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SIMULATION SCENARIOS

r   A B S T R A C T 

Ever increasing product complexity is an obstacle to effective product development. This 

paper introduces an agent-based model to study the impact of complexity during prod-

uct design. Product was modeled as a set of functions that require knowledge, design 

effort and integration, and designers were modeled as agents who applied knowledge to 

function development tasks and communicated with each other. Simulation experiments 

were conducted to study the impact of variables, such as: designers’ knowledge level, de-

signers’ experience, coordination effi ciency and organizational structure under different 

levels of product complexity. The results suggest that an increase in complexity increases 

effort and span time exponentially. Thus, for the development of complex products, more 

effective coordination mechanisms should be applied when a project has very high levels 

of complexity and innovation. Having more knowledgeable and experienced designers 

also helps to lessen design effort and shorten span time. No assertion could be made as 

to whether a team or matrix organizational structure was superior.
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INTRODUCTION 

Fast-paced technology and globali-
zation have created a very competitive 
marketplace. As companies respond to 
these challenges by increasing product 
diversity, introducing new technology, 
and establishing partnerships, they 
are generally faced with continuously 
increasing complexity. Complexity, if 
not well managed, is a drag on team 
performance and can lead to project 
failure. During product design, great-
er risk of budget overruns, schedule 
slippage, and fl awed quality has been 
observed as complexity rises (Braun & 
Lindemann, 2008). Th ere is an urgent 
question about how to better manage 
projects given ever-increasing com-
plexity.

Complexity in product development 
has the characteristics of multiplicity, 
interaction and uncertainty; multiple 
functions are developed and integrated 
into a whole product, and during the 
process, designers coordinate activi-
ties to resolve interfaces and to reduce 
uncertainty by acquiring more product 
information. Th e essence of product 
design is to perform successive itera-
tions of possible solutions to a design 
problem, and then, to converge to a fi -
nal, single solution. During the process, 
it is important to limit the number of 
tasks to a manageable level as a project 
unfolds in order to contain the instan-
taneous complexity. It is important 
to organize tasks such that the design 
solution evolves quickly without having 
the instantaneous complexity become 
so great that the design problem can-
not converge and the project cannot 
end.

To manage increasing complexity, 
companies apply diff erent coordination 
mechanisms or change organizational 
structure to reduce cost and cycle time. 
Gokpinar et al. (2010) studied coordi-
nation problems in product develop-
ment by constructing and analyzing 
networks of product architectures 
and the organization of designers. Th e 

statistical study of vehicle programs 
showed a positive association between 
coordination defi cit and quality prob-
lems. It suggested that lack of com-
munication probably caused quality 
problems in products. Erhardt (2011) 
investigated teamwork in product 
development with a diff erent nature of 
problems and team composition. Dur-
ing the case study, the author observed 
that teams with homogenous knowl-
edge did not communicate much when 
dealing with well-structured problems, 
but needed a lot of teamwork when 
faced with ill-structured problems; 
teams with heterogeneous knowledge 
worked in a modular fashion in the sit-
uation of well-structured problems, but 
had extensive interaction when coping 
with ill-structured problems. Th e study 
implied possible impact of organiza-
tional structure and team knowledge 
on the ability of handling complexity. 
Although the above literature is of 
managerial interest, it did not give 
deeper insight into why organizational 
structure and coordination mecha-
nisms aff ected project performance 
in the observed way. Also, the studies 
did not give any suggestion on how to 
improve team performance in projects 
with diff erent levels of complexity. 

Since the case-based approach 
is limited in exploration of various 
scenarios, is time-consuming, and 
involves too many random variables, 
many researchers used modeling and 
simulation to study product develop-
ment. Th ere are mainly three para-
digms used in most computer models 
in the literature: System Dynamics, 
Discrete Event and Agent Based. 
System Dynamics requires a clear 
defi nition of cause and eff ect relation-
ships between variables. Le et al. (2012) 
developed a System Dynamics model to 
study the impact of management levers 
on project lead time, where certain 
cause and eff ect relationships of the 
overall project were assumed. How-
ever, in studying the eff ect of product 

complexity on designer interactions, 
many of the cause-eff ect relationships 
are unknown. In fact, this is what the 
research in this paper tries to fi nd out. 
Discrete Event modelling is pro-
cess-centric. It represents the system as 
a sequence of operations being per-
formed on entities. Suss (2011) modeled 
product development as processes that 
consisted of a series of tasks exchang-
ing information and showed that 
appropriate communication levels were 
important to reduce span time and 
eff ort. Although Suss was able to model 
the communication between designers, 
the process-centric paradigm was lim-
ited in its fl exibility to model individual 
interactions, which is important when 
studying diff erent aspects of coordi-
nation. In order to provide a tool to 
determine which team characteristics 
best fi t certain projects, Rojas-Villafane 
(2010) developed a team coordination 
model using the Agent-Based para-
digm. Tasks were modeled as an activ-
ity network and team members were 
agents working on tasks. Th e Agent-
Based paradigm proved to be useful 
in modeling the coordination between 
team members. Although Rojas-Villa-
fane applied the tool well to optimize 
the team for a sailboat race, the author 
did not investigate the relationship of 
coordination mechanisms and product 
complexity. 

