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ABSTRACT

Teams play a crucial role in many product development activities. However, teams - as complex
socio-technical systems - are challenging to study in a real-world setting. Computational
models and simulations offer easily controllable and cost-effective tools for supporting team
studies. Computational models prove especially valuable in studies on the sufficient conditions
for the emergence of various team properties and behaviours. As a consequence, the
computational models offer a possible explanation of the observed phenomena and provide
means for theory-testing and hypothesis generation. To support cognitive studies on product
development teams, this dissertation develops a multi-agent system capable of representing
various aspects of product development teams. Building on the existing theories, empirical
studies and current teamwork models, this work derives a detail theoretical model of a designer,
its cognition, its tasks, and interactions with others. The thesis then implements the theoretical
model in a multi-agent system directed at studies of the emergence of team properties and
behaviours — in particular, team learning and adaptation. Extensive testing of the derived
computational model concludes the goal of obtaining a multi-purpose research tool for studies
of product development teams and confirms the appropriateness of the chosen simulation

technique — agent-based modelling - for the intended research goal.

Keywords:

Agent-based modelling and simulations; product development teams; emergent team

properties; team learning; team adaptation
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VISEAGENTSKI SUSTAV ZA SIMULACIJU PONASANJA
TIMA U RAZVOJU PROIZVODA

Timski rad je neizostavan element djelovanja modernih organizacija. Kako bi uspjesno
odgovorile na zahtjeve trziSta, organizacije se ¢esto oslanjaju na suradnju stru¢njaka iz razli¢itih
podrucja, nadajuci se da ¢e komplementarnost njihovih znanja i1 vjestina rezultirati trziSnom
prednoscu. Dosadasnja istrazivanja potvrduju mnoge prednosti timskog rada (u usporedbi s
izoliranim djelovanjem pojedinaca). Primjerice, razni izvori istiu da timski rad rezultira brzim
1 jeftinijim razvojem proizvoda, ve¢om inovativno$c¢u te kvalitetom proizvoda, kao i boljim
rjeSavanjem problema. No mnoga istrazivanja naglaSavaju probleme do kojih dolazi pri
timskom radu. Poznati su slucajevi gdje Zelja za postizanjem dogovora rezultira stvaranjem
malog broja ideja, nedostatnim razmatranjem opcija ili prihvacanjem suboptimalnih rjeSenja
(eng. groupthink). U drugim slu¢ajevima, pak, ponekad dolazi do konflikata medu sudionicima,
gdje razlike u prioritetima i videnju problema onemogucavaju tim u donosenju odluka. Mnogi
istrazivaci, stoga, naglaSavaju potrebu za dodatnim istrazivanjima usmjerenim ka
razumijevanju timskih procesa, timskog ponaSanja i svojstava tima koja proizlaze iz interakcija
¢lanova tima. Posebno je istaknuta vaznost potrebe za dodatnim istrazivanjima razvoja timskog

znanja i iskustva, tj. kako se znanje stvara, dijeli te koristi unutar tima.

Kako bi proucavali timove 1 njihovo ponaSanje, istraZivaci se ¢esto oslanjaju na laboratorijske
studije u kojima su ¢lanovi tima suoc€eni s nekim problemom te zajednicki pokusavaju do¢i do
rjeSenja. Pri ovakvim istrazivanjima sakupljaju se podaci o timskim procesima obrade
informacija te detalji o interakcijama medu ¢lanovima tima. Medutim, provedba laboratorijskih
studija je skupa i1 vremenski zahtjevna. Jedna od metoda kojima se moZe potpomoci
laboratorijske studije je racunalno modeliranje 1 simulacije. KoriStenjem racunalnih modela
timskog rada moguce je izvrSiti veliki broja istrazivanja u kratkom vremenu. Pritom racunalni
modeli dopustaju ponavljanje studija, kontrolu 1 pracenje varijabli te modifikacije ulaznih
podataka kako bi se promatrao njihov utjecaj na ishod simulacije. Navedene karakteristike ¢ine
racunalne modele vaznim alatom pri proucavanju sustava na ¢ije ponasanje utjece velik broj
teSko mjerljivih ¢imbenika. Izradom racunalnog modela timskog rada omogucava se efikasno
testiranje postojecih teorija te formiranje novih hipoteza, posljedi¢no utjeCu¢i na buduce

empirijske studije.

Cilj ovog istrazivanja je razvoj i validacija teorijskog i racunalnog modela timskog rada u
razvoju proizvoda. Posebice, zeljeni model timskog rada treba omoguciti simulaciju i

proucavanje sposobnosti tima da uci te se prilagodi promjenama u vanjskim ili unutarnjim
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okolnostima koje se javljaju tijekom aktivnosti razvoja proizvoda. Ovim istraZivanjem
verificira se hipoteza da je modeliranje zasnovano na agentskoj paradigmi (ABM) prikladno za
ispunjenje cilja istrazivanja: proucavanje simuliranog ponasanja timova u razvoju proizvoda te
proucavanje prilagodbe tima kao posljedice promjene u unutarnjim ili vanjskim okolnostima

koje se javljaju tijekom aktivnosti razvoja proizvoda.

