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Abstract  

Planning of large scale design projects is difficult due to complex interdependencies between 
tasks and uncertainties concerning task duration, rework likelihood, rework behaviour, 
requirement changes and resource availability.  This paper examines how different task 
rework behaviour affect project duration and considers the impact of varying task orders 
subject to resource constraints. Results of design project simulation, generated using the 
signposting approach, show how modifications to task rework behaviour have a major impact 
on project duration and that appropriate task ordering can reduce task rework. 
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1. Introduction 

Project risk, in terms of time, cost and quality is a major concern in industry [1],[2]. In 
addition formal project risk assessments are increasingly required by governmental agencies 
such as the Ministry of Defence in the UK. Nevertheless, deterministic project plans, which 
do not explicitly capture risks due to task failure, are commonplace. Modelling and predicting 
rework behaviour is also a challenge [1],[3],[4]. While experienced planners are aware of 
many different project risks, constraints imposed by planning software bias companies to 
produce plans which indicate that tasks will complete on time and within budget. This can 
lead to high-risk plans that have undesirable consequences if tasks fail. In many cases, the use 
of buffers provides an effective means of reducing project risk but failure to accurately 
specify these buffers can lead to inefficiencies and difficulties in controlling the project. 

Uncertainty in design projects arises from a number of sources [2]. Task durations, task 
order, task outcome, rework likelihood, resource availability, sales volumes, supplier 
performance, changing requirements and even such diverse issues as governmental decisions 
on taxation policy are often uncertain during the project planning phase. Although these 
uncertainties are widely acknowledged by both industry and academia, their effects, 
especially in combination, are poorly understood. In addition to these inherent project 
uncertainties, the use of plans to represent design projects introduces further uncertainty as 
the interpretation of plans is subjective.  

The word robust can be defined in terms of the ability to yield approximately correct results 
despite the falsity of certain assumptions or inaccuracy of certain parts of the input [5]. In this 
light, robust plans [6] can be considered as plans which are insensitive to different 
uncertainties described above. A large number of uncertainties exist in design projects and 
the characteristics of robust plans which are less sensitive to uncertainties, are ill defined. 
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This paper illustrates how simulation of variations to project characteristics can provide 
insight into the impact of project uncertainties. Three different patters of rework (described in 
section two) were simulated and their impact on project duration was analysed. 

The paper begins by describing the research methodology adopted and outlines key industrial 
challenges based on case study observations. It then proceeds with a review of relevant 
literature. Next, the arguments for model generation and simulation are presented as a means 
to gain insight into these industrial challenges followed by details of the simulation project. 
After a discussion of the simulation results, the paper concludes with a summary of core 
conclusions.  

2. Exploring planning challenges in industry 

During the last year, an extensive case study was undertaken with a diesel engine 
manufacturer in order to better understand planning problems in industry. Data from 30 one-
hour interviews, observations in meetings, company documentation, industrial project plans 
and process documents were analysed with a view to obtaining a better understanding of 
planning in industry. Other case studies performed by the Engineering Design Centre at 
Cambridge confirmed the generality of observations made during this study [7].  

Our studies highlighted the following project planning challenges in industry: 
 

 Characterisation of robust project plans 
 Determining an appropriate level of detail in plans 
 Planning milestones and decision points between gateways 
 Quantifiable project risk assessment and contingency planning 
 Planning for rework in the event of task failure 

While all these issues are very important, we have decided to focus on the first and the last 
points as an extensive analysis of the complete list of challenges would be beyond the scope 
of this paper. We also note that these two issues are highly interlinked; construction of a 
robust plan requires a thorough understanding of task failure and rework.  

2.1 Different rework scenarios 
The case study also highlighted difficulties in modelling rework during the design process. At 
first, managers in the company were reluctant to acknowledge the existence of unforeseen 
rework but closer examination of the issue exposed its importance as a project success factor. 
It also became clear that rework could assume several different forms, with regards to the 
time it takes to carry out the iteration. Based on this observation we decided to investigate the 
impact of three different patterns of rework on project duration.   

