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Abstract

Feedback is essential in the design and development process, occurring in the generation of new designs, in the adaptation
of development projects to emerging information, and in coordination and collaboration of project participants—among
many other aspects. Feedback also contributes to development project complexity and may cause resistance to desirable
changes. But despite the importance of feedback in the design and development process (DDP), relatively few publications
have examined this topic in an integrated way. This article makes two contributions towards addressing the gap. First, a
conceptual framework is developed to organise perspectives on feedback in the DDP literature. The framework shows how
feedback occurs at different levels of the design and development process and how it affects important DDP behaviours,
namely goal-seeking, learning and emergence. Second, a system-theoretic model of feedback situations in the design and
development process is introduced to synthesise key ideas. We provide concrete examples to show how this new model can
be used to frame DDP situations and draw out feedback-related insight.

Keywords Feedback - Systems - Cybernetics - Design and development process - Engineering design - Feedback system
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1 Introduction This article offers a system-theoretic perspective on the
design and development process in terms of the feedback
that interconnects its behaviours and outcomes. We consider

The feedback loop [is] the basic element from which two closely related views on feedback:

systems are assembled” (Forrester 1968).

The design and development process (DDP) occurs in sys- — Feedback in terms of cybernetic (self)regulation or
tems of human activity, and as such can only be perceived ‘steering’. Here, the term describes situations in which
incompletely from the unique standpoint of each participant goal-directed action works to reduce the gap between the
or observer. In consequence, the DDP has been analysed perceived and desired states of a system;

from many perspectives. Some perspectives offer immedi- - Feedback in terms of circular flows of influence. Here,
ate guidance for practice, while others are theory-oriented. feedback can be perceived wherever the output of a pro-
Theoretical perspectives can require more interpretation cess later influences its input, directly or indirectly. This
to apply, but typically offer insight into a broader range of differs in an important way from the oft-discussed con-
situations. Their relatively high level of abstraction is also cept of reciprocal dependency, which may not imply a
appropriate when a situation is rich in ambiguity and com- process.

plexity—as is often the case in design and development.
In both these views, the emphasis is placed on how feedback
causes a system to evolve over time. For instance, feedback
is often associated with control and stabilisation, or with
54 David C. Wynn virtuous and vicious cycles leading to growth or decline
d.wynn@auckland.ac.nz of characteristics and behaviours. We use the term feed-
back system to refer to the set of elements and relationships
involved in some feedback processes under consideration. A
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multitude of interacting feedback systems can be perceived
in any design and development project.

More specifically, research literature indicates that feed-
back (viewed as goal-directed action and/or circular causal
flows) influences design and development in many ways
and at every process stage. For example, calculations, sim-
ulations and tests generate information based on which an
emerging design is adjusted (Ahmed et al. 2003). Managers
assign more resource when a project is seen to be falling
behind schedule (Reichelt and Lyneis 1999). Data gathered
by products in service are used to improve future product
generations, and increasingly, to enhance products already
in the field via software updates and data-driven features
(Li et al. 2019). Feedback is essential in human-centered
design because “without candid, actionable feedback from
people, we won’t know how to push our ideas forward”
(IDEO 2015). Feedback from users can also be instrumen-
tal in improving designs from one product generation to the
next. More examples of feedback systems in the DDP can
be readily identified (and many will be discussed throughout
this article).

As well as being ubiquitous, feedback is usually seen as
desirable in the DDP context—many design and develop-
ment process models recommend frequent and rapid feed-
back as a strategy to reduce the scope of rework loops, to
design in a complex and/or rapidly changing context, and
to help ensure an emerging product will meet ambiguous
stakeholder needs (see Wynn and Clarkson 2018, for a recent
review of such models). More generally, researchers have
shown that feedback can help to explain the emergence of
design ideas (e.g. Glanville 2007b), the processes of design
learning and collaboration (e.g. Sim and Duffy 2004; Dong
2004), and how development projects adapt in unexpected
ways to new information and changes (e.g. Chiva-Gomez
2004). But at the same time, feedback processes in a pro-
ject organisation cause resistance to desirable changes and
dynamic complexity that makes comprehension and effec-
tive decision-making difficult (Senge 1990). And as DDP
situations increase in scale, involving more participants,
design issues and interdependencies, more interacting feed-
back loops can be found within them (Maurer 2017).

In summary, the importance of feedback in the DDP is
widely appreciated in literature. But there are many per-
spectives with limited conceptual integration. In this article,
we develop a conceptual framework and system-theoretic
process model to synthesise some of the key ideas. The
conceptual framework maps the insights that can be gained
by appreciating the DDP in terms of the feedback systems
within it. The process model integrates ideas from some
previously distinct perspectives to indicate how the feed-
back essential to some important DDP system behaviours
is realised. In particular and in contrast to many existing
approaches, our framework and model incorporate selected
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insights from both (1) technocentric perspectives, in which
DDP feedback is perceived by analogy to the feedback in an
engineering control system or to natural feedback processes
involving balancing and/or self-reinforcement; and (2)
human-centric perspectives, in which emphasis is placed on
the intelligent and reflective DDP participant in relation to
the feedback system context. The integrated view presented
in this article can help to more comprehensively frame DDP
situations from a feedback systems perspective and to gener-
ate insight into those situations. We discuss several concrete
examples that show how it can help to perceive opportunities
for research and improvement.

2 Conceptual framework

The first contribution of this article, namely the conceptual
framework, was developed by integrative literature review
following a process similar to that used by Wynn and Eckert
(2017). The scope for the review was set on publications that
frame DDP situations in terms of feedback systems, empha-
sising feedback relating to human activity in the design and
development process, and/or to design cognition itself. Work
on feedback and related general systems principles that is
not explicitly set in the DDP context was considered where
appropriate to support the discussion, but is not comprehen-
sively covered. Once the scope had been determined, litera-
ture was sought through a snowballing approach, beginning
with internet search using relevant keywords, such as feed-
back, design, cybernetics, and so on. Key publication venues
for engineering design and product development research
were also searched and the search terms gradually expanded
to include other relevant concepts. Because feedback is a
well-established systems concept that has permeated much
of design and development literature to some degree, there
is an enormous number of directly or tangentially relevant
publications.! But since the objective was to develop and
elaborate a conceptual framework rather than to provide a
systematic literature review, we made decisions on what to
include and what to omit. Ultimately, the content of this
article reflects our own perspectives on the topic.
Concurrent with literature study, a conceptual frame-
work was proposed then iteratively developed. There were
two main objectives. First, the framework was intended to

! Some researchers have argued that feedback is necessary in any
system that performs a function. The TRIZ law of system complete-
ness, for example, states that a system to perform a function must
comprise four elements: a working unit to perform the task; an engine
to drive it; a transmission between the two; and a control unit (the
elements may involve people). This model has been applied to ana-
lyse systems in various domains including in business (Mann 2001)
and biomimetics (Helfman Cohen et al. 2014).
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Fig. 1 Nine perspectives on feedback in the design and development process, and selected publications that address them

express the range of DDP situations that have been treated
from a feedback systems perspective. Second, the frame-
work was intended to meaningfully organise a discussion
of concepts from literature. It was decided to base it on a
two-dimensional grid because this would provide structure
for relating concepts while also being simple to depict. As
literature study proceeded, the dimensions of the grid were
refined concurrently with the review text and with reference
to the objectives stated above. The framework was deemed
complete once it was able to relate concepts from litera-
ture in a meaningful way, and once further reading ceased
to prompt substantive changes. Finally, publications from
the bibliography were revisited to check the accuracy of
analysis.

2.1 Framework overview

The conceptual framework envisages a design and devel-
opment process to take place in a complex dynamic system
constituted by (1) the patterns of communication among
the process participants, as well as (2) the patterns of con-
nection that describe how each participant refers to and
modifies certain design models, project documents and
other representations as they work. On a more abstract
level these patterns can be viewed as flows of information.
The framework thus expands on the information process-
ing view of project organisations (see, e.g. Galbraith 1974;

Subrahmanian et al. 1997), in particular emphasising the
dynamic and circular nature of many information flows
involved. The framework also conveys the view that like
other complex systems, design and development situations
can be appreciated from different standpoints and there-
fore, the roles of feedback can be perceived in different
ways.

The framework relates nine perspectives or ‘windows’
onto feedback in the DDP by organising them along two
dimensions as shown in Fig. 1. The first dimension draws on
the observation that a variety of subsystems can be perceived
in most design and development situations, allowing for dif-
ferent views on the role of feedback. We consider three types
of subsystem, reflecting some of the main topics treated in
the reviewed literature:

— Activity subsystems and specifically the processes by
which individuals (or groups when viewed as acting in
unison) complete design and development tasks.

— Collaboration subsystems and specifically the processes
by which team members and other stakeholders work
together to complete design and development tasks.

— Management subsystems and specifically the processes
of managing design and development work, as done by
individuals managing their own work through to the
management processes in large-scale projects.

@ Springer
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The second dimension of the framework concerns some
dynamic behaviours of the DDP, in which feedback has
important roles:

— Goal-seeking concerns how a subsystem can approach its
goals and can absorb uncertainties and disturbances. The
value of goal-seeking to absorb uncertainty is exempli-
fied by a thermostat, which brings a room to a desired
temperature (the goal) although the outside temperature
and other system parameters are subject to variation.
Uncertainty is endemic in the design and development
process—examples of goal-seeking and uncertainty
absorption in this context include adjusting a design
solution to approach specifications in response to unfore-
seen test or analysis results, and reallocating resources to
ensure timely project delivery under unpredictable work-
load fluctuations.

— Learning concerns how a subsystem can develop knowl-
edge and adjust its behaviour, including in response to
a changing or ill-structured context. This is essential in
design and development at every level, due in part to the
inherent uniqueness of the work needed to realise a new
design.

— Emergence concerns how a subsystem can generate unex-
pected trajectories—for instance, how new designs can
be created and how work can be reconfigured to take
advantage of new insights and opportunities. Emergence
can also lead to adverse situations such as cost overruns
and design flaws.

All these subsystem types and behaviours can be perceived
in most design and development situations, and at different
scales. Hence, the nine perspectives of our framework pro-
vide windows onto DDP feedback that allow it to be viewed
from different, but interrelated standpoints.

While other ways to structure an analysis would be pos-
sible, this framework proved useful to relate key concepts
from literature and also to demonstrate how feedback is
intertwined through many aspects of the design and devel-
opment process. The nine perspectives are further clarified
by discussion of relevant work in the next subsections. The
work to be discussed ranges from highly conceptual and dis-
cursive in nature, through to research based on mathemati-
cal and computer modelling of DDP feedback situations.
Finally, it should be emphasised that the framework was
developed to relate concepts, not to classify literature, there-
fore it is not uncommon for a publication to address multiple
perspectives.

2.2 Feedback in DDP activity

Considering the first column of Fig. 1, design and devel-
opment activity takes place under incomplete or imperfect
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information and involves adjustments, learning and emer-
gence as new information becomes available. The involve-
ment of feedback in such activity is recognised in almost
all design process models. For instance, most stage-based
models of engineering design indicate loops from later
project stages to earlier ones, typically described as feed-
back (e.g. French 1999; Pahl et al. 2007) and/or iteration
(e.g. Hubka and Eder 1988). Also suggestive of feedback,
several theories of innovative designing involve cycles of
influence connecting different spaces or domains under
consideration by the designer. For instance in C-K theory,
knowledge (K-space) is needed to propose and modify con-
cepts (C-space), while consideration or testing of concepts
prompts the acquisition of new relevant knowledge (Hatch-
uel et al. 2004; Hatchuel and Weil 2009). In another exam-
ple, Parameter Analysis presents innovative designing as a
series of transitions between concepts and their realisation
in physical configurations, that influence one another (Kroll
2013). Other models describe cycles between the forms of
logic involved in analysis and synthesis (e.g. March 1984;
Kroll and Koskela 2016).

These are just a few examples—cyclic flows of influence
are central to many publications on design theory and design
processes. But such work does not usually emphasise sys-
temic issues that arise from the depicted feedback loops,
such as the influence of information quality and timeliness
on convergence and stability, the existence of vicious and
virtuous cycles, and many other feedback-related concepts to
be considered in this article. Many design and development
process models also do not clearly distinguish (1) feedback,
in the sense of cybernetic (self)regulation or circular flows
of influence as analysed in this article, from (2) iteration,
described by Wynn and Eckert (2017) as the revisiting of
tasks, issues, or aspects of a design for a variety of reasons.

The next subsections work down the first column of
Fig. 1, considering how feedback allows DDP activity to
proceed in a progressive and iterative way that involves goal-
seeking, learning and emergence of unforeseen outcomes.
To reiterate, we do not provide a comprehensive literature
review, but a discussion of key concepts that shows how
feedback is essential to DDP activity in a variety of ways.
The discussion focuses on work in which feedback and its
systemic implications are central topics.

2.2.1 Feedback and goal-seeking in DDP activity

In one seminal publication that discusses feedback and
goal-seeking in design activity, thereby addressing the top-
leftmost cell of Fig. 1, Simon (1981) describes designing
in terms of generate-test cycles in which alternatives are
proposed then evaluated against relevant goals and con-
straints. He relates this to handling the incompletely decom-
posable nature of design problems, stating that generating
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Fig.2 The design process as a feedback control loop. Figure redrawn
from Suh (2005). License: Creative Commons BY-NC-SA

alternatives “implicitly define[s] the decomposition of the
design problem”, while the tests provide feedback ensur-
ing that dependencies are properly accounted for. He also
suggests these generate-test cycles are nested, reflecting the
nested levels of a design problem being addressed. Later
work expanded on this observation that feedback is central
to the goal-directedness of design activity. Suh (1990, 2005),
for example, depicts the engineering design process as a
feedback loop between a creative process and an analyti-
cal process, shown as G and H respectively in Fig. 2. Suh
emphasises the importance of analysis to supplement crea-
tivity, arguing that “the gain of the feedback loop should be
as large as possible to converge to a correct solution quickly;
that is, the ability to judge the outcome of the creative pro-
cess improves the creative process itself.” Suh presents the
model briefly and without elaboration, for example, the sig-
nals labelled as X and Y in Fig. 2 could be more clearly
defined. Also, some important aspects of the design conver-
gence process are not explicitly represented in this model,
including the increasing amount of information that must be
considered as design moves forward and the progressively
reducing room for manoeuvre (see, e.g. Reich 2008; Ullman
2015, for discussion on these topics). In a similar model,
Weber (2007) suggests that the engineering design process
can be modelled in a “strongly abstracted representation” as
a dynamically driven control circuit. He writes that design
analysis methods are analogous to sensors, helping designers
to detect the gap between desired and actual properties of
the design, while design synthesis methods are analogous
to actuators, helping designers to adjust the design in the
desired direction. In Weber’s model, external conditions
impacting the design process, such as changes in drivers
and constraints, are viewed as disturbances to be absorbed.

