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Abstract 4 

Previous research has recognized the significance of a team’s work capacity and suggested the selection 5 

of team members based on individual skills and performance in alignment with task characteristics. 6 

However, work teams are complex systems with interdependence between workers and the social 7 

environment, and exhibit, surprising, nonlinear behavior. This study utilizes Agent-Based Modeling 8 

(ABM) to understand the complexity of project team member selection and to examine how the 9 

functional diversity of teams and worker interdependence affect team performance in different economic 10 

conditions. Data for model validation was collected from 116 construction projects for the period from 11 

2009 to 2011. The results show that teams with higher functional diversity can enhance the overall firm 12 

performance when the economy is in a downturn. This study suggests managers using knowledge of 13 

worker interdependence to protect higher-performing workers by minimizing disruption of 14 

interdependence in team member selection for improving firm performance. 15 

16 
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Introduction 19 

Businesses are using teams for project-based tasks with greater frequency because teams have high 20 

potential, high motivation, good problem-solving capability and flexibility which are important work 21 

structures for success (Gordon 1992; Gerard 1995; Baykasoglu et al. 2007). A team is typically defined 22 

as a small group of people working in an interactive manner toward a common goal (Ilgen 1999; 23 
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Wageman et al. 2012). The success of these project teams is highly dependent upon the people on the 24 

team. While the literature has focused on other methods for improving team performance, such as training 25 

and feedback, team member selection and member replacement are the tools that managers use the most 26 

often (Solow et al. 2002). 27 

    Previous research has recognized the significance of a team’s work capacity and suggested the 28 

selection of team members based on individual skills and performance in alignment with task 29 

characteristics. However, work teams are complex systems with interdependence between workers and 30 

the social environment, and exhibit, surprising, nonlinear behavior. In order to understand the complexity 31 

of project team member selection, this paper first reviews the relevant literature both in project 32 

management and organization science. Agent-based modeling (ABM) was selected to model team 33 

member selection because it especially designed to model interactions between agents and environments. 34 

For empirical comparison, this study uses a small design firm to examine the performance of a variety of 35 

team member selection approaches. Project data, task assignment, and team performance information 36 

were collected for the period of 2009-2011 and used to validate the developed ABM team member 37 

selection model. Using simulation, together with insights derived from complex systems, this study then 38 

illustrates that ABM provides a suitable platform for the creation of robust and accurate “what-if” 39 

scenarios within team member selection settings. This approach can simulate multiple alternative 40 

configurations of teams to predict and evaluate their performance, which in turn, can provide a decision 41 

support tool for tactical and operational decision-making in the context of project team member selection. 42 

 43 

Project Team Member Selection 44 

Although research on project teams has increased in recent years (Bartsch et al., 2013; Ding et al., 2014; 45 

Buvik and Rolfsen, 2014; Savelsbergh et al., 2015), any researchers doing a study of project teams may 46 

struggle to describe exactly what kind of project team is the focus of his or her study. According to the 47 
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dimensional scaling framework for describing teams which developed by Hollenbeck et al. (2012), the 48 

project team that discussed in this research can be classified as Long-term project teams. The long-term 49 

project team is a team that is a stable and permanent unit in an organization. Compared to short-term 50 

project team, the task requirements may be more stable, and distribution of tasks and roles also be more 51 

clearly defined (Joshi and Roh, 2009). In terms of temporal stability, the long-term project teams are 52 

defined for those who work together up to a year on specific projects. 53 

    During the 1980s and 1990s, several researchers focused on selecting team members based on 54 

complementing personalities (Barry and Stewart, 1997; Hogan et al., 1988; Smith-Jentsch et al., 1996). 55 

Moreover, the self-efficacy for teamwork and self-monitoring has been shown to impact team 56 

effectiveness, but the relationship between these attributes and individual team performance has not yet 57 

been investigated (McClough and Rogelberg, 2003). Past research demonstrated that personality-based 58 

selection is useful in general; however ability-based selection strategies have historically been more 59 

successful in predicting performance (Hunter et al., 1990; Schmitt et al., 1984). 60 

    Although it is simpler to study team performance as an accumulation of individual contributions 61 

and assuming each person’s contribution is independent of others, many researchers have realized the 62 

importance of interdependence and non-additive contributions (Hinds et al., 2000). Tziner and Eden 63 

(1985) discovered in their study of military tank crews, highly skilled teams far outperformed the levels 64 

predicted from summing their skill levels, and low-skilled teams performed well below the predicted 65 

levels of their summed skills. They used these observations about synergistic performance to offer 66 

detailed recommendations for building three-man tank crews from the existing candidate pool. They also 67 

noted that switching operators between crews was not a zero-sum game in which one team lost what the 68 

other gained. Instead, some combinations of players performed disproportionately better or worse than 69 

others. Thus, optimizing individuals to fit activities without taking interdependencies into account is 70 

unlikely to yield a high performing team. Otherwise, obtaining empirical data about the effects of 71 
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different team member selection orientations on team performance can require a prohibitive time 72 

commitment. This study instead utilizes a computational model to understand the complexity of project 73 

team member selection and to maximize performance across workers and teams in different contexts. 74 

 75 

Complex Systems and Agent-Based Modeling 76 

A complex adaptive system (CAS) is a special kind of complex system since it has the property of 77 

adaptation, meaning that it has the “ability to consciously alter its system configuration and influence its 78 

current and future survival” (McCarthy, 2003). An agent in a CAS may be a person, a molecule, a species, 79 

or an organization, or any number of other object types. These agents act based on local knowledge and 80 

conditions. A central body, master neuron, or a project manager does not control the agent’s individual 81 

moves. A CAS often has a densely connected web of interacting agents, each operating from its own 82 

schema or local knowledge. In a construction project context this means that the entities in the system 83 

are responsive, flexible, reactive and often deliberately proactive in response to inputs and signals from 84 

other nearby entities. Many business processes and phenomena are non-linear, self-organizing, changing 85 

and rationally bounded, and so CAS can yield unique insights into these processes and phenomena. While 86 

insights from CAS can improve our understanding of project team member selection and provides a 87 

helpful framework for modeling, some kind of method is needed in order to apply this approach and 88 

achieve tangible and understandable results, particularly from a management perspective. 89 

    Agent-based modeling (ABM) represents a new paradigm in the modeling and simulation of 90 

dynamic systems distributed in time and space (Jennings and Bussmann, 2003; Lim and Zhang, 2003). 91 

