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Abstract Engineering design processes that are de-

pendent on Computer-Aided Engineering (CAE) tools

commonly involve complex patterns of tasks, includ-

ing concurrency and intertwined iterations. There are

often inefficiencies and improvement opportunities in

such processes, but it can be difficult to identify and

evaluate them—partly because of the complex itera-

tion patterns, and partly because process knowledge is

usually tacit and often distributed among process par-

ticipants so that it is difficult to appreciate the causes

and effects of iteration in an integrated way. The Ap-

plied Signposting Model (ASM) was developed to ad-

dress these issues during more than a decade of research

and case studies in the aerospace sector. This article de-

scribes an evolved version of the ASM, called ASM2.0,

alongside a detailed case to demonstrate its application
to improve CAE-driven, iteration-intensive engineering

design processes. A review of applications is also pro-

vided. A differentiating feature of ASM2.0 is that it in-

tegrates visually-familiar flowchart mapping with quan-

titative analysis of process performance, to enable the

modelling of complex iteration patterns that are typical

of engineering design practice.
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1 Introduction

Inefficiencies are common in engineering design pro-

cesses due to their iterative and concurrent structures.

The iteration is largely inevitable (Wynn and Eckert,

2017), but its adverse impact on process duration and

effort can be mitigated—or amplified—by the process

configuration. In particular, inappropriate arrangements

of tasks can amplify the effects of design rework (Ep-

pinger et al, 1994), can cause people to work with in-

formation that will later be updated (Krishnan et al,

1997), and can cause bottlenecks in which some partic-

ipants are overwhelmed with urgent tasks while others

find themselves starved of information, with little use-

ful work to do (Wynn and Clarkson, 2018). Addressing

process configurations that create such inefficiencies is

one route to reducing development time and cost, and

to releasing resource for improvement of design per-

formance and quality. However, such process improve-

ments require an in-depth appreciation of how iterative

task structures impact the design process. This appre-

ciation can be difficult to develop.

This article introduces a pragmatic approach to im-

prove an engineering design process by modelling and

quantitative evaluation of iterative task structures within

it. The approach can help to develop insight into the

drivers of design process performance and into the im-

pact of proposed process changes. A range of applica-

tions indicate that it can be of practical value to com-

panies wishing to develop products faster and more ef-

ficiently. A key research contribution is to show how a

process modelling approach can account for the inter-

twined progressive and corrective iterations and partial

concurrency that are typical of engineering design, pro-

viding quantitative analysis alongside a visually-familiar
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and scaleable notation suitable for application to im-

prove design processes in engineering practice.

1.1 Challenges to be addressed

The focus of the article is set on improving CAE-driven

engineering design processes that are well-established,

such that participants have experience of completing

similar processes in the past, e.g. for the design of other,

similar products, perhaps in the same product family.

Because of this experience the tasks and information

flows are usually known in principle—even so, such pro-

cesses have characteristics that make their improvement

challenging:

– The design process involves multiple iteration modes.

It is well-appreciated in literature that engineering

design is highly iterative and that the iterations are

an important driver of design time and effort (Ep-

pinger et al, 1994). Some iterations will be antic-

ipated and may be planned, e.g. allowance might

be made to repeat a definition-analysis cycle several

times to improve the design. Other iterations will be

unplanned and undesired—although in some cases

their possibility might be foreseen. For instance, it

is clear that design rework is possible following a

planned design evaluation. The interplay between

different iteration modes, that have different char-

acteristics, can be difficult to appreciate in practice

(Wynn and Eckert, 2017).

– The design process involves complicating interactions.

Engineering design processes on a larger scale are

complex due to the intertwined information flows,

iterations, partial concurrency and multiple task out-

comes that lead to many possible process routes.

Even where these mechanisms are individually well-

understood, the interactions mean it can be diffi-

cult to appreciate the overall significance of individ-

ual influencing factors on process performance. This

raises challenges in identifying inefficiencies and judg-

ing the overall impact of proposed process changes

(Eckert and Clarkson, 2005).

– Knowledge about the design process is usually tacit

and may be distributed. Even experts who perform

the tasks regularly may find it difficult to identify

opportunities for improvement in their own design

processes. But engineering design processes on a

larger scale also typically involve tasks that are in-

frequently encountered and involve specialists from

different disciplines, departments and even different

organisations. In such contexts, although a struc-

tured process will usually exist and knowledge about

that process will be available, the knowledge is tacit

and distributed among a number of individuals. Con-

sequently, it is often the case that no individual will

possess both an overview of the process alongside

a detailed understanding of all the tasks and infor-

mation flows within it. This lack of integrated, ex-

plicit process knowledge creates further challenges

to identify and evaluate improvement opportunities

in the engineering design process.

These charactistics and challenges are all found in

the archetypical situation that motivated this research,

which is the engineering design process for a jet engine

component. The design of such components is highly

constrained by the demands of engineering physics and

so the design processes rely on Computer-Aided Engi-

neering (CAE) analysis such as FEA and CFD even

in the early conceptual stages—as the designs progress,

increasing confidence justifies the application of higher-

fidelity, but more time-consuming analyses (Ahmed et al,

2003). The design objectives are typically well under-

stood and the design considerations that must be ac-

counted for are well known from the outset. In conse-

quence these CAE-driven engineering design processes

have established architectures of tasks and informa-

tion flows, but are sufficiently complex that practition-

ers struggle to perceive that architecture, to appreciate

where the inefficiencies are, and to prioritise process

improvements (Pepe et al, 2011). This is especially the

case where the processes cross disciplinary or organisa-

tional boundaries.

1.2 Premise and research questions

The work reported in this article builds on the premise

that process mapping can help to generate an overview

of engineering design processes of the type described

above, while at the same time, the iterative behaviour

is sufficiently complicated that quantitative evaluation

is needed to adequately assess opportunities for pro-

cess improvement. The following research questions are

addressed:

– RQ1. What requirements does the context of CAE-

driven engineering design place on an approach for

mapping and quantitative evaluation of design pro-

cesses?

– RQ2. How can these requirements be realised in a

pragmatic approach?

– RQ3. How can the approach be applied to support

improvement of engineering design processes in prac-

tice?
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1.3 Research method

The questions stated above were considered during a se-

ries of research projects spanning more than a decade.

Initially, an empirical study of jet engine component

design was undertaken, which led to development of a

modelling and simulation approach during the first au-

thor’s PhD research. The approach was then progres-

sively improved and expanded between about 2003 and

2013. During this period a software tool was also de-

veloped to implement the approach. The tool and ap-

proach were deployed to a limited number of users in

an aerospace company, where they were used to model

and improve a number of engineering design processes.

They were also deployed to support a number of re-

search projects in the university context, mainly at the

University of Cambridge but also at some other institu-

tions. These applications in industry and research gen-

erated feedback and helped to refine the approach over

the years, and, as will be discussed, provide a measure

of validation for the ideas.

1.4 Overview of this article

The article proceeds as follows. Section 2 sets the con-

text, reviewing existing approaches, pinpointing the re-

search gap and describing how an empirical study es-

tablished requirements for the approach described in

this paper. Section 3 details the features of the Applied

Signposting Model 2.0 and explains how they meet the

requirements. Section 4 discusses a deliberately-simplified

but realistic case to show how ASM2.0 can be used to

model and improve a CAE-intensive engineering design

process, while further clarifying how the general ap-

proach to modelling and simulation differs from that in

many other models. Section 5 complements this sim-

plified example by discussing some cases where the ap-

proach has been applied to larger-scale process improve-

ment projects in conjunction with a UK aerospace man-

ufacturer. Section 6 reviews contributions of this article,

provides some critical reflection and suggests areas for

further work. Section 7 concludes.

2 Background

This section first provides a brief overview of literature

on engineering design process mapping, modelling and

quantitative analysis. Then, an empirical study is dis-

cussed and used to identify requirements for process

modelling in industry practice. Finally, the reviewed

models are evaluated against these requirements and

the research gap addressed in this article is pinpointed.

2.1 Overview of related work

2.1.1 Diagrammatic task-based models of engineering

design

Wynn and Clarkson (2018) write that the design pro-

cess modelling approaches most commonly used in prac-

tice are based on flowchart diagramming, typically in-

cluding activities connected by information flows and

logic gates that determine the sequences in which tasks

are attempted. One popular approach of this type is the

Business Process Modelling Notation (BPMN). Kreimeyer

and Lindemann (2011) describe application of the simi-

lar Event-driven Process Chain (EPC) notation to map

the body-in-white process of a German automotive man-

ufacturer. Advantages of these notations include the

easy-to-interpret diagrams and the availability of ro-

bust software tools allowing large-scale models to be

created. However, the need to explicitly model logic

gates makes models relatively verbose even for rela-

tively simple processes. Some commercial software tools

offer discrete-event simulation based on BPMN, EPC

and similar notations, but the models are not designed

with engineering design in mind—in consequence they

have very limited capabilities to handle the complex

iteration scenarios that are common in practice.

Another established approach is IDEF0 (USAF, 1981).

Applied to engineering design, a process is represented

as a set of interlinked diagrams, each comprising a set

of functions interconnected by labelled arrows that in-

dicate each function’s inputs and outputs, as well as

controls influencing the function and mechanisms that

denote resources required for execution (USAF, 1981).

In the context of engineering design, Kusiak et al (1994)

argues that the notation can help with perceiving con-

straints and considering how they might be relaxed,

while Romero et al (2008) introduce additional types

of information flow related to coordination and coop-

eration among functions in a design context. Although

powerful, there are also various limitations to the IDEF0

approach with respect to this article. Because it empha-

sises constraints, IDEF0 does not express a sequence for

attempting the tasks and consequently, does not cap-

ture how iterations unfold. IDEF0 models are also ex-

tremely verbose. To manage the visual complexity that

arises from depicting four or more distinct types of in-

formation flow, the notation stipulates each diagram

must be limited to seven functions. In consequence a

large set of diagrams must be created to represent a

process of any significant scale (Colquhoun et al, 1993).

Object-Process Methodology (OPM) (Dori, 2002)

differs from the approaches discussed above in visu-

ally representing both processes (e.g. design tasks) and
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the objects (e.g. design information) that they oper-

ate on, as well as various types of interrelationships

within and across these two domains. The approach

is based mainly on a graphical notation in which pro-

cesses, objects and all the relations are drawn on the

same diagram, that can be hierarchically composed.

An advantage of this approach is its explicit capture

of the purpose of the activities, which could, for in-

stance, assist with ensuring process work packages are

appropriately aligned to the structure of information

that needs to be produced (Sharon et al, 2013). On

the other hand, due to the emphasis on representing

processes and objects together, mapping a given situa-

tion requires more boxes and arrows than an equivalent

model in a purely process-focused approach. In common

with the approaches mentioned above, OPM also does

not emphasise the complex interplay between different

iteration scenarios in engineering design.

Finally in this subsection, Park and Cutkosky (1999)

develop the Design Roadmap (DR) approach for mod-

elling mature engineering design processes that com-

prise large numbers of tasks, organised hierarchically.

DR defines tasks in terms of explicit input and out-

put information, because in comparison to representing

this implicitly using arrows between tasks, “the descrip-

tion is more complete, the boundaries between tasks are

defined, and a basis for developing interfaces between

tasks is established” (Park and Cutkosky, 1999). DR,

like IDEF0, also distinguishes between various types of

relationships between tasks: relations that strictly con-

straint task sequences, relations that indicate informa-

tion flow that might or might not occur, relationships

that indicate other possibilities for tasks and informa-

tion to affect each other. This approach offers insight

into task relationships that are specific to engineering

design, however, in common with other approaches re-

viewed in this section the focus is placed on a graphical

notation and quantitative analysis capabilities are not

offered.