Feedback and its role in goal-seeking systems more gen-
erally have been studied extensively in the field of cyber-
netics. In overview, cybernetics is concerned with under-
standing how systems are, or can be controlled or influenced
to account for the presence of uncertainty, disturbance and
changing objectives (Wiener 1948). On the one hand, these
ideas have been applied quantitatively, for instance to the
study of regulation and control in physical systems (noting

that servomechanisms, such as mechanical governors and
thermostats, had been developed earlier). Other researchers
have developed cybernetic ideas conceptually and discur-
sively, for instance to analyse societal and organisational
situations (e.g. Geyer 1995; Umpleby 1997; Beer 1995) and
the processes of cognition and learning (e.g. Pask 1969;
von Foerster 2003), as well as many other types of system.
The conceptual application of cybernetic principles is often
appropriate where the subject matter is complex and rich in
ambiguity.

Although the work mentioned at the start of this sub-
section suggests that engineering design activity can be
viewed as goal-seeking driven by feedback, the mentioned
publications do not explicitly draw on insights into feed-
back from cybernetics research. Some other engineering
design researchers have connected the topic with classical
cybernetics but without emphasising feedback. For exam-
ple, according to the German engineering design guideline
VDI2221, “a breakdown of the problem-solving process
into parallel paths is recognised by cybernetics as being
an effective and economical strategy for solving complex
problems” (VDI2221 1987). However, this argument is not
further elaborated in the guideline. Hubka and Eder (1996)
acknowledge the impact of cybernetics on the development
of design science, in particular by inspiring the distinction
between functional and structural perspectives on a system.
A comprehensive system description should incorporate
both perspectives (see e.g. Pask 1969, for discussion). But
Hubka and Eder (1996) do not discuss cybernetics in depth
and key aspects, such as goal-directedness and the focus
on dynamic behaviours, are not emphasised. A connection
between cybernetics and the well-known theory of technical
systems is also briefly indicated in their later work (Hubka
and Eder 1988), but again, a detailed analysis is not pre-
sented. These publications perhaps refer to a systems per-
spective in general rather than to the insights into dynamic
systems and feedback that are offered by classical cybernet-
ics. Eder (1998) is more specific, writing that feedback prin-
ciples help to explain why successful control of the design
process can be achieved without a detailed understanding
or model of its working mechanisms. The existence of feed-
back is why, he proposes, systematic methods can be devised
to guide design, even while design cognition itself remains
incompletely understood.

Few detailed accounts of engineering design activity
explicitly integrate insights into feedback and goal-seeking
from classical cybernetics research. In one such analysis,
Amkreutz (1976) represents designing as a generation
function coupled to a feedback function, similar to Suh’s
model discussed earlier (Fig. 3). The generation function G
depicted at the bottom of Fig. 3 is responsible for generating
the design solution, considering all relevant input informa-
tion i;—most importantly the constraints, used to determine
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Fig.3 Design process as a control system. G represents the design
generation function. The dashed outline represents the feedback func-
tion, that is decomposed into evaluation E, decision D, and regulation
(i.e. design modification) R. Reproduced from Amkreutz (1976) with
permission from Elsevier

whether a design is feasible, and the criteria, used to rank
feasible designs in relation to one another. The feedback
function, depicted as a dashed outline in Fig. 3, evaluates
the design and drives the evolution of constraints and crite-
ria during the design process, in tandem with refinement of
the design solution. Amkreutz (1976) further decomposes
the feedback function into evaluation E, decision D, and
regulation R (that involves changing the design to enact the
decision). He writes that designing involves numerous cou-
pled control systems, each treating a different design issue
or discipline. Lhote et al. (1999) further expand on the cou-
pled control system analogy by conceptualising the design
process as a series of loops in which each actor produces a
plan for the next and controls that plan (and adherence to it)
by feedback.

Overall, work discussed in this subsection establishes
that design activity (in particular engineering design) can
be perceived and modelled as a goal-seeking process in
which technical characteristics are adjusted to iteratively
converge on design goals. But the models mainly focus on
the process of adjusting design characteristics, and do not
emphasise how feedback influences the designer’s knowl-
edge and decisions. Also, their presentation of design as a
convergence process does not fully account for how novel
and creative solutions are reached. The next subsections dis-
cuss feedback-based models that address these latter aspects
of design activity.

2.2.2 Feedback and learning in DDP activity

This section concerns the second behaviour in the leftmost
column of Fig. 1, namely learning in DDP activity. Learning
is essential to overcome imperfect or incomplete knowledge
while designing (Sim and Duffy 2003), and, more generally,
is also central to the intelligent behaviours of process par-
ticipants. It can involve the generation of new knowledge or
the modification of existing knowledge, and occurs concur-
rently with and intertwined with design activity (Andreasen
et al. 2015). Because learning causes knowledge to evolve
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according to the designer’s unique situation, its study can
help to appreciate why designers respond in different ways
to the same information, and why the same designer might
respond differently to similar information received at dif-
ferent times. The rest of this section demonstrates the close
relationship between learning and feedback in DDP activity.

Feedback in the learning process has been extensively
discussed in design and development literature. To provide
a few examples: Pahl et al. (2007) write that learning from
feedback increases the amount of knowledge available dur-
ing design, and “information feedback must be repeated until
the information content has reached the level at which the
optimum solution can be found.” Thomke (1998) builds on
the views of Simon (1981) and Clark and Fujimoto (1989)
when writing that engineering design comprises interlinked
design-build-test cycles, in particular discussing the cycle
of “trial, failure, learning, correction and retrial” (suggest-
ing a corrective and learning-driven feedback loop) used to
improve design performance or to detect and eliminate flaws.
Sim and Duffy (2003) connect design learning to goal-seek-
ing, writing that learning occurs during the elaboration and
reformulation of ill-specified goals, and leads to improved
knowledge of how to approach those goals. In their later
work, Sim and Duffy (2004) state that design learning can
be viewed as a goal-directed feedback system in itself—they
view the goals for feedback-driven learning to include design
improvement, dealing with novelty, and avoiding design fail-
ure. While the above discussion mainly relates to design
tasks, learning and its relation to feedback has also been con-
sidered in DDP activity more broadly. In one such contribu-
tion, Wynn et al. (2010) develop a cybernetic model to show
that the purpose of design process modelling is to generate
knowledge that will inform feedback decisions. For example,
after observing that a design process requires improvement,
an activity network model might be developed to generate
knowledge about the underlying reasons, prompting changes
to bring the process closer to its desired state.

Most of the work discussed in the previous paragraph ide-
alises (explicitly or implicitly) DDP participants as rational
agents as defined by Newell (1981)—i.e. as agents that
evaluate each decision by considering which of the possible
options is most appropriate to achieve their goals, based on
their knowledge. In contrast, other authors focus on the role
of reflection in design learning. Reymen (2001) for exam-
ple defines reflection as introspective contemplation on the
design situation and recent actions, considering issues such
as whether the right problems are being addressed and in
the right way. The insights gained influence future design
actions, forming a feedback cycle. Reymen (2001) argues
that reflection during design can lead to a steeper learning
curve and improved design output. Schon (1983) consid-
ers that reflection occurs when a designer sees implica-
tions of their emerging design that were not intended and
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consciously judges them to be desirable or undesirable, lead-
ing to adjustments in how they frame the design situation for
the next iteration. This can also be viewed as a form of learn-
ing in which the designer evolves their way of looking at the
design situation. Valkenburg and Dorst (1998) show that
designers’ reflection strategies appear important to design
process direction and design performance, while Reich and
Subrahmanian (2020) develop the PSI framework to guide
reflection on a wide range of design situations (that could be
at any level of our framework) by considering issues in three
spaces: the problem itself (P), the people and perspectives
involved in addressing the problem (S) and the institutional,
organisational and process issues involved in addressing the
problem (I). The importance of feedback and thoughtful
reflection in the learning process have also been researched
extensively in the context of education. For example, inten-
tional self-regulation of the learning process is thought to
lead to improved learning performance. Feedback informa-
tion for learning about the subject, and for learning how
to self-regulate the learning process itself, can be provided
externally or can occur in relation to a student’s individually-
formulated criteria, such as performance against plans (see,
e.g. Butler and Winne 1995, for a review).

To summarise, learning is closely intertwined with
design activity and occurs through feedback processes.
Some researchers suggest that these processes are essen-
tially rational, while others emphasise the importance of
reflective judgement. In either case, learning impacts the
knowledge that informs a process participant’s response to
feedback information. Learning is necessary to incorporate
in a feedback-centric model of the DDP if it is to explain
how the response to a design situation will differ depending
on when and by whom it is encountered and also, if it is to
convey design and development as a knowledge-generating
and thoughtful process.

2.2.3 Feedback and emergence in DDP activity

Moving on to the bottom-leftmost perspective of Fig. 1, the
aim of this subsection is to establish that feedback is closely
involved in generating emergent DDP outcomes. We adopt
the view that an emergent outcome is one that cannot be
predicted by an observer or participant in a system. This
encompasses both weak emergence (outcomes that could, in
principle, be deduced from knowledge of the system parts
and interactions) and strong emergence (outcomes that
could not be deduced, even in principle). In a design and
development context, emergence can arise in a system that
is being designed or intervened with. Emergence can also
be observed in the design process itself. For example, dif-
ferent designers may take different routes through the design
process and may arrive at different solutions according to

their individual knowledge and experience (Braha and Mai-
mon 1998). Emergent situations can cause subsequent DDP
activity to react in unpredicted (also emergent) ways. The
outcomes of emergence in DDP activity can be desirable
(e.g. novel solutions) or undesirable (e.g. schedule overruns
and design flaws).

Feedback is involved in DDP emergence in several ways.
First, it can be noted that although goal-seeking is asso-
ciated with maintaining stability and approaching goals,
this is not at odds with one of the most important proper-
ties of the design process—its ability to produce creative
and unexpected solutions. Many models of designing that
focus on the creation of novel solutions present the design
process as an interplay between divergent and convergent
activities (e.g. Council 2007; IDEO 2015). While the models
of feedback in DDP activity discussed in Sect. 2.2.1 focus
mainly on convergence, feedback also plays a role in diver-
gent activities, which are equally important in creativity. In
particular, a variety of methods and cognitive strategies have
been developed to prompt divergent thinking towards crea-
tive ideas (see, e.g. Finke et al. 1992). Feedback in diver-
gent design activities could accordingly be perceived in the
self-regulation of those activities with reference to desirable
practices.

Second, learning, which is closely connected to feed-
back as discussed in the previous subsection, can also lead
to emergence. This is because a designer’s knowledge influ-
ences how they interrogate their emerging design, how they
interpret the results, and how they decide to adjust the design
on the next iteration. Since the knowledge being evolved
through learning is idiosyncratic to the designer, and since
a design situation yields different information depending on
how it is perceived and interrogated, the process produces
unexpected outputs that can be viewed as emergent. Taking
a different perspective, Schon (1983) views the essence of
designing as dealing with unique situations, which as men-
tioned in the previous subsection is achieved by deciding
which aspects of the design situation are to be focused on
(framing), making changes (moving), and becoming aware
of unanticipated consequences of those changes (seeing)—
which may trigger a deliberate reframing of the situation for
the next design step. Schon (1983) describes this as a reflec-
tive conversation between designer and situation. Because
previous decisions influence future ones as the designer
consciously constructs the situation in which they work,
this perspective also suggests connections between circu-
lar flows of influence and emergence in design activity. To
summarise, while both views discussed in this paragraph
show the role of feedback in design emergence, they differ in
that the first presents emergence as arising from essentially-
rational situated activity, while the latter emphasises the ill-
defined nature of design goals and the importance of the
designer’s thoughtful practice in deliberately constructing
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their perceptions of a design situation (see also Dorst and
Dijkhuis 1995).

Third, cybernetics theory has been used to connect feed-
back in design activity to design emergence. For instance,
Suh (1990) proposes that the ideas of classical cybernet-
ics could help to explain how the generation and evalua-
tion functions of designing lead to novel designs when con-
nected together in a feedback cycle. He draws an analogy
to how chaotic nonlinear dynamics can emerge from indi-
vidually well-understood functions when connected in this
way. Another cybernetic perspective on design activity that
emphasises its emergent characteristics is offered by Glan-
ville (2007b), who explains how some advanced concepts
of second-order cybernetic theory (that is to be further dis-
cussed in Sect. 2.3.3) could together provide the basis for an
account of designing that emphasises its inherent creativity
and novelty. However, even in context of this subsection, the
work is highly conceptual and as Glanville himself suggests,
could be considered “romantic”. Finally in this subsection,
researchers including Holt and Radcliffe (1991) and Luras
(2016) have considered how Vickers’ appreciative systems
theory (closely relating to second-order cybernetics) can
offer insight into emergent situations in design. In overview,
this theory views an individual’s understanding of a situation
as being built by framing the “flux of events and experi-
ence” using their appreciative setting (Vickers 2010). The
appreciative setting is an accumulation of experience and
includes ways of seeing what is relevant as well as norms
that concern what is desirable, and that guide actions. Those
actions in turn affect the flux of events and experience creat-
ing a reciprocal flow of influence, i.e. a feedback loop. Holt
and Radcliffe (1991) draw on appreciative systems theory
to present a theoretical account of how learning leads to
design emergence. They argue that new information that
arises while designing can either support the appreciative
setting or can disrupt it, causing instability and perhaps a
new appreciative system to emerge. They associate the lat-
ter with a desirable “dramatic change in the richness and
variety of ideas.”

