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	The fragmented and de-contextualized nature of the construction management (CM) curriculum does not adequately prepare students for the industry. In order to create a more appropriate CM curriculum, we feel it is imperative to examine the nature of learning in the CM domain. This paper aims to better understand questions such as: How do experienced construction managers organize knowledge? How are they different in their approach to problem solving than novice managers? Most importantly, what tools do we have that will allow us to educate novice construction managers and provide instructors with guidance in answering these questions? We have used a two pronged approach. On the one hand we explore mental models to better understand the nature of expertise among construction managers, while exploring the efficacy of situational simulation environments like the Virtual Coach in training novice construction managers.
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Introduction

Construction managers build expertise through experience gained over years of handling unique real life project scenarios. Experience allows them to assimilate and organize patterns of information and inductively construct knowledge about the construction management domain. Such experiential knowledge cannot be easily formalized or perceived analytically. This often results in construction managers “not knowing, what they know.” As a result, when experienced construction managers retire the industry loses knowledge about the domain that new hires cannot easily replace.
Meanwhile, given the fragmented nature of the construction management (CM) curriculum and the existing disconnect between its practice and theory students are not being adequately prepared for the industry (McCabe et al 2000). As a result there is a widening knowledge gap in the industry. The motivation for this research is the need to reduce the widening knowledge gap by better understanding and formalizing the way experienced managers organize knowledge. This would allow the industry to capture expertise, while allowing the understandings to influence the construction education.
The goal of this study was to investigate the nature of expertise in construction managers. Both experts and novices represent and organize experientially-gained knowledge using abstractions that we refer to as “mental models”. A better understanding of the mental models of experienced construction managers will help in developing a better theoretical understanding of the CM domain. It will also lead to the development of better learning strategies for CM students as they acquire expertise of their own.

The knowledge gained from a better understanding of mental models of construction managers will allow us to get a better awareness of the human interaction in the construction management domain. Critical decision-making in the face of crisis scenarios greatly contributes to the success of a construction project. A comprehension of mental models of experienced construction managers will allow us to better understand the impacts of decision-making while also shaping CM curriculum and methods of practice in a way that will allow retention utilization of experiential knowledge.
Theoretical Framework
Traditionally, two possible mental models research tracks are developing either (1) a knowledge representation for a particular domain or (2) a phenomenological understanding of human thinking. The former method involves the development of knowledge representation networks using computer simulations, while the latter involves the psychological experimentation (Stevens and Gentner 1983). Meanwhile, research on novice-expert shift has been characterized by two approaches: diagnosis of novices' systematic misconceptions about content and how that affects problem-solving and differences in information processing and analysis of problem solving procedures between experts and novices (Wiser and Carey 1983).

In our approach we developed and implemented an interactive and adaptive situational simulation, the Virtual Coach (Rojas and Mukherjee 2003, 2005) that allows us to represent and reason about construction information and simulate construction projects. Student participation in the Virtual Coach helped us test its usefulness as a learning tool. We also used ConProFac a software program, developed by Bill Winn that can be used to get a better understanding of knowledge organization and cognition among novice and expert construction managers. In order to better understand expert cognition we analyzed differences in information processing and analysis techniques among professional construction managers using ConProFac. 

The shift from novice to expert is a shift from one set of concepts and problem solving capabilities to another (Wiser and Carey 1983). Our hypothesis was that such a shift is in essence a shift in the underlying mental models of novices and experts. By studying differences in mental models we can start understanding the critical differences in expert-novice problem solving approaches. This is a first step toward a better understanding of the mental models and organization of implicit knowledge among construction managers, while supporting and enhancing construction education.
Research Methods
We used the Virtual Coach and ConProFac to capture and analyze data to get a better understanding of the cognition in construction management. Both these tools were developed by the researchers and the following sections explain their working.
The Virtual Coach
The Virtual Coach is a situational simulation environment for the construction management domain. A situational simulation is a temporally dynamic, interactive and adaptive simulation. It is supported by a well-defined mathematical model (Rojas and Mukherjee 2003) that captures underlying systemic inter-relationships between cost, schedule and resources in the CM domain. Implementations of situational simulations, such as the Virtual Coach, use cost and schedule information for the simulated project; and a knowledge base containing rules pertinent to the domain and the project. The situational simulation environment is controlled and generated by collaborating autonomous agents (Rojas and Mukherjee 2005), which create events as consequences of user interaction and also based on the context of the simulation using a statistical event generator.

A situational simulation runs in quasi real time (i.e., the time taken by the project being simulated in real life is some integral multiple of the simulated time). Participants are required to interact with the simulation environment and manage the simulated project to successful completion. They control the evolution of the simulation by managing resources and making critical decisions to apprehend and manage events that may delay the project. For instance, in a situational simulation of an earth moving operation participants might be in a situation where they are required to finish the activity at hand within budget and time constraints under the influence of bad weather. The autonomous agents running the simulation maintain consistency of the temporal and resource constraints that capture the systemic relationships between costs, schedule and resource allocation. Using the underlying mathematical model and logical reasoning, the agents can reflect the impacts of constraint violations resulting from participants’ decisions. This allows participants to comprehend the long term impacts of their decisions. 
The pilot implementation of the Virtual Coach simulates a twelve activity hypothetical project with realistic constraint violations and event information. Participants have the ability to allocate, reallocate, or procure resources from the market place. They are presented with the challenge of quick decision-making amidst rapidly unfolding events. By exploring 'what-if' scenarios, participants can also test the sensitivities of the system to their decisions in a dynamic environment. At the end of each simulated ‘week’ the program creates a progress report with information regarding the current state of the schedule as compared to the “As-Planned” schedule. Such information helps participants in monitoring their progress and perceiving the system dynamics of the CM domain. The final goal of participants is to steer the project through generated scenarios and complete it within budget and time constraints.
ConProFac
The parallel research track that we followed was to use a web-based survey test that requires professional construction managers to react to a project crisis scenario with limited information available. We used the collected data to detect differences in problem solving approaches of novice and expert construction managers using ConProFac. ConProFac creates descriptions of how people organize their ideas about a content area at different levels of generality: CONcepts, PROpositions or FACets. It can be used with any information about how collections of concepts are connected by predicates to form propositions. ConProFac uses standard methods in parallel distributed processing (Rumelhart & McClelland, 1986).

