant events]

[Waiting For Events

( Resetting )

events[relevant events]
Lentry / clear buffers of current event and beforej

[redundant events] (" Boundary Activity ]

entry / update buffersJ

[candidate events]
timeout

[Determining Entry_Exit\lf

found entry_exit/ define entryExit event

commitment expired

Figure6.14 - Entry / exit tracker state machine
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The state machine creatéise entry / exit eventdefinitions on exit from theleterminestate as
shown. Those events are added to a buffer which the ptaonretrieves and updates its
occupancy beliefs appropriatelyn@ecognition of ambiguity in countinthe plan aborts
rather than resets. Thereforeontrolis shifted to deliberation to potentially reinstate
counting or to revert to another plan. Additisally plan failure can result frotease

verification failure as well as other run time errors.

The class has several parameters that are configusiitg semantic information derived in the
O2y TAAdzNI GA2y adGlr3Sd ¢K2aS aSadAy3andsomeINE 35S
of thosedetails are described in sectigh3.4.2 The count occupancy plan, like other plans
overrides base plan methods in order to realise lease management for the tracker instances,

and maintenance is carried out on a tinrgygeredbasis.

6.2.1.2.4 Opening Checker

The opening checkeyoal and plan implementation caters for the scenario whereme has

inadequate hardware tadopt either the counting or determine occupancy gohlt is able

to check an opening for activityypically with a single sensor. Under some conditions eg. n

opening activity for an extended intery#he agentusing this gal can make someccupancy

assertions about the zon¥ia collaboration,liese assertions can also reduce the sensitivity of
01 2F a2YS KI NRg | INSheleasdeditaileydehowel&tifaian Q I2 | f &
agent will adopt under thevaluateoccupancy top level godDther situatiors can cause this

goal to be adopted after appropriate deliberation has concluded, tuatexample other goals

have failed due to for example unvieid leases for hardware.

Regarding occupancy evaluation howevag plan is able to use a sub goal tmilaborative

verification of occupangyand thereby attempbccupancy determination arountingon a

more immediate and consistent basis than the soémoutlined above. First though, likiee

other plans a reference statés assertedusing the same sub goals or overridden methods

After the zero occupancy has been assertéa, erify occupancy sub goal can be invoked on
detection of boundanactivity for the purpose opossibleoccupancy evaluation. That sub goal
requests from the neighbour that shares thel O (i Ab@lindar§ i Qurrent and recent
occupancycount change recerttistory (which also captures thdetermine occupary goal

outcomS Ay GKS FT2N¥ 2F wO2dzyd 3INBI G Sheblankheny 1 S NB
FGGSYLIGa G2 OSNATFeE AT bLyé 2F (KS ySAIKO 2 dzNE Q
the scenario thathat was not the casghen an appropriate occupancy changen be

evaluatedfor its own zoneThe ability for counting or determination is dependent on the
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aspectof thisplan has noyet beentestedin a deployed system.

6.2.1.2.5 Continuousmotion occupancy detection/count

The continuous occupancy evaluation plan makes the assumptioriftitds occupied then
persons inside the zone can be assumed to be in continuous ma@ioing deliberationan
agent will adopt this goal based on a threshold aspect ratio (approximated to a containing
bounding rectangle) and the existence of more than one opening. Such zones, typically
thoroughfarescan alsdack furniturecontainment but that is notised asan adoption criteria.
The occupancy beliefs of thoroughfares are potentially useful in supporting othersagent

collaboration.

The plan implementation involves the management of event colles{ibrackerNode&lass)

for each motion sensor in the tracletweenzoneopenings realised by théMotionTracker
classb 9adAYIFGSa F2NJ GKS GAYS 27F (NI y drdmithed SG 6 S
sensor separation and typical walking spedue @lgorithmthen executes forward and
backwards searches, whethe search attempts to find an event in the n@xackerNode
objectinside a time interval generated froeachcandidate eventsing the time window
estimates Any events are added to a newly creafBiéhckobject. The garch continues along
the track(an instance offrackerPathuntil no candidate fitshe window criteria, or until the
nominal end start TrackerNod@biject is reachedn which case a eve is constructed
describing anominal trackéxittr & y (i INthedernalMotionTrackerdetermines that
existing partial trackhaveexceeded the last updatdéifhed-out) then astandardentry or exit
to the path isdeducedand astandard trackinstance is createdSuch standard trackgpically
occur when a person leavégntersthe trackerpathvia a virtual boundaryThe deployment
has only been evaluated in tldomestic flat test deployment, primarily because the
deliberation has not yet been implemented to activate this plan in conjunction with others.
Variables which affect robustneseeariggering characteristics of motion sensors and the
range ofwalking speed accommodategas well as behaviours of persons such as pausing

activate light switchesand persons walking in groups.

The kases for the participating devices are managg@ppropriate method overrideand

base plan functionality, similarly to the other occupancy evolution plans.

6.2.1.2.6 Evaluate Occupancy without Motion Detection

A goal, typically dispatched by an agent as a suh baalbeerimplemented as an alternative

to the goal that uses the detected lack of motion over an extended interval to make the
assumption of zero occupancy. This goal instead attempts to assert zero occupancy without
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the use of motion sensors, thereby deliveringaential conclusion with minimal resource
usage and in a short time intervaDne premig isthat azone is unlikely to be occupiedtiis
ag 2 NJ Ay 3 | NBI,wihNd ativatedakificial lightdalkfeRthe hours of darkhe
evaluation depends on an adequatedrned lighting levedr such scenarioPue to the pre

conditions(of the algorithm cf. goalthe outcomeof this plan in practicean beinconclusive.

6.2.2 Sensor Node Agemevelopment andmplementation Specifics

This section digusses some details of the sensor nedentimplementation. The primary goal
of the agent is to deliver resource provision in terms of monitoring data to other agents that
request it, while managing efficiently that provision, especially in the caspitef fesources.
The battery poweredvirelesssensor unitsnanaged by the sensor node agérave a finite
power sourceandthe system(but primarily this agent and benevolent cliengins to

maximise the interval betweethosebattery replacementsThedevice leaseclass plays a
central role in dialodpetween agentselating to resource provisigrand is described below.
The BDI model is exploited though the adherence to the pattern of application identified in

section5.2.1 A summary of selected high level sensor node agent goals is giVabl#6.5.

Table6.5 - Sensor node high level agent goals summary

Goal Responsibility Notes

Initialise Read configuration file Configure agent identity, message
routing info

Manage Discoverinfrastructurenodes  Periodically poll the known endpoints

infrastructure for new resource availabiliyfMaintain

node connectiors W OUABS y2RSaQ f A

Extract sensoevents Poll active endpoints faiinfrastructure)

events

Advertise sensors Register services with YP
Retrieve resource list
Manage clients Listen forsubscriptions, senso Interpret SL message

lease requests, general

requests
Subscribe client maintain lease subscriptions lookup
table
Collaboration Register withYellow Pages Register agentype, associated zone

(YB, Advertise resources in Y' identifier, hosted devices, with the YP
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agent agent. Refresh on any change

Describe resources/sensors  Elaborate descriptions using the senst
ontology for rapid data response from
clients. Triggered on addition of new
knowledge ofdevices

Service requests Reply to data requests after verifying
lease status. Request data from
infrastructure (sensor read)

Notify subscribers Formulate SL message and notify leas

holder of new data

Negotiation Manage sensor leases
Wirelessnetwork  Configure wireless nodes, Serve sensor lease requests with
management configure individual sensor  wireless sensor node availability,

channels and manage power minimise power consumption of nodes

settings Manage networks (configure nodes ar
SEensos)
Manage wired Monitor sensor availability Grant leases for available devices

networks

6.2.2.1 Application of Ontologies Summary

The sensor node agebtpe makes extensive use of the sensor node ontology to support
meansend reasoning and some deliberatiddmilarly to the zone agent type, the sensor node
agent creates and configures a number of different KBs for use in diffexasbning
applications. A non inference configuration is used for population of the A box. The use of
RDFS inference offers muctoster inference delivery for event identificatiorelying on

limited expressivity compared tive applicationof full OWLinferencerules APellet inference
supporied KB is also configured and is widely used for general full expressivity reasoning.
Typtal applicatios of inference are to analyse the connection of a given device in order to
determine the handling of lease requests, to evaluate the power mode for the host aade,
to elaborate sensor clustets find connected channels and devicégldiionaly the

connection topology is analysed for otheraracteristicsuch as connection to a mains
electrical outlet (thus not battery powered) and other queries involving the T dwoto

determine if a device is wired or wirele§he use of abstraction describing sensor type and
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mesurand characteristics is not so extensively used as clients typically request spesific

individualsi.e. that role is usually completed by client agents

6.2.2.2 Service Provision

Insupportofthesensof 2 RS | ASy i (@ LISQa LINR Y| Ndproisdr, f (0 2
the agent performs several other high level goalsupport ofthat. Those goals involve finding
infrastructure resourcesdentifyingthe resources available A y 2 NR S NJtolother W R @S NJI
agents), as well as managthose resourceefficiently. Although the infrastructure

componentshave default behaviourthe lack of intelligencén that layermeans that the

sensor agent has a central role even when no res@aoe requested bylients particularly

regarding the wireless hosted resourc&te implementation of simple default behaviours in

the wireless networkvas a necessary design decision made in order to reduce redundancy and

possible conflict.

Effective sensor node agent laviour relieon the sensor ontologiKBsin order to direct
actions in the plans (mearend reasoning), as well as the algorithmic implementation of

plans.

The dialog over resources is based on a sensor leaseaslassntionedvhich facilitates
requests andallowsverification of satus The lease class is described in sedi@?2.3 The
lease lifecycle idependenton thewirelessnetwork status and success of the sensor node
I 3 S yAdliddsiln general node and device configurations are not actioned immediataly.
sensor node agent can modify the lease interval requesiad is able to selethe device
that fulfils the leasdrom a number of alternative devicélse requestor ha nominated

Alternative selections are grantafkbpendingon availabilityof the device and its host.

The agent managesome meta data relating to devices and their activatieor example a
deviceactivaion history ismaintained that isisedto implementsignal conditioningo

suppress spurious transient signal generation that are characteristic of some sensor types

when they are first powered on, particularly PIR devicestttat purpose¥ & dzLILINB&lsd Q A v (i
(derived from datasheetgre mapped to abstract type®ther meta data is managed for

wireless network nodes.

6.2.2.3 Device Leases

Thedeviceleaseclasswhen used ashe content of SL expre®ns in interagent messages
plays acentral rolein realisingresourcenegotiationandverificationof status The lease

resolutions andstates are
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1 Resolutions:None, Initialised, Pending, Granted, Delayed, Degidetermined by
device availability

i States:Active, Inactive; setby the start and end times

In the case that a given requested device is attached to a node that is available in the network,
following successful node and device configuratibmireless devices, or without further

action for some wired devicethe requesed lease will be assigned thligrantedresolution. If

the node is not availabler the configuration fails for another reasathe lease is assigned as
delayed The resolution is also assigneddetayedif meta datais held stating the node is
currentlyunavailableandin that circumstace the configuration action is not attempted
Thoseleases with a start time later than the curreimhe are assigned thgendirg resolution.

If the host is not recognisethe lease is set tdeniedstate.

Regarding the setting of the duratiari leases requested typically very short leases are used

to W& | Y telid% @alie, while longer durations angsed(i 2 Wa dzo aONRAO6SQ (22
asynchronous notification of events suabmotionand switch activationRegarding the

timing of issuing leasequests, tent agentshat employscheduled readinganrequest

leases in advance w@llow lead time for activationAnother temporal consideration regarding
leaseson a shorter timescaleis that ®me sensors require an interval for circuit for
stabilsationas mentioned above in connection with signal condition#gan example a

device that has @elatively longstabilisation timeh & (1 K S  Wibnlseddorghge a3d

seconds

6.2.2.4 Device Management

In orderto deliverthe besttimely responses to ne leasesthe sensor node ageratttempts to
actionnewly requestedoendingleasesmmediately. Some leases can be granted without
further actionas mentionedsuch as those for wired devices thoseleases which are
requested for sub intervals of thosdready active. Nextf a compatible active leasxiststhe
agent extendit. If the lease requested is for a wireless hosted device then the agent then

initiates wireless network management.

Regarding the management of wireless networked resourcesagieat has the role of

assigning behaviours defined in the infrastructure implementation to wireless nodes, and
configuring the devices attached to the hosts appropriately. Those devices are both actuators
andsensorsthe actuators control the power to seors. The node behavioufseeTable6.1)

are mappel to certainsensor Kinferences and savhen appropriate i.e. it is inferred that a

request for a new resource reges a different node behaviodo the existing onethat node
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behaviour set command is issued before the device configurations are isEbese node

behaviours assign configurations @igBeenode devices such as its radio components, timers,

and timeractivation of preset actions for exampier network management, resulting in

OKF NI OG0 SNRAaGAOE &adzOK & LRgSNI O2yadzYSR:I &aSya
The target host node availability is dependent on its current configuratiehg¥aour), or

there may be other reasons for its unavailability such as an expired power source.

From the range of node behaviours availathe sleepand- listenmode is very desirable for
assignmento nodesthat have no active leases for hosted devicestt it is not commonly

used.One reason for not using that mo@xtensivelyis due to lead times in availability,
particularly where there is little redundancy in device roles from the client agent perspective,
and gien that typically clients assign and change roles in a very dynamic fashion. The purpose
of the devicemeta datathough is to track the configuration of nodes, exemplified by the case
where a node is not available to retrieve its statAsiother factor ishat before activationof

the sleep and-listenmode, the agent has to ensure that as well as a feasible electrical
configuration for waking the device is available, therals®a feasible physical scenario. An
undesirable situation is if modewas putinto this power mode and the wake ggenariovas

rarely encountered e.g. motion detection in a rarely assessed room.

Ly O2y iGN} adG G2 w2y RSYFIYRQ y2RS YIyl3aSySyizx
management where devices with associated expired leaseparered off, and host nodes

are put into a standby mode when possible. Several power settings are available and settings
are described in more detail in sectiérill.3 The power modestandbyandlow powerare the

most commonly used modes.

6.3 Ontology Development

6.3.1 Introduction

This section describes the artefacts produced to realise the IFMS knowledge subpedatter
motivated by the factors outlined in secti@gn2. Several ontologies were generated following
the workflows described in sectigh3.3 primarily guded by the Neon methodologihe
application of the methodology is straightforward so is not described in déatatead his sub
section, after describinthe main features and scope of the domaipsesents some detailed
design principlesfahe ontologies. Net the differentontology artefactsare described in
detail, coveringhe rationale for some of theakign decisionsA focus bthe discussion ithe

application and exploitation of those knowledge resources byIEMS
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6.3.2 Overview

Several ontolgies support agent behaviour in thEMS The ontology set has been ddoped
to fulfil very specific roles in its specialisations, building on domain independent semantic

models and encapsulated theories
The ontologieslevelopedfor use in the framework include:

1 A building ontology capturing the building geometry and assembly. The origin of the
taxonomy was théFC Theories of topology antiereologyhave been integrated.

1 The ®nsors ontology descrilsghe sensoevices in terms ahe phenomenon that
they capture,their detectioncapability andcassociateglatform configurability. The
origin was an ontology calledntoSensqrwhich in turn is based on schemas in the
SensorMlmodelling language.

1 A general purposentology, SUMO that captures domain independent concepts.
Although in the IFMS some central concepts inherit from SUMO entities, a large

proportion of the provisiordid notfind usefulapplication

The system ontologies, their source resout@es theirinterrelationships in the sense of

referenced terms supporting modellingre shown inFigure6.15.
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Figure6.15- IRMS ontologies, interrelationships and dependencies

The direction of the arrows iRigure6.15 show the derivation of ontologies from various

resources. Typically OV@htologies(green)were derivedfrom the resourcesanduse thefull

expressivity of the OWanguageHoweverthe dialog2 y (i 2 f 2 3 & Q Hor 0sé asayfJavalNP f S A
based representation fahe capture2 ¥ F 3Sy iaQ YSaal3asS O02yiGSyido ¢
weight representation of the content of the other IFMS ontologies, allowing the agents to

exchange beliefs and other attitudeBhe figurdllustrates the relative sizaa terms of the

number of concepts, roles and other axian@verlapping areaare manifested bythe linking

of concepts.

6.3.3 Common DesigRrinciples

Inthe area of fundamental formulatigrielding, et al[82] identify the classifications of

GSYRANI yia FyR 200dNNBY G aéysR caRiS/LISYSRGY ( a v R/ R
In SUMOhe separate high level entitieshjectand procesaeflect the temporal distinction

captured by edurants and occurrent@efined in sectior2.2.7) for example Thel dzii K 2 NA Q
dependencyclassifications descrikthe necessity for existence of membership of a whole e.g.

the concept of door function relies on a door and other entities. difiteria of universalness
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makethe distinction betweertype or classindindividual @ instance Those classificatiorend

associated properties were taken into account throughting ontology implementation.

Another general ontology design consideration was thasefmanticclosure arisngasby
default OWL semantics adopt thegpen world assumptiofOWA) The assumptiothoughsuits
the nature ofthe domain andhe KR used to model it. The relatively higRexpressivity
allowsrich semantiexpressionsoa complete modemaybe unnecesary, or it may be
impracticalor impossible to captureThe application of theOWA means that incomplete
knowledgecanstill be consistent However there are areas which in contrast are cortepénd
so eplicit closure with appropriate axioms can give additional useful inference e.g. the sensor
ontology states thatin enabledand fully functionapassive infra re@PIR)sensor signal
indicates movement, so closure indicates no movement. However closnot éppropriatein
the relation between movement and occupancy i.e. a room can be occupied even if no
movement is detectedAn alternativeapproach to implementation withoutsing closure
statementsisviaPelle@integrity constraintsvhere axioms canénominated afavingclosed
world assumptionCWA basedsemantics and thus interpreted as such by the reaspfoer

example using annotation.

A further consideration in modelling OWL ontologies isltok of theunique names
assumption UNA. While Pelkt has an option to assert the UNA via the A compatibility
with Protégé toolsand generateasoner compatibilitydesign time and run time ontology
updating byagents addwl:differentFromproperties (or the construabwl: Al IDifferent for a

set of mir wise differentfor appropriate individualdMissingstatementsrelating to UNA and
OWA have a significant negative impact on the ontologies, particuididye modelling
involvesstatementswith universalrole restrictions However other model statements can lead
to the desired intermediate (different fromipferences, e.g. individuals can be inferred as

different through their inclusion in roles having functional properties

Similarly to software design patterns, ontologysdgm patternsand specificalliogical,content

and architectural patternfave useful application and some were appliedat least

influenced theontologyimplementation The Neon deliverabld71]describes @atalogueof

patterns Among the less trivial of thivgicalpatterns are thosdor modelling: Nary relation,

exhaustive class (mutually disjoint sub classa®),collections of nominal value€ontent

patterns include the participation (modelling the involvementatities in events) and part

whole patternsRector[172]F f 82 RSaONAO6Sa NBLINBAaASyliAy3a @It dzSa dza
GO fdzS aSi&aés 6KAOK gl a | LILX ASR Addionaye YLIE S Ay (K
WEYB A GSNYaQs GKS FLILX AOFGAR2Y 2F LI GGSNya GKFG NBa
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this contexte.g. a naming pattern where the names of descendant classes are not less

abstract, provide useful guidance
Further ontology authoring considations relating to classesere:

1 ¢KS LINAYFNE &A0NHOGdNAY3I 2F (KS 2yiG2f238Q:
O2yaiNHOGP ¢KS KASNI NOKeée akKz2dZ R y2i Y2RSft
essenceneta-property is a useful discriminatoEsgntial properties are those that
mustbe ugheld, and they persist down the hierarchy.

1 In order to bring aboutiferred class membershipe. infernew classifications for
individuals,adequate definitiorof necessary and sufficienbnditionsfor that cless is
required.

1 Creating and naminglasgsfor 'convenienceimproves readabilityand eases
debugging. Such classes are created fthencombination of named classes and
anonymous clags(created from intersection, complement, union, restrictions etc)
suchasthe 'MonitoredSpaceBoundaryn the buildings ontologywhere intermediate
inferences are useful to debug the ontologyheritance from he convenience classes
isnot expected

1 The application omultiple class inheritancavas mainly run time assgon/s. As
expected the design time asserted class hasiid Y SG I LINRP LISNIié 6 FNRY
definition, rigidity extendsessenceén that the property must be upheld in every
situation), while the run time assertions hawamnti-rigid properties(not esential to all
situations)

1 A combination of tomlown and bottom up process were used telicit class entities,
depending on familiarity with tharea of the domain being modelled. Middle concepts

were elaborated as appropriate.
Further ontologyauthoring considerations, relating to classes were:

1 The universal role restriction requires a relatively high count of axtoreapport it,
due to theOWA Closuraestrictionsand maintenance of thdisjointaxioms are
needed. So alternative modellingpeeferable if possibleSimilarly, in general, the
UNA requires maintenance different fromaxioms, in practice the construct
owl:AllDifferent find useful application (see above).

1 Some constructs when applied to complex properties are nonseraicdalor not
supported Forexample functional or inverse functiongdroperties ontransitive roles

and cardinality estrictions on transitive roles
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1 Typicallysub propertiesvere added in ordeto specifydomains andange the
specification play a role inference, notconstrait)z | YR Wol 8SQ 202S00G LINR LIS
retained owl: Thing for the domain and ranges. The motivation was to reduce the

number of undesirednd incorrect inferences

6.3.4 Supporting Ontology Development

The IFMS sensor and building ontolograport a number of common ontologies that capture
domain independent theories and constructs. In particular mereology and topology are
uniformly supportedby single artefactsand in addition further universal concepts and
relations are captured bg nomirally upper layer ontologyThe upper layer ontology utilised is
a translation of the Suggested Upper Merged Ontology (SUBGIR)The OWL translation by
Hendren[173]was used heréa translation wa needed aSUMO was developed in a different
KR. The common ontologies promote interoperation between lower domain dependant
ontologies. In practice links are established between concepts in domain ontologies and the

more abstract ones.

A small ontologyvas created in order to model theiess of metrologyto capture the
composition of entitiesThe modelling focussed on physical quantifesmponents) where
the whole is referred t@sa complexin the literature, in contrast to the other wholes of
collectionsandmasseswhere the wholes are composed respectively members and
guantities[32]. A complete ontology of the extensively reported field of mereology was not
required for practical applicatigrso the implementd resource representa goodworking
approximation.In themereology ontologyonebaseobject property igart from classical
mereology thathas thetransitivecharacteristicAn elaborationis the disthction of proper part
that captures the exclusionf the whole, hence a sub properpyoperParivas addedwith the
characteristioof irreflexive Inverseswere alsocreated for thae propertiesA furthersub-
property ofpart, subcomponenwas addedvith a similar irreflexive property ggoperPartbut
with the additional specification of asymmetric to capture the sense of super assgmbly
composition Theirreflexiveobject property (together witheflexiveandasymmetrig is part of
the SROIQ expressivity of OWL2.

An initial implementatiorfor supporting topological theory within the IFMS ontology provision
involved the application of an RCC8 spatgalsoningsupport. The support was delivered by a
dedicated implementation of Pell&nown as PelletSpatif§4] whichtreats somepredefined
spatial relatiorroles as special cases. Fraoles capture the topologgemantics of the Region
Connection Calculus (RCC), specifiedl (described ifil74]). However it emerged that the
application of therich semantics of spatiaélationscould be simplifiedy using a different
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design approachwhich also released the conaint to use the dedicated reasonefhe
decision was taken that the agent would interrogate the rich and comprahemggometry in
the IFCfor very specific numerical data instead of attempting to capture that for qualitative
reasoning The topology requirements were adequately scopedaptureconnectiors
between entities suclas physically touchingnd electrical conection. Regarding physical
connection in the context dbuildings, the most appropriate wasechanical attachment for
functional purposeln the context of electrical systems, the ontology captwetestrical
connection /link i.e.apower or signal propagain path A set of object properties were thus
created with appropriate characteristicevering reflexive and direct (non reflexive)

connection together with appropriate inverses.

6.3.5 The Sensor Ontology Development

The requirementor a sensorsontologywas he need tosemantically modeknowledge about

the phenomena senselly the devicesthe electricaland physicatharacteristics of the sensing
devicesand of the supporting infrastructuréncluding wireless host platforms, intedes,

connection, power supplyand possiblghe some details of theetection processes-ollowing
bS2yQa NBO2YYSYRIFI(GA2ya | yR adzZlJl2NI F2NJ RS@St
several potential resources were considered for reWeh approximaely 60% of the

concepts identified in the ontology specification for sensarsd due to its OWL formulation

and linking to some SUMO comts, the ontologyOntoSensof86] was chosen athe basis of

the sensor ontology fothe IFMSOntoSensois an OWL translation ddensorML175].

Moreover good documentation is available féensorMlso the rationale for aspects of

OntoSensor can be traced.

Further development of the sensor ontology includée taddition of new concepts and some
extra concept linking to SUMO. Straight forward linking is facilitated by compatible structural
characteristics seen in the SensorML specification and SUkEmain additional modelling
was related to capturing the ettrical topology of the ZigBesnsor unit assembly and the
ZigBee host itself such és buit-in peripheralancluding theanalogue to digital converters

etc. The modelling ofdpology and mereologiyntegratedin domainindependentontologiesis
appropriatelyincorporatedby propertyinheritance The use of botltheoriesis exemplified by
the resolving of location. While topolo@gsertions / inferencesiay indicate that a particular
device shares the location of the ZigBee hosted platform, megsoshows that a device
attached via a connector is not part of the unit, so the agent has to determine its position

using another mechanism, typically by interrogating ti€model.

147



Selected competency questionsedin the developmenbf the sensoontology, inthe

context of the IMSare described iTable6.6.

Table6.6 - Selected competency questions for the IFM&s of the sensor ontology

Competency Question

Example application

Find the devices able to detect <phenomena_type>

Does a given sensor have abstract characteristics given by
<abstract class> and/or abstract <property>

Find the sensors hosted by a ZigBee unit given <unique id?

Find theother sensors that are hosted by the same host as
<sensor id>

What type of network hosts <sensor id>

Is sensor id> in a wireless network

Is <sensor id> battery powered?

Are all currently powered devices interrupt driven?

Find the channel that connects <sensor id> to thest

Elaborate a cluster

Sensor ole selection

Sensor ole selection

Retrieve device details

Remove duplicate
coverage

Network management

Node management, lease
management

Node management, lease
management

Node power mode

Node management

Populate theKBWY! Q 0

Find ZigBee unit, given the <unique id> or <network address Node management

The sensors ontology alone is primarily used by the sensor node agent for dgtiamic

configuing theZigBee nodes and attached sensors in the wireless networks, as well as

generally locating resources in order to supply clients with requested Gatastructs to place

the sensors (or other entities) into a context are the scope of the buildings ontaagdyor

modelling that contexthe sensors ontology ismportedinto the buildingsontology.

