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ABSTRACT
Assumptions are commonly introduced to fill gaps in knowledge
during the engineering design process. However, the uncertainty
inherent in these assumptions constitutes a risk that ought to be
mitigated. That is, assumptions can negatively impact the system if
they turn out to be invalid. Adverse effects may include system fail-
ure, violation of requirements, or budget and schedule overruns. In
this paper, the relationships between assumptions and margins are
made explicit, with the purpose of aiding risk mitigation, as well as
accommodating future opportunities such as product evolvability.
To this end, a novel assumption management framework is pro-
posed, which consists of a taxonomy of margins, an algorithm for
change absorber localisation, and an interactive approach formargin
trade-off. The proposed framework is demonstrated with a concep-
tual aircraft design use case, which shows that the most relevant
margins can be identified, given a revision of a set of assumptions. It
is also demonstrated that the application of the method allowed the
margins to be adjusted according to the confidence in the assump-
tions,whilemaintaining satisfactionof all design constraints,without
unacceptable compromise of system performance.
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1. Introduction

Uncertainty is an intrinsic factor when developing complex engineering products. This
is because, at the early design stage, only limited knowledge regarding the product is
available. Therefore, assumptions are inevitably made to fill knowledge gaps to enable
decision-making. Crucially, these early-stage decisions will dominate the definition of the
entire design solution and consequently represent a large portion of the entire prod-
uct life cycle cost commitment (Mavris and DeLaurentis 2000). Furthermore, as knowl-
edge is gained during the subsequent development stages, some of the assumptions
may turn out to be invalid, which introduces a risk that critical design changes need
to be made or that product performance may need to be compromised. Such change
dependencies exist at different levels of abstraction in and across different domains
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(Koh 2017), highlighting the need for systematic assumption management in the design
process.

A typical example of the issues encountered with assumptions in product development
is in aircraft design. One way in which the aircraft design process can be described is as
a sequential definition along a hierarchy of different sub-systems or disciplines, as illus-
trated in Figure 1 (Chen et al. 2023). In general, design teams will start with initial aircraft
sizing to determine the aircraft weight, wing reference area, as well as the required engine
thrust (Raymer 2018). Based on these top-level definitions, the airframe and engine will
subsequently be further defined, followed by more detailed development and analysis of
the lower-level sub-systems/disciplines, such as aerodynamics, structures, systems, and so
forth. For example, it is infeasible to perform detailed aerodynamic analyses at the outset,
because the geometry of the aircraft has not been fully specified yet. However, to proceed
with the estimation of crucial performance parameters, an initial sizingmust be performed.
This, in turn, relies on the values of many aerodynamic coefficients being available. There-
fore, assumptionsmustbemade regarding these coefficients, oftenbasedonhistorical data
and/or ‘educated’ judgements.

As the design teams proceed to the lower-level disciplines, an increasing amount of
knowledge is obtained from simulations and experiments. Consequently, the assumed val-
ues of those aerodynamic coefficients will inevitably need to be revised. If the previously
assumed values turn out to be too pessimistic, the aircraft will eventually be oversized. Con-
versely, with assumptions too optimistic, the aircraft may not be able to meet predefined
requirements. Both cases will lead to a dilemma in which the designer must either pro-
ceed with the current design, of which the competitiveness may now be compromised; or
change the top-level definition, which may trigger a substantial rework of all sub-systems.

Traditionally, margins have been widely used as a risk mitigation strategy to attempt
to handle epistemic uncertainty and to provide scope for evolvability. Specifically, mar-
gins play a crucial role in absorbing initiated and emergent changes (Eckert, Clarkson,
and Zanker 2004). After margins are ‘consumed’, changes can start propagating through
a design, which in turn can lead to undesired iterations (Eckert, Isaksson, and Earl 2019).

Figure 1. Hierarchical structure of a typical aircraft design problem (Chen et al. 2023).
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As will be discussed in Section 2, extensive research has been conducted on change
propagation (Brahma and Wynn 2021; Clarkson, Simons, and Eckert 2004; Eger, Eckert,
and Clarkson 2005) and its relationship with margins (Brahma and Wynn 2020; Eckert
et al. 2013; Eckert, Isaksson, and Earl 2019; Long and Ferguson 2020). However, there
is still a lack of explicit definitions/descriptions of the potential relationships between
assumptions and margins (El Fassi 2021). In addition, existing change propagation meth-
ods rely largely on the physical dependencies between the components within a sys-
tem, whereas the links between requirements, functions, and computational models are
not fully explored. Accounting for these domains of the product development process
is important, as change initialisation or the effects of changes may only become appar-
ent when these are explicitly considered. It should be emphasised that while change
propagation provides essential context, the aim of this research is to find ways to accom-
modate a change (initiated by a revised assumption) before it propagates. Thus, the focus
is on:

• the identification of margins or combinations of margins (potential change absorbers)
tomitigate the potential adverse effects thatmay result from the revision of the assump-
tion.

• how these margins can be traded off to balance performance and risk.

The work presented in this paper combines and extends our recent research on mar-
gin allocation (Guenov et al. 2018) and assumption management (El Fassi 2021; El Fassi,
Guenov, and Riaz 2020). The scope is restricted to model-based design and systems engi-
neering in the early stages of complex product development.

The rest of the paper is organised as follows. In Section 2, underlying definitions and
concepts are introduced, and the researchgaps aredefinedmoreprecisely, followingabrief
review of the state-of-the-art. In Section 3, the proposed methods are described. These are
demonstrated in Section 4, bymaking use of an aircraft design use case. Finally, conclusions
are drawn, and future work is outlined in Section 5.

2. State-of-the-Art

2.1. Change propagation

As stated in the introduction, change propagation is not themain focus of this research, but
provides essential context. That is, changepropagation algorithms aim to identify the paths
from one change to another, as illustrated by the red arrows in Figure 2, while our objective
is to explore ways to accommodate a change (initiated by a revised assumption) before
it propagates. If the change cannot be absorbed by existing margins, then appropriate
change propagation methods (Brahma andWynn 2020; Brahma andWynn 2021; Clarkson,
Simons, and Eckert 2004; Eckert et al. 2013; Eckert, Isaksson, and Earl 2019; Eger, Eckert, and
Clarkson 2005; Long andFerguson2020) shouldbe applied as a further action. It should also
be noted that change propagation is not purely dictated by the availability/application of
margins, but alsoby theavailability of relevant resources (Koh, Caldwell, andClarkson2013).
The reader is referred to (Brahma andWynn 2022) for the state-of-the-art in design change
propagation analysis.
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Figure 2. Scopeof the research: conceptual relationshipbetween subsystems, design changes,margins,
and assumptions.

2.2. Assumptions and their lifecycle

According to the Guidelines for Development of Civil Aircraft and Systems (SAE ARP4754A),
assumptions are defined as ‘statements, principles, and/or premises offeredwithout proof’,
and ‘assumptions may be used early in the development process as a substitute for more
explicit knowledge that will be available later’ (SAE 2010). However, such definitions do
not capture some essential characteristics of assumptions. According to Yang, Liang, and
Avgeriou (2018), assumptions are:

• subjective, i.e. can be seen as assumptions by some stakeholders, or design decisions by
others;

• related to other artefacts, such as requirements or components;
• dynamic, i.e. evolve with time (e.g. technological advancement may lead to component

obsolescence and consequently its associated assumptions may become invalid).; and
• context-dependent, i.e. could be valid in one project, and invalid in another. As Brown

(2006) argued: ‘Design reuse can violate assumptions, as conditions that were true, or
were assumed tobe true originallymay no longer be the case in the newdesign context’.

