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Complex development programs are described as the integration of product systems, workflow processes, and organization structures 

into a total architecture. Recently product subsystems have increased in complexity while teams from disparate organizations 

participate with increasing responsibility. These changes have led to decreasing judgment, inaccurate forecasts, and poor delivery. A 

method is shown which analyses coordination – activity to satisfy dependencies – by modeling the interplay of product, process, and 

organization. Risk due to coordination misallocation is predicted through agent-based simulation. The integrated architecture is 

iteratively adjusted to converge towards optimal and feasible cost, schedule, and quality. Two industrial cases are presented. 

 

Coordination, System Architecture, Simulation 

 

1 Introduction 

While complexity increases in products and the way 

organizations join to develop them, engineering planning 

methods continue to analyze the costs and risks of coordination 

according to traditional methods [1]. Poor performance results 

have been shown [2] indicating that engineering project 

forecasts of cost, schedule, and risk have become less accurate 

as complexity increases. 

1.1 Related Research 

Research over the last two decades steadily uncovered the 

gap between modern, complex projects and the utility of 

traditional planning methods. We began our research in 1995 

by describing activity models to consider the impact of global 

distribution in product development. We described activities as 

project elements which link product, process, and organization. 

In these models, teams are assigned to activities during a 

project’s workflow [1]. Christian, Pugh and others emphasized 
the knowledge nature of project work, with activities 

generating both results and information as they proceed [3].  

Malone defined coordination as the management of 

dependencies [4]. Coordination requires exchange of 

information, sometimes concurrently and mutually [5]. Teams 

have limited capacity to apply their abilities within a schedule. 

Their attention balances both direct work and coordination 

with others [6]. With distributed teams these demands 

compared to a local project are more difficult to fulfill [1] [7]. 
Project models can be evaluated through simulation, in our 

case using a discrete-event and agent-behavior based approach 

including Monte-Carlo variation [8]. 

1.2 Problem Statement 

In previous generations of industry, knowledge of work 

and coordination for good performance was embedded in the 

professional judgment of project members. Over a career tacit 

knowledge was built and refined. Such judgment was sufficient 
to manage projects if careers and nature of work remained 

consistent. However, architectures of modern industrial 

projects have led to surprising costs, schedule overruns, and 

poor quality. In this paper we focus on two related issues: 

 Patterns of coordination are not similar to past projects. 

Assumptions built from previous experiences may be 

incorrect, causing waste and rework. 

 Teams need a method to expose coordination assumptions 
and learn what coordination will be effective for each 

given project architecture. 

2 Approach 

We have developed a method for planning called Project 

Design. In the same way that complex products are designed 

through modeling, prototyping, and trade-off, a project’s total 
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architecture can be designed while iterating through forecasts. 

Project Design follows these steps: 

 

1. Visually model project elements including products, 

phases, and teams in top-down hierarchies 

2. Characterize activities and their scope, including 

metrics of progress, nominal effort, and complexity 

3. Create initial architecture as the overlap of product, 

work, and organization structures linked by activities 

4. Represent concurrent dependence as ongoing demand 

for interaction and constraint amongst activities 

5. Estimate coordination distances between teams, a pair-
wise measure of teams’ ability to interact. 

6. Calculate coordination for each dependency as a product 

of dependence and distance.  

7. Design the Project Architecture through iterative 

adjustments to the project scope, structures, and teaming. 

 

2.1 Visually model project elements 

Modeling begins with sketches of the products, phases, 
and teams. Three breakdown structures emerge as the elements 

are arranged hierarchically. The approach is top-down, 

reinforcing holistic views of the product, work, and team 

structures. Figure 1 shows an icon arrangement typical early in 

a project design session. 

2.2 Characterize activities and their scope 

Activities describe the effort and progress for a product to 

be realized. In this method the activity is described as a 
nominal effort, required abilities, and complexity, independent 

of knowledge of what team(s) might be assigned. The nominal 

effort is measured as time a person of average abilities would 

take to complete the activity, assuming access to needed 

materials, full time availability, no interruptions, and no 

fluctuations in productivity. The activity’s effort does not 

include coordination, re-work, or wait. 

2.3 Create initial architecture 

The architecture of a project is defined as the integration 

of product, phase, and team structures. Activities that generate 

results for a product are tied to the teams through assignments. 

Activities are rolled up into phases. Dependencies amongst 

activities further couple the total project architecture, since 

these may stretch across teams, phases, and products. Figure 1 

shows both dependences and assignments so that the project 

architecture is stretches from product through process to teams.  

 

Figure 1. Architecture links product, process, and organization 

 

2.4 Concurrent Dependence  

An activity’s dependence is defined as need for 

information from another activity’s progress. For example, 

software designers may need interface specifications for their 
own work to proceed. Dependence creates a demand for one 

team to coordinate with another.  