Razvoj Zeljenog modela prati istrazivacku metodologiju po kojoj se istrazivanje moze se
podijeliti u tri povezana ciklusa aktivnosti. Prvi ciklus, Ciklus definiranja utjecaja, sastoji se od
pregleda podrucja ¢iji cilj je identifikacija vaznih koncepata, odabir odgovaraju¢ih mjera te
stvaranje preliminarnih modela raznih aspekata timskog rada. Kao rezultat ove faze istrazivanja
postize se razumijevanje problema, njegovih granica i postojecih rjesenja, te se odabire
pogodna tehnika za izradu Zeljenog modela timskog rada. U drugoj fazi istraZivanja, Ciklusu
razvoja modela, preliminarni modeli nastali u prvoj fazi istrazivanja se detaljiraju te
implementiraju koriste¢i odabranu tehniku izrade racunalnog modela. Razvijeni modeli se
testiraju kako bi se verificirala implementacija te osigurala podudarnost s pojavama uo¢enim u
empirijskim studijama. Kona¢no, u tre¢oj fazi razvoja, Ciklusu utvrdivanja valjanosti, razvijeni
modeli integriraju se u koherentni istrazivacki okvir te se isti primjenjuje u simulacijama
namijenjenim proucavanju timskog ucenja i adaptabilnosti. Ishodi simulacija se usporeduju s
predvidanjima zasnovanim teorijama i podacima pronadenim u dostupnoj literaturi, Sto
rezultira identifikacijom prednosti, ali 1 nedostataka razvijenog ra¢unalnog modela timskog
rada. Otkriveni nedostaci, kao 1 rezultati daljnjih empirijskih istrazivanja timskog rada, sluze
kao smjernice za unaprjedenje modela. S druge strane, razvijeni model omogucava
istrazivacima korisStenje simulacija kako bi povecali razumijevanje medudjelovanja raznih
aspekata timskog rada, ¢ime produbljuje znanje o sustavu i usmjerava buduca empirijska
istraZivanja.

Doktorski rad strukturiran je tako da prati opisanu metodologiju istrazivanja. Podijeljen je u
devet poglavlja od kojih prva tri odgovaraju Ciklusu definiranja utjecaja. Cetvrto, peto i $esto
poglavlje opisuju razvoj i testiranje racunalnog modela ¢ime prikazuju drugu fazu istrazivanja
— Ciklus razvoja modela. Rezultati posljednje faze istrazivanja, Ciklusa utvrdivanja valjanosti,

opisani su u sedmom poglavlju.

Preciznije, prvo poglavlje (,,/ntroduction ) donosi uvod u temu doktorskog rada. Motivacija
provedenog istrazivanja dana je kroz opis potrebe za istraZivanjima timskog rada u razvoju
proizvoda, a posebice potreba za studijama timskog ucenja i prilagodbe. NaglaSena je

potencijalna korist razvoja ratunalnog modela za simulaciju 1 istrazivanje timskog rada, ¢ime
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je istaknut cilj istrazivanja. Nadalje, opisana je hipoteza, oc¢ekivani znanstveni doprinosi
disertacije te metodologija istrazivanja. Poglavlje zavrSava pregledom ostalih poglavlja

doktorskog rada.

Drugo poglavlje (,,Research background ) uvodi osnovne pojmove definirajuci vazne koncepte
vezane uz timove, timsko ponaSanje, timske procese te timska svojstva koja proizlaze iz
interakcija pojedinaca u timu. Posebna paznja posvecena je identifikaciji elemenata koje je
potrebno modelirati kako bi se prikazalo djelovanje tima. Opisana je uloga timova u razvoju
proizvoda, kao i poteskoce s kojima se susrecu istrazivaci pri proucavanju timskog rada.
Konacno, nekoliko racunalnih tehnika za modeliranje i simulaciju kompleksnih sustava je
prikazano i usporedeno s obzirom na njihovu prikladnost za dani problem. Modeliranje pomocu
mreza (NS), modeliranje diskretnih dogadaja (DES), sistemska dinamika (SD) te modeliranje
zasnovano na agentskoj paradigmi (ABM) su izdvojene kao najceS¢e koriStene tehnike
modeliranja. Raspravljena je njihova sposobnost da prikazu inteligentno ponasanje pojedinaca,
hijerarhijske veze i interakcije medu pojedincima, nelinearnost i dinami¢nost sustava, kao i
druge vazne aspekte timskog rada, ¢ime je ustanovljeno da je modeliranje zasnovano na
agentima najpogodnija tehnika za razvoj Zeljenog modela timskog rada. Nekoliko postojecih
modela timskog rada (u raznim domenama) izradenih ABM tehnikom je opisano kako bi se

prikazale mogucénosti odabrane tehnike.