Th erefore, with the goal of investi-
gating what coordination mechanisms 
and team structure to adopt in a spe-
cifi c, complex situation, the research 
in this paper addresses the following 
research questions:

ff Given a certain level of complexity, 
how can different coordination 
mechanisms affect team performance?

ff Given a design team using certain 
coordination mechanisms, how 
much complexity can be handled?

ff When product complexity increases 
due to design change, how should 
coordination mechanisms be 
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changed, so the design team can 
still achieve project objectives?

A research model of product 
development was created to study the 
above questions. It was built with the 
Agent-Based paradigm, as it allowed 
variations in designer characteris-
tics and in the interactions between 
designers. It also permitted the study 
of the eff ect of diff erent coordination 
mechanisms on individuals. Th is mod-
el can track instantaneous complexity 
and dynamic eff ort during the design 
process.  If dynamic complexity grows 
at too great a rate, the design problem 
cannot converge, or if the total eff ort to 
date is excessive, project objectives may 
not be achieved or the project could be 
cancelled. Simulation provides insight 
into determining the reasons that 
complexity is growing and what mech-
anisms can be used to improve project 
performance. 

Th e paper is organized as follows: 
section 1 describes the model; section 
2 describes the design of simulation 
scenarios and the results; section 3 
discusses the results; section 4 summa-
rizes the paper and gives conclusions.

1. Modeling Product
Development

Th e model is designed with knowl-
edge as the bridge between product, 
development process and organization-
al structure. Th e product is composed 
of functions, which require knowledge 
and integration. On the other side, 
designers should have the correspond-
ing knowledge to design these func-
tions, such that designers apply their 
knowledge to develop functions and 
communicate with others to resolve 
integration issues. How designers are 
grouped is determined by organiza-
tional structure.

Product can be represented as a 
function tree. In the model, functions 
are agents requiring knowledge and 
eff ort to create or integrate them. A 
function agent neither makes decisions 

nor acts on his own initiative; instead, 
a function agent can only respond 
passively to designer agents’ actions. 
Designers are modelled as agents 
with diff erent knowledge and experi-
ence aimed at fi nishing tasks such as 
function design, rework and functional 
integration. Th ey have the autonomy 
to decide when to start, change or end 
activities such as the development of a 
function, consultation or coordination 
with another designer. As complexity 
grows, designers spend more time on 
consultation, coordination and rework, 
and if the rate of growth of complexity 
is too great, the amount of work con-
tinues to grow, and complexity inhibits 
a project from fi nishing.

Diff erent organizational structure, 
designers’ experience, and application 
of coordination mechanisms infl u-
ence the eff ectiveness and quality of 
communication between designers, 
which further determines a designer’s 
decisions. Following the assumptions 
and decision strategies, each designer 
works on assigned functions and com-
municates with others. Th is generates 
a designer’s global behaviour during 
product development, where change 
in eff ort and project duration versus 
diff erent product complexity, organiza-
tional structure, knowledge intensity, 
and integration complexity can be 
analyzed.

1.1 Characterization of Complexity

Product development is substan-
tially a knowledge-intensive process. 
Nissen and Levitt (2002) refl ected on 
product development: “all of the req-
uisite knowledge must come together 
and be integrated before the knowl-
edge-intensive work can be completed”. 
Tomiyama et al. (2007) found knowl-
edge structure to be the fundamental 
source of complexity. Th ey claimed 
that modern products were multi-dis-
ciplinary whereas designers were 
usually expert in one discipline, which 
increased product and process com-
plexity. Knowledge is the link among 
product, process and organization, as 
knowledge is embedded into product 
functions, which require designers 

with corresponding knowledge to cre-
ate them. Complex processes further 
force organizations to make adapta-
tions for better coordination. Th us, 
product complexity can be quantifi ed 
in the knowledge perspective.