A small excerpt of the sensors ontology is showRigure6.16. The figue capturesa subset of

the assered modeli.e. no inferencesre shown showing sensor devices and some aspects of

the supporting infrastructures

148



Figure6.16 - Excerpt of the sensors ontology
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6.3.6 The Building Ontology Development

Theprincipalrole of the building ontology is to support the behaviour of zone agenpsiiguit
of their primary goal of building monitorin@art of the equirement is combined with the
sensors ontologyto allow the determimtion of the type ofmonitoringthat can be carriedut
and the selecton of the most suitable hardware to accomplish th@he building ontology
addssalientcontext information to sasors deployed in a building. Thaildingunit for
monitoring is a zone which represents some physical or virtually delimited dyacslly
havingdedicated functiofs. In generakones are delimited by walls or some other
demarcationsand accessed ljoorways. Therefore the ontology able tomodelzone
boundaries, thel Y | | &f tzas@boundariegtopology and mereology dhose s well as
other constituent building entities)andthe internal environment of zorge Additionally zone
relationships to other zoneare captured for the purpose giotential collaboration. Ultimately
the ontologyprovides sufficientcontext information for sensor devices, so that the agent can
assign roleto sensors for theursuitof the different types of monitorindor all the zones of

interest

Themain high level competenayuestiors that emergedfrom analysisare listedin Talle 6.7.
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Tale 6.7 - High level competency questions for the buildings ontology

Competency Question Example application

What types of occupancy monitoring can be performed assumin( Deliberation

all the deployed sensors are available. Monitoring types include

occupancy, temperature, ambient light levels

What type of occupancy monitoring can be performed assuming Deliberation

subset of the deplged sensors are available

Find sensor/s with given relationship to building entities (virtual Sensor role allocation

openings, doorway openingspr <zone id>

What type of zone is rendered by the current sensor provision a Deliberation
cooperative beliefs about neighbours zone characterisation

Get the boundary sensors for <zone name> / <opening id> Occupancy evaluation
Get the zone characterisation Deliberdion,
verification

Find the characterisations for openings of <abstract type> for  Deliberation
<zone id>
Find the sensors inside the zone <zone name>, (<abstract type: Resource management,

environment monitoring

CAYR | 12ySQa 2LIS¢¥Ay3aa 3IAGBSy Occupancy evaluation
Find zone given <zone name> general

CA Y R [|boundage$§ gvén <zone name> Occupancy evaluation
CAYR | 1 2y Qearingyasdpéhikg) gvezNdione name Collaboration
CAYR | 1 2y §i@da<opeling®K 6 2 dzNJ Collaboration

The conceptshat emerge from the competency questions are primarily spaces, rooms,

doorways, windows and plant such as HVAC. Again follawkg b S2y YS{iK2R2f 23
recommendation for existing resource reusiee Industry Foundation ClassdE@ (see section

2.1.2 wasidentified asa highly suitableAdditionally dher resources such dkose identified

in section2.2.8could be usedbut due to the higher structure of a taxonomtassification
system,mature status ananostcomprehensive coverage of the building domaine IFCwas

selected for this workThe IFChas theability to modelbuilding relatedoroductsand their
assemblyprocesses (information about the processes to design, construct and manage the
project), resources (resources consumed by the process), and @(tmistraintare key to

establishing model integrity)
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A conversion of théFCschemao OWLwas completedwith the intentionof using the
generated ontology as thieasis for the building ontologyn addition to its original STEP
representation, thdFCschema has been translated and releasedritXML schema language
(specifically XML Schema Definition (XSDiattranslated release ifcXML[176], hasthus
beenused ina conversiorusingthe standard technique of stykeheet translation. In tht
technique, acommonly availabl&XSLT (extensible style sheet language transformation)
processor reads a style sheet written in XSLT (a combination of procedural and declarative
statements), and processes the instructions theteiigenerate the transformed output
SeveraXSLT style sheets that transform XML schemas into l@widbeenpublished and the
one by Gil et a[54] gave good resultsithin the expected constraints of the translaticSuch
style sheets need strategies to deal with complications including the different topologies of
XML Schema and RDF Schema / OWL. The former schema is a tree while the later is in general
a directed graph that can be cyclic. Tdr@ologygeneratedhasDL expressivighLUHN(D)

but most notably missings expectedwhen compared to OWL DL, inverse propertisssing
alsofrom the translationis full existential quantificatiorE (complex transitive concept
negationC is equivalent tdJE, S is an abbreiation for ACL with transitive roles) and

nominalso), butthe impactof that missing expressivityas not been investigated

The translatedntology in generahasrich contentdespite some missing constructs
(particularly inverse)in the scope oimmediate interesthose entities have limited semantics,
andsome manual editing westill required to satisfy the expected usadipecifically ®tra
mappingsare needed to specify semantics beyond that of the named roles and (hierarchical)
objectified rdationships (that derive from claggRelationship, rendered from the original
taxonomy Such mappirgare requiredfor: mereology, topology, and systems theo@ne
approach wouldnvolve replacingr mappingrelevantlfcRelationshipclasses, or derived

Of FaasSas | yR (KSA/KnaQdey. TR inewydes aielink&diaiurtider § K
appropriate roles capturing the required semantiBegarding the use of the XML schema
source the extent of capturef the cangraints in the form of ruledn the originallFCEXPRESS
schema has not been assess¥dhile some knowledge capture is easignslated the

transfer of more expressivellesmay be more challenging. Moreover for adequate automatic
translationinto OWL, the XSL¥tyle sheetshould povide sufficient supporto preserve

knowledgepropagation

Primarily due to the additional work required to map the objectified relationships to theories
of mereology and topology, and due tioe fact thatonly a small proportion of the building
entities having been identified as requirauld be used from thé~Cgenerated ontologythe

use of the converted ontology was abandoned. However#t@schemastill played a
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significant roldan influencingthe development of the building ontologyVhile thelFCinspired
the classes in the buildings ontology, the ontolaliy notaim to duplicate thgustified
redundancy designed into tH&Cmodel. The redundancy indeed made rgation of thelFC
model easierbut the role of inference to some extengéplaceshe need for such constructs.
However regarding objectified relationships, clear correspondences betmegeology and
topologywere found in thdFCin the forms of super classeaptuiing decomposesnd

comectsrelationships regectively.

The followingTable6.8 and Table6.9 give a brief overview of some selected building ontology

constructs.
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Table6.8 - Selected building ontology classes

Class

Description

SpaceOpening

MonitoredOpening

CheckabléDpening

Zone

Space

SpaceBoundary

WallWithOpenings,
Solidwall

VirtualBoundary

Door

The super class for doorways and virtual boundasyoidthrough
which people can pass foormalbuilding use, excluding windows et
and excluding for the purposes of emergency evacuation

Sub class ddpaceOpeningan opaiing that cha be monitored in
terms of detection the directions of persons passing through
Similar toMonitoredOpeningbut canonly detect passagend not
directionof persons moving through

Definition of zone in terms @& minimum of3 walls cf. wall assemblie:
is adequag. Azone is consider a closed area wigpicallyopenings
such as doors and windows and virtual boundaries

An internal region of a building

Demarks a spacén thelFCa given wall can span several spaces. In
the ontology SpaceBoundary instances map to the wall connectior
geometry in thelFC participate in the space topology and can
participate in a further wall assembly

Subclass oBpaceBondary h LISy Ay 3 Yl & 2NJ YI &
door/s, using the topology

Subclass dbpaceBoundarRrevitdoes notset IfcVirtualElementas a
boundary although it does set some related connection geometry,
the virtual flag is set ithe objectified relating object. The ontology
considers virtual boundaries as openings (passable through by pe:
Physical barrieiDoor is not part of openings it would no longer be
an opening (when the door is closed]though it is topologally

related to the opening
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Table6.9 - Selected building ontology object properties

Role Description

observes Captured aSyaz2NRa Y2yAd2NRy3
sensor e.g. opening by motion sensor. Asymmetric, inherit:
from inProximity Of

inProximityOf wStFTGA2yaKALI 0SisSSy (GKAyYy3

directTangentialProperPai®f

constainsinsideAlongFloor

boundsSpace

connectsWithZone

directlyConnectsWithZone

directlyConnectsWith

ZoneWithOpening

engineeringSubcomponent

containedBySpace

hasOpening

spaceHasOpening

containsStructuralElement

functionalPart

electricalPart

Of 2 a S Q withind.BJh.Symdtié

Not transitivesub property ospatialtangentialProperPa@f
(which is transitiveand has the inverse
spatial:hasTangentialProperParand asymmetricEg. door
touches theopeningframealong its edg€a component of
the wall)but does nottouch the wall

Sub property of spatial: hasTangentialProperPart, range
WallOpening. @nveys a sense of touching at the edge, e.g.
opening touches wall along the floor plate

Non transitive sub properly apatialtangentialProperPaff
indicates directly touchethe edge, and is contained

Sub property of spatial:externallyConneted, transitive and
symmetric, domain is Zone. Conveys sense of contact
externally

Symmetric and irrelfexive, sub property@nnectsWithZone
Symmetric and irrelfexive, sub property of
directly@nnectsWithZone

Mereology. Asymmetric

Topology, internallgonnected, transitive range is Space. St
property of spatial:nonTangentialProperPart. E.g. zone anc
sensors

Sub property ofpatialhasTangentialProperPatias range of
opening

Sub property of hasOpeningot transitive doman and range
are respectively Space and Opening

Wo 2dzy RIF NB | & & Si¥rivefld &amn Y S NB 2 €
parts:properPart, domain is SpaceBoudnary

Derived from parts:properPart, transitive

Derived from partproperPart, transitive, has inverse
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hasElectricalPartSimilar constructs for wireless mereology.

The buildingmereologiesare built in an order starting withfcSpaceentities with whichthe IFC
schemastructureis conduciveln the case ofthe bounding space elementse corresponding
topologyis alsocreated e.g. space connects walhll connects openingypeningconnects
door and windowtypes Thus via transitive relationg is atrivial inference in the ontologio

determine f a sp&e has openings.

ummaiising the realisation of the above in the building ontologgening and doos are
engineeringSubcompona@f boundary(mereology)the WallOpeningclass has the
relationshipcontainsinsidelongFloda specialised sub property basTangentialProperPart
the topologydoes noth YLJX @ O2 YLR Yy Sy (i R ®ihkial 9pe faidde dold NI Q y I YS
relates topologically to thepeningtype by adirectTangentialProperPart@&lationship The
Openingclass campproximate to aloorframe component, whichs a physicabpeningin a
boundary but which can also contaan openable barrier in the form o&doori.e. not
necessarily permanently opeAdditionally virtual boundaries are also opening types
Regarding rareology for example forthe boundaries, the modes constructedin terms of
barrier function so wall opening and door are part of the barriend parts of those entities
e.g. bricks are also part of the barrigransitive) Door is not part of the opening but has
topographical relationshipandis part of the barrier (function) as mentionefipplicationof
the connection relationshipom the topology ontology (referred taith the namespace

spatid in Table6.9) thusadd semantics to the nature of connections.

The topology and mereology constructs are applied throughout the buildings (as well as in the
and sensors ontology). A further example foe pplication of topology is the modelling of

Zone connections.

Regarding the assertion wirtual boundariesn the ontology the processing ofFCconnection
geometrysimplifies its representation anchpture(in the ontology. In that way the sensor
relationships tosuchopenings can be created in a uniform way to other openings,tand
K248 2LSyAy3aa gAGK R22NI WTFAfE SNAQO®

Locationinformationis not stored in the ontology as the meaning of location is very aide
application specificinsteadfor building entities the ontology stores thédentifier of the
closestgeometricaly representativelFCobject Thusa geometric representationan be
retrievedfrom the IFCmodel and its geometry processed according to the requirements of the

application However there is not always a semantically consistent maidgsoan object
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identifier is not always seand under such circumstance the agent has to find an alternative,
e.g. by elaborating a mereology. For examptnsor individualthat are physcallymounted

on a ZigBee un{the sensors ontology is one of several imported ontolog&sre the ZigBee
dzyAGaQ t20FGA2yT a2 Fa YSNB2ft23e OF LWid2NBa (K
unitQ érossreferencedlfcBuildingElementProxyobjS O G Q & rioRrl yhé Serfsdr Beation
An alternative example where a semantically consistent but indirect reference is ursed
connection with thevirtual boundary mentioned abovéhat ontology entityhas no
correspondng IFCelement,but it canbe described bgonnectiongeometryto IFCspace

objects so that is used as th@ossreferenced objectThe lack of geometric modelling in the
building ontology does create a degree of coupling between the ontology ané&hbut the
elimination of tha coupling would have required extensive modelliodully capture the

semanticswithout significant benefit

The scope of thbuildingsontology(and othersmatches the required usagélthough

additional(high levelstatementssuch aglii KS 2yt & gl & F2NJ LISNER2Yya
2 LIS y kofld Be@dded for completenesmyadditionalentailmentswould not currently

find application.The addition of such further domain modelling, as well as the addition of

further domain indepadent theories beyond that already addembuld however facilitate

more usefulabstract and fundamental reasoniigwiderscope and some related aspectse

described in sectioB.1. Regarding integrity, a degree of general buildings A box ontology

integrity for example is derived from tHECknowledge source, and ultimately from the toll

that generated it, at least when populated by agents after complete pracgsgan IFC

model.

6.4 Summary

The followingsummariseshe detailedIFMSmplementationcovered in this chaptedivided

into the distinct areas.

6.4.1 Infrastructure DevelopmenSummary

Several executables were implemented in order to interface directhotb wired and
wirelesshardware via USB and serial pori$e interfaces allow theeadng of sensodata,

and the control primarily ofwireless sensor networks. A data storage provision uses an SQL
database. Whilé is a farly conventional desigrthe implementation required attention to
threading and synchronisation. The implementation is distributable across execution hosts and

isscalable The resources are accessed by client$l@B endpoints.
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6.4.2 Multiagent Layer ImplementationSummary

ThelFMS agenimplementationrealisegational behaviouby application othe BDI
abstraction supporied by the JADEX framewovkth some customisations and extensions.

The agents are supported by BMASinfrastructuredelivered by the JADE framework.

TheBDI abstration is well supported byADEXvith significant behaviouconfiguredvia
property settinggn an agent configuratiofile (ADB. Other implementation in Java (with
underlying support from JADE) shifte programme awayfrom low level implementation
concernssuch as those relating ®ynchronisationthreadingand communication transport

primitives.

Howeverfew mechanism# SNBX | RRSR (2 FdzZNIHKSNJ a0 NUHzO(GdzNE GKS | 3
Thecommitmentclass externaliss: 3 Sy (G 4 Q theséhy Bailitating iyigioved rationality

andenabling theexchange ofhoseattitudes. Theexchange of commitments as well as belief

attitudes improves cllaboration Additionally the custom implementation of thé¢ 3 Sy G & Q

auditing mechanism adgbtructure to the ecordingof the outcomes of goal plans, for later

use in deliberationA limitation though is thatommitments andogs are not semantically

describedd 2 | ASy G a Ol y Qi ailiNdsts ¢f idtghtionsi(Radz arttiel Sicc&sy (i

in thedeliberation phase@mmitments andogs however play a significant role in

deliberation inalgorithmicprocessingThe implementation is a practical step towards higher

integration of BDI attitudes but without formalisation in tesmf modal logics.

For the request, status evaluation and general management of hardware resolredsyice

leaseclass plays a central role in the IFMSlegree of benevolence is still requirdtbughby

resource consumersut as the system is closed, that is not problemdtic. Y2 NB Wl 33aNBX&aaAiAgdsSQ
protocol implementation however may render better efficiency of finite resource usage and is

an area for potential further work (see secti8r2.2).

The IFMS agent layer as a whabenbines knowledgesupport through the use aintologes
and reasoners, but still retains significant behaviour (and implicit rules) captured in Java
algorithmic implementationsThe formal knowledgeapture in the fom of ontologies

contributessignificantlytowards deliberation and means end reasoning.

6.4.3 Ontology Development

Several modularised and cohesive ontologies were developed following the selected Neon
methodology. The methodology includes the descriptionsattguns of which some were

applied. For editing the Protégé tool was found adequate.
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During developmenttte ontologysethas undergone several fairly extensive evolutidng

very little ©ftware neededo be alteredto accommodate tkse changes, while the
programmaticexploitation ofthe improved modelvas achieved with the simpkaddition of
Javacode While accurate and philosophically sound modelling was a main concern in the
authoring of ontologies, the need for practical simplidnd appropriate reasoner output was
recognisedThe scope of semantic expressidid notinclude numericdy baseddomains e.g.
geometrythat would havedelivered little or no benefit bgapture inan ontology Instead
alternativemechanismare used whkre appropriatesofor example in the case of building
geometry, someontologyentities crosgeferencea semantically compatible representation in

contaired in thelFCmodel, and thatrepresentationis processed numerically.

In the IFMS ontologieshe statement ottoncise ananinimalmodelling statementsfacilitated
by relatively high expressivity in the formal logic basedéd2ens the burden omaintenance
as a significant proportion of knowledge is inferred instead of assefteel formal
representation of the domain and supporting theories means that consistency checking is
possiblewhich proved to be useful both during authoring as well as at run tBmailarlythe
querying ¢ domainknowledge is made concise through semantic expressiohelicdase ofFC
derived knowledgehe buildingsontology A boxs algorithmically updatedh a relatively
simple way, using a fixed navigation of tk&schema In the KBthe knowledges thenquery
able fom different perspectiveghus avoiding complead-hocIFCschema navigatiothat
would typicallyrequire extensive rurtime type checking and casting (the objectification of

relationships add further intricacy to the implementations).

The use of the SPARQL query facility was seen to provide sigiyfeasier implementation
than the alternativeof manipulating the ontologiethrough the object oriented mapped
ontology construct approaciihe expressive ontology representation also allows very

compact queries in SPARQL to be constructed that aresitophaintain and debug

The authoring of thé OWL)ontologies requires consideration to the O\W@rrect semantics
canbe realised bysserion with additionalstatementsdirectly or possiblythrough the
elaboration of existingissertionssothat the desired semanticare entailed Regarding the use
of ontology rules, te building ontologyprimarilyin the early iterations contained several
SWRL ruleHoweveralternative expression dhe captured semanticaere foundsothe use
of rules has been mhinated. The removal of those rules had no appreciaddiect on

performance but made maintenance with the Protégé editor easier.
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6.4.4 Hardware Development Summary

The £nsor hardware was developed in order to deliver the required buildmgronment
sensingBoth wired and wireless hardware was developed. However the wireless devices were
developed ashe maindemonstration of feasibility for practical systems. The design objectives
included easy deployment and low power consumption so that battery power geoeé
operationalduration. A very compact and cheap set of units were produced which meet the

operational requirements very well.
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Chapter 7

Testing, Verification and Evaluation

This sectiordescribes thaesting and evaluation of thitkerative development of the system as
a whole after a preliminary system was implemented from the design. dffenges to the
systemare mainly concerned with softwaendare driven by eitheerrors inimplemertation,
improvement in knowledge of the domain mradequate performanceThe latter was a mar

concern as the reasoner execution can be particularly demanding.

The nature othe hardware and itsnuchlower level of complexity at the modular level meant
that although some testing and evaluation cycles wasmpleted,they were much shorter

and more stable&eompared to the softwaréerations.

This chapter first describes the two deployments that were used for the various stages of
testing. Next ®me inital findings from the preliminary unit and integration testing are
described. Building on thearly teststhe testing of larger assembliesmdthe resultsare then
described The descriptions includen outline of the modifications identified to addressiies
found, feeding back into design and analysis as part of the iterative development process
Finallyin section7.4 somefinal stagesystem testing resultsom a realistic deploymenrdre
presented That deployment involves several agents that monitor regma university
buildingthat have a variety of &s Due to lack of spacéhat section references results that
are presentedn more detailin appendice CandD. The system at the time of writing is in a
working state angerforms wellbut areasremainwhere improvements can be madéhese

are identifiedand described.

7.1 SystemDeploymens

This section descrilsghe deployments used to test and evaluate the software. It details the
rationale for the choice of building and the test zead outlines the approximate

placements of sensors in those zones.

Two deploymentsvere used to testand evaluate the systenThe first is in a small domestic
flat. This wagprimarily used for initial development and early testimgnile the second
deploymentis a large meeting area for students in a university buildimgether with several

adjacent officesThe firstdeploymentusesup to 5 wireless nodes and a few wired devides.
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the seconddeployment there are 10 wireless units and a small set of wired sensdigetype
of sensos attachedto the wireless devicesaries but includeambient lightlevelsensingone
or two mation sensorsand atemperaturesensor In additionsomeplatforms host proximity

sensorsattached todoors.

The rationale for each testing environment differed. The first, the domestiofkd used for
initial development and was a location where hardware could be temporarily fitted if
necessary without concern for appearance. The second, a more realistic and large scale
deployment, the university set of offices and roamssusedfor later stage evaluation. The
objectives of the secondeploymentwereto providea more complex and challenging testing
environment(in terms of building geometry, sensor deployment and space usagde

further iterationsin development to improve performanc¢eheck flexibility and evaluate
robustness. The deploymentaskept to arealisticlevel avoidingan artificially high density of
sensorsThe exactfine) positioning of sensors and wireless host platforms is not critical but
regarding general positiongnadequate provision is made to alldar allthe testingscenarios
required, and the details are given in the sections belgl@st motion sensors are used in

multiple simultaneous roles, especially where there are adjazenes with associated agents.

The greatestvariation in zone agent type behaviour arises du¢hmevaluationof occupancy
goals ranging from asserting that a door or openhtmgs notbeen usedo occupancy detection
and counting. The deployments therefore aim to test a range of mgjlgeometries for that
purpose as well as to test some of the other zone agent type capabilitiethe larger
deployment a number of different types of room weselected from those with simple
geometry, to morechalengngspacesi dzO K Foeum(@okn$ Thelatter hasiumerous and
different types of openings and occupancy patterns. Details of each facility foedigether

with the hardware and software deployments used.

7.1.1 Domestic FlaDeployment forTesting

The domestic flat testing hardware is&single PC hogb host the infrastructure modules,
agent platform and agent executables. A National Instruments digital input/output unit and a
ZigBeenetwork controller are connected via USBie sensor hardware deployment is outlined
in Table7.1. An excerpt for the rendered IFC model is showRigure7.1. The red disks in the
ceiling region represent sensors, sensor clusters or a wireless node with sensors attached.
Table7.1 provides an oveview of the sensor provision and the richest types of knowledge

generation goal that that deployment supports.
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Table7.1 - Domestic flat sensor hardware outline

Room Sensor deployment explanation WK A Jdersiagi Q
capabilities
kitchen Wireless uniproviding coverage dhe living_room / Opening monitor
kitchendoorway andnterior, temp and lux counting environment
monitoring

living_room Wireless uniproviding coverage dhe living_room / Opening monitor

hallwayentrance and interiartemp and lux counting environment
monitoring
hallway Two wired motion sensors Continuous motion

bedroom

livingroom

Figure7.1 - Rendering of the minimdFC model of the domestftat deployment

7.1.2 UniversityBuilding Deployment forTesting

The following figures and tables describe university building deploymenFirstlyFigure?7.2
isan instance level deployment showing the main computer hosts, executables, the primary
resources and hardware (excluding the sensor devidésjtFigure7.3 is an annotated
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excerpt from the rendered IFC model further illustration is given in appendsy. Table7.2

provides details of the testing capability of the various ropwisile after thatin Table7.3

more details othe sensor hardware argrovided Finally, sing aJADEX framework tool, a

snapshot of agenexecutionat the university site is shown Figure7.4. Thefigure illustrates

agent messaging amostthree deployedzone gents, a sensor node agent and other

infrastructureagents includin@ yellow pages ager(directory facilitatordf). Specificallydialog

between the sensonodeagent and zone agesis captured together with that betweetwo

zone agents anbetweenzoneagents and thegellowpages

<<artifact>> D @ Router <<artifact>> D
+Agent Platform : Agent Platform
<<deplay>> i
: i : <q‘l!eploly>>
<<artifact>> D | <<artifact>> [ LAN 1
: DigitallOModule | : SensorNode LAN :
;:‘tdeplay>> i i \if
L | <<doploy>> 5 5
; ; <<executionEnvironment>>
Y, v A A A
<<artifact>> D< <doploy>> <<executionEnv.ironment>> 3 3 <<«‘l|ep|0y>>
<<agents> o3 maxey-eng : Windows PC ! ! :
WA : S Node A - | | |
o LAN 3 <<d¢play>>i
<<dep|o¥?‘>.—"’ <<d Ii - i <<artifact-> D
/’/, 690}'}‘ i <<agent>>
<<artifact>> b L -
<<agent>> <<artifact>> O | <<arlface> O
. <<ontology>> | <<agent>>
YP : Yellow Pages Agent . : Building Ontology | 1.35 : Zone Agent
Seri i
ugB <<artifact>> D <<artifact>> D
<<ontology>> <<agent>>
1 Sensor Ontology w.1.33 : Zone Agent
<<artifact>> b
. ilding Model
NI_USB _unit2 : thermometer_decoder : 4 i
_USB = <<device>>
NI USB channel Thermometer lantronix_ w1 :
Interface Decoder USBToZigheeRF

Figure7.2 - The core elements of the university site deploymeFtie sensor hardware is not shown
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Figure7.3 - Excerpt fromlIFCmodel render focussed on Forum area. Selected elements have been removed to improve visibility
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Aside from the sensor hardware, at the instance level the university buildiplgylment
comprises of two host PCs. The first, a Pentium 4 hosts the wired and wireless infrastructure
modules an agent platform and a sensor node agehiNationalnstruments digital and
analogueinterfaceunit is connected to host the wired network vidnien Ethernet toZigBee
module is connected via Ethernet. A second PC, a dual core Intedfi€an agent platform

and zone agents for the forum, w.1.35 and w.1.33 roohable7.2 describes the sensor

deployment and the richest types of knowledge generation goal supported.

Table7.2 - Hardwaresummary and associated begine sensing capability

Room  Sensor deployment explanation Best WK A ) 8eSsing c@pabilities

w.1.35  Wireless unit monitoring the w.1.35/ Opening monitopersoncounting,
forum doorway, temp and lux monitoring environmentmonitor
2T (GKS WAYy(dSNR2ND

forum Wireless unis providing coverage of the ~ Opening monitopersoncounting,
numerous opening and interior, temp and environmentmonitor. Inference of
lux monitoring. Opening types are virtualt W 3y 2 NS Q dzy Y2y A (2
a corridor, locked doors to offices, proppe (maintenance room, infrequently
open doors used lab)

forum Tracker Implementd for completeness but

not extensively tested at the time of

writing
w.1.33  Minimal external opening monitor
hardware. No internahardware
Plant Nointernal or external hardware Inferred infrequently accessed
room
w.1.36a No internal or external hardware Infrequently used (user asserted
assumption)

The hardware deployment at the university site and the rationale is detail@dhie7.3.
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Table7.3 - Sensor deployment specification and rationatehe university site

Sensor  Attached Capability and ationale
unitid  sensors
m2.8 Spot pir, temp, Observesvirtual opening from corridor into Forunperson
lux, aux spot pir counting capable andnvironmentmonitoring
m2.3 Magnetic door  Activity monitoring ofthe door between Forum and w.1.33,
switch, temp assumed no internal access to w.1.33 so alltvesForumagent
to still performpersoncounting undersomeestablished
conditionsthus demonstrating practical flexibility
m2.5 Spot pir, temp, Enuronment monitoring participate in zerdperson)occupancy
lux, aux general detection with the general purpose aux pand can participate
purpose pir in tracking (2 nodes)
m2.4 Spot pir, temp, As above bubascentral locatiorso enhances the role oém
lux, aux general occupancy detection
purpose pir
m2.1 Spot pir, temp, Environment monitoringand participation in zero(person)
lux, aux wide occupancy detection with the wide angle aux device which is
angle pir centrally located
m2.6 Spot pir, temp, Asabove
lux, aux wide
angle pir
m2.9 Spot pir, temp, Observes double doors giving access into Forum which are ¢
lux, aux spot pir propped openpersoncounting capable and environment
monitoring
m2.10  Spot pir, temp, Observes double doors giving access into Forum which are ¢
lux propped open, in conjunction with 2@an performperson
counting. Additionallgnvironment monitoring. Very easily
deployed configuration without aux wired devices
m2.2 Spot pir, temp, Asabove
lux
m2.7? Spot pirlux Observes spring loaded dodterson ounting capable in
conjunction with magnetic switcim c1 Also ambient light
monitoring
cl Magnetic door  Detectsopening of door between Forum and w.1.39so

switch, temp

temperaturemonitoring

167



c2 General purpose In w.1.35 for @avironment monitoring personoccupancy
pir, temp determination and can participate in zefperson)occupancy
detection with the general purpose piAlso temperature
monitoring
c3 General purpose As above

pir, temp
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Figure7.4 - The agent execution environment at the university site. The user interface is part of the

JADEX framework

7.2 Preliminary Tests

A bottom upW 3 f | ZapproacBuBede detailed knowledge of the implementation is used to
derive test plans from execution pathssthe approacthgenerally takenn preliminary unit
andearlyintegrationtesting Thesmallesttest units are those software entitiethat are
definedby class boundariesTteseunits, together withassemblie®f unitsincludinga
commonfagade could be tested without too much overheaol write test harness code to
create input and realistic contexté/herethe creation of test harnessagasnot considered

worthwhile, and especially if combinations of units could readily be debugged after
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integration small assemblies were tested and evaluated together, typibgly K NR O2 RA y 3

some of the supporting units to give predictable responses.

Theunit and early integration test&lentified implementationerrors andindicatedthe
performancecharacteristics of the units and unit assemhliggegration testing in general
gave more insight into the system as a whole and made a larger contritiotitve later
stages of the software development lifecyclde integration tests coverddnctionality
includinggeneral start up and initialisation of the infrastructure and agents, locdtimetions
registration(yellow pages and other intexgent) message exchangandontology interaction
(updating and queryingyith the WAy ¥RY 3 N2 6f SRIS o6l aSao

As well as testing the infrastructure and agent layer softwaredlséng necessarily
incorporatedthe supporting artefacts includintdpe ontologies ad the IFC models. Tests were
configured for typical and worst case loading in order to confirm adequate system

performance

In particular integrationtesting identified where performance was inadequatéorkarounds

took the form of adjusting timeouts douffering information The latterimplementations

either involved buffering oihferred knowledgerbm the ontologiespr buffering of external
events while the reasonaxecues Integration estsalsogave insight into realistic

deployment contextstésting with variousIFCmodels) which isparticularly relevant to the

choice of KB inference useglignificant reduction in reasoning time was achieved as expected
by using the less expressive e.g. reflexive RDFS infefens@mple subsumption queriebut

its scope of application was severely constrained. All the library functions implemented allow
the passing onontology model that is appropriate to the contexso the appropriate models
were reconfigured where necessafpypically agents retain iheir belief base a handle to

several ontology models with various attached reasoners.

Specific preliminaryestingof the different constituent¥ i S O K y ®&ithig tHeAlF3/% Bre
described nextAs with a typical software development lifecydkesting wasperformed at all
stages for a nage of purposes including analysis, design and verificafibefollowing

comments are not specific to any lifecycle stage.

7.2.1 Ontologies

Regarding ontology usagetotal of 34 SPARQL queries and many other simpler queries such
as tesingfor membesshipof adefinedclasstogether with a few object based manipulations
are used in the IFMS by agents. The SPARQL queries were tested and corrected in a test utility

which for that purpose created a typical conteftype of inference and parameterf)at is
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representative of thaleployedusage. The input ontology depended on the test but was either
the ontology shared by agentsr asnapshotrun time ontologygenerated by an earlieagent
execution. An option in agents is to write their various KBs to disk for diagnostic and
verification purposeskErrors are logged at a high levd@RRO®evel) and the logs were

regularly checked in agent deployments.