U tre¢em poglavlju (,,Related work: Agent-based models of product development teams*)
prikazani su rezultati sistematskog pregleda literature usmjerenog ka identifikaciji i analizi
postojecih agentskih modela timskog rada u razvoju proizvoda. Cetrdeset modela usporedeno
je s obzirom na njithovu namjenu, domenu primjene te karakteristike prikaza pojedinacnih
¢lanova tima, interakcija medu ¢lanovima te timskog okruzenja u vidu prikaza konstrukcijskog
problema i resursa. Detalji o pojedinom modelu izdvojeni su u Dodatku A (,,Scope and
characteristics of agent-based models of product development teamwork*). Prikazana analiza
istice nedostatke promatranih modela, ali 1 identificira mnoga vazna postojeca rjeSenja koja

stvaraju podlogu za razvoj zeljenog modela timskog rada.

Cetvrtim poglavljem (,,Model specification and theoretical foundation™) uvodi se teorijska
pozadina razvijenog modela timskog rada u razvoju proizvoda. Kako bi se utvrdili aspekti
ljudskog ponasanja Cije modeliranje je klju¢no za vjerodostojni prikaz ponaSanja Covjeka u
drustvenom okruzenju, analizirani su postojec¢i istrazivacki okviri 1 modeli pojedinca. Pri
modeliranju kognitivnih procesa covjeka, dosadasnje studije naglasavaju vaznost modeliranja

ograniCenosti ljudskog znanja i vremena pri donoSenju odluka; raznolikosti Covjekovih

X



sposobnosti 1 karakteristika li¢nosti; te sklonost predrasudama i razvijanju obrazaca ponasanja
proizaslih iz prethodnih iskustava. Stoga se kao vazne komponente modela Covjeka isticu:
prikaz njegova znanja, prethodnih iskustava, procesa obrade informacija, percepcije situacije
(npr. percepcija drugih ¢lanova tima i videnje problema s kojim su suoceni), i dinamike
mentalnog modela, tj. ucenje i zaboravljanje; prikaz Covjekove osobnosti i mentalnih
kapaciteta; te prikaz Covjekova emotivnog stanja koje utje¢e na mentalne procese. Na temelju
literature iz domena psihologije, sociologije, organizacijskih znanosti, kognitivnih znanosti,
razvoja proizvoda te racunalnog modeliranja i simuliranja, predlozena je arhitektura agenta
kojom se obuhvacaju identificirane vazne komponente modela Covjeka. Uz navedenu
arhitekturu, ovo poglavlje izlaze teorijsku pozadinu pojedine komponente te rezultira skupom
zahtjeva koje viSeagentski sustav za simulaciju ponasanja tima treba ispuniti kako bi se postigao

cilj doktorskog rada.

Peto poglavlje (,,Model implementation®) opisuje implementaciju razvijenog viseagentskog
sustava za simulaciju tima u razvoju proizvoda. U razvijenom modelu, agent predstavlja
pojedinca, tj. jednog ¢lana razvojnog tima. NajsloZeniji aspekt agenta je njegov mentalni model.
Procesi rasudivanja modelirani su kao Sirenje aktivacije po mrezi agentova znanja. Agentovo
znanje apstrahirano je oslanjajuci na FBS ontologiju (Funkcija — PonaSanje - Struktura), time
omogucavajuci razlu¢ivanje pojedinih procesa konstruiranja poput analize, sinteze i evaluacije.
Modelirani su i mehanizmi inhibicije, u€enja, prisjecanja, odredivanje prioriteta, stvaranja
novih struktura i veza medu jedinicima znanja, kao i grupiranje jedinica znanja u vece elemente.
Dodatno, razvijeni agent je karakteriziran svojom osobnoScu, kognitivnim kapacitetom te
emotivnim stanjem, a sposoban je 1 formirati percepciju svojih suradnika te na osnovu njih
izgraditi povjerenje u druge te odlucivati o suradnji. Da bi se omogucila interakcija medu
agentima, modelirana su pravila i utjecaji komunikacije i interakcije medu agentima. Razvijeni
model implementiran je u alatu MASON te je pri implementaciji koriSten modularni pristup
prikazu pojedinih komponenti sustava. Primjerice, emotivna komponenta, utjecaj karaktera ili
komponenta koja regulira percepciju drugih sudionika mogu jednostavnim odabirom biti
iskljuceni iz simulacije. Time je omogucena veca sloboda pri provodenju eksperimenata te je

olakSana verifikacija i validacija modela.

Implementacija svih elemenata oslanja se na dostupne teorije i empirijske studije, ali 1 na
poznate kognitivne arhitekture (za opéenite namjene). U razvijenom modelu se, tako, opcenite
kognitivne teorije i arhitekture stapaju s teorijama o konstruiranju, stvaraju¢i kognitivni model

pojedinca u razvoju proizvoda. Razvijeni agent je sposoban stvarati nove strukture, donositi
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zakljucke, produbljivati svoje znanje, uciti 1 zaboravljati — §to mu, posljedi¢no, omogucava da
promijeni svoje ponasanje na osnovu prethodnog iskustva. Ova karakteristika kljucna je kako
bi se simulirala dinamika timskog znanja te promjena timskog ponaSanja koja proizlazi iz

interakcija ¢lanova tima.