To summarise this subsection, a number of researchers
have shown that feedback can help to explain how novel
designs emerge from DDP activity, and how that activity
responds to emerging designs in unexpected ways. One of
the main consequences for this article is that a feedback sys-
tems perspective is not limited to convergent situations, as
are common in routine or parametric engineering design, but
also casts light on creative and nonroutine design activity
in less constrained contexts. In critique, the work discussed
in this subsection is highly conceptual and mostly does not
provide concrete recommendations for practice.
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2.3 Feedback in DDP collaboration

We now move on to discuss the second column of the frame-
work depicted in Fig. 1, which concerns the roles of feed-
back among collaborating DDP team members.

2.3.1 Feedback and goal-seeking in DDP collaboration

Beginning with the topmost cell of the second column in
Fig. 1, one of the challenges in approaching goals (i.e. con-
verging on a solution) in team design work is that it is not
possible to perfectly decompose a typical design problem
into subproblems to be addressed by each team member.
Therefore, the objectives and constraints faced by team
members are interdependent. In practice, integrating inter-
dependent design contributions is typically achieved through
an iterative process of piecewise adjustments, ideally of
decreasing magnitude (Wynn and Eckert 2017). This process
has been examined in design negotiation research, which
considers how self-interested design agents should behave
locally to reach a globally satisfactory outcome with a min-
imum of iterations. Klein et al. (2003) illustrate some of
the issues by discussing a simplified situation in which two
goal-seeking agents with conflicting objectives are coupled
as depicted in Fig. 4. In this example, Agent A receives a
proposed solution from agent B (labelled +1) and finds it
unsatisfactory, so provides feedback that the solution should
be changed to — 1 to meet their own objectives. Agent B then
provides the opposite feedback. In this very simple case, and
many others involving intercoupled cycles and delays, the
system oscillates without converging to a mutually satisfac-
tory solution in which all the goals are adequately met. Klein
et al. (2003) suggest several negotiation strategies that can
assist convergence in such situations, including mediation,
supplementing the feedback information with indications
of commitment to a particular solution, and decompos-
ing the design process into stages or modules to decouple
some of the feedback loops, among other strategies. Some
researchers apply game-theoretic approaches to study design
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negotiation (e.g. Lewis and Mistree 1997; Hernandez et al.
2002; Chanron and Lewis 2005). Chanron and Lewis (2005),
for example, investigate the properties of design problems
that allow design convergence under decentralised decision-
making. They show that the problem structure and the objec-
tive functions sought by each designer determine whether a
Nash equilibrium exists, and hence whether the back-and-
forth feedback process can converge.

As the number of interdependent nodes in a decentralised
decision system increases, feedback loops can increase in
scale to encompass multiple decision-making nodes, and
individual nodes can participate in multiple loops. Braha and
Bar-Yam (2007) develop a computational model that is simi-
lar in abstraction level to Fig. 4 (but with many more nodes)
to show that certain statistical properties of real-world prod-
uct development task networks, such as a small-world struc-
ture, tend to accelerate design convergence. The few nodes
that are highly connected in such networks also have greater
influence on problem-solving dynamics than the many that
are not. Expanding on these insights, Braha (2020) shows
that coordination in real design problem-solving networks is
aided by structures which allow small clusters of problems
to be resolved rapidly before being integrated into the solu-
tion of larger subproblems, that are governed by loops with
slower dynamics. This work offers insights into the dynam-
ics of intercoupled feedback loops that involve large num-
bers of problem-solving nodes, however, does not discuss
the behaviour of the individual feedback loop or decision-
making node in depth.

Overall, the work discussed in this subsection establishes
the role of feedback in distributed design convergence, in
particular for heterarchical situations (i.e. with weak or no
overarching control) in which design is subdivided among
multiple decision-makers responsible for different, but inter-
dependent, objectives and parameters. Such situations are
common in practice, especially in large-scale design and
development.

2.3.2 Feedback and learning in DDP collaboration

Considering the central cell of Fig. 1, feedback and learning
in DDP collaboration processes are interrelated in several
ways. For instance, Klein et al. (2003) write that the negotia-
tion of solutions within the feedback processes discussed in
the previous subsection is aided when agents learn by adapt-
ing their decision-making to recognise the strategies of other
agents and previous solutions to similar problems. Other
work concerns the development of knowledge in a design
team context, considering that team participants have unique
perspectives (Bucciarelli 2002; Kleinsmann et al. 2010) and
that a dynamic learning process takes place to bring together
the different perspectives such that their work is brought into

alignment. Such processes have been described as social in
nature and occur throughout a project, although may be more
important at the outset because this is when a shared under-
standing first needs to be developed (Kleinsmann and Valk-
enburg 2008). The task is likely to be more difficult when
many specialists from different disciplines are involved.

Some authors draw on cybernetics theory to cast light
on how feedback relates to learning in DDP collaboration.
Dong (2004), for example, draws on second-order cyber-
netics in his theoretical account of design collaboration,
emphasising that design processes should be understood on
two levels: the cognitive processes of designers engaged in
design activity; and the social processes that explain how
designers develop congruent thinking, that he suggests can
be viewed in second-order cybernetic terms. In other words,
he considers that the goals of a collaborative design process,
that are approached through feedback, include both design
problem solving and the development of shared understand-
ing. In later work, Dong (2005) supports this perspective by
showing empirically that the process of bringing perspec-
tives into alignment is reflected in increasing congruency
of language used during a design team discussion as it pro-
gresses. Maier et al. (2012, 2014) discuss how design team
work can be seen as a cybernetic system with an emphasis
on modelling activity, which they see as a form of learning
and as central to designing. They perceive a design team to
be embedded with an ecosystem of models and the design
problem in a designing system, which is also a modelling
system governed by feedback. They describe how the eco-
system of models within such a system, which includes
product and process models as well as design methods and
mental models, is interpreted by the design team to regu-
late design processes towards goals. They also consider that
these models are evolved over time through learning, and
that different perspectives on those models exist within the
team—in fact these are necessary to handle the complexity
of designing. While emphasising that individual team mem-
bers construe models differently and must negotiate during
the design and learning processes, Maier et al. (2012) do not
unpack the interactions among individual team members.
Discussing this and related work, Andreasen et al. (2015)
write that a cybernetic perspective can provide insight into
conceptual design in teams but also observe that “cybernetic
models of design do not really show what is synthesised and
manipulated when designing.”

2.3.3 Feedback and emergence in DDP collaboration

This section discusses the bottommost cell of the second
column of Fig. 1, in particular how feedback allows a team
working together to generate design outcomes that they do
not expect, and that extend beyond what they would pro-
duce as individuals. One body of theory that offers relevant
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insights is second-order cybernetics, which arose from the
reflexive application of cybernetic theory to explain itself
and more generally, involves the application of cybernetics
to appreciate the processes of observing systems and the
observers themselves (von Foerster 2003) (see also Scott
2004, for a historical introduction). This is a conceptually
rich research area that impinges on several perspectives of
our framework; a comprehensive discussion of its implica-
tions for the design and development process is outside the
scope of this review. Some of the perspectives are collected
in Fischer and Herr (2019). The following paragraphs out-
line selected concepts that are relevant to our discussion of
emergence in DDP collaboration.

One implication of adopting a second-order cybernetic
perspective is that an observer should be recognised to be
dynamically coupled to the situation being observed through
reciprocal flows of influence, such that the two constitute
(in the terminology of this article) a feedback system. For
instance, when a design process participant considers the
work of a colleague, their observations affect their own
design decisions and through interdependencies among
decisions, the colleague’s work is affected in turn. Such
dynamic couplings contribute to unpredictable, i.e. emer-
gent outcomes. Pask’s conversation theory (Pask 1976) is
one important contribution to second-order cybernetics that
can offer further insight into emergence in design collabora-
tion, through a deeper analysis of the couplings described
above. More specifically, conversation theory focuses on
how understanding is constructed through cycles of feed-
back interactions between participants in a conversation,
such as occurs in design teams. It emphasises that conver-
sations do not involve direct transmission and reception of
information, but are formed from back-and-forth utterances
of language—and because language is ambiguous there is no
precise coding scheme to extract meaning from it. The lis-
tener must therefore frame each utterance according to what
they thought the speaker was trying to say, to form meaning.
As the conversation proceeds, each participant gains insight
into the others’ understanding, leading to adjustments such
that a more congruent understanding is socially constructed
(Scott 2001). Pask (1976) provides a detailed formalism for
modelling this process, while research in design cybernet-
ics considers that design activity in the most general sense
can be conceptualised as a kind of conversation between a
designer and the design situation they are embedded with
(Glanville 2007b; Dubberly and Pangaro 2019).

One way that second-order cybernetics and conversation
theory offer insight into how feedback leads to emergence in
DDP collaboration is in the emphasis that the interpretation
of each communication to form meaning is determined by
each individual’s mental model, which is evolved through
feedback processes and unique to them. Addressing this idea
in a general context, Luhmann (1995) writes that meaning,
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which he defines as the horizon of possibilities informa-
tion implies to a particular individual, is unique to each par-
ticipant in the communication process. An observer cannot
know precisely what the communication means to a par-
ticular individual, and consequently cannot predict exactly
in advance how they may react to it—although they can
observe what response it elicits (Luhmann 1995). A person’s
response to successive similar events may furthermore differ
as they learn and evolve the models that govern how they
interpret their observations, as well as how they respond to
them. To summarise the implications for this subsection,
communications and meaning during the collaboration
process are not absolute because they depend on idiosyn-
cratic mental models, while those models are themselves
contingent on prior communications. According to this
perspective, mental models and meaning are dynamically
coupled and constructed through feedback loops among
team members. The feedback-driven coevolution of mental
models may be conceptualised as the mechanism by which
DDP participants construct a reality on several levels: they
each construct a personal understanding of their context;
together they construct the processes by which they interact,
and through those processes they construct the design itself,
as well.

Overall, because systems of the type described above
are have internal memory and are intercoupled, they
are what von Foerster (2003) describes as “non-trivial
machines,” implying systems whose trajectories cannot be
predicted. Such a system-theoretic perspective resonates
with discussions in other areas of design research, for exam-
ple, ambiguity (scope for interpretation) in design represen-
tations and communication has been viewed as essential to
promote creativity in teams because it is important to main-
tain a degree of unfixedness in design communication, to
prompt each designer to reinterpret communicated ideas,
and to allow them to project their own thoughts onto those
unfixed ideas (Minneman 1991).

2.4 Feedbackin DDP management

Moving on to the rightmost and final column of the frame-
work in Fig. 1, design and development process manage-
ment occurs in DDP situations at all scales. For instance, the
roles of feedback in self-regulation of learning and in design
negotiation situations have already been mentioned in Sects.
2.2.2 and 2.3.1 respectively. Other research relevant to this
topic has focused on management in large-scale concurrent
engineering projects in which work is partitioned among
several teams. Such projects involve many interdependent
issues, tasks and individuals (Eppinger et al. 1994) and
hence, complex networks of information flow within which
feedback can be perceived. The following subsections focus
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mainly, but not exclusively on feedback in the large-scale
DDP management context.

2.4.1 Feedback and goal-seeking in DDP management

Uncertainty is a significant issue in the design and develop-
ment process (Pich et al. 2002; Yassine 2007; Wynn et al.
2011). In consequence, unplanned events are inevitable.
With regards to the top-rightmost cell of Fig. 1, a number
of authors have shown that feedback mechanisms within
a project are necessary to coordinate its response to such
events and hence, to absorb the uncertainty while still meet-
ing project goals. For instance, well-known project manage-
ment approaches, such as Agile and the spiral model, are
structured to ensure regular feedback, so that issues can be
identified and responded to in a timely way (e.g. Unger and
Eppinger 2011). While feedback is therefore recognised as
desirable to achieving DDP goals in the presence of uncer-
tainty, intertwined feedback loops are also significant drivers
of dynamic complexity in large-scale projects (Ramasesh
and Browning 2014).

Recognising the importance of feedback when managing
a DDP, numerous models have been developed to explore
goal-seeking mechanisms in this context. The following par-
agraphs discuss three main subcategories: qualitative mod-
els, modelling methodologies, and quantitative approaches.

Qualitative models The first subcategory concerns
descriptive and prescriptive models emphasising the role of
feedback in the DDP. For instance, Wellsandt et al. (2018)
elaborate a number of situations where feedback is a promi-
nent driver of design iteration, including the gathering of
information in support of quality management, gathering of
customer feedback on an emerging design, and the transfer
of insights from in-service to a new design. They also dis-
tinguish “active” feedback in which information is sought by
the developers from “passive” feedback, in which informa-
tion is provided from outside the development project and
must be responded to. Wellsandt et al. (2018) point out that
feedback increases the amount of information in a project,
but the information may not be ideal to decision needs, may
be conflicting, and may be overwhelming if project partici-
pants are not able to filter it effectively. In another quali-
tative model, Huang and Gu (2006) write that feedback is
necessary to absorb uncertainty that arises from cognitive
limitations and the innate complexity of design activity.
Without feedback, they argue, a DDP will become unstable
with undesirable impacts on cost, quality and time. They
propose the application of feedback control theory to ana-
lyse and optimise a development process, but do not explain
in detail how this could be achieved. Vajna and Burchardt
(1998) propose that a product development process can be
perceived as a structure of “autonomous and self-checking”
cells that are each responsible for certain process activities,
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Fig.5 GRAI reference model indicating the decision system (top)
responsible for control of the technological system (bottom) in prod-
uct development. Reproduced from Merlo and Girard (2004) with
permission from Elsevier

arguing that feedback and “cross-controlling” among the
cells enables “automatic regulating and permanent optimi-
sation.” But again, they do not elaborate these ideas in depth.