In the area of ontology A bgopulation related implementationsvere easily verified again

by using a small test utility thaeplicatesthe operation ofthe agentsin that scope Moreover

many functions arémplementedin customlibrariesT 2 NJ & dzLJLI2 NI Ay 3 | ISy G a4 Q dziAf A
general, sensor anbuildingontologies. A primaryexample of custom librargupportis the

population of the building ontology frormdFC modelFor that role,an appropriate context

includesa non inferenceeasoner engine configuration for KB updating.

A number of different editor tools and reasoner versions were usddsting and in the
deployment during the course of developmetttwas however verified that thentology
development tools delivered theame inferenceasthoseproduced by the reasome
implementationused by the agents. The motivation for using a range of tools and reasoners
was that some tools provide extdevelopment and debuggirgupport, while in some
situations some reasoners performed faster. Particularly with early iteragiage ontologies,
the FACT+#easonershowed better performance with the visual editorlaker version of

Protégé for example offers support for explanations and other features.

Beyond the scope of static testing is potential rendering of ontology indensigat run time
In the system during ontology populatioihe most likely scenarios are tlagdtion of

YOt 2assihidagthat render inconsistenttyough mismatchesandthe assertiorof
individuak asmembers of multiple classes which are disjoiftiose errors were eliminated
during integration testing. The former were duedtgorithmicerrors, typically where a plan
added further information without revisioof all the existingclosure axiomgswhile the latter
highlighted modelling errors. Thoseodelling errors typically arose from refactoring the

ontology hierarchy without attention to associated axioms.

Early testing cycles highlighted poor reasoner performance in terms of the time to classify and

NEFfAaS GKS 2y G2t 2 8E8 3 ¢nfolkdy. A significha? pidpdtien aieK S 60 W T dzt
LIMOontologywas not being utilisede. not entailed by application domain inferences, and

soit (the SUMO ontologyy & WLINHzy SRQ | y R oritdldgidziveérd\akt@m$er @ ¢ 62 &dzo
namelysumo_partsandsumo_misgccapturing mereology and miscellaneocencepts and

relationsrespectively
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The use oéxplanationsand particularly the support for thsein Protégé v4.lwas found
usefulfor performing diagnosticehen unexpected inferences were fourfs an illustration

the Protégé rendering of explanation fan this caseexpected) inferaces for a zone is shown
in Figure?.5.
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xplanation for space_JgE JILeKAIY7pHu3fw¥3C Type OccupancyDeterminableZone

AXioms

’ Differentindividuals: Wall Opening_M_Double-Flush-1600 _<_ 198 1mm-1600_x_1381mm-133746-1_3NVHLAMGTEFAQUJOdtYsUp,
tall Opening_M_Double-Flush-1800_x_1381mm-16800_x_1381mm-133782-1_3NYHLAmGTE AqEJOdtsTN,
‘Wall Opening_M_Double-Flush-1600_x<_1981mm-1600_x_ 1981 mm-198642-1_3INWHLAMGTE AqQ.JOdtvizep,
t'all Opening_M_Double-Flush-1800_x<_1921mm-1600_x_1981mm-1328635-1_3NYHLAmGTEf A JOdt v Ne,
sl Opening_M_Single-Flush-0800_31981mm-0800_x 1981 mm-132513-1_3NWHLAMGTE AqE.) Odtvs i,
sl Opening_M_Single-Flush-0200 1981 mm-0800_x 1921 mm-198053-1_3NWHLAMGTE AgQ)Odtvie Ka,
Wall Opening_M_Single-Flush-1200_x1981mm_2-1200 1981 rmm_2-189040-1_3NYHLAMOTERAQR IO VU_n, of24_a_boundary_a, of2d_a_boundary b,
of2d_a_boundary_c, of24_a_boundary_d, wirtual SpaceBoundary_1hCPdjFoS01fflt_EnhcC4, wall SpaceBoundary 0AKASE mm1EoewsUDg_dn3d,
wall SpaceBoundary_0Wd_f'WEDrdmOYnHpj YdSKS, wall SpaceBoundary_0ZxQ02g0nAHRsKW_36_KkrsPM,
wall SpaceBoundary_0_1%gnw 015w RwTE =z Wi, wall Space Boundary_OfeX Gtdkf EjhzWai kvnFgh, wall SpaceBoundary_ Ohy_38_gHwdfDDxSKP Kkiteq_,
wall SpaceBoundary_0i8bjajbPAHxzgjETdyjyZ, wall SpaceBoundary_ Ok_pdAwPXECeFPmCOMN|Tju, wall SpaceBoundary_OrAdirlbb3G07aes5HFE e,
wall SpaceBoundary_142¥Et 36 PwZlkwwxirAyB3WK_, wall Space Boundary_1bumBTzULEtRAmME lwiE kD=,
will SpaceBoundary_ 290 SwCURKADPIVOUIZMEE, wall SpaceBoundary_29%5r SxTzBAP2I9PNSHA 2, wall SpaceBoundary_2 CzP=gzd85wiezST Qmg.)_pf,
wall SpaceBoundary_2DEEtLOWECrBitcOMUAIMS | wall SpaceBoundary_ZRZcdFgWHELAIRAHDT kw UL,
wall SpaceBoundary HEc'wEDS2zhMLNYr_26_n3P G, wall SpaceBoundsry 24 LpWy3aD1CQ2yi kZISCEP, wall Space Boundary_351 Kmbowb0jghY Ol BSr Y kb,

B Syrrietric: directlyConnectsith Zoneith Opening
’ 31FSSE2A-E076-4abd-80E6-31FC12180F 14 Type NapionPIR
’ BIFZ791C-11F7-db1e-8850-3 C4E3CA34661 Type EntryExitBarrier Sensor

’ EAF2731C-11F7-4b12-3650-9C4E3C494661 obzerves
‘Wall Opening_M_Double-Flush-1600_x_ 1981 mm-1600_x_ 1981 mm-198642-1_INWHLAmGTE AqQ.JOdtvicep

’ ABE22522-BLES-4dd1-ATTE-BEAZTILFOESE Type EntryExitBarrier Sensor

# 15622922 BUE3-4d41-ATT3-BEARTI4FDESS observes
"Wl Opening_M_Daouble-Flush-1600_x_1381mm-1600_x_1351 mm-138695-1_3NVHLAm@TEf Agd. OdtveNe

’ CT4FBE1B-7150-4347-05 BA-EQR03T F2204 Type SpotPIR
’ CY4FBE1E-7160-4347-35BA-E8R03TFA2049 observes virtual SpaceBoundary_1hCPdjFo301ffIt_Enhc G4
’ 012B&810E- CFI0-46ff-9086-4472FE7741CC Type EntryExitBarrier Sensor

& 01263106 CFO0-464-9066-0472F5774 100 observes
‘sl Opening_M_Single-Flush-0800_x198 1 mm-0800_x 1951 mm-132513-1_SNYHLAMOTE AqQJOdt Vs X

’ EOCEE482-2BF0-4645-33FE-9856 FOEZBFOD Type EntryExitBarrier Sensor

@ £0036452 2BF0-4643-93FE-3356 FOE3SFOD observes
"Wl Opening. M_Daubl e-Flush-1600_x_1381mm-1600_x_1384 mm-133746-1_3NVHLAmGTER Ag@. OdtvsUp

g GeneralPurposePIR SubClassOf PIR
’ HWYALC- Indoor_HWAC_Unit-Indoor _HWAC_ Unit-295542_2UHr8 SPHTZrAKoMera_rLf Type Humidifier

Hw'Chec kableWall Opening EquivalertTo Wall Opening =nd (isObservedBy same
[EntryExitBarriar Sensor or SpotPIR]]

Hw'Chec kableWall Opening SubClass OF CheckableOpening

HardwareCheckedVirtual Boundary EquivalertTo Yirtual Boundary znd [is Observed By some SpotPIR)
HardwareCheckedvirtual Boundary SubClassOF CheckableOpening

Hurnidifier SubClzs=0Of Building $ervices Plant

MapionPIR SubClassOf GeneralPurposePIR

HNonRegularUsedOpening EquivalentTo Wall Opening =nd [opens some BuildingServiceAndhMaintenance Room)

g OccupancyDeter minable Zone EquivalertTo Zone snd [spacelortains Sensor some Motion] 2nd (spaceHaz0peaning only
[CheckableOpening or MonRegularUsedOpening or Unused Opening])

U PIR SubClassCOf Motion
FlantRoom EquivalentTo Zone and [space Contains some BuildingServicesFlant)
PlartRoom SubClaszOf BuildingServiceAndbaintenance Room
UruzedOpening EquivalentTo Wall Opening =nd [tangentisl Proper Part Of zome UnusedZone)]
’ izl Opening_M_Double-Flush-1800_x_ 1398 1rmm-1600_x_1381mm-133746-1_3NWHLAmGTE AQEJO0dt s Up Type Wall Opening
’ Wizl Opening_M_Double- Flush-1800_x_ 198 1mm-1600_x_1381mm-133732-1_3NWHLAmGTER AqOJOdtYsTH Type Wall Opening
’ ‘Wall Opening_M_Double- Flush-1600_x_ 1381 rmm-1600_x_1981mm-198642-1_3INWHLAmATE AqQOdtYioep Tupe Wall Opening
’ ‘Wall Opening_M_Double-Flush-1600_x_ 1981 mm-1600_x_1381 mm-132695-1_3INWHLAMGTE AqQJOdtYeHe Type Wall Opening
’ Wizl Opening_M_Single-Flush-0200_:198 1 rmm-0800_x 1981 mm-132513-1_SNYHLAmGTE Aq QL) OdtY's ¥ Type Wall Opening
- ornectsith Zone Domain Zone
B ortainsinsides ong Floor Fange Wall Opening
W irect yConnectsiithZone SubPropertyCf connectsWith Zone
Wl direct] yConnectsWwith ZoneWwith Opening SubPropertyOf directlyConnectsWithZone
W as0pening Inverse Of opens
Wbz 0pening Range Opening
WLz Opening SubPropertyCf hasTangential Proper Part
Wi asTangertial ProperPart Inverse0f tangential Proper Part Of
W isObsenedBy InverseOf obsenes

’ queensii'l_36a Type Unusedions

A

ok

Figure7.5 - Protégé 4.1's rendering excerpt of an explanation (Forum zomgedsrminableoccupancy
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Thetest casegor the unit testing of ontologies were derived from the competency questions
for the ontologiesdescribed iM.3.3 The context information was derived from the
deploymenswhichcover a range of building zone geometries, sensor types and sensor
positiors. A number of agas have been deployed to evaluate and verify the operation
Regarding ontology usage by agents and thus a forming a primary part of testing coiexts, t
sensomode agent type utilisesnly the sensor ontologyand its imports)while the zone

agent typeprimarily uilisesthe building ontology which imports the sensor ontolagyd

other supporting ontologiesThere are cases where the zone agent type can use the sensor

ontology directly though to gain performance improvements.

7.2.2 Infrastructure

The following sulsections briefly describe thereliminarytesting (procedures and those
outcomes that are noteworthy or not part of normal development progresghe

infrastructure elements.

7.2.2.1 ZigBeeNetwork Interface

During development of th&igBeenetwork interface some unit testing was carried out by

hard codinga fewdialogs (replies to some implemented commands)substitute the serial
interface. After integration to the serial librgrgtterminal program into whichresponses were
manuallytyped wasthen used initially before testing with thigBeeserial hardware

interface. However timingonstraints and the level of detail required to formukameaningful
responseslimited the practicalusefulness of the terminal prograta simple scenarig The

user interface for thezigBeenetwork interface(shown inFigure6.2) is primarily for status
display but a facilityo 8 & A 3y WoSKI GA2dzNBQ (2 &aSyaz2N) y2RS:
purposes Those behaviours consist of some configuration commands and the issuing of some
write commands that enabled visual diagnostics (the development kit units have l.e.d. status
indicatars on some of the channels). For the next integration stagdility agent was

developed tg ina controlledand predictable wayequest leasesread aml log dataThus

testingincludedintegrationwith and the testing obther systemcomponents (see stion 0).

Regarding th&igBeeh y 1 SNF I OSQa 2LISNI GA2y gA0K (GKS NBad
registration of its sensors and the updating of data, tame interfacesas thoseused as by

the wired networkare employedand such testing of the associated functionally was covered

there (see sectiory.2.2.2, so no further testing was required that areg apart fromthe

simpletesting of additionafagades in some cases.
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TheZigBee y (i S Ndiple@ehit@tinis primarily event driven anihcludes several multi

threaded mechanisms for processing serial data, issuing commands and synchronising wireless
node proxy objects. The mechanismteract and so during testinghe settings for various
triggeringmechanismstimeouts for synchronisain objects andor other behaviours suchs

the defaultactivationof the timeout invocationfor the handlingof error stateswere revised to

give the desired overall behaviour unddifferent scenariosThe scenarios included verifying
adequate behaviour under the highest expected wireless network traffic throughpgut

detailed in sectiory.2.4.1that wasconduded in later testing phases.

7.2.2.2 Sensor Node, Digital Input / Output and Thermometer Modules

The unit andntegration testing of the wired network supporting modules together with the
sensor node executablevas completedising routine software engineering practices. The
testing involved debugging software implementations employing the NHibernate object
relational mapping libraries in conjunction with an SQL datakldsmrpsoft.Net Remoting

technologies, National Instrumé&nUSB driver libraries and a RS232 serial library.

Test cases were derived from the use cases for the sygtéiar the initial debugging, the

testing effortfocussed orensuring the delivery ajood performance in terms of preserving all
detected enviroment events while still delivering low processor usage. Where asynchronous
notification of new data wasot available polling was requiregdbut the overhead is very
modestand asdata through puts ar@alsomodest no specifidifficultieswere encounteredn

that area The implementation of pulse timing of tHevired) devices connected to the National
Instrumentsinterfaces for example was easilyealised. Thaimplementationincludestght
weightmechanisms taletect changes at a relatively fast pogjirate 6500 millisecond

interval), and upon detecting changes, the interfaces are then queried to resolve those devices

having new states and tlreassociated values

Theinitial testingrevealed that the customised settings for the configuration of .iKet
wSY2GAy3 OKFyySfta 6SNB FRSIldzZ 6§S® t NAYFNREE G(GK2aS
specification of server side objects, typically activated as singletons that realise the primary

interfaces

Further testing relating to the sensor node executable revealed siegeadation in update
performance of an early implementatiomhen tables grew to include a relatively large5Kk
number ofentries Thesensor nodalesignincludes objectrelational maping (ORM see
section6.1.]) derived classes to implement the data historé® originally those objects were
manipulated directly in synchronous clieiet Remating associatedhreads As a solution the

sensor histories were buffered and the ORM objects synchronised with the database in a
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separatethread. A3 hour buffer for historical datéor each devicallowed fast update from
sensor interfaces and fast queinpm agents. In practice data is only rarely requested from
outside that time intervalbut for the servicing of requesishere older datds required some
custom SQL statements weagldedwithin the NHibernate framework téurther improve
performance oer the defaultd ¥ NJ Y S inpléwder@asion.

7.2.3 Agent Layer

Theartefactsinvolvedin preliminary testing of the agemdyer, moving from the narrowest

scope to the widest were

1 Methods, typically implemented as common stateless methodmifestedas static
methods2 T WdziAf A& Q Of | & aTthay pmariNyedise8 o0& | ye |
miscellaneougunctionalitysuch as the custom object serialisation for use in a few
messagescf. the semantic language Sklinset / sunrise time related functiolitgy
etc.{ dzOK Fdzy Ol A2yl fAGe ¢ a Soranktesingd Said SR dza
f Qases Thel 3 S ylandntplementationsind common classes aimplemented
following theobject orented paradigm. Typical classes support IFC model interaction
sen®r and building ontology manipulation and ugtd, andthe motion and entry exit
trackerimplementations Again testing at this scope was easily completed with the
creation of test harnesses. The testing of plans holisticatlgvered in the following
scqoes.
1 Smplegoaland correspondingingle(candidateplanimplementationwhich can be
triggered by the BDI architectulmased mechanisms.g. due toevents (user defined
and message eventgndbelief changesTesting at this scopadditionallyincludes
plansthat are triggered by a simple trigger matfdr sub goalslispatched in plan
implementations.The motivation for implementation of the latter as goals cf. methods
is the lifecycle control support by virtue of hgerarchy as well as thether BDI
YIEYAFSEOFFRARY GRFIG Fff26 (KS Testipvag FA OF G A 2
G8LIAOIEEE O2YLX SGUSR 0 @& osegodlshdbe ©eRaftghd Q ( K S
creafon ofan appropriate context.
1 Goal/planimplementations involving BDhanifesationsthat include(non simple)
triggerand preconditionspecificationsn Javabelief stateand beliefchange
triggering goal retry criteria context and drop conditiongind the JADEX support for
goaldeliberation such asardinalitycontrol and inhibit specificatiarBome of that
testing required the hard coding of somef the conditions to create appropriate

contextswhile otherscenariosvere created with support from other assemblies.

175



9EF YL S$a I NB (KS ansayagemen ofid RfGstrucAB® y G (& LIS Qa

connections as well as ilsanagenent ofsensor leaseandZigBee nodes

§ Goals involving more compladeliberationsuchasthe2 y S | 3Sy i (& LIS Qa

occupancy high level godlhe test deployment at the domestilat wasa convenient
environmentfor the purpose ofnitial testing, involving in some cases the hard coding
of contexts and goal dispatch.

1 CGompleteagenttypes the primary types being theone and sensor node agent types.

The testing at this scope was completadhe same way as immediately above.

The software nits mentioned abovecould typically beneaningfullytested using a single
stepping debuggeunlike the more complex assemblies involving BDI manifested behaviour
and asynchronous messagifthe asemblies were tested usisgenarios derived from the
agent responsibilitiegseefor exampleTable6.3 for the zone agent typand Table6.5 for the
sensor node agent typeTheutility agentmentioned aboven section7.2.2.1wasalsoused to
testmodules o2 i K S NJ fingiSnyilily deffore integration into the target agent typeSne
such test involved the evaluation of the2 y S | 3 Sedse managed$ett Facilityhich

was extended in later tests to include the subscriptiongosors and the reading of valyes
incorporating the later integration testing of the infrastructufeheW K lwiil)Cduring testing
in order to create controlled contegincluded thefixingof y @ RSt A0 SN} GA2Y
desired scenari¢thus removng temporally some aspects of pactivenes®f the agentfor

the predictable and convenient activation of scenariddpssage exchange scenarios such as
the request and reply of some agent attitudesludingbeliefs e.g. zone characterisations

were tested in isolation before integration into assemblies.

The objectiveof preliminarytesting, in addition toidentifying andeliminating implementation
errors, was tosimulate andevaluateworst case® 2 | Rangtdifyestigate suitable settirsy
for timeouts. Additionallythe testing onfirmedoperation of supportinghird party
frameworks andresolvedany unclearfunctionality of those resourcesAs well as BDI agent
behaviout the scope ofhe agent relatedestsnecessarily incorporatedntology querying,
ontology updatingthe processing of a range of simple and complex geometoiekKB

population (see als@.2.1), and message based dialog.

7.2.4 Preliminary TestSummary

The followingssueswvere discovered during early unit and integration system testingthad

findings werefed back intahe analysis and design phases.
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7.2.4.1 Performance Related

The preliminary integration testing revealed the need for performance related improvement in
several areasThe problems manifestetiemselvesn several plan timeouts linked primarily to
reasoning and message exchange, which typitrddigeredfurther reasoning.Theseerrors

were addressed with théllowing:

9 Buffering of semstatic information in time critical scenarioBypically buffering is only
used where the overhead for synchronisation is low such as short lived plans.
Examples are the buffering bost agents for sensors. The nature of the buffered
information is in some cases ontology derivmd only where the scope of the query /
reply is invariant.

1 In order to distribute demand over a longer interyvad well as to retain better control
and management of failed messagaequests to the sensor node agent were divided
into sequences. For example the requestor divides requests into smaller time intervals
or according to type.

1 Revision of the usef type ofinferenceengine usedri time critical @aluation using
less expressive inference where possitfer example i few casesransitive class
hierarchy inferencedelivered bythe appropriate configuration of the builh Jena
inference engine, couldfficientlyservice very simple queried that nature However
in practice its application was limited.

1 Use ofthe smallersensor ontology cf. building when just sensor indation is
required The sensor node agent universally uses sensor ontology based KBs and in
some cases where the query imilied to that scope the zone agent can also use such

KB.

In scenariosvhereleases are requestedor ZigBee hosted devisgeach lease requires
reasoning about the corresponding host configuratiorbe completed by the sensor node
agent,as well as mechanisnirs that agentto deal withlatencies associated with tHesuing of
suchcommands tahe infrastructuresensor nodeexecutable Regarding latenciea ZigBee
hostfor example may need to be reconfigured before tisebsequentonfiguation of
sensorsand the desired outcome of such commands are not delivered instantanedushe
IFMS zone and other agent types can potentially request numeteases starting at a given
date / timeafter deliberation to adopt nevplans or in actve planson transition into new plan
states. As well as requirinmgptentially manyleases per plan, multiple plans which each
generate separate lease specifications can be triggered. For exaimpkerum zone has

about 40 sensors hosted by 10 nodes, andagent could legitimately request leases for one
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or more sensors hostely each available noddhe IFMS deployments are characterised by
potentially many zone and other agent types that can request resource leasasafsingle
sensor nodeWhile the simultaneous requesting of leases by different agents is possibtit

isaccommodated by the solutigit is unlikely.

Thus in order to deliver in a timely fashiaf the delivery ofgjrantedleasestates of requested
sensor leases in scenarios whenany leases can be simultaneousdguested the original
design for lease management was refinad part of the development processthat shown

in Figure?7.6. The refined implementatiowasthen evaluated The figure is a simplified
representation of the agertlype@ activity and excludes details abatstimplementation using
the BDlarchitecture.The mairfeaturesof the desigrare the throttling of requeststhe

merging of new leases with existing ones where possibtethe subsequemode centric
processingand managemenind issuing of commandscorporating the use of bufferedata
about the node propertiesAdditionally the solution includes some of the approaches outlined
above such aappropriateuse of ontologyand KBand some bufferingThe implemented
mechanisms were tested with the utility agent as a client and the performance was later
checked in thauniversity deployment, primarily in conjunction with the fonuoom zone

agent as the clienfThe implementatiorwas found to perform adequatelyzy RSNJ Wg2 NE S Ol a
scenarios when the client pursed resource intensive goals such as occupancy counting and
others Some of the features in the final design were missing in the original velitbited
inadequate performancgorimarily resulting in lease requests not being fulfilled when
hardware was available. Requests typically timed out while the sensor ned¢ \&gs

performing reasoning for earlier requests.
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Sensor node agent / Manage resources

Sensor node agent / Buffer lease req.

Sensor node agent / Sync Zighes network|

Zone agent / Request lease

routine maintenance tick

X

fastitick

new requested leases

H
Sacom it b

one minute timer tick

Figure7.6 - Simplified representation of sensor lease manageniegfined from the original designYasks involving reasoning are shown witlghter gaduatedbackground

(green)
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Regarding the throughput of data from the sensor networks, the sensors tipatysevent
drivendata, currently the motion and proximityetectors can generate the highest traffic but
the devicecharacteristicsand nature of the installatiofimit the data ratesto modest levels
The motion detection data rate is the highedtup toa fewevents per secondper deviceln

the scope of the agent layehé¢ implementatiors for the handlingof data from the network
and its distribution to subscribed agerdsl notpresent any significant challenges, and

remained relatively simple.

However in the infrastructurdayerandin the ZigBednterfacein particular, the application
originallyuseda synchronous subject / observer implementation to trigger notification of new
data arriving from the wireless network. Improvemsmtere made by adding some
asynchronous notificationgnd in some cases such as for the update of the user interflaee

observer was removed and updated on a tintestead thereby throttling the refresh.

7.2.4.2 |Integrity and Efficiency

In generalthe integrity of goals and plans is dependent on ensuring that no events from
leased sensors are droppéd. every domain event {gropagated from the source to the
consumer A particularly sensitive scenai®wherethe evaluation ofan environment event is
dependent on aingle eventype, among othersAn example is where an agent has assigned
to a sensor rol@ magnetic proximitgensor fixed to a dooinstead ofassigninga motion
sensorno that role. In that case, although several events from a range of seasenequired

for the determination of a person passing through the dommissing magnetic switch event
leads to failue in the detection mechanisnThe use of a magnetic switchntrassto the

more robustuse of a motion sensor in that rokehich can generate many events for the
corresponding activityalthoughthe latter canstill lead to failure in the determination kxena
single event is droppédTo avoid the dropping of events and thereby deliver robustnass,
bufferingmechanism wathereforel RRSR (2 S @S y, iiealidtd hyzan dppfdpyae Q
mechanism in a base plafhe dropping of events typically ocoed when plans were
executing plan steps that take an extended time to exepwtgch asmentionedabove

included reasoningr other extendedprocessingTheoriginal implementation that waéd for,
and triggeredon, internal events carrying the new dafthat in turn is generated byanother

plan triggered by an agent communication language (ACL) messagkwhich interprets
those ACL messagpused in the original implementation wastained, but some
modificatiors were made. Firstly thésteningplan was modified t@dd to abuffer its recent
interpretations of ACL messaggsnd secondlythe consumeiplan implementationsvere

changed toextract any newnterpreted events from the buffer before waiting farew events
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if no buffered events are peent. The latter mechanism was realised in a base plan

implementation.

For the support of plan efficiencyhe values of timeouts initially set in desigrere reviewed

during early integrationOverall dficiency is affected byrieouts by virtue of avoiding
excessivevaitsif there is a lowprobabilityof success after a given eval, balanced with the
2OSNKSFR F2NJ GKS 3Syid G2 NBO2OSNI FNRBY I Lka
lead to the entire goal being aba, whereas a slightly longer timeout avoids that in a

realistic deploymentin particularthe cases reviewed were thogeK S NBE WOdzYy dzf | G A @S
are triggered by agents internallya@ hierarchy), as well axternallyinvolvingother agens,

any of whch actions couldriggerreasoning. Typically if goal A has sub goah# B includes

Ly 2LISNIGA2Y GKEG GF1Sa Iy SEGSYRSR GAYS G2
the expected execution time of that task in plan B and preferably longar is timeout,in

addition to any expected successful execution duration.iArAillustrativeexampleshown in

Figure7.7 is the goal to synchroniseKB with theenvironment The activity diagramshowsa

scenario thatreates semantic descriptions from an IFC model andiothds those constructs

in to the KBfollowed bythe semantic elaboration and loading s¢nsor descriptionsubject

to their availability(described by lease statedjheload building KBoalinvolvesthe dispatch

of sub goalssomedialog with other agents, and reasoning by the plan itaslvellasby other

agents during dialogany such reasoning could take a relatively long time interval to execute)
Therefore where agents dispatcthe load building KBoalsynchronouslyand several other
characteristically similar onedhe wait intervalassociated with the dispatcshould beof
appropriatedurationto prevent thegoalbeingdropped before it hatiad arealistic interval to
complete In theagentimplementatiorsin general some timeout settings were assigned as
(public)statics inplansto facilitate consistent propagatiotinrough the access and totalling of
cumulative values. Howevesuchuseadds a degree of coupling e use of such a technique

was limited and constrained tosimpleand narrow scopesEnhanced dialog between exgs

could capture abstract descriptions of sudttings and would allow client® set goal

timeouts appropriately.
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Figure?.7 - Simplifiedload buildings KBjoalactivity. Gals are shown in rectangles and tasksolvingreasoning havgraduated backgroundggreen)
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7.2.4.3 Sensor Role Assignment

The testingwith the university deploymentyvhere the density of sensors was necessduigh

in some regions (but still realistic2 NJ I WN3J D), highlighiésl thie @eédYos fyriher
preference orderingn plansthat assign sensor rolaghere multiple alternatives are available
Sich a situatiorfor example is found in that region of the Forum zone (at the university
deploymen) illustratedin Figure7.8. The figure capturea corridor in the proximity ofa

virtual openingo the Forumzong wherean office entrancés located irclose proximity
Primarilydue to theW|j dzI y { ik éntolagy égsRuctgspecificallyobject properties that
relate sensors to building entitie)at include a notion of ditanceranges without the
preferential ordering of role assignments, roleoaltionsthat areless favourablean occuy
leadingto potentially poor functionaperformance The solution wagnstead of using a single
general query, tewreate a numbeof queries ordered according to preferersthat
incorporatemore specifiSPARQhindings The more specifiqueriestake account affor
example the type of sensorsandidentify preferencefor sensorgarticipating inspecific
relationships tdouilding entitiese.g.the observe®ntology object property that captures
detailedfunctional roles Additionally,where multiple role fillersemerge for a given queryhe
implementationwas modified taesolvethe choicesby interrogatingthe geometry in the IFC
model. The custom methoabproximateSeparation derives estimates for the distance
betweenentities toallow accurate discriminatiorThe methodletermines approximate shape
representations foparticipatingentities (that implementation is simplified by querying the
ontology to determine an appropriateference location from the context, instead of detailed
complex further processing of tHEQ, and thenproducesa valuefor the approximate
separation The method handles the necessary transformations from the local coordinate
systemof the building etity concerned(sensors are represented by the
IfcBuildingElemenProxyentity which is located relative to the floousing other custom
geometrymethods.The samepproximateSeparation method, in combination with other
algorithmic implementationsyas orginally used teevaluatethe relationshig such as the
observegproperly, butin the majority ofcaseghoserolesare usedin inferencewithout

further IFC model interaction.