In the model in this paper, the set 
of knowledge used in design projects 
is classifi ed where the levels of knowl-
edge required for designing a function 
are defi ned with a scale: none, simple, 
medium and high. Corresponding-
ly, designers’ level of ability to apply 
knowledge is also defi ned with the 
scale: none, basic, professional and 
experienced. A numerical value is used 
for each level where the lower limit is 1 
and the upper limit is r, which is deter-
mined by the user.

Two types of complexity, function 
complexity and integration complexity, 
are defi ned. Function complexity is 
the complexity of developing a certain 
function in the product. It is assumed 
that the more knowledge required for a 
function, the more complex the design. 
Th us, function complexity is calculated 
as the root mean square of the values of 
the knowledge involved in a function. 
Since the knowledge requirement was 
quantifi ed as in range [1, r], the func-
tion complexity is in the range [1, r]. 
Integration complexity is the complexi-
ty of integrating functions into a whole 
product. It is assumed that the integra-
tion of two functions becomes more 
diffi  cult with more interfaces and with 
the involvement of diff erent knowl-
edge. Th us, the integration complexity 
between two functions is calculated as 
the product of the number of interfaces 
and knowledge diff erence. To quantify 
knowledge diff erence, we represented 
a function as a vector in the knowl-
edge space and used the intersection 
angle  of two knowledge vectors as an 
indicator of their diff erence regarding 
knowledge content. To keep the value 
consistent with function complexity 
in terms of the order of magnitude, we 
used  to measure the knowledge 
diff erence between function i and 
function j. Th e knowledge diff erence is 
in range [1, r] and the number of inter-

faces is in range [0, +∞]; hence, as the product, the integra-
tion complexity is in range [0, +∞].

Th erefore, when product is represented as a functional 
tree, functions can be characterized from the knowledge 
perspective in terms of the function complexity, knowledge 
diff erence and integration complexity.

1.2 Designers Developing Functions

Designer agents are assigned function development 
tasks and they select one of the assigned tasks that have all 
the inputs ready. More experienced designers are generally 
more effi  cient doing technical work. For example, experi-
enced designers develop simple functions faster and newbies 
develop diffi  cult functions more slowly. So, it is assumed 
that  a designer’s working effi  ciency increases with his level of 
knowledge and decreases with a function’s requirement for 
knowledge. Th e effi  ciency of designer p developing function i 
is determined by Equation 1.

        
Equation 1

– KAp,k is the ability level of engineer p applying knowledge k;

– KRi,k is the requirement level of function i for knowledge k;

– Mp,i is the set of knowledge that engineer p is able to apply to 
function i; 

 – mp,i is the number of elements in the set.

When designers work on a function, they are turning 
“work to do” into “work completed”. At the beginning of a 
function, “work to do” has all the requirements and the esti-
mated eff ort. Once there are designers working on a func-
tion, the eff ort fl ows from “work to do” to “work completed”. 
Flow is the sum of the effi  ciencies of all designers who are 
developing a function , where  is determined by 
Equation 1). When all eff ort has fl owed from “work to do” 
to “work completed” and there is no unfi nished rework, the 
function is considered completed and is ready for integra-
tion.
Th e designer kee  ps developing a selected function until 
1. the function is completed; 

2. or a designer wants to perform another task; this models the 
situation where a designer is assigned to several, different 
function development tasks. In this situation, a designer does 
not stick to one task until it is fi nished, but switches between 
different tasks as new information becomes available.

3. or a designer wants to communicate with another 
designer; this models the situation where a designer 
needs to consult with regard to the design of a 
function or needs help to coordinate activities.

1.3 Communication Methods

 In the model, design agents may communicate for co-
ordination or consultation. Th e communication method is 
either synchronous or asynchronous. For easier explanation, 
here we call the designer who starts the communication 
the asker and the designer who responds, the answerer. 
Th e asker makes decisions on the communication method 
(asynchronous or synchronous) and communication content 
(coordination or consultation). Th e answerer’s action varies 
with the communication method used by the asker. It is as-
sumed that one can only respond to a synchronous request 
with a synchronous answer, and an asynchronous request 
with an asynchronous answer.

An asynchronous communication is modeled as one 
round of question and answer. Th e asker creates an asyn-
chronous question message, which is put into the answer-
er’s message list. When the answerer checks the message 
list, the answerer reads the asker’s message and creates an 
asynchronous answer, which is put into the asker’s message 
list. When the asker checks for messages, the asker spends 
time reading the answer’s message and fi nishes this round of 
communication. Examples of asynchronous communication 
are emails, voice messages, etc.