2.1.2 Computable task-based models of engineering

design

Complementing the diagrammatic approaches discussed

above, researchers have also developed computable mod-

elling approaches to provide quantitative insights into

the behaviour of engineering design processes. For ex-

ample, Program Evaluation and Review Technique (PERT)

(Pocock, 1962) and Graphical Evaluation and Review

Technique (GERT) (Pritsker, 1966; Nelson et al, 2016)

and its variant Q-GERT (Taylor and Moore, 1980) have

been used to analyse engineering design processes un-

der the assumption that tasks have variable duration,

and may trigger iteration probabilistically. Other re-

searchers have applied variants of the Petri net (Van der

Aalst, 1998), noting that this approach allows dynamic

behaviours of serial, parallel and iterative task patterns

to be modelled explicitly (McMahon and Xianyi, 1996).

A shortcoming of the Petri net is that execution is-

sues such as deadlocks and tasks being triggered out-

of-sequence can appear if the net is not appropriately

structured, which becomes more difficult to achieve as

the process involves more iteration possibilities that are

more intertwined (Wynn and Clarkson, 2018). Ha and

Suh (2008) addressed this by developing template Petri

Net fragments to represent specific patterns of task in-

teractions. Larger models can then be assembled from

these templates, but the modeller is required to recog-

nise the appropriate pattern and organise their model

in those terms. Also considering the correctness issue,

Karniel and Reich (2011) develop an approach to cre-

ate a Petri net from a Task DSM, ensuring a properly-

structured net. An advantage of these approaches is the

formal correctness offered by the Petri Net, however,

the detail of flow logic must be directly reflected in the

network structure. As a result, the graphical structure

of the models can be visually complicated and more

difficult to interpret than flowchart-style approaches.

Other process models are based on a Task DSM,

a square matrix in which a mark in a cell indicates

that the task in the row receives information from the

task in the column (Eppinger et al, 1994). The Task

DSM provides a different balance of capabilities than

diagram-based modelling techniques. A key strength

is in providing a concise visualisation of dependency

structure in moderately-sized but strongly connected
process decompositions, for example, in which a num-

ber of tasks run concurrently while feeding informa-

tion to each other. It is also useful to concisely visu-

alise the properties of different dependencies, if mean-

ingful symbols and/or numbers are placed in each cell

(Browning, 2016). On the other hand DSMs are less

suitable if a large number of tasks need to be modelled

and/or the tasks are quite sparsely connected. Espe-

cially in respect to this article, sequential and paral-

lel flow structures are difficult to visualise (Park and

Cutkosky, 1999) partly because there is no equivalent

of swimlanes and partly because tasks must be implic-

itly placed in a sequence. The Task DSM has provided

a basis for a number of design process simulation mod-

els used to examine rework and its relation to process

configuration. For instance, the model of Browning and

Eppinger (2002) considers the rework possibilities cre-

ated when a task must be started in advance of informa-

tion required from a downstream one, and shows how

appropriate task sequencing can reduce the risk of ex-
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tended process duration. More applications of the Task

DSM are reviewed by Browning (2016).

The Signposting approach initially developed by Clark-

son and Hamilton (2000) represents design tasks in terms

of the confidence in design information that would be

sufficient to trigger them, as well as the increased con-

fidence the designer would be expected to gain through

performing the task. The aim is to show how different

routes emerge as designers structure their process in re-

sponse to their changing confidence levels. O’Donovan

et al (2004) use this approach as the basis of a discrete-

event simulation to investigate how different process

routes emerge from an ensemble of tasks that are not

explicitly connected into a network. One advantage of

this approach is that it accounts for the situated nature

of design task sequences. Another is that it captures to

some extent the distinction between progressive itera-

tions (as increases in confidence) and corrective itera-

tions (resulting from decreases in confidence). On the

other hand, Signposting is not well suited to visualising

the overall process flow and it is difficult to verify that

the multitude of routes allowed in the model reflect the

possibilities of the true process.

2.1.3 Other models of the engineering design process

In addition to the main families of task-based models,

which are discussed above, other perspectives have also

been taken on modelling and simulating the engineering

design process. These include the agent based perspec-

tive that focuses on individual actors, their capabilities,

knowledge and appropriate assignment to tasks (e.g.

Crowder et al, 2012; Perǐsić et al, 2018; Hassannezhad

et al, 2019); the system dynamics perspective, that em-

phasises influences on the development process, such as

management levers and policies (e.g. Lyneis and Ford,

2007; Le et al, 2012); and the coordination perspective,

which emphasises project structures and mechanisms

for managing dependencies among activities, such as

ensuring appropriate response to exceptions from stan-

dard work (e.g. Levitt et al, 1999; Rajapaksha et al,

2017). Finally, network-oriented models of design pro-

cesses been used to study the impact of task network

structural properties on certain aspects of design pro-

cess performance, such as the rate of design convergence

(e.g. Braha and Bar-Yam, 2007). While yielding impor-

tant insights, these models do not focus on the spe-

cific sequences of tasks undertaken in practice as the

current article does. For further information on other

perspectives and approaches to improving the engineer-

ing design process the reader is referred to Wynn and

Clarkson (2018).

2.1.4 Summary

Overall, a variety of approaches have been developed to

model and analyse the engineering design process with

a view towards process improvement. The approaches

differ quite substantially, in part due to the different

application contexts and different challenges they are

intended to address.

An appreciation of process modelling challenges faced

by practitioners in jet engine design was used to assess

the advantages and limitations of each approach with

respect to CAE-driven, iteration-intensive engineering

design. This process is described in the next subsec-

tions.

2.2 Preliminary case study

An initial appreciation of industry requirements for a

process mapping and evaluation approach tailored to

CAE-driven engineering design was developed during

a case study in which the first author spent 8 months

on-site at a large UK aerospace manufacturer (Wynn

et al, 2005). The overall objective of the study was to

develop a method to support planning of the design

process for major jet engine components. The intention

was to model these design processes and computation-

ally evaluate how they would unfold over time.

Despite the fact that the design objectives for the

components were well understood, and the individual

tasks being performed and design information being

produced could be relatively easily identified, the de-

sign process as a whole was found challenging to model

during the case study. This was because the process

modelling techniques available, as reviewed in the pre-

vious subsection, were not ideally suited to describe the

iterative behaviour of the process. On the one hand, the

process was characterised by progressive iterations in

which designers used CAE tools to trial design options

and converge on solutions by iteratively adjusting a set

of interlinked models of the design. On the other hand,

it was possible for some tasks to reveal design problems

that would lead to rework. The combination of these

progressive and corrective iteration patterns could not

be accurately represented in any existing approach.

Existing process maps were collected and studied

to appreciate how the practitioners described their de-

sign process. These maps were constructed using office

productivity tools and each map focused mainly on a

single one of the engineering disciplines involved. They

indicated the software packages used at different pro-

cess steps, and data types produced. Most of the maps

collected were organised as flowcharts, and indicated

the inherently iterative nature of the process. The maps



6 David C. Wynn, P. John Clarkson

were each targeted to a very small number of specialists

and each used a different notation and nomenclature,

with few explicit connections between the maps. The

company also maintained a more integrated picture of

the overall processes, but this was on a higher level of

abstraction. The lack of a suitable modelling approach

that could be used to describe the technical details of

the design processes including planned and unplanned

iterations, and that was scaleable, was thought to be a

limiting factor in generating comprehensive and accu-

rate process descriptions (Wynn et al, 2005).

During the case study, a process modelling approach

was developed with the intention to integrate the pro-

cess maps generated by different engineering disciplines

into a single, coherent process model that would be

recognisable to all. The process modelling approach al-

lowed a process to be modelled hierarchically, with all

required information being entered into a spreadsheet.

The spreadsheet allowed a graphical process map to

be automatically generated from the tabular data, and

a discrete event simulation was programmed to eval-

uate the duration of the process (Wynn, 2007). Con-

current with the modelling approach development, an

integrated process model of the component design pro-

cess was developed comprising approximately 100 activ-

ities decomposed into 3 levels of subprocesses. This was

a time-consuming activity because the design process

involved multiple disciplines and specialists who were

very knowledgeable about their own tasks, but could

not fully describe each others’ contributions to design-

ing the component. Many discussions were needed with

the engineers involved to synthesise a single perspective

that was acceptable to everyone. This experience led to

a focus on ensuring the process models created with the

approach were easy to visualise and manipulate.

The approach developed and validated during this

study became the basis of the Applied Signposting Model

described by Wynn et al (2006). Over the following

years many improvements and extensions were subse-

quently made to create ASM2.0, that is reported in full

for the first time in the current article.

2.3 Requirements for a process modelling approach to

support design process improvement

The preliminary case study discussed in Section 2.2 led

to an appreciation of the requirements for a modelling

approach to support the improvement of CAE-driven,

iteration-intensive engineering design processes. The in-

sights were evolved and expanded significantly through

a series of applications over the following years. Here,

the insights are summarised as eight modelling require-

ments (MRs):

– MR1: Be visually familiar and flexible enough to

replace informal design process flowcharts created

using general-purpose diagramming software. This

requirement arose from the observation during the

case study that the model needed to reflect the pro-

cess as technical specialists saw it, in order to engage

them with the modelling process and with insights

obtained through analysis of the model. Experience

creating the process model during the study sug-

gested that a modelling approach should be as visu-

ally simple and familiar as possible to ensure that all

process participants could interpret it quickly. This

facilitates the modelling process by minimising the

need to learn a new notation and hence, allowing

domain experts to more easily appreciate the con-

tent of a model and provide feedback on that model

more effectively.

– MR2: Be scaleable with the aim to minimally re-

strict the size of models that can be created. This

arose from the observation during the case study

that existing informal process maps had been struc-

tured to fit on one page in order to work around the

limitations of productivity software used to create

them. This required compromising on the breadth

and/or depth of the process map—which is undesir-

able.

– MR3: Allow quantitative evaluation of the process

behaviours that arise from modelled tasks, informa-

tion flows and resourcing. Because a process model

typically involves numerous tasks and information

flows that interact in complex ways, the method

must provide a means to determine the effects of

all modelled factors on the overall performance of

the process. Because it is not possible to precisely

determine in advance some properties like task du-

ration and whether or not corrective iteration will be

needed, the modeller should be able to enter uncer-

tain values where necessary. These should be prop-

agated to indicate the uncertainty in evaluation re-

sults.

– MR4: Provide precise control over the behaviour of

the evaluation model. This arose from the observa-

tion that applying quantitative analysis to improve

a design process is procedurally very similar to the

CAE work the approach is developed to represent.

In particular, the day-to-day work of a CAE prac-

titioner typically involves creating simplified mod-

els of complex situations and refining those models

until they provide an appropriate level of fidelity

for the task at hand. For such practitioners to be

convinced by a quantitative analysis of their design

process, it is necessary to provide a high degree of

control so that the process model can be refined as
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far as they find necessary to reflect essential features

of their processes.

– MR5: Develop an evaluation model by progressively

adding depth to a descriptive model. This require-

ment arose from the observation that, while the

initial descriptive model in the case study was be-

ing evolved into an evaluation model, it was essen-

tial that the stakeholders could still recognise how

their knowledge was represented within the model

such that they could continue to offer critique and

propose improvements. It was therefore determined

that it should be possible to develop a computable

evaluation model by adding depth to a visually-

familiar descriptive model, requiring a minimum of

structural change and without requiring the mod-

eller to abstract away from the process map except

where they decided to do so.