Another essential characteristic is that assumptions are inherently uncertain (Berner
2017; Jenkins, Woolston, and Boyd 2019), and the degree of confidence in making them
varies based on the strength of background knowledge.

The fact that assumptions evolve with time suggests the idea of a lifecycle. Ostacchini
and Wermelinger (2009) proposed a simple assumption lifecycle model that is composed
of three stages: An assumption is made at first, which then goes through changes, and ulti-
mately may or may not fail (i.e. become invalidated in the former case). Of interest in this
research is how changes in assumptions influence the allocated margins. This is illustrated
by the blue and green dashed arrows in Figure 2.

2.3. Margins in engineering design

Eckert et al. (2013) define amargin as the extent to which the value of a parameter exceeds
what is necessary to fulfil requirements. Amargin can, in effect, account for bothuncertainty
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inherent in the current product (Cooke et al. 2015; Hall, Schroll, and Sharma 2020; Thunnis-
sen 2004; Yuan et al. 2016; Zang et al. 2015), as well as for accommodation of potential
future changes (Eckert, Isaksson, and Earl 2019). For the latter purpose, it is also referred to
as ‘excess’, ‘reserve’, ‘redundancy’, or ‘room for growth’ in the literature (Allen,Mattson, and
Ferguson 2016; Tackett, Mattson, and Ferguson 2014; van Heerden, Guenov, and Molina-
Cristóbal 2019). This allows aproduct ‘to be inherited and changed across generations (over
time)’, which defines the product’s ‘evolvability’ (de Weck, Ross, and Rhodes 2012). Some
specific aircraft design case studies can be found in (Lim 2009; Long and Ferguson 2017;
van Heerden, Guenov, and Molina-Cristóbal 2019; Zhuravlev and Zhuravlev 2012). A com-
prehensive review of margin related methods and concepts within a broader engineering
design context can be found in Brahma et al. (2023).

Themost commonapproach toquantifymargins is touseadeterministic representation,
based on industrial standards, historical data or the intuition and experience of designers.
However, such an approach is often conservative andmay lead to over-designed products,
resulting in performance penalties and increased costs. Furthermore, margins are added
by different stakeholders without a unified way to allocate them and assess their impact
on the design (Eckert et al. 2013). This is an ongoing issue (Eckert, Isaksson, and Earl 2019),
where a need has been identified to trackmargins alongwith the rationale underlying their
change, in addition to the need to developmathematical models for marginmanagement,
such as presented in Touboul et al. (2019).

2.3.1. Margin as a change absorber
Margins play an important role in themanagement of engineering change through absorb-
ing change (Brahma, Wynn, and Isaksson 2022). In fact, a change is required when no
sufficient margin is left to absorb it (Eckert, Isaksson, and Earl 2019).

One of the first approaches to predict andmanage changes in complex engineered sys-
tems was the Change Prediction Method (CPM) (Clarkson, Simons, and Eckert 2004), which
is based on assessing the likelihood and impact of change propagation from a component
to an adjacent one. However, values of likelihood and impact are derived from previous
projects or expert opinion, which can be highly effort-intensive (or even unfeasible) in the
context of large complex systems. Furthermore, a limitwas introducedbyClarkson, Simons,
and Eckert (2004) where the change propagation is considered to stop after three or four
steps. The absence of explicit change absorbers in the product model could explain the
need to put such a practical limit.

Margins are implicitly considered when eliciting likelihood and impact values through
expert judgement, which prevents the revision of change propagation prediction as mar-
gins evolve (Long and Ferguson 2020). Subsequently, Long and Ferguson (2020) proposed
to extend the CPM by accounting for the effect of decreasing margins (while keeping mar-
gins implicit). When a change is initiated, Long and Ferguson assume that the margin
is completely consumed, which in turn increases the probability of change propagation.
Moreover, change propagation is simulated by drawing from a uniform distribution to
determine whether a component is part of the propagation path. This implies that differ-
ent runs would randomly predict different propagation paths, which may not all exist in
reality.

Although incorrect assumptions are known to cause change propagation in engineer-
ing design (Brahma and Wynn 2021), no approach has been proposed to explicitly relate
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assumptions to change propagation analysis. In this context, Brahma andWynn (2021) sug-
gest that ‘approaches to track assumptions made during the design process could help to
more effectively predict the impact of changesduring that process’, and that design change
considerations could be integrated with margin management.

2.3.2. Existing approaches tomarginmanagement
To address the limitations associated with applying overly conservative margins, proba-
bilistic approaches have been developed in the context of conceptual aerospace systems
design (Cooke et al. 2015; Hall, Schroll, and Sharma 2020; Thunnissen 2004; Yuan et al. 2016;
Zang et al. 2015). Such approaches can assist decision-making regardingmargin allocation,
for instance by showing the different combinations that yield compliant solutions. Other
probabilistic approaches have been developed in different fields, such as bridge design
(Michel and Fred 1986) and ship design (Mohammed et al. 2016).

Margins can also be introducedwhen a design involves component reuse. In such a con-
text, Brahma andWynn (2020) proposed the Margin Value Method (MVM), which supports
locating componentswith residualmargins and prioritising them for redesign.MVMneces-
sitates knowledge about design parameters and their dependencies, which implies that a
computational workflow is required. Furthermore, Brahma and Wynn proposed metrics to
support margin analysis. Their metric regarding impact on performance is analogous to a
simple One-at-a-Time sensitivity analysis, meaning that only one margin is changed at a
time, while all the others are kept the same. Thus, there is an underlying implication that all
margins are treated as independent.

Guenov et al. (2018) proposed an approach for interactive margin management, which
is adopted in this work and allows exploring the effects of margins on: feasible values of
design variables, feasible values of other margins, product performance, and probabilities
of constraint satisfaction. That approach is based on a concept calledMargin Space, which
is a hypercube consisting of the ranges of all assignedmargins and is bi-directionally linked
to the design space (Guenov et al. 2018). Once the interval of each margin is defined, the
Margin Space results from the Cartesian product of all margins. Each point in the Margin
Space is considered amargin combination, of which the feasibility depends onwhether the
resulting performance meets the constraints. One relevant limitation is that margin evolu-
tion due to changing uncertainty is not accounted for (Guenov et al. 2018). For instance,
validating assumptions would reduce epistemic uncertainty, which in turn should prompt
a decrease in the levels of mitigating margins.

2.4. Research gaps

In summary, a change in an assumption is a potential initiator of a design change, while a
margin is an important potential change absorber. However, not much has been explored
regardingestablishing anexplicit pathwhich connects assumptions, changes, andmargins.
Specifically:

(1) When assumptions are revised, there is a lack of effective methods to identify appro-
priatemargins to absorb design changes before they propagate to other components.
Such amethodwould necessarily have to account for non-physical dependencies, such
as the links between requirements, functions, and computational models.
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(2) There is a lack of methods to support the trade-off between different options if two or
more margins are linked to a single change initiator.

A framework for assumption-margin management aiming to close these gaps is pro-
posed in the next section.