Diff erent from asynchronous communication, which 
does not interrupt the answerer’s work, synchronous com-
munication causes the answerer to stop in order to respond 
immediately, except if the answerer is involved in another 
synchronous communication.  Th e asker and the answerer 
simultaneously begin and end a synchronous communica-
tion. Examples of synchronous communication are face-to-
face communication, telephone, etc.

1.4 Consultation

Consultation in the model is defi ned as communication be-
tween two designers concerning certain knowledge involved 
in technical work. It is assumed that when the knowledge 
requirement of a task is beyond a designer’s ability, the 
designer consults with a more experienced designer about 
required knowledge. Th e decision strategy is determined by 
the knowledge gap of the requirement, the expert’s ability 
and the designer’s ability. Once the designer devotes enough 
eff ort towards consultation, the knowledge gap is closed and 
the designer does the technical work with higher effi  ciency.

1.4.1 Decision Making of Consultation

It is assumed that if a function’s requirement for knowledge 
is beyond a designer’s ability, the designer tends to go and 
consult, and the less adequate a designer’s knowledge, the 
more likely consultation occurs. 
Th e  diffi  culty of a function to a designer is quantifi ed by the 
concept of knowledge gap. For each knowledge item, there is 
a knowledge gap between the function and the designer. Th e 
knowledge gap is determined by Equation 2. 

        
Equation 1
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Equation 2

– Ri,k is the requirement level of function i for knowledge k;

– Ap,k is the ability level of engineer p to apply knowledge k.

If the gap is less than 1, it means this knowledge item 
required in the function is easy for the designer; if the gap 
equals 1, it means the knowledge required in the function 
is just right for the designer; if the gap is greater than 1, it 
means the knowledge required in the function is diffi  cult 
for the designer. 

Th e likelihood to consult is quantifi ed by the concept 
of knowledge gap tolerance (TK). Th e decision to consult is 
triggered only when a designer’s knowledge gap in the func-
tion exceeds TK, i.e., the condition, Gappik > TK is true. 

After a designer decides to consult on knowledge k, the 
designer searches for consultant designers whose knowl-
edge k is higher than or equal to the requirement of the 
function . If there are many consultants, the 
designer randomly picks one of them. If no one satisfi es the 
condition, the designer stops looking for a consultant, and 
does the work at the designer’s own pace.

1.4.2 Effect of Consultation

It is assumed that a designer’s ability to apply certain 
knowledge improves after consulting a more experienced 
designer. Generally speaking, the eff ect of consultation is 
better when more consultation eff ort is given and commu-
nication is more effi  cient. However, consultation effi  ciency 
can be impaired by the complexity of the function. Al-
though a designer’s ability to apply knowledge improves, 
the improvement is constrained by the consultant’s knowl-
edge level, i.e., a designer’s improved knowledge cannot ex-
ceed the consultant’s level of knowledge. Th us, a designer’s 
improved ability can be quantifi ed by Equation 3.

 
 Equation 3

– Ap,k is the designer’s ability of knowledge k; Ap,k 
New is the 

improved ability after the consultation; Ap,k 
Old is the ability 

before the consultation;

– Acnslt,k is the consultant’s ability of knowledge k;

– eff ort is the consultation eff ort; 

– Complexityi is the knowledge that is calculated as the root 
mean square of function i’s knowledge requirement;

– effi  ciency is the consultation effi  ciency and can be inter-
preted as the knowledge understood per hour.

Th erefore, a designer’s knowledge improves faster with 
a more experienced consultant, and a designer cannot sur-
pass the consultant in terms of the consulted knowledge. 
Also, if a designer already has a high level of knowledge 
before consultation, it takes less eff ort to reach a certain 
improved level. Th e direct eff ect of consultation is the 
improvement of a designer’s ability using knowledge k. As 
a result, a designer works more effi  ciently on functions that 
require the knowledge. 

1.5 Coordination

Coordination in the model is defi ned as the communi-
cation between two designers who are developing diff erent 
functions that are to be integrated. It is assumed that when 
designers are aware of a function’s dependencies, they co-
ordinate with other designers who are developing relevant 
functions. Th e decision strategy is determined by the inte-
gration complexity. Th e probability of rework for functions 
that have been coordinated is reduced by the eff ort spent on 
coordination. 