ABM enables the application of CAS approaches to address the behavior of each of the participants 92 

within a complex system (North et al., 2005). There is a growing interest in using ABM in several 93 

business-related areas, such as manufacturing (Kotak et al., 2003; Zhou et al., 2003), logistics and supply 94 

chain management (Kaihara, 2003; Santos et al., 2003), marketing (Rand and Rust, 2011), and operations 95 
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research and management science (Davis et al., 2007). ABM is considered important for developing 96 

industrial systems (Davidsson and Wernstedt, 2002; Fox et al., 2000; Karageorgos et al., 2003) and it 97 

provides a pragmatic approach for the evaluation of management alternatives (Swaminathan et al., 1998). 98 

The simulation of teams has been undertaken by several researchers, reflecting the large number of team-99 

based activities available (Fan and Yan 2004), but just a few in project organization (Aritua et al., 2009; 100 

Watkins et al., 2009; Kim and Kim, 2010). 101 

In ABM, the focus is on agents and their relationships with other agents or entities (Axelrod, 1997; 102 

Cicirello and Smith, 2004). An organization is a collection of agents that interact and produce some form 103 

of output. Organizations have output and deliver some measure of performance. Performance may be 104 

measured by profit or may involve specifying a particular target and then measuring performance by the 105 

frequency with which organizations reach their targets. Although most organizations are designed with a 106 

particular objective, it does not follow that the organization’s behavior is consistent with this objective. 107 

The members of an organization may have different goals than those of the entrepreneur/head of the 108 

organization. Using ABM it is possible to observe how an organization’s behavior emerges from the 109 

interaction of agents amongst themselves and with the environment. Given these various characteristics, 110 

ABM is an appropriate research tool for examining team member selection in the project organization 111 

domain. In this study, the workers are modeled as agents and the organization performance is measured 112 

by profit earned. The detail description of the model is demonstrated in the following sections. 113 

 114 

Description of the Project Team Member Selection Model 115 

One way to make ABM more understandable and comprehensible is through the use of a standard method 116 

of description. To bring the benefits of standardization to ABMs, a group of experienced modelers 117 

(Grimm et al., 2006; Grimm and Railsback, 2005) developed the Overview, Design concepts, and Details 118 

(ODD) protocol for describing ABMs. ODD is designed to create factual model descriptions that are 119 
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complete, quick and easy to grasp, and organized to present information in a consistent order. ODD is 120 

now gaining widespread acceptance in the ecological and social science literature (Grimm et al., 2010). 121 

A full ODD protocol description is too long to fit in this paper, but we will use the overview part of the 122 

ODD protocol to set up the model. The overview consists of three components: (1) a description of the 123 

purpose of the model, (2) a description of the state variables and scales, and (3) an overview of the process 124 

and scheduling aspects. 125 

 126 

Purpose 127 

The purpose of the model is to examine and compare different team member selection orientations in 128 

different contexts. First, it is necessary to establish what is meant by team performance. Although it has 129 

been defined in numerous ways, three key performance variables have emerged: the quality of a team’s 130 

output, the amount of time taken to deliver this output, and the cost of doing so. Within engineering and 131 

project management fields, these three variables – quality, time, and cost – are often collectively referred 132 

to as the triangle for evaluating performance. In this model, we assume that all projects meet basic 133 

requirements, i.e., the selected teams perform well on the projects without quality issues and complete 134 

projects within the planned duration. The criterion of team performance evaluation here is profit 135 

generated by the team. Profit was chosen as the criterion because it can easily show the teams’ outcome 136 

and can clearly demonstrate the difference when comparing those team member selection orientations. 137 

An ABM environment is developed for a project-based company, a small construction design firm. 138 

There are two major reasons why we chose a small design firm. First, we chose this firm because we 139 

would like to simplify the economic context. Small firms usually target local markets. It is easier to create 140 

a reasonable environment for a small firm rather than for large companies. For example, an international 141 

design firm may have projects around the world, which makes it more difficult to establish the boundaries 142 

of the market. Second, we chose this firm because we would like to simplify the interdependence of 143 
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workers. Although one of the objectives of our research is to see if using knowledge about the 144 

interdependence of workers can improve project performance, it is very hard to define the 145 

interdependence matrix for a team or an organization with extremely complicated working relationships, 146 

and so a smaller firm gives us the ability to scale back the model complexity. 147 

To explore how interdependence-based team member selection improves performance compared 148 

with skills-based assignments, three components associated with a worker’s contribution need to be 149 

quantified: individual contribution, contributions to others, and contributions from others. Suppose a 150 

worker, when placed on a team, loses a connection with a co-worker who previously affected that 151 

worker’s performance, then the interdependent effect needs to be taken into account. For example, the 152 

transferred employee could be a consultant put on a new project without the support of a familiar 153 

colleague with particular information technology skills. If the original interdependencies were necessary 154 

for the consultant to deliver consistent results, then the consultant will naturally seek to form a new 155 

relationship with someone on the new team with similar information technology expertise. Exchanging 156 

an established relationship with a new connection can be thought of as replacing a supportive colleague 157 

on whom a worker was interdependent with another who may or may not be as supportive. Given the 158 

interdependencies among workers, it is reasonable to assume that losing co-workers influences, either 159 

positively or negatively, the individual and collective performances of those who remain – the larger the 160 

number of losses, the greater the variance in performance. Therefore, when team member selection 161 

occurs, we can assume that a worker’s performance changes in an uncertain manner. 162 

Considering the complex nature of interaction in interdependent groups, assessing individual and 163 

team level performance can be challenging in practice (Solow et al., 2002; Millhiser et al., 2011). Many 164 

organizations document observed employee performance through periodic appraisals. However, 165 

managers are unable to see how these workers contribute to others or what portion of their performance 166 

is attributable to help from others. We utilized the NK model and Decision Support Matrix (DSM) to 167 
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capture workers’ interdependencies (Kaufmann, 1995; Millhiser et al., 2011). The detailed processes of 168 

different team member selection orientations and the use of ABM to compare them will be discussed in 169 

the design concept of ODD protocol. 170 

 171 

Entities, State Variables, and Scales 172 

ABMs usually have the following types of entities: one or more types of agents; the environment in 173 

which the agents live and interact, which is often broken into local units or patches; and the global 174 

environment that affects all agents. In this model, the variables of both agents and the projects are defined 175 

in Table 1 and Table 2. The global environment variable we set here is the economic situation. The 176 

economic situation setting is directly related to the number of projects available on the market. In order 177 

to simplify the model, the economic situation is modeled as a series of discrete states from 1 to 5. In the 178 

normal situation, the economic situation is set to 3 (neutral). If the number is set lower than 3 that mean 179 

the economic situation is in a depression. In contrast, there is economic growth if the number is set higher 180 

than 3. 181 

    In our model, the temporal scale is set as days because project duration is often counted in working 182 

days. A tick in this ABM means a day. The new projects are also announced by project owners (e.g., the 183 

government, commercial entities, etc.) every day. The agents in our model do not only work on the 184 

projects, but also prepare, evaluate, and bid on new projects. This model sets the simulation time as 3 185 

years because the duration of most projects in the small construction design field range from 2 weeks to 186 