Thus the solution targets more speciiensorarrangementgo determinea preferredorder

for assignment ogensor roles. Thpreferredresult isprobablythat which motivated the
hardware deploymentThe situation comes about to some extent by theform specification
of the coreZigBee sensorunits S @ (1 KS Wik@fattadtiedas welbas thendn a S
numerical semantic relationships outlid@bove For example in the situation shownkigure

7.8, the deploymentationaleis suchthat the PIR device near the door is not intended to be
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used In that caselte user could have disabled it but that would require mooafiguration as
well as rendering the device unavailable forisd S O2 Yy Rl NB s@létlionsT | £ f

PIRs ‘observe’ virtual boundary

PIR is potentially ‘inProximityOf’' door

PIR is potentially ‘inProximityOf’
virtual boundary

virtual
w.1.33 zone

volume

door

forum zone
volume

Figure7.8 - Relationship 'quantisation’ illustration. Depending on the techniques and shape

representations used to evaluate separation between entities undesired relationships could be

established.

7.2.4.4 BDI Related

It was found that the JADEX mechanismmatifying changes in the belief baseagnot well
suited to some applications. Typically whéedief changestrigger plan activation, when those
beliefs are numerous and rapidly changitige triggering oimany sepaate plan handlerss
undesirable. In those cases a timer based obseiver WNEB 2p&ordmuhijivas Added

boundary

ol 01 Q

that monitors the beliefs and implements the desired throttling mechanism. As an exaimple

the sensor node agenthe leases collectiobelief set change notificatiomas implemented in

that wayto triggerleasemanagement

7.3 Late Integration Tedsand Results

The followingsub sections descril@ome selectedgent centridate integrationtest cases.
The tess are derivedrom high level goalthat exclude knowledgef the detailed system

implementation but use knowledge of high level concepts such as agent, godh@mntic to
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structure the testsCorrect and timely operation of the agent functionality relies on proper
operation of theunderlying infrastructure layer, thus these tests check the operation of those
dependenciesSummaries of the tests are tabulated and a statement is given about the
outcome. In some cases further details are included in appendsgeifically appendi@
contains some detailed results from thegte integration testing. All outcomes from those tests
were necessarily positive in order to support the system deployment. App@&mietails

results from thesystemdeploymentat the university siteand is also @ss referenced in one of
the tables but the deployment results frora systenscopeis primarilythe subject of

discus®nin section7.4.
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7.3.1 Zone AgenflypeTesing

The followingTable7.4 details some comments about selected tests. The reporting is abstract in nature but in some cases reference is madectaitedre d

notes inappendices

Table7.4 - Zone agent type tests

Functionality High level details Test case/s; selected illustrative examplés Result / see also
Construct a KB thatis Populate he building ontology A box Domestic flat and university floor region Working as expectedes
synchronised with the  representing the building and sensor appendixC.1.1

current environment

state (sensor

availability)

Choose the type of Evaluate feasibility using the available Simple space geometrienfficew.1.35(see Working as expecte

occupancy monitoring hardware, historical logs of earlier goal Figure7.3).

to adopt and activate  success, preferences anther meta data Complex geometries forum, seeFigure7.3. Working as expectedgee

appropriate goalls influencing choice appendixC.1.2
Inadequate resources of cooperative assertions Working as expected, agent-re
for any occupancy monitoring (inadequate deliberates on a fixed time basis
hardware, unavailable lessee/s)

Asgrt zero occupancy Wait for zero. Simulate different conditions Not yet fully evaluated

without use of motion occupancy / lighting level
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detectors
Maintain leases

(request for renew)

Count occupancy

Count occupancy with

reduced hardware

Request resources for identified taskind a
suitable host, request resource/s using a
lease/s. Verifyhat requested leases were
granted

Select hardware and configure entry/exit
tracker. Selectiomwf preferred resource
depending on plan state (assert unoccupied,
counting). Hardware leases secured with

functionality/goals above

As above but with multiple configuration of
trackers with various opening types and
various associated hardware. Multiple goal
activation for a rage of boundaries. Selectior
of preferred resource depends on plan state.
As above but replacing a tracker with an
assertion from another agent (illustrates

cooperation).

Generaloperation Working as expected

Simple geometry of typical low occupancy (up tt Working as expectedgee
6 people) office w.1.3%seeFigure7.3) and appendixC.1.3

satisfied with single goal activation for a range ¢

single opening (door). Complex geometry of

forum involving the configuration and

management of several trackers.

Forum has openings: virtual openimpors and  Working as expectedee
doors that are typicall’ LIN2 LILIS R 2 LJ¢ appendixC.1.3
controlled and observed building interactions ar

behaviours

Forum andw.1.36 agent§seeFigure7.3forthe ! aASNIA2Y Ay §¢
associated zone¢) 5A &t 6t S WLINE and exchange afone
role with w.1.36 door (spot type PIR) to force  characterisation tested and

w.1.36 agent to adopt check opeg use plarand inferenceverifiedbut complete
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Determineoccupancy

Check opening use

Determine occupancy
from continuous

motion

Participate in dialog
with other agents and
cooperate with
requests

Respond to deliberatior

Dynamic slection of preferredesource
depending on plan statéHardware leases
secured with functionality/goals above
Maintain characterisation assertion about

Zzone

Listen and reply to SL messages requesting

Re evaluate environment and change

behaviour after failed count occupancy goals

Deliberation maintains occupancy mode

remove dependant resource

after 2h assert infrequently used opening
Various controlled and observed building

interactions and behaviours.

w.1.33a agent. Withhold hardware availability tc
force adoption of appropriate goal.

Hallwayin domestic flat

zone characterisation and intentions (occupanc

monitoring commitments), occupancy exchange

Change of commitment resulting in the adoptior

of new goals for occupancy monitoring.

No change in commitments but in order to suste

current intentions leases have to be renewed

test not yet checked in situ.

Messaging log and activity log

Verified with activity log and
ontology snapshots.

Working as expected but no
configuration where aeighbour
agent would utilise occupancy
changes in a cooperative role he
been tested

Working as expected

Working as expectedgee

appendixC.1.2

Working as expected
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Learn lighting levels
Report last interval

environment monitor

Report conclusion

about wasted resource

Recognise loss of integrity in counting/

determine evise count after a misount

Working as expected

Tagging of asserted lighting on/off at occupancy Datacollected / beliefs updated

change

Selection of deployed agents. Summary genera Working as expecteith most

when agent evaluates an occupancy change Ol aSa o6dzi 6A (K
temperatures and ambient light
levels readsee appendixD.2

As above Not yet fully evaluated
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7.3.2 Sensor Node AgefftypeTesing

The details of selected tests for the sensor node agent type are showabia7.5. The number of scenarios for each test for the sensor node type testing were
less numerous in comparisons to the zone agent. Testing with the senor node agent in the university dephayaiedthigher data throughpuwo that agent

was used in order to derive conclusive restdir tests

Table7.5 - Sensor node agent type tests

Functionality High level details Test case/s; selected Result / see also

illustrative examplées

Locate infrastructure services and maintain Periodically pt IIOP endpoints for new resourc Standard operation. Shut down Working as
connections (infrastructure sensor nodes atigBee provision infrastructure elements and expected
network interfaces) check for reconnectioafter
restarting
Advertise resources I ROSNIAASQ NBA&2dzZNOSa DF agent registry Working as
maintain associated resource provision expected
Monitor infrastrudure Extract new events from the infrastructure. Sandard operation

Condition events as appropriate. Notify lease
holders of new events and service requests fol
NBIFIRAYy3 RSOAOSa w2y F
Listen action and replyo requests As above. Requests triggeetting of goals and  Reception of requests from zon Working as

behaviourto typically retrieve datdrom the agents expected.
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Manage leases, resolve supplier of resource (dev
device cluster &). efficient reuse of leases,
modifying existing where feasible (eliminate
unnecessary node reconfiguration)
ManageZigBeenodeSXpower state, evaluate

configuration, issues configuration commands,

maintain nodes

Manage power states of sensors

infrastructure deliberate about and action least

requests

Requests by client agenfbhe rature of Activity log
requested the leases includesquests for new

leasesthose that can extend existing ones, anc

requests for unavailabldevices

Target node available As above

Target node unavailable but becomes availabli Log showing leave state

(temporarily power off some nodes) transitions

Node becomes unavailable then available, As above
hosting resources with active leases

As above As above

Working as
expected.See
appendixC.2.1for
main results
Working as
expectedsee
appendixC.2.2
Working as
expected, se
appendixC.2.2

Working as
expected, se

appendixC.2.2
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7.3.3 Realisationand Validation of Test Cases

Thelate integrationtesting was performed frorseverafformulations Initially controlled

G6SadAy3a G221 GKS FT2N¥ 2F wadl3aiay3aQ aoOSylrNaz2a ¢gKSN

with different buildinginteractions e.g. unlocking a door, pausing befopeningthe door,
activatinga light switch to render a slow experform an uninterrupted exit etcControlled
behaviour varied from entering an office and taking different routes to desks / seating causing
the activation of different sensors. Additionally scenarios such as initiating internal movement
while another peson exited the room were testedPermutations using various openings

where they existed and activity were formulated andtestedS a i ¢ SNB F2NX dz | G SR 2V

62EQ o0la4Ad Ay 2NRSNI (2 ARSY(GATE 62NEGsoOF &S 50SylL N

entered or exited through that openingn contrast uncontrolled test cases whetee
environmentwas observedind recorded wre also carried out. Recording consisted of
marking on paper the tracks of persons through the observed zones with approximate

timestamps. Most effort to date has been on the former controlled test scenarios.

In all cases thagent activity logs were inspected to determine the success or otherwise of the
test. Message logs could be created but as agents log that cqitentnesage logging facility
was notrequired¢ KS Y EAYdzy RSGFAE WGENF OSQ f233Ay3 tS@St

phase.

7.3.4 Evaluation of Results and Corrections

The following sulsections briefly describe the reworking of software ati@alysis of results

fromthe larger scale deploymeimtegrationtesting at the university site.

7.3.4.1 BDIAgentRelated

Areview ofthe run time behavious of BDI agentén the realistic deployment at theniversity
site, when consideredwith respect tothe characteristicof different goals, plans and BDI
related configurationallowed the identification of somepportunities for improvement.
Specifically the in the case of the zone agent type, after reviewing the characteristics of the
goals and planeelating to the higHevel goal tcevaluate occupangyhe settings for agent

deliberationin that scopewvere modified to deliver improved overall performance

The occupancycourt goal andcorrespondingplan executiorwas seen to bgenerally less
reliablein generaloperation than occupancy determinatigmprimarilydue tothe nature of
operation of the tracker clagseesection6.2.1.2.3.) insome sensor configurations. Some
tracker class detection scenarios can lead to unresolved occugaacygeconclusioms (see
section7.3.4.2, and in situations where aagent uses a highumberof tracker instances to
192
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monitor its zonethe generalreliability is decreasedThat scenario is illustrated the UML
activity diagram showfrigure7.10 with the yellow activity pathThe figuredoes notcapture
the allocation of activity to goals or the BDI based mechan&md while still containing some

flow control,it is simplified to illustrate a particular set of scenarios discussed. here

Regardingeliability of the occupancy courgoal the counting plarhasadditionallyto

establishthat its zone is uaccuped before it isable tocommence countingf another goal

evaluate occupancy using environmental state and higsegTable6.3) is not able to assert

that the zone is unoccupiethe countingplan makes th@ssumption that the zone is

unoccupied by monitoring it for a given inter¢glpically 30 minuteg KSy a2 YS WAy i SN
motion sensors are availabtesee belowywithout detecting any motionThebuilding

2 y (i 2 fdefilio@far acountableoccupancy zoe is shown irfFigure7.9. Thus to be

inferred ascountable a zone is notaguired to necessarilyontain any motion sensors that

would be the primary choice fdhe role of detecting motion inside the zoriee. sensos

havingcentral locatiorsand providing a higlcollective)coverage, delivered by, for example,

several wide angle devices or combinations of others.

Equivalent classes

Lore

=nd spaceHas0pening only [Monitorable Opening
or MonRegular Used Opening

or UnusedOpeaning]

Superclasses

i gT=1

Inferred anonymous superclasses
spacefsspect Ratio some deci mal
connectsWith Zone only Zone

Space

=nd [isBoundedBy some Wirtual Boundary]
or [EpaceHas0paning some Wall Opening )
=nd isBoundedBy min 2 SpaceBoundary

Members

Disjoint classes

Figure?7.9 - The building ontology's definition for an occupancy countable zone
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As shown in the definition in the figurthe necessary and sufficient conditions (eeglént

classe¥for a countable zonenly depends omoundaryopeningSy i NBE ki S¥ A0 W02 dzy
classificationsgmong otherghat exclude hardware monitoringlpuring the zero occupancy

detect state, larrier activity detection is also performed y R ¢ KSNBE G KSNB | NB y 2
motion sensors availabléhe agent uses a longer interval of 90 minutesthe basis of its

assumption of no occupancyhich reflectsa typical (naximum) time an individual is likely to

remain in a zonelhe intervausedwhen internal motion sensors are availalibe the no

occupancy assumptio(80 minutesjs a compromise between thathich allowsa conclusion

to be reachedhs soon as possihlerhile upholding subsequent counting integritiypically in

practical deployments, by selecting appropriate sensors based on thearg&naescriptions,
agentscanachieve at leash reasonabldevel of motion detectiorcoverage if not 100%see
section7.3.4.2. Moreover the agent type is abte recognisdts subsequentoss of counting

integrity andit cantake action to recover from that.

Returning to the occupancy countipanreliability, if itis initiated during busy timesany
detected motion(or barrier activity)during that initialactivity leads to failure to assert th
unoccupied statusillustrated by the red activity line irigure7.10. While the zone remains
busy, the plan is unlikely to be able to commence countiven after repeated attemptto
establish the zero staté\nother unfavourable scenario relating tiee plan start-up interval
occurs whereduring arelativelyW |j dzA S,in@tiontdudirfy the plan to exiis detectedonly
towards the end ofno motion wait period. For that interval, the agertias notdelivered any

occupancy evaluation (the objective of thedated goal).

In contrastthe determineoccupancygoal which just distinguishes between occupied (one or
more persons present) and unoccupjeas able to interpret evestin its implementation in a
much morereliableway. Additionally the determine occupancy pldoes nothave thestart-

up overheadhat the counting plarhasin its requirement to establish a zero count

Thusthd 2y S I 3Syid ( @eliiér&ian wasbaditieddo 1h& Bghter constraintare

placedon the decision taestart occupancgountingafter earlier unsuccessful attempts

during busy(high motion detection}imes,so that itmore readilychanges tanother(feasible)
occupancy evaluation gomistead, typically occupancy deteination. The zonea Sy & G & LISQa
occupancy deliberation is depicted in the UML activity diagram showigure6.11. Some

simple criteron applied duringdeliberationin the evaluation opast behaviourspecificallyn

the filter by experiencactivity (Figure6.11), isthe useof a lowerplan fail count thresholénd

f 2y 3SNI WAy T difgyassamedoffiseyhouSNeEritefio redpetziN@ly directthe

agent to abandora particular modesooner anddecrease A (d&sieto (re-)adoptit. However
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during busy times the coumglan will reach the failed state arelativelyshort time interva) so

the fail count thresholdvasreducedto acompromisevalueofH NBGNA Sa FyR H K2
compared to tle out of working hoursalues of 4 retries andl hour. A useful enhancement

would bethat the agent predict when occupancy counting is desirand establisesthe

unoccupied status during an expected (from experieftd) dzireégedifg interval.
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Figure7.10 - Simplified zone agent activit)count occupancy. Two 'early exit' scenarios are higitdid:
the red (leftmost at start)path illustrates activity detection during waiting for unoccupietd the

yellowpathillustrates the case where ambiguous counting is reached
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The occupancy goals also differ in other charadiesasuch as the timingf the delivery of
conclusions which can impact on cooperatiéor example the detection of occupancy plan
can only deliver a conclusipim the worst casgafter itsno motion assertion interval for zero
occupancy assumptidmas expiredThat characterigc supports the above changes to
deliberation.The sharing of commitments facilitates agents delibegunore effectively in

collaboration scenarigdut lack of time has prevented extensive development dg dnea.

7.3.4.2 Occupancy Counting

During thelate integration tests the occupancycounting goal / plan implementation was
identified as one of thenainaspectghat degradedrobustnessThe followingparagraphs

detail somereworking ofthat plan implementation.

Occupancyauntingrelies on the establishmérf a zero count on staiip. When the agent is
unable to makesuchassertion fromanother goal outcomes mentioned abovt has to
establish the unoccupied state through the assertion of lack of mofibe toiceof the
durationusedfor a reliablenon occupancy assption has been outlined abowsheresome
temporal characteristics of the counting plan that influences deliberation settitgse
presented The selection of devices for the role of establishing that zero count already
identifies prefered devices as.g. wide angl®r general purposenotion sensorand removes
any non preferred devices in the samieinity. A further mechanisnthat allows agents to
reduce the interval based on the actual motion detectors selected, involving an estimudtio
the motion sensing coverage, was partially implementedhag notbeen evaluated. The
techniqueuses somanetricsreadily availablén the IFC model in the form of property sets
(PSe} generated by Revit e.g. perimeter, ares well as sensor locati data and information

from the sensors ontology.

For the purposef counting persons passing through openings (virtual boundaries and
doorways), theentry/exit tracker clas¢see6.2.1.2.3.} is instantiatedand configured for each

of thoseopenings. It determines the direction of motion through an openjiagd generates a
corresponding entry or exit evento improve functional performancegeralchanges were
madeto the original implementationincluding the addition of aheck foridentical
timestamys from different devices. The most prevalent source of error due to this scenario are
where two motion sensors are located close together (<300namj in the tes cases both

sensors were hosted by the same host. Although timestamp resolatiche Windows

platformis apparentlyrelatively highits true accuracy has not beeetermined and in any

case would be expected tanry between hardwareln addition quantsation(in time stamping)

is introduced by th&ZigBeehost interface There arealsoseveral further potential sources of
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propagation delays at the millisecond leMeegarding the entry/exit tracker and general

the use ofabsolute time difference® the millisecondare currently avoidedjust the order of
eventsat the 1/10" second leveis taken intoaccount Therdore attempting to improvethe
performance otime stampingn the infrastructure was not pursuethsteadthough the

further work chapterdescribes possible time stamping closer to the source, with the added
requirement for synchronisatio(seesection8.3). As the curent MASinfrastructure
implementation does not guaranteeluring propagationto preserveevents inthe order
received at the hardware interfadqg¢hat could be used toidambiglate apparent same time
stamps subject to some constraintssee sectior8.3), the updated counting implementation
treatsidentically time stampe@vents as ambiguouand in general resets any related
algorithm statesThe availability of lgher accuracy and precision in time stamping of events
may allow for some improvement in robustness, although with the modifications outlined the

issues are not problematic.

A further addition to the entry/exit tracker was to handle th#uation whereit is configured

for a door to an office, in order to deal with the scenario where a person knocks on the door,

an office occupant walks towards the ddoranswer,and both persons enter the office

causing 8’ R dzI f . Adbt@ciba SoNdihm was implenteed to identify such a scenaridn

addition the algorithm can deal with the scenario where two motion sensors are configured to
20aSNWVS || @GANIdz-f 2LISYyAy3S I yR(thHe dobismslez y Sy i
scenario essentially includes tBe¥ ¥ A OS 2 O OdzLJI yThat alyrghdroduritsyid o | O
y2y GNAIISNI $OSyia Ay (GKS wSLMAaAaz2RSQ 6ST2NB
' RRAGAZ2YFEE @ |y WA 3y 2 NBtriggektydea witk residéial dventkJt A S R
generation due to such activity as unlocking the door, light switch activatioriTe&cevent

counts are compared andwalueabove a predetermine&imilarityQhreshold indicats an

' YO A Idz2 dz&a WS Vhéayéntowtll hslialyesstdiScyuinting ste in such a condition

Testing revealed good success rates with the virtual boundary setup but less success with the
2TFAOS &S0 dzLIydiNER ERAQS STASYHIS 3B SNI A2y d ¢KS
the imprecise coverage and motion event gen@atby the motion senseand the difficulty

in finding suitable parameters for the similarity threshold and activation window when used

with a physical doorA configuration where good performance was found involved two

identical spot type PIRs locatedidentical geometric surroundings (a corridapnnected to

the same host. It was also expected tivagsituation whererelatedsensor roles are filled by
differently hosted sensors e.gnewired andanotherwireless, that different propagation
delayscould have a detrimental effegivithout very precisalgorithmparameter setting.

Ideally the agentould applylearning to establish parameters, withe actual outcome during
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learning being derived from collaboration witleighbour agentso identify the actual

occupancy changd hedynamic adjustment of motion sensor sensitivity also suggested in the
further work section could also improve the performanoehis scenarioCurrently the agent,
usingknowledge from thebuildingontology, only applies thelual trigger algorithnwherea

virtual boundaryis observed by identical sensos.K S Wa I Yi§dde viherdndivid s I

hawe matching concrete classes i.e. leaf cJasshe hierarchy graph.

7.3.4.3 Sensor Role Allocation

In order to improve the operatiom terms of the effectiveness of (resource utilising) glam
deliver its designed result, the selection of sensor role allocation wasakiated and extra
selection criteria wre added where possibldVore specificallywhere multiple leases are
requested which is typical, the ordering of those requested were reviewed to identify any
benefitsfrom early availabilityof specific deviceoles. For examplein the determine
occupancy plarthe capture of themotion of persons moving away from zone emtcas
immediately following entrycandeliver early plarsubconclusionsin that example, sch
detection capability is delivered by motion sensors near boundafikse order of lease request
would not affectthe immediacy okensor availabilitput other factors canHowever the
evaluation of preference cancur additional overhead-or examplewired device leases are
alwaysactioned by the sensor node aganimediately, due totheir typically always active
configuration.However the determination of vaether a given device is connected to an
electrical outlet(thus not battery powered)either by the sensor node or zone agent types
involves fairly expressive A and T box querying. The overall net behafitied sensor
selection criterids therefore mt clear without further investigationAnother example relates
to wireless network deviceghose leasefor sensors that are hosted by nodes already in a
adzZA 0 0t S O2yFTAIdINI GA2Y |INB | ROl yOh®ieriv2 (KS
avoid thescenario where an agent may wait for a particular lease / role to become active
instead of employing an alternative sensor in that role that would be ready almost

AYYSRAFGStEes AdG Oy dzas GKS SEA&GAYJatiteSl 48
7.4 Final DeployedSystem Testing and Results

For final testing of the IFMS from a high level functional perspectieeuniversity sitdacility
describedn section7.1.2was usedAn infrastructure to support the sensor deployment
described inrable7.3 was configured, and is shownHigure7.2. Zone agents wereun to
monitor each of the zones detailed Trable7.2. Additionally a sensor nodeyant was
activated as well as othexgents, including primarilg yellow pages agenThis section reports
on some of the results of #testing.
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AppendixD containsa number of samples of system outgubm final testing of a deployed

IFMS The outputis asamplf i KS | 3Sy i aQ 3 Sayjed teysifrénRS 78t A ST a
August 2011Theexcerptsdemonstrate the preparation of environment related beliefs by the
agens thatcan be madevailable forconsumption by amxternal tool for aalysis and

visualisation

The results illustrate the occapcycounting by agents during office houesnd occupancy
determination outside of office hour@ncluding weekend hoursThe agerd @zcupancy
beliefscontaindetailed data such ae identifiation ofwhich openinghrough whichan

entry/ exit caused a count changé can be seen that for exampthe Forumzoneagent was

not able to staribccupancycounting untilthe early afternoonon the 8" August which

followed the interval necessary &stablish confidence of an unoccupied zone and consequent
zerocount¢ KS | 3Sy (G Qa S ydata is&RighatSvithipecipanaydvithin & few

tens of seconds. The slight differences arise due to the fact that goals are independent and an

appropriat timestamp creation depends on the nature of the plan implementation

A general observation about the hardwaserformanceis that for the deployed period to date
of 22 weeks all the units irnthe network have alwaysbeenavailable except for one unit tha
was located in an area thappearsto be difficult for radiofrequencyreception. That unit was
sometimesunavailablglestimated 5% unavailabld)ut after movingt 600mmawayfrom a

wall, it hasshownno further problems. The same set of batteries bagn used with all units.
The utilisation of the network igrobablyhigher than would be typical, as it has been used for
load testing Battery voltagereadingstaken from all 10 units show no significant drop in
voltagelevel. Howeveexpected battery prformance characteristics havet been

investigated so no assertions are made about the expected battery life.

The scope of system testing (and late integration testing) builds on the early integration testing
that was used to confirm correct behaviouitiwvarying hardware availability, including

removal of dependencies during associated plan execuli@andware becoming unavailable

for examplehas a consequence whereneagentsare forcedto withdraw commitmentsand

when involved in collaboratigrhat triggersthe notification of the state of affairdo other

agents The testeexamine the timeliness and propagationasfy associated shared intentions /
commitments in the agent societfhe testing include ¥ I A f 2 @vBekeldgeitsS & (i a
automaticaly substitute failed resourcespmpensate fothe withdrawal of collaborating
agentsetc), and includes similar examination of behaviours from a temporal perspective
However the high stability of the deployed system mesdhat practically no variatiomi

sensor availability was seen during the evaluation period, so assessment of integrated tests of
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that nature could nobe readily carried out.Insteadthose more complex failovexcenarios
will need to be simulatedndthat is left as an area of furthevork. However some simple
failover testing was conducted where it could be easityulatedand the associated

mechanisms were seen to function as expected.

Regarding uncontrolled scenario verification, some analysis was completed by searching
activity logs for a specific contexts and verifying that expected behaviour was exhibited. In
some cases the relevant agent generated ontology snapshot contributed context information.
That typeof verification was usetb checkagent deliberation, accurate use of thedit

mechanism in deliberation, and accurate and timely generation of environment related beliefs

and summaries

In general, the systemas a wholeperforms well under thenaximumdata throughputwith no
performance degradation. Howevat times the modestly specified host P@ Pentium 4
based machine) running the infrastructure and sensor node agees show high processor
activity. The systenby designis highly distributable and for the support of larger wireless

networks may benefit from deployméwver more PC hosts or muttbre processors.

Regarding occupancy determinatia@xtended evaluation indicates that counting performs
well for small offices. For larger rooms the agent often reverts to occupancy determination
after encountering scenarioshich lead to loss of integrity in counting. However even after

such regression useful knowledge for facility management purposes is still available.

7.5 Summary

This chapter has described the system testing and some validation in two different
environments The deployments exercise a wide range of functionality of the IFMS. The
university deployment is very typical of a real deployment and has highlighted errors that were
fixed iteratively. The university deployment generates typfoh real deploymentjlata

throughputs under which the system performs well.

Several aspects to address agent performance, particularly during reasoning with ontologies
have delivered good resultéfter unit and early intgration testsrevealed mordundamental

errors, later iterationgocussedon addressing deployed contextlatedissues.

Regarding maturity, some aspects of the frameworkdizeen deployed and operational for
up to two years(primarily the wired infrastructure)vhile other aspects have beemdeloped

fairly recently.
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Regarding the development processiedo the relatively diverse range and number of
frameworks involved and frequent updating of those frameworks over the development
lifecycle, as well as fairly extemsicustom source codenplementations some automation

and structuringof regression testingmostly performance relatedyould have beemeneficial
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Chapter 8

Future Work

Thischapterdescribes somepotential areas of further work, groupkby the type of work

involved. The first subsection outlines the additioreahancemenbf ontologies and the

benefits that would be deliveredncluded in thissubsection aresome suggestions to add

more structure tothe learning mechanismgsed by agentsNext, work is presented thagims

to improvethe rationality of agents in generabut which would initially be applied to zone

agents, followed bguggestedmprovementstothea Sy a2 NJ y2RS | 3SydaqQ 02y
Some work toincrease the efficiency afhe wireless network operation is covered next

followed by a description of an area for investigation that could improve the hardvirmally

some deployment related aspects are described covering how the system could be extended

to other domains and some implementation details that would ease deployment. Lastly a

summary is presented.