Some of the most established qualitative models that
emphasise the importance of feedback in large-scale design
and development processes focus on its role in coordination.
As already mentioned, responsive coordination is important
in the DDP to identify and respond to unplanned events, for
instance by redefining, reprioritising and rescheduling tasks,
reallocating resources, and conveying updated information
to the appropriate parties. The greater the complexity and
novelty in a project, the more difficult it is to plan, the more
unplanned events occur, and the more management atten-
tion and responsive coordination is typically required (Gal-
braith 1974; Christiansen 1993). One qualitative model that
emphasises the role of feedback and goal-seeking in coordi-
nating the DDP is the GRAI reference model of Doumeingts
et al. (1996). As depicted in Fig. 5, this model conceptually
divides the DDP into three subsystems: a technological sys-
tem which emphasises design workflow; a decision system
that emphasises management; and an information system
that supports and connects the two. The technological sys-
tem comprises autonomous design centres that periodically
provide updates so that performance gaps can be detected
by the decision system and necessary changes made (Merlo
and Girard 2004). Girard and Doumeingts (2004b) write that
a well-structured decision system is important to control-
ling design performance despite inherent uncertainties and
complexities.

In another qualitative model focusing on the role of feed-
back in DDP coordination, Wilberg et al. (2015) interpret
the Viable Systems Model of Beer (1995) in the context of
engineering change management. In overview, the Viable
Systems Model is based on the argument that subsystems
within a firm each have (or should have) the property of
viability (Beer 1995). A viable system uses internal feedback
processes to autonomously respond to change, manage its
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resources, and manage interactions with its environment,
thereby maintaining its existence in a context of uncer-
tainty without requiring external control, within limits. The
Viable Systems Model posits that to be viable, any system
must comprise five necessary subsystems, each of which
has a specific regulatory role. Wilberg et al. (2015) apply
this model to analyse the engineering change management
system in a construction project. The real-world system was
mapped against the five subsystems of the Viable Systems
Model, and gaps were identified to generate recommen-
dations for improvement. Elezi (2015) applied the model
to analyse and design management control systems in the
DDP. He argues that such systems are typically described
as homeostatic regulators by analogy to engineering servo-
mechanisms, but in fact should be treated as viable systems.
Overall, the Viable Systems Model offers valuable insight
into the feedback structures in organisations, but has some-
times been described as esoteric and difficult to grasp for
those unfamiliar with cybernetic theory (Brocklesby et al.
1995).

Finally in this subcategory, O’Donnell and Dufty (2002)
developed a model to emphasise the role of feedback and
goal-seeking in managing performance of engineering
design processes. In their model, design and management
activities are presented as being closely intertwined at every
level of the DDP. Effectiveness of a design activity is defined
as how well design goals are achieved, and effectiveness
of the management activity is defined as how well process
goals, primarily time and cost, are achieved. The model
suggests both of these performance measures drive a feed-
back control loop in which goals are adjusted or resources
are reallocated. O’Donnell and Duffy (2002) also indicate
that tradeoffs must be made among achieving design and
management goals, and emphasise the importance of using
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performance indicators that are appropriately aligned to
goals.

Modelling methodologies The second subcategory com-
prises modelling approaches to help practitioners model
and understand feedback processes relating to goal-seeking
in their own situations. For instance, the IDEFO function
modelling approach decomposes a DDP into functions, each
of which is characterised by inputs, outputs, controls and
mechanisms (USAF 1981; Colquhoun et al. 1993; Romero
et al. 2008). This explicitly requires the modeller to consider
the importance of how key functions are controlled, which
in many situations will involve feedback alongside other
mechanisms, such as planning and goal-setting. However,
the individual feedback loop is not explicitly emphasised
in IDEFO. Another modelling approach emphasising feed-
back is the GRAI methodology, which builds on the GRAI
reference model discussed above to provide a process for
modelling a DDP organisation using several coupled repre-
sentations to understand and improve it. Of these, the most
relevant to this article is the GRAI grid. This is a diagram-
ming approach that prompts the modeller to consider the
interactions among different control mechanisms within
the product development decision system, each of which
have different characteristic timeframes and scopes of action
(Girard and Doumeingts 2004a). To illustrate, an example
GRALI grid is shown in Fig. 6. The GRAI approach consid-
ers that modelling the decision system in this way can help
to structure and coordinate the decision processes (Girard
and Doumeingts 2004a), which is thought to be a precursor
to designing an information system that ensures the correct
information is available to effectively coordinate among the
decision-making levels (Merlo and Girard 2004).

Many of the models discussed so far view a process on a
level of abstraction at which feedback happens, in essence,
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concurrently with work is being done. Other models, such
as the Task DSM developed by Eppinger et al. (1994), view
a DDP as a sequence of tasks in which feedback can occur
when an earlier task requires information from a later one.
In such cases, an assumption must be made to proceed. The
downstream task may eventually provide feedback that the
assumption was incorrect, necessitating rework. Whereas the
aforementioned models view feedback as a desirable mecha-
nism to absorb uncertainty and guide a process towards its
goals, Eppinger et al. (1994) and many others view (late)
feedback as an undesirable driver of rework, whose pos-
sibility can be reduced and whose scope can be limited by
appropriate process organisation.

Quantitative approaches The third and final subcategory
concerns mathematical or computational models developed
to investigate feedback concepts in design and development,
with an emphasis on goal-seeking behaviour. Perhaps the
most established approach is System Dynamics modelling.
A substantial body of DDP System Dynamics research
has focused on the interactions between the development
process and the surrounding managerial decision-making,
which typically involves feedback loops (Joglekar and
Ford 2005). System Dynamics models emphasise that the
dynamic complexity of a project arises from multiple inter-
twined feedback loops, delays, and imperfect information

(Forrester 1968). To illustrate, consider the summarising
model generated by Lyneis and Ford (2007), shown in Fig. 7.
This figure shows the so-called canonical rework cycle at the
center, in which work packages in a project are attempted,
flaws are built in and then discovered after a delay, leading
to rework. Surrounding the rework cycle are examples of
typical feedback loops representing managerial control. For
example, the rate of progress is dependent on effort applied,
which is increased by a feedback mechanism representing
an increase in work intensity if the project is observed to
fall behind schedule. By developing equations to model
the depicted relationships between variables, the project’s
evolution over time can be studied and the impacts of the
various loops and management policies (represented as
the governing equations that interrelate the variables) can
be analysed. This kind of modelling has been extensively
applied to demonstrate the importance of feedback in prod-
uct development project governance, to investigate different
managerial policies that might be applied, and to investi-
gate the tipping points at which particular loops or dynamic
behaviours become dominant (Lyneis and Ford 2007). Some
limitations are that the equations governing relationships
between variables are critical to the simulation outcomes,
and the feedback loops themselves must be arranged in an
essentially static structure.

@ Springer



Research in Engineering Design

One application of System Dynamics modelling that
illustrates the importance of feedback in managing multi-
team development projects concerns how resource should
be allocated to a product development process in response
to changing demand that is driven, for example, by unpre-
dictable rework and changes. Joglekar and Ford (2005)
point out that the common approach of proportional-feed-
back based allocation is myopic because it considers only
the past without consideration of likely future needs. They
develop a control-theoretic model to investigate the benefit
of basing resource allocation on a local-linear prediction
of future demand, showing that this helps to balance short-
and long-term objectives and avoid excessive oscillation in
the system dynamics—especially in case of delays within
the feedback loop. In another simulation of the large-scale
DDP that involves feedback-driven goal-seeking, Yassine
et al. (2003) develop a dynamic model studying the situation
in which design teams working concurrently on different
aspects of a coupled problem must seek periodic feedback
from an integrator team. By simulation, they show that the
delay between decisions and feedback means that teams
must make decisions based on outdated information, causing
oscillatory situations in which progress is repeatedly thought
to be on schedule before falling behind. Several remedies
are suggested by Yassine et al. (2003), including reducing
the feedback delay and avoiding overly aggressive design
changes in response to feedback information.

A related perspective is that goal-seeking in DDP man-
agement aims to control a network of decisions that are
interconnected in feedback loops—moving that network
towards a goal state by influencing individual nodes. In the
general case, Liu et al. (2011) consider how structural prop-
erties of complex networks influence their controllability,
which can be described as the number of nodes that must
be influenced to move the system to a desired state. They
find that sparsely connected networks in which nodes have
widely varying degrees of connection tend to be difficult
to control. Networks of product development tasks, which
as previously mentioned have been shown to typically have
small-world structures (Braha and Bar-Yam 2007), would
fall into this category.

2.4.2 Feedback and learning in DDP management

Considering the middle-rightmost perspective of Fig. 1,
one important aspect of managing learning in design and
development process management is the handling of testing
and the feedback information that it generates. For instance,
Thomke (1998) builds on his model discussed in Sect. 2.2.2
to examine the value of information gained from testing,
showing that the type of test used at different points in the
DDP can significantly affect learning rates. Loch et al.
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(2001) expand on this concept, showing that testing arrays
of design alternatives in parallel may be more effective than
a sequential design-build-test cycle in situations where the
cost of testing is low and the time required for each test
is high—but this also reduces opportunities for feedback-
driven learning in the design-build-test cycle. Ward et al.
(1995) advocate for parallel testing of many design alterna-
tives early in the DDP to learn about the feasible design
region. Here, early efforts to gain feedback on many design
concepts, combined with delaying decisions until it is pos-
sible to distinguish between concepts, is thought to reduce
the need for expensive design rework later.

More generally, learning is important in DDP manage-
ment because decision-making must evolve to meet the
needs of a changing context, and also because of the need
to improve over time. A particular challenge for learning in
large-scale design and development is that there are inter-
dependencies among decisions made by different people—
interconnected feedback loops crossing different parts of an
organisation cause decisions to trigger knock-on effects that
can confound the initial intentions. Considering this chal-
lenge, Senge (1990) writes that people tend to mistakenly
believe that “cause and effect are close in time and space”,
whereas in reality, the consequences of decisions often occur
much later than the actions and can manifest elsewhere in
the system. When individual decision-makers do not fully
perceive the knock-on effects of their decisions, learning
from experience may not be effective (Senge 1990). Senge
suggests that a learning organisation should therefore aim
to appreciate (and perhaps adjust) the structure of feedback
loops impacting on a situation rather than adjusting pat-
terns of behaviour in response to events, and that the way to
achieve this is through systems thinking. Especially relevant
to this article, one systems thinking method developed to
appreciate the structure of feedback loops in a complex situ-
ation is causal loop diagramming. Walsh et al. (2020), for
instance, use such diagrams to explain how control actions
in engineering systems design can lead to unintended con-
sequences due to interacting positive and negative feedback
loops.

Argyris (1977) discusses another form of learning in the
management context, that he terms double-loop learning.
Double loop learning concerns the ability of an organisation
to react when a goal being pursued through feedback does
not benefit the broader organisation. He notes that various
barriers to this kind of learning can exist, for instance, indi-
viduals perceiving a problem may not want to contradict
goals set by managers. Learning in a management context
can also be viewed as the acquisition and maintenance of
routines that guide behaviour (Levitt and March 1988; see
Schgnheyder and Nordby 2018, for a discussion specific
to the DDP). This is a feedback-driven learning process,
in which routines that are deemed successful in achieving
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goals gain more prominence than those that do not. Lev-
itt and March (1988) discuss numerous complexities in the
effectiveness of such learning. These range from uncertainty
and ambiguity, which make it difficult to determine a rou-
tine’s success, to political issues within an organisation. As
a situation becomes more uncertain and complex, codified
routines are less useful and feedback-driven, responsive
activity becomes more important—as it is in the design and
development process.

To summarise, extensive research has been done on learn-
ing in management and has established various connections
between learning and feedback in this context. This sec-
tion has summarised some concepts relevant to the present
article, in particular establishing that management learning
occurs through feedback but at the same time, the complex-
ity caused by interacting feedback loops makes learning
from experience difficult. Feedback loops can also cause
resistance to organisational learning.

2.4.3 Feedback and emergence in DDP management

The last perspective to be discussed is the bottom-rightmost
cell of Fig. 1. The following paragraphs focus on how feed-
back at the management level contributes to causing and
controlling emergent characteristics of a large-scale DDP.
Some researchers in the engineering design community
address this perspective by considering how feedback allows
a large-scale DDP to adapt itself in response to emerging sit-
uations. For example, Pulm (2005) presents a social systems
perspective on product development, drawing on concepts
of second-order cybernetics and in particular, the ideas of
“autopoietic (self-reproducing), integrated (the observer is
part of it) systems”. A key idea is that the organisational
units in a project participate in a social process to adapt
product systems under development to one another. Pulm
writes that each such unit in a development project consti-
tutes a social subsystem defined by dense recurring commu-
nications among the members. Also focusing on large scale
projects but with more normative objectives, Naumann and
Vajna (2004a, 2004b) develop an approach they call adaptive
system management. This approach decomposes product
development into 13 subsystems arranged into a hierarchy.
The subsystems include the designers, the product lifecycle,
and the market environment. Naumann and Vajna (2004a,
2004b) propose that each subsystem can be represented as a
causal network of factors. Feedback principles are important
in this model as the authors describe that some processes are
“intuitive and chaotic” requiring active management, and
internal and external disturbances counterbalanced through
control loops among the factors. In later work, Vajna et al.
(2005) outline their autogenetic design theory, in which they
contend that design should be viewed as a feedback cycle of
evolutionary operators by analogy to evolution by natural

selection—in which design and design processes are evolved
in a cycle in response to dynamic selection pressures set by
their context. Overall, the papers discussed in this paragraph
are highly conceptual; in each case the importance of feed-
back in handling emergent behaviours of the DDP is made
clear, but the respective authors do not demonstrate that their
viewpoints can provide concrete insights for improvement.

An important discipline in large-scale design and devel-
opment is systems engineering, for which a central objec-
tive is to avoid undesirable emergent behaviours in a system
being developed or intervened with. Some researchers have
collected principles from systems theory with a view to
inform systems engineering, in particular by better under-
standing the complex systems under development. In such
work feedback processes are recognised to be one of the fun-
damental building blocks of complex systems, but feedback
is usually mentioned only briefly without being the main
research focus. Work in this category is usually presented
on a more abstract level than the work reviewed above. For
instance, Adams et al. (2014) reviews literature and gener-
ates 7 axioms supported by 30 propositions thought to be
representative of real systems. Feedback is shown as one
of the propositions and is implied in many others. Another
collection of systems principles in the systems engineering
context is presented in Sillitto et al. (2018), while Skyttner
(2001) collects an extensive list of general systems princi-
ples that could be interpreted in this context.