Sesto poglavlje (,,Verification and validation of the developed model) prikazuje rezultate
testiranja raznih komponenti razvijenog modela. Testiranje modela, u svrhu njegove validacije
1 verifikacije, provedeno je hijerarhijski: od simulacije jednostavnih scenarija prema
kompleksnijim. Tako je model prvo testiran u okruzenju gdje samo jedan agent rjeSava zadatke.
Pritom je promatrano agentovo ponaSanje na jednom zadatku, potom i kako se to ponasanje
mijenja kada je agent opetovano suocen s istim zadatkom te, konacno, kako se agentovo
ponaSanje mijenja tijekom rjeSavanja niza razlicitih zadataka. Na ovaj nacin redom su testirani:
agentova sposobnost ucenja, zaboravljanje nekoristenih jedinica znanja, inhibicija te utjecaji
emocija, prethodnih sjecanja, podruc¢ja strucnosti te kognitivne sposobnosti. Po zavrSetku
testiranja agentova ponaSanja pri izoliranom radu, model je testiran na scenarijima koji
ukljucuju viSe agenata. Uclestalost, sadrzaj te utjecaj komunikacije medu agentima su
promatrani kako bi se osigurala valjanost implementacije interakcija medu agentima. Potom je
promatran utjecaj agentove osobnosti - po pitanju ekstraverzije i ugodnosti - na uspjeh tima i
dinamiku timskih procesa. Konacno, testiran je utjecaj povjerenja medu agentima na ishod
timske aktivnosti. Navedeni eksperimenti provedeni su s ciljem prikazivanja sposobnosti
razvijenog ra¢unalnog modela da simulira obrasce uocene u stvarnom svijetu, no i da ukazu na

nedostatke razvijenog modela ¢ime se daju smjernice za njegov daljnji razvo;j.

U sedmom poglavlju (,,Study of design team learning and adaptation*), razvijeni model je
upotrijebljen da bi se proucavale promjene ponaSanja timova u razvoju proizvoda, time
omogucavajuci pracenje timske sposobnosti ucenja i prilagodbe. Prikazani su rezultati dvaju
studija. Prva je za cilj imala ispitivanje kako se timsko ponasSanje mijenja kada je tim ponovno
suocen s nekim zadatkom. Izmedu dvaju izvrSavanja danog zadatka, agenti su suo€eni s nizom
drugih zadataka ¢ime im je omoguceno ucenje te sakupljanje iskustva. Usporedujuci uspjeh
tima pri prvom i drugom izvrSavanju zadatka dobivena su saznanja o utjecaju stecenog iskustva
na timsko ponaSanje. Druga studija je usmjerena ka ispitivanju trendova u timskom ponaSanju
na nizu od nekoliko razli¢itih zadataka. Da bi se izolirao utjecaj ucenja 1 iskustva na timsko
ponaSanje, timski uspjeh na pojedinom zadatku usporeden je s onim koji bi dani tim agenata
postigao da nije bio izloZen prijasnjim zadacima. U obje studije kao metrike uspjesnosti tima

koriSteni su postotak uspjesno rijeSenih zadataka te brzina konvergencije ka rjeSenju (tj. broj

Xl



simulacijskih koraka), a kao pokazatelji timskog ucenja izdvojeni su podaci o komunikaciji
medu agentima te broju novonastalih elemenata znanja. Rezultati provedenih simulacija
usporedeni su s postojecim teorijama i zakljuccima empirijskih studija, te dokazuju da razvijeni
model udovoljava uvjetima za proucavanje ponaSanja i prilagodbe tima u razvoju proizvoda,

omogucavajuci vrednovanje teorijskih postavki i testiranje hipoteza.

Osmo poglavlje (,,An example of developed model’s usage) opisuje primjer uporabe
razvijenog modela pri prouCavanju kognitivnog ponasanja timova u razvoju proizvoda.
Preciznije, u danom primjeru, model je koristen kako bi se ispitao utjecaj timskih kognitivnih
aktivnosti na procjenu jedne od kljuénih komponenti kreativnosti — noviteta predlozenih
rjeSenja. Novitet pojedine strukture aproksimiran je njenom udaljenos¢u od postojecih rjeSenja
(u prostoru definiranom pomocu nekoliko svojstava struktura). Uporabom modela moguce je
pratiti Sirenje prostora postojec¢ih rjeSenja te ispitati koje bi strukture bile smatrane novima u
pojedinom trenutku simulacije. Na ovaj nacin uocava se da, razvojem prostora rjeSenja, neke
strukture prestaju biti smatrane novima, no i da (kako se prostor rjeSenja prosiruje u odredenom

smjeru) neke strukture mogu ponovno poceti biti smatrane dovoljno drugacijima od drugih.

