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Abstract

Literature suggests that people typically understand knowledge by induction and produce
knowledge by synthesis. This paper revisits the various modes of reasoning - explanatory
abduction, innovative abduction, deduction, and induction - that have been proposed by ear-
lier researchers as crucial modes of reasoning underlying the design process. First, our paper
expands earlier work on abductive reasoning — an essential mode of reasoning involved in the
process of synthesis — by understanding its role with the help of the “SAPPhIRE” model of
causality. The explanations of abductive reasoning in design using the SAPPhIRE model
have been compared with those using existing models. Second, the paper captures and ana-
lyzes various modes of reasoning during design synthesis with the help of the “Extended
Integrated Model of Designing”. The analysis of participants’ verbal speech and outcomes
shows the model’s ability to explain the various modes of reasoning that occur in design.
The results indicate the above models to provide a more extensive account of reasoning in
design synthesis. Earlier empirical validation of both the models lends further support to
the claim of their explanatory capacity.

Understanding designing and its underlying reasoning processes has been major areas of
research into design. In general, the reasoning is divided into three major modes: deductive
reasoning, inductive reasoning, and abductive reasoning (Peirce, 1974). Although these
modes of reasoning are distinct from one another, all are present, to various extents, in the
process of design synthesis. This paper describes the suitability of two models of design
[ie., the SAPPhIRE - a model of causality (Chakrabarti et al, 2005) and the “Extended
Integrated Model of Designing” (Srinivasan and Chakrabarti, 2010; Ranjan et al., 2012) that
uses the SAPhIRE model] to understand and capture the reasoning modes underlying design
synthesis. This paper aims to:

1. Analyze abductive reasoning in design synthesis: As discussed later in this paper, various
authors have investigated the nature of design and the role of abductive reasoning in design.
Examples include Roozenburg’s single-step model and Kroll & Koskela’s two-step model of
abduction. In this paper, we present another model, which we argue to be more suitable
for the analysis of abductive reasoning in design. The model is based on the SAPPhIRE - a
causality model (Chakrabarti et al., 2005). The proposed model is intended to help to more
comprehensively map the constructs of design to the constructs for abductive reasoning,
thereby providing a more detailed explanation of abduction. The model has been validated
by comparing explanations of the same example design case using the proposed model,
and that produced using a representative model from earlier work. In addition, the model
has been validated by conducting an empirical study of the design synthesis process.

2. Capture reasoning in design synthesis: In this work, we have presented another model, the
“Extended Integrated Model of Designing”, which we argue to be more suitable for captur-
ing the various modes of reasoning in design (i.e., explanatory abduction, innovative abduc-
tion, and deduction). The “Extended Integrated Model of Designing” (Srinivasan and
Chakrabarti, 2010; Ranjan et al., 2012) is intended to help explain the above modes of rea-
soning, as they occur in design, in a more comprehensive way than possible using earlier
models. The effectiveness of this model to capture the above modes of reasoning has
been validated by conducting an empirical study of the design synthesis process.

According to Anderson (2005), reasoning refers to the mental processes involved in generating
and evaluating logical arguments. Reasoning consists of three parameters: (1) “premises”, (2)
“results” or “conclusions”, and (3) “a rule” or “material implication” or “warrant” that allows
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movement from one point to another in the logical space
(Walton, 1990). The reasoning which starts from reasons and
looks for consequences is called deductive reasoning; the one
which starts from consequences and looks for reasons is called
reductive reasoning (Lukasiewicz, 1970). Inductive reasoning is a
process of deriving a general principle from observations.
Abductive reasoning is a form of reductive reasoning that can be
seen as a backward deduction with additional conditions
(Aliseda-LLera, 1997). As Staat (1993) explained, abduction
plays the role of generating new ideas or hypotheses; deduction
functions to evaluate the hypotheses; and induction is justifying
the hypothesis with empirical data. Out of all forms, deductive
and inductive reasoning are seen as the two prominent modes
of reasoning in science. Both these modes seek to eliminate
(deductive) or reduce (inductive) uncertainty, and neither intro-
duces new knowledge (Dong et al., 2015). In contrast, abduction
is a form of argument that generates new, or extends existing,
knowledge (Habermas, 1968). Appositional reasoning and pro-
ductive reasoning are the interchangeable names for abductive
reasoning. In science, abduction is considered as the generation
of a causal hypothesis for an observed phenomenon. Peirce
(1974) was the first author who defined abductive reasoning
and distinguished it from inductive and deductive reasoning in
the area of science (e.g. scientific discovery). Schurz (2008)
described abductions as special patterns of inference to the best
explanation and tried to provide the classification of different pat-
terns of abduction. Nowadays, the application of abduction is not
only limited to science, but also in the areas of medical diagnos-
tics and artificial intelligence. In the medical diagnostic process,
various models of expert systems [e.g., MYCIN (Buchanan and
Shortliffe, 1984)] were constructed where abduction was used as
the core reasoning. If it is known that disease “A” will cause
symptom “b”, abduction will try to identify the explanation for
“b”, while deduction will forecast that a patient affected by disease
“A” will manifest symptom “b” (Holyoak and Morrison, 2005).

Design is a creative activity that involves bringing into being
something new and useful that had not existed before (Reswick,
1965). The design cycle includes the process of synthesis.
Synthesis is typically a part of the conceptual phase of design
and is used to develop provisional solutions for a given design
problem. Synthesis is about generating, transforming, and com-
bining ideas, concepts, or solutions into new ideas, concepts, or
solutions. Synthesis involves reasoning from a statement on pur-
pose (function) of a new artifact to a statement on its form and
use (structure) (Roozenburg, 1993). In contrast, analysis involves
reasoning from form to purpose. When we consider a system, the
form (structure) of that system can only have one behavior. That
shows the deductive nature of analysis. However, a behavior does
not determine a unique form. The same behavior can be achieved
and realized by different forms (Hubka and Eder, 2012). As syn-
thesis is a process of deriving an artifact’s form from a given pur-
pose, synthesis has the ability to transform the purpose into many
solution forms, each of which can fulfill the given purpose. This
shows the abductive nature of synthesis.

Designers make the use of various modes of reasoning while per-
forming design activities. For instance, according to Archer’s three
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phase model of the design process, inductive reasoning and
deductive reasoning are required, respectively, during the ana-
Iytical and the creative phases (Archer, 1984). March (1976) dif-
ferentiated the goal of science (i.e., to establish general laws)
from the goal of design (i.e., realizing a particular outcome).
March also argued abduction to be a key mode of reasoning in
design. Dorst (2011) argued that design cognition relies, in addi-
tion to deductive and inductive reasoning that are often used in
scientific discoveries, on abductive reasoning. Abductive reason-
ing allows the designer to approach a problem despite limited
information and resources (Roozenburg, 1993). Under the term
abduction, Peirce subsumed two different processes, without
clearly distinguishing between these. The two processes are called
explanatory abduction and innovative abduction, which are
explained by Habermas (1968). Roozenburg (1993) then
explained both types of abduction comprehensively with the
help of examples and explained as to how innovative abduction
is different from explanatory abduction. Innovative abduction is
different from explanatory abduction, as follows. In explanatory
abduction, the antecedent/cause is to be discovered, with known
rule and result. In innovative abduction, on the other hand, the
rule and cause are both required to be discovered, while only
the result is known. Similarly, Dorst (2011) explained two key rea-
soning patterns in design that is Abduction-1 in which “outcome/
value” and “working principle” are both known and Abduction-2
in which only “outcome” is known. Later, Kroll and Koskela
(2015) proposed a modification of both Roozenburg’s and
Dorst’s models and came up with a two-step or “double innova-
tive abduction” model, which has been explained in detail later in
the paper. Dong et al. (2016) conducted an experiment and cap-
tured innovative abduction used by participants in the design pro-
cess. By using Roozenburg’s and Kroll’s models, he came up with
five different codes of innovative abduction reasoning as:
Abductive Structure (AS), Abductive Behavior (AB), Abductive
Product (AP), Abductive User (AU), and Abductive Context
(AC).