3. Proposed framework

The proposed framework for assumption-margin management is described in this section.
Aprerequisite for the applicationof the framework is an initial definitionof the systemarchi-
tecture (including a list of assumptions, margins, and their links), which should be stored
as a Design Belief Network (DBN), using the method developed in (El Fassi 2021; El Fassi,
Guenov, and Riaz 2020). This is briefly explained in Section 3.1.

The proposed framework consists of three parts:

(1) a taxonomy of margins and their formulations;
(2) an algorithm extended from (El Fassi 2021; El Fassi, Guenov, and Riaz 2020) for change

absorber localisation;
(3) a margin trade-off approach, adapted from (Guenov et al. 2018) and enhanced with

some assumption-related guidelines from (El Fassi 2021; El Fassi, Guenov, and Riaz
2020).

These three parts are described in detail in Sections 3.2, 3.3, and 3.4, respectively.
As illustrated in Figure 3, the starting point of the process is the availability of newknowl-

edge, obtained from analysis and/or experiments, conducted after the initial definition of
the system. As relevant knowledge is gained during the process, the confidence levels of
all the assumptions need to be reviewed periodically (Block 1 in the flowchart), which leads
to a list of revised assumptions. For each revised assumption, an algorithm is applied (Block
2) to detect change absorbers by scanning the margins stored in the predefined DBN. The
algorithmalsodetects other assumptionson thepath, between the initially revisedassump-
tion and the margins identified. These (newly-detected) assumptions can also be affected
due to the design change. Therefore, the designer is notified to decide if the affected
assumptions need to be revised as well. In such a case, the algorithmwill be further applied
to the affected assumptions to detect additionalmargins. This processwill be repeated iter-
atively until the designer has revised all the affected assumptions (illustrated by ‘Route a’ in
Figure 3).

At this point, a set of margins should be identified for all the assumptions (both initially-
revised and further-affected). Once identified, the trade-off strategy adapted from Guenov
et al. (2018) is used to adjust the magnitudes of these margins according to assumption-
related guidelines adapted from El Fassi, Guenov, and Riaz (2020) and El Fassi (2021)
(Block 3).

If there are not enough change absorbers, or there are no feasible solutions after
the trade-off, a design change/iteration will be inevitable (Block 4). This may involve the
allocation of new margins, change of the system definitions, or even the requirements
(Route b).
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Figure 3. Flowchart of the assumption revision and margin trade-off process.

3.1. Design belief network (DBN)

A system architecture can be defined as ‘the embodiment of concept, the allocation of
physical/informational function to the elements of form, and the definition of relation-
ships among the elements andwith the surrounding context’ (Crawley, Cameron, and Selva
2016). Functional reasoning, i.e. defining the functions tobeperformedby the system, plays
a central role in system architecting (Umeda and Tomiyama 1997). One approach to func-
tional reasoning is the RFLP paradigm (Kleiner and Kramer 2013) (illustrated in Figure 4),
which is basedon theVDI 2206 standarddesignmethodology formechatronic systems (VDI
Verein Deutscher Ingenieure. 2004). RFLP considers that system architecting is distributed
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Figure 4. Requirements-Functional-Logical-Physical-Computational (RFLPC) representation of engi-
neering systems, augmented with a computational domain (adapted from (Jimeno Altelarrea 2021)).

over four notional domains: ‘Requirements’, ‘Functional’, ‘Logical’ and ‘Physical’ (hence the
abbreviation ‘RFLP’).

The DBN is a graph-theoretical structure that can be used to capture assumptions and
their dependencies during system architecting, underpinned by RFLP. The DBN presented
here relies on two building blocks: (1) the approach from Bile et al. (2018), who proposed to
augment the RFLP representation of engineering systems with a ‘Computational’ domain
(C) for model-based design, thereby enabling automated systems sizing and performance
assessment (as illustrated in Figure 4); and (2) the graph-theoretical structure from Guenov
et al. (2020) which captures the dependencies between the R-F-L-C domains.

The Computational domain consists of a computational workflow (illustrated in
Figure 4), which can be defined as ‘an ordered set of computational models’ (Jimeno Alte-
larrea et al. 2020). Such models are associated with components to assess their behaviour,
and the computational workflow sets the execution order of the models. The Computa-
tional domain can be used to capture margins and assess their impact on performance,
thus supporting margin trade-off. The Physical domain captures (usually in CAD/PLM for-
mats) the physical connectivity, topology, and spatial layout of the evolving product. It is
an important domain which currently is out of scope in this research.

A DBN graph,G(V , E), consists of a set of its vertices (nodes), V , and edges, E. The nodes
of the DBN graph correspond to the captured elements of the R-F-L-C domains (i.e. require-
ments, functions, components, computational models, parameters, andmargins), whereas
the edges of the DBN graph correspond to the dependencies between the nodes (e.g. an
edge connecting a component and the function it realises, or an edge connecting a require-
ment and its underlying assumption(s)). Additional information is carried by the attributes
of each node, for instance, the confidence level of an assumption, the status of a compo-
nent (frozen/unfrozen), themagnitudeof amargin, and so forth. Figure 5 illustrates thedata
structure of the DBN.

Assumptions and their dependencies are captured as the system is being defined. An
example of a DBN in the context of the conceptual design of a fighter aircraft can be found
in (El Fassi 2021), and a simplified example is illustrated in Figure 6. For instance, it can be
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Figure 5. Design Belief Network (DBN) data structure (El Fassi 2021).

Figure 6. Simplified illustration of a DBN (adapted from (El Fassi, Guenov, and Riaz 2020)).

assumed that 30% of the structure is to be made of composite material which, as shown
in Figure 6, affects both the ‘Wing’ component and the computational model for aircraft
weight estimation. To capture this assumption, a new instance of the assumption class (cf.
Figure 5) can be created and linked to the wing component via a software implementa-
tion of the DBN method. Similarly, an instance of the margin class (cf. Figure 5) can be
created in the computational domain and assigned to the output of the weight estimation
model in order to accommodate the uncertainty. As the design progresses, the assump-
tions made, as well as their dependencies, are gradually captured by the designer. Further
details regarding the DBN can be found in (El Fassi 2021; El Fassi, Guenov, and Riaz 2020).

3.2. Margin taxonomy and formulation

Consider the computational designproblem illustrated in Figure 7. The variables relevant to
the design problem can be classified into four categories: design variables (x), parameters
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Figure 7. Context of a computational design problem.

(p), model outputs (y), and requirements (r∗ and y∗). The design variables (shown in the
green boxes in Figure 7) define the system under consideration. Their values are controlled
by a designer or an optimiser. The parameters are indicated by the blue colour. Their val-
ues are pre-defined in the design process according to existing knowledge or are assumed
if such knowledge is not available. The variables in the yellow boxes in Figure 7 repre-
sent design requirements, which are also pre-defined in the design process. A subset of
these requirements is used asmodel inputs (r∗) while others are used to formulate problem
constraints (y∗).

Mathematically, the first subset of requirements (r∗) is equivalent to the parameters (p).
However, their values are subject not only to knowledge/assumptions, but also to the cus-
tomer needs, which makes them less negotiable. The red block in Figure 7 indicates the
output produced by a computationalmodel, where the latter can be regarded as a function
of the design variables, parameters, and (input) requirements, i.e.:

y = f (x, p, r∗), (1)

where the computed output can be further subject to a set of constraints, such as:

y ≤ y∗ or y ≥ y∗. (2)

If an optimisation paradigm is adopted, the model output can also be defined as an objec-
tive function formaximisation orminimisation, which is beyond the scope of this paper, but
does not affect generality.