1 year, and simulating 3 years can properly encompass the typical operations of a small project-based 187 

organization. 188 

 189 

Process Overview and Scheduling 190 

This section will address model dynamics, i.e., the processes that change the state variables of model 191 
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entities. Every process describes the behavior of the model’s entities. The schedules of events are 192 

illustrated in Table 3. The goal of the simulation is to explore the relative effects of different team member 193 

selection orientations on firm performance in a context. The computational model consists of agents and 194 

a schedule of events. The agents in the model are teams and projects, and the schedule of events governs 195 

the interactions among the agents. We built a simulation model of a project organization with a limited 196 

number of relevant capabilities based on employees’ expertise. The market has a population of projects. 197 

These projects represent opportunities for the firm to make investments in capabilities. 198 

    Workers are selected into teams based on different team member selection orientations. Once work 199 

teams are formed, we assume that the teams will keep in stable for performance. Based on the research 200 

findings from Savelsbergh et al. (2015), team stability has direct effect on team learning which had on 201 

its turn a strong effect on team performance. The work teams can work on multiple projects, but the total 202 

workload cannot surpass their capacity. The team capacity is assumed to be equal to the sum of individual 203 

capacity. The set of team capabilities is equal to the sum of worker’s capabilities (expertise). For example, 204 

if the team has workers who have expertise in road, bridge, and environmental design, the team is allowed 205 

to take the projects within the scope. The main focus of this is in comparing different team member 206 

selection orientations and demonstrating why taking into account complexity to form a team can yield 207 

better overall team performance. We assume workers have no ability to sense information about other 208 

projects, so it is reasonable to simply assume they randomly evaluate new projects. After choosing a 209 

project for evaluation, the next step is bidding and assigning the project. Teams win bids based on a 210 

random probability from 20% to 50% if the team still has available capacity. Teams will keep searching 211 

and bidding on projects until the team’s capacity is full. The team’s capacity will be replenished and the 212 

team will earn the expected profit when the project is completed. These processes will repeat in our 213 

model and the profit earning will be accumulated as emergence of project team performance. 214 

 215 
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Team member selection orientations 216 

The primary mechanism that we will explore in the model results below is the team member selection 217 

orientation and its relation to the overall performance of the organization. In this section we describe the 218 

details of the three selection orientations we want to compare and the definition and performance 219 

evaluation criteria are discussed in the following sections. This section also describes how the overall 220 

performance of a project-based organization is defined and evaluated in the context of these methods. 221 

1. Homogeneous team member selection: 222 

Team composition can either be homogeneous or heterogeneous. There are conflicting opinions on which 223 

is best (Lim and Klein 2006). While there is increasing recognition of that diversity in team’s benefits 224 

creativity in problem solving, homogeneous teams are better for exploitation of existing knowledge 225 

(Mannix and Neale 2005). The homogeneous team member selection in this paper is defined as selecting 226 

team members with similar expertise, experience, and education background. The homogeneous team is 227 

assumed to have higher capacity in particular areas. 228 

2. Heterogeneous team (equity-based) selection: 229 

A full discussion of the impact of diversity in complex systems (Page, 2011), and the relationship of 230 

diversity to team performance (Hong and Page, 2004) is beyond the scope of this paper, but a few broad 231 

general results are applicable. First, diversity often enhances the robustness of complex systems. Systems 232 

that lack diversity can lose functionality. Second, diversity drives innovation and productivity (Page, 233 

2011). In economies, variation and experimentation also lead to innovation and recombination (Arthur, 234 

1999). Greater diversity for the most part correlates with greater productivity. The equity method is 235 

characterized by dividing talents. For example, managers sometimes may allocate the most creative 236 

people evenly between teams, then the best analysts, the best salespeople, and so forth. The selected 237 

teams can be thought to result in equally capable, albeit average, teams. In this research, this method is 238 

operationalized by allocating the workers by dividing talent evenly across by experience, licensing, and 239 
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other features of the workers. This method is assumed to enhance the functional diversity of each team 240 

compared to the homogeneous team member selection orientation. Functionally diverse teams are also 241 

defined as teams consist of individuals with a variety of educational and training backgrounds working 242 

together (Simons and Rowland, 2011) 243 

3. Interdependence-based selection orientation: 244 

In the third team member selection orientation, we utilize and modify the NK model (Kaufmann, 1995) 245 

and Design Structure Matrix (DSM) tool proposed by (Millhiser et al., 2011) to measure and capture the 246 

three components of performance – individual contributions, giving to others, and receiving from others 247 

– that affect a worker’s total contribution to a team. Kauffman (1995) shows that the number of local 248 

optima increases in K, which is the number of connections between individual entities, in this case the 249 

interdependencies between team members. Rather than specify exactly the coupled or interacting 250 

activities, many models in organizational theory use the NK framework to model interaction patterns 251 

since it enables the exploration of different architectures and their effect on performance. These 252 

interdependencies are described through the use of an adjacency matrix. An example of this 253 

interdependency matrix is shown in Figure 1. 254 

Observed performance usually reflects an individual’s contribution together with whatever 255 

contributions other team members contribute to that person, but observed performance does not capture 256 

the contribution of that individual to others. What is needed is a measure of how much interdependence 257 

a worker has. Assuming that there are N workers in the original cohort, we refer to a particular team 258 

member as worker i (where i indicates the worker’s number from 1 to N). Because each worker “depends 259 

on” others to accomplish tasks, we assume that a worker is interdependent on K others, ranging from 260 

complete self-reliance (K = 0) to dependence on everyone else (K = N-1). 261 

To distinguish between the two types of interdependence, the colleagues who support a worker, 262 

those represented by an x in that worker’s column are called contributing partners (see Figure 1); those 263 
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who rely on a worker (represented by x’s in that worker’s column) are called dependent partners. In 264 

addition to these partners, we assume every worker relies on himself or herself, as depicted by x’s along 265 

the diagonal. Given a worker and that worker’s contributing partners, a worker’s performance can be 266 

attributed to the worker and the support for that worker from the K partners who influence the worker 267 