Apart from the above contributions, a few attempts were made
to capture verbal reasoning (a form of reasoning that describes the
reasoning taking place in natural dialogue between people) during
design activities. Dong et al. (2015) captured instances of logical
reasoning (deduction, induction, and abduction) in natural lan-
guage dialogue with the proposed criteria and examined the effect
of the forms of logical reasoning on concept selection decisions.
They concluded that under an abductive reasoning frame manip-
ulation, decision-makers are more likely to accept projects. In
contrast, the likelihood of project acceptances decreased when a
deductive reasoning frame was used during committee deliberation.

Cramer-Petersen and Ahmed-Kristensen (2015) understood
reasoning patterns in the form of sequences among various
modes of reasoning in the context of group activity of idea genera-
tion. They concluded that when idea generation conditions are
more constrained, a higher proportion of deductive reasoning is
expected to initiate ideas. Furthermore, Cramer-Petersen et al.
(2019) understood the distribution of reasoning in idea genera-
tion and concluded that abductive (compared to deductive) rea-
soning is relatively concentrated in the first part, whereas
deductive (compared to abductive) reasoning is relatively concen-
trated in the middle part of the verbal realization of an idea. Also,
they showed and discussed how reasoning occurs at the micro-
level (the analysis of reasoning at the level of word phrases to
ascertain instances of reasoning at the shortest possible meaning-
ful length) in design activity.
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Here, the reader needs to understand that verbal speech alone
may not be sufficient as reasoning does not need to be necessarily
present in the dialogues or verbal communication. For example,
in the activities such as playing chess, solving a puzzle, or design-
ing a product, the derived outcomes can also manifest the reason-
ing process. Similarly, in the design context, produced outcomes
in the form of sketches, diagrams, or symbols can also manifest
the reasoning process which can go along with verbal reasoning
and should work as proof. In the above three contributions, we
observed that less preference was given to analyzei the outcomes.
No attempt was made to map the verbal reasoning with the out-
comes of design activities. Moreover, the authors have not distin-
guished between two subtypes of abduction (ie., explanatory
abduction and innovative abduction) in their studies.

Apart from this, there exists literature in which researchers
used models of design to understand the role of the reasoning
process in design. For example, Ullah et al. (2012) related expla-
natory abduction with the C-K theory. They concluded that the
cognitive process involved in the C-K theory is more complex
than classical abduction, and it is rather a motivation-driven pro-
cess. Here, they omitted the crucial sub-category - innovative
abduction, and its intended use in the design process. Using a
study of parameter analysis (PA), Kroll and Koskela (2012) iden-
tified deductive reasoning in the Evaluation (E) step, regressive
(transformational/interpretational) reasoning in the Parameter
Identification (PI) step, and regressive and compositional reason-
ing in the Creative Synthesis (CS) step. Later, Kroll and Koskela
(2015) have related regressive and transformational inferences
(being involved in heuristic reasoning and intuition) to abduction.
Furthermore, Kroll and Koskela (2016) demonstrated how the PI
and CA reasoning steps in the PA model conceptual design
method correspond to two steps of innovative abduction.

From the above literature study, the following gaps were
identified:

1. In the process of design synthesis, the number of abductive
steps from function to form may exceed one or two steps
which existing literature failed to explain. For example,
Roozenburg’s model suggests that abduction occurs in a single
step from function to form. This was improved by Kroll and
Koskella (2016) and suggested that abduction can occur in
two stages. Here, we argue that inference from function to
form can happen in more than two stages [this argument
has also been discussed by Dong et al (2015) and Koskela
et al. (2018)], and the SAPPhIRE - a causality model - can
be used to analyze abductive reasoning at a more detailed level.

2. The existing design models failed to capture two subtypes of
abductive reasoning in the design activity. Here, the authors
argue that the framework - the “Extended Integrated Model
of Designing” - can help to capture various modes of reason-
ing presented in the design synthesis process and make them
explicitly understandable.

Therefore, the two primary objectives of this study are:

1. analyzing the abductive reasoning with the help of the
SAPPhIRE model and

2. capturing various modes of reasoning during design synthesis
with the help of the “Extended Integrated Model of
Designing”.
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Based on the above objectives, the research questions are for-
mulated as below:

1. Does the SAPPhIRE model capture the abductive reasoning
more extensively compared to other existing models in the pro-
cess of design synthesis?

2. Does the Extended Integrated Model of Designing capture all
modes of reasoning in the process of design synthesis?

The structure of the paper is as follows: we first explain the
SAPPhIRE - a causality model - in the section “SAPPhIRE: a
model of causality”. To answer the first research question, we revi-
sit abduction, along with its example that Roozenburg and Kroll
& Koskela explored, in the “Roozenburg’s one-step model of
innovative abduction [according to Kroll and Koskela (2015)]”
and “Kroll & Koskela’s two-step model of innovative abduction”
sections. Later, we expand the earlier work on abduction by pro-
posing a more detailed model for abduction based on the seven
elementary constructs of the SAPPhIRE model of causality.
Then, we compare explanations of the same example design
case using the proposed model with the models given by
Roozenburg and Kroll & Koskela, in the “Comparison of the
SAPPhIRE model with Roozenburg’s and Kroll & Koskela’s mod-
els” section. Furthermore, we present two examples to demon-
strate the model’s applicability to understand the role of
abduction in design synthesis, in the section “The SAPPhIRE: a
multistep model of innovative abduction”.

We explain the Extended Integrated Model of Designing, in
the “Extended Integrated Model of Designing” section. To answer
the second research question and capture various modes of rea-
soning, we use the Extended Integrated Model of Designing. To
validate the effectiveness of the Extended Integrated Model of
Designing, we show an empirical study during which participants
were involved in a design activity, in the “Empirical study” sec-
tion. We analyze the verbal speech and outcomes generated by
the participants, and capture various modes of reasoning using
the proposed model, in the “Coding scheme” section. Results (
“Results”), research contribution and future directions
(“Discussion and future work”™) of the work are discussed
subsequently.

As proposed in Chakrabarti et al. (2005), a model of causality
called the SAPPhIRE consists of seven elementary constructs:
States, Actions, Parts, Phenomena, Inputs, oRgans, and Effects.
These seven constructs and relationships among these have
been proposed in a model to help understand the behavior of a
system at multiple levels of abstraction. The SAPPhIRE model
allows a more detailed and more refined description of the causal
behavior of a system over models such as Function-Behavior-
Structure (FBS) framework (Gero and Kannengiesser, 2004). If
we map the SAPPhIRE model to the FBS model, we see that
the construct “action” in the SAPPhIRE could be interpreted as
“function” in the FBS; “parts” in the SAPPhIRE could be inter-
preted as “structure” in the FBS; and the other constructs of the
SAPPhIRE work together to generate the “behavior” in the FBS.

The explanatory efficacy of these two models have been com-
pared in earlier work (Chakrabarti et al, 2005; Siddharth et al.,
2018). The constructs of the SAPPhIRE model have been used
in the past to develop structured representations of natural and
artificial systems; which formed the basis of a computational
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tool called Idea-Inspire (Chakrabarti et al., 2005). Subsequent ver-
sions (Chakrabarti et al., 2017) of Idea-Inspire have been used as a
tool for inspiring ideation using a searchable knowledge-base.