The margins are shown in Figure 7 in the grey boxes. Within the scope of this research,
four categories of margins are considered and illustrated in Figure 8. On the left side of the
figure is a two-dimensional space of r∗ and p, while the right part of the figure is a one-
dimensional axis, y. The first category of margins encompasses those allocated to account
for the uncertainty associated with the assumed parameters. For example, p is a parameter
and its value is preferred to be lower (to produce a better performance). Given an initial
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Figure 8. Illustration of four types of margins.

assumed value p0, the marginmp on this parameter should accommodate a less optimistic
value of p compared with the current expectation (that is, a higher value of p). This is illus-
trated by the solid blue arrow in Figure 8(a) and its influence on the computed output y
is shown by the dashed blue arrow in Figure 8(b). Mathematically, the margin can also be
formulated as:

p′ = p0 ∗ (1 + mp) (3)

The second category consists of those margins allocated to account for the uncertainty
associated with the computational models employed in the design process. Consider y as
a performance output (e.g. the landing distance) and assume its value is preferred to be
lower. Given that the nominal computed value is y0, the marginmy should accommodate
a scenario where the actual value of y turns out to be higher than the prediction (landing
distance longer than expected). This is illustrated by the solid red arrow in Figure 8(b), and
the corresponding formulation is:

y′ = y0 ∗ (1 + my) (4)

The third category encompasses margins allocated to account for the uncertainty associ-
ated with the requirements (in case they become more stringent, e.g. we want to further
reduce the landing distance). As discussed earlier, some of the requirements (such as r∗) are
used as model inputs and mathematically equivalent to the parameters. This is illustrated
by the solid yellow arrow in Figure 8(a) and its influence on the computed output y is shown
by the dashed yellow arrow in Figure 8(b).

r′ = r0 ∗ (1 + mr) (5)
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The margin on the constraint requirement y∗ is illustrated by the solid yellow arrow in
Figure 8(b) and can be formulated as:

y∗′ = y∗
0 ∗ (1 − my∗) (6)

The last category of margins is defined as the distance between the derated performance
(e.g. computed landing distance, plus a reserve) and the enhanced requirements (e.g.
required landing distance, minus a reserve), as illustrated by the solid black arrow in
Figure 8(b). Although the value of this margin cannot be controlled directly, it serves as an
indicator of reserve/contingency left to absorb design changes caused by other unforeseen
scenarios (i.e. ‘unknown unknowns’).

myy∗ = y∗′ − y′

y∗′ (7)

3.3. Change absorber localisation

During the design process, assumptions may be revised as a result of new knowledge
gained from analyses and/or experiments which are performed after the initial definition
of the system. Such revisions may lead to design changes if critical assumptions turn out
to be invalid or less credible. If such a scenario occurs, the second part (implemented as an
algorithm) of the margin management framework is employed to detect:

• A list of margin/assumption localisation paths which start from the revised assumption
(acting as a Change Initiator) and end with margins (acting as Change Absorbers).

• The type of each margin/assumption localisation path, based on the relationship
between the revised assumption and identified margins (as illustrated in Figure 9).

• Assumptions associated with elements along the identified path.
• Components along the identified path which are specified as frozen.

As mentioned earlier, the input to the algorithm is a predefined Design Belief Network
(DBN), where elements of the system architecture are stored as nodes, while the depen-
dencies between each other are stored as edges. Additional information is carried by the
attributes of the node, for instance, the confidence level of an assumption, the status
(frozen/unfrozen) of a component, the magnitude of a margin, and so forth.

Figure 9. Illustration of different path types.
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Table 1. Notations of the objects in the algorithm.

Category Symbol Definition

Node/Single Attribute a The revised assumption
mi The ith margin
ci,j The jth component in the ith margin/assumption localisation path
ti The type of the ith margin/assumption localisation path

List of nodes pi The ith margin/assumption localisation path (List of nodes {a, . . . ,mi})
ci List of components in the ith margin/assumption localisation path
cFi List of frozen components in the ith margin/assumption localisation path
ai List of assumptions associated with the nodes along the ith path
t List of types for all the margin/assumption localisation paths {t1, t2, t3 . . .}

List of Lists P A list of all the margin/assumption localisation paths {p1,p2,p3 . . .}
CF A list of lists of frozen components in each path {cF1, cF2, cF3 . . .}
A A list of lists of affected assumptions in each path {a1,a2,a3 . . .}

Operation len(∗) Length of the list, defined as the number of nodes in the list
DP(∗, ∗) Shortest path between the two nodes using Dijkstra’s search algorithm

Graph G The Design Belief Network (DBN)

The detailed steps of the algorithm and the notion of the involved objects are presented
in Table 2 and Table 1, respectively. The notation rules are as follows: (1) A node or a single
attribute is noted in a nonbold lowercase; (2) A list of nodes is noted as a bold lowercase;
(3) A list of lists is noted as a BOLD UPPERCASE.

In lines 3–7, given a revised assumption (a) and for each margin (mi) recorded in the
design belief network (G), Dijkstra’s search algorithm (Dijkstra 1959; Saoub 2017) is used
to find the shortest path pi , which is a list of linked nodes from a tomi, with the minimum
number of nodes (including requirements, functions, components, models, variables, etc.)
in between. All the paths are stored in P, in ascending order of length, that is, the num-
ber of nodes in each path. Note that this is based on the graph traversal algorithm, which
involves no optimisation, but rather a ranking process. The resulting ‘shortest’ path is not
necessarily the ‘optimal’ one, because optimality relies on additional factors, such as the
ease of modifying a component, extra cost introduced, and so forth.

In lines 8–30, each path is explored (traversed), to determine its type and to record the
associated components and assumptions that may be further affected. Specifically, in lines
10–11, if a andmi are the only two nodes in themargin/assumption localisation path, then
this margin is directly linked to the assumption, which defines the path type as ‘Direct’
(illustrated by the blue arrow in Figure 9). This occurs only if the link is defined manu-
ally when creating the system architecture and the corresponding design belief network
(before revision of the assumptions).

In lines 12–13, if there is only one component node in the margin/assumption localisa-
tion path, then the type will be noted as ‘Elementary’, because other components will not
be influenced (illustrated by the green arrows in Figure 9). If there is more than one com-
ponent, lines 14–22 constitute a check of the relationships between these components. In
a path, if the previous component is always a Child node of the subsequent one, the path
is considered as ‘Ascendant’ (illustrated by the orange arrow), otherwise the path will be
noted as ‘Ascendant-Descendant’ (illustrated by the red arrow). In a practical design setting,
this may necessitate a coordination process between multiple designers or design teams.
The Parent–Child relationships are captured from the DBN. If the path is neither ‘Direct’ nor
has any associated components, the type will be noted as ‘Undetermined’ and left to the
designer to make a judgement. The type of each path ti will be stored in a list called t.
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Table 2. Change absorber localisation algorithm.
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Additionally, the Status attribute of each component within each path can be checked
to determine whether that component has been frozen. Such information is also expected
to support the assessment of change impact, in the sense that frozen components are
more costly to change. In lines 26–27 and lines 28–29, the frozen components and affected
assumptions each along the margin/assumption localisation path will be recorded and
stored in CF and A, respectively.