The final topic to be incorporated in our framework is
complex adaptive systems theory. In overview this pre-
sents a complex system such as a DDP as being governed
by interactions among agents who act according to rules
reflecting accumulated experience, while the outcomes of
those rules lead to individual learning and potential modi-
fications of the rules (Stacey 1995). The theory posits that
the dynamic interactions among learning agents result in a
complex intermeshing of positive (reinforcing) and negative
(counteracting) feedback loops that occur at multiple levels
and timescales, and that this is the mechanism by which
emergence occurs (Holland 1992). The negative feedback
loops cause goal-seeking behaviour and tend to steady the
system dynamics at a certain state, absorbing uncertainties
and changes in the system. If the state is desirable the feed-
back can be viewed as virtuous, or if not, as a vicious loop
that reinforces undesired behaviours (Tsoukas and Cunha
2017). In a DDP context negative feedback can be desirable
for converging on a solution and for effective project and
process management. At the same time, negative feedback
loops cause resistance to the change and innovation that are
essential features of the DDP context. In contrast, positive
feedback loops have amplifying or self-reinforcing effects
that create instability and drive changes in system state or
configuration following a disturbance. Again, this can be
desirable or undesirable depending on context (Tsoukas and
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Fig.8 Complex Adaptive Systems theory aims to explain how crea-
tivity, adaptation and emergence result from positive and negative
feedback being held in tension, through the interactions of learning
agents. Reproduced from Chiva-Gomez (2004) with permission from
Elsevier

Cunha 2017). A complex adaptive system is said to exist at
the edge of chaos, a situation in which these regimes are in
constant tension. At the edge of chaos, some changes may
be absorbed while other changes can trigger the system to
shift unpredictably to another quasi-stable state or configura-
tion. Applied to the DDP, these complex interactions have
been posited to be the root cause of chaotic behaviour and
extreme sensitivity to initial conditions (McCarthy et al.
2006), and have been said to help explain how a DDP system
can adapt to changing conditions and how creative, innova-
tive outcomes emerge (Chiva-Gomez 2004) (Fig. 8). While
these concepts are highly theoretical, some researchers have
developed agent-based models of DDP situations to study
them from the complex adaptive systems perspective and
generate management insights (e.g Garcia 2005; Crowder
et al. 2012)—but these models do not emphasise the feed-
back elements of complex adaptive systems theory, which
are of the primary interest here.

Overall, the insights into DDP feedback found in com-
plex adaptive systems theory are closely related to those
in second-order cybernetic theory, in that both approaches
emphasise the importance of situated learning agents and
their idiosyncratic models and goals in emergence of unex-
pected system behaviours and outcomes. Both are also
highly conceptual. But second-order cybernetics focuses on
the individual-in-context and how feedback governs their
knowing, emphasising the situated construction of under-
standing and taking a mainly qualitative and conceptual
approach. Complex adaptive systems theory, on the other
hand, focuses on the implications of feedback-driven situ-
ated learning on the behaviour of a dynamic system on a
large scale.
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2.5 Summary and critique of literature

To recap, the conceptual framework depicted in Fig. 1 draws
on selected literature to establish that feedback is essential to
the system behaviours of goal seeking, learning and emer-
gence that occur in multiple DDP subsystem types and at
different levels of the design and development process. The
literature also shows the importance of feedback at different
stages of the design process, from early conceptualisation
(much of the work discussed in Sects. 2.2 and 2.3 applies to
this context) through to the later stages of concurrent engi-
neering projects involving large numbers of participants (the
focus of much of the work discussed in Sect. 2.4). Some of
the ideas and approaches (e.g. System Dynamics modelling
and the Viable Systems Model) have been applied exten-
sively to practice, while other work mainly offers concep-
tual insight that can help to appreciate the DDP in terms of
feedback systems.

A broad range of concepts are represented in the litera-
ture. First, researchers addressing goal-seeking behaviour
offer insight into how feedback governs the interactions
among synthesis and evaluation processes during design,
and how it enables a DDP system to converge on or maintain
a desired state in an uncertain context. Mainly emphasis-
ing self-correcting negative feedback, this perspective lends
itself to quantitative analysis of some DDP situations such
as resource reallocation in response to changing demand.
The goals are sometimes described only implicitly. Work
that focuses on feedback as goal-seeking tends to suggest
an essentially static feedback system structure, within which
information varies over time. Second, researchers addressing
learning behaviour offer insight into how knowledge is accu-
mulated and developed through both positive and negative
feedback processes, how this evolving knowledge influences
decisions in feedback situations, and also how feedback com-
plexity can make learning difficult in a management context.
Finally, work focusing on emergent behaviour emphasises
the role of feedback in situated construction of knowledge by
individual process participants and how this, combined with
interactions among feedback processes, can help to explain
the mechanisms of creating new designs and the ability of
a project to adapt to new information as it is generated, or
becomes apparent. In the emergence perspective the pos-
sibility of feedback system structures changing over time is
allowed for. But research that addresses emergence tends to
be highly conceptual in nature, requiring substantial inter-
pretation for a particular situation.

Considering the reviewed work more holistically, it may
further be observed that most publications lean towards
either (1) a mainly technocentric view which emphasises the
ability of a DDP feedback system to cope with uncertainty,
imperfect information and dynamic complexity, as exem-
plified in the work of e.g. Amkreutz (1976), Girard et al.
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Table 1 Technocentric and human-centric views on feedback systems in the design and development process

A more technocentric view on DDP feedback

A more human-centric view on DDP feedback

Exemplified in, e.g., Amkreutz (1976), Girard et al. (1999), Joglekar
and Ford (2005), Yassine et al. (2003)

Emphasis on systems, that have human participants
Decision-making is essentially (boundedly) rational

Objectivist worldview—DDP essentially viewed by analogy to control
systems or natural feedback processes; feedback systems are out
there to be modelled and improved

Suggests essentially fixed structures of feedback cycles
Feedback information typically quantitative/objective
Focus on goal-seeking and uncertainty absorption

Emergence arises from interacting loops, delays, and imperfect infor-
mation, and is usually undesirable

Particular resonance with DDP management processes where the
intention is to control, to absorb uncertainty, and/or to converge on
a solution

Model-based approaches ease interpretation for practice

...but how well do these perspectives apply to DDP situations that are
fluid, creative and emergent?

Exemplified in, e.g., Holt and Radcliffe (1991), Glanville (2007b),
Luras (2016), Dubberly and Pangaro (2019)

Emphasis on the human as a systems participant

Decision-making is conscious, reflective and idiosyncratic

Constructivist worldview—feedback systems are constructed by their
participants, and in the minds of observers—they are perceived in
different ways

Suggests fluid and/or subjective feedback structures

Feedback information involves subjective interpretation

Focus on how feedback enables knowing and knowledge

Emergence arises from coevolving mental models, goals and conversa-
tions, and is often desirable

Particular resonance with design activity due to emphasis on situation-

dependence and individual experience, and because the constructivist

worldview resonates with new concepts, systems and situations being

constructed by designing

Discursive approaches offer rich conceptual insights

...but how can the broad-ranging theory be interpreted to inform design

and development practice?

Note that the example publications do not individually emphasise every concept in the corresponding columns

(1999), Joglekar and Ford (2005) and Yassine et al. (2003);
or (2) a more human-centric view in which greater atten-
tion is paid to how feedback relates to individuals and their
situated construction of knowledge, as offered in e.g. the
work of Holt and Radcliffe (1991), Pulm (2005), Glanville
(2007b) and Luras (2016). Differences between these views
are summarised in Table 1. On the one hand, human-centric
perspectives offer rich insights that have strong resonance
with design theory, for instance because they incorporate
a constructivist worldview and/or emphasise (co)evolving
models as drivers of desirable emergence—but such work
also tends to be discursive and highly theoretical. On the
other hand, technocentric perspectives are often embodied
in more concrete models that are more suitable for practical
application, especially to support DDP management. But
in treating the DDP by analogy to engineering control sys-
tems or as static structures of interconnected feedback loops,
the technocentric view deemphasises the inherent fluidity,
thoughtful reflection, and social processes of design and
development.

One possibility to reconcile these views is to argue that a
variety of feedback systems exist or can be perceived in the
patterns of interaction that constitute a design and develop-
ment process. Some of those feedback systems might be
relatively well structured and more well suited to descrip-
tion from the technocentric viewpoint, while others might be
more fluid and ambiguous, in which case the human-centric
view might be more appropriate. But at the same time, many
situations in the design and development context could be
usefully perceived from either point of view. For instance,

situations in mechanical design often involve constructing
new understanding (as treated in the human-centric view)
but also convergence on quantitative objectives (as treated
in the technocentric view). We therefore suggest that both
views are relevant to many DDP situations, but observe that
much of the literature is oriented towards one side of this
spectrum or the other.

When seeking to understand a complex system such as a
DDP, a discursive and pluralistic approach is often reveal-
ing. At the same time, it would be valuable to synthesise
key ideas from both perspectives into a model that could
guide their integrated application to practice. Such a model
would need to be abstract in nature to encompass the richly
ambiguous subject matter, and so that it could be used to
frame a range of DDP situations at different system levels.

3 Process model

To create a model offering this synthesis of key concepts,
the literature discussed in Sect. 2 was revisited to identify
the mechanisms by which feedback is said to enable goal
seeking, learning and emergence—i.e. the three behaviours
we have focused on in this article, and that are thought to be
essential at multiple levels of the design and development
process as explained in Sect. 2.1. Insights were synthesised
to create a conceptual model.

The new model, termed the Feedback System Function
Structure (FS?) model, distils the essence of DDP feedback
situations to be intelligent, reflective process participants
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Feedback System Function Structure: A model of feedback situations in the design and development process
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Fig.9 The Feedback System Function Structure (FS?) model repre-
sents a DDP feedback situation in terms of a system coupled to its
environment through feedback loops, and decomposes the system into
functions, flows and aspects of memory. Rectangles represent func-

(each representing either an individual, or on a more abstract
level, a group) purposefully interacting with their environ-
ments, that may include other participants. In the model,
an individual or group in focus is described as a system,
while the broader term feedback system encompasses both
the system of interest and those aspects of its environment
that are closely coupled to it through feedback loops. It is
recognised that design and development involves many inter-
acting systems whose actions have different timescales and
different scopes of influence. But our model is intended to be
generic, so such interactions are not depicted because their
structure is generally dependent on the situation at hand—
and for many situations can be perceived in different ways.
The FS? model depicts a system and its environment, decom-
poses the former into key process functions and aspects of
memory involved, and shows how all these elements work
together in a cyclic way to enable goal-seeking, learning and
emergence in the general case. We propose the model can be
applied to frame numerous situations that occur in a design
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tions. Arrows represent flows of influence, that are each described in
Table 2. Ellipses represent aspects of system memory. An unnum-
bered version of this diagram is provided in the Supplementary Mate-
rial

and development project—as long as they can be perceived
in terms of feedback processes.

The FS? model is depicted in Fig. 9. Two boundaries are
shown. The inner boundary defines the system of interest.
The outer boundary encloses that system along with the
aspects of its environment that are bidirectionally coupled
to it, as well as the aspects that may influence the system
but are not more than minimally influenced by it. The outer
boundary excludes aspects of the environment that no more
than minimally influence the system of interest. The model
represents a system in terms of functions, depicted as rectan-
gles, that each transform input flows into output flows (these
are flows of influence, not sequences of events). Some flows
originate or terminate in aspects of system memory, while
others occur between two functions. The model adopts the
concept that the depicted system is informationally closed—
meaningful information exists only within the system given
its idiosyncratic frame of reference, and is translated across
the boundary into its environment when conversations are
held, when emails are sent or are read, when documents,
diagrams and CAD models are considered or modified,
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Table 2 Flows of influence in the FS? model

Flow Description

1 Aspects of the environment are perceived in the system, e.g., email is read, a CAD model is viewed, etc.
2 Perceptions, manifested as information in the system, influence the perceived situation

3,9 The perceived situation informs detection of deviations from system goals

7,10 The perceived situation informs predictions how the environment will evolve with respect to goals

8,11 The perceived situation informs detection and prediction of deviation from goals in respect to coordination
4,14, 15 Decisions are made to reduce detected and predicted deviations from goals

16 Decisions are made by applying decision heuristics to reduce deviations from goals

30 The perceived situation is considered when deciding how to reduce deviations from goals

5 Decisions are implemented by actions, e.g., sending email, holding conversations, modifying CAD, etc.
6,E Actions cause changes in the environment, and some direct or indirect effects may later be perceived

12, 26 The perceived situation, including effects of previous actions, influences the evolution of goals

17,18 Decision heuristics are abstracted from the system’s models of cause and effect in its environment

19 Decision heuristics are formed with respect to the system’s goals

20,21 Learning influences the system’s models of cause and effect in its environment and is goal-directed

22 Learning about cause and effect in the environment is influenced by perceptions of that environment
27,13, 31 Learning involves reflection on existing knowledge

23,28,29 The system’s models of its environment, and its goals, influence how it perceives that environment
24,25 The system’s models of its environment are used to predict future deviations with respect to its goals

The numbers refer to the labelled flows in Fig. 9

and so on. The translation is accomplished by the functions
Perceive (involving observations of the environment) and
Implement (involving actions on the environment), which
are depicted as crossing the system boundary to indicate
that these are the points at which the system interacts with
its environment. Other elements of the model are depicted
within the system boundary. This is to indicate that they
might not be directly observable, although they are posited
by researchers and emphasised in our model to be concep-
tually-important influences on the behaviour of the feedback
system. Note how several cyclic flows of influence exist in
Fig. 9. Some of these cycles cross the system boundary,
indicating feedback in the system’s interactions with its
environment. Other cycles occur entirely within the system,
indicating reflection and reprocessing of system memory.