A brief description of the seven constructs of the SAPPhIRE is
provided below.

1. “Parts: A set of physical components and interfaces constitut-
ing a system and its environment of interaction.

2. Organ: A set of properties and conditions of a system and its
environment required for an interaction between them.
These are also required for activating the effect and remain
constant during an interaction. All the other requirements
apart from the Input required for activating the effect comprise
the organ.

3. Input: A physical variable that comes from outside the system
boundary which is essential for an interaction between a sys-
tem and its environment. This quantity can take the form of
material, energy or information.

4. Physical effect: A principle of the universe that underlies/gov-
erns an interaction.

5. Physical phenomenon: It refers to an interaction between a sys-
tem and its environment.

6. State: It is a property at an instant of time of a system (and
environment), that is involved in an interaction between a sys-
tem and environment. As a consequence of an interaction, the
property of a system (and environment) changes and this is
called a state change.

7. Action: An abstract description or high-level interpretation of
a change of state, a changed state, or creation of an input.”
(Srinivasan and Chakrabarti, 2009).

As shown in Figure 1, a brief explanation of the working of
these constructs are given below: parts are necessary for creating
organs. Organs and inputs are necessary for activation of physical
effects, which in turn is necessary for creating physical

actions
I Interpreted as
(change of) state
m I create
® (2]
2 3
9] ) 2
= physical phenomena o
9]
1=
P Icreate
physical effects
activate
L inputs organs

/a'te

(current subset of) parts +————

Fig. 1. The SAPPhIRE model of causality (Chakrabarti et al., 2005).
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phenomena and changes of state: changes of state are interpreted
as actions or inputs and create or activate (new) parts
(Chakrabarti et al., 2005).

Srinivasan and Chakrabarti (2009) have reported the applica-
tion of the SAPPhIRE model in describing the synthesis of multi-
domain, complex systems across areas such as mechanical, ther-
mal, and electrical domains. For the process of synthesis, the
SAPPhIRE model allows linking of the SAPPhIRE constructs
(as explained earlier) to create multiple possible outcomes at
each level of abstraction, from which a designer can select the
most promising ones for further development. Thus, the
SAPPhIRE model can be used for synthesis in design, as
explained by Srinivasan and Chakrabarti (2009).

This section aims to analyze innovative abductive reasoning - a
subtype of abductive reasoning - using the SAPPhIRE model.
Innovative abductive reasoning is a key mode of reasoning in
design where parsimonious explanations are formed from obser-
vations (Dong et al., 2014). Innovative abduction is needed when
a design problem has a clear value to be reached (which is deter-
mined by the user or client), but the solution to be generated as
well as the working principle to guide the designer to the desired
value are unknown (Dorst, 2011). Each abduction may only be a
partial resolution of the design problem, the depth of which
depends on the complexity of the problem and the number of
sub-problems to be resolved (Zeng and Cheng, 1991). This sec-
tion first explains Roozenburg and Kroll & Koskela’s model on
innovative abduction and the kettle example design case. Later,
it explains the same example design case using the SAPPhIRE
model. Furthermore, it presents two examples to demonstrate
the model’s applicability to understand the role of abduction in
design synthesis.

2015

Roozenburg (1993) explains that synthesis can be thought of as
reasoning from statements on the functions (or intended behav-
ior) to a description of the form (or structure) of the designed
object, and this pattern of reasoning is innovative abduction.
The one-step model of abduction given by Roozenburg has
been represented as follows.

There are four distinct entities involved in the reasoning: func-
tion, mode of action, way of use (actuation), and form. Here, func-
tion represents a desired purpose; mode of action represents what
the artifact does; way of use or actuation represents how the arti-
fact should be used; and form represents what the artifact consists
of. Roozenburg grouped form and way of use into a single entity,
claiming that they always go hand in hand, and writes:

form + way of use (actuation) — mode of action

— function. (@)

The intermediate result (i.e., mode of action) in Expression (1)
can be omitted, so what is left is :

form + way of use (actuation) — function. (2)
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According to Eq. (2), if we consider a given function as the
result (g), then first we need to find a form (which consists of geo-
metrical and physiochemical properties) + way of use that fulfills
the given function, as the primary conclusion (p — g/rule) and
later, form and way of use (p) as the secondary conclusion.

q q is a given fact, a desired purpose

p—q a rule to be inferred first, IF p THEN q

p p is the conclusion, i.e. the cause that immediately follows
(description of form and prescription of actuation)

(Source: Kroll and Koskela, 2015) (3)

Roozenburg explains the concept of abduction by using the
example of boiling water as a desired purpose and a kettle as a
form for boiling water. Boiling water is the process of transform-
ing water from say 20°C to 100°C (a desired purpose). The bot-
tom of the kettle is heated (which in this case is actuation) and
transports the heat to the water by conduction (i.e., mode of
action), which raises the temperature of water. One must fill the
kettle with water and place it on a burner (i.e., way of use). One
must decide the shape, and select the material, of the kettle (i.e.,
form).

q boil water only the function is given

IF hemisphere and metal + fill
water and place on burner
THEN boil water

IF form + way of use THEN
function; the rule to be
inferred first

pP—=q

p hemisphere and metal + fill
water and place on burner

form +way of use, the
second conclusion

(Source: Kroll and Koskela, 2015) (4)

In the description given by Roozenburg, the mode of action
and actuation have been considered implicitly.

Kroll and Koskela (2015) came up with a two-step or double
innovative abduction. Based on this, two distinct inferences
have been made. The model splits the one-step reasoning of the

Apoorv N. Bhatt et al.

Roozenburg model into two: Step 1 explains the reasoning from
the function to the mode of action + way of use, while Step 2
explains the reasoning from the mode of action + way of use to
the form.

Step 1: way of use + mode of action — function

q boil water the function

IF fill water and place on
burner so heat is conducted
to water THEN boil water

the first conclusion: way of
use + mode of action —
function

p—q

p fill water and place on the second conclusion:
burner so heat is conducted way of use + mode of
to water action

(Source: Kroll and Koskela, 2015) (5)

Step 2: form — way of use + mode of action

q fill water and place on
burner so heat is
conducted to water

the newly generated way of
use + mode of action is now
given

p—q IF hemisphere with the first conclusion: form —
opening and metal THEN way of use + mode of action
fill water and place on
burner so heat is
conducted to water

p hemisphere with opening the second conclusion: form

and metal

(Source: Kroll and Koskela, 2015) (6)

To summarize, the above two-step reasoning allows inferring,
first, from function to an idea, concept or solution principle
(shown as way of use + mode of action), and then from that prin-
ciple to the form.

A comparison of the SAPPhIRE constructs as explained in the
previous section with the corresponding entities of Roozenbug’s
model is depicted in Table 1. “Organs” and “Parts” constitute

Table 1. Comparison of the SAPPhIRE constructs with the entities of Roozenburg’s model

Roozenburg’s model

The SAPPhIRE model

Construct Example

Construct Example

Function Boil water

Actions Boil water

State change Increasing the quantity of heat in the water

Mode of action Heat is conducted to water

Physical Heat transfer

phenomena

Physical effects Conduction

Way of use Fill water and place on burner Inputs Fill water and place on burner
Form (geometrical and physiochemical Hemisphere with opening and Organs Thermal conductivity, thickness,
properties) metal cross-sectional area

Parts Hemisphere with opening
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“form”, “Physical effect” and “phenomena” constitute “mode of
action”, and “State change” and “action” constitute “function”
of Roozenburg’s model. These constructs of the SAPPhIRE act
as missing entities and help to encode synthesizing process in
greater details.