1.5.1 Decision Making of Coordination

It is assumed that designers tend to underestimate the 
interdependency among functions, especially when de-
signers do not have much experience in the project. Th us, 
a parameter Experience is defi ned to model a designer’s 
understanding of function interdependency. Experience 
determines how well designers are aware of the integration 
complexity between functions. Experience increases with 
more coordination, which is discussed in detail later. A 
designer’s perceived integration complexity between two 
functions is a fraction of the true integration complexity 
and is determined by Equation 4.

pcvIp,ij = Experiencep,ij . Iij  Equation 4

– pcvIp,ij is designer p’s perceived integration complexity of 
function i and function j;

– Experiencep,ij is designer p’s certainty of the integration 
required by function i and function j, range [0, 1];

– Iij is the true integration complexity of function i and 
function j; it is the product of the knowledge diff erence 
and the number of interfaces between the two functions as 
introduced in section 1.1.

If a designer doubts that a function can be integrated 
well with another function, a designer has a tendency to 
seek coordination. Th e higher the integration complexity 
of two functions, the more likely it is that a designer seeks 
coordination. Th e more eff ort designers spend coordinating 
two functions, the more confi dent the designers are about 
the integration; thus, there is less likelihood of seeking 
more coordination. A designer’s doubt of handling integra-
tion complexity well is quantifi ed as Equation 5.

doubtp,ij = pcvIp,ij – eff ortp,ij . effi  ciency  Equation 5

– pcvIp,ij is the integration complexity between function i 
and function j that designer p perceives;

– eff ortp,ij is the eff ort that designer p has spent on coordi-
nating function i and function j in hours;

– effi  ciency is the integration complexity understood per 
hour.

Th e likelihood of seeking coordination is quantifi ed 
by the concept of integration complexity tolerance (TI). 
Th e decision to seek coordination is triggered only when 
a designer’s doubt about integration exceeds TI, i.e., the 
condition doubtp,ij > TI is true. After designer p decides to 
coordinate with function j, the designer that is assigned to 
function j is randomly picked. 

1.5.2 Effect of Coordination

It is assumed that a designer’s understanding of the 
integration complexity of two functions, i.e., experience, 
improves after coordinating the two functions. Similar 
to consultation, the improvement is better when more 
coordination eff ort is given and the communication is more 
effi  cient. Coordination effi  ciency is impaired by the inte-
gration complexity between the two functions. A designer’s 
experience of understanding two functions is determined 
by Equation 6. 

 
 Equation 6

– expInitialp,ij is a designer’s initial understanding (experi-
ence) of function i and function j, range [0, 1]; 

– effi  ciency is the coordination effi  ciency and is interpreted 
as the integration complexity understood per hour; 

– eff ortp,ij is the eff ort that designer p has spent on coordi-
nating function i and function j in hours; 

– Iij is the true integration complexity of function i and 
function j.

Th erefore, a designer’s experience improves faster 
with greater communication effi  ciency. Also, if a designer 
already has high experience before consultation, it takes 
less eff ort to reach a certain improved level. A designer’s 
experience improves faster with lower integration complex-
ity. Th e direct eff ect of coordination is the improvement 
of a designer’s understanding of the integration complex-
ity between functions. As a result, a designer’s perceived 
integration complexity is more accurate, and the designer is 
able to conduct coordination in a more timely way.

1.6 Rework Generation

When designers coordinate or integrate two functions, 
they may fi nd incompatibility between the two functions, 
which generates rework. Th e percentage of work that needs 
to be revised decreases with better understanding of the 
integration complexity between functions. Th e average 
experience of all designers involved in the development 
of the two functions is used as the indicator of the global 
understanding of the integration complexity between the 
two functions. Th us, the percentage of work that needs to 
be redone is determined by Equation 7. 

 
Equation 7

– Experiencep,ij is designer p’s experience in function i and 
function j; 

– Dij is the set of designers that are involved in the develop-
ment of function i and function j;

– dij is the number of designers in the set Dij .

2.  Simulation Experiments
A series of experiments using the product development 

model revealed that when complexity became too great 
as dynamic eff ort or instantaneous complexity increased, 
a change in coordination mechanisms could reduce the 
growth rate of instantaneous complexity such that a pro-
ject was brought back under control. Level of knowledge, 
organizational structure and coordination were mitigating 
factors, which could improve performance. 

2.1 Data

 2.1.1 Product Data

Th e functional data about a hydro-electric generator 
from GE Hydro was obtained from Bashir and Th om-
son (2004). Th e product was decomposed into fi ve major 
functions – control environment, provide housing, provide 
monitoring, provide safety and control power. Th e fi ve ma-
jor functions were further decomposed into sub-functions, 
which gave 57 functions in total. 