Parallel iteration: Sometimes, tasks fail to produce the expected output and iteration is 
performed in parallel to other tasks which follow the original plan in so far as is possible. For 
this research we assumed that the rework of failed tasks does not restrict the availability of 
resources to the ongoing tasks but that the lower information state, (see section 3.3) resulting 
form task failure can influence the task order. This scenario could arise if a supplier redesigns 
a subcontracted component. 

Accelerated iteration: The second iteration model assumes that tasks can be accelerated 
during rework and that they take only a fraction of their original time (e.g. 20%) due to 
learning affects but that they do affect resource availability. This model is appropriate for 
some design tasks where minor modifications are required based on information which was 
not available at the time when the task was first performed. 
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Slow iteration: Slow iteration assumes that tasks aren’t accelerated during rework. Some 
testing tasks, which have a predefined duration, should be modelled using this approach. 
Again, it is assumed that these tasks draw resources from the project resource pool. 

Analyses of these different rework behaviours were eventually performed by generating a 
model for a hypothetical design project and simulating perturbations of this model 
corresponding to each rework scenario. Prior to these analyses, however, we first examined 
relevant literature on project planning and simulation. 

3. Project planning and simulation  

In this section, we first consider different techniques and support tools for industrial project 
planning, as the overall goal of this research was to provide a strategy for robust planning. 
The final sections of this literature review give an overview of simulation research and an 
introduction to the Signposting tool, which acts as the simulation engine.  

3.1 Project planning 
Generic approaches to project planning include program evaluation and review technique 
(PERT) and the critical path method (CPM) [8], both of which are instances of the 
Precedence Diagramming Method (PDM). In such models, activities are shown as nodes and 
arrows between activities represent information or material flow. The major difference 
between both approaches is that CPM uses a single-point estimate for task duration, while 
PERT uses a weighted average of lowest, highest and most likely duration. The critical path 
is the longest chain of consecutive zero-slack tasks in the project – any delays to these tasks 
will result in project overrun [9].  

Microsoft Project and Primavera are among the most commonly used software 
implementations of PERT and CPM. While these tools show task ordering and can highlight 
the knock-on effects of changes to a given task, they suffer from inherent limitations of PDM. 
At the outset of a design project many precedence are unknown or uncertain; in industry the 
existence of precedence relationships often becomes clear only when tasks are executed. 
Neither iteration nor task alternatives can be modelled using PDM and this limits their 
effectiveness when trying to understand and improve the design process. Another criticism of 
current tools is that they offer no information on the dependencies between tasks. Often, 
knowing the nature of the precedence relationships is as important as being aware that a 
relationship exists but industrial software tools fail to provide this information.  

Design projects exhibits many characteristics of complex systems [10] – design tasks are 
highly interlinked and changes to any task (outcome, delays, increased resource demand) are 
likely to affect other tasks. Hence, it is extremely difficult to predict the behaviour of such 
projects. This observation casts a shadow on planning approaches which assume that project 
behaviour is linearly deterministic: such approaches are perhaps best suited to projects (such 
as manufacturing) which exhibit less uncertainty that their design counterparts. A more 
thorough understanding of design project behaviour coupled with improved planning 
techniques is required to create realistic project plans.  

3.2 Simulation 
Computer simulation is increasingly being seen as a powerful way to model and explore the 
dynamic behaviour of some complex systems [11]. Simulation was chosen for this research 
because the alternative approaches of direct experimentation or mathematical modelling were 
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respectively considered impractical or inadequate. Direct experimentation is unrealistic or 
impossible because all projects are different while mathematical models cannot adequately 
capture the dynamic and transient effects of encountered in project management problems 
[12]. Simulation also offers other advantages including improved scalability, greater control 
over project variables and richness of output results available. These results, in turn, are 
easier to access, analyse and interpret than actual project data and were more easily reduced 
to visual summaries such as histograms and Gantt charts, thus yielding interesting insights 
into the system being examined. In order to achieve validation, a subset of the simulation 
results were compared to actual project data. 