In the given example, Roozenburg considers boiling as the pro-
cess of bringing water (i.e., transforming water) from 20°C to 100°
C. Here, he tacitly took the surrounding pressure as one atmo-
spheric pressure (1 bar). Boiling water is the action here that
can be achieved even by changing the pressure alone, which is
another way of achieving state change and fulfilling the action
of boiling water. The “purpose” in Roozenburg’s theory encom-
passes both action and state change.

Roozenburg then defines the mode of action as a behavior of
the artifact itself, in response to influences exerted on it from
its environment. To raise the temperature of water, he has defined
“heat transfer to kettle” as a mode of action. Here, he has tacitly
considered the mode of heat transfer as conduction. In reality,
however, heat transfer can also be achieved by different effects
and modes, for example, radiation. The “mode of action” in his
model considers phenomenon and effect together.

Roozenburg defines form as a conjunction of several categor-
ical statements such as the diameter of the kettle is d, its shape
is a hemisphere, and it is made from stainless steel. He divides
form into two parts: (1) geometrical form and (2) physicochem-
ical form (the chosen materials). However, in the description,
he has considered the existence of both parts together while
selecting a form. This can be further separated out, that is,
same material (organs) but different geometrical properties
(parts).

Roozenburg has considered user-action as an actuation of the
artifact. In the example, “filling the kettle with water and placing it
on a burner” have been considered as an actuation. Filling the ket-
tle with water and placing the kettle on a burner both are two new
actions in themselves and thus contain information more than
just giving an input.

Kroll & Koskela’s two-step abduction model exhibits similar
limitations as explained for Roozenburg’s model.

The Five-step model of abduction using the SAPPhIRE con-
structs, as proposed in this paper, is discussed below.

Here, the first step of abductive reasoning generates a rule p —
q (state change — action) that satisfies a given fact g (action) and
based on rule, p (state change) becomes a conclusion. For the next
step, the conclusion p (state change), which is inferred in the first
step, acts as a fact g in the successive step of abduction; by using
fact g, we generate another rule and conclusion. So, the successive
innovative abduction can be described by a chain of five interde-
pendent substeps of innovative abduction.

Step 1: inference to State change

Step 2: inference to Phenomenon

389

q increasing the quantity of the newly generated way of
heat in the water state change is now given

p—q IF heat transfer THEN the first conclusion: type of
increasing the quantity of physical phenomenon — state
heat in the water change

p heat transfer the second conclusion: type of

physical phenomenon

(8)

Step 3: inference to Effect

q heat transfer type of physical phenomenon
p—q IF conduction THEN heat the first conclusion: type of
transfer physical effect — type of
physical phenomenon
p Conduction the second conclusion: type of

physical effect

(9)

Step 4: inference to oRrgan + Input

q conduction type of physical effect
IF thermal conductivity,
thickness, cross-sectional area
(organ), and fill water and the first conclusion: type
place on burner (input) THEN of physical effect — organ
p—q conduction +input
p thermal conductivity, the second conclusion:

thickness, cross-sectional area
(organ), and fill water and
place on burner (Input)

organ +input

Step 5: inference to Part

thermal conductivity, thickness,

organ +input

cross- sectional area (organ) and

fill water and place on burner
(Input)

p—q

IF hemisphere with opening THEN

thermal conductivity, thickness,

the first conclusion:
part — organ +input

cross- sectional area (organ) and

fill water and place on burner
(Input)

hemisphere with opening

the second conclusion:
part

q boil water the function (action)

p—q IF increasing the quantity the first conclusion: way of
of heat in the water THEN state change — function
boil water (action)

p increasing the quantity of the second conclusion: way of

heat in the water

state change

U
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(11)

To summarize, the above representation shows the five-step
process of abduction. These five-step reasoning allow inferring
from action to state change (7), from that state change to phe-
nomenon (8), from phenomenon to effect (9), from effect to
organ and input (10), and from organ to parts (11). The above
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| Action |

State change

Phenomena

Effect v v v |

. | Input / Organ

| Part v v v v v |

Fig. 2. (a) Abduction: comparison of the SAPPhIRE model with Roozenburg’s and Kroll & Koskela’s model. (b) Possible steps in abduction.

description has been compared with the existing two models, the
results of which have been depicted in Figure 2a. Although the
authors of this paper have divided the abductive reasoning of
design into five steps, in some cases it may involve fewer steps,
where some steps combine more than one construct of the
SAPPhIRE (Fig. 2b).

We take below a hypothetical scenario of designing in order to
illustrate the presence of abduction in the context of the
SAPPHIRE framework.

A food-making company sells “ready to eat” meals. Before ser-
ving the food, one needs to heat a sealed pouch of food in boiling
water, or snip the corner of the pouch and microwave for several
seconds. Now, the company wants to develop a solution for
inconvenient, adverse, outdoor environment where food can be
heated up even if there is no access to a microwave oven or
stove. In order to solve the above problem, the designer may rea-
son as follows: “I need to heat the food without accessing a stove
or microwave oven. Or I can also boil water and then heat the
food with the help of boiled water. But as heat transfer is not
an option, I could use heat generation. There may a chemical pro-
cess which exhibits exothermic reaction with water. Therefore, I
would look for different chemical exothermic reactions with
water.”

Here, no access to the use of an oven or stove is a constraint,
and the availability of water is an assumption. With his intuitive
insight, the designer is intervening the phenomena first, followed
by the effects. This shows the presence of abduction at the phe-
nomenon and effect level. Using the SAPPhIRE constructs, the
authors have tried to synthesize all possible ways to achieve the
boiling of water (depicted in Fig. 3).

The requirement of boiling water has been taken as an action.
Water can be boiled by alternative state change processes — by
reducing pressure, by increasing temperature, or by combining
both (reducing pressure and increasing temperature). Note that,
all of these state changes can be obtained by alternative phenom-
ena. For instance, heat generation, heat transfer, or both together
can cause a rise in temperature. Each phenomenon can be
achieved by alternative effects, that is, heat generation can be
obtained by chemical reaction (exothermic), mechanical work
(friction), or may be by the Joule-Thomson effect. Likewise,
heat transfer can be obtained by three different modes that are
conduction, convection, or radiation. Each effect requires its
own properties and conditions which are described as an organ.
For instance, the thermal conductivity of a material of body (k),

https://doi.org/10.1017/50890060421000214 Published online by Cambridge University Press

thickness of body (x), and area of cross-section of body (A) can
all act as organs for conduction heat transfer. The temperature
difference between container and heat source acts as an input.
Again, organ can be embodied with different possibilities of
part configurations, for example, kettle is one possible embodi-
ment we can take and proceed further.

Another example to explain the SAPPhIRE model for abduc-
tion is illustrated in Figure 4. In this example, the required action
is to elevate liquid that can be obtained by various state changes,
for example, either changing the phase of the liquid by converting
it into its gaseous form, allowing it to move upward and then con-
verting back to the liquid phase; or inducing or exerting a force on
the liquid (phenomena) and changing its height without chang-
ing its phase. The force can be induced in the liquid by the cen-
trifugal effect, or electromagnetic effect, or some other effect.
Similarly, the force can be exerted on the liquid by an impulse
or a positive displacement. Each effect requires its own properties
and conditions which are described as organs. For instance,
impeller diameter and density of liquid are organs for the centri-
fugal effect, for which the rotational force acts as an input. Again,
an organ can be embodied using various, alternative part config-
urations such as radial pump and axial pump.