Th e knowledge involved in the product design was 
obtained by consulting the personnel who worked on the 
project. Ten types of knowledge were identifi ed, includ-
ing HVAC (heating, ventilating and air conditioning), air 
circulation, water circulation, heat transfer, electric-heat 
generation, control, mechanical engineering, sensor tech-
nology, physics and electrical engineering. Th ree levels were 
assigned to the knowledge items: minimum (numerical 

  
Equation 2

 Equation 3

pcvIp,ijpcvIp,ijpcvI  = Experiencep,ij = Experiencep,ij p,ij = Experiencep,ij = Experience . Iij   Iij   I Equation 4

doubtp,ijdoubtp,ijdoubt  = pcvIp,ij = pcvIp,ij p,ij = pcvIp,ij = pcvI  – eff ortp,ij – eff ortp,ij p,ij – eff ortp,ij – eff ort . effi  ciency  Equation 5

 Equation 6

Equation 7
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value = 1), general (numerical value = 2) and intense (numer-
ical value = 3). Th e knowledge requirement for each function 
was known. For example, the environment control system 
required knowledge related to heat transfer; additionally, in 
order to provide housing knowledge of mechanical, control 
and heat transfer was required.  

Using the knowledge required by each function, we were 
able to calculate the function complexity for each function. 
For example, the function “remove heat”, a sub-function of 
“environment control”, requires general knowledge of six 
knowledge items including HVAC, air circulation, water 
circulation, heat transfer, electric-heat generation, and con-
trol as well as minimal knowledge on the other four types of 
knowledge. Th us, function complexity is calculated as 

Th e function complexity was an input to the model 
(Equation 3). Eff ort required to complete the technical work 
of each function was estimated based on the function com-
plexity.

Th e integration complexity was also calculated. For 
example, it was known that the function “cool air” and the 
function “circulate air” were to be integrated. “Cool air” 
required general knowledge of electric-heat generation, 
control, mechanical engineering and sensor technology and 
minimum knowledge of the others. “Circulate air” required 
general knowledge of heat transfer, control, mechanical en-
gineering and sensor technology and minimum knowledge 
of the others. Th us, using the method introduced in section 
2.1, the intersection angle was calculated as 

Since the upper limit of the knowledge scale was 3, 
the knowledge diff erence between the two functions was 
calculated as . It was known that there was 
one interface between the two functions; so, the integration 
complexity was . Th e integration complexity was 
an input to the model (Equation 6).

Th erefore, the information of product functional tree, 
knowledge requirement, eff ort estimation and function com-
plexity for each function, as well as integration complexity 
between each pair of functions, was obtained and provided 
as inputs to the model.

2.1.2 Designer Data

Th e data concerning the designers in the project was 
unknown; consequently, several diff erent scenarios were 
designed and experimented. Twenty designer agents were 
created in the model to develop the product. Each designer 
was expert (numerical value = 3), profi cient (numerical value 
= 2) or unskilled (numerical value = 1) for a certain knowl-

edge. As a baseline, the designers were initially set as having 
suffi  cient knowledge to complete the development tasks, i.e., 
their knowledge matched well with the knowledge require-
ment of the functions. Also, they were initially identifi ed 
as having medium experience (70%) about the project. Th e 
assignment of tasks varied with diff erent organizational 
structures.

2.2 Simulation Scenarios

Th e objective of the simulations was to investigate the 
performance of projects when diff erent mechanisms were 
applied under diff erent product complexity. By examining 
the chart of dynamic eff ort obtained from each simulation, 
we were able to tell how the complexity unfolded with time. 
Th e chart also gave the total eff ort and project span time, 
which indicated project performance. 

In order to observe project performance under diff erent 
levels of complexity, we set the complexity level obtained 
from product data as the baseline and obtained a higher 
level of complexity by increasing the integration complexity 
by 50% and a lower level of complexity by decreasing the 
integration complexity by 50%. For example, the integra-
tion complexity between “cool air” and “circulate air” was 
calculated as 1.3 from the product data; so, their integration 
complexity was 1.3 in the baseline situation, and became 2 
in the high complexity situation and 0.7 in the low complex-
ity situation.

Mechanisms of interest included: a) knowledge level of 
designers, b) experience level of designers, c) coordination 
effi  ciency, and d) organizational structure. Th ree levels were 
set for the fi rst three mechanisms and two levels for organi-
zational structure.
A. Designers’ knowledge level. The level obtained from designer 

data was set at medium. A high level of designers’ knowledge 
was obtained by increasing designers’ knowledge level by 
0.5 (but not exceeding 3, the upper limit) and a low level of 
designers’ knowledge was obtained by decreasing designers’ 
knowledge level by 0.5 (but not lower than 1, the lower limit).