(Millhiser et al., 2011). When a worker is assigned to a team with all the original contributing partners 268 

from the cohort, it can be assumed that the performance of that worker is unaffected. Although there are 269 

other considerations which may affect worker’s performance, we only focus on the role of 270 

interdependence on team performance. In contrast, when a worker’s connections are disrupted, that has 271 

a dramatic effect on their new performance capacity. The worker’s performance will vary widely, perhaps 272 

as low as 0 or as high as 1 if all contributing co-workers are assigned elsewhere because the worker needs 273 

to establish new relationships with other team members to accomplish the project. When contact with 274 

some, but not all, contributing partners occurs, the new performance is assumed to vary proportionally 275 

to the number of disrupted interdependencies. The new performance will be widely set between 0 and 1 276 

based on how many disruptions of the original number of co-workers. 277 

If worker i’s initial performance in the cohort is pi and if team member selection disrupts di of the 278 

worker’s K interdependences, the worker’s new performance is called pi’, which is generated by choosing 279 

a uniform random number between some new lower and upper performance limits. The upper limit ui is 280 

assumed to be the proportion di/K of the potential improvement from the current performance pi up to 1 281 

(maximum capacity). The lower limit li is the proportion di/K of the possible performance loss form pi 282 

down to 0. The equations of li and ui are: 283 

𝑙௜ ൌ  𝑝௜ െ ቀௗ೔

௄
ቁ 𝑝௜                                                  (1) 284 

𝑢௜ ൌ  𝑝௜ െ ቀௗ೔

௄
ቁ ሺ1 െ 𝑝௜ሻ                                            (2) 285 

    𝑝௜′ ൌ  𝑟𝑎𝑛𝑑𝑜𝑚 ሺ𝑙௜~ 𝑢௜ሻ                                            (3) 286 
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    In other words, if a worker has three team partners and loses one of them, the upper limit of 287 

performance is one-third of the distance from the current performance to the maximum performance and 288 

the lower limit is one-third the distance from current performance to zero. For instance, if the current 289 

performance is 2/3 then the new performance will be a random number between 2/9 and 3/9. Because 290 

sorting people into separate teams may require upsetting current interdependencies, a manager might 291 

take advantage of natural synergies by attempting to keep together those who work well together. To keep 292 

these people together, the manager should divide the workers so that there is minimal interdependence 293 

disruption for higher-performing workers (Solow et al., 2002). The total disruption performance (TDP) 294 

can be measured as: 295 

TDP = 𝑑ଵ𝑝ଵ ൅  𝑑ଶ𝑝ଶ ൅   𝑑ଷ𝑝ଷ ൅ ⋯ ൅  𝑑ே𝑝ே                            (4) 296 

    An alternative would be to use visual inspection of a sorted matrix to identify the best clustering, 297 

but this type of visual pattern finding becomes increasing challenging in larger or more interdependence 298 

teams. This formula helps decision maker identify splits that disconnect fewer workers and disconnect 299 

lower-performing workers. This selection orientation implicitly benefits weak performers (by keeping 300 

them with interdependent connections) and protects strong performers (by not removing them from teams 301 

that they depend on). The major reason why we would like to minimize the TDP is because a disruption 302 

to a higher performers’ interdependence could be costly. The policy of protecting relationships between 303 

higher performers and their supporters is utilized in this study’s interdependence-based selection 304 

orientation. 305 

 306 

Data Collection and Analysis 307 

The data collected from the real-world design firm are used as a source of the inputs of the ABM model 308 

for team member selection. According to the characteristics of ABM and the purpose of team member 309 

selection model, there are three data sets that are needed: (1) the complete project data from the company 310 
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for a certain period; (2) the detailed information of employees including their expertise, working 311 

experience, salary, etc., and (3) the geographical area of the projects to bound the market. The data of 312 

projects and employees were collected from a small construction design firm- Yi-Hsin Engineering 313 

Design Consulting (YHEDC) located in New Taipei City in Taiwan. 314 

    The project data are collected from the 116 project proposals and contracts during 2009-2011. We 315 

spent 3 months during the end of 2012 in YHEDC in person to review the project proposals and contracts. 316 

The collected data include the items of project location, project owner, project type, start and finish time, 317 

duration, service fee, project team (who responds to do the project) and the sample form of data is shown 318 

in Table 4. The employee data for all fifteen employees involved in these projects includes working 319 

experience, expertise, and salary. The sample form of data collection for employee is shown as Table 5. 320 

    The interdependence matrix (shown in Figure 1.) was filled out by the project managers of YHEDC 321 

with face-to-face interviews. This matrix lists the relationships including who contributes to whom, and 322 

who get supports from whom among all workers in YHEDC. Other than the data collected from YHEDC, 323 

the additional project information was collected from the bidding system in the government of New 324 

Taipei City in Taiwan because YHEDC only did projects in this area. This gives us the ability to keep the 325 

ABM model as simple as possible by limiting its geographic and project scope. The distributions of 326 

collected data are shown in Figure 2. Road design and bridge design are two major project types that 327 

YHEDC focus on – more than 50% of the total projects are in these two types. Although hydraulic system 328 

design and geotechnical design cover 36% of total projects, most of these projects are associated with 329 

road and bridge design projects. Over 50% of the project design service fees are in the range of $10,000 330 

to $50,000. This shows that YEHDC focuses on taking small design projects. Only 4% of the projects 331 

have service fees higher than $100,000 and around 20% of projects have service fees from $50,000 to 332 