Perceiving a DDP feedback situation through the lens
of the FS? model is in some ways analogous to perceiving
an engineering design as a structure of functions that inter-
act through flows of energy, material and information (as
described by e.g. Pahl et al. 2007). In particular, in com-
mon with a design function structure, our model does not
emphasise how the functions, flows and aspects of memory
are realised in the physical domain. For instance, it does
not depict specific process steps, communication media or
people who might be involved.

The following subsections expand upon Fig. 9 to explain
each function and aspect of memory, with examples from
some common DDP situations. After introducing the model,
it will be compared against prior work to show that, although

all elements of the model are individually well established
in literature, the FS? model is the first to synthesise them in
context of the design and development process. Some appli-
cations of the model to guide structured reflection on design
and development processes will then be discussed, and other
potential applications and implications will be suggested.

3.1 Functions relating to goal-seeking

Arguably the most fundamental behaviour of intelligent par-
ticipants in feedback situations is goal-seeking (Pask 1969)
which, to recap, enables equilibrium to be maintained and/
or objectives to be approached in a context of uncertainty.
In the FS? model, goal-seeking involves four main func-
tions that occur once aspects of the environment have been
observed (via Flow 1 in Fig. 9) and manifested as infor-
mation within the system (via Flow 2). In particular, the
information contributes to the perceived state of the environ-
ment, which is processed to Detect deviations from the goals
(via Flow 3) and/or to Predict them in advance (via Flow
7). Adopting the view of O’Donnell and Duffy (2002), the
model considers that in a DDP situation at any level, goals
relate both to design objectives and management (e.g. coor-
dination) objectives for the task at hand. Additionally, the
system participant(s) must Decide how to respond to devia-
tions (via Flows 4 and 14). Finally, they must Implement
decisions (via Flow 5), which means taking actions to influ-
ence the environment (via Flow 6). Actions cause direct and
indirect effects in the environment (Flow E), some of which

@ Springer



Research in Engineering Design

are perceived in turn to close the feedback loop via Flow 1.
The characteristics of the functions (that are italicised) in
this paragraph are elaborated in the next subsections.

3.1.1 Detect function

The Detect function is concerned with identifying deviations
from system goals, which may subsequently be responded
to. As shown in Fig. 9 this is achieved by considering the
perceived state of the environment in light of the goals. This
function is critical to effective goal-seeking yet is also chal-
lenging in the DDP context. In particular, design practition-
ers are often required to work with information that is of
poor quality, and can also be overwhelmed with potentially
conflicting information (Wellsandt et al. 2018). Inadequate
information leads to nonlinear and complex process behav-
iours (McCarthy et al. 2006). To give one example, impre-
cise evaluations of an emerging design might lead to slow
convergence towards a solution (Huang and Gu 2006).

3.1.2 Predict function

The Detect function discussed in the previous subsection
relates to feedback, in which deviation from goals is con-
sidered after it occurs. While this is fundamental to goal-
seeking behaviour in response to unforeseen events and out-
comes, it is in essence reactive and (as is well-known from
control theory and as discussed by Simon 1981) will lead
to a system’s decisions lagging the ideal responses, espe-
cially when faced by a trend of growth or decline. In real
DDP situations feedback-driven decision-making is comple-
mented by feedforward, represented in the FS> model by the
Predict function. Feedforward refers to situations in which
attempts are made to anticipate future evolution of the envi-
ronment, including in response to potential actions, such that
introduction of problems can be avoided and/or mitigating
actions can be taken before any undesirable consequences
fully manifest. In contrast to Detect, which is essentially
reactive and for which effectiveness depends on the quality
and timeliness of information and the ability to make rapid
cycles of adjustment, Predict is a more cognitive approach in
the sense that its effectiveness is more dependent on the sys-
tem’s ability to understand how its environment may evolve
over time and how it may respond to changes. In Fig. 9, this
is depicted by Flow 24, which indicates the influence of
Situation models on the Predict function (Situation models
are further discussed in Sect. 3.2.1.)

3.1.3 Decide function
The model represents Decide as selecting an action intended

to drive the feedback system closer to system goals, by con-
sidering the detected and predicted deviations (via Flows 4

@ Springer

and 14) in light of participants’ understanding of how pos-
sible actions might change the environment with respect to
the goals (via Flow 16). This understanding is represented
as Decision heuristics in the FS? model (see Sect. 3.2.2 for
further discussion). The decision process may involve both
rational analysis and reflective judgement, depending on
the situation. It may draw on other information about the
environment (via Flow 30) in addition to the deviations that
are to be responded to. The decision process may involve
trade-offs where the system’s goals are in conflict, and/or
where decision heuristics suggest several possible responses.

According to the so-called principle of requisite knowl-
edge, an optimal decision requires (among other factors) the
decision heuristics to have a level of complexity requisite to
that of the environment with respect to the goals (Heylighen
1992). In design and development requisite knowledge is not
usually possible because individual participants are bound-
edly rational—they must work with incomplete or imperfect
information, have limited time to process that information,
and hence do not understand the complete situation in full
detail (Simon 1981). Also, the evolutionary nature of design
and development means that the relevant knowledge cannot
be fully specified in advance—some is generated as the pro-
ject moves forward, only after issues arise (Pich et al. 2002).

3.1.4 Implement function

In the model, decisions are implemented when the system
exerts actions on its environment via Flow 6. For instance,
emails might be sent, CAD models might be updated, con-
versations held, and so on. Actions are objectively observ-
able, although their meanings and the underlying intentions
are subjective.

Of relevance to the Implement function and its impact on
feedback system behaviour, the principle of requisite variety
is similar to that of requisite knowledge, but refers to the
ability not only to select, but also to carry out an appropri-
ate action (Ashby 1958). Ashby formulated this principle
as “Only variety can destroy variety”. The essence of his
argument (in the terminology of Fig. 9) is that if a system’s
environment can take on a certain number of states pertinent
to the system’s goals, those goals can only be ensured if
the system can offer the same number of states in response,
each tailored to counteract a single undesired situation. But
in a DDP context, from any (sub)system’s viewpoint the
actions that are possible are limited in relation to the pos-
sible variety of its environment. The rate at which actions
can be completed may also be limited relative to the rate at
which decisions can be made. To give some examples: an
individual may identify solutions to certain problems but
might not have authority or consensus to implement them; or
the way a product model has been built up in CAD software
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may make it very time-consuming to make certain changes
to the design.

To summarise, the Detect, Predict, Decide and Imple-
ment functions work in conjunction to provide the funda-
mental feedback (and feedforward) loop in our model. The
loop is closed when actions on the environment contribute
to changes in that environment, and some of the direct and/
or indirect effects are later perceived in turn.

3.2 Functions relating to learning

The second group of feedback system functions relates to
learning, i.e. the behaviour in which a system and its par-
ticipants generate knowledge and adapt decision-making
in response to a changing environment. These functions
address the second row of the framework in Fig. 1. Note that
learning also involves the functions discussed in Sect. 3.1.

In the FS? model, learning is represented as changes to
the memory of the system, in particular to three distinct
facets of that memory: situation models, goals, and deci-
sion heuristics. The model emphasises that these aspects
of memory are each inconsistent and incomplete, because
they exist within the system and are updated over time in
response to perceived information about its environment—
information which itself is limited in quantity, quality and/
or timeliness. Learning is conveyed in the model to be a
significant driver of dynamic complexity in a DDP feedback
system, since it is central to intelligent behaviours and since
it causes responses to similar stimuli to differ over time.

3.2.1 Learn | function (relating to situation models)

This subsection first explains the concept of situation
models, before moving on to discuss their involvement in
learning.

As established in Sects. 2.2.2, 2.3.2 and 2.4.2, each sys-
tem (i.e. individual or group working towards goals) in
a DDP situation maintains knowledge of how their envi-
ronment is expected to respond to changes and how it is
expected to evolve over time. In the FS? model, this appre-
ciation is viewed as subjective and unique to each system,
and is referred to as the system’s situation models. Situation
models allow reasoning about cause and effect via an under-
standing of relationships in the environment, in contrast
to the perceived situation (to be discussed in Sect. 3.3.1),
which concerns the perceived current state of the environ-
ment. To provide some examples: Situation models may
include an understanding of a design being developed,
that allows the knock-on effect of proposed changes to be
(imperfectly) foreseen. They may include an understand-
ing of design processes that allow the impact of the change
on project milestones to be (imperfectly) predicted. They

may include an appreciation of the social and organisational
context in which design takes place, allowing (imperfect)
prediction of how other process participants are likely to
react if the change is requested. Situation models may draw
on explicit models within the system, e.g. documents and
CAD models, but these must be brought to life in the minds
of system participants to reason about cause and effect in a
particular context. Like any model, situation models are less
than the situations they represent and are oriented towards
a purpose—in this case, reasoning about cause and effect
with respect to the goals of the system. In the FS? model,
situation models are essential to feedback system behaviour
because—as shown in Fig. 9—they are used to predict how
the system environment might evolve over time and how it
might respond to proposed actions (via Flow 24), and they
also indirectly guide decisions via Flows 18-17-16.

Returning to the discussion of learning, the FS? model
depicts one aspect of learning to be the ongoing modifica-
tion of situation models in response to observations. This is
depicted as the Learn I function in Fig. 9. An example of
this aspect of learning is the propagation and adjustment of
design methods that prove helpful and the archiving of those
that do not (a situation discussed by Schgnheyder and Nor-
dby 2018). The distinction between this type of learning and
goal-seeking can be illustrated by an example in which man-
ufacturing engineers identify a part that is unduly expensive
to produce and convey that information to design engineers,
who, in turn, change the part design and verify that the issue
is resolved. This is an example of goal-seeking, because a
deviation from a goal has been detected and then corrected
through feedback (via the cycle of Flows 1-2-3-4-5-6-E-1).
During learning, in contrast, a connection is made between
the detected deviation and the situation model that ultimately
guides decisions, and the latter is adjusted through another
feedback loop (via the cycle of Flows 1-2-22-21-18-17-16-
5-6-E-1). To explain this type of learning in terms of the
running example, the design engineer might gain insight
into why certain design decisions led to manufacturing dif-
ficulties, allowing them to change their decision-making to
avoid such difficulties in future. This type of learning can
also involve reflection and reframing of existing situation
models, which in Fig. 9 is represented by the cycles 27-21-
27 and 23-2-22-21-23.

3.2.2 Abstract function (relating to decision heuristics)

As discussed above, situation models represent system par-
ticipants’ appreciation of the system environment and how
it might evolve and respond to changes. In practice however,
many design and development decisions are not based on
complex models and analyses of cause and effect, but on
simplified heuristics. Argyris and Schon (1994) use the term
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theory-in-use to describe heuristic rules of thumb that are
used in practice to approach a goal in a given situation. In
the FS? model, this concept is represented by the Decision
heuristics in Fig. 9. The Abstract function represents the
development of decision heuristics from situation models,
with respect to the goals.

In design and development practice, it is common that
many factors will influence how a situation will respond
to changes. A person’s understanding of the situation is
also likely to contain inconsistencies, especially when a
situation is ill-defined or incompletely understood. Accord-
ingly, the Abstract function involves formulating strategies
for approaching goals, considering which factors are to be
taken into account when making decisions and which can
be overlooked, and requires the resolution of conflicts in the
understanding of a situation.

3.2.3 Learn Il function (relating to system goals)

As previously discussed, DDP feedback systems have pur-
poseful behaviour driven by system Goals. Goals are typi-
cally related to each system’s participation in the functioning
of a higher-level system, and are interrelated to form what
Albers et al. (2012) term a system of objectives. Our model
emphasises that goals are essential to a feedback system’s
behaviour because deviation from the goals is what drives
decisions and, ultimately, actions by the system in its envi-
ronment. As indicated in Fig. 9, the FS? model situates goals
internally within a system. This reflects the argument of Pask
(1969) that the goals of a human participant in a feedback
system are underspecified, open-ended, and consciously
managed. This is often described as an important factor in
the design and development context—for example design
goals have been described as initially ill-defined, requiring
reformulation as problem and solution are evolved together
(Dorst and Cross 2001; Sim and Duffy 2003). One purpose
of design goals is “to motivate activity which in turn will
generate new goals” (Simon 1981). To give one example,
in the design of a complex product like an aircraft, require-
ments for each product subsystem are generated and flowed
down to the appropriate teams, where they might need to
be further detailed. The teams doing the subsystem design
work would also provide feedback on whether the goals are
achievable, and they might be reformulated if it is later dis-
covered that it is not technically possible to meet them.
The FS? model emphasises the role of feedback in devel-
oping, expanding and adjusting goals by adopting the con-
cept of double-loop learning (Argyris and Schén 1994).
In double-loop learning, a connection is made from the
observed effect of previous actions (via Flow 12) to goals
(via Flow 26) in light of those and other goals (Flow 13),
thereby indirectly all other elements of the model. This
may be triggered by new observations or may be a result of

@ Springer

reflection. In Fig. 9 this type of learning is represented by
including the Learn II function.

To conclude the discussion of functions relating to learn-
ing (and of the aspects of system memory that are impacted
by learning) it can be noted that in complex and ill-struc-
tured contexts, as are typical in design and development, the
need for learning is greater than in simpler situations but
learning is also more difficult (Argyris 1976). A contributing
factor is that the high rate of change, high level of ambiguity
and need to work with preliminary information in the DDP
context means that both single- and double-loop learning
must take place in near-real time. Difficulties of disentan-
gling feedback adjustments from changes caused by both
modes of learning might be expected (Maier et al. 2012).

3.3 Functions relating to emergence

The final set of feedback system functions incorporated
in the model is related to emergent behaviours, thereby
addressing the bottom row of the framework in Fig. 1. These
functions relate to the role of situated, constructed knowl-
edge and to interactions between agents and among feedback
loops. Emergence also involves the functions discussed in
Sects. 3.1-3.2.

While goal seeking and learning are desirable for all DDP
feedback situations, the desirability of emergence depends
on the situation at hand. Where the goal is to generate inno-
vative designs, or for a project to be agile in response to
changing context, a degree of emergence may be desirable.
In other DDP feedback situations emergent or unplanned
outcomes are viewed as undesirable, for instance where the
goal is to design a safe system (Taylor 2017) or to ensure
project delivery on time and budget (Yassine 2007). A
design and development project involves feedback situations
of both types.