In the above examples, the process of synthesis (from action to
part) consists of five partial steps of reasoning. The authors argue
that each step depicts innovative abduction or explanatory abduc-
tion. The interpretation of explanatory abduction has been clari-
fied by Kroll and Koskela (2017). At each divergent step of design,
a designer already knows some alternatives or generates new alter-
natives. The activity of using a known solution is related to expla-
natory reasoning. In contrast, the activity of generation is related
to abductive reasoning. Though abduction is an essential mode of
reasoning for synthesis, it alone is not adequate to explain the
whole design process. For instance, after generating the various
constructs with the help of the reasoning process proposed in
this paper, one may evaluate each of these alternatives against
the given criteria (requirements). For instance, although boiling
of water can be achieved by reducing pressure that is exerted on
water (Step 1), and pressure can be reduced by creating vacuum
(Step 2), it may not be the best alternative with respect to eco-
nomic criteria. Chemical reactions for heat generation (Step 3)
can change the constitution of water as an additional effect,
which may not be acceptable. Heat generated by the Joule-
Thompson effect (Step 3) may not be adequate (due to large
amount of force required in the throttling process) for boiling
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by different means
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Step 5

can be embodled by

o

Fig. 3. Boiling water illustration, reasoning with the SAPPhIRE model.

water (Step 3). Positive displacement pumps (Step 3) may not be
best for generating higher discharge at low heads. The above
examples show that the process of choosing one alternative
(that satisfies requirements/constraint most) from others shows
explanatory abduction. To capture various modes of reasoning
and activities, we revisited the Extended Integrated Model of
Designing that includes activities view, outcomes view, system-
environment view, and requirements-solutions view which is dis-
cussed in the next section.

Extended Integrated Model of Designing

An integrated model of designing had been developed by combin-
ing activities view (Generate-Evaluate-Modify-Select), outcomes
view (the SAPPhIRE constructs), requirements, and solutions
view, which covers the significant elements of process-facet and
product-facets (Srinivasan and Chakrabarti, 2010). Empirical vali-
dation of the model confirmed that all the proposed activities,
outcomes, requirements, and solutions were present in natural
design processes analyzed. Subsequently, Ranjan et al. (2012) pro-
posed and validated an extended version of the above model of
designing (and called it “Extended Integrated Model of
Designing”) by adding the system-environment view to the earlier
model. According to this model, the GEMS activities are per-
formed on the SAPPhIRE outcomes, which evolve as require-
ments or solutions of relationships, elements, subsystems,
systems, or its environment. The framework helps explain as to
how designers perform activities such as generating outcomes,
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evaluating and modifying those outcomes for refinement, and
selecting the best among these. These activities can occur at var-
ious levels of the SAPPhIRE constructs where the outcomes can
be either solutions or requirements. The overall framework is
depicted in Figure 5. Thus, this model can be used to describe
design processes. The Integrated Model of Designing had been
empirically tested earlier to evaluate the extent to which the con-
structs of the model were present in natural design sessions.
Results had shown that while the teams of designers exhibited a
variety of patterns of movement through the outcomes they
explored, all teams of designers started from the action level con-
struct and ended with part level descriptions. During the transi-
tion from the action level to the part level, designers passed
through one or more intermediate levels of abstractions. A
detailed description of the patterns is described in the original
paper (Srinivasan and Chakrabarti, 2010).

The authors argue that the Extended Integrated Model of
Designing can help, not only to capture the various modes of rea-
soning present in the design activities and make them explicitly
available, but also to provide a more comprehensive explanation
of the various modes of reasoning that occur in design.

Capturing various modes of reasoning with the Extended
Integrated Model of Designing

Empirical study

An empirical study was conducted to validate the effectiveness of
the Extended Integrated Model of Designing. A total number of
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Fig. 4. Elevating liquid illustration, reasoning with the SAPPhIRE model.

13 students participated in the design task. The design task was
related to the conceptual design of a door latch system - a multi-
ple state mechanical device. The task was a constrained problem
in which both the functional requirements (input-output rela-
tionships between a door handle and a latch) and a desired con-
figuration space of the components were given.

Reg-SoHinfo

Activities Physical Effects

i Inf i
Physical Phenomeno Mssotiated inpdimnation

Solutions

enerate
Action/ Requirements

System-Environment levels

System Environment Subsystems Elements

Fig. 5. Extended Integrated Model of Designing: GEMS of the SAPPhIRE as Reg-Sol
(Ranjan et al., 2012).
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The task given was as follows.

Participants were given a constrained design problem in which
they were asked to design a door latch mechanism (Fig. 6) that
can satisfy the following functional requirements:

o Function 1: When handle is at 6 = 6, and block is at x = x1, if an
effort is applied on handle around its z-axis in the clockwise
direction, it should rotate it from 6 =0, to 6 =0,, and simul-
taneously the block should translate from x=x; to x=x, in
the positive direction along its x-axis (Image no. 2, Fig. 6).

« Function 2: When handle is at © = 6, and block is at x = x,, if an
effort is applied to handle around its z-axis in the clockwise
direction, it should not move any further from 6 =6, and the
block also should not move from x = x, (Image no. 3, Fig. 6).

« Function 3: When handle is at 6 =6, and block is at x = x,, if
the effort is released from the handle, it should rotate around
its z-axis in the anti-clockwise direction from 6=6, to 6 =6,,
and simultaneously the block should translate along its x-axis
in the negative direction from x=x, to x=x; (Image no. 4,
Fig. 6)

« Function 4: When handle is at 6 = 6; and block is at x = xy, if an
effort is applied on the block along its x-axis in the positive
direction, it should translate from x=x; to x=x; along its
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along positive X-axis

Force acting on
the block along
positive X-axis

Fig. 6. Design problem and desired functions.

x-axis in the positive direction, but the handle should not move
from 6 = 0; (Image no. 5, Fig. 6).

o Function 5: When handle is at 6 =6, and block is at x = x3, if
the effort is released from the block, it should translate along
its x-axis in the negative direction, but the handle should not
move from 6 =6; (Image no. 6, Fig. 6).

All the participants were given the same design task. All the
participants were postgraduate students (pursuing Masters/PhD
degree) having their bachelor’s degrees in mechanical engineer-
ing. The experiments were carried out in an observatory (con-
trolled environment) in the presence of the author (ie,
instructor). Each experiment was conducted with one participant
at a time. [As design activities can be carried out by an individual
person or by a group, in this work, we tried to understand the
thinking process of a single designer who does monolectical rea-
soning (Walton, 1990) without taking input from others.] A cat-
alog was given to the participants for their reference, which
contained various kinds of known mechanism from the theory
of machine/mechanisms course. However, the use of the catalog
was not mandatory for the participants during the activity. We
used a think-aloud strategy to ask participants to say out loud
what they are thinking while solving the design task. In addition,
participants were asked to draw schematic diagrams/sketches of
the intermediate steps of the design concept and final outcome.
The verbal data were captured through video recording, and
sketches were captured using the camera. The participants were
allowed to take as much time as they want. All the participants
first understood the problem and functions to be achieved and
attempted to generate the solution until all the functional require-
ments were satisfied. The experiment was stopped once the
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participant reaches one feasible solution. Participants were free
to explore as many ideas/sub-solutions as possible for a particular
function until they reached one feasible solution which satisfies all
the functions. One of the authors had played the role of the
instructor. During the experiment, the instructor was present to
help participants understand the task, encourage them to think
aloud, and ensure they have made sketches of all intermediate
steps. The instructor’s role was also to verify the feasibility of
the solution generated by the participants. After the experiments,
the authors found a commonality among some of the final solu-
tions generated by the participants and found only six distinct
solution concepts. As the primary goal was to validate the model’s
effectiveness to capture the various modes of reasoning, for the
purpose of analysis we have coded six unique feasible solutions
developed by the participants for the given constrained problem.