Note that in Figure 9, ci is the unique notation of the ith component in the architec-
ture. In the algorithm and Table 1, each component ci,j has two subscripts indicating the
path and sequence, that is, the same component can have different indexes in different
paths.

3.4. Margin revision and trade-offs

By applying the algorithm presented in Section 3.3, for each revised assumption, a list of
margin/assumption localisation paths will be generated and sequenced in an ascending
order of path length. Each path is terminated with a margin that can potentially be used as
a change absorber.

If the confidence level of an assumption increases, the associated margins could be
reduced, as there is a lower risk for the assumption to be invalid. On the other hand, the
associatedmargins should be increased if the assumption becomes less credible or invalid.
However, the margins cannot be modified arbitrarily without impacting the feasibility and
performance of the design solution. In addition, there are multiple candidate margins for
each revised assumption, which leads to different possible solutions.

To tackle these issues, a set-based approach from Guenov et al. (2018) is adopted. It
enables interactive trade-off studies such that a set of feasible and promising solutions can
be identified. Specifically, the method considers trade-offs between three pairs: (1) mar-
gins andmargins/design variables; (2) margins and performance variables; (3) margins and
probabilities of constraint satisfaction. For that purpose, design of experiment studies is
employed to populate the design space and margin space. By visualising the constraints
using contour plots, a set of feasible solutions could be down-selected.

An illustrative example with two design variables (x1, x2), twomargins (m1,m2), and one
constraint is given in Figure 10,where each greenpoint indicates a solution (that is a combi-
nation of x1, x2,m1,m2 values) in the design-margin space. The points located in the white
regions are feasible solutions, which satisfy the constraint; while those in the grey regions
are infeasible solutions, which violate the constraint.

In Figure 10(a), selecting different points (DP1 and DP2) in the design space leads to
different feasible regions in themargin space. In this example, choosingDP1would result in
more feasible margin combinations, compared with DP2. In Figure 10(b), the designer first
selected a point in the design space and then a point in the margin space. It can be seen
that after applying the margins, the feasible region in the design space has been reduced.
The margin-performance and margin-probability trade-offs can be performed in a similar
manner, by linking points in the margin spaces to Pareto fronts and probabilities in the
corresponding output spaces, respectively.

Asmentioned earlier, there aremultiple candidatemargins for each revised assumption.
Subsequently, the dimensions of the combinatorialmargin space could be very high,which
may lead to prohibitive computational cost in producing the design set.
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Figure 10. Trade-offbetweenmargins andothermargins/design variables (adapted from (Guenov et al.
2018)).

Therefore, the following strategies are adopted to gradually accommodate more mar-
gins in the trade-off study. The strategies are based on the lengths and types of the
margin/assumption localisation paths, which are produced by the algorithm as presented
in Section 3.3.

For each revised assumption, its directly associated margin should first be included in
the trade-off study. If any of the following scenarios are encountered: (1) the assumption is
not directly linked to any margins; (2) there are no feasible solutions after the trade-off; or
(3) the performance has been substantially impacted; then the margins located in the ‘Ele-
mentary’ paths should be included as additional options. If the trade-off results are still not
satisfactory, the margins located in other paths should also be included. Within each cate-
gory of paths, the margins with the shortest distance to the revised assumption should be
included first. Finally, amargin/assumption localisationpath shouldbeavoided if it contains
nodeswhich are ‘frozen’ components. Itmust be emphasised that the strategies above only
serve as guidelines, and it is the choice of the designer to include their margin candidates.
In practice, the choices may also be subject to other factors which are difficult to quantify,
such as the cost of changing a specific margin. This part is beyond the current scope of the
paper.

4. Demonstration

The proposed framework is demonstratedwith a realistic, but not real case study, adapted
from Raymer (2018). It concerns the conceptual design of a lightweight fighter aircraft. The
original use case is augmented here with additional hypothetical requirements regarding
the futureupgradability of structuralmaterials, engine, andweapon systems. This illustrates
a realistic scenario where novel, but less mature technologies are considered at an early
design stage for product evolvability.
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Due to a lack of historical data and prior experience, assumptions are made to fill
knowledge gaps and margins are assigned to mitigate risks. Apart from the perspective of
design evolvability, assumptions and margins are also defined to account for uncertainty
introduced by parameters, computational models, and flexible requirements.

4.1. Use-case description

4.1.1. Architecture definition in R-F-L domains
This section defines the system architecture of the aircraft in the Requirement (R), Func-
tional (F), and Logical (L) domains. The Physical (P) domain (e.g. digital mock-up) is not
included here for the sake of simplicity.

In the original example from (Raymer 2018), the requirements are defined in line with
the details of each mission segment (e.g. take-off, climb, cruise, acceleration, supersonic
dash, combat, loitering, and landing). In this illustrative example, these requirements are
simplified and grouped into three categories, as summarised in Table 3. In the computa-
tional domain, the first category is associated with design inputs, which are equivalent to
the r∗ in Equation (1). The second category is specified on performance outputs and for-
mulated as (inequality) constraints, as defined by Equation (2). The third group represents
non-numerical requirements associated with the evolvability of the aircraft.

The functional and logical domains are defined using an in-house tool called AirCADia
Architect (Guenov et al. 2020). The hierarchical decomposition views of the functions and
components are illustrated in Figures 11 and 12, respectively. In the definition of the archi-
tecture, the links between the functions and components are also captured, as illustrated in
Figure 13. The hierarchical decompositions together and the cross-domain links are stored
as an integrated graph in the software.

4.1.2. Computational domain
The schematic view of the computational domain is shown in Figure 14. Here, the same
colour scheme as in Figure 7 is used to distinguish different types of variables (as discussed
in Section 3.2). Note that this is the computational workflow before margin allocation and
all the variables are defined with their initial/nominal values.

The design variables include aircraft wing loading and thrust-to-weight ratio, which are
typical variables used in initial aircraft sizing. Theparameters are related to the aerodynamic
and engine performance, which need to be assumed based on existing aircraft with similar
characteristics. The model outputs include take-off and landing rolling distances, as well
as the sustained turn load factor, computed with equations from (Mattingly et al. 2018;

Table 3. Use-case requirements.

Categories Symbol Description

Design inputs r1 Total combat range (outbound+ inbound) is 500 nautical miles
r2 Total combat time is 3 min
r3 Total payload weight is 1,240 pounds

Performance outputs r4 The take-off ground rolling distance should be less than 1,000 ft
r5 The landing ground rolling distance should be less than 1,000 ft
r6 Maintain a sustained turn in combat of at least 5 g

Evolvability requirements r7 Aircraft must be adaptable to incorporate a future advanced engine
r8 Aircraft must be adaptable to incorporate future advanced weapon systems
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Raymer 2018). The right-hand side of theworkflow is the so-calledmass-fuel loop that com-
putes the take-off weight of the aircraft. Further details of each variable are summarised in
Table 4.

4.1.3. Assumptions andmargins
During the design process, a set of assumptions aremade to fill gaps in knowledge. As sum-
marised in Table 5, the assumptions can also be categorised into three groups. The first
category of assumptions is made up of the values of the parameters (as defined in Table 4),
the second is associated with ensuring adequate provision for the incorporation of poten-
tial future technologies, whereas the third accounts for potential changes in requirements

Figure 11. Functional decomposition view of the example.