3.3.1 Perceive function (relating to perceived situation)

To recap, the second-order cybernetics perspectives dis-
cussed in Sect. 2.3.3 emphasise the importance of a sys-
tem’s internal models in DDP emergence. In this context
models are not viewed as artefacts, such as CAD models
or Gantt charts, but are viewed as having been brought to
life in the minds of their users to inform decision-making.
Such models-brought-to-life exist only within the system and
therefore are expressed using the vocabulary of the system
and the conceivable actions from the point of view of that
system. A model inside a system therefore provides (and
also by virtue of being a model) an inaccurate representation
of the system environment. All stimuli which can be used
to improve that model are transformed or filtered in some
way by the system’s perceptual apparatus—which is recip-
rocally dependent on the model via the cycle 2-22-21-23-2
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in Figure 9. Participants in such a system can only perceive
from within the frame of their models and for this reason
have blind spots they cannot see (von Foerster 2003). Ster-
man (1994) explains this by reference to Kuhn (1970)’s the-
ory that a scientific paradigm suppresses ideas that cannot
be easily expressed within it. Second-order cybernetics is
therefore associated with radical constructivism (von Gla-
sersfeld 1996), in which the question of how well a system’s
knowledge (models) represent the real world is said to be
undecidable and furthermore not relevant to a cybernetic
analysis of the system; from this perspective a good model
is one that leads to good decisions with respect to goals at
hand (Heylighen and Joslyn 2001). Instead of focusing on
the content and fidelity of models used for decision-making,
second-order cybernetics offers insights into the feedback
process by which the models that people create determine
how they construct their perception—and thereby influence
the reality—of systems in which they participate (Glanville
2007a). In the context of the DDP, what is being constructed
is designers’ perceptions of the processes in which they par-
ticipate and of the design they are creating, and thereby,
through their actions and interactions, the processes and
designs themselves.

The point of view expressed throughout the previous
paragraph is incorporated in the FS? model by including
the Perceive function. In particular the information flows
depicted in Fig. 9 convey that system memory not only influ-
ences decisions, but also what observations are perceived
and perceived to be relevant (via Flows 23 and 28) and how
they are translated into information within the system. As
noted in Sect. 2.3.3, perception also depends on previous
actions in the sense that the system environment yields
different information depending on how it is queried. One
consequence of this perspective is that interdependencies
between perceptual and conceptual apparatus, in particular
the impact of one’s own frame of reference, are likely signifi-
cant contributors to the emergence of unexpected outcomes
during a DDP.

3.3.2 Coordinate function

The functions discussed so far have emphasised a feedback
situation in isolation. But design and development involves
a collection of such situations, with many systems work-
ing together such that each addresses parts of the overall
goal. As already discussed, the more densely connected a
situation, the more interacting feedback loops can be found
within it (Ramasesh and Browning 2014). We also observe
that each DDP participant participates in multiple feedback
systems. For example, a designer may participate in one sys-
tem regarding design performance and another regarding
schedule adherence, among others.

Drawing on the discussion of literature in Sects. 2.3.3
and 2.4.3 in particular, the FS? model considers that emer-
gent behaviours arise in part from the dynamic interactions
between coupled feedback systems. In practice the goals of
each system (that, to recap, can be an individual or group
participating in the DDP) will be imperfectly aligned.
Actions of one system will often be perceived in others only
after some time elapses, and sometimes indirectly. What is
perceived in one system will differ in some respects from
what was intended in another. The situation models, deci-
sion heuristics and goals, that are internal and unique to
each system, therefore coevolve in complex manner as each
system reacts to changes induced by others.

As summarised in Sect. 2.3.3, this coevolution contrib-
utes to creativity and desirable emergence in design. On the
other hand, the resulting difficulty of predicting how a feed-
back system will evolve creates non-transparency and chal-
lenges in guiding the DDP to a desired state—arguably the
essence of complexity in many engineering projects (Mau-
rer 2017). Braha (2020) finds that design problem-solving
networks with more interacting feedback loops experience
greater problems converging on a solution that satisfies all
those loops. Sterman (1994) discusses several reasons why
dynamic complexity caused by interacting feedback loops
reduces the rate of learning: complex systems are not in
equilibrium; actions are irreversible; and the changing of
many variables simultaneously confounds attempts to under-
stand cause and effect. Although it is therefore challenging
to manage the effects of dynamic complexity, it has been
shown that practitioners can learn to make better decisions in
the face of dynamic complexity caused by interacting feed-
back loops, once aware of the issue (Senge and Sterman
1992). In the DDP context, it has also been shown that unde-
sirable dynamic properties arising from interaction between
agents seeking feedback can be reduced if designers have
good appreciation of how their work relates to the overall
design objectives, or if a higher-level feedback system man-
ages the interactions (Yassine et al. 2003).

In the FS? model, coordination is represented as an influ-
ence on decision-making that is governed by the same feed-
back and feedforward mechanisms as design decision-mak-
ing—in other words, by detecting and predicting deviations
from goals, where those goals indicate the system’s coor-
dination approaches and are subject to evolution based on
observation of previous decisions’ effects. To ensure that the
importance of coordination is emphasised when interpreting
the model, it is depicted by including a distinct Coordinate
function.

Overall, to summarise Sect. 3.3, emergence is presented
in our model as arising from dissonance between system
memory and the system environment, as well as from the
dynamic interactions among coupled feedback systems.
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Table 3 Comparison of the FS? model to some other feedback-centric models of the design and development process

z Detct. Pred. Decide

Impl. Learn I Learn II Abstract Perceive Coord.

Suh (1990)

Weber (2007)

Amkreutz (1976)

Sim and Dufty (2004)
Wynn et al. (2010)
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Maier et al. (2012, 2014)
Wellsandt et al. (2018)
Huang and Gu (2006)
Doumeingts et al. (1996)
Merlo and Girard (2004)
Wilberg et al. (2015)
Elezi (2015)

O’Donnell and Duffy (2002)
Romero et al. (2008)
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Publications are shown in the sequence they are discussed in Sect. 2. A tick indicates that a particular function is emphasised in the respective
publication, although the perspective on the function may differ from that presented in the FS? model

3.4 Summary

The FS? model collects some insights into feedback systems
from literature and integrates them for the DDP context. By
decomposing DDP feedback situations into process func-
tions that contribute to goal-seeking, learning and emer-
gence, the FS? model focuses attention on how these inter-
related and essential behaviours are realised. The model is
intended to apply to multiple DDP subsystem types, includ-
ing activity, collaboration and management subsystems, and
at different levels of the design and development process.
The model thereby addresses all nine perspectives depicted
in Fig. 1.

We undertook two analyses to clarify the gap addressed
by our new model. First, to show that the FS? model covers a
broader scope of concepts than earlier models of feedback in
the DDP, each of its functions was mapped against a selec-
tion of literature reviewed in Sect. 2. The reason for focusing
on a subset of the reviewed literature is that many of the
publications underpinning our model do not decompose a
feedback system in terms of functions, aspects of memory
and specific flows of influence between them. Therefore,
mapping a publication against the constructs of our model
would not be meaningful in every case—in particular, for
much of the work that discusses feedback in terms of cyclic
flows of influence, without emphasising the decision-mak-
ing processes involved. Such publications were therefore
excluded from the analysis, which focused only on work in
which functions involved in feedback decision-making can
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be clearly distinguished. Even in such cases, it was com-
mon that some functions in our model were clearly appar-
ent in a publication while others were only obliquely sug-
gested, requiring interpretation as to whether they should
be included in the mapping or not. To ensure consistency,
a set of specific questions was therefore formulated to cap-
ture the essence of each function in our model, then each
selected publication was evaluated against those questions.
The questions are included in the Supplementary Material
and the result of the mapping is shown in Table 3. Overall,
although a certain amount of interpretation was required to
generate Table 3, it confirms that prior models of feedback
in the DDP consider only subsets of the concepts that are
integrated in the FS? model.

Second, Fig. 10 positions the FS?> model in relation to
some existing approaches on two axes, representing the
degree to which a particular approach is either model-based
or discussion-based, and the degree to which it is technocen-
tric or human-centric. Returning to our critique of literature
in Sect. 2.5, the figure depicts how treatments of feedback in
DDP literature tend towards either technocentric or human-
centric, with few integrating insights from both perspectives.
Furthermore, the approaches found in literature that consid-
ers most of the functions incorporated in the FS?> model are
largely discursive in nature, while the FS? model embeds
these insights into a model with the intention to generate
more practical implications and possibilities for application
of the theoretical insights. Some of these implications and
possibilities are discussed in the next section.
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Fig. 10 Positioning the FS? model in relation to some other feedback-centric analyses of the design and development process

4 Discussion

The design and development process evidently does not
unfold in an uncontrolled and mechanistic way, but is pur-
posefully and consciously influenced by its participants upon
consideration of feedback information. To fully appreciate
the complex dynamic behaviours of the design and develop-
ment process, it is therefore important to recognise the role
of feedback systems within it. Although feedback is most
commonly associated with control or goal-seeking, research-
ers have also considered it to be essential to emergence and
learning—both of which are key behaviours of the design
and development process. So, considering the DDP in terms
of feedback systems, especially as they relate to the interac-
tions among participants working with idiosyncratic percep-
tions and goals that are also constructed through feedback,
might provide insight into these essential characteristics. But
relatively few publications have sought to comprehensively
examine feedback in the DDP, in relation to more widely
discussed perspectives on that process, such as viewing it in

terms of information dependencies or task sequences. We
suggest that the topic deserves greater attention.

The high level of abstraction of the concepts discussed
in this article may invite criticism on the grounds of practi-
cal applicability. In fact the conceptual nature of the work
(and much of the reviewed literature) is a necessary and
deliberate reflection of the richly ambiguous subject mat-
ter. This is because a complex situation like the design
and development process involves many individuals with
unique perspectives and so cannot be perceived in full
by any participant or observer—it needs to be framed to
make sense of it. This can be supported by a model that
is sufficiently abstract to prompt reflection while also not
oversimplifying key issues. The feedback systems per-
spective discussed in this article and more specifically,
the FS? model provides such a frame, bringing to light
aspects of the DDP related to feedback while submerg-
ing and simplifying other aspects. Like any conceptual
model, the FS? model can support analysis of a situation
by prompting balanced consideration of all the issues that
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are represented in it, helping to ensure that none of those
issues are overlooked.

It must be emphasised that because the Feedback Sys-
tem Function Structure was developed to convey con-
ceptual insight it does not offer a ‘recipe’ or method for
making improvements. Like other conceptual models and
frameworks, the value of the model hinges on the validity
of its concepts, its internal consistency, and ultimately its
usefulness for developing insights. Although these char-
acteristics have not yet been formally assessed, we note
again that the model was developed by synthesising inter-
related concepts that are well established in literature. This
provides some confidence in the validity and consistency
of the concepts. In an initial investigation of the model’s
usefulness, we used it to seek insight into situations drawn
from our own experience and prior research. Descriptions
of three such cases are provided alongside this article. The
first case concerns the engineering design process of a
machine part. The second case concerns an engineering
design process improvement initiative. In the third case,
we applied Reich’s Principle of Reflexive Practice (Reich
2017) and used the model as a lens to consider the process
we had experienced while developing it. The first case is
described in the Appendix while the latter two cases are
described in the Supplementary Material accompanying
this article. As detailed in that text, each application led
the authors to new insights into the respective situation,
suggesting that the FS? model can be useful to guide ret-
rospective reflection on a design and development process.

4.1 Some implications for effective DDP feedback

In technical systems, effective feedback is often defined in
terms of goal-seeking, i.e. feedback is deemed effective if it
allows a system to converge to stationary or moving objec-
tives as quickly as possible and with minimum oscillation,
while absorbing uncertainties. In DDP situations as well,
avoiding excessive oscillation is often desirable. For exam-
ple, this may improve the rate of design convergence and
assist learning and coordination by making it easier to iden-
tify whether interventions result in improved performance.
One factor that causes oscillations and potential instability
in a dynamic system is excessive delay in the cause—effect
cycle (McCarthy et al. 2006). Research has shown that peo-
ple often perform poorly in decision situations governed by
feedback, and their ability to exert control generally reduces
as delays increase (Diehl and Sterman 1995). Long delays in
feedback loops may even make it difficult to connect cause
and effect at all (Ramasesh and Browning 2014) especially
if those loops cut across responsibilities and organisational
boundaries (Senge 1990). Another situation in which exces-
sive oscillation is likely, mentioned earlier, is if poor quality
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of information is used for feedback (Wellsandt et al. 2018).
Overall, impediments to the flow of information within a
DDP feedback system or between the system and its envi-
ronment are undesirable when the objective is to approach
goals as quickly as possible. Managerial efforts to identify
important feedback information and to manage its quality
and timeliness are therefore likely to improve DDP perfor-
mance. The model also indicates that problems are likely
if there is a mismatch between the amount and richness of
feedback information and the ability to interpret it. Con-
sidering the Perceive function and its input flows, poor
feedback performance can arise when there is too much
feedback information but insufficient knowledge or time to
extract meaning, or conversely when decisions are based on
overinterpretation of limited data. In a large-scale DDP, this
reinforces the value of tailoring feedback information to the
needs of each decision-making unit.

Another implication is that issues in realising any of the
functions or flows in the FS? model may cause problems in
handling manifested uncertainties, in learning and improve-
ment, and in adapting to new insights generated during the
DDP. This suggests that the model might help to pinpoint
feedback-related problems and improvement opportuni-
ties. For instance, if a particular situation is mapped against
Fig. 9 and it is determined that deviations from a desired
state cannot be reliably detected or are not reliably trans-
mitted to inform decisions (to provide just two examples),
it can be concluded that such deviations will not be reliably
absorbed—no matter how well the other functions and flows
of the model might be realised. An example is suggested in
the Appendix, and similar reasoning is applied in feedback-
oriented models for assessing system safety (Leveson 2011),
security (Carreras Guzman et al. 2020), for appreciating
process modelling interventions (Wynn et al. 2010), and in
applications of the Viable Systems Model (e.g. Elezi 2015).