$100,000. The rest of the 21% project service fees are less than $10,000. Considering YEHDC is a small 333 

design firm with around 15 employees and the average project design duration is 20 days, the distribution 334 
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of project service fees is reasonable. There are three project managers in YHEDC and around 27% of 335 

employees have more than 20 years working experience. 46% of the employees have working experience 336 

in the range from 10 to 20 years. More than 70% of employees are senior level engineers and only 27% 337 

of employees are in entry and junior level. This shows that the project teams of YHEDC are very 338 

experienced in their professional areas. The salary range of $25,000 to $55,000 is competitive in the 339 

construction related industries in Taiwan. 340 

 341 

Model Development 342 

This model was developed using Netlogo (Wilensky, 1999). NetLogo is a programmable modeling 343 

environment for simulating natural and social phenomena. NetLogo is particularly well suited for 344 

modeling complex systems that develop over time. Modelers can give instructions to hundreds or 345 

thousands of agents all operating independently. 346 

    Figure 3 shows the functions of the Project Team member selection Model divided into four sections: 347 

(A) global variables input, (B) different team member selection settings, (C) a model demonstration 348 

display, and (D) a set of result displays. In Section A, one of the global variables is the number of workers, 349 

which was given an initial setting of 15. Another global variable is the economic situation, defined as a 350 

prediction about market growth or depression. A value close to 5 means that the market is better; in 351 

contrast, a value close to 1 means that the market is poor. The initial setting of 3 indicates an average 352 

economic situation. The number of simulation days can be set according to a user’s target. The initial 353 

setting is 3 years, which is around 1100 days. The initial number of teams was set at 3. Section B, below 354 

the global variables on the user interface, contains buttons related to settings for team member selection 355 

orientations. There are buttons for homogenous, heterogeneous and interdependence-based team member 356 

selection. Section C is a visual market we created for the firm although the market does not contain 357 

spatial information. The model can display interactions between turtles and patches. The agents here are 358 
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employees (pictured with shovels) and project managers (pictured with briefcases). Different colors of 359 

workers mean that they are on different teams. Workers of the same color are on the same team. The 360 

small squares on the background are available projects in the visual market. The different colors of the 361 

projects indicate different project costs. When workers are assigned to a project, the project color changes 362 

to pink and the workers cannot move. After the project is completed, the workers can move and search 363 

for new projects on the market. The plots in Section D shows the emergent results, including the profit 364 

earned from the model. The major function of this area is to provide an easier way to compare the 365 

differences in performance resulting from different team member selection orientations. Simple static 366 

analysis methods assess the profitability of an investment for a time span of one period.  367 

 368 

Model Verification and Validation 369 

We follow the guidelines of Rand and Rust (2011) for ABM verification and validation. In terms of 370 

programmatic testing, extensive unit testing was carried out to confirm that each component of the model 371 

produced desired outputs. In addition, both code walkthrough and debugging walkthrough were used. 372 

Corner cases were explored extensively to make sure that there were no bugs in the code with regards to 373 

test cases and scenarios. Finally, several specific scenarios were generated which were easily predictable, 374 

to make sure that the model behaved as expected. For example, the model was tested by the sets of 375 

scenarios including: (1) teams always outperform employees working individually; (2) teams bid more 376 

successfully for projects than employees working in isolation; (3) teams can complete larger projects 377 

than employees working isolation. In each case the model presented in this research performed as 378 

expected and so to that extent the model is verified. It is also important to validate any simulation by 379 

comparing its results to a real system (Naylor and Finger, 1967; Carson, 2002; Sargent, 2011; Rand and 380 

Rust, 2011). A curve estimation of linear regression was used to examine the fitness between the 381 

simulation results of profit earn and the collected project profit data from the Yi-Hsin design firm. The 382 
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firm has been used heterogeneous team member selection as a role for their consulting teams for many 383 

years. We used the initial setting as described above at the section of model development to create a 384 

baseline of simulation based on heterogeneous team member selection orientation. The value of R2 (0.985) 385 

indicates that the simulation results have a significant and positive correlation with the collected project 386 

profit data (shown in Figure 4). According to these comparisons, the model demonstrates validity in 387 

simulating team member selection. The following section will explore how functional diversity of teams 388 

and workers interdependence affects team performance. 389 

 390 

Simulation for Team Member Selection Orientations 391 

This section provides a more detailed comparison of the performance differences between the 392 

homogeneous selection, heterogeneous selection, and interdependence-based selection under different 393 

economic conditions. We first performed a sensitivity analysis for these team member selection 394 

orientations by altering the settings of the economic conditions. The economic conditions were divided 395 

into a five-part scale: 1 = very bad, 2 = bad, 3 = neutral, 4 = good, and 5 = very good. For the purpose of 396 

this model, the settings for economic conditions correspond to the number of available projects on the 397 

market. According to the data collected from the government bidding system in New Taipei City in 398 

Taiwan (which is the target market of Yi-Hsin company), the average newly available projects are three 399 

per day in a neutral economic situation. Thus for the model, setting 1 is equivalent to one new project 400 

available per day in the market; 2 is equivalent to two new projects available per day; 3 is equivalent to 401 

three new projects available projects per day; 4 is equivalent to four new projects available per day; and 402 

5 is equivalent to five new projects available per day. The other parameters remained the same as the 403 

base condition. These five different economic conditions were examined for each of the three team 404 

member selection orientations. We ran the simulations 100 times for each of these 15 combinations of 405 

values (5 economic conditions x 3 selection orientations and averaged the results. The test results which 406 
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are shown in Figure 5 indicate that the differences in profit earned in different economic contexts. 407 

Homogeneous teams vs. Heterogeneous teams 408 

In Figure 5, while the simulation results indicate that the difference in profit earned from 409 

homogeneous teams and heterogeneous teams is not significant, the heterogeneous teams can yield better 410 

performance when the economy is not good. The differences in performance are relatively close in 411 

extremely bad or very good conditions. The ABM is able to capture the number of projects taken by the 412 

teams, and the simulation results show that firms that utilize the heterogeneous selection take on 12% 413 

more projects than firms that use homogeneous teams in bad economic conditions. This provides 414 

evidence as to the underlying cause for the difference in performance between the two selection 415 

orientations. The deliberately assigned diversity of capabilities on each team created through the 416 

heterogeneous selection enhances each team’s ability to take on a variety of projects available in the 417 

market. In contrast, while homogeneous teams can generate more capacity in a certain type of capability 418 

on each of the teams, it also limits each team’s ability to take on other types of projects.  419 

Heterogeneous teams vs. Interdependence-Based Teams 420 

As demonstrated in the results in Figure 5, in extremely bad economic conditions, the average profit 421 

earned from teams created through interdependence-based and heterogeneous selection approaches has 422 

no significant difference. When economic conditions are better but not yet back to neutral, the 423 

interdependence-based selection is able to generate more profits than the heterogeneous selection, but 424 

not by much, as indicated by the statistically insignificant p value of 0.029 through ANOVA and Least 425 