8.1 Ontology Related

The elaboration and modularisation tfe existing ontologies and the craah of new ones

that could beconsidered for application ithe IFMSare detailed inTable8.1. The table

describes the nature of the addition/elaboration and the benefits derivdst of the

domains listed are already modelled to some extent, so the work would involve modularising
and elaborating those domain modelhenew domain is that ohumanbehaviour, including

the captureof how humans interact with the building environnten

Table8.1 - Refactoring and addition of ontologies, and the benefits gained

Domain Utilisation and motivation

Temporal Theexistingapproach for temporal informationapturein the IFMSontologiesis
simpe butfunctional XML typed data propertiese used to represerdates,
times and durationsand constraintsare definedwith SWRIltules Thus temporal
expressions are evaluated at a low level, lacking rich, unitordabstract
constructswith associated semanticAmong the simpletemporal relationships
potentially sought ardefore after, overlappingWA y & A R SeQerateinpbi@lS

ontologies have been published with varying sophisticatind associated
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Agent

Human

characteristics e.g. compactnessse of integration etcThebenefits in the
context of the IFMS of the different approaches remainareafor further
investigation

Smple agentmodellingisincluded inthe IFMSontology provisiorbut is not
currently being used to any exter®ne objective of the agemntology would be
to supportmore complete reasoning about attitudes as describedection
8.2.1 The associated compency questios would limit the scope of the
ontology toarelatively narrowonein comparison to a complete BDI
formalisation as discussed section3.1.3

As wellas capturing simple aspects of BDI behaviour, the ontatogid provide
a basis for semantic plaifwith appropriate formulation of intentions and
commitments) and possibly goaéscriptiors. The semantic description of plans
i.e. a desdption of the algorithmic steps incorporatetbgether witha
restructuring of plango give higher granularitywvould lead to higher efficiency.
Currentlyin some cases some semantic knowledge is captured about plans,
that is captured in the delibetebn mechanisms, where the agent also reviews
the outcome of previous plan execution via thedit.

This ontology shouldrpnarily apture human abilities e.g. move around, (sihd
remain seatedat desk, and activate lightingause motion tactivate lighting on
entry / exit to a room Some behavioural characteristissch as those derived
from the modelling socigbehaviourdn different environmentsnay also lead to
useful inference. For example in the context of human egress Pan, ¢144l]
describe competitive behaviour, queuing and herdisge sectiorB.4).
Additionally, the ontology while modellingthat peode havepreferenceswould
be able to act as the basis farframework for learning those preferences e.g.
environmental settings, and habitSurther areas itthe discipline oHuman
Factors Engineering the scope ohow humans interact with théuilding
environment ould contribute extra insight.

A specialised agemype introduced into theagentinfrastructure woudl be the
likely utiliser of thenew ontology. Theagenttype may represent a single
anonymousndividual or where occupancy countiigynot feasible to that
granularity would represent collections péople but in both cases realistic
(social) behaviours would be capturedlsome extentOther than social
behaviour, diring movement the human agent could negotiate with zone age!

to explore feasibilitythat entry to that zoneoccurred In some contexts it might
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Extend
building

Extend

SEensors

be possible to attacka LJS NE Blahti®ydtarthose agentseither by matching
preferences for environmental controls, integration with a computeritogtc,

or by other information such as the single occupancy of an office allocated to
individual.Confidence levels in assertions would be improved by the combing
2F RAFTTFSNBYyld WSOARSYyOSQo

Extension to the building ontology could include safety, securistasuability,
andenforcement of building regulations. Specialised agents introduced into t
agent society would be the utiliseof the new ontologiesThese agentsould
potentially performaccidentpreventon and managementnitiated by spotting
dangerous behaviowr conditionsand eithergenerat warnings and alarmsor
action safety / preventativeneasuresAn example is the provision of assistanc
in emergencie such as (high) lighting exit routés.the context of safetyan
agentmay be able to detect falls for example, by drawing on other ontologies
and through negotiation with appropriate other agenWith appropriate
modelling, br fall detection as well as well as foirther goals,other information
in addition to motion dad could contribute towards useful inference. Such
information includes aminderstanding of the roontypes the usualactivities
carried out in thatareg and temporal relationships between inferenceseairlier
activity.

Sensor devices haween adequately modelled as well as some of the aspect:
the ETRX357 device (topology of microcontroller and peripherals etc) but the
ZigBeanetwork has not been extensively modelled. More efficient mesh netw
configuration(routing) might be possiblérom inferences about zone topology,
building topology and mereology with respect to the locations ossenodes.
Usingan enhanced network modéh conjunctionwith the ZigBeeplatform

model, further improvements in operational efficiensuch aseduced wireless
traffic andminimumtransmit powerscoud be gained by higher grained

configuration adjustment.

In connectionwith ontology utilisationthere are furthertechniques thatould be usefully

appliedby agentsExplanationglescribe howinferencesare reachedA specific type of

explanation is the justification whichds & dn@imal set of axioms that is suffent for agiven

entailment to hold Rellet provides an explanation servige outlined irsection2.2.4.3 One

way the service could based is to examine the explanation for details of thependant

resourceghat support the inferenceo that the agent can then requette provision of those
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resources Currently in that scenariogiven a particular inferengcagentssearch forthe
correspondingesourcesvhichcan involve several queries and associated dialod,tbes
were modified as suggestedn efficiency gain auld be achievedrurtherutilisation of
explanations could based in difference comparisarinsuch arapplication agentswould
dynamically comparan inference representing aactualcircumstanceawith atarget
circumstancein order © determine what ations haeto be carried ouin order toreach the
target However such a scenario relies on detailed ontology support and adequate
programmatic analysjso any benefit would have to be balanced with the added support

needed.

A further area that could atlextra flexibility to agents is the useXQueryand XRth [177]

facilities applied to thelynamicanalyss ofontologies XQuery is a query language for XML

while XPaths a syntaxor specifyinga path to a set ofodesin an XML tree structure.

Therefore the facility could be usefully employed to query OWL ontologies where such
functionality is not supported by SPARQL. A specific example for use in the IFMS could be for
examining routes between zones when analysing the mea@ of people in buildings.
Similarlyin the analysis of th&igBeenetwork mesh, for exampl®© 2 dzy G A y 3 WK 2 LJA Q
end device and a controllevould be a useful applicatior Java API supporting XQuery and
XPath ighe Java XQuery APXQJ¥specifcationof which there are several implementations

available.

In connectionwith IFC building modelsué to the expressivity of EXPRESS feasible that
information could be represented in slightly different ways, especially if different building
modelling tools are usetb create the modeandwhere the modelis thenexported as IFC
compliant An initial motivation for generating afrC ontology from the schema wasadd
flexibility inthe 3 Sy G 4 Q Ay ESPREIEIcisand hid yiay Befvorth reisiting
Agents currently have tdowncastJava class types and teke results andtest for the
existence of possiblelationships etcin order to navigate the modeDnlyscenarios to
support the expression of models found irethelection oEXPRESS modeted for testing
have been implementetb process EXPRESS madafsile the current implementation is
adequate fa the range ofRevit modelencountered the possiblesariations in IFCompliant
representationcould justify the implementation of a more semantic basdeéirpretation, in
orderto generatethe buildingontologyQ A box The XQuery facility as well asAHQL would

be useful in extracting model data.

The IFMS ontologies focus on supporting the largely domain focussed competency questions.

Some domain independent theories and concepts play a significant roladakpected
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much more semantic elaboratiacould be completed, which could support more abstract
reasoning. In a more generic building ontology for exangeh inference may be possible if
aldFidSYySyia adzOK Fa (GKS Wo2dzyRINE YSNB2f 238
02dzy Rl NBE Qd ¢oih@itm2nt do@d defiiehit@nlthie sense that without openings

there would be no means of persons to enter, or it could be further defined in terms of the
descriptions of passage of other physical phenomena. Such modelling may be able to
contribute towardsmore fundamental or cross domain reasoning, particularly if other
ontologies such as that modelling human / building behaviour were to be integrated.
Regarding the integration with numerical modelling of physical phenomena, while logically
based knowledgeepresentation modelling would not replace a numerical approach, it may be

desirable to capture applicability criteria or interrelationships between numerical models.

8.1.1 Structured Learning

Learning in theFMScurrently involves updating beliefs under knowonditions in a fairly
restricted way. Théorm oflearned data currently isither the addition of new individuals to
thel 3 SsyA bR, the setting of existinggnown)propertiesof individualsin the A boor the
more basic updating of raw belief badata. The latter is only minimally described

ontologically (with Java based ontologies) or is plain Java data types.

An area ofutureworkcould bef S+ Ny Ay 3 G KNRdzZaK ( RixldslJRF G Ay 3
expected thathe main benefit would be in #nenablement of further inferencdsy the

ontology in contrast tdhe intrinsic informatioral value in the learned statements themselves
Thecreation of temporal relationships between ontologically described events that the agent
generates i\ starting pint, but others may be relevant depending on the contextother

learning scenario is detecting changes in inference due to the addition of new indiviguils

may be the casdor example that anontology update triggers a more specific inferencedo
zoneindividual A change listeneraaild be configuredvia the Jena APto listen for all triples

added or removed sthisis one approach that could be used, with filtering for those related to
individuals of interestAnagen®® context, primarilythe state of its attitudesisa rich source of

informationthat could be usedor the elaborationof concepts andelationships.

Reification olearnedconstructs added to any A box is central to maintaining ontology
integrity. Alternatively, learned costructs could be added with a probabilistic justification,
which could be adjusted as the agent evolves. A version of Pelletrkag®rontq178]
supports reasoning with sugirobabilisticconstructsas quantifying the probability aflass
membership or subclass relationshigfiePronto reasoning process generam®babilistic
entailmentand also provides explanations.
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Regarding thénterpretation of learnedconstructs there areseveralpossible aproachesOne
approach could involvehe agentaddingknown (existing)conceptsandwith the relationships

it finds, while another approach is wherecouldaddnew anonymousconceptswhich it later
elaborates The use of the latter would likely followthaio step process wherafter an

adequate level of confidence or repeatability was reached (through the use of colieeted
dataor probabilistic quantification in OWL), some ontology alignment could be performed to
find anYhterpretation(or close aligment Thsinterpretation would beuseful for humans, and

for thel 3 S yilin@t@ role of generating useful knowledge.

The generahature of learred content is expected to be derivdtbm commonsense or
domain independenknowledgesources For example, when the opening ofdmor is sensed
followed by the determination that an associated spaceupancyhas changed from
unoccupied to occupiedndthe activation of artificial lighting is detectethat sequencds
most likely due to the actits of a person who has the capability to move around and interact
with the building Thusan ontology modelling humans woutdovide the main resourcesr
0§KS WAy (i B MhatsBnarioThat Boh@irndependentknowledgewasexpected to be
containad inupper ontologies such as SUMO. However while the OWL trans@teldMO
currently used has deliverasseful domain independerabstractconcepts and roles from
which domainspecific constructsiere derived more complete statements arttieorieswere
not foundin the translation usedOtherhigh level ontologies or translation techniquasould

therefore bereviewed

Whether entities could be adequately disambiguated and identifiedf alignment with

source ontologies would need to lketermined The method of refining simple constructs into

a more useful expression wousdsoneed to beinvestigaed. The creation of ontologiesdm
language based sources is widely reported and so this application may be able to utilise similar

techniques.

The man value as mentioned is expected to be in the support of further inferences rather than
the creation of perhaps trivial statements themselves, thus enriching the original ontology in

application (micro, agent centric) specific ways.

8.2 Agent Related
8.2.1 Potentdd & OOOEAO )i DOl OAT AT OO 1T £ ' CAT1 008 2A0EI]
Thepotentialimplementation ofa frameworktoallowl ISy Gia G2 NBlFaz2zy Fo62dzi SI OK

attitudesin a general senseould enable the use of collaboration to be considered much

more commonly and widenits scqpe beyond specific implementations for particular
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scenariosTheSEOKI| y3aS8 2F a2Y$S | 3Syadradbutinétask dedaitSa O dzN
way, for examplefor the goal of occupanogvaluation.In additionfor the ability to request

2 (0 K S NJ IHiadeyin teXirstlindtance and al$o communicate themthe framework

would include modelling of goal and plans and allow inference abpiatiiment. From the
F3SydaQ AYyadSNYyLFt LISNALISOUG Aaeddyca@ures impliditly in K | 4§ &
the BDI agent designA rudimentary agent has been ontologically described but as mentioned

IS not being currently used to any extent. Tde®pe ofelaboration of sucla modelwould

remain relativelysimple to support theequiredinferences for the proposed framework, in

contrast to aiming to capture a more complete BDI formalisation as discussedtion3.1.3

which would not be feasible givahe expressivity of OWL, even if it was desilatentions

are not currently explicjtalthough the agentsan alreadycurrently exchange commitments

and some beliefsGoals could be readily integrated into the framework

While the current IFMS implemerttan addresses some areas targeted by the proposed

framework, itmaybring about improvements in the following areas:

1 Allow the removal of duplicated effogubject to the constraints imposed lay
I 3 S yodahspecialised perspectivedptured by its titudes).
I Promote better sharing of resources
1 Perhapgpermit efficientdiscovey of justification to attempt previous goals that had

earlier failed (possibly combined with the semantic description of error codes).

Even without conveying intentions, an®g’ i 1y 26Ay 3 Y20 KSNHd& I OGA D
infer the range of possible behaviours of the agent and thus determine if ongoing

collaboration is feasible, if the other agent cannot answer requests immediately using its
beliefs.Although to some extent similar scenarios have been considered and partially

implemented using commitments (see secti®R.2.)).

8.2.2 Resource Control

The current sermr provisbn is based on the objectivef minimisingthe power consumed by
the network nodes as a whole, so the sensor node aggra will seek to share active nodes
and sensors to reduce duplication of powered sessas well agninimisngthe overheadof
powering and managing wireless nodests Requests and allocatiofsr the supply of data
are made using sensor leases describing a list of alternative devices, dwftth@nprovision
etc. The sensor node agenay dynamically reconfigure the netwkas appropriateo
provide theagreed leasesThe requesting agents currentlip nothave any concept of the

varying¥ S E LJISfyegu<ied leases, nor any concept of the finite limit of resoyratisough
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granting of one of the alternative resources spg®d in the lease reflectsome ofthe

management criteria mentioned

Further workthereforewill involve the implementation ba frameworkto externalisethe

wO2aiQ 2Bymddhg thedzdsn®ee ®ansparent, resource consumers can make more

informed decisions in their selection of resources, instead of having the service provision

abstractly reconfigured for theraccording to more restrictive resource management criteria

The costfor eachresource re-evaluated on a short time basisjll be determined by the

existing lease@lescriptiongeconomy of sharing), historical senseguests expected

remainingbattery life (derived from logged use and real time voltage leealding) and the

ease of sensor node seririgo (1 K S Yeplacinga attéryfisaffectedby the ease of

physical access to the hagigBealevicefor example) A slight complexif is that the initial

NEIjdzSad2N) gAff WLI &Q lequéstorssatithipleinitediSechamsimy & dzo a Sj dzS
gAff 2FFSNI 42YS F2N¥ 27F WORAdadSlyiie coStivillver® G 2 | LILINE LIN.
over a requested interval, as agents can request any duration and the requests are not

synchronisegdand so the implementation should address thatpotential approachor

implementationcould involvethe analogoupayment2 ¥ W Yod ghfliéafbn thatis valid

for a short intervalThe amount issued would be shared equally betweeaglicaits. The

useof¥2 TFSNA Q 2thal takeddontothd cinedt getwork statewould capture

the sensor node agen@short term strategy Theoverallmotivationfor implementation ofthe

new frameworkis tocontrol access t@igBemetwork resourcesnore gpropriatelythus

ensuiing availabilityof hardwarefor the plannedsystemdeployment

An alternative approach would be where agents requesting resources tal@ithent

resource utilisation by other agents into account in determining tbein behaviour. A

motivatingscenariois onewhere collaborative working leads to lower resource ,useagerd

could choose a collaborative plan to realise thabnomy By understanding the goals and

intentions of others, agents could potentially request et to change to collaborative

behaviour where it is consistent with their goalhis approach though shifts the emphasis of

NBaz2dzZNOS SO2y2Ye Ay i tat wspénSillity fesiding witlytBessaurcd y a G SR 2 F

provider.

8.2.3 Enhancement of the UtilitAgent Ty

The mplementation of awirelessnetworksstatuschecking agent would add robustnessthe
IFMSby identifying sensorehichmay have failed (so that alternatives could be substituted)
and bygeneratingalerts for mantenance The network monitoring would include the reading
of battery levels (that can be read from nodes, as well as several other status values),
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identifying those for replacement that are approaching the end of their life as well as possibly
leadingto the suggestion to shift the general utilisation among devi&shan agentwould
alsoperform diagnostics to check hardware operation, following gdssdreate test
scenariosandanaly® the results. The tests could compaakkedevices in similar gdexts,
andcompare thehistorical peformance of devicesThe test scenario conclusigih

appropriate would be reported tothe host sensor node agettfiat would then utilise other
resources in preference where possillgen fielding requestsuntil the situation was

reported as rectifiedAs mentioned, requests would albe generated tactionmaintenance

to rectify problems,or to request the completion ofurther investigaton. The functionality
described isr some part an automateextersion, and further enhancemeiatf that

implemented inthe utility agenttype (se€eTable6.2) for the purpose ofystem testing.

8.3 Wireless Ntwork Relatedimprovements

At the core ofthe wirelesssensor module unit is the ETRX3ZigBegaadio transceiverand
microcontroller supporting the wireless networking functionality. As described in earlier
chapters the sensor node agent type is responsible for managing the vgseietwork to

which it is connected, balancing demand for sensor provision with the desire to maximise the
battery life of allthe devices in the network. Devices are reconfigured dynamically based on
decisiors made by the sensor node ageype. The infrastructurewireless network interface
software(IWNlactionsi KS aSy a2NJ y2RS |3Syid d(eLlSQa O2y TA
general by issuing a sequence ffrther commandimplementations Thosecommandsin

turn, utilise thed W2 @ S NXommraBd setXoNtBe(ERTX35Te&alisedin firmware. The

firmware commandsmainly support configurationnetwork managementand interrogate
actions,but further custom(firmware)commands could be added to better support the
management and sampliraf the sensorsattached to the ETRX357x modulb®reover the
IWNItypicallyissues several commands to complete the regadsiction, and in general

applies rigorous handshakingcluding verification of sent messagés ensure that the target
device is configwd coherently. Some benefit could be gained by implemerthiegequivalent

of the sequence in a single command, similar to a macro. Network traffic woulktneed

and an improvement in performance would be achieved in terms of configuration time,

especiallywhereK S y2RS A& aSOSNIf WK2LBAQ gl o

However most functionabenefit from customised firmware commandsuld be gained
where thosecommands support more autonomous operation of the sensor nodes in terms of
datasampling. Undecertain conditons,predefined action sequences would be desirable e.g.

on detecting motion, wake up and keep sending motion evamtsil a 30 second interval of
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no activity has passed. Currently the host has to manage that functionally at a fairly low level
of granularty i.e. configure to wake up on activity, configure to send data on motion detection
monitor activity, then issue a command to reconfiguremmractivity followed by a sleep
command.Moreover with appropriate firmware commands the ETRX357x can intetidal@€

bus based devices. The 12C supports a simple serial protocol over two hamwaextions

with whicha feature-rich control of connected devices can be achievéth device specific

commandsA wide selection of (sensor) chips are available.

TheETRX357%ingle chipdevice incorporatea microcontrollerand peripheral§l79]. The
microcontrollerruns theTelegesifk3xx firmwarestack[170], extending the EmberZNet4.x
stack an implementation of theZigBeespecification for the wireless network support.
Comprehensivéools supportingClanguagedevelopment and debugging are available for the
Emberchip and stack e.g. thEmber InSightoolchain.Such tools would be used forgh
development of the custom commands described, complementing the existing firmware

commands.

A very desirable hardware provision would be the situation wherentinelesssensor nodes
were self sustaining in tens of power provision. Suitab$jzed solapower cell assemblies
that are designed for indoor use are available. However under a typical utilisation of a sensor
node, it was estimated that the power supplied is a factolapproximatelyten too lowin the
worst case However under certain networkrbom configurationswith someredundancyand
with some small updates to the sensor ontolothe sensor node agent could manage some
such deviceonfigurations Although morenodeswould probably be required in a given area,
the overall number of batterpowered units could be reduced, with perhaps other
considerations making the option favourable, for example the devieeding battery
replacement could be those that were located in easily accessible pkaltesatively nodes
could be equipped with me solar cells and potentially a small rechargeable battery and

simple charge management circuitry.

Relating topotential wireless nodeoower saving an enhancementimplemented withor
without some custom firmware commangdsould be the identificatiomnduse of lower node
transmit powers. The transmit power is definajse a procedureorchestrated by the sensor
nodeagenttype could over extended observatiointervals incrementally decreasthe
transmitpower levelof node devicesvhile reliableoperation wasupheld A nodetimer
triggeredcommand would be required tregress to the previousetting for the purpose of
recovery whercommunications were losThus once a reliable settingestablished, the node

would operate at that power.
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Regardinghe time stampingof datafrom the wireless sensor networks, while the current
implementation performsadequately there are some areas where potenti@hprovements
can be madéo the currenttechniqueof addinga timestamp in the sensor node infrastructure
executableas discussed isection7.3.4.2 The potential provision of higher accura@nd
possibly precisioin data timestampsvould simplify some implementations that consume
events and may add some extra robustne3®.those endsone option is toattach
timestamps athe ZigBeenodes but that techniqueinvolves the requirement for time
synchronisation acrossachentire wirelessnetwork, and between networksf multiple
networks are presentAlternativelya much simpler appro#cat the infrastructure sensor
node,is theaddition to sensor data of sequencédndex, for the purposes of resolving the
order of identically time stamped dat@he useof sequenceindexeswould havesome
applicationsbut the techniqueis generally less useful than the usfeabsolutetimestamps as
forexampleitOF y Qi NB a2t @S RI G &S| Shé ada or diffedn’
types). All approaches except timgtamping at each node could be affectedprppagation
delays compounded byouting. To partially address thishe infrastructuresoftware
implementationor sensor node agenype couldtag data withmeta dataderivedfrom
network topology so that clients can easily deciddetherto makedirect comparisons of
sequencenumbers orabsolte timestampsif present In many caseelated events typically
originatefrom the same wireless nogdso propagation tires will be the samand direct
comparisons of temporal references are feasiflimally, @ aspect in the cuant provision
that has not yebeenimplemented is the synchronisatiarf time references infrastructure
sensor nodeexecutables. The requiremeis raised for deployments that suppartultiple
networks wherethe sensor node executables hostingtwork interfaces (both for wireless
and wired)are deployed orlifferent PCsandthe comparison of data from both networks is

required.

8.3.1 Motion Sensor Additios

Within the scope of passive infrared (PIR) motion sensdrdewemantiaescriptions othe
range ofPIRs allovepecific types in terms of sensing capabiiitype selected andassigned to
roles by agent@ the current implementationadded flexibility wouldbe gained through the
use of amaggregated PIR device mounted to the ZigBe&eless sasor platforms Currenty

each unit hosts one or two PHensorspf atype from a set of four variant€ach sensor type

RATT

KFda RAFTTFSNBYU aSyaray3d OKIFINIOUSNRaAGAOAET &adzyyl

sensitivity and general purposthat issuited to differentroles In place of he current devices,

an array of 2 * 3 surface mousd devices iproposed hosted byeachZigBee unitwith the

ability to enable / disable eadteviceindividually Usingdevice types such & ®3 @ a dzNJ G Q:
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IRSB series[180], which hasdimensionf 4.7x4.7x 2.4mm, a compactrray could be
createddirectly on theZigBeePCBat a low costA number ofFresnelenses are available and
someexperimentation would be needetd determine the best suitedThe object is to achieve

a highlycustomisableand dynamically controllabligeld of view that can be configuretd suit

the roles in which it is to be usef@teroless a LISOAFA Ol f & aSyaz2NJ NRf Sa

implementations have vaious sensing requirements, closely related to thealgeometryat

the deployment location. Thus using thetuatorhardware andsoftwareprovision in the

same way thahasalreadybeen implemented fothe control ofother device on the unis, the
field of view (itsshapeand area of coverage) could be dynamically controlésing the
customisable features, preferred settitsgcould be inferred, and / or a range of configurations
could be automatically evaluated in situ to establish the lsestingsfor particular role

instances

8.4 Deployment Related

Inits current formthe IFMS isS Sy | a- AV PRRR Ca dzinddit2 NA Sy (SR

generates kowledge in terms of formal sentences. Currertig user interfacds limited to a
few simplecommands issued by the facility manager agent typetaedeporting of

generated knowledge andiagnosticwia printed messages to the console. However tools can
easily subscribe for knowledgenerationby establishing a communications channel to that
agent. Maximum benefibf the current systenis expected when the system is scaled to

perhaps hundreds of unité 2 3IA GBS || WgK2fS LIAOGdINBEQ DASH

The nextsubsection describesome areas involving minor changes that would ease the
systen@Qapplicationin its current form.The sub sectiofollowing that descrbessome

alternative uses that the IFMS can be extended or adapted to.

8.4.1 Ease of Use

This sectiorbriefly mentions two areas that could be investigated in orgeprimarilyassist
the deployment of the systemHowever the practical benefit is more dependent on the

& @ & ( specificapplicationthan some of the above areas of further work.

The IFMS3equiresan IFC BIM moddtom which it creates a rickemanticrepresentationof

the buildingenvironment In some cases it is likely that such a building model will already exist,
or that the creation of oneepresenting theas builtbuildingcan be easily created from

existing 2D drawings and supportidgcumentation However where that isat the case, a

way to alleviate the requirement for an accurate building model would bexfmandthe

building ontologyto enableagentsto deal with very minimal / conceptual building
214
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representations and weheckedmodels The research would establish teensitivities of
modelling and identify suitable thresholds required to retain an adequate level of definition

and accuracy needed in IFC models fouitissationin the IFMS

Regarding the location of sensor host nodes, they currently need to be isgecithe (IFC)
building model Triangulation may be possible signal strengtl{received signal strength
indicator RS9) datacan be retrieved from the network controller or routeislthoughthe
effects of building materials would attenuate the signals differemstimates could be made
from calculated paths using the building modéhether unknowns such as antenna
orientation for example would make such an effort impractical remains tddtermined
SomeZigBeehosts would still need tbe located manually though in order tateas tases for

triangulation. So theracticalbenefit may benegligible

8.4.2 Extended Application

Further applicationsf the system are envisioned, with the elaboaatiof ontology support
and the addition of further agent types. Those extra agent typesld typically consume the
knowledge generated bthe existing IFMS agents. Somikthoseapplications are detailed

below:

1 Monitoring ofthe elderlyin their homes. Sth an application would deliver nen
intrusive monitoring in order téearn characteristic behaviotdior the purpose of
identifyinganomaliesandfor the detection of possible fallswhich could highlight the
need for assistance. Ontology support woulddadivered by domestic related
extensions to the building ontology, as well as descriptions covering how people
interact with the internal building environment and appliances for exanmpleap
electrical mains sensors are available and could be easilydaddbe ZigBee sensor
units. Additionally as the sensor units are very compact and mobile, they could
LRGOGSYydArftte 0SS Wg2NyQ 2NJ OF NNASR YR
accelerometer could be added to detect trif$he system would be a ity cost
effective step in helping to deliveafetyand securityin independent livingsupport,or
contributea rolein anassisted livingrovision

1 Homeenergy monitoring. This applicationgemarily the same as small facility
management for the home user where the sys@@  LINJ Y | Nidentify @aStdda
resourcedy highlighting heating and lightingsethat is inconsistent with the various
uses ofdifferent home zonesCheap domestimains electrical powesensors are

availablewhich could easily be connected to a wireless node.
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1 Extended AEC/FM functionality. Several areas of functioredist thatcould be
added to the existing IFMS. For example agents could be added that check
conformance to safety building regulationsOther examplesas outlined above
includeensuiing thatstairs lighting / emergency lighting is functiorehd \erifying
thoroughfares are not blocked bserifyingregular use Another use is thegssiblyto
feedback building use information to design stage thgrmal performance of
products. An understanding of the conditions under which data is logged is essential to

normalising that performance data.

8.5 Integration with Simulation Tools

The integratiorof agentgoals with simulation toolse.g. EnergyPIyd81] should be considered
as useful functionally may be gaindabmains of interest are heating, cooling, airflow and
lighting.Onepossibility ighe use ofparameterisecsimulationsto resolvedetail indomain
behaviours That could involvenvokingthe simulationtool with configurations thatlescribe
the possible scenarigpandthen alignactualobservations wittthe results of the simulation
resuts. Depending on the riare of the behaviour being testedt, may be possible to add
some assertions to the building ontology, thus refining the semantic model and not requiring
repeated interaction with the simulation tool, at least in that contekhesensors employeih
the IFMSarerelatively accuratebut the systemdoes notcurrently exploit highly detailed
absolute datavalues in generalnstead itemploysrelative changes for the purpose of goal
pursuit, although of course absolute values are used in reports and sungeaeyation. For
example the ambient light sensomsountedon the ZigBeeplatforms are very sensitive to
shadowseven in bright conditions, and are sensitive to sensor orientationTétasthe use of
numericalmodels maybe usdul to exploitthe availality of relatively accurate datddowever
the level of configuration required and the availability of interfaces would riedze
investigated The integration oanyopen source algorithms that model those domains may

also find useful application.

8.6 Summary

This section has reviewed some areas of further wbhe workcontentranges from research
to simple further implementation. The potential benefdgdelivered work in some cases is

unknownwhile in othersit depends on the spdfic application of the system.
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Chapter 9

Summary and Conclusion

Thischapterfirst reviews thefeatures of the deliverable and then highlights timin findings
from the research and development procesllowirg that, the conclusions are presented,
identifying how the hypothesis is demonstrated through the satisfaction ofits&lled

practicalaims of the research.

9.1 Summary

Thefollowing observations were made from the research and developraetitity for the

IFMS(some of the details are elaborated in the following subsections)

T Anumberof optionsexistthat couldpotentially realise thedifferent aims in terms of
technologies, theoriesand available frameworksndthe combination thereaf

1 Knowledgemodelling in a number of domainas well as domain independent theories
isexploited in order for the system to meet its objectives.