– MR6: Facilitate modelling of progressive iteration.

Design processes in which CAE plays a significant

role are characterised by progressive iterations—for

instance, designers repeatedly adjust geometry in

response to insights gained through analysis. As in-

creasing confidence in the solution is gained, more

time is typically dedicated to analysis tasks, more

design issues may be considered and more sophisti-

cated tools may be brought into play (Ahmed et al,

2003). To represent such processes, a means is needed

to model anticipated progressive iterations in which

the design is further developed on each cycle.

– MR7: Facilitate modelling of corrective iteration. In

this context, corrective iteration refers to the situa-

tion in which flaws are discovered in the design, and

some previously-attempted tasks must be reworked

to correct those flaws. The effects of design rework

on the process are difficult to predict because the re-

work often propagates, such that tasks downstream

of the erroneous information must potentially all be

revisited. To ensure accurate representation of cor-

rective iteration in a quantitative process model, it

is particularly important to resolve the rework prop-

erly in cases where multiple streams of work are exe-

cuted concurrently and where rework loop-backs are

not nested hierarchically, but can interact in com-

plex ways depending on how and when they are trig-

gered. This important point will be illustrated by a

detailed example in forthcoming sections.

– MR8: Facilitate appreciation of how process model

features determine evaluation outcomes. This arose

again from the observation that modelling and quan-

titative analysis of design processes is very similar

to the CAE work being modelled. Consider for ex-

ample the application of Finite Element Analysis

to a machine part—if the FEA produces erroneous

results, diagnosing the problem requires appreciat-

ing how specific modelling decisions, such as geo-

metric simplifications and mesh sizing, affect the

result. Similar reasoning should be possible when

doing quantitative analysis of a design process. For

instance, if the duration of the process as revealed

by the analysis is greater than the time available to

complete the work, the modeller should be able to

identify which tasks would need to be accelerated

and/or which potential iterations eliminated to re-

duce the overall time.

2.4 Need for a new approach

We now move on to illustrate the need for a new pro-

cess modelling approach to address the challenges of

CAE-intensive engineering design. The established ap-

proaches reviewed in Section 2.1 were considered in

context of the requirements MR1-MR8 stated above.

Against each requirement, the approaches were each

assigned a score of High, Medium, Low or None to in-

dicate our thinking about their advantages and limi-

tations. The result, shown in Table 1, is not intended

to be comprehensive but to articulate the research gap

addressed by this article.

In particular, Table 1 reveals two categories of ap-

proaches. Diagram-oriented approaches such as IDEF0,

OPM and BPMN perform well against MR1, MR2 and

MR5—but either do not provide quantitative analy-

sis at all, or have severe limitations with regards to

representing the iterative behaviour of engineering de-

sign processes. Hence, they do not perform well against

MR3. On the other hand, analysis-oriented approaches

such as the Task DSM, Petri Net and Extended Sign-

posting provide for quantitative evaluation of iterative

processes (MR3), but do not offer the flexible, scaleable

diagramming needed to elicit and integrate process knowl-

edge from process participants (MR1, MR2 and MR5).

Additionally, most approaches perform poorly on MR4

(provide precise control over behaviour of the evalu-

ation model), MR6 and MR7 (modelling the specific

characteristics of both progressive and corrective itera-

tion) and MR8 (facilitating appreciation of the relation

between process structure and evaluation outcomes).

These observations establish the research gap to which

this article contributes.

3 Applied Signposting Model 2.0

A process modelling and analysis approach was devel-

oped to address the requirements and research gap stated
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Table 1 Suitability of selected approaches to meet requirements MR1-MR8.

Approach MR1 MR2 MR3 MR4 MR5 MR6 MR7 MR8
∑

Petri Net
(Karniel and Reich, 2011)

L L M M H M L M 14

Extended Signposting
(O’Donovan et al, 2004)

- L H L H M M L 13

Task DSM
(Browning and Eppinger, 2002)

L M H L H - M L 13

BPMN H H L - M - - H 12

IDEF0
(USAF, 1981)

M M - - - - - - 4

OPM
(Dori, 2002)

M M - - - - - - 4

Design Roadmap
(Park and Cutkosky, 1999)

- L - - - - - - 1

Key: – = requirement not supported (0 points). L = low suitability vs. requirement (1 point), M = medium suitability (2
points), H = high suitability (3 points).

above. In overview, the model is based on familiar flowchart

diagramming, while providing a notation tailored to de-

scribe engineering design processes and solving commonly-

encoutered scaleability issues to avoid constraining the

scale and connectedness of models. To represent pro-

cess behaviour and predict the impact of proposed pro-

cess improvements, the approach allows modellers to

closely control the behaviours of individual tasks and

how those behaviours would change in different iter-

ation scenarios, then computationally determines task

sequences including the effects of corrective iteration

and partial concurrency.

The approach as described here is called the Applied

Signposting Model 2.0 (ASM2.0), reflecting substantial

development of the model’s constructs and the princi-

ples for its application since the early version that was

reported some years ago in a conference paper (Wynn

et al, 2006). The following sections describe ASM2.0 in

full for the first time. Differences from the original ASM

are discussed in Section 6.2.

3.1 Modelling notation

Prior to analysing the impact of iteration on a specific

engineering design process, the ASM2.0 approach re-

quires that the process is modelled. This involves elici-

tation and integration of process knowledge by develop-

ing a process map capturing iteration possibilities. Typ-

ically the map will be improved through several cycles

of refinement, often involving discussion and feedback

from multiple domain experts, until it is agreed to be

suitable for purpose.

3.1.1 Visually familiar notation

To address MR1 (be visually familiar and flexible enough

to replace informal process flowcharts), the approach is

based on a deliberately-simple graphical flowchart no-

tation comprising five types of node (Figure 1):

1. Deliverable, representing one or more items of infor-

mation that are created, updated and/or considered

by tasks during the process.

2. Simple task, representing a task that transforms a

set of inputs into a set of outputs.

3. Iteration construct, representing a task that deter-

mines whether iteration occurs, or not. An iteration

construct has several outcomes, one of which is se-

lected when the task is completed. Forward branch

outcomes trigger the next task(s) in the process.

Backward branch outcomes indicate potential for

iteration and, when triggered, lead to one or more

previously-created information items being updated.

Each of these outcomes can connect to multiple nodes

in the process map, if required.

4. Compound task, representing a task that can have

multiple possible forward branch outcomes. As shown

in Figure 3, each outcome can involve a set of nodes,

and is indicated as a label on the corresponding

edges. Each outcome of a compound task leads for-

ward in the process (as opposed to an iteration con-

struct, where one or more outcomes are backward

branches).

5. Milestone, representing a point of special interest in

the process. A milestone can be included where the

modeller wishes to visually denote the point of in-

terest and/or investigate the time and state of the
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Fig. 1 Five types of node can be used in an ASM2.0 diagram.

process it which it is achieved. For instance, a mile-

stone may be used to represent successful outcome

of a design review.

Any node may be connected to any other node in

an ASM2.0 model, which allows for flexibility in dia-

gramming as required by MR1. The main constraint,

required for the analysis algorithm described in forth-

coming sections to operate correctly, is that the model

must be acyclic if all backward branches emerging from

iteration constructs are removed.

Another element of the model, that does not appear

as a node on the process flow diagram but is often use-

ful to model the engineering design context, is the item

of information. In ASM2.0 items of information typi-

cally represent aspects of the design that are developed

during the process. As already noted, each deliverable

in an ASM2.0 model is specified in terms of one or more

information items. Optionally, a qualifier may be added

to each information item in the context of a deliverable.

A qualifier is a free text label typically used to indicate

how the maturity of an item of information changes at

different points in the process. For instance, a modeller

might use the qualifier to indicate that a certain item

of information has ‘low maturity’ where it appears in

deliverables towards the start of the process, and ‘high

maturity’ where it appears in deliverables later in the

process. Qualifiers thus allow the modeller to express

the progressive development of information during de-

sign. Examples are provided in Section 4.3.

3.1.2 Scaleability considerations

The notation described above allows a process to be

described in familiar diagrammatic format. However,

it also suffers from scaleability issues in common with

other flowchart-based approaches. As the numbers of

nodes and edges in a model increase, it becomes more

difficult to handle flows that cross a long distance of

the model, more difficult to adjust the layout to ac-

comodate new nodes or reorganise existing nodes, and

increasingly challenging to communicate the model con-

tent given the constraints of a typical computer display.

Additional model features were therefore introduced to

improve scaleability of the approach, allowing develop-

ment and manipulation of very large process models

and thereby addressing MR2. To illustrate, the indus-

try applications discussed in Section 6 involved typi-

cally several hundred diagram nodes, in one case ap-

proximately 1300 diagram nodes.

Early applications of ASM2.0 indicated that although

many engineering design tasks involve multiple input

deliverables, only some of those deliverables are typi-

cally responsible for triggering the task. For example,

some of the information may have been created much

earlier in the process such that, in practice, it is al-

ways available when the task would be considered for

execution. Therefore, to avoid complicating the process

flowchart with arrows that are redundant to the task

sequence, two types of input to tasks are allowed in an

ASM2.0 process diagram (Figure 2):

1. Flow connection, visualised as a solid arrow: Indi-

cates that the production of the input information

may be important to trigger the start of the task.

Flow connections are visualised as connections be-

tween the task that consumes the information and

predecessor(s) that produce that information.

2. Data connection, visualised as a dashed arrow: In-

dicates that the input information is needed for the

task, but in practice is always available at the time

at which the task will be executed. A data connec-

tion is visualised as an input from a ‘floating’ deliv-

erable that is only connected to the task that con-

sumes the information. Even if that same informa-

tion is produced or consumed by other tasks in the

process, a connection will not be shown on the pro-

cess map and the connection will not be considered

by the simulation algorithm set out in forthcoming

sections.

Also to assist with handling larger models, ASM2.0

allows for hierarchical decomposition of process maps.

In particular a process map constructed using the ASM2.0

notation is drawn on a worksheet, which may optionally

be decomposed into subsheets. Subsheets allow for de-

composition of a large model as required by MR2, and

do not have a specific meaning in terms of the process

logic. The modeller can choose whether and how to use

them. In some of the applications described later, sub-

sheets are used to decompose the process into logical

sections, or as a purely graphical aid to organise large

models for easier navigation.
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Fig. 2 Nodes in an ASM2.0 diagram can be connected using
data connections, that do not influence the task sequences,
or flow connections that do influence sequences.

Fig. 3 A compound task has several outcomes, each repre-
senting progression of the process along a different route. A
single outcome is selected when the task is completed, and
each outcome can be mapped onto multiple flow connections.
To illustrate, this case depicts a compound task with two pos-
sible outcomes. Either Scenario 1 or Scenario 2 occurs when
the task is completed. If Scenario 1 occurs, Outputs A, B and
C will all be updated. If Scenario 2 occurs, only Output B
will be updated.

Finally, the following implementation-related fea-

tures were developed to improve scaleability as the ap-

proach was implemented in the Cambridge Advanced

Modeller (CAM) software:

– Expanding the worksheet. The user may expand the

sheet by adding either horizontal or vertical space

at any point on the diagram. This was essential be-

cause it allowed the emerging process map to be

adjusted relatively easily without repositioning all

nodes.

– Hierarchical modelling. Features allowing users to

easily connect and move elements across levels of

the subsheet hierarchy are provided.