Figure 12. Product decomposition view of the example.
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Figure 13. Function-means mapping of the example.

Figure 14. The example use-case computational domain.
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Table 4. Details of each variable in the computational domain.

Categories Name Symbol Description

Design
variables

Wing loading [lb/f t2] WoS Aircraft take-off maximumweight, divided
by wing reference area.

Thrust-to-weight ratio ToW Aircraft sea level static thrust divided by
maximum take-off weight.

Parameters Cruise zero-lift drag coefficient CD0 Drag coefficient at zero lift (lift and drag
coefficients are non-dimensional
variables representing aircraft
aerodynamic performance. They are
defined as a force divided by wing
reference area and dynamic pressure).

Maximum lift coefficient CLmax Maximum lift coefficient in take-off and
landing configurations (with high-lift
device fully deployed).

Cruise thrust specific fuel consumption
[lb/hr/lb]

SFC Mass of fuel consumed by the engine
during cruise per unit time and per unit
of thrust generated.

Engine thrust lapse rate in combat
conditions

aCB Maximum available thrust from engine in
combat condition (0.9 Mach, 30000 ft)
divided by the sea level static thrust.

Requirements Required combat range [nm] R∗
CB Outbound+ inbound travelling distance

to the combat zone (r1 in Table 3).
Required combat time [min] t∗CB Time of the aircraft in combat manoeuvre

and thrust setting (r2 in Table 3).
Required payload weight [lb] W∗

P Total weight of weapons (missiles and
ammunition) and other detachable
mission related equipment, such as tar-
geting pods, Electronic Countermeasure
(ECM) pods, and so forth (r3 in Table 3).

Required take-off rolling distance [ft] S∗TOR Distance for the aircraft to accelerated from
static to lift-over during take-off.

Required landing rolling distance [ft] S∗LDR Distance for the aircraft to decelerate from
touch down to full stop during landing.

Required load factor in sustained turn n∗
ST Load factor for the aircraft to maintain in

a sustained (i.e. without losing speed)
turn in combat.

Performance
output

Empty weight fraction WE/W0 The ratio between empty weight and
take-off weight (the former is defined
as the aircraft weight excluding crew,
payload, and fuel).

Fuel weight fraction WF/W0 The ratio between fuel weight and take-off
weight.

Take-off weight [lb] W0 Weight when the aircraft starts to take-
off, with full load weapons and fuel
(excluding the fuel burn during warmup
and taxiing).

Computed take-off rolling distance [ft] STOR The actual computed ground rolling
distance in take-off, which should be
less than S∗TOR .

Computed landing rolling distance [ft] SLDR The actual computed ground rolling
distance in landing, which should be
less than S∗LDR .

Computed load factor in sustained turn nST The actual computed load factor in
sustained turn, should be larger than
n∗
ST .

in the future (beyond the first entry-into-service date). Both the second and third categories
of assumptions are related to the evolvability of the aircraft.

To mitigate the risks introduced by the assumptions and other sources of uncertainty,
the followingmargins are allocated (summarised in Table 6). The first category ofmargins is
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Table 5. Assumptions made for the design case-study.

Categories Symbol Description Confidence level

On parameters a1 The zero-lift drag coefficient CD0 is
assumed to be 0.014 in accordance
with existing aircraft of similar
configuration.

Moderate

a2 The maximum lift coefficient during
take-off and landing, CLmax , is
assumed to be 1.8 according to
data on existing aircraft of a similar
configuration.

High

a3 The baseline engine specific fuel
consumption SFC is assumed to
be 1.18 according to data for an
existing engine on a similar aircraft.

Moderate

a4 The engine thrust lapse rate in combat
condition aCB is assumed to be 0.53
according to data on existing engine
on a similar aircraft.

Moderate

On future technology a5 Future engine will offer 20% lower fuel
consumption (�SFCEng = −20%).

Moderate

a6 Future high-energy weapon system
will require 10% more power
consumption (�SFCWpn = 10%).

Low

a7 Future high-energy weapon system
will be 10% heavier than the
current weapon combinations
(�W∗

P = 10%).

Low

On future requirements a8 Future mission will require 10% extra
range (�R∗

CB = 10%).
Moderate

a9 Future mission will require 10%
reduction in take-off rolling distance
(�S∗TOR = −10%).

Moderate

used to accommodate uncertainty associated with the assumed parameters. Note that the
−20% and +10% in the formulation of SFC′ come from assumptions a5 and a6 in Table 5,
which account for the influence of the future engine and weapon systems, respectively.
Margins in the second category are allocated to the output of the computational mod-
els. Margins in the third category are allocated to the requirements to make them more
stringent. Note that the 10% deviations are added according to assumptions a7, a8, and
a9, respectively. Margins in the last category are computed as the distance between the
derated performance and the enhanced requirements.

If a margin is assigned directly for a specific assumption, the link should be recorded in
the DBN. However, there is not necessarily a one-to-onemapping relationship between the
assumptions and margins. For example, the designer may decide not to allocate any mar-
gin for the assumed CLmax , due to the high confidence in available information. In addition,
onemargin could be used to account for uncertainty associatedwithmultiple assumptions.
For instance,m2 on the engine SFC can be linked to a3, a5, and a6. Indeed, allocating a sep-
aratemargin for each of these three assumptionsmay provide better traceability, but it will
also complicate the problem in terms of additional variables and equations. It is up to the
designer to formulate the problem considering other factors, such as available resources.

On the other hand, multiple margins can be allocated to cover a single assumption. In
this case study, both m8 and m9 can be used to accommodate a potential future change
in the requirement on take-off rolling distance. While m8 is controlled by the designer to
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Table 6. Margin allocated for risk mitigation.

Category Symbol Justification Formulation

On parameters m1 To account for potentially
underestimated CD0

CD0 ′ = CD0 ∗ (1 + m1)

m2 To account for potentially
underestimated SFC

SFC′ = SFC ∗ (1 − 20% + 10% + m2)

m3 To account for potentially
overestimated aCB

aCB ′ = aCB ∗ (1 − m3)

Onmodel outputs m4 To account for potentially
underestimatedWE/W0

(WE/W0)
′ = WE/W0 ∗ (1 + m4)

m5 To account for potentially
underestimated STOR

STOR ′ = STOR ∗ (1 + m5)

On requirements m6 To account for potentially more
stringent requirement ofW∗

P (more
payload weight)

W∗′
P = W∗

P ∗ (1 + 10% + m6)

m7 To account for potentially more
stringent requirement of R∗

CB (longer
combat range)

R∗′
CB = R∗

CB ∗ (1 + 10% + m7)

m8 To account for potentially more
stringent requirement S∗TOR (shorter
take-off rolling distance)

S∗′
TOR = S∗TOR ∗ (1 − 10% − m8)

Computed margins m9 Computed margin between the
required and computed take-off
rolling distance

m9 = S∗TOR
′ − S′TOR
S∗TOR

′

m10 Computed margin between the
required and computed landing
rolling distance

m10 = S∗LDR
′ − SLDR
S∗LDR

′

m11 Computed margin between the
required and computed sustained
turn factor

m11 = nST − n∗
ST

′

n∗
ST

′

actively move the constraint,m9 is computed as a result. A positive value of the latter will
be able to accommodate unforeseen scenarios which require the aircraft to take off within
a further shortened distance (e.g. a damaged runway).