1 The use ofiformal knowledge representatiorKR allows defined semantics,
WSEGSNY It A&l GA2Y Qusesiplified quérying Bf Bodpléxy R A (& NE
knowledge compared to informal systenpeheckableonsisteny, easier maintenance,
controlled expressivity, compact statements and queri&gnwithin the restricted
scopewhere information couldlternativelybe capturedm non semantic forms, its
maintenance and queryingsing a formal KBRnd supporting knowledge base (KB)
machinery as in the IFMSs typically muchess demandingeven with simple sub
class and inverseonstructs

T The use of SPARQL queries was centnalaking the ontology interaction practical cf.
manipulating with java objects whictvhile possiblecan become difficult to develop
and maintain.

1 The open world assumption (OWA) is well matched to the application but needs
attention during ontology authang. The unique names assumption (UN&és not
find useful application in this context.

1 Theapplication domains quite complex due to the asynchronous nature of events,
finite and extended execution times associated with reasoning, and the distributed

nature.In the scope of MASd¢ JADEX BDI framewdnkweveris wellsuitedthough
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due to the nature of itsnternal execution modetand event driven architecture, while
the JADE framework delivers a completiastructure middlewaremplementation

1 A wired sensor systereven of modest sizavould beundesirable primarily due to
cost of cabling and installatigeven if devices were arranged in clusters. Without the
use of a bus system / multiplexing, multi core cable is neelag @bles are difficult
to route and expensive to instakspecially across room boundari¢fowever they
maybe moreattractive for fitting during constructionbutwould stillremainrelatively

expensive.
A brief summary of théigh level characteristiasf the implemented systenare listed below:

9 The upholding of rationality by the intelligent pective agents in the upper layer in a
way that is transparent and explicit is a key feature. Additionally the solution needed
to be practically executable and meet realistic performance constraints

1 Agent) O0SKIF@A2dzNJ Aa Oftz2asSte AyaSaNIGSR 4AGK GKSA
historicalrecords abouthe outcomes opast behaviour (as well as others about the
environment).Those beliefs, realising experiencentribute towardsdirecting future
behaviour. Becifically deliberation takes account of past behavioural outcomef®so
example where options existearlier action thaffailed is not continually repeated

1 The application of inferences support BDI agent behavioig wide a few examples:

0 Agent deliberation goal feasibly, goal selection

0 Means / end reasoningsensor assignmépidentification of ses of
alternativessensor roles and preferenceonfiguration of hardware, control of
hardware.

9 The requirement to minimise resource utilisation adds significant complexity in terms
of algorithmic plan implementation cf. alwajgnCata mining approach, buhe
application of intelligent managemengivesthe advantage of more sustainable
hardwareunitsthat areeasily deployd.

1 The systenderivessignificantbehaviour from executing reasoning with semantic
knowledgebut somebehaviou remainscaptured implicitly iralgorithmic
implementations in plansThe systenalsostill containssomeconstantsfor use as

defaults forsettingparameterssuch as timeouts and threstus.

Regarding matuty, while someaspects of the framework haveeen in operation for up to
two yearsat the time of writing some parts of the softwarare lessnature but have still been
run for at least several month3he elements of the system, evevithin the same layers are

highly decoupledo partial incrementidevelopment and testing is easily completed, as is the
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introduction of new functionalityTheproject has highlighted many further areas and
opportunities where the effectiveness khowledge elaboratiorould be improvedrom both
the knowledge modellig and the agent implementations and those have been described

above

9.2 Conclusion

It has been demonstrated that the use of semantic modelliogetherwith the application of

the BDI model of agen@nd the implementation of an infrastructure incorponagi sensor
hardware hagnablal the aimsof the system to be meiThe implementation iflexible and
robustandgenerates useful working knowledge for FM, including knowledge that describes
space usagelhe system is almost self configuring and does not require user interaction after
deployment.Thehigh level nature of the generated knowledgeans that it can be readily

used for decision making by humans, whilddsnal ontologicabasis allowgotential
consumption (and further automatic inference) bther FMtools, as well as those at other
lifecycle stages, without loss of intended meaniAihough such tools were not available, the
accuratereuse ofthe content ofontologicalbasedstatementsin inference conveyed between
agents illustrate the scenario, given that referenced ontologies would be exposed to external
tools. Informationgenerationaboutoccupancyis a central focusAdditionallyit supports

further information andknowledge generatiorby agentsn the form of summaries of zone
based environmental conditions, space utilisation report production, @oténtial

identification ofunnecessary energy usetegrms of heating and lighting
The following subectiors outline how thekey aspects of the implementation meet the aims

9.2.1 BDI Agent Model

The fundamental agent paradigfor softwaredelivers the architecture faoosely coupled
autonomousand pro-activesoftwareentities that carpursueindependentand targeed

behavioursThe IFMSwhich ispartiallycharacterised bgelfinterestedentities having diverse
objectivesthat work individually orcollaborativelyto achieve the collective utility of the

system aligns well withthe agent paradigmA high leve(inter-agent messagdanguage
specificatiorprovides the ability toccommunicatethat in turn helps to facilitatel KS I 3Sy G a Q
collaboration.Rich message definition is realised by formulation withighly expressive

semantic language (Sand the use o dedicated ontology

The autonomous and proactiagentbehaviour is realised by the BOH i dzNJ £ WK dzY | y
abstraction, which further elaborates the agent paradigihe BDI modenot previously used

elsewhere in AEC/FM, is well suited to modelling plax systemso renderrational
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behaviourby formulating intefrelationships between the various mental attitudes foragd

in the model By virtue of the general specification of goals to be reached, rather than explicit
algorithmic definition, agents arbetter able to deal with changes in the environment,
unanticipated scenarios and missing informatigigent types in the IFMS hatehly

specialised sets of goals and each agesiiancehas a highly specifaontext The agent
paradigm formalismenders the independenceavhile the BDImodelallows thepursuit of

goals andconsequentbehaviour specific td$ context The agent works tanderstandits

context and build kawledge both for the deliverable of the systems and to improve its own
performance Moreover the environment is continually changing so the abstract statement of
goalsi KS I 3 Sy (i &-€valdty af its yoitxthe iNdtification of suitable actions

and consequent behaviousseideally suited. In theFMS the environmentchanges in terms

of sensor availability, environmental characteristibgilding usagand the interactions of
peoplewith the building Thepro-activeagentsin the IFMSccumulate knowledge and are
intimately guided by the state of their beliefs in tB®| modelwhich adds a subjective
perspective to the more objective base knowledge (within the scope of the agent society)

derived from the shared ontologies

The. 5L | 3SyGaQ LINI O A delibératidiRhdan2afisieyiddeado@K | YA AY 6

well asplan executiorrealisests behaviour.Thedeliberation and means end reasangiin the

IFMSsSY Kl yOSR o6& (KS F3SyiaQ oAfAde (2 RSRdzOUA GBSt e
environment provided by ontologieand knowledge base (KB) suppdéscribed in the next

section The additionof custom implementationfor BDI supportnot explicitly supported by

the framework addsfurther conformity tothe BDI formalism. One of those additions, the

specification of explicit commitments adds stalilinternal coordination andplays a useful

role in collaborationAnother custom addition, thaudit mechanismis primarily used in

deliberation to modify behaviour based on the history of past activity, thus realising a learning

element. The audit mecmasm is closely integrated with plan states and is typically updated at

significant plan state changes and in exception handling.

Rational behavioumanifestsitself as good coordination between attitudes and the selection
of appropriate behaviour in a tiely manner given what is known about the (changing)
context. An illustrativebehavioural exampleombines choice and assessment of past activity
and belief stateso that if a more demanding goal failhe agent chooses a less demanding
one in order to still provid¢base)goal satisfactionAn examplein the IFMSs theoccupancy
evaluation goalwherean agent can change plans if certain hardware is unavailéiplen

execution fails or plan execoti leads to ambiguous belief statésater reevaluationand
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agentpreferences anallowit to revert backio the originally preferred sulgoal / planunder

appropriate circumstances.

As well as maintainintpeir belief base to reflect the current state of affairs, the agents revise
any beliefs that have historical record, typically also auditing that updaifeit gains

information that deems such a condition. For exampleecifically regarding occupancy
counting, if counting becomes ambigugwssub goal will removRistoricalassertionsworking
backfrom the occupancyeliefof the suspect statback to a previous assertion of zero

occupancythat by ts nature is a reliable assertion. Thus integrityniproved through revision

In contrast to a BDI based agent approasliilecomplex algorithmic based numerical models
focussing on very detailegpplicationscandeliverprecise resultsthey can be relatively

inflexible and require expert usefsr both configuration and for the interpretation of results

9.2.2 Semantic Model Support

Some of the aimef the IFMS led tohte senantic modelling of relevant domains, driven by the
competency questions to support deliberation and meansl reasoning in theone and

sensor node agent types. The primary domains modelled were to describe sensor capability
andcharacteristicsanbuA £ RA Yy 3 & ( NHziJamB | yR WYl 1S

As exemplified by the IFMS ontologid®g fairly expressive Kigedand reliance on inferred
knowledge by a reasoner leads tioe concise assertion of statementhus simplifying

maintenanceand visualisation

Onegeneral pattern obntology usen the IFMSs thatwhere object oriented(OO)code(in
agent plan implementations} used toqpopulate theY . Q&  lusingtBesi®lest and most
predictable navigation adninformation source byrocessindists, searching for known
relationshipsandincludingd 2 YS W6 | O Yor givéhbbNddskinirglaiiofshipstc.. These
implementations through thecreation of A box statements involving the obje&tstend /
ontologically commit tkir semanticsas exemplified by thprocessing obbjects extracted
from the IFCmodel The knowledgecontained in the NB y RKBdwiiHefbe queried using
semanticallyrich formulationsrelying on inferencgleveraging the semantics already captured
in the ontology The alternativedirect queryingof an IFCmodelfor building related queries
g 2 dzf R -K02SO Q¥ || Ry mimevglisBehiich@s3un time class type checkirandclass
hierarchy navigationThat process necessarily executed once as descrilgees nothave to
be repeated to support variations of the quemhusextensive code implementations which
couldbe potentiallycumbersome to implement and maintaiin Javaare avoidedMoreover,
with the semantic KBhe use of theSPARQL query language and a suitable query engine
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further ease the querying of knowledgeelying on potentially complex inferencegueries in
SPARQL remawuery compactRegarding querying general, evessimpleinferencessuch as

subsumption anekntailments ofreflexiveobject propertiesare useful.

Moreoverthe semanticapturedin the ontologiesin the IFMSre shared andeused
consistentlyboth internally within agents and for welkfined communications between
agents Additionallyexplicitsemantic definitios addresse®ne of the aims of the system
namelyto facilitate well defineccommunication between agents amxternal tools

Moreover, that knowledge can be readily consumeddns in different disciplines and even
at different lifecycle stages, where terminology and semantics could Farthermore he
ontological knowledge sources in tHeMShave been typically derived from existing published
consensu®f knowledge ensurirg high quality The main resources used dhe OntoSesor
ontology (in turn is derived from th8ensorMIschema) which formed the basis of the sensors
ontology,and thelFCschema inspired thbuildingontology. At a domain independent level,
theories ofmereology and topologiiave been incorporated into furthesmaller system
ontologies forcommon usageThe formal KR additionalbrings as mentioned abovehe

benefit of consistency checking in the modebothat design timeand in the dynamic

assertion of individuals (T and A box consisterayjun time.

The open worldassumption (OWA) that is a key feature of the semantics cOWWe KR used
is very well suited to modelling the compldamainsfor the IFMSIts use with relatively
expressive constructs suek role restrictions allows a model to be constructed thatile
remaining semantically consistemtoes notnecessarily (and typically) fully capture the
completedetails of the domain of concern. Suckk@nplete model may be unnecessary, or it

might be undesirable or impossikie capture

In summarythe knowledge modeland associated KBsve been showto supportthe

domain knowledgeelated requirement of thalifferent agent( & Li&elligent behaiours.
Operational data captured from sensdogjether with that fromIFCbuilding modes are
semantically elaboratetb provide a central foundation on which the system builds knowledge
through appropriate goal seeking behavio8pecifically in the casd the zone agent typeghe
models identify monitoring capabilities arde used taassign roles to sensor hardware in the
pursuitof thosegoals In the @se of the sensor node agent type, the sensor ontology is used

to intelligently manage the resourcesid the provision of data to clients
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9.2.3 Hardware Synchronisation

The provisiorand utilisation in the systeraf near real time sensor data plaggentral role.
The timelines®f the datais such thattiadequatelytracks the dynamic state of the
environmentand throughsemantic elaborationits general naturesupportsthe knowledge
generationaims of the system. In the case of the wireless sensor deiteloped, the
hardware designcombined with the intelligent management of those netwarésables long
service from the battery power suppliesoreover the very lownit cost makes the

deployment of large numbers of units very realistic.

9.3 Usability

The knowledgegeneration capability of the IFMS has been demonstrated and while that
knowledge could be used dictly by a facility manager, it would be more usefully utilised
practical deployment as part of a suite of FM tools, supporting conventional tools while
addressing the areas identified @éhapterl. The knowledge generated can be used during
building operation by facility managers to assist decision making about the bulding
potentially at other building lifecycle stagé&here feadile, integration of the IFMS with
building controls would be desirableither at the knowledge level with building automation
systems, or with somsmallextensiondo the software,at the hardwareactuatorinterface

level (actuators are currently used tontrol the power states of sensors)

Facilitated by theagentand BDhrchitecture the IFMSan beeasily extended or modified
Regarding current agent typese role of the FM ageris to act as the interface to the user or

to other tools ando coordnate user/ externalrequests Those requests would propagate as
parameters to selectedoak of the zone agentype, allowing customisation of the default
behaviour ofthoseagents.Additionally alternative agent typgean be readily introduced he
IFMSis scalable both in terms of the software and its wireless hardware. The software is fully
distributable in that all the components (sensor executable, sensor nodes, databases, central
ontology resources and every agent) can be executed on processomubitication

constraints. The wireless hardware is very compact and easy to deploy, is configured and
controlled by theFMSsoftware and is cheap. The software, by its nature, is robust and
hardware can be simply added to create redundafdye maximum beaefit is to be gained

whenit isscaled in such a way that perhaps hundreds of sensor nodes are deployed across
ASOSNIt FE22NAR 2F | fFNHBHS o0dzAf RAY3IS LINBODARAY
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The architectureflexibility and core functionality of the system mean that it couldelasily
adapted to other purposemcluding extended FM functionality arlde monitoring of the

elderly in their homegsee sectior8.4.2.

9.4 Contribution

A summary of the contribution is present below:

1 The e ofthe BDImodel of agencyn an AEC/FMapplication BDI based agents pro
actively generaté-Mknowledge frormear real timesensor datgwith appropriate
dynamic behaviour including that to accommodate the characteristics of semantic
reasoning)intelligently control sensor networks so that among other features, devices
can be sustained with batteries for extended intervalsgdrender a system thas
almost self configuring.

1 Improved transparent rationality over the standard BDI framework implementation
realised with thanclusion of commitmentand plan auditingThe existing framework
has no support for such formulations andainanisms.

1 The inkingof anFM tool to realtime space monitoring (intelligent data utilisatign)
including the development of production ready, very cheap and easily installed
wireless sensor hardware.

1 Semantic elaboration of the IFC model arnilisation in machine reasoning for
practical benefit. Several theoriesVebeen added and made formally explitit
ontologies building on the implied semantics already existing in some places in the
IFC. Inferences are used extensively by agentiréat their behaviour, realising
deliberation and meansndreasoning

f Fromthe plethora ofavailableresources availabléhose beingthed S& G LINF OGA O £ f &8 WA
F2NJ LIdzZN1LI2 AaSQ KI @S 0SSy & knbwledge §eReratingR O2 YO AY SR
framework andarget it at supporting FM. Resources include complex theories for
realisation in ontologiesoftwareframeworks and AE@odellingresources

1 The methodology and work flowdearly identifythe processes to realise a practical
and deployable frameworlcombining bespracticesof knowledgeengineering and

softwareengineering
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Appendix A

Hardware Design Details

This section presents some brief supplementary details for the ZigBee wireless sensthenit
objective was to produce very low poweireless based sensor platforms that have a small
footprint. A brief overview of thavirelesssensorhardware design is discussed in section

6.1.3.1 Table Al is aparts list for a wireless host unit.

Table A.X; ZigBee sensor unit parts list

Item Part / Note
Supplier
ZigBeemodule ETRXn/ ETRX357HERS ETRX35LRS
telegesis / ETRX357L per board
Antenna + connector Various / 0 or1 per board
telegesis

Osramlux sensor Ambient light sensor 6549078 / 1 per board
w/logoutput,SFH5711 RS
Temp sensor Temperature Sensor Analo¢ 7092772 / 1 per board
Serial 2Wire TMP37FT9Z RS
PIR sensor 5m Spot (truncated cone) e.g61-1510/ 1 per board

(white) / general purpose / wide angle/  Rapid

high sensiivity

Battery box 2 *AA 2 X AA BATTERY 18-3683 / 1 per board

HOLDER KEYSTONE Rapid

Zigbee module header 1.27mm straight 254-6312 /

PCB header 40W RS

Zigbee antenna connector 1 per board

1.27/1.27 mm header 10 way Header 681-1193/ Solit to multiples of 2 * 5. Total
2x10way DIL VERT Pin RS 120 pins. 80 pins> 8 * 10 way

+ 1 spare = 11
Reset switch ROUND GREEN KEYBOAR 78-0155-78 1 per board
SWITCH / SQUARE YELLOW KEYBD. 0265/ Rapid
SWITCH
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Molex Header 2.5mnWTB,vert, friction
ramp, 3w

Molex Header 2.5mm WTB,vert, friction
ramp, 2w

Resistor 32K4, 0805 0.1% 25PPM 0.1W
Resistor 48K7, 0805 0.1% 25PPM 0.1W
Resistor 24K, 0805, 0.1%, 0.125W
Resistor 300K, 0805, 0.1%, 0.125W

Resistor 0805, 5%, 1K00

Capacitor 0603, X7R, 16V, 100NF

687-7213 /
RS
687-7219 /
RS
1575962/
Farnell
1575980/
Farnell
1670246/
Farnell
1670260/
Farnell
1739229
Farnell
1833863

Farnell

5 per board

Voltage divider temperature

sensorg 1 per board

Voltage divide temperature

sensorg 1 per board

Lux sensor load resistarl per
board

PIR load resistar O, 1 or2 per
board

Reset; 1 per host

Suppressot, 2 per board
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Appendix B

Supplementary lllustration

FigureB.1shows aselecteddA S ¢ 2 T  ifiosnSfromy B INaMilding modelgether

with a photo inset TheZigBeewirelessunit labelledm2.6can be serin both the IFC view and

the photo inset. A few further units are indicated with the blue arrows in the IFC view.

FigureB.1- lllustraton2 ¥ &Sy a2NJ f 20F iA2ya Ay (GKS WC2NHzY¥Q NR2Y
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Appendix C

Testing ResultsOverview

The following 8b sections detail some of the late integration tests. All test outcomes were
necessarily positive in order to support the deployed systems. In some cases some iteration to

correct errors and solve performance issues were carried out.

C.1. Zone Agent TypeTesting
The following sub sections give details of the tests completed.

C.1.1 Building OntologyCreation

¢ KS G S aisteeonsin@wndba knowledge base¢hat is synchronised with the current
environment state (sensor availability) dedicated goal isvolved several times in different
mode to create the ontology A box comprising the following: building geometry, space
definitions and relations, sensor contexts, ancillaries (furniture and plant) and derived
geometric data such as space ratiodividualrelated metricor a typicalbuildingontology

generated by thdorum zone agenare shown inFigureC.1

Inddivicual sxioms

Class azzetion axioms count 445
Ohiject property assertion axioms cournt 249
Data property azzerion axioms count 74

Megative ohiect propetty aszedion axioms count
Megative data property assedion axioms count

=ame individual axioms count

—= | 2 O | S

Different individuals axioms count

FigureC.1- A zone agent'typical buildings ontology A box metrics
C.1.2 Deliberation

FigureC.2 shows a screen grab of the Protégé ontology editor that renders with its reasoner

support the inference made by the forum agent. The ontology is one saved by the agent during
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execution shownhere for the purpose of occupancy typetdrmination related deliberation
Ontology models are held in memory andyshved to disk for diagnostiche use of
inference is extensive but the screen grab shows inferenteone characterisation that is
used indeliberation along with other fators to select the type of occupancy monitoring to

perform (inferences are shown with a yellow background)
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Edit Ortologies Reasoner Tools  Refactor

Tabs  Wiew  Wincow Help

| -¢!| 0> |@ sensor.owl (httpifaeses ey org ukiontologiesisensor .owl)

- Active Ontology | Entities r Classes rObject Properties

[ Individuats [ Individuals By Class |

[«]
x

Diata Properties rlndividuals rZO\;'\ILVi'z | DL Cuery rowltouml r'rules |

newSpaceBoundan
newSpaceBoundanB

newSpaceBoundanyC

newSpaceBoundanD

queenzir_36a

sensorBarmierSeparation

somecenericlse
space_2GEgQUGESStPmLuzSSZvd
space_2RS|jLBxHD_hTIDTInPd
space_ZRSjjLBxHD_hTKWIDTInFU
space_3gE_JILeXAI0T pHuSfut/20
spotPIROpeningObsener

spotPIRinsideSpaces

testTemperaturebdeasurand

thoreughfareTestSpace
winualSpaceBoundany ThCPdjF o201t EnhcCd
wA35_a_boundary_a
wallSpaceBoundary_DAKASPmmAEcewSUDg_dnod
wallSpaceBoundany, 0Wd_ NS0 mMOYRHpvdSxXS
wallSpaceBoundany DZ=00Zg0naH sk 36X MrsP M
wallSpaceBoundany_0_1%WgnvD15ivRwTE Us Ui
wallSpaceBoundan_OfeX GtdkfEjhzoikvnF gh
wallSpaceBoundan, Ohy_36_gHwlfDDnaS P KK Ibaq_
wallSpaceBoundary_DigbjajbPoH:egjo Tdyjye
wallSpaceBoundan_Ok_pdfnmPXBCeFPmCDNTju
wallSpaceBoundary_0rAQirlbb2 07 aesSHFE &
wallSpaceBoundan_ 142361 36_FyZhned riyBS_
wallSpaceBoundan_1bumB TzULGtREmMIhwl KOs
wallSpaceBoundary_200QSwCURXARPRVOUIZIbZ
wallSpaceBoundany_29X5rSxTzBRQFeIZFPNSHACS
wallSpaceBaundan 2 CsPsgz055 N ez57 2 magl_pf
wallSpaceBoundary_ZDBEIUOWZCBitcOMUAIMS
wallSpaceBoundary_ZRZcdFQUHELASRAHOT ulIL
wallSpaceBaundan, 2fEcywEDS2zhMLNVE_36_n3P &

-

[4]

HNEAZZ I 222222 222222222222t 22 2 4

[»]

q

Show: [v] this

ndividual Annotations | Individual Usage |

Found 149

uses of space_ZgE_JILeXAIDT pNUZA3C

V- @ queensii1_36a

queensii1_36a directhyConnectsWithZoneWithOpening space_3aE_JILeXAIRT7 pHuZfnv3C

V- @ space_26EgQUSESIPmLva5SZIvd

space_2GEgOUGESSHP mLy=SSZIVd directlyConnectilithZonelithOpaning space_2gE_JILeXAIOT pHUS A3 C

V¥ @ space_2RS|iLBxHD_hTKWIDTInPS

space_2RS|LExHD_hTRYID7InP4 directlyConnectifithZonUithOp ening space_2gE_JILeXAIDT pHUZAIC

'_' . space_ZRSjiLBxHD_h T DT InPLU

space_ZRSjjLEBxHD_hTKVIDFTINP U directlyConnectsithZonewithOpening space_3gE_JILexXAI97 pNuZftn3C

Sama in

Different individuals

B onnectlithZone quaendill_36a

W connectsfithZone space_2 GEgRUGESItF mLvzSsZlvid

Wspace
'hasOpening exactly 7 Opening W connectilfithZone space_3gE_JILeXAIOT pHuSfni/3C
=BoundedBy exactly 17 SpaceBoundans B annectiliithZone space_2REjiLExHD_hTIWDTInPS
&' FumishedSpace B onnectshiiithZone space_2RSjjLE=HD_hTKWIDTInFLU
© MonitorableZone Envi<eyF arams W dire ctiyConne ctslithZone space_2GEgQUGES3PmLyzE8ZIvd
YDecupancyCountableZone B directlyConnect=WithZone queensiil_3G6a
OscupancyDeterminableZone W directlyConne ctilithZone space_2RSjiLEBxHD_hTIWIDTInPd

B dire ctlyConne ctsifithZone space_2RS|jLExHD_hTRWG7InPU
uals WopaceContaing TEAGTAIE-T BAF-4527-074E- DASFEFEDEZDE
W aceContains 67ES7EF1-6001-9b52-0200-2FS2BE30269
W aceContaing 445140 B7-3AES-4032-A482-0BAIZ0BS3TEF
W aceContains 167 10146-772 0-442a-A027-755043 E1 E455
W aceContaing DF BASGCE-S720-4725-A885-23 CE03 037046
W oo eContains OFBOS523-220 040 ce-S2B3-B54DTE0CT 44
W aceContaing 9A77A1SD-499F-48 e4-BS2D- 102414070734
W aceContains FE57E47F-202F-4015-04B0-057 DEZ 161531
W= aceContains 030286 B1-1689-9222-9055-050D2A37 TBFS
W oo eContains AFSCAAZE-SAAF-4 bO-ADZA- 16 DSBEOSCOD
Wop aceContaing 199F1210-67 DA-4S a5-B4C5-ETGCE1FCIS0E
B aceContaine ODO140AT-F23E-4354- A000-C1FETB7 CADCS
Wop aceContaing ADAEFTF7-52F A-451b-57 36-CHADDDSSCE4E

-

FigureC.2- Protégé editor with a Forum agent's ontologiyapshot loaded. Inferrences are shown with a yellow background.
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In the following excerptof the Forum room zone ageita |, tliezagent decidd to abandon the occupancy counting plan (09:56:32.07884.1) due to motion

detected during the intervavhenit was attempting to establish the assumption that the zone is unoccupigdS | ISy 1 Qa 2 O0O0dzl yOé RSt A0
initiated and has logged some activityGf:57:13.843 098-11relating to its request farreceipt2 ¥ I Y R LINE OS & & A yiénht beliefs. hafe@s ity SA I K0 2
had no related commitments (09:57:13.859-08-11), it initiated & LISOA FA O RSt A 6 SNJI { A 2 Vhe inferenéeSi0dadtofe octupdaty inonitaBingR 2y
types takes into account beliefs and commitments etc of neighbouksl G ' NB A8y OKNRYA &SR 6AGK A@andid#e)dccupaney o dzA f |
evaluationtypes are those mapped to the classifications of its zone otddégdualfollowing realisatiorof the ontology(09:57:40.937 0408-11). Three feasile

monitoring modeswvereinferred, from which onevasdecided uporafter consideration of experience etalso09:57:40.937 04€8-11), that led to the adoption of

a new goal and associated commitmeluiltiple log lines share the same time stamp due to the implementation of the log wiitatgeports a block of

execution not reflecting the timing offine grained algorithmic execution (which is not typically the caleg.detailf the goal that wa activated corresponding

to the occupancy evaluation mode decided ugoe shown(09:57:54.015 0408-11), including the wall openirggo be monitored More details are provided in
section6.2.1.2.1

TRACE 09:56:32.078 04 - 08- 11 zoneAgent.AbstractOccupancyPlan [PlanExecutionTask(RPlan(name=monitorOccupancyOpenings#4))] - extracted motion event:SpotPIR of most abstract

class: Thu Aug 04 09:56:24 BST 20 11 OBBAC54B - 821F - 474d - A1D8- F141097CE3FA

TRACE 09:56:32.078 04 - 08- 11 zoneAgent.AbstractOccupancyPlan [PlanExecutionTask(RPlan(name=monitorOccupancyOpenings#4))] - extracted motion event:NapionSpotPIR of most

abstract class: Thu Aug 04 09:56:24 BST 2011 67E 876F1- 6C91- 4b5a - 92D0- 2F5B2B83D264

TRACE 09:56:32.078 04 - 08- 11 zoneAgent.AbstractOccupancyPlan [PlanExecutionTask(RPlan(name=monitorOccupancyOpenings#4))] - extracted motion event:NapionSpotPIR of most

abstract class: Thu Aug 04 09:56:24 BST 2011 67E876F1 - 6C91- 4b5a - 92D0- 2F5B2B83D264

DEBUG 09:56:32.078 04 - 08- 11 zoneAgent.AbstractOccupancyPlan [PlanExecutionTask(RPlan(name=monitorOccupancyOpenings#4))] - motion detected while waiting to assert zero

occupancy - resetting wait, retry count 4

INFO 09:56:32.078 04- 08- 11 zoneAgent.AbstractOccupancyPlan [PlanExecutionTask(RPlan(name=monitorOccupancyOpenings#4))] - exceeded the wait for zero activity max retries of

4

WARN 09:56:32.078 04 - 08- 11 zoneAgent.AbstractOccupancyPlan [PlanExecutionTask(RPlan(name=monitorOcc upancyOpenings#4))] - plan failed

INFO 09:56:44.234 04 - 08- 11 zoneAgent.SensorEventsNotificationPlan [PlanExecutionTask(RPlan(name=sensorEventsNotification#202))] - received events notification - event
count: 35

INFO 09:56:44.234 04 - 08- 11 zoneAgent.Sensor  EventsNotificationPlan [PlanExecutionTask(RPlan(hame=sensorEventsNotification#202))]

2011- 08- 04 09.56.44.234 leased sensor - event/s natification (35 after filtering 6) ....