Doktorski rad zakljucen je devetim poglavljem (,,Conclusion*) u kojem je dan osvrt na
nedostatke provedenog istrazivanja i razvijenog modela, ali je i istaknut ostvareni znanstveni
cilj te potvrda postavljene hipoteze. Rad prikazan u ovoj disertaciji rezultirao je trima izvornim

znanstvenim doprinosima.

1. Razvijen je teorijski model timskog rada u razvoju proizvoda. Razvijeni model se sastoji
od modela pojedinog ¢lana tima, modela timskog okruzenja u vidu zadataka, resursa i
organizacijskog konteksta, te definicije mehanizama koji opisuju interakcije medu
¢lanovima tima, te izmedu ¢lanova tima i njihove okoline.

2. lIzraden je racunalni prototip, temeljen na teorijskom modelu timskog rada te
implementiran koriStenjem viSeagentske paradigme, koji se koristi za proucavanje
ponasanja tima i timskih osobina koje proizlaze iz interakcija ¢lanova tima.

3. Osmisljen je istraZzivacki okvir za kalibraciju 1 validaciju razvijenog modela 1
racunalnog prototipa timskog ponaSanja, s posebnim naglaskom na timsko ucenje i

prilagodbu.

Kljuéne rijeéi: Modeliranje i1 simulacije zasnovane na agentima; timovi u razvoju

proizvoda; svojstva tima koja proizlaze iz interakcija njegovih ¢lanova; timsko ucenje; timska

prilagodba.
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1 INTRODUCTION

The first chapter serves to introduce the research goal and clarify the scope of the research with
regards to computer science and design science. The chapter describes the motivation driving
the work, explains research aims and hypothesis, and outlines the methodology adopted in the
conducted research. The expected scientific contribution is discussed. Finally, a short overview

of the dissertation outline is presented.

1.1 Motivation

Over the past few decades, organisational structures transformed from mostly revolving around
individual jobs to the teams-based organisation of work [1]. The global competition and
pressure for innovation drive a need for intertwining diverse skills and expertise in order to
meet the market demands and adapt to economic and technical changes [2]. As a result of such
trends, teams have emerged as an essential component of organisational work. Thus, in [3],

Edmondson and Nembhard commence their work with a statement:
The value of teams in new product development is undeniable.

Indeed, the complexity of engineering projects introduces the necessity of contributions from
multiple specialists [4], [ 5], rendering teams as the core building blocks of product development
(or product design) organisations. Reported benefits of teamwork (as opposed to working in
isolation) range from advancement in speed to market, increase in levels of innovation,
reduction in development cost, and improvement in product quality [6], to superior performance
in concept evaluation [7] and better problem-solving [8]. Thus, the prevalence of the view that

a team’s efficiency is higher than that of individuals is not surprising.

However, findings of several empirical [9], [10] and computational [11] studies show there are
scenarios in which teamwork may be inferior to the isolated work of designers. Possible
explanations for such results include [10], [12]: social lofting [13], groupthink [14],
incompatibility of team members’ personalities, and task configuration; but more research is
needed to understand such occurrences adequately. Similarly, numerous other aspects of design
teamwork require additional studies. For example, researchers identified a need for future
research on team decision-making [5], team learning [6], communication [15], leadership

influence [16], and team behaviour in creative design activities [17].

Research on teams in design is hampered by the difficulty and cost of conducting empirical

studies. McComb [12] emphasises how typical manner in which teams are examined — i.e.
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experimental cognitive studies in which a group of designers collaboratively work on a task —
requires a lengthy process of conceptualisation, data collection and analysis. As a result,
months-, or even a year-, long cognitive studies on teams are a norm. This poses a significant

difficulty in conducting and advancing design team research.

Another obstacle the real-world studies are faced with is the complexity and intangible nature
of properties influencing human behaviour. Within the design field, a method frequently used
to uncover designer’s cognitive processes is protocol analysis, which offers an information
processing perspective of the design process [18]. By recording observables such as speech
[19], posture [20], gestures [21] or drawings [22], protocol studies enable capturing the
designers’ approaches to designing. Thus, protocol analysis has frequently been used to report
information processing steps taken throughout the design process [18], [22]. Nevertheless, the
interplay of processes underlying the observables remains challenging to understand. Questions
such as: how do the cognitive and behavioural processes and affective mechanisms interact and
result in the emergence of observed behaviours; how do individual’s cognitive behaviour and
actions affect others within the team; and how do the team properties, processes and behaviours

emerge from actions of individuals, all require further research.

The problems of studying team cognition and other emergent team behaviours and processes
are not unique to product development domain. In [23], the authors elaborated the importance

of cognitive studies for advancing (general) research on teams stating:

“While team research, [...] has been fruitful, considerable work remains to be done. Several
lines of investigation may be particularly beneficial [...]. Foremost, perhaps, are the
implications of cognitive theory, for team performance. One needs to understand how teams
function as information-processing units, that is, how knowledge is acquired, shared and acted
on. How do individual team members contribute vital pieces to the problem-solving puzzle, and
how do those contributions build shared mental models and promote situational awareness? If
one can understand this process, team performance measurement tools training can be shaped
to capitalize on it. The next frontier in team measurement is to develop team assessment tools
to capture cognitive phenomena. This is a must if progress is to be made understanding team

functioning in complex systems.” (p. 1068-1069).