In practical terms several enablers of effective feedback
in the DDP context may be suggested. An organisation able
to take on new ideas and respond rapidly to new information
is likely to derive more benefit from feedback than another
that cannot. This might be supported, for example, by agile
development processes, a culture of sharing preliminary
information, the use of rapid prototyping, and flexibility in
the design itself, that might (for example) be enabled by
modularity and reconfigurability. On the other hand barriers
to effective feedback can include the inverse, such as overly
bureaucratic processes and tightly integrated products that
include legacy systems which are difficult to change, as well
as non-mechanistic issues, such as psychological, cultural,
and organisational barriers to providing or responding to
feedback information (Busby 1999).
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4.2 Conceptual tensions

While much of the literature on feedback in the DDP offers
complementary perspectives, tensions may also be identi-
fied. One such tension might be perceived between the view
that feedback is desirable as in the goal-seeking perspective
exemplified in the work of Yassine et al. (2003), and the
view that (late) feedback is undesirable as in the perspective
discussed by Eppinger et al. (1994). Another point of ten-
sion occurs between work that focuses on feedback in goal-
seeking and that which focuses on feedback in emergence.
In particular, the goal-seeking perspective emphasises the
importance of control in guiding a system towards its objec-
tives. According to this perspective an effective feedback
system is one that can eliminate uncertainty, and sources of
dynamic complexity such as interlocking feedback cycles
are seen as undesirable. But on the other hand, research in
second-order cybernetics and complex adaptive systems the-
ory emphasises that it is in fact the non-idealities relating to
feedback that lead to the important DDP behaviours of creat-
ing new designs, and being able to adapt when new oppor-
tunities arise. For instance, emergence of new ideas in team
designing is related to the difference between participants’
mental models (as discussed in Sect. 2.3.3) and an organi-
sation’s ability to reconfigure itself in a changing environ-
ment is shown to arise from the complexity of interactions
among positive and negative feedback loops (as discussed
in Sect. 2.4.3). The feedback systems perspective thus may
offer insight on why the ‘define the goals then control work
towards them’ approach of classical systems engineering and
project management helps to manage projects in the face of
internal complexity, but might be less than ideal in situa-
tions where goals are difficult to define upfront. This control-
based approach is also sometimes associated with resistance
to innovation (see Lenfle and Loch 2010).

4.3 Outlook

Several opportunities for further work may be suggested.
First, noting that the FS? model has only been used on a few
cases by the authors to date as discussed in the Appendix
and Supplementary Material, we intend to more comprehen-
sively explore its utility. For instance, we hope to investigate
whether practitioners and other researchers can identify how
the functions in the FS? model are realised in particular situ-
ations of interest, and whether they believe that perceiving a
DDP situation through the frame of the model yields useful
insight. The necessary interpretation might conceivably be
challenging for those unfamiliar with the underlying theo-
ries; perhaps a structured process to guide the model’s appli-
cation would be helpful.

Apart from guiding reflection on DDP situations, other
opportunities are evident to apply the FS?> model. For
instance, it could potentially be used to structure compu-
tational studies of feedback in the design and development
process. To give one example, agent-based simulations
might be developed in which each agent is conceptualised
as an implementation of the FS> model. Considering for
instance the focus of the FS? model on how feedback sys-
tems are governed by their models of the external environ-
ment, such simulations might be used (among other possibil-
ities) to investigate the roles of models in the DDP—such as
the mechanisms by which models are managed and updated,
the impact of misalignment of models in terms of process
coordination, and the role of coevolution of mental models
in creating novel designs. The FS? model might also be used
to frame observational or experimental studies of the DDP,
perhaps yielding insight into how designers handle feedback
situations in practice and how this impacts design outcomes.

Finally, additional conceptual work is also possible to
extend and refine the FS? model. For example, it would be
possible to more explicitly account for interaction among
DDP feedback systems, considering issues such as levels of
influence and speed of action. Differences might be expected
depending on e.g. the scale of the situation and the levels
of autonomy of the teams and organisations involved. Con-
sidering that the DDP is a temporary project-based activ-
ity, emergence of feedback systems as a project evolves and
grows or reduces in complexity could also be considered.
One challenge would be to concretise conceptual insights
far enough to be useful to engineering practice, without
compromising the deliberate generality of the FS? model.
The relevant system-theoretic ideas tend to be discursive and
conceptual—very rich in insight, but not straightforward to
transform into concrete recommendations for improvement.

5 Concluding remarks

Feedback is one of the main drivers of dynamic behaviours
in the design and development process (DDP). This article
has collected perspectives on how feedback enables goal-
seeking, learning and emergence behaviours, all of which
are recognised by researchers to be essential in the DDP at
multiple levels. We have argued that an integrated consid-
eration of technocentric and human-centric views on feed-
back systems is helpful to appreciate goal-seeking, learn-
ing and emergence in the design and development context.
Technocentric views offer model-based analyses of DDP
feedback situations and some quantitative insights that can
support process improvements, while human-centric views
offer rich qualitative insights and resonate strongly with
design situations due to their focus on coevolution, desir-
able emergence and how knowledge is constructed through
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Fig. 11 Overview of the mechanical design process discussed in the Appendix. Reproduced from Wynn and Clarkson (2021) with permission of
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feedback processes. To synthesise insights from both views,
this article has introduced the Feedback System Function
Structure, a system-theoretic process model that provides a
guide to frame a variety of DDP situations from a feedback
systems perspective. Application examples (in the Appen-
dix and Supplementary Material) show how the new model
can support structured reflection and can yield insights for
research and improvement. We have also discussed some
more general implications for improving the effectiveness
of feedback in the design and development context. Overall,
improvements to DDP feedback systems could help to more
effectively handle the uncertainty, novelty and complexity
inherent to design and development.

As well as introducing our new model, it is hoped that
this article will more generally convey how the feedback sys-
tems perspective can provide a useful lens on the design and
development process—complementing other perspectives
such as the DDP viewed as an iteration process, as a nego-
tiation process, or as a network of relations among actors,
tasks and/or information. One advantage of the perspective
explored in this article is that it indicates some commonali-
ties across different situations in the design and development
process (as depicted in Fig. 1) that are often not examined
together in research publications. It can also be noted that
DDP feedback systems tend to cut across traditional process
boundaries and responsibilities, e.g. connecting individu-
als with teams and engineering design with process man-
agement. In consequence, a feedback systems perspective
can help to appreciate the design and development process
more holistically as an interconnected and complex dynamic
system.
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Appendix

This appendix provides an example of interpreting the FS?
model to generate insight into a specific design situation. To
support our claim that the model can be applied to a wide
variety of DDP feedback situations and at different scales,
more examples are provided in the Supplementary Material
accompanying this article.

The application discussed here concerns the mechanical
design process for a machine part. It is based on a student
project at the University of Auckland, in which the first
author has been involved for a number of years. This project
has been devised to reflect key features of CAE-intensive
mechanical design practice. In particular, students work
in pairs to design a machine part to provide specified stift-
nesses under two different load cases, avoiding buckling, and
minimising both weight of the part and the time required to
produce it on a CNC machine. The problem is arranged such
that parts with different topologies are possible. Students
are advised to approach the task using a three-stage design
process, and to expect iteration among the stages. The first
stage is to trial different topologies using rapid, low-fidelity
Finite Element Analysis (FEA) before selecting the one they
think is best, second, refining the selected topology through
a series of refinement iterations using higher-fidelity FEA,
and third, designing the NC path and predicting machining
performance (Fig. 11).

The design process as performed by students is highly
iterative and involves all three system behaviours discussed
in Section 2.1:

— Goal-seeking Part geometry is created in a CAD package
and transferred to another package for Finite Element
Analysis. Considering the FEA results, the geometry is
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revised to try to close the gap between the simulated per-
formance and the desired performance. This is repeated
iteratively until a satisfactory solution is reached.

— Learning As they iterate, students improve their under-
standing of fundamental solid mechanics by observing
how their emerging part’s deformation and stress distri-
butions respond to geometric changes. They also develop
an understanding of how certain changes are likely to
affect the part behaviour.

— FEmergence In reality, an optimal solution to the task
can be generated computationally (although the prob-
lem is arranged such that students cannot easily do so).
Nevertheless student participants in the project typi-
cally submit a range of different topologies, indicating
that there are possibilities for emergence. One reason is
that the design students settle on is highly dependent on
how they search the space of possibilities—the problem
is such that it is not possible to exhaustively consider
all possibilities in the time available and so, the result
depends on the design routes that are followed, the pro-
pensity of the group to either refine a single design or
keep stepping back to explore the design space, and the
trade-off decisions that are made.

An expanded discussion of this design project from the
perspective of task sequences and process organisation
can be found in Wynn and Clarkson (2021). Here, the
same situation is considered from the feedback systems
perspective.

Like any system of at least moderate complexity, it is
possible to perceive this situation in different ways and
draw the boundary to encompass different sets of issues.
Here, although the design is done in pairs, it will be framed
as a feedback system from the point of view of individual
design activity, i.e. focusing on the relationship between
the designers and the design information while deempha-
sising the interactions between the designers themselves. To
achieve this framing, each element of the FS?> model depicted
in Fig. 9 was considered in turn and its meaning was identi-
fied for the context at hand. This resulted in the following
description of the situation as a feedback system:

1. System boundary The designers are inside the bound-
ary. The design, as represented in the CAD and FEA
tools, is outside the boundary.

2. Output flow (actions) The designer makes adjustments
to the emerging design models as represented in the
CAD tool.

3. Input flow (observations) The designer can observe the
results of Finite Element Analysis and the results of
machining process simulation.

10.

Situation model The designer appreciates the princi-
ples of solid mechanics that govern how the part will
deform when loads are applied.

Decision heuristics The designer applies heuristics for
modifying the design to approach their goals consid-
ering FEA results. For instance, they might consider
that to reduce weight, they could try removing material
from regions where Von Mises stress appears low.
Goals The student is informed that their mark depends
on (a) meeting stiffness targets as closely as possible
(b) minimising weight (¢) minimising machining time.
The design performance, and the mark, is calculated
as a weighted sum of these objectives. These goals are
known in advance and well-defined (which is not the
case for many design situations). But even in this case
the designer must prioritise the goals and develop a
strategy to guide their design activity—for example,
to maximise performance they may aim to develop a
design that is quick to machine but may be relatively
heavy, or an aggressively lightweight design that is
slower to machine.

Detect function Determines the difference between the
stiffness of the current design as predicted with FEA
and the target stiffness, the difference between the cur-
rent weight as predicted from the CAD tool and the
target weight, and the difference between the machin-
ing time predicted by CNC simulation and the target
machining time.

Predict function The designer tries to predict how
much further improvement can be achieved through
further adjustment of the current topology concept.
Eventually, the performance that can be gained by
iterating a particular topology will reach a plateau.
The designer also tries to predict whether their design
performance will be competitive relative to the rest of
the class, which will affect their mark and determines
whether further improvement iterations are needed.
Decide function The designer decides how they will
adjust the part geometry on this iteration to bring the
actual stiffnesses closer to the target stiffnesses. They
may decide to make minor adjustments to the current
topology, may decide to try a different topology, or
may decide to finalise their design. As they become
more confident in their evolving decision heuristics,
they may choose to make more substantial changes
from one iteration to the next, perhaps arriving at a
solution more rapidly.

Implement function The designer adjusts the part
geometry in the CAD package with reference to their
decision heuristics. (When the geometry is transferred
into the FEA software and reanalysed, the feedback
cycle will be closed.)

@ Springer
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11.  Learn I function (Situation model). Through iterations,
the designer develops insight about the effects of the
changes they previously introduced. For example they
might realise that the required asymmetry in stiffness
strongly depends on the geometry close to the points
where load is applied. This indirectly alters the pattern
of their future iterations.

12.  Abstract function (Decision heuristics) The designer
modifies their decision heuristics as their understand-
ing of how the design responds to changes (their situ-
ation model) improves through learning. For instance
in the above example, they might adjust their heuristics
to include the importance of adding/removing material
near the loading points, in response to detected devia-
tions from stiffness goals.

13. Learn II function (Goals) The target values for the
three goals will evolve as the designer iterates and
learns about what is possible to achieve and what
design strategy is likely to yield the best overall per-
formance.

14.  Perceive function The FEA tool can produce a vast
range of results, but the student only considers the ones
they know how to interpret. Much relevant informa-
tion is not perceived, and hence cannot be taken into
account while iterating the design. Perception depends
on the situation model—for example, if the student is
unaware of the concept of Von Mises stress, that infor-
mation about the evolving design will simply not be
perceived and will not be available for consideration.

15. Coordinate function Not relevant in this situation, since
the way the situation has been represented, there is
only one feedback system in play.

Framing the situation in this way helps to appreciate the
causes of dynamic complexity in the design process and,
considering the focus of this example on a university design
project, suggests how students might be guided in learn-
ing to produce better designs. Some implications relate to
the importance of realising the fundamental feedback func-
tions. For instance, the description presented above suggests
that effective design will depend on being able to properly
configure the FEA tool to produce accurate simulations of
the part behaviour (detect); having a clear idea of what is
to be achieved (goals); understanding which of the many
results from the FEA tool are relevant (perceive); appreci-
ating how adjustments to the emerging design are likely to
change its behaviour (decision heuristics); and so on. While
these implications might not be surprising, others are per-
haps less apparent prior to the analysis presented here. For
example, the above description also highlights the impor-
tance of purposefully evolving a desired tradeoff between
the three design objectives; the importance of the search pro-
cess on the quality of the final solution; and the importance

@ Springer

of purposefully reflecting on iterations to improve decision
heuristics. Overall these observations are different from, and
complementary to, the insights earlier gained from a task-
based analysis of the same design process, which focus on
effective task sequences and decomposition of work among a
team (see Wynn and Clarkson 2021, for discussion). Each of
these two perspectives reveals certain insights while obscur-
ing others—other perspectives are possible as well. As with
the analysis of any complex system, a pluralistic approach
is recommended.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00163-022-00386-z.
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