– Hyperlinking. Replicating the tunnel link functional-

ity introduced by the Design Rationale Editor (DREd)

of Bracewell et al (2009), pairs of nodes on the pro-

cess map can be connected using bidirectional hy-

perlinks instead of arrows, thereby avoiding the need

for an edge to be visually routed in every case. As in

DREd, double-clicking on one end of the hyperlink

transports the view to the other end, at whatever

location and level of the worksheet hierarchy it is lo-

cated. This feature is especially important to avoid

the model becoming unwieldy and difficult to read

when nodes are connected across long distances of

the model or across levels of the hierarchy. It is also

useful in models where many intertwined iteration

loops are required, which would otherwise require

many crossing edges in the process map.

– Adding annotations including swimlanes, boxes and

text labels to create process maps that can be more

easily communicated and navigated. Examples are

provided later.

– Focusing the display. The implementation allows the

modeller to create classification categories, and as-

sign tasks and deliverables to several of those cat-

geories. For instance, a category Task type could be

created, with subcategories such as Analysis, Syn-

thesis and Evaluation. Another category Discipline

might have subcategories such as Mechanical, Aero,

etc. Each tasks could then be assigned to any combi-

nation of categories using a painter tool. The focus-

ing functionality allows the modeller to request that

nodes in a certain logical combination of categories

are highlighted, or hidden.

3.2 Quantitative evaluation

Once a process has been mapped with information flows

and iteration loops identified, the model can be used

to examine the impact of those iteration loops and in-

vestigate opportunities for process improvement. Due

to the complicated interactions typically found in engi-

neering design processes, MR3 required that the model

should be evaluated quantitatively to help modellers in-

vestigate the relationship between the configuration of

a process and its performance in terms such as total du-

ration and effort, and to allow the impact of potential

changes to the process to be investigated.

In ASM2.0 this is achieved by discrete-event sim-

ulation, which places minimal constraints on the pro-
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cess models that can be evaluated while also propagat-

ing uncertainty in task properties to indicate the un-

certainty in evaluation results, and therefore indicating

risk associated with the process. The next subsections

detail the simulation algorithm, the ASM2.0 features

for configuring tasks to control the algorithm, and the

approaches that have been developed for visualising and

analysing the results.

3.2.1 Simulating information flow

The information flow during a modelled design process

is simulated by attaching a representation of status to

each flow connection that is input to each task in a

model. During simulation, each such connection takes

one of three values:

– Unavailable. Indicates that the information that flows

along the connection has not yet been created.

– Available. Indicates that the information that flows

along the connection has been created and already

consumed by the downstream task.

– Updated. Indicates that the information that flows

along the connection has been created and has not

yet been consumed by the downstream task.

To initialise the simulation, all such connections are

set to Unavailable, except for inputs where there is no

upstream task, which are set to Updated.

In the default configuration, a task will become avail-

able to start when none of its inputs are Unavailable

(except inputs that can only be created by an Iterate

Again outcome) and at least one of its inputs are Up-

dated. When a task is started, all Updated inputs are

set to Available, which simulates taking the informa-

tion into account. When the task is completed, the out-

put connections to be activated are determined, traced

downstream until the next task(s) are reached (if any)

and the values of the corresponding connections at the

input to those tasks are set to Updated. This may allow

those tasks to begin in turn.

3.2.2 Process variables

Requirement MR4, provide precise control over the be-

haviour of the evaluation model, is addressed in ASM2.0

by the inclusion of process variables. The modeller can

create process variables to represent values that can

change during the design process, that can be influ-

enced by task execution and/or that can influence the

behaviour of tasks. Commonly, process variables are

used as counters to precisely control task and iteration

behaviour, or used to describe the design information

maturity as it evolves through iterations. Detailed ex-

amples of how process variables are used to configure

ASM2.0 model behaviour are provided in Section 3.2.4.

To assist with managing the large numbers of pro-

cess variables typically required to configure larger-scale

models, the modeller may associate process variables

with different objects in the model. A task may only

operate on process variables that are visible to it, i.e.

those that are defined within the task itself, those that

are defined within information that is used as input or

output to the task, and those that are defined within

the worksheet the task is placed on (or a worksheet

higher in the hierarchy).

3.2.3 Configuring tasks

To recap, MR5 requires that a modeller is able to pro-

gressively develop a descriptive model into a simulation

model. The network structure of an ASM2.0 diagram

contains the information needed to determine the task

sequences that are possible. In addition, the way the

process unfolds also depends on the properties of each

task—the details of when it can be started, how long

it takes and what resource it depends on, as well as

what happens when the task is completed. To satisfy

MR5 ASM2.0 hence allows the modeller to configure

each task on the process map in detail, specifying each

stage of the task’s lifecycle:

– Preconditions determine when a task will be avail-

able to start (Figure 4). As discussed above and de-

picted in the figure, preconditions are expressed in

terms of the status of information the task requires

as input. The modeller may optionally configure the

start of the task to be dependent on a function of

process variables, which may be helpful if additional

constraints on task execution are required.

– Resources that are required during execution of the

task. Resources are created in the model at the work-

sheet level and are intended to represent an individ-

ual or design team required to execute the task. If

that resource is occupied with another task, the task

must wait before it can begin. Configuring resources

therefore allows concurrency of the simulated pro-

cess to be controlled. Optionally, the priority of the

task may be specified as either a numeric value or

as a function of process variables. In a case where

several tasks meet their start conditions and com-

pete for the same resource, the one with the highest

priority will begin first. If several tasks that com-

pete for the same resource have the same (highest)

priority value, one of them is selected randomly to

begin first.
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Fig. 4 Configuring preconditions for a task. The checkbox and radio buttons selected in the top part of the dialog are the
standard conditions when a task is created. The field labelled IF allows the modeller to enter an additional condition that
must be satisfied for the task to start, written as a function of the process variables. A function can be constructed using
boolean logic and the inbuilt functions shown on the bottom-right, that can operate on the process variables that are in-scope
for the task (which are shown on the bottom-left).

– Preprocessing determines what happens in the sim-

ulation once a task has been selected to begin, and

resource has been seized, but before the work starts.

Firstly, input deliverables that have status updated

are downgraded to status available. This simulates

the updated information being taken into account

by the task. It also prevents the task from being

considered for execution again unless one or more

of the inputs are updated in future. Additionally,

the modeller may specify that changes to the pro-

cess variables are to be applied prior to beginning

the task. These configuration options are shown in

Figure 5.

– Task duration can be specified as a probability den-

sity function of various kinds or, alternatively, by

writing a function of the process variables. The lat-

ter can be used, for example, to implement learning

curves or to make the task duration depend on the

variables associated with input parameters.

– Outcome selection, which is available only for a com-

pound task or iteration construct, is evaluated on

task completion to determine which of the multi-

ple defined outcomes will occur. The modeller may

specify stochastic selection by entering probabilities

of each outcome taking place, or may specify the

selection as a function of process variables as shown

in Figure 6.

– Postprocessing configures the actions taken to up-

date the model state to simulate completion of the

task, and thereby trigger the start of the next task

(if any). Completion of a task always involves set-

ting the state of all output connections in the se-

lected outcome to be Updated—simulating release

of updates to the task’s output information upon its

completion. Additionally, process variables may be

updated by writing appropriate functions, depend-

ing on the selected outcome.

When a task is first created, all these options are

set to default values that allow a simulation to be run.

For many models, it is initially sufficient just to enter

the duration of each task in the model. The modeller

can progressively refine the model as far as necessary
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Fig. 5 Configuring preprocessing for a task.

Fig. 6 Configuring outcome selection for a task.

by adjusting the options within individual tasks. This

is demonstrated by example in Section 4.

3.2.4 Modelling progressive iteration

MR6 requires that the approach allows a modeller to

represent progressive iteration scenarios in which as-
pects of the design are gradually matured as tasks are

revisited multiple times. This is achieved through the

explicit modelling of the state of design progression,

how each task contributes to progression, and the con-

ditions under which the iteration is deemed complete,

using process variables and by configuring tasks that

participate in the iteration process. A detailed expla-

nation by example is provided in Section 4.

3.2.5 Modelling rework propagation

MR7 requires that the approach facilitate modelling of

corrective iteration including rework propagation. The

main challenge here is that the simulation should accu-

rately reflect the logic by which a multitude of routes

may emerge depending on the conditions under which

rework is triggered and on the patterns of information

dependencies in a process. In doing so it is important

to avoid logical problems such as deadlocks, in which

some anticipated tasks in the simulation are not at-

tempted during the simulation, and livelocks, in which

the simulation does not terminate. Additionally, it is

necessary to ensure that the task sequences that emerge

during simulation match the modeller’s expectations as

reflected in the information dependencies shown in the

ASM2.0 process map.

With consideration to MR5 it was determined that

a process’ structure should be possible to model as an

intuitive flowchart, including interacting feedback loops

where necessary, and the simulation algorithm should

be able to resolve the outcome of the feedback loops

in a sensible way which would hold up against close

inspection of the generated routes for any combination

in which they might occur. This is addressed in two

parts:

1. The first part addresses the observation that the

state the network should attain after such an iter-

ation depends on the state before the iteration oc-

curred. In ASM2.0, when a failure occurs, all depen-

dencies downstream of the failure point are traced

using a depth-first-search approach. When a currently-

executing task is encountered at any branch of the

search tree, it is interrupted immediately. This re-

flects the fact that one of that task’s indirect prede-

cessors had been invalidated and hence the ongoing
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work would be based on invalid assumptions, and

hence should not be continued.

2. The second part is to ensure a task may not start if

any task is possible or executing anywhere upstream

of it. This means that no task will ever start if it

can later be interrupted by another—unless the root

cause of interruption is an iteration.

These features allow realistic process models to be

simulated, ensuring that all tasks are attempted in ap-

propriate sequence. In keeping with the philosophy that

the tool should be configurable, these conditions can be

disabled or combined with any other preconditions ex-

plained previously.

3.2.6 Investigating impact of process model features on

evaluation outcomes

MR8 states that the modeller must be able to appre-

ciate the provenance of simulation output in terms of

how it arises from the configuration of the model. To

achieve this, process traces generated by the simulation

can be visualised as a Gantt chart for inspection, where

they can be easily traced back to features of the model.

This is demonstrated by example in the next section.

4 Improving the design process by evaluating

iteration impact

Having completed description of the features of the

ASM2.0 modelling notation, this section moves on to

the second aspect of the approach—how ASM2.0 is ap-

plied to develop an understanding of an engineering de-

sign process and to generate improved process config-

urations. This is done through in-depth discussion of

an application case. The case has been constructed by

the authors for the purposes of this article and is de-

liberately simple to facilitate detailed discussion, while

being similar in important respects to the CAE-based

engineering design processes observed during our case

studies over the years. The advantage of a synthesised

case is that it allows the application of the approach to

be described in full depth. To complement this exam-

ple, applications of ASM2.0 to more complex, larger-

scale engineering design processes are briefly discussed

in Section 5.

The application case concerns the mechanical de-

sign of a lightweight polycarbonate machine part. It is

based on a student project at the University of Auck-

land, in which the first author has been closely involved

for a number of years. In the project, student designers

work in pairs to design a part to be supported in a sin-

gle plane through four pins. The part must be designed

for specified stiffnesses under several load cases in which

three pins are held in position while the fourth is subject

to small displacements, while minimising weight and

avoiding failure by yielding or buckling. Additionally,

the design must allow for some pipes to pass through

the design region without interference with the part.

The pipes are flexible such that their positions can be

adjusted within certain ranges. These constraints are

carefully selected so that the problem cannot be solved

computationally with the tools available to the stu-

dents, but requires iteration to learn about the feasible

design space and to refine the design to achieve the best

possible performance. The problem allows for solutions

with different topologies, as long as all four pins are

solidly supported.