The cited thought emphasises the need for studies of team cognition. Such studies should be
concerned with the emerging nature of team learning, shared mental model development and
situation awareness formation. The work presented herein, thus, aims to tackle the problem of

studying team learning by offering a computational tool which enables conducting multiple

2
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controlled experiments and exploring the sufficiency of implemented assumptions for the
emergence of behaviours observed in the real world. In this manner, the developed research
tool should be capable of offering a possible explanation of the processes underlying the

observed team phenomena [24].

Computational modelling and simulations are frequently employed to study complex socio-
technical systems (such as teams) since they provide researchers with a level of control
unattainable in real-world studies. For example, one can easily re-run a simulation experiment
(e.g. in identical setting) multiple times, or alter the input parameters and model assumptions
one by one to observe the effect of such changes. Such flexibility in experiments promotes new
insights, reveals the shortcomings of existing (implemented) theories, offers guidance of one’s
intuition and can lead to a definition of new research questions to be tackled by empirical studies
[25]. The listed advantages are especially important for team studies where multiple dimensions
(e.g. regarding cognitive, affective or motivational aspects) of human behaviour are intertwined
in their influence on the overall team behaviour. Thus, a computational model which addresses
various dimensions of teamwork and enables running numerous experiments aimed at studying
their co-influences on the team performance could be of great value in advancing team studies.
As further elaborated in the following section, the work presented herein aims at providing one
such computational model, with a specific focus on enabling insights in team learning and

adaptation.

1.2 Research aims and hypothesis

Following the presented motivation driving this work, one can conclude that the desired model
of teamwork should enable cognitive studies of teams, supporting the simulation of various
scenarios and capturing the emergence of different team properties. The desired model’s
implementation can be seen as a ‘computational laboratory’ serving for theory-testing and
what-if analyses. It is important to note, however, that obtaining a highly-realistic,
comprehensive model of designers’ behaviour in a team setting is unattainable within the scope
of this work. Instead, this work serves to set the ground for such a model by creating an easily-

extendable, multi-purpose tool which integrates several of the existing theories and models.

The aim of the model is not to replace empirical studies, but — as emphasised previously - to
provide a means for exploring the co-influences of multiple theories and studies of the sufficient
conditions for the emergence of team properties and behaviours - in particular, team learning

and adaptation. The results obtained by utilising the developed model should serve to guide
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intuition and inform future empirical studies. The results of such empirical studies should, in

turn, be used to refine the model further and improve its veridicality.

Of specific interest within this study is a team’s capability to learn and change its behaviour
over time. To study how knowledge is acquired by and shared among team members, it is
convenient to model each team member as a separate entity. Such setting enables studies of
team learning and adaptation as emerging from the interactions among team members [26]. One
simulation technique offering a means to implement the desired bottom-up perspective is agent-

based modelling [27]. This work explores its suitability for the described research goal.
Thus, the goal and hypothesis of this work can be formulated as follows:

Research goal: The main goal of the doctoral research is to develop and validate a theoretical
and computational model of teamwork in order to enable simulation and study of team’s
capability to adapt to changes in circumstances occurring during the product development

activities.

Hypothesis: An agent-based model (ABM) is appropriate to study simulated emergent
behaviour related to teams developing products, and to provide a framework for studying team
adaptation as a response to changes in circumstances occurring during the product development

activities.

1.3 Research methodology

The methodology followed for deriving the desired model of product development teamwork
is developed after [28] and shown in Figure 1.1. Based on this methodology, the research can
be divided into three research cycles: (i) Relevance cycle, (i1) Development cycle and (iii)

Rigour cycle.

The first, Relevance cycle, is directed towards understanding the current state-of-the-art,
defining the problem boundaries, describing the phenomenon of interest and exploring the
existing solutions. Within this research phase, the computational modelling environment is
linked to the circumstantial environment by specifying the research needs. These needs are
stated in the form of requirements, constraints and specifications for a solid understanding of
the product development teams and teamwork. Firstly, the phenomenon and variables of
interest are identified and defined, along with the description of how to measure them reliably
and validly. Secondly, the scientific principles and the nature of variables’ relationships with

the observed phenomenon (i.e. emergent team properties) in the context of product
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development are examined. Thirdly, the computational techniques (e.g. agent-based modelling)
for simulation and exploration of the relationships between variables and the studied
phenomenon are introduced and analysed. A review of relevant theories, existing models and
empirical studies is conducted, and a set of preliminary models is developed to establish a valid
basis for the development of a research framework focusing on team’s emergent properties. As
an outcome of this research phase, the primary variables and factors that are relevant for the
analysis of team’s emergent properties are identified, and a suitable computational modelling

paradigm is selected.