Traditionally dependence has been represented as 

precedent constraints amongst milestones, e.g. “The start of 

design depends on the completion of hardware interface 

specifications “(also called “Finish to Start”). To better reflect 

ongoing interaction in complex projects, we represent 

dependence as concurrent, continuous, and mutual 
relationships amongst activities. Figure 2 shows a concurrent 

dependence in a downstream activity (prototype) on the 

information due to progress in an upstream activity (designs). 

Dependence is measured as amount and timing of the 

information content needed [5] [8]. 

 

 

Figure 2. Concurrent Dependence 

 

2.5 Estimate Coordination Distance 

As dependence is a measure of the demand of two teams 

to interact, we define coordination distance as the ability of two 

teams to interact in order to satisfy a dependency (the supply 

counterpart to dependency demands). While dependence is 

often driven by the nature of the system and its interfaces, 

distance is likely a measure of the nature and situation of 

teams.  
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Coordination distance is a measure of two teams, not of a 

single team. A team may be at a small distance when 

interacting with a local, familiar team, and yet (for the same 

work) have a very high coordination distance with others. This 

distance is a relative measure of interaction proficiency 
compared to a nominal case – the effort required for face-to-

face transfer of results sharing native language and 

professional background. 

2.6 Calculate Coordination 

Coordination activity occurs when teams apply 

coordination abilities to interact with other teams. Examples of 

coordination include communication to transfer results of one 
team to another, meetings, background discussion on design 

intent, and decision making that impacts two teams. A 

dependency is satisfied when an activity has the needed 

information to proceed with no constraint. We predict the 

amount of coordination as a product of demand for interaction 

(dependence) and the supply of interaction (distance) [1]. 

                                   

“Distant” teams collaborating across strong dependencies 
will require more coordination. Coordination can be 

considered at aggregate and granular levels. One might ask, 

“Overall, how distant are the teams?  Is the work to which they 

are allocated highly dependent?”  At a granular level one can 

evaluate how the nature of work, teams, and architecture lead 

to change in coordination effort of a single interaction.  

2.7 Design the Project Architecture 

Design of project architecture is driven by iterative 
changes to assignments, concurrency, priorities, teaming, and 

scope. Given a baseline model, teams examine many project 

scenarios, thinking together how best to proceed. Teams 

uncover a pattern of when and where coordination is valuable 

or creates waste.  

3 Cases 

Project Design has been used over the last decade to plan 

more than one hundred complex projects. The method has been 
shown to predict the waste and rework caused by poor 

allocation of coordination. Two recent cases are shared. 

3.1 Case Study 1:  Industrial Equipment 

A global manufacturer planned to develop a very large 

industrial air conditioning series for four global markets. This 

product line was significant to the company as it held 25% 

market share. After the project completed -- years later than 

originally predicted -- the company asked “What should we 
have been able to see at the first gateway, using the knowledge 

we had at that time?” We applied the Project Design method 

and visual modeling tools to answer this question.  

A project scope describes the input set to a project model – 

the situation at the start of the project with demands for activity 

and progress. Table 1 shows a summary of the scope of the 

first case. Activities included standard work with five gateways 

(G1 through G5), regional requirements, design, engineering, 
and manufacturing, related services, an emerging supply chain, 

and rollout across regional markets. The scope changed during 

the project, three scopes were used to generate forecasts. 

Table 1 

Scope Summary for Industrial Equipment Case  

Products Drawings, BOMs, Components, Eng. Prototypes, Mfg. 

Prototypes, Build/Tests, Pilots 

Teams 17 

Gateways G1 – concept      G4 – manufacture 

G2 – design        G5 – release 

G3 – engineer 

Scenarios  3 scenarios representing different project scopes, each 

forecast using 2 methods (A1 and A2) 

Scope 1
 

 Original Scope 

 Scope 2
 

 1+ Options 

Scope 3 

2+ Increase @ G2 

Activities 26 37 48 

Direct effort 63, 281 hours 92, 121 hours 111, 688 hours 

Dependencies 32 43 55 

 

Based on information available early-on, these different 

scope scenarios were used to create three different models: 

1. original scope was basic function and common features 

for all global products (shown in figures as a triangle)  

2. original scope and options requested by different regions 

but not confirmed (shown as a diamond) 
3. original, options, and a scope increase after G2 to 

respond to a new requirement (shown as a circle) 

With these three models, two forecasts were created for 

each scenario using methods A1 and A2. Method A1 refers to 

an analysis of cost and schedule through a critical path method 

(CPM). The A1 method ignores coordination, assuming that 

communication, time zones, concurrent dependence, and re-

work are not factors in this project. Method A2 is analysis 
using our novel method in this research and incorporates 

coordination forecasting based on the project architecture, 

including concurrency, team locations, time zones differences, 

and probability of re-work. 