4.1 CAE-based design process

In line with best practice, participants in this design

process are advised to approach the problem by first

generating alternative concepts for topologies and us-

ing rapid, low-fidelity FEA to compare them before se-

lecting one to take forward. The selected topology is

then optimised through weight reduction iterations us-

ing higher-fidelity but more time-consuming FEA, con-

sidering the various constraints until satisfactory per-

formance is reached. The design objectives are coupled

and very sensitive to small changes in the geometry,

so many iterations are typically required to build un-

derstanding and converge on a good solution. Project

teams have been observed to sometimes abandon a se-

lected topology if they find it does not allow for a high

performance solution, in which case they start again

with a new concept.

Once the geometry has been finalised, a tool path

must be created so that the design can be milled in

a CNC machining centre. In some cases this leads a

project team to realise that their design contains fea-

tures that cannot be machined, e.g. sharp internal cor-

ners, in which case minor adjustments to the geometry

may be needed. In some cases a project team may find

that their design takes too long to machine, usually be-

cause it has too many internal cutouts, in which case

they may decide to substantially rework the entire con-

cept.

The process as described above is summarised in

Figure 7. Although simple, this process encompasses all

key elements of CAE-intensive engineering design prac-

tice that were observed in our case studies and that are

addressed by ASM2.0, including the dependence on par-

ticular software packages used in cycles of progressive

iteration, the possibility of corrective iteration, and the

need to efficiently divide work among team members.
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Fig. 7 Overview of the design process for the lightweight polycarbonate machine part.

4.2 Process configuration questions

The process has been completed a number of times by

different teams, and several questions have arisen re-

garding whether improvements could be made.

Firstly, it has been noted that it is necessary to

transfer the design from a CAD package (used to model

geometry and needed to design the NC path for man-

ufacture) to the FEA software (used to analyse perfor-

mance) every time a geometry adjustment is made. The

data transfer is a repetitive and non-value-adding man-

ual processing task. This leads to the first question for

the worked example:

– Question 1: How much could the process be improved

by completing all design iterations using the design

modeller built into the FEA software, eliminating

the data transfer task?

Secondly, the project is performed in teams of two.

Team members typically work together on the initial

concepts while also getting to grips with the software

and the design problem. Then, they typically choose

to divide their efforts, so that one student focuses on

fine adjustment and optimisation of the geometry, while

the second works concurrently on the NC path design.

This is presumably thought to be efficient because it

allows each person to concentrate on a subset of the

overall problem, but leads to the second question for

the worked example:

– Question 2: Is it effective to divide work by func-

tion, i.e. into (Designer A) geometry optimisation,

vs. (Designer B) manufacturing design?

4.3 Addressing the questions using ASM2.0

4.3.1 Mapping the design process

The first step in applying ASM2.0 to address these

questions is to map the process in order to identify the

tasks and information flows involved. Different repre-

sentations might be possible; for this example the map

shown in Figure 8 was constructed. The process is de-

picted in three distinct stages reflecting the descrip-

tion above, namely the concept design, geometry op-

timisation and manufacturing process design. Because

the first question to be addressed relates to data trans-

fer tasks, the process is decomposed to the level where

these tasks are made explicit. The evaluations that po-

tentially lead to iterations are also incorporated. Some

of these iterations (i.e. within the concept and detail

phases) are planned and expected as part of the de-

sign progression, while others, across the phases, are in

essence undesirable.

4.3.2 Configuring the model for simulation

The next step is to configure the process model for

simulation, with special consideration to iteration be-

haviours. This is described in depth because the ability

to precisely model design iteration is one of the main

distinguishing features of the ASM2.0 approach.

First, the duration of each task was estimated. This

was possible from experience, noting that due to the

iteration-intensive nature of the process, individual tasks

are performed many times in a typical process, and sev-

eral processes have been observed over the years.
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Table 2 Configuration of tasks in the process model

Task Configuration of task

Generate topology concept Duration: 10-20 min

Data transfer Duration: 1-2 min
Post-process: DTTime =DTTime + ASMTaskDurationCompleted(“DAY”)

Low-fidelity FEA Duration: 5-10 min

Concept acceptable? Pre-process: conceptstried = conceptstried+1
Iterate again IF: (conceptsoptimised==0 && conceptstried<4+(6*rand())) ||
(conceptsoptimised> 0 && conceptstried< 1 + (3 ∗ rand()))
Post-process [Continue Process]: conceptstried= 0

Detail / refine geometry Duration: 1-2 min

High-fidelity FEA Duration: 20-30 min

Performance plateau reached? Pre-process: optimisationsthisconcept=optimisationsthisconcept+1
Iterate again IF: manfcorrectionsneeded==0 && ((conceptsoptimised==0
&& optimisationsthisconcept<10 + (11*rand())) || (conceptsoptimised>0 &&
optimisationsthisconcept<5+(10*rand())))
Post-process [Continue Process]: optimisationsthisconcept= 0

Performance acceptable? Pre-process: conceptsoptimised = conceptsoptimised+1
Iterate again IF: manfcorrectionsneeded==0 && rand()<0.3

Tool path design/simulation Duration: 0.5 * manfcorrectionsneeded + 2* (1-manfcorrectionsneeded)

Machining possible? Iterate again if: manfcorrectionsneeded==0 && rand()<0.25
Post-process [Iterate again]: manfcorrectionsneeded=1

Machine time acceptable? Iterate again: probability = 0.1

The next step was to consider the iterations, the

sitations in which they would occur and how task du-

rations might change on subsequent iterations. In this

case, it may be observed that (in common with the in-

dustry examples discussed earlier in this article) the

design process involves an interplay between progres-

sive and corrective iterations. The five iteration loops

are known from experience to have different character-

istics:

– For the progressive iterations in the concept stage,

it is known that between 4 and 10 concepts are typ-

ically studied. On each iteration, a different concept

is modelled and analysed.

– For the progressive iterations in the detail stage it is

known that between 20-30 iterations are performed.

On each iteration, the design is adjusted slightly

and the FEA is re-run, until the designer is not able

to achieve further improvements in performance by

small modifications to the selected topology.

– If the result is deemed insufficient at the perfor-

mance acceptable? decision, new topologies will be

considered. If this occurs, only 1 or 2 new concepts

will be considered and experience shows that no

more than 10-15 detail iterations will be required

to optimise the selected new concept. This is be-

cause the student designer will have gained experi-

ence with the problem and will have a better idea

of what changes will be needed.

– If machining is found to be impossible, only 1 round

of further detail refinement will be needed to correct

the issue. This is because the issues are typically

very simple, such as adding appropriate rounds to

the geometry.

– If machining time is found to be unacceptable, the

concept and detail stages of the design process will

need to be revisited. This is because iterations in

this case involve significant changes to the design,

such as reducing the number of internal cutouts.

Having decided on the behaviour of each individual

iteration loop as discussed above, the model was con-

figured to exhibit these behaviours using process vari-

ables. To achieve this the loops were worked through

one-at-a-time to configure their effects, in the sequence

from start to finish of the process. As each additional

loop was considered, the expressions defining impacted

task behaviours were progressively expanded to take

the loops into account.

To illustrate, consider the topology selection stage

(the first stage) of Figure 8. Working from top to bot-

tom, the iteration construct Concept acceptable? was

encountered first. The desired behaviour was to select

the Iterate again outcome between 4 and 10 times as ex-

plained above. To achieve this a process variable named

conceptstried was created within the task. The task

preprocessing was configured to increment the variable,

i.e. using the function conceptstried = conceptstried+
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Fig. 8 ASM2.0 model of the design process for the machine
part shown in Figure 7. Note the use of milestones and back-
round annotations (grey boxes) to improve readability of the
model. Note also the icons shown above each task—each icon
indicates a situation where the modeller has adjusted the task
configuration from its default setting. In the software imple-
mentation, the user can hover over each icon to view the
corresponding configuration option.

1. The effect is to create a counter that increments each

time the task is encountered. Then, the task outcome

was configured to depend on a function of the process

variable. The following function was entered into the

Iterate again IF field for the task:

Iterate again IF: conceptstried< 4 + 6×rand() (1)

In ASM2.0, rand() is a built-in function that returns

a value in the range 0.0 to 1.0. Hence, this function

configures the task and the iteration loop to have the

desired behaviour. Additionally, it was noted that the

topology selection stage might be visited several times.

For this reason, the counter should be reset when the

Continue process outcome of the task is reached. This

is achieved by adding a suitable function to the task

postprocessing, i.e. conceptstried = 0. Note that be-

cause the process variable conceptstried was defined

within the task, it can only be considered or altered by

that task.

Having developed an initial configuration for the

topology iterations as described above, a similar pro-

cess was followed for the next iteration construct, which

governs the progressive iterations within geometry op-

timisation stage. Then, continuing to work through the

model in sequence, the Performance acceptable? task

was reached. With reference to the desired behaviour

stated above it was determined that the Iterate again

probability would be set to 0.3. Additionally it was

noted that if the Iterate again outcome occurs and the

topology concept is revisited, on the second and sub-

sequent iterations, fewer passes of the topology stage

would be required. This was configured by, first, creat-

ing a counter variable conceptsoptimised whose value

is incremented in the preconditions of the Performance

acceptable? task. The content of the Iterate again IF

field for the task was then expanded from Equation 1

to account for the number of concepts that had been

optimised at the time the task is attempted, as follows:

Iterate again IF: [conceptsoptimised== 0 && con-

ceptstried < 4 + 6×rand() ] || [conceptsoptimised> 0

&& conceptstried < 1 + 3×rand() ]

(2)

In this expanded equation, the term in the first set of

square brackets defines how the decision will behave on

the first pass of the topology development stage, while

the term in the second set of square brackets determines

what will happen on subsequent passes, if any.

By continuing this process, the configuration shown

in Table 2 was ultimately developed. The example given

above illustrates that, although the content of Table 2

might initially appear complex, it is arrived at through
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Generate topology concept in CAD

Data transfer

Low-fidelity FEA

Concept acceptable?

Detail / refine geometry

Data transfer

High-fidelity FEA

Performance plateau reached?

Performance acceptable?

Tool path design and machining simulation

Machining possible?

1h 2h 3h 4h 5h 6h 7h 8h 9h 10h 11h 12h 13h 14h 15h 16h 17h

Fig. 9 A representative process trace for the sequential process. This trace represents a process in which 5 concepts were
initially considered, 13 detail iterations followed by a second round in which 2 concepts led to 10 additional detail iterations.
One revision of the final concept was required to correct machinability problems.

Fig. 10 Process simulation result showing total duration of
the process with and without data transfer task (top) and the
total time spent in data transfer task (bottom).

a series of simpler reasoning steps that progressively

expand the modelled behaviours of tasks to account

for different contexts in which those tasks might be

executed. While this example was constructed by the

authors to explain the approach, industry applications

reported later in this article and elsewhere (See Table 4

for a summary) demonstrate that researchers and prac-

titioners who are used to working with advanced engi-

neering tools have been able to configure the ASM2.0

simulation for their own situations.

4.3.3 Verifying an ASM2.0 simulation model

While a model is being progressively configured, it should

also be verified to check that the simulation exhibits the

desired behaviour on a detailed level. This is an impor-

tant step in the approach for several reasons: to ensure

that the intended behaviours have been properly con-

figured, to assess whether the task sequences that are

generated appear realistic, and to build understanding

of how the model configuration impacts its behaviour.

The general procedure recommended in ASM2.0 is to

run a small number of Monte-Carlo simulation runs

and examine a number of randomly-selected process

traces to verify that the model exhibits the expected

behaviour in all the examined cases. This should be

repeated throughout the configuration process to ver-

ify behaviours as they are progressively added to the

model. In the case under discussion, for example, a ver-

ification check was completed after each iteration loop

was configured. This progressive approach allows any

configuration problems to be pinpointed and corrected

as they emerge.