The design problem was to convert the rotary motion of the
handle into the linear motion of the block. Therefore, all partici-
pants adopted the solutions which can convert rotary to linear
motion. With the concept of rotary to the linear motion conver-
sion (Effect), they further synthesized till the Parts level and
improved the solution incrementally. Though the catalog (mecha-
nism database) was given to the participants, some of them did
not refer to it and relied only on their own knowledge. Table 2
shows the final solution diagram and a description of the solution
that satisfy the desired functions. The intermediate states and dis-
carded solutions are not shown in the table.

Coding scheme

The captured video and audio were transcribed by the authors. To
tag the speech with various criteria (i.e., activities, outcomes,
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Table 2. The synthesis approach and the final solutions created by the participants (P: participant, F: function)
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F1 F2 F3 F4 F5
P1 Rack and Pinion Restricted Linear Gear teeth in a Linear spring
rotation of spring and certain portion of
- the handle torsional the pinion have
By .
AL ALE spring been removed
o
7 N
f
P2 Inverted Restricted Torsional The handle and Linear spring
-y 2y “T”-shaped rotation of spring connecting lever
y LU handle, block, the handle are connected
2 T § and connecting with a “pin in
[ =1y _¥ i lever slot” joint
! \ |
I |
P3 Scotch Yoke Restricted Torsional The slot in the Linear spring
mechanism movement of spring sliding yoke
the sliding
yoke
Rack, pinion, Restricted Torsional Slot in the rack Linear spring
and Idler gear movement of spring
the rack
P5 Rack and pinion Restricted Linear Slot in the pinion Torsional Spring
4 movement of spring
1 the rack
LA I
By 1%7;\&'/
£ X7
v~ -\.
L \ )
ok
EoA
P6 Slider-crank Stopper Linear Double crank, Deadweight mass
spring one connected to on the crank

l\‘ﬂh?‘rn 14
\

the handle,
another with
slider and spring
1

which restricts
the rotation of
the crank
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requirements, and solutions), we used the definitions from the
work by Ranjan et al. (2012).

Activity that brings a design outcome into an episode was consid-
ered as Generate. Activity that checks outcome’s suitability against
some criteria was considered as Evaluate. Activity that reformu-
lates or revises the outcome was considered as Modify (in case
if the outcome does not match the criteria). Activity that chooses
or decides the outcome was considered as Select (in case if the
outcome matches the criteria).

Outcome that includes components and interfaces of a system
and its environment was taken as Parts. Outcome that creates
properties and conditions was taken as oRgans. Outcome that
shows the transfer of a physical quantity in the form of material,
energy, or signal was taken as Input. Outcome that shows any
principle or law was taken as Effect. Outcome that shows the
interaction between system and its environment was taken as
Phenomenon. Outcome that shows changes in some properties
of the system and its environment was taken as State change.
Outcome that shows a higher level of abstraction of state change
was taken as Action.

Any problem description, objective functions, and constraints
were considered as Requirements. A lower abstraction level of
the requirements was considered as a Solution.

To capture the various modes of reasoning, we used the defini-
tions used in literature (March, 1976; Roozenburg, 1993; Dorst,
2011; Dong et al., 2015; Kroll and Koskela, 2017).

Explanatory abduction: For a given desired/required result
(e.g., function), if the participant utilizes an existing rule that
has been worked earlier in a similar type of problem
(Roozenburg, 1993), or chooses one rule out of several known
rules (Kroll and Koskela, 2017), the inference about the cause is
considered as explanatory abduction. In both the above cases, rea-
soning can be depicted as below.

q (fact) q is a given fact, a desired result

p—q (rule) a known rule, If construct p Then the desired
result g

p (cause) the construct p

(12)

Innovative abduction: For a given desired/required result (e.g.,
function), if the participant infers both the rule and the cause,
then the reasoning is considered as innovative abduction
(Roozenburg, 1993; Dorst, 2011).

q (fact) q is a given fact, a desired result

p—q (rule) a rule to be inferred first, If construct p Then the
desired result q

p (cause) the construct p
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Deduction: Deductive reasoning is a form of logical reasoning
that aims to guarantee the truth of the conclusion if the premise
of the argument is observed to be true. For a given rule, if the par-
ticipant aims to prove or disprove the merits of the construct, then
the reasoning is considered as deduction (March, 1976; Dong
et al., 2015).

p—q (rule) Construct that satisfies desired requirements should
be selected
p (fact) The construct satisfies the desired requirement

q (conclusion) The construct should be selected.

(14)

p—q (rule) Construct that does not satisfy desired requirements
should not be selected
p (fact) The construct does not satisfy desired requirements

q (conclusion) The construct should not be selected.

(15)

Induction: When the participant generalizes a rule based on
the numerous cases or evidence, then the reasoning is considered
as induction (March, 1976; Dong et al., 2015).

pl—ql Construct 1 with property “A”
fulfills the desired requirements

pl—ql Construct 2 with property “A”
fulfills the desired requirements

p—q (rule) Any construct with property “A”

fulfills the desired requirements

Note: The verbal reasoning was not captured under the conditions described below:

1. Participant re-draws the sketch.

2. Participant tries to understand/readout the given task.

3. Participant tries to understand the current state of solution without doing any activity.
4. Participant utters an incomplete statement.

5. Participant utters an redundant statement (previously uttered statement).

With the help of the coding scheme, the authors tagged each
event, that, is each timestamped speech and outcome (e.g,
sketches). Some examples are given below; the examples are
instances of the various modes of reasoning for a given function,
activity, or outcome in a design process. The speech/text used in
the table is the transcription of the participants’ verbalization dur-
ing their design sessions.

The instances of explanatory abductive reasoning were found in
two major activities: Generate and Modify. While generating or
modifying outcomes, the participants used to choose existing,
known constructs. For example, to satisfy rotary motion to linear
motion (effect), the participants used various known mechanisms
(parts) such as rack (connected to the block) and pinion (con-
nected to the handle), slider (connected to the block) & crank
(connected to the handle), cam (connected to the handle) and fol-
lower (connected to the block). As all these solutions were known
to the participants a priori and were selected directly to fulfill the
function, the inference was considered as an explanatory
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Table 3. Code from an instance from participant 6 that captures explanatory abduction

Participant 6 Function under consideration: F2
Speech “...either rack can be restricted, or the pinion can be restricted, | have restricted the rack ... ”
Activity Generate

.‘Iri‘,-'\h,r’\ i
a_.f-'a‘-_.”'fh - ar ,\
\ .

Mode of reasoning

Explanatory Abduction (Rule is known)

Outcome

Reasoning (interpreted from the
transcribed speech, schematics, &
annotations drawn in the sheet)

Consequent: Upon applying effort to the
handle, it does not move any further from 6 =
0,, and the block does not move from x=x,.

State Change

Rule: IF the rack is restricted THEN handle
does not move any further from 6=6,, and

the block does not move from x=x,.

Antecedent: the rack is restricted

Part

abduction. In some cases, the participants considered alternative
solutions and selected one out of many available solutions; in
other cases, the participants selected a known solution without
considering alternative solutions. An example for each case is pre-
sented in Tables 3 and 4.