B. Experience in project. The baseline was 70%, which 
meant that designers were aware of about 70% of the 
integration knowledge between functions. High experience 
was set at 95%, which meant that designers were 
familiar with almost all the integration knowledge. Low 
experience was set at 45%, which meant that designers 
knew less than half of the integration knowledge.

C. Coordination effi ciency. The baseline was set at 0.5, 
which meant that 0.5 units of integration complexity 
could be resolved in one hour of coordination. The 
high level was set at 0.8 and the low level at 0.2.

D. Organizational structure. Two organizational structures, team 
and matrix, were used for the designers. In the team structure, 
designers were divided into fi ve teams, each in charge of a 
major function of the product. Designers could only work on 
the sub-functions of the major function that was assigned to 
their team. In the matrix structure, designers were grouped 
based on their capability of knowledge. Designers could work 

on many different functions as long as their knowledge satisfi ed 
the requirement. The team structure was set as the baseline.

Simulated scenarios are summarized in Table 1. Th e baseline 
was the scenario in which all mechanisms were at a medium 
level and designers were organized as teams. We studied the 
mechanisms one at a time, but not their combined eff ect; so, 
thirty scenarios were simulated.

3. Result and Discussion
During the simulation, designer agents who were commu-

nicating or working on functions were considered to be giving 
eff ort, which the model captured, and then, generated the chart 
of instantaneous eff ort during the entire project. 

Figure 1 shows the eff ort versus project time for the devel-
opment of a product from GE Hydro, where complexity is low, 
medium or high. Th e horizontal axis is project time in working 
hours and the vertical axis is the number of designers contrib-
uting eff ort at any point of time. In the case of low complexity, 
dynamic eff ort reduces continuously, which indicates that com-
plexity is continuously being reduced and that the design prob-
lem is converging quickly. Th us, the project fi nishes in a short 
time. In the case of medium complexity, dynamic eff ort decreas-
es at fi rst, increases signifi cantly in the middle of the project, and 
then, decreases towards the end. When complexity is high, more 
frequent and large increases in eff ort can be observed. Th is caus-
es the scenario to have a much greater span time than the low or 
medium complexity case. Th e increase in eff ort in the medium 
and high complexity cases is due to the greater eff ort required to 
resolve issues between interdependent functions.

Overall project performance can be indicated by total eff ort 
and span time. Th e area below a curve gives the total eff ort in 
person-hours and the point where the curve stops shows the 
span time in working hours.

Dynamic eff ort was compared when the levels of coordina-
tion mechanisms varied. Figure 2 shows an example with three 
scenarios when mechanisms with diff erent levels of effi  ciency are 
applied to designers who have moderate experience and knowl-

Product complexity
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Designers’ 
knowledge

Low      

Medium      

High      

Designers’ 
experience

Low      

Medium      

High      

Coordination 
effi  ciency

Low      

Medium      

High      

Organizational 
structure

Team      

Matrix      

 TABLE 1. Simulation scenarios

F IGURE 1. Effort versus project time for the development of a complex product, 
where complexity is low, medium or high. The data were created by modelling 
the activity during a multiyear project at GE Hydro.

FI GURE 2. Dynamic effort with different coordination effi ciency (CE) for high 
product complexity

edge, and are developing a product with high com-
plexity. In the case of high coordination effi  ciency, 
dynamic eff ort decreases almost continuously during 
the project. When increases happen, they are brought 
back quickly. In the case of medium coordination 
effi  ciency, the project takes longer to converge and 
more, larger increases in eff ort happen. In the case of 
low coordination effi  ciency, dynamic eff ort decreases 
much more slowly and in many places increases for 
a period of time, especially in the late phases of the 
project, which indicates that the design problem may 
not converge within schedule. 

Figure 3 compares the eff ect of diff erent factors on 
eff ort and span time under diff erent levels of product 
complexity. In the baseline situation, designers form 
teams to develop a product with medium complexity; 
they have moderate experience, suffi  cient knowledge 
and coordinate with medium effi  ciency. All the other 
scenarios are compared with the baseline situation 
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regarding eff ort and span time. Th e 
fi rst column shows the change of 
eff ort and the second column shows 
the change in span time. Diff erent 
rows show the scenarios varying with 
the diff erent factors.
A. Effect of designers’ knowledge level. 

A higher level of designers’ knowledge 
helps to reduce total effort and to 
shorten project span time, no matter 
whether the product complexity is 
low, medium or high. A lower level of 
designers’ knowledge increases effort, 
but does not necessarily prolong 
the project. This can be explained 
by the fact that other constraints 

such as coordination effi ciency and 
organizational structure have a 
large effect on project span time. 