To illustrate a typical verification check, in the case

under discussion and for the completed configuration,

one such trace generated by simulation is shown in Fig-

ure 9. This example can be interpreted as the situation

where a single round of concept revision to improve

performance is conducted. In this case it can be veri-

fied from Figure 9 that the durations of tasks within

the progressive iteration loops are as intended, that the

sequences are correct, and that the number of iterations

of the revised concept is reduced as intended. This trace

also simulates the situation in which a manufacturabil-

ity problem was corrected, which resulted (as intended)

in a single additional pass of the detail design tasks.

Several traces were generated and examined in this way,

each involving a random selection of the events and out-

comes that are allowed by the model, to ensure that all

could be explained in terms of the model configuration.

Once a selection of traces have been verified for the

completed configuration, the overall process duration

predicted by the simulation should also be considered to

ensure it is within the bounds expected, typically draw-

ing on previous experience of the actual design process.
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Adjustments to the model might be required. Overall,

these activities build confidence that the behaviour of

the simulation model reflects the modeller’s intentions,

and verify that it provides adequate basis for investi-

gating the process configuration.

After verification was completed for the case under

discussion, the questions stated earlier (related to po-

tential process improvements) were considered in turn.

4.3.4 Question 1: Can data transfer effort be reduced?

This question was addressed by simulating the model in

the above-described conditions, and comparing the re-

sult to an altered configuration in which the duration of

the data transfer tasks in both design stages were set to

zero. Results of these two configurations are compared

in Figure 10. These results show that even considering

the many iterations that take place, the total impact of

the data transfer task is less than 1 hour in the majority

of simulated cases. This can be verified by comparison

to example Gantt charts such as Figure 9, where the

typical number of iterations of the data transfer task

can be counted and multiplied by the known duration

of that task. Overall, the ASM2.0 modelling and anal-

ysis indicates that although the data transfer task is

manual and repetitive, the time that could be saved by

eliminating it is not significant.

4.3.5 Question 2: Is it effective to divide work by

function in this process?

To address this question, the model discussed above

was reconfigured to simulate the functionally-oriented
division of work, in which the optimisation of geome-

try proceeds in parallel with the manufacturing-related

design tasks, which are each done by an individual spe-

cialising in the respective tasks. The reconfiguration

was achieved by adjusting the information flow into the

start of the first manufacturing task, so that task can

begin as soon as the detailed geometry deliverable is

first available. A second flow was also added so that the

design cannot be finalised until the newly-concurrent

manufacturing and optimisation work streams are both

complete. Apart from these changes, that are shown

in Figure 11, the rest of the model configuration re-

mains the same. The adjustment of information flows

allows geometry optimisation and manufacturing de-

sign to work as partially concurrent streams in this re-

configured process.

The simulation behaviour of this reconfigured model

was verified again by examination of randomly-selected

process traces. One such trace is shown in Figure 12,

which indicates how the ASM2.0 is able to correctly

Fig. 11 The design process reconfigured to allow concurrent
work on geometry optimisation and manufacturing model de-
velopment.

identify the appropriate task sequence. In particular,

although the new process configuration allows manu-

facturing tasks to start earlier, on each occasion that

the geometry is adjusted by the optimisation specialist,

the concurrently-executing manufacturing task that de-

pends that geometry is interrupted and will begin again

to take the updated information into account. This is

determined automatically by the algorithm and does

not require any special configuration of the tasks in-

volved.

In terms of insights gained, Figure 12 indicates that

because of the repeated interruptions, little time can be

saved by attempting to execute the optimisation and

manufacturing design work in parallel, while much of
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Fig. 12 Representative process trace for concurrrent configuration. The pink bars indicate interruption of the manufacturing
design task, which occurs on each occasion the geometry is iterated.

the effort of the manufacturing specialist will be wasted

as they repeatedly rework their model due to changes

in the input to their task. Therefore, this is not an effec-

tive process configuration. This conclusion might per-

haps seem obvious when considering the structure of

the reconfigured model, but was not evident prior to

the process modelling and simulation.

4.3.6 Insights for an improved process configuration

The understanding generated through the modelling

discussed above yielded insight for a third, improved

process configuration that had not initially been con-

sidered. In particular, it was noted that if two promising

topologies were taken forward from the concept stage

and then independently optimised by the two students,

this would increase the probability of at least one of the

concepts yielding acceptable performance and hence, on

average, would reduce the number of iteration loops re-

quired before finalising the geometry. Considering the

Performance acceptable? check was initially estimated

to have probability 0.7 of achieving a succesful result

on any given iteration, and assuming that the concepts

being considered by the two students are independent

and have independent and equal probabilities of suc-

cess P (S1) = P (S2) = 0.7, the probability of achieving

a successful result from at least one of the students for

every pass of the concurrent process can be modelled

as:

P (S1 ∪ S2) = P (S1) + P (S2)− P (S1)P (S2) (3)

where P (S1) = P (S2) = 0.7

P (S1 ∪ S2) = 0.91 which means that under these

assumptions, the probability of rework for each pass

of the optimisation process is reduced from 0.3 to 0.09

when the two students work in parallel.

To investigate the impact on overall lead time, the

model was reconfigured again as shown in Figure 13.

Here, apart from the restructured tasks and informa-

tion flow, the only change to the tasks’ configuration

is to reduce the Iterate again probability of the Per-

formance acceptable? task from 0.3 to 0.09 in line with

the estimate above. It may be noted that during the

geometry optimisation stage, because the numbers of

iterations of the two concurrent streams are variable,

in most cases one of the streams will finish before the

other. The simulation algorithm automatically ensures

that the Performance acceptable? task will not start

until both streams are complete, due to the standard

precondition that a task cannot start if any upstream

work is pending (as shown in Figure 4). This illustrates

again how the algorithm is able to correctly determine

a process sequence in the majority of cases, without

requiring task-by-task consideration of the logical con-

ditions under which a task can be executed.

As with the other process configurations, simulation

traces were reviewed to verify the model. Once veri-

fied, aggregate results from simulation were considered.

Figure 14 confirms that this configuration does not sig-

nificantly affect the best-case duration, as can be ex-

pected when comparing the process maps in Figure 10

and Figure 15—however, the risk of long-duration pro-

cesses caused by iterations of the topology concept is

substantially reduced. ASM2.0 reveals this is the most

effective of the three configurations considered.
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Fig. 13 The improved configuration.

4.4 Summary

The example discussed in this section illustrates the

model features and also the general approach to mod-

elling and simulation that underpins ASM2.0. Firstly,

it shows how process mapping helps to make existing

knowledge about the process steps explicit and prompts

the modeller to integrate that knowledge into an appre-

ciation of the structure of the overall process. Without

that appreciation, inefficiencies are not easy to identify—

even in this relatively simple case. Secondly, the exam-

ple shows how the availability of process variables for

configuring iteration loops prompts deep consideration

Fig. 14 Process duration for the improved configuration
(green) vs. the original configuration (black). Note how the
risk of higher process durations is significantly reduced.

of the behaviour of iteration loops and how they affect

the tasks within them. Thirdly, it shows how verifying

the emerging model by investigation of the Gantt charts

as discussed in Section 4.3.3 further prompts the mod-

eller to assess the realism of the resulting simulation and

builds confidence in results. By the time a simulation

is run to investigate proposed changes to the process

configuration, in our experience the modeller will have

developed sufficient understanding to explain the sim-

ulation results in terms of features of the process and

to identify improvement opportunities.

Overall, the example illustrates how the underlying

philosophy of ASM2.0 is to provide a relatively trans-

parent approach that sets the focus of modelling on ap-

preciating the behaviour of the process, which leads to

insights for improvement. It also illustrates how oppor-

tunities for improvement arise from the iterative and

concurrent dynamics of the process—a modelling ap-

proach that could not reflect these dynamics (for in-

stance, if the iteration loops were all specified in terms

of probabilities as is commonly done in research models)

would not be suited to investigate the kind of recon-

figuration questions and CAE-based design processes

addressed in this example.

Certain features of ASM2.0 that are not offered in

other models reviewed in Section 2 are essential to this

approach. These features include the familiar graph-

ical notation, the closely integrated process mapping

and quantitative evaluation, the configurability of be-

haviour that is enabled by process variables, and in par-

ticular the simulation algorithm for handling corrective

iteration with rework propagation, ensuring that tasks

are started, reworked, and where necessary, interrupted
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at the right time and in the right sequence. It can be

noted that after the development of the initial model,

the different configurations were modelled simply by re-

organising the tasks on a graphical level without further

adjustments to the process variables and task configu-

rations. The algorithm is able to correctly resolve the

modelled processes so that the iterations and interrupts

are treated correctly. This automated resolution is es-

sential as models increase in scale and complexity.

5 Larger-scale applications

The example discussed in the previous section demon-

strates application of the approach in detail. However,

due to its simplicity, the example does not demonstrate

the ability of ASM2.0 to deal with larger-scale pro-

cesses that are common in engineering practice. In such

cases large numbers of diagram nodes are often required

to adequately represent the processes. Also, large-scale

processes cut across responsibilities and/or organisa-

tional boundaries, so that elicitation and integration of

process knowledge from multiple participants are sig-

nificant challenges for process modelling and improve-

ment.

The approach has been succesfully applied to a num-

ber of cases of this scale, some of which are briefly dis-

cussed in this section. The cases have been previously

published, so are not described in detail here. Also, it

must be noted that the work discussed in this section

took place at different stages of the ASM2.0 develop-

ment and not all the features and insights described in

this paper had been developed when each application

took place.

In one very early application published soon after

the original ASM, Bell et al (2008) describe how the

emerging approach was used to map the process for

conceptual design of turbine blade cooling systems. In

this case, a key challenge was to generate overview and

understanding of the process before potential improve-

ments could be considered. 19 process participants were

interviewed, leading to the creation of a process model

capturing tasks, information flows and iterative cycles,

facilitating a consensus view of the process. The mod-

elling exercise revealed “many instances of nested iter-

ation loops, task concurrency and branching between

possible choices”’ (Bell et al, 2007). The model itself

comprised more than 1300 diagram nodes including 400

tasks, grouped into 50 subprocesses nested 11 levels

deep (Bell et al, 2007) (Figure 15). Noting that this pro-

cess is search-driven, multidisciplinary, and highly iter-

ative, this descriptive model was used to gain overview

of the process and to identify tasks that occurred earlier

or later than the participants thought was ideal.

In another project, the emerging ASM2.0 was ap-

plied to map the jet engine conceptual design process

with a view to incorporating additional lifecycle en-

gineering considerations and tools Kerley et al (2008,

2011a). In this case, emphasis was placed on simulation

to help assess the likely impact of including new tools

and activities at different points in the design process—

noting that the ultimate impact would depend on the

iterative structure of the process. The model that was

created and refined through a series of practitioner in-

terviews, shown in Figure 16, was organised conceptu-

ally as a Vee model. The main design activities were de-

picted progressing down the left-hand-side of the figure,

and followed by analysis and evaluation activities pro-

gressing up the right-hand-side. Red arrows flow from

right to left and indicate the possibilities for corrective

iteration following design evaluations. In this model, an

emphasis was placed on an open-box approach in which

company personnel participating in the modelling pro-

cess were engaged, as far as possible, with the assump-

tions made and included in the model. Kerley et al

(2011b) further expanded on this work applying ASM

to predict the performance of a proposed automated de-

sign system under different application scenarios. The

model shown in Figure 17 was created as part of this

effort. In this case the model was structured as an it-

erative cycle, in which different paths were selected on

each step to simulate the application of different tools

as the design process moved forward. Detailed discus-

sion of how the model was developed and applied to

analyse different scenarios can be found in Kerley et al

(2011b).