Finally, amargin can be allocatedwithout direct link(s) to any assumptions. This is exem-
plified by m4 and m5, which are allocated to account for discrepancy of computational
results, while the assumptions are implicitly embedded in the corresponding models.

The complete definition of all the requirements, functions, components, models, vari-
ables, assumptions, and dependencies between those entities have led to 69 nodes and
199 edges in theDBN,which is illustrated as aDesign StructureMatrix (DSM) in Figure 15 (in
the Appendix). This DBN is used as a starting point for the assumption revision andmargin
trade-offs.

4.2. Initial design space exploration

After setting up theproblem, an initial DoE study is performed topopulate the design space
of wing loading (WoS) and thrust-to-weight ratio (ToW). The initial values of all themargins
are fixed at 10%. This value is selected arbitrarily for illustration purposes only. In a practical
design case, the values could be based on statistical data or expert elicitation.

The study results are produced and visualised using an in-house software, AirCADia
Explorer (Guenovet al. 2014a; 2014b). A screenshot of theoutput of the software is shown in
Figure 16 (with enhanced font sizes for clarity). Figure 16(a) depicts the design space ofWoS
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Figure 16. Initial design space exploration study results.

and ToW , where each green point is a design solution (a combination ofWoS and ToW). The
constraints are plotted as contour lines which delimit the feasible and infeasible regions in
the design space (coloured in white and grey, respectively).

Shown in Figure 16(b) is a scatter plot of the performance space, showing the resulting
take-off weights (W0) and load factors in sustained turn (nST ). Here, the feasible and infeasi-
ble design solutions are indicated by green and red points, respectively. The blue points are
the ‘Pareto’ solutions (although this is not a strict optimisation study) with nondominated
W0 (lower the better) and nST (higher the better).

Figure 16(c) depicts a Parallel Coordinate Plot (PCP) (Inselberg 2009) of the high-
dimensional space of all the variables, using the same colouring scheme as in Figure 16(b).
In this plot, each vertical axis represents a variable while each polyline represents a single
point in the multi-dimensional space. Specifically, the three axes on the rightmost side are
the computed margins, as defined in Table 6.

4.3. Revision of assumptions andmargin trade-offs

Consider an example scenario where new knowledge is introduced through a series of
more comprehensive analyses (e.g. regarding aerodynamics, propulsion, weapon systems,
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Table 7. Revision of assumptions.

Assumptions Confidence level legacy Confidence level updated

a1: Zero lift drag coefficient Moderate High
a2: The maximum lift coefficient in take-off and
landing

High Moderate

a3: The baseline engine specific fuel consumption Moderate Low
a4: The engine thrust lapse rate in combat condition Moderate Moderate
a5: Expected lower fuel consumption due to more

efficient engine
Moderate Low

a6: Expected required high power off-take due to
advanced weapon system

Low Low

a7: Future requires higher payload Low Moderate
a8: Future required combat range Moderate Moderate
a9: Future required take-off rolling distance Moderate Moderate

and so forth), which leads to a revision of the assumptions made earlier. This process is
represented by block 1 of the flowchart in Figure 3.

Specifically, the confidence levels of the assumed zero-lift drag coefficient (a1) and
expected future payload increment (a7) have increased. Meanwhile, the confidence lev-
els of the assumedmaximum lift coefficient (a2), baseline engine specific fuel consumption
(a3), and the expected reduction of the future engine specific fuel consumption (a5) have
decreased. The affected assumptions are emphasised in bold fonts in Table 7. The legacy
(i.e. confidence levels prior to revision), and updated confidence levels are also provided.

For each of the affected assumptions, the algorithm proposed in Section 3.3 is applied
to detect potential margin/assumption localisation paths which end with suitable margins
(Block 2 in Figure 3). A complete summary of all themargin/assumption localisation paths is
provided in Table 8 (see Appendix). In this case study, it indicatesm1 for a1,m6 for a7,m2 for
both a3 and a5. Whilst thesemargins are directly linked to the corresponding assumptions,
there are no margins specifically allocated for a2, where the shortest margin/assumption
localisation path leads tom5.

After identification of the margins, a trade-off study (Block 3 in Figure 3) is performed
by exploring different combinations of their values, using methods described in Section
3.4. For assumptions a1 and a7, the confidence levels have increased. Therefore, the corre-
spondingmarginsm1 andm6 can be reduced (e.g. between 0% and 10%). For assumptions
a2, a3, and a5, which have reduced confidence levels, the corresponding margins m2 and
m5 need to be increased (e.g. between 10% and 20%). The results of the margins design
of experiment studies are shown in Figure 17. This figure illustrates the impact of mar-
gin revision on the feasible design space – the blue boxes indicate constraints which
become less stringent, while the orange boxes represent constraints that become more
stringent.

Figure 17(a) depicts the reference design space where all the margins are set with the
initial value of 10%. In Figure 17(b), the margin on the zero-lift drag coefficient CD0 (m1

as defined in Table 6) has been reduced from 10% to 0% due to the increased confidence
level on the corresponding assumption. This has led to slightly less stringent constraints on
the sustained turn load factor and take-off rolling distance (due to lower drag), while the
constraint on landing rolling distance has become more stringent (because it takes longer
time for the aircraft to deaccelerate in landing due to lower drag).
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Figure 17. Margins trade-off studies.

In Figure 17(c), increasingmarginm2 (as defined in Table 6) on specific fuel consumption
(SFC) from 10% to 20% has led to less stringent constraints on both the sustained turn load
factor and landing distance. This is because more fuel is burned during the mission, and
the weight fractions of the aircraft in combat and landing (compared with take-off) have
become lower. There is no impact on the take-off rolling distance as the weight fraction in
take-off is always 1. Note that the weight fractions should be distinguished from the actual
take-off weight, whichwill become larger if the specific fuel consumption is higher (asmore
fuel needs to be carried).

Figure 17(d) shows the influence of increasing marginm5 (as defined in Table 6) on the
computational model for take-off rolling distance. By increasing this margin from 10% to
20% (to account for a less credible maximum lift coefficient in take-off), the take-off con-
straint has become substantially more stringent, which requires a higher thrust-to-weight
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ratio (larger engine) and lower wing loading (more wing area). The margin on the payload
(i.e. m6 on W∗

P ) has no impact on the design space but will influence the actual take-off
weight of the aircraft.

It canbe seen that, in this specific example, the impact ofmargins on thedesign variables
is not dramatic. This is because both design variables (wing loading and thrust-to-weight
ratio) are ratios. The impact of the margins is more obvious on the ‘Pareto Front’ in the
performance space as shown in Figure 18. Figure 18(a) is the reference performance space
where the lower bounds of all the margins are set at 10%. The red points on the top-right
corner of each figure are the invalid solutions of which themass-fuel loops fail to converge.
In Figure 18(b), only the lower bounds ofm1 andm6 are reduced to 0%. In Figure 18(c), only
the lower bounds ofm2 andm5 are increased to 20%. In Figure 18(d), the lower bounds of
all themargins are increased or decreased according to the confidence level changes of the
corresponding assumptions. It can be seen that a higher value of the margins will shift the
Pareto front to the lower right corner of the performance space (resulting in a heavier and
less manoeuvrable aircraft). Such a shift in the Pareto front is expected when evolvability is
considered – a consideration that typically leads to a product that is ‘overdesigned’ for its
original purpose (Lim 2009; Long and Ferguson 2017; van Heerden, Guenov, and Molina-
Cristóbal 2019).