B. Effect of experience during the 
project. The factor – initial experience 
– shows the innovation level of the 
project. The chart indicates that the 
more innovative the project is, the 
more sensitive it is to increasing 
complexity. When developing a 
more complex product, a highly 
experienced design team can control 
effort and span time almost to the 
same level as for the development 
of a low complexity product. 

C. Effect of coordination effi ciency. In 

 FIGURE 3. The effect of different factors on effort and span time under different levels of 
product complexity. Effort and span time are y-axis results, and knowledge, experience, 
coordination and organization are x-axis variables.

the case of low and medium complexity, 
higher coordination effi ciency does not 
show obvious improvement in project 
performance. This implies that a medium 
level of coordination is suffi cient for the 
development of a product with lower 
complexity. Compared to the situations with 
low and medium complexity, a product with 
high complexity is more sensitive to the 
effect of coordination effi ciency: both effort 
and span time vary greatly with this factor. 
When coordination is very effi cient, high 
product complexity is no longer a severe 
problem for designers. Effort and span time 
can be kept at the same level as developing 
a product with medium complexity.

D. Effect of organizational structure. In 
all three cases of complexity, a matrix 
organizational structure increases the 
total effort and slightly shortens span 
time. When designers are organized as 
teams, they are more focused on the set 
of functions that are assigned to them; 
therefore, less communication effort is 
required outside of the team. In a matrix 
organizational structure, since designers 
are usually assigned with multiple tasks, 
they tend to communicate more with other 
designers. There is also more switching 
between tasks, i.e., when a task is not 
ready for development because of the 
lack of input information, a designer 
does another task. Thus, more effort is 
spent, but shorter span time is observed 
when designers are organized as a 
matrix.  However, we cannot assert which 
organizational structure is superior, as 
the effect of organizational structure 
also depends on product structure, i.e., 
whether the product is very modular or 
has highly interdependent functions.

To summarize, increasing complexity 
requires more eff ort and prolongs the 
project, especially for innovative projects 
on which designers have little experience. 
More knowledgeable designers using 
effi  cient coordination save eff ort and 
shorten project span time.  Th is eff ect is 
more obvious when developing a highly 
complex product.

4.  Conclusions
Product design was modeled using an 

agent-based paradigm. Th e model allowed 
variations among designer agents based 
on experience and knowledge. Interac-
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tions between designer agents where communication had 
diff erent effi  ciencies were also modelled. By consulting, 
coordinating and performing technical work, designer 
agents contributed eff ort during assigned tasks. Instead 
of modeling the eff ect of management mechanisms on a 
project directly, the model looked at the eff ect knowledge, 
experience and coordination on individuals and determined 
the resulting eff ect on span time and eff ort. Using product 
data from GE Hydro, the paper simulated a series of scenar-
ios to investigate the eff ect of designers’ knowledge, experi-
ence, coordination effi  ciency and organizational structure 
on project performance. Simulation results suggested that 
when product complexity increased, eff ort and span time 
increased. In addition, at high complexity, eff ort and span 
time increased exponentially, where the increase in eff ort 
was great and occurred towards the middle and end of a pro-
ject. Th is increase in eff ort was caused by interdependency 
between functions. Th is increase in eff ort may not be obvi-
ous at the beginning of the project, and may be a surprise to 
design teams when it occurs. 

Results also showed that more effi  cient coordination 
mechanisms should be applied especially when a project was 
highly complex and innovative in order to reduce or control 
the potential large increase in eff ort and span time. It was 

seen that knowledgeable and experienced designers did help 
to save design eff ort and shorten span time.  

A matrix organizational structure increased the total 
eff ort and slightly shortened span time compared to using a 
design team structure. Th e diff erence between using either 
organizational structure was small; therefore, no assertion 
could be made as to which organizational structure was 
superior in all situations. Th e relative eff ectiveness of either 
structure needs to be studied further since other factors can 
have a great eff ect on eff ort and span time.

In future work, research will focus on the following 
features.

ff Communication network. In the current model, any designer 
agent can communicate with any other designer. However, 
designers usually have limited access to other designers. This 
has an impact on the investigation of organizational structure. 
The communication network of designer agents will be 
varied and more organizational structures will be studied.

ff More types of communication. The current model only used 
one-to-one communication. However, besides one-to-one 
communication, designers use other communication methods 
such as group meetings, databases, etc. More types of 
communication will be added to the model; so, the effect of 
availability of certain communication channels will be studied.
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