When simulating, elements of the real system are mapped to abstract elements in the 
simulation model. Execution of the simulation program represents the passing of time during 
which the state of these elements changes. Simulation research attempts to map this new state 
back the real system, arguing that observations of the simulation behaviour can be used to 
gain insight into the real system [13]. A model of the system is used as input into the 
simulation. A model is defined as “A simplified or idealized description or conception of a 
particular system, situation, or process, often in mathematical terms, that is put forward as a 
basis for theoretical or empirical understanding, or for calculations, predictions, etc.; a 
conceptual or mental representation of something” [5]. Thus models, including models used 
for simulation are not intended to be exact representations of a system; rather they should 
characterise a system sufficiently well such that useful inferences can be made. 

Despite the merits of simulation, the validity of simulated models can be difficult to prove. 
Nonetheless, simulation is an accepted approach in many fields, especially in modelling of 
physical systems [11] and the soundness of results can usually be established using 
systematic validation techniques [12],[14]. In some cases, simulation is the only approach 
that can obtain insight into complex systems and even opponents to the approach must accept 
the merits of simulation. 

The value of simulation in project management has been recognised for over forty years in 
the context or PERT. More recently, Cooper has investigated the importance of rework 
discovery time using simulation [15] and Cho and Eppinger have used simulation to model 
product development processes [16] while O’Donovan has developed a software tool for 
simulation based on the signposting approach as described below [17]. All of these tools aim 
to answer “what-if” questions relating to different project uncertainties. Probability density 
functions are commonly used to compare data from different simulation runs as shown in 
figure 1 (The hatched area represents project overruns). 

Probability 
Distribution 
(Frequency 
of outcome) 

Target duration  

Duration 

Reducing duration by 
shifting the curve to the left 
(reducing the mean) 

Original duration 
probability density curve 

Reducing duration by 
reducing duration variance 

 
Figure 1. Probability density function for comparing simulation analysis results 
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3.3 Signposting 
Signposting is a dynamic design process modelling approach that can also be used for project 
planning and simulation. Originally the signposting approach was developed to guide 
designers to the next task, by showing designers those tasks for which they had appropriate 
input data to advance the state of the design knowledge [18]. The technique also supports 
optimum task ordering for the entire project by selecting the most appropriate option from a 
list of available tasks [19],[20]. The technique is extremely versatile and can model project 
specific constraints, as well as alternative routes through the design process. Signposting 
models capture task connectivity due to parameter quality [18] – parameters mature during 
the design process as they are worked on by different tasks. The state of a parameter is 
indicated in terms of the subjective confidence that the designer has in its refinement. A task 
order is implicit in the confidence values and the effect that one task has on another is 
determined by confidence mapping. Task failure is represented by reduced confidence in the 
parameter output as opposed to the input and a probability specifying the likelihood that a 
failure occurs. Partial failure can be modelled by creating a confidence mapping that is lower 
than required but not below the input level of confidence. Both kinds of failure drive iteration 
in the model.  

A project simulation tool, based on the Signposting approach was developed by O’Donnovan, 
who also extended the Signposting model to include such features as resource constraints and 
learning during rework [17]. Extensions to the tool were developed by the authors to facilitate 
process visualisation. This enhanced tool comprised the engine for the simulation analyses 
reported in this paper. In parallel to the work reported here, which focuses on model analysis, 
Wynn has concentrated on improved signposting model elicitation support and representation 
in the context of aero engine development [21].  

4. Generating design project models 

Previous simulation work concerning design projects has focused on capturing the real-world 
projects and exploring variations to these systems [15],[16],[17]. Our approach was to 
synthesise models of design projects and to investigate variations in abstract project 
properties and to analyse how the structure of the model itself affects the iteration behaviour 
of the process.  