INFO 09:56:56.750 04 - 08- 11 zoneAgent.SensorEventsNotificationPlan [PlanExecuti onTask(RPlan(name=sensorEventsNotification#203))] - received events notification - event
count: 36

INFO 09:56:56.750 04 - 08- 11 zoneAgent.SensorEventsNotificationPlan [PlanExecutionTask(RPlan(name=sensorEventsNotification#203))]

2011- 08- 04 09.56.56.750 | eased sensor - event/s notification (36 after filtering 1) ....

INFO 09:57:07.843 04 - 08- 11 zoneAgent.SensorEventsNotificationPlan [PlanExecutionTask(RPlan(name=sensorEventsNotification#204))] - received events notification - event
count: 19

INFO 09:57:07.843 04 - 08- 11 zoneAgent.SensorEventsNotificationPlan [PlanExecutionTask(RPlan(name=sensorEventsNotification#204))]

2011- 08- 04 09.57.07.843 leased sensor - event/s natification (19 after filtering 0) ....
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INFO 09:57:13.843 04 - 08- 11 zoneAgent.Occ  upancyDeliberationPlan [PlanExecutionTask(RPlan(name=decideOccupancy#28))] - retrieved zone classifications from registered
neighbours, synchronising selected beliefs

INFO 09:57:13.859 04 - 08- 11 zoneAgent.OccupancyDeliberationPlan [PlanExecutionTask(RPlan( name=decideOccupancy#28))] - no current ocupancy monitoring comitment ....

INFO 09:57:40.937 04 - 08- 11 zoneAgent.OccupancyDeliberationPlan [PlanExecutionTask(RPlan(name=decideOccupancy#28))] - feasible occupancy monitoring types (3):

evaluateOccupancyOpe nings determineOccupancy continuousMotionOccupancy

INFO 09:57:40.937 04 - 08- 11 zoneAgent.OccupancyDeliberationPlan [PlanExecutionTask(RPlan(name=decideOccupancy#28))] - filtered non feasible type/s from choosen occupancy

monitor candidates, 3 choices, 2 of those deemed feasible

INFO 09:57:40.937 04 - 08- 11 zoneAgent.OccupancyDeliberationPlan [PlanExecutionTask(RPlan(name=decideOccupancy#28))] - analysed 4 relevant commitments for persuit of

occupancy monitoring mode: evaluateOccupancyOpenings criterial us edwas - fail count limit: 4 age influence: from: Thu Aug 04 08:57:40 BST 2011 to: Thu Aug 04 09:57:40 BST

2011 no counter evidance for commitment goal persuit

INFO 09:57:40.937 04 - 08- 11 zoneAgent.OccupancyDeliberationPlan [PlanExecutionTask(RPlan(name=de cideOccupancy#28))] - analysed 1 relevant commitments for persuit of

occupancy monitoring mode: determineOccupancy criterial used was - fail count limit: 4 age influence: from: Thu Aug 04 08:57:40 BST 2011 to: Thu Aug 04 09:57:40 BST 2011 no

counter evidan  ce for commitment goal persuit

INFO 09:57:40.937 04 - 08- 11 zoneAgent.OccupancyDeliberationPlan [PlanExecutionTask(RPlan(name=decideOccupancy#28))] -

INFO 09:57:40.937 04- 08- 11 zoneAgent.OccupancyDeliberationPlan [PlanExecutionTask(RPlan(name=decideOccupancy#28))] - decide next monitoring summary:

INFO 09:57:40.937 04 - 08- 11 zoneAgent.OccupancyDeliberationPlan [PlanExecutionTask(RPlan(name=decideOccupancy#28))] - prefe rred choices - > occupancy monitoring types (3):
evaluateOccupancyOpenings determineOccupancy checkAcess

INFO 09:57:40.937 04 - 08- 11 zoneAgent.OccupancyDeliberationPlan [PlanExecutionTask(RPlan(name=decideOccupancy#28))] - filtered feasible choices -> occupancy monitoring
types (2): evaluateOccupancyOpenings determineOccupancy

INFO 09:57:40.937 04 - 08- 11 zoneAgent.OccupancyDeliberationPlan [PlanExecutionTask(RPlan(name=decideOccupancy#28))] - filtered by experience (removed if evidance to

support) - > occupancy monitoring types (2): evaluateOccupancyOpenings determineOccupancy

INFO 09:57:40.937 04 - 08- 11 zoneAgent.OccupancyDeliberationPlan [PlanExecutionTask(RPlan(name=decideOccupancy#28))] - decide next monitoring outcome =>

evaluateOccupancyOp  enings

TRACE 09:57:54.015 04 - 08- 11 zoneAgent.OccupancyDeliberationPlan [PlanExecutionTask(RPlan(name=decideOccupancy#28))] - preparing goals for openings of inferred types of
http://www.maxey.org.uk/ontologies/building.owl#MonitorableOpening => [http://www .maxey.org.uk/ontologies/building.owl#WallOpening_M_Single - Flush - 0800_x1981mm- 0800_x1981mm-
132513 - 1_3NVHLAMQTEfAqQJIOdtVsXW, http://www.maxey.org.uk/ontologies/building.owl#WallOpening_M_Double - Flush -1600_x_1981mm- 1600_x_1981mm- 198642 - 1_3NVHLAMQTEfAqQJOdtVeep,
http://www.maxey.org.uk/ontologies/building.owl#virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID, http://www.maxey.org.uk/ontologi es/building.owl#WallOpening_M_Double - Flush -
1600_x_1981mm- 1600_x_1981mm- 133746 - 1_3NVHLAMQTEfAqQJOdtVsUp, http://www.maxey.org.uk /ontologies/building.owl#WallOpening_M_Double - Flush -1600_x_1981mm- 1600_x_1981mm- 198695 -
1_3NVHLAMQTEfAqQJOdtVcNC]

INFO 09:57:54.015 04 - 08- 11 zoneAgent.OccupancyDeliberationPlan [PlanExecutionTask(RPlan(name=decideOccupancy#28))] - activating 1 goals in res ponse to deliberation
evaluateOccupancyOpenings and intention commitment class commitment.OcupancyMonitorCommitment:valid Thu Aug 04 09:57:13 BST 2 011 ->Thu Aug 04 10:27:13 BST 2011, timestamp
[empty], name:decideOccupancy#28, audit size:1, changes:1

INFO 09:57:54.01504 - 08- 11 zoneAgent.OpeningsOccupancyPlan [PlanExecutionTask(RPlan(hame=monitorOccupancyOpenings#5))] - started determine occupancy by monitoring openings
intention commitment class commitment.OcupancyMonitorCommitment:valid Thu Aug 04 09:57: 13 BST 2011 - > Thu Aug 04 10:27:13 BST 2011, timestamp [empty],

name:decideOccupancy#28, audit size:2, changes:1 using plan monitorOccupancyOpenings#5

TRACE 09:57:55.031 04 - 08- 11 zoneAgent.AbstractOccupancyPlan [PlanExecutionTask(RPlan(name=monitorOccupanc yOpenings#5))] - intial internal motion sensor less preferred

sensors in preliminary selection (removed): [DFBA34CE - 872C- 4125 - A885- 23C803D37046, 31F55E2A - E076- 4abd - 8D56- 31FC1218DF14, D961AD9A - 5D99- 41c8 - 8BDO- D30508B9541D, 53DB3068 - 1469 -
4362 - A23F- 396794CAAD6B]

DEBUG 09:57:55.031 04 - 08- 11 zoneAgent.OpeningsOccupancyPlan [PlanExecutionTask(RPlan(name=monitorOccupancyOpenings#5))] - selected motion sensors for occupancy verification:

[5B4BOB71 - 1634 - 4376 - BC71- 986A2F4E3E7A, 0B8BAC54B - 821F- 474d- A1D8- F141097CE3FA, 67 E876F1- 6C91- 4b5a- 92D0- 2F5B2B83D264, 0D9149A7 - F23E- 4354 - A0O00- C1F67B7CAO0C6]
C.1.3 CountOccupancyz Sample Tracker Configuration

A sample tacker configuratiorused by the forum agent

INFO 09:56:31.125 05 - 08- 11 zoneAgent.OpeningsOccupancyPlan [PlanExecutionTas k(RPlan(name=monitorOccupancyOpenings#3))] - tracker configuration summary: entry/exit tracker
configuration: for boundary WallOpening_M_Double - Flush -1600_x_1981mm- 1600_x_1981mm- 133746 - 1_3NVHLAMQTEfAqQJOdtVsUp inside sensor F557647F - 208F- 4c15 - 94BD- 057DE3151531
(inside), outside sensor EOC86482 - 2BFO- 464a - 93FE- 9856FOE38F0D (outsideTrigger), apply dueal trigger check: no, opening type none
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INFO 09:56:32.921 05 - 08- 11 zoneAgent.OpeningsOccupancyPlan [PlanExecutionTask(RPlan(name=monitorOccupancyOpenings#3))] - tracker configuration summary: entry/exit tracker

configuration: for boundary virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID inside sensor 4A77A18D - 494F - 48e4 - B52D- 102414D70734 (insideTrigger), outside sensor C74FB61B -7150-
4347 - 95BA- E88037F82049 (outsideTrig ger), apply dueal trigger check: yes, opening type none

INFO 09:56:34.765 05 - 08- 11 zoneAgent.OpeningsOccupancyPlan [PlanExecutionTask(RPlan(name=monitorOccupancyOpenings#3))] - tracker configuration summary: entry/exit tracker
configuration: for boundary WallOpening_M_Double - Flush - 1600_x_1981mm- 1600_x_1981mm- 198642 - 1_3NVHLAMQTEfAqQJOdtVcep inside sensor 10DD8844 - F2CA- 4805 - 96C4- D5B4C2DF28A9
(insideTrigger), outside sensor DC0645CB - C809- 4577 - A161- 282823B65735 (outsideTrigger), apply dueal trigger check: yes , opening type none

INFO 09:56:36.406 05 - 08- 11 zoneAgent.OpeningsOccupancyPlan [PlanExecutionTask(RPlan(name=monitorOccupancyOpenings#3))] - tracker configuration summary: entry/exit tracker
configuration: for boundary WallOpening_M_Single - Flush - 0800_x19 81mm 0800_x1981mm- 132513 - 1_3NVHLAMQTEfAqQJOdtVsXW inside sensor D12B81DE - CF90- 46ff - 9066 - 4472F57741CC
(insideTrigger), outside sensor 44077443 - 093E- 4e9c - A450- 96F8BE4C712B (outside), apply dueal trigger check: no, opening type none

INFO 09:56:37.750 05- 08- 11 zoneAgent.OpeningsOccupancyPlan [PlanExecutionTask(RPlan(name=monitorOccupancyOpenings#3))] - tracker configuration summary: entry/exit tracker
configuration: for boundary WallOpening_M_Double - Flush -1600_x_1981mm- 1600_x_1981mm- 198695 - 1_3NVHLAMQEfAqQJOdtVcNc inside sensor 0D9149A7 - F23E- 4354 - AO00- C1F67B7CAOC6
(inside), outside sensor A8E22922 - BC63- 4d41 - A773- B6A2794FDESS8 (outsideTrigger), apply dueal trigger check: yes, opening type none

C.2. Sensor Node Agent Type Testing

The following sub sectionsqvide some details of testing.
C.2.1 Lease Message Request adigbeeHost Management

The following log excerpts show the init&ll messageceptionof arequest for a lease, the senspode ayentthen deliberates its action and processes the lease.
Initially it isassigning it as pendingppropriateZigbee node configuration isrceed out and the lease is then set tgranted status The power mode of the Zigbee

host in this case was changed from idée mode Btandby(io Yw powelQa mode suitable foreading data

DEBUG 07:26:52.046 04 - 08- 11 sensorNode.SensorOntSLResponsePlan [PlanExecutionTask(RPlan(name=sensorOntSLResponse#2))] - received sensor ontology related SL request

(perfromative:16), message at Thu Aug 04 07:26:52 BST 2011 message content: ((ac tion (agent - identifier :name zoneAgent_w135@maxey - eng :addresses (sequence
http://131.251.176.157:7778/acc)) (REQUEST_DEVICELEASES :DEVICELEASE (DEVICELEASE :REQUESTOR (agent - identifier :name zoneAgent_w135@maxey - eng :addresses (sequence
http://131.251.176 .157:7778/acc)) :ALTERNATIVESENSORIDO A35DA7CO - DA29- 4164 - 9902 - D55056920015 :LEASESTART 20110804T062639375Z :LEASEEND 20110804T062839375Z :DEMAND 0
:RESOLUTION 0 :AVAILIBILITYIFOFFLINE 0 :ACCESSTYPE 0))))

INFO 07:26:52.468 04 - 08- 11 sensorNode.ManageSensorL  easesPlan [PlanExecutionTask(RPlan(hame=manageSensorLeases#2))] - received request for lease - resolution pending for
first resource A35DA7CO - DA29- 4164 - 9902 - D55056920015, requestor zoneAgent_w135@maxey -eng

INFO 07:26:52.468 04 - 08- 11 sensorNode.ManageZigh ~ eeNodesPlan [PlanExecutionTask(RPlan(hame=manageZigbeeNodes#3))] - perfroming zigbee node management (on demand)

DEBUG 07:26:52.468 04 - 08- 11 sensorNode.ManageZigbeeNodesPlan [PlanExecutionTask(RPlan(name=manageZigbeeNodes#3))] - considering actioning resou rces for 1 pending leases%n
DEBUG 07:26:52.468 04 - 08- 11 sensorNode.ManageZigbeeNodesPlan [PlanExecutionTask(RPlan(name=manageZigbeeNodes#3))] -0 DeviceLease - for:A35DA7CO - DA29- 4164 - 9902 -
D55056920015 requested for:A35DA7CO - DA29- 4164 - 9902 - D55056920015 reso lution:pending from:Thu Aug 04 07:26:39 BST 2011 to:Thu Aug 04 07:28:39 BST 2011 agent:[not
set] desc:null

INFO 07:26:55.156 04 - 08- 11 sensorNode.ManageZigbeeNodesPlan [PlanExecutionTask(RPlan(name=manageZigbeeNodes#3))] - managing power setting (changed ) for: 000D6F0000D59949

existing value standby new value: low power
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INFO 07:26:55.312 04 - 08- 11 sensorNode.ManageZigbeeNodesPlan [PlanExecutionTask(RPlan(name=manageZigbeeNodes#3))] - granted lease and managing power setting for: DeviceLease
- for:A35DA7CO - DA29- 4164 - 9902 - D55056920015 requested for:A35DA7CO - DA29- 4164 - 9902 - D55056920015 resolution:granted from:Thu Aug 04 07:26:39 BST 2011 to:Thu Aug 04
07:28:39 BST 2011  agent:[not set] desc:null

C.2.2 Routine Sensor Node Managemer(Power Mode)

The following logites illustrate theoutine maintenanceof the power mode®f Zigbeesensor nodén the network Regarding the first node listed, the agent has
determined that there are no active leases remainingday devices hosted by that node the device iset toa lower power consumption modé& he difference

in timestamp values between the first two lines account for the issuing of the configuration command to the infrastructure.

INFO 07:29:34.140 04 - 08- 11 sensorNode.ManageZigbeeNodesPlan [PlanExecutionTask(RPla n(name=manageZigheeNodes#18))] - perfroming zigbee node management (routine)

INFO 07:29:37.093 04 - 08- 11 sensorNode.ManageZigbeeNodesPlan [PlanExecutionTask(RPlan(name=manageZigbeeNodes#18))] - managing power setting (changed) for: 000D6F0000D5A4D4
existin g value low power new value: standby

INFO 07:29:37.109 04 - 08- 11 sensorNode.ManageZigbeeNodesPlan [PlanExecutionTask(RPlan(name=manageZigbeeNodes#18))] - managing power setting (no change) for: 000D6FO0000D5D521
existing value low power new value: low power

INFO 07:29:37.125 04 - 08- 11 sensorNode.ManageZigbeeNodesPlan [PlanExecutionTask(RPlan(name=manageZigbeeNodes#18))] - managing power setting (no change) for: 000D6FO000D0F691
existing value standby new value: standby

INFO 07:29:37.140 04- 08- 11 sensorNode.ManageZigbeeNodesPlan [PlanExecutionTask(RPlan(name=manageZigbeeNodes#18))] - managing power setting (no change) for: 000D6FO0000D59F32
existing value low power new value: low power

INFO 07:29:37.156 04 - 08- 11 sensorNode.ManageZigbeeNod esPlan [PlanExecutionTask(RPlan(name=manageZigbeeNodes#18))] - managing power setting (no change) for: 000D6FO0000D5A4D6
existing value low power new value: low power

INFO 07:29:37.171 04 - 08- 11 sensorNode.ManageZigbeeNodesPlan [PlanExecutionTask(RPlan(name =manageZigheeNodes#18))] - managing power setting (no change) for: 000D6F0000D59947
existing value low power new value: low power

INFO 07:29:37.171 04 - 08- 11 sensorNode.ManageZigheeNodesPlan [PlanExecutionTask(RPlan(name=manageZigbeeNodes#18))] - managing power setting (no change) for: 000D6F0000D5A507
existing value low power new value: low power

INFO 07:29:37.187 04 - 08- 11 sensorNode.ManageZigbeeNodesPlan [PlanExecutionTask(RPlan(name=manageZigbeeNodes#18))] - managing power setting (no change) for: 000D6 FO000D5986B
existing value standby new value: standby

INFO 07:29:37.203 04 - 08- 11 sensorNode.ManageZigbeeNodesPlan [PlanExecutionTask(RPlan(name=manageZigbeeNodes#18))] - managing power setting (changed) for: 000D6F0000D59913
existing value standby new val ue: low power

INFO 07:29:37.218 04 - 08- 11 sensorNode.ManageZigbheeNodesPlan [PlanExecutionTask(RPlan(name=manageZigbeeNodes#18))] - managing power setting (changed) for: 000D6F0000D59949

existing value low power new value: standby
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Appendix D

Systems Result Samples

This appendix contaga number of samples afjentsbeliefsabout occupancy and the environmental conditions inside the zdheresults presented are

excerptsof those for theintervalfrom 5th to 7th August 2011, using the university site deployment detailed in settloB The results are reviewed in section

7.4

D.1. SampleOccupancyMonitoring Beliefs

The following sub sectioshowd | YLX S& 2F GKS T 2yS. | 3

D.1.1 Occupancy Beliefs of Zone Agent for.1.35

count: [unknown] zone: w.1.35 from 06:27:53 5
count: [unknown] zone: w.1.35 from 06:52:40 5
count: 0 zone: w.1.35 from 06:54:39 5

count: 0 zone: w.1.35 from 09:26:07 5

count: [unknown] zone: w.1.35 from 09:57:40 5
1_3NVHLAMQTEfAQQJIOdtVSXW

count: some, count undefined zone: w.1.35 from 10:33:38 5

count: 0 zone: w.1.35 from 11:00:11 5 -Augto 12:47:255
count: 1 zone: w.1.35 from 12:47:25 5 - Aug to 13:01:32 5
1_3NVHLAMQTEfAqQJIOdtVsSXW

count: 0 zone: w.1.35 from 13:01:32 5
1_3NVHLAMQTEfAqQJIOdtVsSXW

count: [unknown] zone: w.1.35 from 13:15:35 5
1_3NVHLAMQTEfAqQJIOdtVSXW

count: 0 zone: w.1.35 from 13:22:45 5

count: [unknown] zone: w.1.35 from 13:59:51 5
1_3NVHLAMQTEfAqQJIOdtVsSXW

- Aug to 06:27:53 5 - Aug status: defined
- Aug to 06:52:40 5 - Aug status: defi ned
- Aug to 09:25:04 5 - Aug status: defined
- Aug to 09:57:40 5 - Aug status: defined
- Aug to 09:57:20 5 - Aug status: defined originator ref:

- Aug to 11:23:43 5
- Aug status: defined

- Aug status: defined
-Augto 13:15:35 5 - Aug status: defined
- Aug to 13:15:27 5

- Aug to 13:59:51 5 - Aug status: defined
- Aug to 13:59:55 5

S

v

a

- Aug status: defined originator ref: WallOpening_M_Single
originator ref: WallOpening_M_Single

- Aug status: defined originator ref: WallOpening_M_Single

- Aug status: defined originator ref: WallOpening_M_Single

40 200dLd yOe

WallOpening_M_Single

- Flush - 0800_x1981mm- 0800_x1981mm- 132513 -

- Flush - 0800_x1981mm- 0800_x1981mm- 132513 -

- Flush - 0800_x1981mm- 0800_x1981mm- 132513 -

- Flush - 0800_x1981mm- 0800_x1981mm- 132513 -

- Flush - 0800_x1981mm- 0800_x1981 mm 132513 -
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count: 0 zone: w.1.35 from 14:07:35 5 - Aug to 16:00:02 5 - Aug status: defined

count: [unknown] zone: w.1.35 from 16:00:02 5 - Aug to 16:00:15 5 - Aug status: defined originator ref: WallOpening_M_Single
1_3NVHLAMQTEfAqQJIOdtVsXW

count: 0 zone: w.1.35 from 16:05:30 5 - Augto 17:47:55 5 - Aug status: defined

count: some, count undefined zone: w.1.35 from 17:48:07 5 - Aug to 17:53:46 5 - Aug status: defined

count: 0 zone: w.1.35 from 17:54:03 5 -Augto 22:30:00 7 - Aug status: defined

count: some, count undefined zone: w.1.35 from 22:30:25 7 - Aug to 22:30:50 7 - Aug status: defined

count: 0 zone: w.1.35 from 22:31:07 7 - Aug to 06:02:11 8 - Aug status: defined

count: [unknown] zone: w.1.35 from 06:39:15 8 -Augto 06:39:158 - Aug status: defined

count: 0 zone: w.1.35 from 06:41:13 8 - Aug to 09:21:16 8 - Aug status: defined

count: 0 zone: w.1.35 from 09:27:51 8 - Aug to 13:27:27 8 - Aug status: defined

count: 1 zone: w.1.35 from 13:27:27 8 - Aug to 13:31:18 8 - Aug status: defi ned originator ref: WallOpening_M_Single
1_3NVHLAMQTEfAqQJIOdtVsSXW

count: 2 zone: w.1.35 from 13:31:18 8 - Aug to 13:31:53 8 - Aug status: defined originator ref: WallOpening_M_Single
1_3NVHLAMQTEfAqQJIOdtVsSXW

count: 1 zone: w.1.35 from 13:31:53 8 - Aug to 16:14:12 8 - Aug status: defined originator ref: WallOpening_M_Single
1_3NVHLAMQTEfAqQJIOdtVsSXW

count: 2 zone: w.1.35 from 16:14:12 8 - Aug to 16:20:18 8- Aug status: defined originator ref: WallOpening_M_Single
1_3NVHLAMQTEfAqQJIOdtVsSXW

count: 1 zone: w.1.35 from 16:20:18 8 - Aug to 16:20:56 8 - Aug status: defined originator ref: WallOpening_M_Single
1_3NVHLAMQTEfAqQJIOdtVsXW

count: 2 zone: w.1.35 from 16:20:56 8 - Aug to 16:22:15 8 - Aug status: defined originator ref: WallOpening_M_Single
1_3NVHLAMQTEfAqQJIOdtVsXW

count: 1 zone: w.1.35 from 16:22:1 58 - Aug to 16:47:21 8 - Aug status: defined originator ref: WallOpening_M_Single
1_3NVHLAMQTEfAqQJIOdtVsXW

count: 0 zone: w.1.35 from 16:47:21 8 - Aug to 16:48:09 8 - Aug status: defined originator ref: WallOpening_M_Single
1_3NVHLAMQTEfAqQJIOdtVsXW

count: [unknown] zone: w.1.35 from 16:48:09 8 - Aug to 16:48:10 8 - Aug status: defined originator ref: WallOpening_M_Single
1_3NVHLAMQTEfAqQJIOdtVsXW

count:  some, count undefined zone: w.1.35 from 17:19:36 8 - Aug to 22:36:05 8 - Aug status: defined

count: 0 zone: w.1.35 from 22:36:22 8 - Aug to 23:00:12 8 - Aug status: defined

D.1.2 Occupancy Beliefs of Zone Agent féiorum Room

- Flush - 0800_x1981mm- 0800_ x1981mm 132513 -

- Flush - 0800_x1981mm- 0800_x1981mm- 132513 -
- Flush - 0800_x1981mm- 0800_x1981mm- 132513 -
- Flush - 0800_x1981mm- 0800_x1981mm- 132513 -
- Flush - 0800_x1981mm- 0800_x1981mm- 132513 -
- Flush - 0800_x1981mm- 0800_x1981mm- 132513 -
- Flush - 0800_x1981mm- 0800_x1981mm- 132513 -
- Flush - 0800_x1981mm- 0800_x1981mm- 132513 -
- Flush - 0800_x1981mm- 0800_x1981mm- 132513 -

- Flush - 0800_x1981mm- 0800_x1981mm- 132513 -

count: [unknown] zone: forum from 06:56:36 5- Aug to 06:56:36 5 - Aug status: defined

count: 0 zone: forum from 06:58:55 5 - Aug to 08:02:55 5 - Aug status: defined

count: some, count undefined zone: forum from 08:19:17 5 - Aug to 11:08:43 5 - Aug status: defined

count: 0 zone: forum from 11:14:02 5 -Augtol 1:39:025 - Aug status: defined

count: some, count undefined zone: forum from 11:47:45 5 - Aug to 14:11:54 5 - Aug status: defined

count: 0 zone: forum from 14:02:54 5 - Aug to 14:31:12 5 - Aug status: defined

count: 1 zone: forum from 14:31:12 5 - Aug to 14:32:19 5 - Aug status: defined originator ref: virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID

count: 2 zone: forum from 14:32:19 5 - Aug to 14:32:58 5 - Aug status: defined originator ref: virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID

count: 1 zone: forum from 14:32:58 5 -Augt 014:32:325 - Aug status: defined originator ref: WallOpening_M_Double - Flush -1600_x_1981mm- 1600_x_1981mm- 198642 -
1_3NVHLAMQTEfAqQJIOdtVcep

count: 2 zone: forum from 14:32:58 5 - Aug to 14:33:16 5 - Aug status: defined originator ref: virtualSpaceBoundary_0GxXmtNO X4vROJiXPpaw!ID

count: 3 zone: forum from 14:33:16 5 - Aug to 14:34:14 5 - Aug status: defined originator ref: WallOpening_M_Double - Flush -1600_x_1981mm- 1600_x_1981mm- 198642 -

1_3NVHLAMQTEfAGQJOdtVcep

count: 2 zone: forum from 14:34:14 5 - Aug to 14:35:38 5 - Aug stat us: defined originator ref: virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID
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count: 3 zone: forum from 14:35:38 5
1_3NVHLAMQTEfAqQJOdtVcep

count

: 2 zone: forum from 14:35:44 5

1_3NVHLAMQTEfAqQJOdtVcep
count: 1 zone: forum from 14:37:34 5
1_3NVHLAMQTEfAqQJOdtVcep
count: 2 zone: forum from 14:37:34 5
1_3NVHLAMQTEfAqQJOdtVcNc
count: 3 zone: forum from 14:37:34 5
1_3NVHLAMQTEfAqQJOdtVcep
count: 2 zone: forum from 14:38:33 5
1_3NVHLAMQTEfAqQJOdtVcep
count: 3 zone: forum from 14:41:22 5
1_3NVHLAMQTEfAqQJOdtVcep
count: 2 zone: forum from 14:41:45 5
count: 3 zone: forum from 14:43:45 5
1_3NVHLAMQTEfAqQJOdtVcep
count: 2 zone: forum from 14:45:59 5

count: 3 zone: forum from

1_3NVHLAMQTEfAqQJOdtVcep
count: 2 zone: forum from 14:47:26 5
1_3NVHLAMQTEfAqQJOdtVcep
count: 1 zone: forum from 14:47:31 5
1_3NVHLAMQTEfAqQJOdtVcep

coun t: 2 zone: forum from 14:49:45 5

1_3NVHLAMQTEfAGQJOdtVeNe

count
count
count
count
count
count
count
count
count
count
count
count
count
count
count
count
count
count
count
count
count
count
count
count
count
count

14:46:54 5

- Aug to 14:35:44 5
- Aug to 14:37:34 5
- Aug to 14:37:34 5
- Aug to 14:37:50 5
- Aug to 14:38:33 5
- Aug to 14:41:22 5
- Aug to 14:41:45 5