Significance Difference (LSD) test. As explained previously, this is likely due to the absolute lack of 426 

available projects during such economic conditions. The largest gap is in the neutral condition – the teams 427 

created through the interdependence-based method were able to earn $219,456 more than the teams 428 

created through the heterogeneous selection. The trend of increased profit earned from interdependence-429 

based selection stabilizes when the economic conditions range from good to very good. 430 
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    This phenomenon indicates that interdependence-based team member selection can improve the 431 

capacity of teams as this method disrupts worker interdependencies less than traditional selection 432 

orientations, which in turn helps protect the higher performers. For example, while the heterogeneous 433 

selection orientation can increase the diversity of capabilities of teams, the net performance is often worse 434 

than optimizing worker interdependencies. These results support the argument made by Millhiser et al. 435 

(2011) that considering the interdependence of workers when building teams may be more important 436 

than primarily focusing on the individual abilities of workers. In future work, we will consider a selection 437 

orientation that attempts to maximize team diversity while at the time minimizing interdependent 438 

disruption. This could combine the best benefits of both methods. 439 

 440 

Conclusions 441 

This research first reviewed the team member selection related literature for project teams. Team member 442 

selection practices have focused on individual knowledge, skills, and abilities but little research has 443 

focused on examining the interdependence of team members of selection processes. A key conclusion 444 

that emerged from assessing the current literature is that project team member selection should shift away 445 

from ability-based selection to interdependence-based selection. The functional diversity of teams, 446 

interdependence between employees, and interaction with the market in different economic contexts are 447 

three major factors that affect team member selection and team performance. These factors however have 448 

not been thoroughly addressed in previous studies. 449 

This study utilizes the NK model and DSM to capture and measure interdependence of team 450 

members. The team member’s performance should be evaluated by individual contributions, giving to 451 

others, and receiving from others, which all affect a worker’s total contribution to a team. The ABM 452 

developed in this study provides a framework for modeling and comparing different team member 453 

selection orientations by combining agents and the project market environment. The simulation results 454 
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show that the interdependence-based selection orientation can yield better performing set of teams than 455 

traditional ability-based selection orientations. We suggest that managers should protect their higher-456 

performing workers by minimizing interdependence disruption when building teams. 457 

However, this research still has some limitations. First, we only use profit earned as the 458 

measurement of team performance. In reality, added-value to the clients may be more important than 459 

profit. For example, for a certain clients, shorter duration is added value, while for others, functionality, 460 

is. We may add the flexibility in the selection of outcome measures to meet different needs in future 461 

studies. Another limitation is that this model now only focuses on team member selection in local small 462 

firms. We may need to adopt other complex system theories, e.g. system of systems to explore the 463 

interdependence between different departments or different organizations in more complex market if we 464 

want to tack bigger scale problems. Third, we assume that all teams completed project without quality 465 

issues within the planned duration in order to simply our model to focus on team member selection issues. 466 

However, the situations may be more complex. For example, homogeneous teams may complete certain 467 

projects ahead of schedule, such as projects in their specific domain of expertise, freeing them up to take 468 

on more projects. Heterogeneous teams may produce better average quality of work over time resulting 469 

in greater reliability and future profitability. We may need to consider these situations to further develop 470 

this model for more accurate and optimal applications. Researchers are also recommended to collect their 471 

own data on these similar variables in the specific organizations of interest to them. They can conduct 472 

their own analyses and modify the model’s equations accordingly. Organizations can then use such 473 

further customized ABMs to examine the impact of changing the composition of teams in a risk-free 474 

artificial environment and make more informed team member selection decisions. 475 

 476 

Implications for Practice 477 

This research converts complexity theory into practice through an ABM. This study suggests that 478 
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managers should be as aware as possible of how interdependent relationships are distributed across a 479 

cohort before they do any reorganization. These interdependencies may have as much or more effect on 480 

team performance than individual knowledge, skills, and abilities, and yet are often overlooked. The 481 

results of this study also indicate that using the homogeneous teams and the equity method for team 482 

member selection may not improve team performance by much. A manager who has worked closely and 483 

for a long time with a cohort of workers may know from observation, experience, and other types of 484 

information gathering, who works well with whom, but managers can also increase their knowledge 485 

along these fronts by conducting an internal social network analysis of their organization (Wasserman, 486 

1994). Complex systems theory can thus guide managers in protecting the interdependencies of their 487 

most effective workers. 488 

 489 

References 490 

Aritua, B., Smith, N. J., and Bower, D., 2009. Construction client multi-projects – A complex adaptive 491 

systems perspective. International Journal of Project Management, 27(1), 72-79. 492 

Arthur, W.B., 1999. Complexity and the economy. Science 284, 107-109. 493 

Axelrod, R., 1997. Advancing the art of simulation in the social sciences. Complexity 3(2), 16-22. 494 

Barry B. and Stewart, G.L., 1997. Composition, process, and the performance in self-managed groups: 495 

the role of personality. Journal of Applied Psychology 82(6), 62-78. 496 

Bartsch, V., Ebers, M., and Maurer, I., 2013. Learning in project-based organizations: The role of project 497 

teams’ social capital for overcoming barriers to learning, International Journal of Project 498 

Management 31, 239-251. 499 

Baykasoglu, A., Dereli, T. and Das, S., 2007. Project Team member selection Using Fuzzy Optimization 500 

Approach, Cybernetics and Systems: An International Journal 38: 155–185. 501 

Buvik, M. P. and Rolfsen, M., 2015. Prior ties and trust development in project teams – A case study 502 



22 
 

from the construction industry, International Journal of Project Management 33, 1484-1494. 503 

Cicirello, V.A. and Smith, S.F., 2004. Wasp-like agents for distributed factory coordination. autonomous 504 

agents and multi-agent system 8(3), 237-266. 505 

Davis, J. P., Eisenhardt, K. M., and Bingham, C. B., 2007. Developing theory through simulation methods. 506 

Academy of Management Review, 32(2), 480-499. 507 

Davidsson, P. and Wernstedt, F., 2002. A multi-agent system architecture for coordination of just-in-time 508 

production and distribution. The Knowledge Engineering Review 17(4), 317-329. 509 