Risk assessment is concerned with a priori understanding of risk in projects. It is performed at 
a point when the project does not exist other than through its representation in a model. Even 
when a project has been executed, it could be argued that it does not have a real objective 
existence, but is a mental and social construct of its participants (e.g. Checkland [22]), who 
interact with the project based on its description. The way a project is described and modelled 
profoundly affects how the risk is assessed and the project carried out. Using generated 
models, we can look at the structural properties of models, in terms of degrees of detail, 
number of iterative tasks, and number of parallel tasks to explore their effect on project risk.  

4.1 The argument for model generation in design 
The use of generated models allows consideration of project properties and uncertainties 
independently of the constraints of any real-world project. This overcomes concerns about 
bias during the interpretation of simulation analyses for real-world projects. We can 
investigate the impact of increased task concurrency, changing project scale, timing of task 
failure and rework as well as the resetting effect of gateways.  
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Different project properties (e.g. duration and resource uncertainty, rework likelihood) can be 
systematically perturbed. The resulting deviations from the plan predicted using simulation as 
can the consequences of combinations of possible events. Such perturbation analyses allow 
us to ask different “what-if” questions relating to different project uncertainties. Numerous 
different scenarios can be modelled and tested in a controlled manner, such that statistically 
valid results may be inferred. Learning from these theoretical models can then be transferred 
back to actual projects enabling planners and managers to identify opportunities to relax 
constraints and direct their efforts to improve process improvement. 

Uncertainties in 
project planning 
• Task duration  
• Task outcome 
• Iteration likelihood 
• Iteration duration 
• Task order 
• Requirements  
• Level of concurrency 
• Resource availability 

     Abstract analyses          
• Combinations of theoretical uncertainties
• Analysis of the effects of scale 
• Distributions of duration uncertainty  
• Task failure sensitivity analyses 
• Changing iteration models 
• Different failure timing patterns 
• Task order / concurrency tradeoffs 
• Changing resource strategies  

     Project-specific analyses 
• Product specific uncertainties 
• Analysis of high-risk tasks 
• Project specific task failures analysis 
• Context depended iteration 
• Task order analysis 
• Quality and technical constraints 
• Resource sensitivity analysis 
• Product specific uncertainties 

 

Figure 2. Investigating different project uncertainties 

Figure 2 illustrates how insights into different project uncertainties can be gained through 
both abstract and project specific analyses. Although it is possible and useful to simulate real-
world projects, the specific characteristics of the underlying product are likely to constrain 
the investigations that can be carried out. Further, there are inherent limitations on what can 
be learned by examining previous projects as all projects are different by definition.  

For example, it makes little sense to allocate a normal distribution to the duration of a real-
world task if the exact time is known with high accuracy. Conversely, investigating the 
response of a project to different distributions of duration uncertainty (normal, bimodal) 
makes sense for an abstract, generated model since there is no real-world instance of the 
generated tasks. Similarly, it makes sense to vary project properties, such as scale, for a 
hypothetical project but such variations are not meaningful in the context of a real-world 
project which has a predefined scale. In addition, the data gathering effort would be immense 
(many planners and designers are busy and do not have time to perform extensive project 
post-mortems).  

While this paper reports the simulation analysis of generated models, the same simulation 
functionality for varying model characteristics can be used to systematically investigate the 
affects of variations in real-world project models (Fig 3). Project specific real-world 
scenarios can be simulated to determine the likely outcome of possible combinations of 
different task uncertainties subject to the quality and technical constraints associated with a 
given product. The same model perturbation and visualisation functionality comprise an 
important part of the analysis of both real world and generated models. 
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Practical 
understanding 
of a specific 

project 
Signposting Simulation

Input analysis 

Model visualisation

Generated model 
(abstract analysis) 

Real-world model  
(project specific analysis)

Output analysis 

Output visualisation

Theoretical 
understanding 
of processes 

 

Model perturbation 

 