The final applications to be discussed in this sec-
tion made extensive use of the configurable simulation

functionality. Wynn et al (2011) apply ASM to model

progressive iterations in a wing design process by us-

ing process variables to represent the unncertainty in

items of information that are progressively developed

during design. The model was configured such that un-

certainty in the inputs to each task were used to de-

termine the methods that are applied and the time

required for that task—the assumption being that as

design progresses, uncertainty levels determine which

methods are selected for use at each step, and those

levels are also iteratively reduced by completion of de-

sign and analysis tasks until the final design is reached.

Wynn et al (2011) used this model to analyse the time

at which high-fidelity design tools should be brought

into play during the process to minimise process dura-

tion. Shapiro et al (2016) expanded this concept of us-

ing process variables for representing aspects of the de-

sign itself, creating the Design Process Change Method

(DPCM) which is based on ASM modelling. DPCM can
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Fig. 15 Descriptive ASM model of turbine cooling system conceptual design process at a UK aerospace manufacturer. The
orange boxes represent subsheets, which can be displayed either open or closed. Image adapted from Bell et al (2007) pending
permission of the Design Society.

Table 3 Summary of selected applications. Models in the top part of the table were developed to represent real situations in
an industry context and to generate specific insights to improve those situations. Models in the second part of the table were
mainly developed in the research environment to address issues of research interest. For comparison, the model discussed in
Section 4.3.6 of this article has 17 tasks.

Publication Tasks Objective of application

Wynn et al (2005) 73 Support process planning of fan blisk design

Wynn (2007)+ 79 Develop comprehensive description of blisk design process

Wynn (2007)+ 430 Identify provision of service information to tasks in jet engine design

Bell et al (2008) 400 Develop understanding of turbine blade cooling system design

Kerley et al (2011a) 75 Redesign a process to incorporate new design tools

Kerley et al (2011b) 51 Predict performance of a new integrated design system

Le et al (2012) 430* Calibrate a system dynamics model of the design process

Zhang et al (2015) 150 Increase overlapping between two departments

Shapiro et al (2016) 35 Investigate impact of design changes on process duration

Wynn et al (2011) 13 Investigate impact of uncertainty levels during iterative design

Shapiro et al (2015) 17 Investigate impact of iteration likelihood on process duration

Xin Chen et al (2016) 10 Optimise resource allocation to tasks considering resource characteristics

Tahera et al (2017) 13 Investigate impact of task overlapping on duration

+ Application project is summarised in the mentioned publication but, as stated in that publication, was led by another person
who did not publish the work. * This is the same model reported in Wynn (2007) but configured and analysed for a different
purpose as stated.



24 David C. Wynn, P. John Clarkson

Fig. 16 Partial view of the ASM simulation model of the jet engine concept design process at a UK aerospace manufacturer,
adjusted to account for proposed additional life-cycle engineering considerations. Reproduced from Kerley et al (2008) pending
permission of the Design Society. Note that text is obscured due to commercial sensitivity.

Fig. 17 ASM simulation model of fans design process at a UK aerospace manufacturer. Reproduced from Kerley et al (2011b)
pending permission of the Design Society.
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be used to evaluate the impact of proposed changes to

design confidence levels (modelled using process vari-

ables) on the overall design process performance, and

was developed and comprehensively evaluated through

several applications in jet engine design (Shapiro et al,

2016).

A number of other applications of the approach have

taken place over the years, of which some published

applications are summarised in Table 3. Overall, this

section is intended to illustrate that the ASM2.0 is ap-

plicable to larger-scale problems and has been success-

fully applied in a number of industry-focused projects,

including several projects in which neither author was

directly involved. We believe this provides a measure of

confidence that the approach can assist with the chal-

lenges set out in the early sections of this paper and

that it is useful to support design process improvement

in practice.

6 Discussion

6.1 Recap of contributions

This article has addressed the following research ques-

tions:

– What requirements does the context of CAE-driven

engineering design place on an approach for map-

ping and quantitative evaluation of design processes?

An appreciation of the requirements for such an ap-

proach was developed through a preliminary case study

in a large aerospace company, as discussed in Section

2.2. Existing work in the literature addresses some of

the identified requirements, that are summarised in Sec-

tion 2.3—but except for ASM2.0, no approach can ad-

dress all of them. In particular, no other approach offers

a relatively seamless integration of graphical process

mapping to assist the elicitation, expression and inte-

gration of process knowledge, with configurable quanti-

tative analysis that can be used to develop insights for

improvement of engineering design processes that in-

volve partial concurrency and intertwined progressive

and corrective iterations. This established the need for

the new approach and pinpointed the research gap ad-

dressed by this article (Section 2.4).

– How can these requirements be realised in a prag-

matic approach?

The realisation of each requirement in a new mod-

elling approach, termed the ASM2.0, was described in

Section 3 and is summarized in Table 4. As explained

at the outset of this article, this approach has been de-

veloped and validated through an iterative process in-

volving a series of applications over a number of years.

– How can the approach be applied to support engi-

neering practice?

Section 4 explained how the ASM2.0 is applied by

detailed discussion of a simplified, but realistic exam-

ple that pinpoints novel features of the approach and

demonstrates why they are necessary. Section 5 reviewed

some applications of the approach to model and im-

prove engineering design processes in practice, which

requires larger-scale models. As well as answering the

research question stated above, these cases provide a

measure of validation of the approach. A summary of

additional published applications was also provided.

6.2 From ASM to ASM2.0

ASM2.0 as reported for the first time in this article

is a significant evolution of the original ASM reported

by Wynn et al (2006), made more pragmatic through

changes driven by reflection on application studies. Cer-

tain features were added, in particular, the inclusion

of graphical markup and milestones into the process

mapping notation, and perhaps most importantly, the

inclusion of the rework propagation and interruption

features. These latter features are essential to accu-

rately simulating the corrective iterations common in

real engineering design processes. Process variables had

been included in the ASM as of Wynn et al (2006) but

their application had not yet been explored. In devel-

oping ASM2.0 process variables were recognised to be

essential to the realistic modelling of progressive iter-

ation. Improvements to many aspects of the process

variable functionality were developed, including their

hierarchical structuring, their use in task preconditions,

priority, and their use as measures of process perfor-

mance. As well as setting out the features of ASM2.0

and the rationale behind these features in terms of re-

quirements from an industry case study, another contri-

bution of this paper has been the detailed discussion of

an application case that sets out, in detail and for the

first time, how the ASM2.0 is applied to generate in-

sights for design process improvement by modelling and

analysis of iteration impact in CAE-driven, iteration-

intensive engineering design. Key elements of the appli-

cation approach include the progressive configuration of

a model’s behaviour by adding process variables and the

verification of simulation output by detailed examina-

tion of process traces. The example in Section 4 shows

how this process prompts the modeller to develop in-

sight for improved design process configurations.

Other features included in the original ASM were

abandoned for pragmatic reasons that became apparent

as the evolving approach was used in more applications.
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Table 4 Summary of how ASM2.0 addresses the modelling requirements set out in Section 2.5

Requirement Corresponding features of ASM2.0

MR1: Be visually familiar and
flexible enough to replace infor-
mal design process flowcharts.

Deliberately simple notation. Minimally restrictive, allowing any nodes to be connected
as long as network is acyclic if Iterate Again arrows are removed. Deliverables specify
the information conveyed, and optionally its status at that point in the design process.

MR2: Be scaleable and mini-
mally restrict the size of models
that can be created.

Diagrams can be decomposed into subsheets. Flowchart notation designed to minimise
verbosity. Information and parameters can be structured into hierarchies. Classification
schemes allow display to be filtered to focus the view.

MR3: Evaluate the process aris-
ing from modelled tasks, infor-
mation flows and resourcing.

Discrete event simulation generates a population of process outcomes and indicates the
cumulative effects of uncertainties at the task level, upon the overall process.

MR4: Provide precise control
over the behaviour of the eval-
uation model.

Duration, outcome and priority of tasks can be modelled using numerical values, in-
dependent probability density functions, or using functions of process variables whose
values may be influenced by tasks previously executed.

MR5: Develop the evaluation
model by progressively adding
depth to a descriptive model.

Simulation algorithm places minimal constraints on diagram allowing detailing of a de-
scriptive model towards simulation. Information required for simulation is configured
within tasks to avoid adding diagram complexity.

MR6: Facilitate modelling of
progressive iteration.

Progressive iteration can be modelled as tasks revisited several times within an iteration
construct’s loop. Process variables may be used to specify or influence the outcome of the
iteration construct and to modify the properties of tasks on each cycle. No. of iterations
and durations of tasks on each cycle can thereby be configured as required.

MR7: Facilitate modelling of
corrective iteration.

Corrective iteration ensues when the ‘iterate again’ scenario of an iteration construct
occurs. The algorithm automatically traces forward and interrupts any tasks that would
be invalidated because they depend directly or indirectly on the updated information.
The algorithm hence computes the emergent effects of rework automatically.

MR8: Facilitate appreciation of
how process model features de-
termine evaluation outcomes.

Process traces generated by simulation can be investigated individually, showing every
task and the information flow that triggered it, along with iteration outcomes etc.

These are described below along with some reflections

on whether the underlying ideas might deserve further

research attention, in future.

6.2.1 Requirement for explicitly modelling deliverables

A deliberate feature of the original ASM reported by

Wynn et al (2006) was that it did not allow tasks to be

connected directly by information flows, but the detail

of the information being transferred (i.e. the deliver-

able) was required to be specified. This arose from sev-

eral observations in the context of descriptive process

modelling in the engineering design process. Firstly, re-

quiring modellers to specify information explicitly was

found to lead to more rigorous modelling and in particu-

lar helped to avoid overlooking non-design tasks such as

data file conversions. Secondly, considering the informa-

tion required and produced by each task was found to

help avoid overlooking information flows themselves—

for instance, where a task depends on information pro-

duced by another task much earlier in the process, the

dependency might be overlooked if visualising a pro-

cess as a sequence of tasks. These dependencies might,

however turn out to be important when considering a

reconfiguration of the process.

Although these observations are still believed to be

valid, in ASM2.0 the explicit modelling of all input and

output deliverables is not strictly required. This is be-

cause for many applications, such as the case discussed

in Section 4, including all information explicitly would

lead to an overly verbose diagram that is difficult to ma-

nipulate. In ASM2.0, the decision on whether to strictly

include all information required and produced by tasks

is therefore left to the modeller.

6.2.2 Automatic graph layout

Early evolutions of the ASM incorporated the idea that

a process flowchart could be automatically laid out from

the underlying data in order to generate views cus-

tomised for particular participants (Wynn et al, 2005),

for instance showing only those tasks and deliverables

relating to their disciplines. The potential benefits of

automatically generating filtered views of engineering

design or product development processes has been con-

sidered by other researchers in the engineering design

community (e.g. Browning, 2009). This approach was

implemented in early prototypes of the ASM based on

a general purpose diagram layout algorithm, but sev-

eral issues were encountered. One such issue was that
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relatively minor changes to the structure of the model,

e.g. adding an iteration loop, would sometimes lead to

a significantly different diagram layout, disorienting the

modeller. Correcting this would require a layout algo-

rithm that was aware of the conventions for process

flowchart layout and that was able to handle progres-

sive alterations in a sensible way. Another issue was

that modellers wanted freedom to arrange flowcharts in

a way that conveyed the structure and flow of the pro-

cess, and to supplement them with graphical markup

such as labels, boxes and swimlanes. This was difficult

to reconcile with automatic diagram layouts. Although

some initial work was undertaken to address these vi-

sualisation problems (Wynn, 2007) it was decided in-

stead to focus on the simulation aspects of the ASM2.0,

leading to the approach reported in the present arti-

cle. Nevertheless, further work to improve the visual-

isation and manipulation of design process models in

specialised computer tools could be of significant value

to ease large-scale process modelling in industry prac-

tice.