- Aug to 14:43:45 5
- Aug to 14:45:59 5

- Aug to 14:46:54 5
- Aug to 14:47:26 5

- Aug to 14:47:31 5
- Aug to 14:49:45 5

- Aug to 14:50:26 5

: 1 zone: forum from 14:50:26 5 - Aug to 14:52:58 5
: 2 zone: forum from 14:52:58 5 - Aug to 14:58:35 5
: 3 zone: forum from 14:58:35 5 - Aug to 15:01:28 5
: 2 zone: forum from 15:01:28 5 - Aug to 15:02:20 5
: 3 zone: forum from 15:02:20 5 - Aug to 15:02:28

: 4 zone: forum from 15:02:28 5 - Aug to 15:05:54 5
: 5 zone: forum from 15:05:54 5 - Aug to 15:10:18 5
: 4 zone: forum from 15:10:18 5 - Aug to 15:10:22 5
: 5 zone: forum from 15:10:225 - Augto 15:16:04 5
: 4 zone: forum from 15:16:04 5 - Aug to 15:18:18 5
:3zo0 ne: forum from 15:18:18 5 - Aug to 15:18:53 5
: 4 zone: forum from 15:18:53 5 - Aug to 15:19:29 5
: 3 zone: forum from 15:19:29 5 - Aug to 15:19:34 5
: 2 zone: forum from 15:19:34 5 - Aug to 15:20:23 5
: 1 zone: forum from 15:20:23 5 - Aug to 15:22:05 5
: 2 zone: forum from 15:22:05 5 - Aug to 15:24:06 5
: 1 zone: forum from 15:24:06 5 - Aug to 15:24:38 5
: 2 zone: forum from 15:24:38 5 - Aug to 15:29:11 5
: [unknown] zone: forum from 15:29:11 5

- Aug status: defined originator ref: WallOpening_M_Double - Flush - 1600_x_1981mm- 1600_x_1981mm- 198642 -
- Aug status: defined originator ref: WallOpening_M_Double - Flush - 1600_x_1981mm- 1600_x_1981mm- 198642 -
- Aug status: defined originato r ref: WallOpening_M_Double - Flush - 1600_x_1981mm- 1600_x_1981mm- 198642 -
- Aug status: defined originator ref: WallOpening_M_Double - Flush - 1600_x_1981mm- 1600_x_1981mm- 198695 -
- Aug status: defined originator ref: WallOpening_M_Double - Flush -1600_x_1981mm- 1600_x_1981mm- 198642 -
- Aug sta tus: defined originator ref: WallOpening_M_Double - Flush -1600_x_1981mm- 1600_x_1981mm- 198642 -
- Aug status: defined originator ref: WallOpening_M_Double - Flush -1600_x_1981mm- 1600_x_1 981mm 198642 -

- Aug status:

- Aug status: defined originat

- Aug status:
- Aug status:

- Aug status:
- Aug status:

- Aug status:

- Aug status: defined origina

- Aug status:

defined originator ref:
defined originator ref:
defined originator ref:
defined originator ref:
defined originator ref:

defined originator ref:

defined originator ref:

virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID
or ref: WallOpening_M_Double

virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID
WallOpening_M_Double

WallOpening_M
WallOpening_M_Double
WallOpening_M_Double

tor ref: virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID
virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID

- Aug status: d efined originator ref: virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID

- Aug status: defined originator ref:
5- Aug status: defined originator ref:
- Aug status: defined originator ref:
- Aug status: defined originator ref:
- Aug status: defined originator ref:
- Aug status: defined originator ref:
- Aug status: defined originator ref:
- Aug status: defined originator ref:
- Aug status: defined originator ref:
- Aug status: defined originator ref:
- Aug status: defined originator ref:
- Aug status: defined originator ref:
- Aug status: defined originator ref:
- Aug status: defined originator ref:
- Aug status: defined originator ref:

- Aug to 15:29:11 5

virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID
virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID
virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID
virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID
virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID
virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID
virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID
virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID
virtualSpaceBoundary_0GxXmtNOX4vROJiXPpaw
virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID
virtualSpaceBoundary_0GxXmt
virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID
virtualSpaceB
virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID
virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawlID

- Aug status: defined originator ref: virtualSpaceBoundary_0GxXmtNOX4vROJiXPpawID

: some, count undefined zone: forum from 16:09:27 5
: 0 zone: forum from 18:36:03 5 - Aug to 19:04:23 5
: some, count undefined zone: forum from 19:05:01 5
: 0 zone: forum from 19:57:38 5 - Aug to 11:15:00 6
: some, count undefined zone: forum from 11:15:00 6
: 0 zone: forum from 12:19:06 6 - Aug to 13:24:41 6
: some, count undefined zone: forum from 13:32:51 6

-Augto 18:16:595 - Aug status: defined

- Aug status: defined
- Aug to 19:56:28 5

- Aug status: defined
- Aug to 11:51:28 6

- Aug status: defined

-Augto 14 :00:47 6

- Aug status: defined
- Aug status: defined

- Aug status: defined

- Flush - 1600_x_1981mm- 1600_x_1981mm- 198642 -

- Flush -1600_x_1981mm- 1600_x_1981mm- 198642 -
_Double - Flush -1600_x_1981mm- 1600_x_1981mm- 198642 -
- Flush -1600_x_1981mm- 1600_x_1981mm- 198642 -

- Flush -1600_x_1981mm- 1600_x_1981mm- 198695 -

ID

NOX4vROJiXPpawlID

oundary_0GxXmtNOX4vROJiXPpawID
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count: 0 zone: forum from 14:03:58 6 - Aug to 16:38:46 6 - Aug status: defined

count: some, count undefined zone: forum from 16:53:39 6 -Aug to 17:17:35 6 - Aug status:
count: 0 zone: forum from 17:28:36 6 - Aug to 18:51:04 6 - Aug status: defined

count: some, count undefined zone: forum from 18:51:21 6 - Aug to 18:51:51 6 - Aug status:
count: 0 zone: forum from 18:52:07 6 - Augto 12:12:34 7 - Aug status: defined

count: some, count undefined zone: forum from 12:13:35 7 -Augto12:1 3:48 7 - Aug status:
count: 0 zone: forum from 12:14:03 7 - Aug to 15:28:52 7 - Aug status: defined

count: some, count undefined zone: forum from 15:29:09 7 - Aug to 15:31:14 7 - Aug status:
count: 0 zone: forum from 15:32:37 7 - Aug to 16:39:24 7 - Aug status: defined

count: some, count undefined zone: forum from 16:39:42 7 - Aug to 16:40:10 7 - Aug status:
count: 0 zone: forum from 16:40:27 7 - Aug to 17:17:06 7 - Aug status: defined

count: some, count undefined zone: forum from 17:22:22 7 - Aug to 17:36: 53 7 - Aug status:
count: 0 zone: forum from 17:37:04 7 - Aug to 18:08:15 7 - Aug status: defined

count: some, count undefined zone: forum from 18:08:31 7 - Aug to 18:09:19 7 - Aug status:
count: 0 zone: forum from 18:09:34 7 - Aug to 18:43:16 7 - Aug st atus: defined

count: some, count undefined zone: forum from 18:43:31 7 - Aug to 18:44:19 7 - Aug status:
count: 0 zone: forum from 18:44:35 7 - Aug to 22:28:53 7 - Aug status: defined

count: some, count undefined zone: forum from 22:32:55 7 - Aug to 22:58:06 7- Aug status:
count: 0 zone: forum from 23:15:33 7 - Aug to 00:24:14 8 - Aug status: defined

count: some, count undefined zone: forum from 00:24:31 8 - Aug to 01:28:56 8 - Aug status:
count: 0 zone: forum from 01:28:56 8 - Aug to 05:36:41 8 - Aug stat  us: defined

count: [unknown] zone: forum from 06:48:23 8 - Aug to 06:48:23 8 - Aug status: defined

count: 0 zone: forum from 06:50:39 8 - Aug to 07:12:27 8 - Aug status: defined

count: some, count undefined zone: forum from 07:12:44 8 - Aug to 07:12:54 8 - Aug status:
count: 0 zone: forum from 07:13:46 8 - Aug to 08:24:43 8 - Aug status: defined

count: some, count undefined zone: forum from 08:26:45 8 - Aug to 18:36:04 8 - Aug status:
count: 0 zone: forum from 18:36:23 8 - Aug to 18:58:21 8 - Aug status: defined

count: some, count undefined zone: forum from 18:58:38 8 - Aug to 19:26:40 8 - Aug status:
count: 0 zone: forum from 19:26:56 8 - Aug to 19:51:51 8 - Aug status: defined

count: some, count undefined zone: forum from 19:54:20 8 - Aug to 19:59:41 8 - Aug status:
count: 0 zone: forum from 20:02:52 8 - Aug to 22:26:06 8 - Aug status: defined

count: some, count undefined zone: forum from 22:33:55 8 - Aug to 23:14:18 8 - Aug status:
count: 0 zone: forum from 23:27:43 8 - Aug to 01:12:09 9 - Aug status: defined

coun t: some, count undefined zone: forum from 01:13:45 9 - Aug to 01:27:46 9 - Aug status:
count: 0 zone: forum from 01:28:04 9 - Aug to 02:34:50 9 - Aug status: defined

count: some, count undefined zone: forum from 02:37:00 9 - Aug to 03:05:27 9 - Aug status:
count: 0 zone: forum from 03:06:51 9 - Aug to 03:31:36 9 - Aug status: defined
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defined
defined
defined
d efined
defined
defined
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D.2. SampleEnvironment Monitoring

The following sub sections details some environment beliefs formed by the Forum and w.1.3&gedsThe reason for the presence of [riilfjsome reports

has not been ascertained.

D.2.1 Forum Room Environment Monitoring Sample

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] - belief base environment montior summaries (46) ....

INFO 20:22:30.328 05- 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] - Environment Summary: occupancy count=0zone id=forumilluminance=39.15 Lux,
min illuminance=34.87 Lux, max illuminance=42.45 Lux, temperature=23.44 C, min temperature=23.42 C, max temperature=23.45 C Cvalid from=06:58:55 5 - Aug, valid t0=07:20:30 5 -
Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] - Environment Summary: occupancy count=some, count undefinedzone

id=forumillumina nce =[nil] Lux , min illuminance =[nil] Lux , max illuminance =[nil] Lux , temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=08:19:17

5- Aug, valid t0=08:19:28 5 - Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionT ask(RPlan(name=updateLog#47))] - Environment Summary: occupancy count=0zone id=forumilluminance =[nil] Lux

min illuminance =[nil] Lux , max illuminance =[nil] Lux , temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=11:14:02 5 - Aug, valid to=11:39:02 5 - Aug
INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] - Environment Summary: occupancy count=some, count undefinedzone

id=forumilluminance =[nil] Lux , min illuminance =[nil] Lux , max illumi nance =[nil] Lux , temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=11:47:45

5- Aug, valid to=11:57:02 5 - Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#47))] - Environment Summary : occupancy count=0zone id=forumilluminance=505.00

Lux, minilluminance=116.48 Lux, max illuminance=5862.00 Lux, temperature=23.62 C, min temperature=23.58 C, max temperature=23.67 C Cvalid from=14:02:54 5 - Aug, valid
t0=14:30:335 - Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#47))] - Environment Summary: occupancy count=2zone id=forumilluminance =[nil] Lux ,
min illuminance =[nil] Lux , max illuminance =[nil] Lux , temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=14:32:58 5 - Aug, valid t0=14:32:40 5 - Aug
INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#47))] - Environment Summary: occupancy count=2zone id=forumilluminance=356.18

Lux, min illumi nance=356.18 Lux, max illuminance=356.18 Lux, temperature=23.61 C, min temperature=23.61 C, max temperature=23.62 C Cvalid from=14:32:58 5 - Aug, valid

t0=14:33:16 5 - Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=update Log#47))] - Environment Summary: occupancy count=3zone id=forumilluminance =[nil] Lux s
min illuminance =[nil] Lux , max illuminance =[nil] Lux , temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=14:33:16 5 - Aug, valid to=14:34:14 5 - Aug
INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#47))] - Environment Summary: occupancy count=2zone id=forumilluminance=351.43

Lux, minilluminance=351.43 Lux, max illuminance=351.43 Lux, temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=14:34:14 5 - Aug, valid

t0=14:34:52 5 - Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#47))] - Environment Summary: occupancy count=2zone id=forumilluminance =[nil] Lux ,
min illuminance =[nil] Lux , max illuminance =[nil] Lux , temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=14:35:44 5 - Aug, valid t0=14:35:50 5 - Aug
INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(hame=updateLog#47))] - Environment Summary: occupancy count=2zone id=forumilluminance=2264.38

Lux, min illuminance=345.74
t0=14:36:555 - Aug
INFO 20:22:30.328 05
Lux, min illuminance=342.44
t0=14:38:585 - Aug
INFO 20:22:30.328 05
Lux, min illuminance=343.43
t0=14:39:275 - Aug

-08-

-08-

Lux, max illuminance=6095.00 Lux, temperature=23.61 C, min temperature=23.61 C, max temperature=23.62 C Cval id from=14:35:44 5 - Aug, valid

11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] - Environment Summary: occupancy count=2zone id=forumilluminance=342.60
Lux, maxi lluminance=342.77 Lux, temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=14:38:33 5 - Aug, valid

11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] -
Lux, max illuminance=344.09 Lux, temperature=23.64 C, min temperature=23.64

Environment S ummary: occupancy count=2zone id=forumilluminance=343.76
C, max temperature=23.65 C Cvalid from=14:38:33 5 - Aug, valid
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INFO 20:22:30.3
Lux, min illuminance=344.09
t0=14:40:285 - Aug
INFO 20:22:30.328 05
Lux, min illuminance=337.87
t0=14:42:285 - Aug
INFO 20:22:30.328 05
Lux, min illuminance=338.84
to= 14:42:285 - Aug
INFO 20:22:30.328 05
min illuminance =[nil] Lux
Aug

INFO 20:22:30.328
Lux, min illuminance=339.82
t0=14:48:105 - Aug
INFO 20:22:30.328 05
Lux, min illuminance=337.22
t0=14:48:25 5 - Aug
INFO 20:22:30.328 05
Lux, min illuminance=341.45
t0=14:48:495 - Aug
INFO 20:22:30.328 05
Lux, min illuminance=350.42
t0=14:50:26 5 - Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] -
min illuminance =[nil] Lux , max illuminance =[nil] Lux
INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan

28 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] -
Lux, max illuminance=344.09 Lux, temperature=23.66 C, min temperature=23.6

- 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] -
Lux, max illuminance=337.87 Lux,

- 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(nam
Lux, max illuminance=338.84 Lux,

e=updateLog#47))] -
- 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#47))] -
, max illuminance =[nil] Lux , temperature=23.67 C, min temperature=23.67 C,

05- 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] -
Lux, max illuminance=339.82 Lux, temperature=23.65 C, min temperature=23.65

- 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#47))] -
Lux, max illuminance=337.22 Lux, temperature=23.65 C, min temperature=23.64

- 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(nam
Lux, max illuminance=343.76 Lux, temperature=23.65

e=updateLog#47))] -
C, min temperature=23.64

- 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] -
Lux, max illuminance=350.42 Lux,

[PlanExecutionTask(RPlan(hame=updateLog#47))] -

min illuminance =[nil] Lux , max illuminance =[nil] Lux , temperature=23.63 C, min temperature=23.63 C,
Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] -
min illuminance =[nil] Lux , max illuminan ce =[nil] Lux , temperature=23.61 C, min temperature=23.61 C,

Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#47))] -
min illuminance =[nil] Lux , max illuminance =[nil] Lux
INFO 20:22:30.328 05- 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] -
Lux, min illuminance=338.19 Lux, max illuminance=338.19 Lux, temperature=23.63 C, min temperature=23.63
t0=14:59:24 5 - Aug
INFO 20:22:30.328 05
Lux, min illuminance=359.61
t0=15:03:235 - Aug
INFO 20:22:30.328 05
Lux, minilluminance=362.73
t0=15:04:585 - Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#47))] -
min illuminance =[nil] Lux , max illuminance =[nil] Lux , temperature
INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#47))] -
Lux, min illuminance=364.82 Lux, max illuminance=6149.00 Lux, temperature=23.67
t0=15:09:015 - Aug
INFO 20:22:30.328 05
Lux, min illuminance=150.34
t0=15:11:155 - Aug

- 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] -
Lux, max illuminance=360.65 Lux, temperature=23.63 C, min temperature=23.63

- 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(nam
Lux, max illuminance=362.73 Lux, temperature=23.64

e=updateLog#47))] -
C, min temperature=23.64

- 08- 11 zoneAgent.UpdateLogP lan [PlanExecutionTask(RPlan(name=updateLog#47))] -
Lux, max illuminance=151.21 Lux, temperature=23.68 C, min temperature=23.68
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temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=14:41:45 5

temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=14:41:45 5

temperat ure=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=14:49:45 5

, temperature=[nil] C, min temperature=[nil] C, max temperature=

, temperature=[nil] C, min temperature=[nil] C, max temperature=

=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=15:05:54 5

C, min temperature=23.67

Environment Summary: occupancy count=2zone id=forumilluminance=344.09
6 C, max temperature=23.67 C Cvalid from=14:38:33 5 - Aug, valid

Environment Summary: occupancy count=2zone id=forumilluminance=337.87
- Aug, valid

Environment Summary: occupancy count=2zone id=forumilluminance=338.84
- Aug, valid

Environment Summary: occupancy count=3zone id=forumilluminance =[nil] Lux ,
max temperature=23.67 C Cvalid from=14:43:45 5 - Aug, valid to=14:44:55 5 -

Environment Summary: occupancy count=1zone id=forumilluminance=339.82
C, max temperature=23.65 C Cvalid from=14:47:31 5 - Aug, valid

Environment Summary: occupancy count=1zone id=forumilluminance=337.22
C, max temperature=23.65 C Cvalid from=14:47:31 5 - Aug, valid

Environment Summary: occupancy count=1zone id=forumilluminance=342.99
C, max temperature=23.65 C Cvalid from=14:47:31 5 - Aug, valid

Environment Summary: occupancy count=2zone id=forumilluminance=350.42
- Aug, valid

Environment Summary: occupancy count=1zone i
[nil] Cvalid from=14:50:26 5 - Aug, valid t0=14:50:16 5 - Aug
Environment Summary: occupancy count=1zone id=forumilluminance =[nil] Lux ,
max temperature=23.63 C Cvalid fro m=14:50:26 5 - Aug, valid t0=14:52:42 5 -

d=forumilluminance =[nil] Lux

Environment Summary: occupancy count=2zone id=forumilluminance =[nil] Lux ,
max temperature=23.61 C Cvalid from=14:52:58 5 - Aug, valid t0=14:54:26 5 -

Environment Summary: occupancy count=2zone id=forumilluminance =[nil] Lux ,
[nil] Cvalid from=14:52:58 5 - Aug, valid to=14:56:40 5 - Aug
Environment Summary: occupancy count=3zone id=forumilluminance=338.19

C, max temperature=23.63 C Cvalid from=14:58:35 5 - Aug, valid

Environment Summary: occupancy count=4zone id=forumilluminance=359.96
C, max temperature=23.63 C Cvalid from=15:02:28 5 - Aug, valid

Environment Summary: occupancy count=4zone id=forumilluminance=362.73
C, max temperature=23.64 C Cvalid from=15:02:28 5 - Aug, valid

Environment Summary: occupancy count=5zone id=forumilluminance =[nil] Lux ,
- Aug, valid t0=15:07:29 5 - Aug
orumilluminance=2292.67

- Aug, valid

Environment Summary: occupancy count=5zone id=f
C, max temperature=23.67 C Cvalid from=15:05:54 5

Environment Summary: occupancy count=5zone id=forumilluminance=150.78
C, max temperature=23.68 C Cva lid from=15:10:22 5 - Aug, valid



INFO 20:22:30.328 05
Lux, min illuminance=226.25
t0=15:12:055 - Aug

INFO 20:22:30.328 05- 08-
min illuminance =[nil] Lux
Aug

INFO 20:22:30.328 05 -08-

-08-

Environment Summary: occupancy count=5zone id=forumilluminance=257.14
C, max temperature=23.69 C Cvalid from=15:10:22 5 - Aug, valid

11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] -
Lux, max illuminance=285.65 Lux, temperature=23.69 C, min temperature=23.69

Environment Summary: occupancy count=4zone id=forumilluminance =[nil] Lux ,
- Aug, valid t0=15:16:54 5 -

11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] -
, max illuminance =[nil] Lux , temperature=23.70 C, min temperature=23.69 C, max temperature=23.70 C Cvalid from=15:16:04 5
Environment Summary: occupancy count=4zone id=forumilluminance

11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] - =[nil] Lux ,

minil luminance =[nil] Lux , max illuminance =[nil] Lux , temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=15:18:53 5 - Aug, valid t0=15:18:50 5 - Aug
INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=update Log#47))] - Environment Summary: occupancy count=1zone id=forumilluminance=371.18

Lux, min illuminance=371.18 Lux, max illuminance=371.18 Lux, temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=15:20:23 5 - Aug, valid

t0=15:20:42 5- Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#47))] - Environment Summary: occupancy count=1zone id=forumilluminance=371.06

Lux, min illuminance=370.82 Lux, max illuminance=371.18 Lux, temperature=23.63 C, min temperature=23.63 C, max temperature=23.63 C Cvalid from=15:20:23 5 - Aug, valid

t0=15:21:06 5 - Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#47))] - Environment Summary: occupancy count=1zone id=forumi lluminance=371.27

Lux, minilluminance=371.18 Lux, max illuminance=371.54 Lux, temperature=23.63 C, min temperature=23.63 C, max temperature=23.63 C Cvalid from=15:20:23 5 - Aug, valid

t0=15:21:155 - Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PI anExecutionTask(RPlan(name=updateLog#47))] - Environment Summary: occupancy count=1zone id=forumilluminance=3271.66

Lux, min illuminance=373.32 Lux, max illuminance=6173.00 Lux, temperature=23.63 C, min temperature=23.63 C, max temperature=23.63 C Cvalid f rom=15:20:235 - Aug, valid
t0=15:22:055 - Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] - Environment Summary: occupancy count=2zone id=forumilluminance=377.28

Lux, min illuminance=377.28 Lux, maxillum inance=377.28 Lux, temperature=23.67 C, min temperature=23.67 C, max temperature=23.67 C Cvalid from=15:24:38 5 - Aug, valid
t0=15:25:215 - Aug

INFO 20:22:30.328 05- 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] - Environment Summary: occupancy count=2zone id=forumilluminance =[nil] Lux

min illuminance =[nil] Lux , max illuminance =[nil] Lux , temperature=23.66 C, min temperature=23.66 C, max temperature=23.66 C Cvalid from=15:24:38 5 - Aug, valid t0=15:26:33 5 -
Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] - Environment Summary: occupancy count=2zone id=forumilluminance =[nil] Lux ,
minil luminance =[nil] Lux , max illuminance =[nil] Lux , temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=15:24:38 5 - Aug, valid t0=15:28:05 5 - Aug
INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=update Log#47))] - Environment Summary: occupancy count=[unknown]zone

id=forumilluminance =[nil] Lux , min illuminance =[nil] Lux , max illuminance =[nil] Lux , temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=15:29:11

5- Aug, valid to=15: 29:115 - Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] - Environment Summary: occupancy count=some, count undefinedzone
id=forumilluminance=2074.99 Lux, min illuminance=242.43 Lux, max illuminance=5723 .00 Lux, temperature=23.69 C, min temperature=23.68 C, max temperature=23.69 C Cvalid
from=16:09:275 - Aug, valid to=16:11:57 5 - Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#47))] - Environment Summary: occu pancy count=0zone id=forumilluminance=124.69

Lux, min illuminance=109.12 Lux, max illuminance=130.82 Lux, temperature=23.97 C, min temperature=23.91 C, max temperature=24.02 C Cvalid from=18:36:03 5 - Aug, valid
t0=18:58:155 - Aug

INFO 20:22:30.328 05- 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#47))] - Environment Summary: occupancy count=some, count undefinedzone
id=forumilluminance=121.97 Lux, min illuminance=121.97 Lux, max illuminance=121.97 Lux, temperature=24.00 C, min temperature=24.00 C, max temperature=24.00 C Cvalid

from=19:05:015 - Aug, valid t0=19:10:26 5 - Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#47))] - Environment Summary: occupancy count=0zone id=forumillumi nance=89.33  Lux,
min illuminance=81.67 Lux, max illuminance=95.77 Lux, temperature=24.05 C, min temperature=23.94 C, max temperature=24.10 C Cvalid from=19:57:38 5 - Aug, valid t0=20:22:29 5 -
Aug

INFO 20:22:30.328 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecut ionTask(RPlan(name=updateLog#47))] - belief base occupancies (154) ....
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D.2.2 Room w.1.35 Environment Monitoring Sample

DEBUG 16:01:54.812 05 - 08- 11 zoneAgent.MonitorZoneEnvKeyParamsPlan [PlanExecutionTask(RPlan(name=monitorZoneEnvKeyParams#12))] - environement  summary: Environment Summary:
occupancy count=[unknown]zone id=w.1.35illuminance =[nil] Lux , min illuminance =[nil] Lux , max illuminance =[nil] Lux , temperature=[nil] C, min temperature=[nil] C, max

temperature=[nil] Cvalid from=16:00:02 5 - Aug, valid t0=16:0 0:155 - Aug

INFO 16:01:54.812 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#13))] - belief base environment montior summaries (12) ....

INFO 16:01:54.812 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#1 3))] - Environment Summary: occupancy count=0zone id=w.1.35illuminance=6.56 Lux,
min illuminance=5.77 Lux, max illuminance=7.19 Lux, temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=06:54:39 5 - Aug, valid t0o=07:15:40 5 - Aug
INFO 16:01:54.812 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#13))] - Environment Summary: occupancy count=0zone id=w.1.35illuminance=12.82

Lux, min illuminance=10.51 Lux, max illuminance=17.34 Lux, temperature=[nil] C, min tempe rature=[nil] C, max temperature=[nil] Cvalid from=09:26:07 5 - Aug, valid t0=09:53:42
5- Aug

INFO 16:01:54.812 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#13))] - Environment Summary: occupancy count=[unknown]zone

id=w.1.35illumi nance =[nil] Lux , min illuminance =[nil] Lux , max illuminance =[nil] Lux , temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid

from=09:57:405 - Aug, valid to=09:57:20 5 - Aug

INFO 16:01:54.812 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutio nTask(RPlan(name=updateLog#13))] - Environment Summary: occupancy count=some, count undefinedzone
id=w.1.35illuminance=116.31 Lux, min illuminance=110.18 Lux, max illuminance=122.44 Lux, temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] C valid
from=10:33:38 5 - Aug, valid t0=10:34:355 - Aug

INFO 16:01:54.812 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#13))] - Environment Summary: occupancy count=0zone id=w.1.35illuminance=129.54

Lux, minilluminance=118.74 Lux, max illuminance=138.17 Lux, temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=11:00:11 5 - Aug, valid
t0=11:27:14 5 - Aug

INFO 16:01:54.828 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#13))] - Environme nt Summary: occupancy count=1zone id=w.1.35illuminance =[nil]
Lux, min illuminance =[nil] Lux , max illuminance =[nil] Lux , temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=12:47:25 5 - Aug, valid t0=12:49:37
5- Aug

INFO 16:01:54.8 28 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#13))] - Environment Summary: occupancy count=0zone id=w.1.35illuminance=165.33

Lux, minilluminance=163.74 Lux, max illuminance=166.92 Lux, temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=13:01:32 5 - Aug, valid
t0=13:03:415 - Aug

INFO 16:01:54.828 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#13))] - Environment Summary: occupancy count=[unknown]zone

id=w.1.35i  lluminance =[nil] Lux , min illuminance =[nil] Lux , max illuminance =[nil] Lux , temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid

from=13:15:355 - Aug, valid t0=13:15:27 5 - Aug

INFO 16:01:54.828 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExe cutionTask(RPlan(name=updateLog#13))] - Environment Summary: occupancy count=0zone id=w.1.35illuminance=147.35

Lux, minilluminance=121.74 Lux, max illuminance=166.44 Lux, temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=13:2 2:455 - Aug, valid
t0=13:52:215 - Aug

INFO 16:01:54.828 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#13))] - Environment Summary: occupancy count=[unknown]zone

id=w.1.35illuminance =[nil] Lux , min illuminance =[nil] Lux , max illumi nance =[nil] Lux , temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid

from=13:59:515 - Aug, valid to=13:59:55 5 - Aug

INFO 16:01:54.828 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updatelLog#13))] - Environment Summary : occupancy count=0zone id=w.1.35illuminance=174.15

Lux, min illuminance=160.48 Lux, max illuminance=198.38 Lux, temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid from=14:07:35 5 - Aug, valid
t0=14:37:195 - Aug

INFO 16:01:54.828 05 - 08- 11 zoneAgent.UpdateLogPlan [PlanExecutionTask(RPlan(name=updateLog#13))] - Environment Summary: occupancy count=[unknown]zone

id=w.1.35illuminance =[nil] Lux , min illuminance =[nil] Lux , max illuminance =[nil] Lux , temperature=[nil] C, min temperature=[nil] C, max temperature=[nil] Cvalid

from=16:00:025 - Aug, valid to=16:00:15 5 - Aug
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