Experimentation
There were two different, though related, experiments. In the first experiment a pilot of the Virtual Coach situational simulation environment was tested with a group of 19 senior level construction management students, as part of a Project Management class at the University of Washington. The aim was to test if it can be used as a contextualized teaching environment and also to find out how students learn in construction management. We used the pre-post testing method and checked for the statistical significance, if any, of differences in responses before and after the simulation.
The students took pre and post-tests before and after they experienced the simulation. They were also required to “think aloud” their decisions and their perceptions of what was happening during the exercise. All comments made during the simulation were recorded. The pre-test and post-test required students to rank (on a scale of 1-10), in their opinion, the importance of a list of factors in developing a plan for a 12 week period of a construction scenario. They were also provided with a list of constraints governing the scenario and the necessary project information. The constraints included schedule considerations, budget limitations and the possibilities of events such as bad weather, material delivery delays and labor shortage.
In the second experiment we gave a group of 7 construction managers, with different levels of experience, a construction scenario and documented and analyzed their reactions to the scenario at hand. The scenario described the construction of a $104 million project of a state-of-the art library facility, to be built over a period of 24 months. The scenario was based on real life construction projects, and was developed in collaboration with GLY Construction, a Seattle based general contractor.

The participants were provided relevant project scenario information like schedule and budget information, project participants, current delay on the project, recent information exchanges with the owner, budgetary constraints and space constraints on the project site. 

The participant assumed the role of a construction manager with First Construction, a GC/CM ‘At-risk’ contractor. The project scenario presented the participant with a 60% completed project that should have been 67% completed at the time of the situation. The project had been delayed due to an “act-of-God” event, a snow storm. The owner, the City of Seattle, had in response provided a 15-day extension on the schedule after which First Construction would face liquidated damages of $15,000 per day of delay. In order to finish by the new deadline, First Construction would need to complete installation of curtain walls on schedule to enable the interior decoration sub-contractors to finish on time.

First Construction had been brought onto the project because of their reputation in curtain wall installations. However, clerical errors in specifying the nature of the prefabricated curtain wall material requirements had resulted in delivery of inappropriate material. Space constraints demanded that the delivered material be installed to avoid delay on the project. Labor constraints threatened a situation in which First Construction would not have access to skilled labor because of a delay in the wall installation and the constraints on cost and schedule had to be attended to, while maintaining the reputation of First Construction.

The participant was required to analyze the information that had been provided and devise the “best possible plan of action” subject to the situational constraints. Based on their plan they were required to respond to a set of questions that required them to explain their plan of action and justify their priorities. Information about the project provided in the scenario was incomplete and insufficient to answer all the questions in the questionnaire. However, the ambiguity had been deliberately designed as we expected the participants to answer the questionnaire based on what they intuitively felt about the situation at hand. They were encouraged to make suitable assumptions and draw conclusions based on them writing all their assumptions in the space provided.
We identified four distinct areas of concern: Space Management, Schedule Management, Labor Management, and Materials Management. For each of these areas, each participant was required to indicate briefly his/her plan of action, using available information. For example a decision to “hire skilled laborers” would be a plan of action to “manage labor,” while a decision to “crash activity X” would be a plan of action to “manage schedule.” Participants were also required to rank, on a scale of 1-10, how they believed their “plans of action” would affect the project schedule, project cost, and the reputation of the company, for each of the four areas of concern listed above. A participant response lower than five indicated an adverse impact while a response higher than five indicated a positive impact. A value of five indicated maintaining the “as-planned” schedule.

We used the ConProFac software to calculate an index indicative of the structuredness of the numerical responses, while qualitatively analyzing the plans of action that the participants keyed in. 
Results and Conclusions
Based on our study, we concluded that there exists a high correlation between levels of structuredness of thought, knowledge organization, and number of years of work experience (indicator of expertise) among construction managers. The specific results have been discussed in detail in Mukherjee et al (2005a). This indicates that over periods of time, experience helps in fine-tuning the mental models of construction managers. A qualitative analysis also indicates that experts tend to apprehend and incorporate future impacts of their decisions more than novices.

We also found that the Virtual Coach was a very useful tool in effectively training students and that there was a statistically significant change in their responses on the test after the simulation than before in questions that specifically relate to resource and precedence violations. The specific results have been discussed in detail in Mukherjee et al (2005b). This supported our assumption in representing construction events as construction violations. An analysis of student responses also showed that they learn by developing a better understanding of the inter-relationships of the system (cost, schedule, and resource availability) and its evolution over time.
In conclusion, we see that a systemic approach to understanding the domain is common to expert mental models and it also helps students/novices learn better. This is a first step at comprehending knowledge organization among construction managers.
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