In the Development cycle, findings from the previous phase are implemented in the form of a
computational model. More precisely, this cycle begins with a definition and development of a
conceptual model to be used for simulation of emergent team properties. Model elements are
defined, and rules for their behaviour, evolution and interaction are explicated. To ease
implementation, testing and subsequent experimentation, the derived model is separated into
several sub-models of lower complexity. Sub-models aimed at representing specific behaviour
or properties of importance for teamwork simulation are designed and implemented. Once these
models are implemented, a set of testing experiments are designed and conducted. Iterative
testing is employed to ensure internal validity and to enable refinement directed at an increase

in consistency with the available theories and empirical findings.

Circumstantial
environment

Practical problems,
requirements,
organisational context,
constraints

Computational modelling
environment

Body of knowledge

N

Relevance

cycie

N

Evaluation of:
models and/or
simulation results,
validation/refutation of
the propositions and
theories

Development

cycle

Design of:
new models,
propositions, and
theories

G

Refinement to
existing
knowledge

o
N

Grounding to
existing
knowledge

Rigour
cycle

Methodologies:
Research strategies,
analytical strategies,

simulations

Existing knowledge:
theories
(know-what, - why),
models
(know-how)

Figure 1.1 Research methodology (based on [28])
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Finally, in the Rigour cycle, the models developed in the previous cycle are integrated into a
coherent simulation framework. The developed computational system is tested to examine its
capability to simulate product development teams and enable studies of emerging team
properties. Findings based on a comparison of the outputs with the literature-based predictions
and empirical studies (i.e. the body of knowledge) serve for further refinement and remodelling.
In turn, once a sufficient level of system’s credibility is achieved, the derived tool can be utilised
for its purpose: testing of theories and informing the future team studies. In other words, the
final research phase contains an iterative loop of theory testing and theory-building in which

both, the developed model and the understanding of the real-world system are refined.

1.4 Scientific contribution

To obtain the emphasised research goal, multiple theories, empirical studies and existing
models should be reviewed, integrated and build upon to derive a coherent computational and
theoretical model. The review of the existing work and further integration, extension and testing
activities lead to important outputs of the work presented herein. The expected scientific

contribution of this work is manifested through:

1. A theoretical model of a product development team which consists of a model of an
individual team member, a model of a team environment regarding tasks and resources,
and a definition of mechanisms guiding the interactions among team members, and
between team members and their environment.

2. A computational prototype in the form of a multi-agent system which is built based on
the theoretical model and which enables the study of emergent team properties and
behaviour.

3. A framework for calibration and validation of the developed model and computational
prototype of team behaviour, with a focus on the component of the team adaptability

and learning.

1.5 Dissertation outline
The thesis is divided into nine chapters, which are organised as follows.

Chapter 1 introduces the scope of the research by describing the motivation for the conducted
work and by emphasising the research goal, hypothesis and contributions. The chapter outlines

the research methodology followed to achieve the desired goal.
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Chapter 2 serves to provide a brief research background in several domains relevant for this
work. In the first part of the chapter, the terminology regarding teams is introduced, and several
important aspects of team performance modelling are discussed. Then, the relevance and
difficulties of team studies in product development setting are described. The second half of
the chapter introduces computational techniques for modelling and simulation and discusses
their suitability for the study at hand. Finally, several examples of agent-based models of teams

are given to illustrate the range of modelling capabilities provided by this modelling technique.

Chapter 3 gives a detailed overview of existing agent-based models of product development
teams and teamwork. First, the models’ purpose and domain of application are briefly discussed
(a more detail overview can be found in Appendix A), and the chapter then focuses on each of
the main elements of agent-based models: agent, environment and interactions. The models are
compared based on their representation of the product development tasks, as well as details in
modelling the team members: their mental models, learning capabilities, expertise, personality,
attitudes and emotions. Finally, the chapter explores how emerging team properties, behaviours
and processes have been studied by the existing agent-based models. The detailed review of 40
models developed to date serves to highlight research gaps and opportunities, but also provides

a basis upon which the model presented in this work is built.

Chapter 4 sets a theoretical background for the developed model. The literature was searched
in order to derive the architecture of the multi-agent system, with particular attention given to
determining the components of the agent’s architecture. Further, the relevant research and
theories describing each of the identified agent’s components are reviewed to inform the model
development. This chapter, coupled with the problems and existing approaches detailed in
previous chapters, specify relevant primary variables and factors in modelling the emergent
team properties and performance. Thus, this chapter concludes the work corresponding to the

Relevance cycle of the methodology followed in the multi-agent system’s development.

Chapter 5 presents the main contribution of this work: the developed multi-agent system for
simulation of product development teams. Implementation details of each of the components
identified in Chapter 4 are described, and connections among components are defined. Since
this work focuses on providing a research tool capable of informing future cognitive studies of
teams and their emerging properties, a strong emphasis is placed on modelling team members’

cognitive behaviour and interactions with others.