6.2.3 Process library

Another prominent concept in the original ASM was

the process library. This was incorporated following the

observation that in many engineering design processes,

certain groups of tasks are repeated in multiple con-

texts. For instance, in the model of Bell et al (2007)

that was discussed earlier, one such collection of sub-

processes are the activities used to define CAD mod-

els representing 2D planar sections through the cooled

blade, and then generating CAE models to predict ther-

mal behaviour and operating life (Bell et al, 2007). The

intention of the ASM process library was that these

recurring subprocesses could be created in a library

and then inserted as references in one or several pro-

cess models (Wynn et al, 2006). The referenced sub-

processes would be connected via defined ports. The

advantage of this approach was thought to be that a li-

brary of subprocesses could be gradually developed and

improved over time. The construction of future models

could in principle be accelerated by assembling suitable

subprocesses from the library, and because the system

was based on references, improvements within the li-

brary (such as further detailing a particular subpro-

cess) would automatically propagate to all the process

models that used those processes (Wynn, 2007).

The concept described above was implemented in

the original ASM but in doing so, challenges were un-

covered. One issue was that although the structure of

tasks might stay the same when a library process was

used at different points in the model, often the be-

haviours of those tasks might be different. For example,

the number of iterations within the subprocess or the

durations of specific tasks might need to be dependent

on the context. This led to a complex structure in which

each library process would be embedded in a ‘container’

that would have the ability to override certain prop-

erties of the library process. The data structures and

modelling operations required to embed a generic li-

brary process in the specific context of a process model

required unexpected amount of effort to implement and

debug, especially considering the multilevel hierarchical

structure of a typical ASM model. Additionally, in the

applications it was found that the additional complexi-

ties of the approach were not justified considering that

the modeller could achieve a similar effect by simply

copying and pasting groups of tasks throughout their

model and then adjusting the configuration as needed.

For these pragmatic reasons, the concept of the process

library was abandoned in ASM2.0.

6.2.4 Learning factors and fixed numbers of iterations

The earliest iteration of the ASM reported by Wynn

et al (2005) allowed for tasks to be configured with ex-

plicit learning factors, causing the duration of a task

to reduce on consecutive iterations. Additionally, this

early approach allowed for iteration constructs to be

configured with fixed numbers of iterations, or itera-

tions within a specified minimum and maximum num-

ber. However, these options were found to be rarely use-

ful because of the need to configure iteration behaviours

in a more flexible way when iteration cycles are nested,

as is common in practice and discussed throughout the

detailed example in Section 4. For these reasons, this

functionality was removed from ASM2.0 and modellers

are required to customise the exact behaviour they want

using process variables. Potentially, a more sophisti-

cated ‘configuration wizard’ could be of use to rapidly

configure tasks for commonly-encountered situations.

6.3 Limitations of ASM2.0 and areas for future work

The patterns of tasks in CAE-driven, iteration-intensive

engineering design processes are more complex than for

most transactional process such as manufacturing or

document processing. ASM2.0 has been developed with

this in mind but even so, simplifications are inevitably

needed to model the dynamic aspects of designing as

a task network having fixed structure of information

flows. Some of these simplifications are described in the

next paragraphs.

Firstly, the ASM2.0 model assumes that tasks are

not able to absorb information during their execution
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without being interrupted and starting again, nor can

they release preliminary information or otherwise im-

pact process state during execution. This reflects the

initial focus of the work on modelling the technical de-

tail of CAE-intensive component design processes, how-

ever, limits application of the model on a higher level of

abstraction. For instance, the model is not well suited

to investigate end-to-end flows of work in very large-

scale processes such as aircraft design that can involve

50+ teams working concurrently. Such processes are too

complex to model at the high level of detail discussed in

this article, and ASM2.0 does not allow for tasks to be

modelled at a higher level of abstraction at which they

are worked concurrently while exchanging information

throughout. Another factor that limits application of

the approach on a very large scale is the need for the

modeller to collect, comprehend and integrate the do-

main knowledge from many process participants. This

has also been observed as a bottleneck in business pro-

cess modelling and management more generally (Du-

mas et al, 2018).

Additionally, while the model does allow for resource

limitations, these are relatively simplistic and designed

essentially as a way to control concurrency of the pro-

cess. In reality, resource limitations are more complex.

Individuals are able to contribute to multiple tasks with

respect to their expertise and can divide their time

among several tasks concurrently. Improving the abil-

ity of ASM2.0 to handle realistic resource limitations is

another area for potential future work.

Another area for research is suggested by the rework

propagation feature of the ASM2.0 simulation. To re-

cap, this was designed to ensure appropriate task se-

quences by preventing tasks from continuing or begin-

ning if any of the information those tasks depend on,

directly or indirectly, is invalidated. Although this is

perhaps the ideal case, it seems likely that process par-

ticipants would not always be aware in practice that

they should stop work because of failures in coordina-

tion between parts of the process. One opportunity for

further work suggested by this observation is to inves-

tigate the effects of imperfect overview and imperfect

coordination on the effective management of rework.

This might yield generally-applicable insight for design

process management.

7 Concluding remarks

Well-established engineering design processes often de-

pend heavily on CAE, are highly iterative, and have

stable architectures that remain similar as a company

designs a range of similar products. However, the pro-

cesses are complex and knowledge about them is typ-

ically tacit and distributed among numerous process

participants, such that none of the participants are able

to describe the entire process in depth. In consequence

it is difficult to appreciate how the engineering design

process could be improved or how it might respond to

proposed changes, such as the addition of new tasks and

analysis tools, increases in concurrency, or changes in

resourcing levels. The research reported in this article

is based on the premise that mapping and quantitative

analysis of engineering design process, with a particu-

lar view to representing complex patterns of progres-

sive and corrective iteration, can help practitioners to

express and integrate their process knowledge and de-

velop insight for improvement of their processes.

Engineering practitioners are often sophisticated users

of computational modelling and their experience with

CAE tools for modelling, simulating and designing phys-

ical products influences their expectations for tools for

modelling and simulating—and designing—design pro-

cesses. In this article we have drawn some parallels be-

tween common CAE practice and the application of

process simulation to investigate and improve an en-

gineering design process. These parallels informed our

perspective on the features a design process simulation

tool needs to offer and the way it should be applied to

be most useful to engineering practitioners seeking to

improve their processes.

In our approach the purpose of design process mod-

elling is to express and integrate process knowledge that

is normally tacit and may also be spread among mul-

tiple participants. This generates a commonly-agreed

map of the tasks, information flows and iterations in

that design process. The purpose of design process sim-

ulation is then to compute the combined effects of all

modelled factors influencing process outcome, whose

details are possible to comprehend and verify individ-

ually but which become too complicated in aggregate.

For example, if the duration of a task is to increase, it

can be expected that the duration of the process might

increase. But the ultimate effect of the change on the

overall process duration may be difficult to predict be-

cause it will depend on e.g. how the task is implicated

in progressive and corrective iteration, the probabili-

ties of those iterations occurring, and the availability

of resource allowing concurrent execution. Simulation

computes the effect of the change considering all mod-

elled factors and their interactions. In our approach the

modeller should examine the detail of the simulation

trace to verify that the result is realistic. If not, the

model should be adjusted and the verification should

be repeated until the modeller is satisfied with the in-

sight gained. Supplementing the examples in this article

and the applications that are summarised in Table 5, a
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Table 5 Some purposes for design process modelling and analysis that can be addressed using ASM2.0

Build consensus and understanding on what needs to be done to complete a design

Capture process knowledge to inform future similar projects

Appreciate what external information needs to be available and by when, to avoid unnecessary waiting

Identify information that is produced earlier than required, and could be deferred for more urgent tasks

Identify information that should be produced earlier to avoid unnecessary waiting by downstream or external tasks

Resequence tasks so that overlapping across concurrent work streams or departments can be increased

Determine the beneficial effect of eliminating or reducing a non-value-adding task, e.g. a data transfer task

Determine the effect of introducing a new task, e.g. to consider a new design objective, and where that task should be placed

Consider whether any process steps can be moved outside iteration loops to avoid unnecessary repetition

Consider whether any tasks can be subdivided so that part of the task is moved outside an iteration loop

Identify any bottlenecks caused by insufficient resources, and their impact on effort and duration

Identify unnecessary iterations caused by starting tasks before their input information is sufficiently mature

range of further design process improvement scenarios

in which this approach could be of use are indicated in

Table 5.

We have already discussed how ASM2.0 models can

be verified by detailed examination of process traces.

While this helps to avoid errors in model configura-

tion, it does not establish that the numerical results

of simulation are in line with reality. This is a partic-

ular challenge when modelling and simulating the en-

gineering design process, because of the limited data

available in practice to calibrate models. Noting that

a single data point is of limited use to validate a sta-

tistical model, the ideal situation would be to compare

data obtained through simulation with multiple records

of actual processes, to establish that the computed dis-

tributions of process duration, effort etc. were in line

with the modelled situation. Often however, engineer-

ing design processes are infrequently encountered such

that many years would need to pass to collect even a

few complete records of the process. In that time, the

process would likely evolve so that collected numeri-

cal data might not be directly comparable. Validation

of a simulation model might also be based on records

of individual tasks or subprocesses, since these are in

some cases encountered more frequently than entire

processes, but our observations in a variety of engineer-

ing organisations suggests that such data are not usu-

ally available in practice and cannot be collected within

the timeframe of a typical modelling project. This sit-

uation might change as engineering companies become

increasingly aware of the value of data, but for now it is

usually the reality that design process modellers do not

have extensive historical data to calibrate their models.

But even though a design process model is difficult

to validate quantitatively, modelling can still offer in-

sight. Developing a model externalises knowledge of the

design process, which help the modeller to identify gaps

or inconsistencies in their understanding as well as to

communicate that understanding to other stakeholders

so that it can be critiqued and improved. Simulation

helps to further ensure consistent understanding of the

process. In particular it ensures that the expectations

of different stakeholders regarding how the process will

unfold are in accord with one another and satisfy the

various constraints (i.e. information flow, iteration and

resourcing) that are represented in the process model.

For example, if simulation predicts an overall process

duration which is not in line with expectations or ex-

perience, this implies inconsistency in the modeller’s

understanding of (1) the durations of the tasks; (2) the

way they interact; and (3) the expectations regarding

the overall process. In such a situation the modeller

is prompted to reexamine their assumptions until the

cause of the discrepancy is identified and the model cor-

rected. This process of triangulation allows confidence

in a model to be developed even in situations where it

cannot be validated numerically.

Overall, the ASM2.0 approach emphasises develop-

ment of understanding of the mechanisms that drive

process performance, so that improvements can be pro-

posed with confidence. This differs from some other de-

sign process modelling and simulation approaches in

which the emphasis is placed on computing the emer-

gence of unpredictable outcomes, without necessarily

investigating the relationship between those outcomes

and the modelling assumptions from which they are de-

rived. It is hoped that the description and examples in

this article will serve to convey the pragmatic emphasis

of the ASM2.0 approach.
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