Ding, Z., Ng, F., and Li, J., 2014. A parallel multiple mediator model of knowledge sharing in 510 

architectural design project teams, International Journal of Project Management 32, 54-65. 511 

Fan. X. and Yan, J., 2004. Modeling and simulating human teamwork behaviors using intelligent agents. 512 

Physics of Life Review 1(3), 173-201. 513 

Fox, M.S., Barbuceanu, M. and Teigen, R., 2000. Agent-oriented supply-chain management. 514 

International Journal of Flexible Manufacturing Systems 12, 165-188. 515 

Gerard, R.J., 1995. Teaming up: Making the transition to self-directed, team-based organizations. 516 

Academic Management Executive 9(3), 91-93. 517 

Gordon, J., 1992. Work teams: How far have they come? Training, 29(29), 59-65. 518 

Grimm, V., Berger, U., Bastiansen, F., Eliassen, S., Ginot, V., Giske, J., Goss-Custard, J., Grand, T., Heinz, 519 

S., Huse, G., Huth, A., Jepsen, J., Jorgensen, C., Mooij, W., Muller, B., Peer, G., Piou, C., Railsback, 520 

S., Robbins, M., Rossmanith, E., Ruger, N., Strand, E., Souissi, S., Stillman, R., Vabo, R., Visser, 521 

U., and DeAngelis, D., 2006. A standard protocol for describing inidividual-based and agent-based 522 

models. Ecological Modelling 198, 115-126. 523 

Grimm, V., Berger, U., DeAngels, D., Polhill, J., Giske, J., and Railsback, S., 2010. The ODD protocol: 524 

A review and first update. Ecological Modelling 221, 2760-2768. 525 

Grimm, V. and Railsback, S., 2005. Individual-based modeling and ecology. Princeton University Press, 526 



23 
 

New Jersey. 527 

Hinds, P.J., Carley, K.M., Krackhardt D., and Wholey, D., 2000. Choosing work group members: 528 

Balancing similarity, competence, and familiarity. Organization Behavior Decision Processes 81(2), 529 

226-251. 530 

Hollenbeck, J. R., Beersma, B., & Schouten, M. E., 2012. Beyond team types and taxonomies: A 531 

dimensional scaling conceptualization for team description. Academy of Management Review, 532 

37(1), 82-106. 533 

Jennings, N.R. and Bussmann, S., 2003. Agent-based control systems: Why are they suited to engineering 534 

complex systems?. IEEE Control Systems Magazine 23(3), 61-73. 535 

Joshi, A., & Roh, H., 2009. The role of context in work team diversity research: A meta-analytic review. 536 

Academy of Management Journal, 52: 599–627. 537 

Hogan. R., Raza, S., and Driskell, J. E., 1988. Personality, team performance, and organizational context. 538 

In P. Whitney and R. B. Ochsman (Eds.), Psychology and Productivity (pp. 93-103). New York: 539 

Plenum. 540 

Hong, L., and Page, S. E., 2004. Groups of diverse problem solvers can outperform groups of high-ability 541 

problem solvers. Proceedings of the National Academy of Sciences of the United States of America, 542 

101(46), 16385-16389. 543 

Hunter, J.E., Schmidt, F.L., and Judiesh, M.K., 1990. Individual differences in output variability as a 544 

function of job complexity. Journal of Applied Psychology 80(2), 292-316. 545 

Kaihara, T., 2003. Multi-agent based supply chain modelling with dynamic environment. International 546 

Journal of Production Economics 85(2), 263-269. 547 

Karageorgos, A., Mehandjiev, N., Weichhart, G. and Hammerle, A., 2003. Agent-based optimisation of 548 

logistics and production planning. Engineering Applications of Artificial Intelligence 16(4), 335-549 

348. 550 



24 
 

Kauffman, S., 1995. At home in the universe: The search for laws of self-organization and complexity, 551 

Oxford University Press, New York, NY. 552 

Kim, K. and Kim, K., 2010. Multi-agent-based simulation system for construction operations with 553 

congested flows. Automation in Construction 19(7), 867-874. 554 

Kotak, D., Wu, S., Fleetwood, M., and Tamoto, H., 2003. Agent-based holonic design and operations 555 

environment for distributed manufacturing. Computers in Industry 52(2), 95-108. 556 

Lim, M.K. and Zhang, Z., 2003. A multi-agent based manufacturing control strategy for responsive 557 

manufacturing. Journal of Materials Processing Technology 139, 379-384. 558 

Mannix, E. and Neale, M. A., 2005. What differences make a difference. Psychological Science in the 559 

Public Interest 6, 31-55.  560 

McCarthy, I.P., 2003. Technology management: A complex adaptive systems approach. International 561 

Journal of Technology Management 25(8), 728-745. 562 

McClough, A. and Rogelberg, S.G., 2003. Selection in teams: An exploration of the teamwork knowledge, 563 

skills, and ability test. International Journal of Selection and Assessment 11, 56-66. 564 

Millhiser, W.P., Coen, C.A., and Solow, D., 2011. Understanding the role of worker interdependence in 565 

team member selection. Organization Science 22(3), 67-77. 566 

North, M., Macal, C. and Campbell, P., 2005. Oh behave! Agent-based behavioral representations in 567 

problem solving environments. Future Generation Computer Systems 21(1), 1192-1198. 568 

Page, S. E., 2011. Diversity and complexity, Princeton University Press, NJ. 569 

Rand, W., and Rust, R.T., 2011. Agent-based modeling in marketing: guidelines for rigor. International 570 

Journal of Research in Marketing 28(3), 181-193. 571 

Santos, E., Zhang, F. and Luh, P.B., 2003. Intra-organizational logistics management through multi-agent 572 

systems. Electronic Commerce Research 3, 337-364. 573 

Savelsbergh, C. M.J.H., Poell, R. F., and van der Heijden, B. I.J.M., 2015. Does team stability mediate 574 



25 
 

the relationship between leadership and team learning? An empirical study among Dutch project 575 

teams, International Journal of Project Management 33, 406-418. 576 

Schmitt, N., Gooding, R.Z., Noe, R. D., and Kirsch, M., 1984. Meta-analyses of validity studies published 577 

between 1964 and 1982 and the investigation of study characteristics. Personnel Psychology 37, 578 

407-422. 579 

Smith-Jentsch, K.A., Salas, E., and Baker, D., 1996. Training team performance-related assertiveness. 580 