Instances of innovative abduc-
tive reasoning were also found in the two major activities below:
Generate and Modify. When participants did not find a known

solution or rule to satisfy a function, they came up with their
own solutions. For example, when Participant 2 could not satisfy
both Functions 1 and 4 together using a rack and pinion assem-
bly, he discarded this solution. He then generated an original
solution by changing the geometry of the handle and connections.
Thus, the inference was considered to be an example of innovative
abduction (Table 5).

Furthermore, after evaluating the solution, Participant 2 real-
ized that the earlier solution (the revolute pair) failed to satisfy

Table 4. Code from an instance from participant 2 that captures explanatory abduction

Participant 2 Function under consideration: F1

Speech “...Block should move in positive x direction when | am turning the handle (CW) ... there should be some assembly ...
may be a gear assembly ... "

Activity Generate

Mode of reasoning

Explanatory Abduction (Rule is known)

Outcome

Reasoning
(interpreted from the transcribed

Consequent: (Input: Torque is applied to the handle)
block is moving in a forward direction (x; — x,)

State Change

speech, schematics, & annotations
drawn in the sheet)

Rule: IF Handle can act as a pinion, and the block can
act as a rack THEN handle is rotating (6; — 6,) and

block is moving in a forward direction (x; — x;)

Antecedent: Gear assembly (i.e., rack and pinion) Part
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Table 5. Code from an instance from participant 2 that captures an innovative abduction

Participant 2 Function under consideration: F1

Speech “...ok now this lever (handle) is having an extension (implies an inverted “T” shaped handle) ... which is connected to
the block through a string/cable ...

Activity Generate

Mode of reasoning Innovative abduction

Outcome

Reasoning (interpreted from the
transcribed speech, schematics, &

Consequent: Torque is applied to the handle) Handle is
rotating 61 — 62 and block is moving x1 — x2

State change

annotations drawn in the sheet)

Rule: IF an inverted “T”-shaped handle and block is
connected through a string/cable (which will transfer
force under tension) THEN Handle is rotating 6, — 6,

and block is moving x; — x,

Antecedent: An inverted “T”-shaped handle and block
is connected through a string/cable

Parts

Function 4. Thus, he modified the solution by replacing the revo-
lute joint with the “pin in slot” joint (Table 6). According to Dong
et al. (2016), “Generative sensing” is a process of creating a new
rule (p — q) in order to explain, resolve, or challenge the evidence
that was generated from an evaluation of a design concept.
Generative sensing involves producing a rule that may resolve
or further expand issues encountered in the evaluation of a con-
cept. This mode of reasoning shows innovative abductive reason-
ing, which includes evaluation followed by modification.

This example also demonstrates that this abduction took place
in two steps: from State change to Phenomenon and from
Phenomenon to Parts.

The instances of deductive reasoning were
found in the Evaluate activity. After proposing a solution, partic-
ipants analyzed the solution and evaluated it against the given
requirements. For example, as stated in Function 4, applying
force to the block should not allow the handle to rotate. All the
participants evaluated their solutions (e.g., rack and pinion,
slider-crank, cam and follower, rope) against the above require-
ment and to judge whether their solution could be considered
as a final solution, or needed further modification. These infer-
ences were considered as deduction (Tables 7-9).

After evaluating the performance of a chosen solution
during the design process, the participants diagnosed the specific
limitations of the solution and proposed improvement through
modification. In the following example, the participant set up
the rack and pinion arrangement — in which clockwise rotation
of the pinion results in the movement of the block in the negative
x-direction. Upon analyzing the inferred solution, the participant
realized that the proposed solution did not satisfy Function 1 (i.e.,
deductive reasoning). To satisfy Function 1 and change the
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block’s movement to the positive direction, the participant
added an idler gear (explanatory abduction) (Table 10).

Based on the analysis, we associated modes of reasoning with
the types of design activity. The various activities involved in the
design process and the corresponding modes of reasoning
involved in each have been enlisted in Table 11. During the
experiment, no instances of inductive reasoning were found, as
none of the participants generalized or validated/tested any rule
and thus we could not associate inductive reasoning with types
of design activity in Table 11. The number and percentage of
instances of the various modes of reasoning (generated by all par-
ticipants) corresponding to the various design activities are shown
in Table 12.

It is important to note that the number of instances is derived
from the segments of verbal speech which were explicitly and
entirely uttered. When the participants made progress covertly
(without uttering), the underlying reasoning - a part of their
latent thinking process — could not be captured through verbal
speech.

Based on the above analysis using the Extended Integrated
Model of Designing, and referring to the results in Tables 11
and 12, the key findings are presented below:

o We observed that among all the modes of reasoning, deduction
occurs most frequently, followed by explanatory and innovative
abductions. In addition, explanatory abductions were the same
in frequency in both generate and modify, whereas innovative
abductions were less in generate than in modify and often miss-
ing completely.

o For the Generate activity, participants first tried to solve a func-
tion with a known solution. Innovative abduction happened
only when the participants failed to utilize the known solution
to fulfill the desired function.

« The majority of the innovative abductions occurred in a Modify
activity. This happened mainly because an existing solution,
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Table 6. Code from another instance from participant 2 that captures innovative abduction
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Participant 2 Function under consideration: F4
Speech “... we need to have something (so that) the force should be translated from handle to block but the force from block
shouldn™t be translated to the handle. So we need one way force transfer kind of construction ... ok so the rigid link is
now free to slide on handle lever (the revolute joint is replaced by a ’pin in slot’ joint)”
Activity Modify e
Sy
SRl
o
) >—TT
' |
Sj) |
=
S

Mode of reasoning

Innovative Abduction

Outcome

Reasoning (interpreted from the
transcribed speech, schematics, &
annotations drawn in the sheet)

Consequent: (Force applied on the block along the
positive x-axis) block translates from x; to xs, but the
handle remains at 6,

State change

Rule: IF force applied on block along the positive x-axis
doesn’t translate to handle THEN block translates from
X; to x3, but the handle remain at 6,

Antecedent: Force applied on block alongthe positive Phenomena

x-axis doesn’t translate to handle.

Consequent: Force applied on block along the positive Phenomena

x-axis doesn’t translate to handle.

Rule: IF handle and the rigid link is connected via a
“pin in slot” joint THEN force applied on block along
the positivex-axis doesn’t translate to handle.

Antecedent: The revolute joint between rigid link and Part
handle is replaced by a “pin in slot”.

Table 7. Code from an instance from participant 6 that captures deduction

Participant 6 Function under consideration: F4
Speech “.... when this block will be pushed by wedge action force, it will transfer force to here, and it will push this crank only and
not the other one....”

Activity Evaluate '

-

M~ 1 Z
! -

a0 I

A
Mode of reasoning Deduction Outcome

Antecedent: Applying force to the block does
not make the handle movement

Reasoning (interpreted from the
transcribed speech, schematics,

& annotations drawn in the

sheet) State change

Rule: IF applying effort on the block only
translate the block and not the handle THEN
the construct/solution should be selected

(state change-level requirement)

Consequent: The construct should be selected Part
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Table 8. Code from an instance from participant 5 that captures deduction
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Participant 5 Function under consideration: F4
Speech “....which (the spring) will not allow handle to rotate by self-weight but will rotate when the force is applied ....”
Activity Evaluate
=8

Mode of reasoning Deduction Outcome
Reasoning (interpreted from the Antecedent: the spring stops the handle to rotate
transcribed speech, schematics, & by self-weight
annotations drawn in the sheet)

Rule: IF the construct does not allow the handle to Effect

rotate, THEN the construct/solution should be

selected (effect level requirement)

Consequent: The spring should be selected Part

Table 9. Code from an instance from participant 2 that captures deduction

Participant 2 Function under consideration: F4
Speech “.... (Handle and block) is having a direct contact but then because of that when | move the block it will
also affect (move) the handle ...”
Activity Evaluate Function under
consideration: F4
Mode of reasoning Deduction Outcome

Reasoning (interpreted from the transcribed

speech, schematics, & annotations drawn in the motion in the pinion

Antecedent: Force on the rack along the positive x-direction creates rotary

sheet)

Rule: IF force on the block along the positive x-direction creates rotary

State Change

motion in the handle THEN the construct/solution should not be selected
(state change level requirement)

Consequent: The construct should not be selected Part

which was proposed for fulfilling Function 1, did not satisfy
Function 4. In this situation, the participants decided to modify
the selected solution and were forced to think of an original
solution.