Figure 3. Project model analysis 

4.2 Architecture of the model generator  
Prior to implementation, the architecture for the model generator was conceptualised as 
described in figure 4. We chose the signposting approach to represent individual task 
instances because of its ability to model intricate task behaviour at a high level of detail. The 
specific properties of the tasks such as cost, duration and failure probability are randomly 
assigned but constraints can be applied to reflect different industrial contexts. Generated 
project models are constructed by creating several task instances and linking these together 
through dependencies. Task alternatives are produced by cloning specific tasks and 
modifying its characteristics to reflect changes in input information state. Due to the richness 
of the signposting framework, we can model uncertainty in task duration, number of tasks, 
connectivity level between tasks and risk of task failure. We are also able to model different 
types of task failure, as described in the section 5.2.  

Both the scope of the model and the system requirements were refined by focusing on the 
required model outputs and measures, as determined from the objectives. Efforts were also 
made during the architecture conceptualisation stage to ensure that generated models were 
compatible with the existing signposting simulation tool.  

 

Model generator core

Model
input

interface

Generate
task

connections

Generate
tasks

Generate
task

alternatives

Signposting
simulator

 

Figure 4. Schematic of the model generator 
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The model generator and simulator comprise five modules:  
 The information input module allows the user to specify characteristics of the model 

to be generated such as project scale, connectivity level between tasks and 
information on task risk.  

 Based on this information, the model generator generates a number of tasks and 
assigns properties such as cost and duration 

 Next, the model generator assigns dependencies between tasks.  
 Finally, task alternatives are created by cloning and perturbing tasks and merging 

tasks together. 
 The result from the model generator (an abstract design project) is fed into the 

signposting simulator allowing analysis of the project.  

Outputs from the Signposting software can be used to guide user inputs in creating further 
models by perturbation to explore “what if questions”. Based on the analysis of several 
variations in model properties (Fig 5), insights into the project can be obtained by considering 
different “what-if” questions.  

As the simulation software was implemented in java; the simulation language did not 
significantly restrict what could be modelled. Nonetheless, efforts were made to keep the 
implementation as simple as possible, while still capturing the complexity of the underlying 
system [23]. Verification of the code was performed by generating simple models and 
working through the calculations by hand. 

 

Figure 5. Generating model variations 

5. Insights for the design of robust projects 

Our research so far yields two important results for robust planning of design projects. 
Firstly, this work shows how project respond to different task behaviour during rework. This 
reflects real-world project where the level and form of rework varies significantly for 
different tasks. Secondly, the results show how more robust plans can be created by 
considering the likely consequences of different task failure modes (as described below) 
when determining the task order.  
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5.1 Analysis of different rework behaviours 
The effects of different iteration behaviour models (parallel iteration, accelerated iteration 
and slow iteration as described below) on project duration are shown in figure 6. All three 
histograms are based on the same model of task connectivity and resource availability but 
different task rework behaviour is considered each scenario. 

 
Figure 6. Rework behaviour model has a strong influence on project duration 

The results, based on 3000 simulation runs, show that the choice of iteration model has a 
major influence on the project duration, even when deterministic (as opposed to probabilistic) 
task durations are used. Although it makes intuitive sense that project duration will increase 
in response to longer rework times, the results highlight the importance of correctly 
predicting the type of iteration in design project planning. The target duration for the project, 
represented by the vertical red line, can be used as a reference point for comparing the 
different simulation results. The mean and standard deviations for project duration are 
presented in Table 1. 

Table 1 Comparison of different iteration behaviours 

 

 Duration mean Standard deviation 

Parallel iteration 159.80 14.06 

Accelerated iteration 167.61 15.99 

Slow iteration 198.91 30.62 
 

Parallel iteration: On the left hand side of the figure, the probability distribution for project 
duration subject to parallel iteration is shown. (This is modelled by allocating a rework tasks 
zero duration). While this model is an oversimplification of reality, it underscores the 
importance of iteration when estimating project duration: as all tasks durations are modelled 
as deterministic, all project duration variability is due to rework. The reason for this increased 
duration is discussed below (section 5.2). 