Forecasts of cost and schedule of Gateway 4 (G4) across 

the three scenarios are shown in Figure 3. The three scenarios 

predicted using A1 are millions of dollars and 15 to 24 months 

short of the actual date. The A2 forecasts show better cost and 
duration accuracy, with the full scope (original + options + 

increase) within 2 months and $200k of actual. 
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Figure 3. Forecasts of G4 by PM at each gateway compared to A1 and A2 

 

The forecasts of G4 by the project manager at each 

gateway are also shown (@G1, @G2…). Even as project 

reality unfolded with significant delay and cost increase, the 

PM’s reporting during gateway events was heavily influenced 

by the planning which had followed a method similar to A1. 

Detailed gateway schedule forecasts by methods A1 and 
A2 can be seen in Figure 4. A1 forecasts are shown as dashed 

lines. A2 forecasts are shown as solid lines. Actual dates are 

shown as a double line. Across the forecasts, the G5 gateway 

forecast date varies by 3 years. The actual dates are most 

tightly corresponding to the A2 method, which predicted these 

milestones within weeks over a 5 year schedule. 

 

 

Figure 4. Comparison of Gateway Schedule Forecasts vs. Actual 

 

In summary, using our novel method A2 it was possible to 

have predicted within 5% the cost and completion very early 
(at G1). As full scope became apparent soon after G2, a re-

designed forecast would have been possible, 4 years before G5. 

In that case, measures to change architecture, resources, and/or 

scope would have provided options for project correction. 

3.2 Case Study 2:  Construction Vehicle 

The second case shows Project Design of a plan for 

development of construction equipment. The very large vehicle 

included core systems, components, and controls integrated 

from different divisions and suppliers. The product 
development team faced a regulatory requirement to introduce 

new equipment approximately 1200 days from the start of the 

project. Table 2 shows a summary of the scope for this project. 

Unlike the first case, which was retrospective, this second 

case occurred before the project began. The project design 

changes were accepted and had an impact on plan, behaviors, 

and results. The insight we focus on is how the design 
iterations unfolded over a 10 hour period.  

 

Table 2 

Scope Summary for Construction Vehicle Case  

Products Engine, Transmission, Electronics, Tests, Models, 

Algorithms, Simulators, Test Beds, Documentation 

Teams 24 

# of scenarios  17 scenarios 

Activities 90 

Direct effort 13,557 hours 

Dependencies 135 

 

Figure 5 shows each of the (cost, time) forecasts during 

the project design session. These forecasts were generated by 

adjusting the project architecture, without changing the scope 

of deliverables. During the design dialogue the team leaders 

adjusted priorities, exposed and mitigated risks, and tested 

assumptions of coordination and concurrency. 

 

 

Figure 5. Forecast Iterations across many Scenarios Method A1 vs. A2 
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In the top right (a) represents early improvements from 

adjustments to concurrency and staffing:  waste was being 

removed. As the design session evolved the system team 

leaders began to discover a frontier (b), where gains in time 
required trade-off in cost. In contrast to the A2 forecast, (c) 

shows forecasts using A1. The frontier revealed by A1 is many 

months and approximately $500,000 less than A2 and more 

tightly clustered. The traditional method A1 is less sensitive to 

changes in architecture, particularly degree of concurrency that 

drives waste from wait and rework. A1 does not predict 

sensitivity of factors that have a 1 year impact on schedule in 
this case. 

 

Figure 6. Magnified View of Cost x Duration Frontier in Case 2 

 

Figure 6 shows a magnified view of design iteration and 

forecasts from the last 3 hours of the project design session. 

The regulatory deadline (a) drove the team to search for a 

range of feasible and acceptable changes to architecture, some 

of which did not yield the system duration reductions their 

previous judgment. The cost trade-off frontier for the given 

scope (b) became apparent. 

Figure 7 shows the iteration of forecasts of three gateways. 

We can see the early rapid improvement in architecture (a). 

During the final design session hours (b) the team leaders 

began to look more closely at trade-off of these gateways. By 

allowing some milestones to be delayed, others more critical 

milestones could be accelerated with an acceptable impact on 

cost. 

4 Conclusion 

In the past teams anticipated coordination based on 

judgment, assuming others would be available consistent with 

past experience. Our method provides teams a way to 

accurately forecast coordination and the risks of its 

misallocation.  The teams develop awareness as they iteratively 

design an improved architecture for each project. 

 

 

Figure 7. Forecasts of Gateways 3, 4, and 5 across design iterations 
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