5. Conclusions and future work

Presented in this paper is a novel framework for managing (containing) assumption-driven
design change viamargin allocation and trade-offs. One essential feature of the framework
is that the relations between assumptions andmargins aremade explicit. The assumptions
are used to fill knowledge gaps and may be revised periodically when new knowledge is
introduced in the design process. This, in turn, could initiate a design change that needs to
be contained, if possible, by existing margins in order to mitigate the impact.

In this regard, a novel algorithm was proposed to detect a list of potential mar-
gin/assumption localisation paths, which start from the revised assumption and end at
different margins that can act as change absorbers. The algorithm also ranks the paths
according to the type and distance of each assumption-margin path. In contrast to exist-
ing change propagation methods, which are normally restricted to the logical domain, the
proposed approach traverses all domains in the R-F-L-C representation of engineering sys-
tems. Therefore, whether an assumption is related to a requirement, a solution, or any other
element, a change absorber couldbe foundby traversing the entire network. This capability
is made possible by the dependencies between assumptions, margins, and other elements
captured as part of the proposed DBN.

After identification of the most relevant margins (by the algorithm), interactive meth-
ods adapted from Guenov et al. (2018) are employed to trade off these margins according
to the credibility of the revised assumptions, while maintaining satisfaction of all the
design constraints and without over-compromise of the system performance. The pro-
posed frameworkwasdemonstratedusinga conceptual aircraft designuse case to illustrate
its practical value.

As this is a first attempt to integrate assumptions with margin management, a number
of limitations were identified, which form plans for future work:
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Figure 18. Impact of margins on the Pareto front location in the performance space.

• Scalability. The scalability of the proposedmethodswas not fully assessed, as only a lim-
ited number of assumptions and a simplified system architecture were covered in the
demonstration process. For example, many concurrent changes in assumptions could
potentially lead to conflicting suggestions for margin revision. To address this limita-
tion, belief merging and judgment aggregation (Pigozzi 2021) appear to be promis-
ing approaches to aggregate conflicting margin revision suggestions into a consistent
suggestion.

• Extensibility. The scope of the work presented here was confined to computational
design at the conceptual stage of complex product development. However, as pointed
out in (Koh 2017), change dependencies exist at different levels of abstraction across
different domains. Furthermore, assumptions could be subject to change through-
out the development process, up to the integration and test phases. If not managed
properly, this introduces a potential risk of nugatory iterations due to late changes.
In industry, such a risk is normally managed by a ‘stage-gated’ approach, augmented
with maturity metrics (Harrison 2010). The purpose of these is to ensure that systems
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mature in synchrony with each other. Therefore, the proposed approach and assump-
tionmanagement ingeneral need tobealigned/integratedwith thegateddesign review
process.

• Stochastic treatment of change propagation. The proposed framework aims to
accommodate a change (initiated by a revised assumption) before it propagates. If this
change cannot be absorbed by the existing margins, then change propagation meth-
ods can be applied as a further action. For example, the Change Absorber Localisation
method presented could potentially be extended to include the likelihood of changes
propagating from one specific component/subsystem to another, or the likelihood of a
specific margin to fully absorb a change. Although it may not always be possible to esti-
mate such likelihoods, one avenue that could be worth exploring is the use of historical
data or expert opinion. For instance, in Clarkson, Simons, and Eckert (2004), propagation
likelihoods between sub-systems were elicited from deputy chief engineers involved in
developing the EH101helicopter. Such a stochastic treatmentwould allowcapturing the
uncertainty inherent in change propagation, which is currently missing in the proposed
(deterministic) approach.

Data availability

The design of experiment study results as represented in Figures 16–18 can be accessed
through the Cranfield Online Research Data (CORD) repository system using the following
link: DOI:10.17862/cranfield.rd.23695158.
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Appendix

Figure 15. The example use-case Design Belief Network, stored as a design structure matrix.
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Table 8. Complete list of all the margin/assumption localisation paths.

Revised
Assumption Distance Path Type

a1 2 a1, m1. Direct
4 a1, v3, M1, m5. Undetermined
5 a1, v3, c7, M2, m4. Elementary
5 a1, v3, c6, r3, m6. Elementary
5 a1, v3, c6, a1, m7. Elementary
5 a1, v3, c6, r4, m8. Elementary
5 a1, v3, c6, r4, m9. Elementary
5 a1, v3, c6, r5, m10. Elementary
5 a1, v3, c6, r6, m11. Elementary
6 a1, v3, M1, c8, a5, m2. Elementary
6 a1, v3, M1, v6, a4, m3. Undetermined

a2 4 a2, v4, M1, m5. Undetermined
5 a2, v4, c7, M2, m4. Elementary
5 a2, v4, c7, r3, m6. Elementary
5 a2, v4, c7, a2, m7. Elementary
5 a2, v4, c7, r4, m8. Elementary
5 a2, v4, c7, r4, m9. Elementary
5 a2, v4, c7, r5, m10. Elementary
5 a2, v4, c7, r6, m11. Elementary
6 a2, v4, c7, v3, a1, m1. Elementary
6 a2, v4, M1, c8, a5, m2. Elementary
6 a2, v4, M1, v6, a4, m3. Undetermined

a3 2 a3, m2. Direct
4 a3, v5, M1, m5. Undetermined
5 a3, v5, c8, M2, m4. Elementary
5 a3, v5, c8, r3, m6. Elementary
5 a3, v5, c8, a3, m7. Elementary
5 a3, v5, c8, r4, m8. Elementary
5 a3, v5, c8, r4, m9. Elementary
5 a3, v5, c8, r5, m10. Elementary
5 a3, v5, c8, r6, m11. Elementary
6 a3, v5, M1, v3, a1, m1. Undetermined
6 a3, v5, c4, v6, a4, m3. Elementary

a5 2 a5, m2. Direct
4 a5, c8, M2, m4. Elementary
4 a5, c8, M1, m5. Elementary
4 a5, c8, r3, m6. Elementary
4 a5, c8, a5, m7. Elementary
4 a5, c8, r4, m8. Elementary
4 a5, c8, r4, m9. Elementary
4 a5, c8, r5, m10. Elementary
4 a5, c8, r6, m11. Elementary
5 a5, c8, v6, a4, m3. Elementary
6 a5, c8, M1, v3, a1, m1. Elementary

a7 2 a7, m6. Direct
6 a7, m6, r3, c5, a6, m2. Elementary
6 a7, m6, r3, c1, M2, m4. Elementary
6 a7, m6, r3, c1, M1, m5. Elementary
6 a7, m6, r3, F1, a7, m7. Undetermined
6 a7, m6, r3, F1, r4, m8. Undetermined
6 a7, m6, r3, F1, r4, m9. Undetermined
6 a7, m6, r3, F1, r5, m10. Undetermined
6 a7, m6, r3, F1, r6, m11. Undetermined
7 a7, m6, r3, c6, v3, a1, m1. Elementary
7 a7, m6, r3, c8, v6, a4, m3. Elementary
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