Personnel Psychology 49, 909-936. 581 

Solow, D., Vairaktarakis, G., Piderit, S.K., and Tsai, M., 2002. Managerial insights into the effects of 582 

interactions on replacing members of a team. Management Science 48(8), 1060-1073. 583 

Swaminathan, J.M., Smith, S.F. and Sadeh, N.M., 1998. Modeling supply chain dynamics: A multiagent 584 

approach. Decision Sciences 29(3), 607-632. 585 

Tziner, A., and Eden, J.C., 1985. Effects of crew composition on crew performance: Does the whole 586 

equal the sum of its parts? Journal of Applied Psychology 70(1), 85-93. 587 

Wageman, R., Gardner, H., & Mortensen, M. 2012. The changing ecology of teams: New directions for 588 

teams research. Journal of Organizational Behavior, 33(3), 301-315. 589 

Wasserman, S., 1994. Social network analysis: Methods and applications (Vol.8). Cambridge University 590 

Press. 591 

Watkins, M., Mukherjee, A., Onder, N., and Mattila, K., 2009. Using agent-based modeling to study 592 

construction labor productivity as an emergent property of individual and crew interactions. Journal 593 

of Construction Engineering and Management 135(7), 657-668. 594 

Wilensky, U., 1999. Netlogo, http://ccl.northwestern.edu/netlogo. 595 

Zhou, Z.D., Wang, H.H., Chen, Y.P., Ong, S.K., Fuh, J.Y.H. and Nee, A.Y.C., 2003. A multi-agent-based 596 

agile scheduling model for a virtual manufacturing environment. International Journal of Advanced 597 

Manufacturing Technology 21(12), 980-984. 598 



26 
 

  599 



27 
 

Table 1. Variables of Agents (Workers) 600 

Variable Description 
Education The worker’s education is divided into three major categories: graduate, college, and high school.
Working 
experience 

The experience that a worker has from working in a specific field or occupation. 

Expertise The worker’s skill or knowledge in a particular area. Since the case study in this research is a 
design firm that focuses on designing road construction projects, the expertise of workers include 
five major areas - pavement, geographical, hydraulic, structural, and environmental design.

License Given the context, we specifically model whether workers have their professional engineer (PE) 
license, which is a requirement for project managers.

Salary A salary is a form of remuneration paid periodically by an employer to an employee, the amount 
and frequency of which may be specified in an employment contract. In our setting, the workers’ 
salaries are correlated with their education, working experience, expertise, and license.

Availability This is the fraction of time that workers are available for work. Here we assume that the workers 
spend 8 hours per day, 22 days a month on their jobs.

Capacity A worker’s capacity is defined as the amount of work he can do. The expected capacity of workers 
is based on their salary. The higher the salary, the larger the capacity that is expected. In reality, 
the expected capacity of workers ranges from 1.6 to 2.5 times of each of their salaries.

Interdependence 
with other 
workers 

The interdependence is measured and captured using the NK model and DSM. This model utilizes 
the DSM to capture three components of performance – individual contributions, giving to others, 
and receiving from others – that affect a worker’s total contribution to a team. 
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Table 2. Variables of Projects 602 

Variable Description 
Scope The work that needs to be accomplished to deliver a product, service, or result with the specified 

feature and functions 
Budget A prediction of the costs associated with a particular project. These costs include labor, materials, 

and other related expenses. The project budget is often broken down into specific tasks, with task 
budgets assigned to each. A cost estimate is used to establish a project budget. 

Duration The duration of a project’s terminal element is the number of calendar periods it takes from the 
time the execution of element starts to the moment it is completed.

Rate of profit In finance, rate of return (ROR), also known as return on investment (ROI), rate of profit or 
sometimes just return, is the ratio of money gained or lost on an investment relative to the amount 
of money invested. 

   603 
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Table 3. Schedule of events 604 

Build the firm 
  1. Create a population of projects representing opportunities in the virtual market 
  2. Give each project a scope, a budget, a return, and a duration 
  3. Create workers with their own characteristics based on the variables shown in Table 1 
  4. Create project teams (based on different team member selection orientations) 
  5. Give each team an initial set of capabilities (sum of individual capabilities)
  6. Give each team a capacity (sum of individual capacity)
Team assignment 
  7. A team is randomly chosen to select a project
  8. The team eliminates projects it cannot afford given its capacity
  9. Once a project is selected, it is removed from the main choice set
 10. The firm earns a return on the project it selected
 11. The team’s capacity is replenished
 12. Repeat events 7-9 until all teams’ capacities are full
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Table 4. Sample Data Collection for Projects 606 

Title Sanduo Road Construction Design 
Location Shulin District, New Taipei City 238

Description 
Road construction design for connecting Zhongzheng Road in Shulin 
District to Xinzhuang District

Type Road (new construction) 

Construction Duration 5/1/2009~9/30/2009
Design Duration Basic: 30 days  Detail: 40 days

Service Fee (Budget) 4,230,000 NTD (around 141,000 USD)
Service Fee (Actual) 4,000,000 NTD (around 133,000 USD)

Owner Shulin District, New Taipei City Government
Project Manager C. K. Chen

Engineers B. Y. Liu, F. Y. Liu, C. B. Huang, and Z. J. Chu
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Table 5. Sample Data Collection for Employees 608 

Name Z. P. Chen 

Education 
Master of Science 
Department of Civil Engineering, Taiwan Tech

Expertise 

Hydraulic Engineering, 
Transportation Engineering, 
Landscape and Environmental Design, 
Construction Engineering and Management

License Professional Engineer
Working Experience 26 years
Salary (per month) 100,000 NTD / 3,500 USD

 Employers Title 

1 Yi-Hsin Engineering Design Consulting Project Manager 
2 Taiwan Arbitration Association Arbitrator
3 Construction and Planning Agency, 

Ministry of the Interior 
Chief Construction Engineer 

4 Construction and Planning Agency, 
Ministry of the Interior 

Director 

5 Construction and Planning Agency, 
Ministry of the Interior 

Senior Transportation Engineer 
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 610 

Figure 1. Workers interdependence matrices 611 
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 613 

Figure 2. Distributions of collected data 614 
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 616 

Figure 3. Project team member selection model 617 
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 619 

Figure 4. Curve estimation of the collected data and the simulation results 620 
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 622 

Figure 5. Comparison of different team member selection orientations under different economic 623 

conditions 624 
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