Accelerated iteration: The second iteration model shown in figure 6, assumes that tasks take 
only a fraction of their original duration (20%) due to learning affects in rework. This model 
is appropriate for some design tasks where minor modifications are required based on 
information which was not available at the time when the task was first performed. Because 
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this model of rework influences the resource pool, project duration suffers when compares to 
the simpler model. However, the impact is not dramatically worse than the zero-duration 
rework model due to the high speed of reworked tasks.  

Slow iteration: Slow iteration assumes that tasks aren’t accelerated during rework and that 
this rework draws resources from the project resource pool. Our results show that project 
duration distribution varies drastically when this model of rework is used.   

We also simulated iteration in which task duration during rework is twice the original. This 
scenario could occur if unforeseen problems arise and require a complete rethinking of the 
design approach, or where iteration is slow due to poor resource availability. The results were 
similar to those obtained for the slow iteration model shown in figure 6, but the mean and 
standard deviation for project duration increased.  

The above results show that the high sensitivity of the project to changes in task behaviour 
during rework. Many planning tools, such as Gantt charts fail to recognise iteration at all; 
while others, such as DSMs, highlight tasks that will iterate but don’t consider the iteration 
behaviour. This work shows that it is not sufficient to identify the existence of rework; the 
specific nature of rework must also be considered. 

5.2 The importance of task order on project duration 
The parallel iteration scenario analysis shows that even when even when the actual rework 
activities do not affect the resource pool, they can still have a major indirect influence on 
project duration by modifying the task order. This happens because the lower confidence 
state, resulting from failed and partially failed tasks, limits the choice of available tasks and 
ultimately delays the project (section 2.4). An example of this situation would be when a 
subcontractor provides insufficient or inaccurate data about a component design; inaccurate 
data leads to rework of dependent tasks while insufficient data delays their execution (Fig 7).  

 

Figure 7. Changing task order due to iteration 

In some cases, project duration can be reduced by appropriate consideration of rework 
behaviour when determining the task order [19]. A simple example helps explain our 
observations. Consider the design of two components A and B. Task B can create information 
which drives rework of task A. If task B fails to achieve a satisfactory outcome, rework may 
be required in both tasks; this is not true of task A. Thus, performing task B before task A is 
likely to reduce the total rework associated with the project (Fig 8). In both situations, task B 
fails. However, due to the improved task order, the resulting rework is reduced in the more 
robust plan as task A is performed only once.  
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Figure 8. Task order should reflect task failure mode 

Hence, it is not sufficient to consider the likelihood of task failure as an indicator of project 
risk; the rework characteristics of dependent tasks must also be taken into account. This 
applies for all models of iteration described above but that it will have the biggest impact for 
slow iteration scenario, as rework duration in slow iteration is longest. 

6. Conclusions 

Uncertainty in complex engineering projects is a multifaceted issue and resulting problems 
are a concern in industry. Our research uses the signposting framework to simulate variations 
in task orders against the backdrop of different task behaviour during rework. Based on 
simulation results, characteristics of robust plans were identified, which reduce the impact of 
task failures on the overall project. Simulations of design project plans demonstrated that the 
rework behaviour of tasks has considerable impact on project duration and that the influence 
of task failure mode on project success can be alleviated by appropriate task sequencing. 

The research also introduced the concept of model generation to explore the properties of 
design projects; a research avenue which presents numerous opportunities for further 
research. Such research could focus on exploration of the different industrial challenges 
described in section three through the execution of additional sensitivity analyses. In addition, 
combinations of different uncertainties could be simulated to determine their impact on the 
project and alternative task behaviours during rework could be modelled. 

In essence, the results from this research illustrate how project duration in engineering design 
can be diminished through sensible task ordering and resource allocation. This approach 
facilitates design project planners in creating more robust plans, where the affects of task 
failures on the overall project are reduced. 
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