The model introduced in Chapter 5 is extensively tested in a series of experiments whose results

are reported in Chapter 6. This chapter aims to demonstrate the developed system’s behaviour

7
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and to compare it to the prominent theories and empirical research findings. The conducted
experiments, thus, highlight not just the model’s capabilities, but also several of the model’s
limitations and opportunities for future refinements. The work reported in this chapter
corresponds to the Development cycle of the employed research methodology, and (along with
the work outlined in previous chapters) concludes the development of the theoretical model and

computational prototype specified as first two scientific contributions of this work.

Chapter 6 describes the results of hierarchical testing of each of the modelled components or
sub-models directed at simulating specific aspects of teamwork. As described in Section 1.3,
after completion of the Development cycle, the sub-models are integrated into a coherent
simulation framework. In particular, the developed multi-agent system is tested for the
capability to capture the change in the team’s behaviour due to learning (i.e. team adaptation).
Chapter 7 outlines the results of such experiments, thus reporting on the outcomes of the
research phase corresponding to the Rigour cycle. The work presented in Chapters 6 and 7

results in the third scientific contribution specified in Section 1.4.

One example of the experiment conducted with the developed multi-agent system is presented
in Chapter 8. The experiment results demonstrate the capability of the developed model to
inform the cognitive studies of product development teams regarding the team search for the
solution (i.e. design solution space exploration and expansion) and its impact on the solution

creativity assessment.

Chapter 9 concludes this work by reflecting on the research goal, hypothesis and scientific
contributions. The developed model is compared to the existing agent-based models of product
development teams (reviewed in Chapter 3), which provides a frame for discussion of the
model’s limitations and advantages. Finally, following the description of the Rigour cycle of
the employed methodology, the model’s future refinements and opportunities for future work

are discussed.



2 RESEARCH BACKGROUND

This chapter presents a brief research background and explores the suitability of modelling
techniques to represent aspects of teamwork relevant to the research goal specified in the first
chapter. The chapter commences with the introduction of important concepts regarding teams
in general and then describes the setting in which product development teams are operating.
Next, computational techniques for modelling and simulation of complex systems are
introduced and briefly reviewed with the regards to their capability of capturing dynamics of a
team. Finally, a closer look into several agent-based models of teamwork is taken to present the
capacity and potential of the agent-based modelling technique. The chapter is concluded with
a short discussion on the suitability of modelling techniques for the problem at hand. The work

presented in this chapter builds on the work published in [29].

2.1 Teams, teamwork and team performance modelling

Numerous definitions of the term feam can be found in the literature. For example, while some
regard dyads as a team (e.g. Salas et al. [30]), others argue that a minimum of three individuals
is necessary to form a team [31]. The authors in [31], thus, reviewed several perspectives and

integrated them in the following definition (p. 79):

“[A team is a group of] (a) two or more individuals, (b) who interact socially (often face-
to-face or, increasingly, virtually), (c) possess one or more common goals; (d) are brought
together to perform organizationally relevant tasks, (e) exhibit interdependencies with respect
to workflow, goals, and outcomes; (f) have different roles and responsibilities, (g) and are
together embedded in an encompassing organisational system, with boundaries and linkages

to the broader context and task environment.”.

In particular, specialised roles, the interdependence of tasks, and shared goals are crucial
features distinguishing teams from small groups [23]. But Salas et al. [32] argue that even more
is needed to form an effective team. The authors stress the importance of effective coordination,
cooperation and communication among members to develop a shared understanding of a task
and a team. In short, the authors emphasise teamwork as a necessary ingredient for a group to
form an effective team. Motivated by the question of the essence of teamwork, the authors in
[32] conducted an extensive literature review and identified five core components promoting
team effectiveness and influencing team performance. The ‘Big Five of teamwork’ are team

leadership, mutual performance monitoring, back-up behaviour, team orientation, and
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adaptability. In order to enable, update and support the development of Big Five factors, the
coordinating mechanisms are needed. These coordinating mechanisms are shared mental
models, mutual trust and closed-loop communication. Although additional variables are found
to influence teamwork, the authors in [32] argue that the ‘Big Five’ represent the core teamwork

components.

In accordance with the stance taken by Salas et al. [32], Kozlowski et al. [33] note that the
notion of teamwork is captured by team processes. In their work, Marks et al. [34] define team
processes as interdependent acts of team members that perform cognitive, verbal, and
behavioural activities aimed at organising taskwork to lead towards collective goals
achievement. This definition clearly distinguishes taskwork (i.e. interaction with tools,
machines and systems [34]) from team processes, for which interaction with other members is

a critical feature.

Another essential concept distinct from but related to team processes is emergence. Emerging
team states arise from interactions among team members, depend on the context and team
experiences, and are dynamic in nature. In the context of team processes, emergent states can
be considered as both, input and proximal output [34], since they arise from but also impact
team processes. Kozlowski et al. [33], [35] note that emergent phenomena (states and
processes) result from the interplay among individual cognition, affect, motivation, and
behaviour, are amplified by interactions among individuals and manifest at a higher level — as
a collective phenomenon. As the most critical emerging states and processes for the team

effec