» Upon failing to modify an existing solution, some participants
discarded the existing solution and started with a new, alterna-
tive solution.

o During the experiment, no instances of inductive reasoning
were found, as none of the participants generalized or vali-
dated/tested any rule. This may have been due to the fact
that, in general, inductive reasoning plays a significant role in
the “testing” phase to see whether something is actually opera-
tive or true. It is important to note that not finding an instance
of induction in the protocol analyzed does not invalidate the
model, the model is still capable of capturing induction; it is
nature of the design task and its functional requirements,
which were solely focused on “ideation”, that did not provide
opportunity for participants to make the use of induction.
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» Most of the instances of the reasoning were found at the parts

level. This happened because the problem space was a highly
constrained one: the Inputs (e.g., rotation of handle), states,
and state transitions necessary were all specified, which reduced
the solution space for the designers.

As the state change of the block (i.e., sliding movement) and
Input to the handle (i.e., rotation/torque) were already given
in the problem, the participants directly made an inference at
the parts level and implicitly considered the effect level (ie.,
Rotary motion to linear motion). If, on the other hand, an
open-ended problem were given to the participants; at first,
the reasoning might have occurred at the state change level
(e.g., rotation of block instead of slide). Participants might
then have used force generation instead of force transmission
(Phenomenon) and possibly electromagnetic induction
(Effect) with current as Input. Similarly, the participants
might have used hydraulic or pneumatic means to transfer
the force.


https://doi.org/10.1017/S0890060421000214

400 Apoorv N. Bhatt et al.

Table 10. Code from an instance from participant 4 that captures sequence of reasoning - deduction followed by explanatory abduction

Participant 4 Function under consideration: F1
Speech “...when we are moving (handle) clockwise, negative x it (block) will be going..ok we are taking it (block) back ... then,
we need to have idler also...”
Activity Evaluate
5 S
/) |
z J
By i - i,/
=
\ |
Mode of reasoning Deduction Outcome

Reasoning (interpreted from the
transcribed speech, schematics, &
annotations drawn in the sheet)

Antecedent: Applying torque to the handle does
not make block movement in a forward direction

State change

Rule: IF applying torque to the handle does not
make block movement in a forward direction

(X, = x») THEN the solution should not be selected
(state change-level requirement)

Consequent: The construct should not be Part
selected.

Activity Modify

Mode of reasoning Explanatory abduction (Rule is known) Outcome

Consequent: (Input: Torque is applied to the
handle) block is moving in a forward direction
0 = x)

Reasoning (interpreted from the State change
transcribed speech, schematics, &

annotations drawn in the sheet)

Rule: IF rack and pinion with idler gear THEN block
is moving in a forward direction (x; — x,)

Antecedent: The rack and pinion with idler gear Part

We observed that when verbal speech was supported by a pic-
torial presentation of the outcomes (e.g., sketches), the process
of understanding, capturing, and classifying the reasoning pro-
cess became more accurate. Sometimes capturing reasoning
using the indicator words from verbal speech led to an

erroneous result. For example, when the participant uttered,
“...when I am turning the handle (clockwise), it is pulling
the block in this (positive x-axis) way. So, this solves the prob-
lem...”, he was evaluating the outcome, and the mode of infer-
ence was deduction. On the contrary, as per the coding scheme

of Cramer-Petersen and Ahmed-Kristensen (2015), the use of
pronouns (e.g., I, you, and we) indicates inductive reasoning.
This shows that the captured verbal reasoning from speech
should be supported with the pictorial presentation, whenever
possible to avoid such errors.

Table 11. Reasoning involved in design activities

Activities Reasoning
Generate Innovative abduction or explanator . .
; P y One of the purposes of this work was to evaluate the capabilit
abduction purp p y
- of the Extended Integrated Model of Designing in capturing var-
rE‘;’jZlcut?te"sel“t (accept or Deduction ious modes of reasoning during design synthesis. The results
show that the model is capable of capturing deductive reasoning
Modify '“b”d°VaF'Ve abduction or explanatory and two subtypes of abductive reasoning from the data of think
abduction

aloud video protocol. The model helped understand the
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Table 12. Number and percentage of instances of the various modes of reasoning
P1 % P2 % P3 % P4 % P5 % P6 % Total T%
No. of explanatory 3 12 1 06 6 24 5 25 4 36 2 17 21 19
abductions in generate
No. of explanatory 4 15 4 23 6 24 4 20 1 09 5 25 22 20
abductions in modify
No. of innovative 2 08 1 06 0 00 0 00 0 00 0 00 8 03
abductions in generate
No. of innovative 2 08 2 12 1 04 2 10 1 09 2 17 10 09
abductions in modify
No. of deductions in 15 57 9 53 12 48 9 45 5 46 5 41 55 49
evaluate-select
Total no instances 26 100 17 100 25 100 20 100 11 100 12 100 111 100

association of various modes of reasoning with the design activ-
ities, constructs, and outcomes. The model also helped under-
stand the reasoning patterns during design synthesis. Due to
the absence of instances of inductive reasoning, the model
could not capture the same and could not associate inductive rea-
soning with the types of design activities or outcomes. This indi-
cates the need for further empirical studies which is a part of
future work.

Many problem-solving and design models have investigated the
characteristics of problems and solutions in the design process;
however, few attempts have been made to explore the modes of
reasoning underlying the process of design. In this work, the
modes of reasoning were analyzed with the help of the
SAPPhIRE model of causality and the Extended Integrated
Model of Designing by asking the following research questions:
(1) Does the SAPPhIRE model capture the abductive reasoning
more extensively compared to other existing models in the pro-
cess of design synthesis? (2) Does the Extended Integrated
Model of Designing capture all modes of reasoning in the process
of design synthesis?

The novelty of this paper lies in its analysis of the various
interpretations of abduction by Roozenburg and Kroll &
Koskela, and the proposal that design abduction can be better
understood in terms of the SAPPhIRE model of causality.
Moreover, abductive reasoning involved in the process of synthe-
sis can be captured in greater detail with the help of the
SAPPhIRE constructs. A validation of the model is presented by
demonstrating its application in design with two examples.

Furthermore, we argued that the Extended Integrated Model of
Designing can provide comprehensive means of explaining the
various modes of reasoning that occur in design. To demonstrate
the effectiveness of this model for this purpose, we conducted an
empirical study during which participants were involved in a
design activity. Verbal speech and outcomes generated by the par-
ticipants were analyzed, and the underlying modes of reasoning
were captured using the proposed model. The Extended
Integrated Model of Designing provides the following information
related to reasoning: (1) the mode of reasoning, (2) the number of
steps, (3) the type of activity, and (4) the type of outcome gener-
ated during design activity. The coding scheme developed for this
work utilizes the elements of the “Extended Integrated Model of
Designing” combined with the “Modes of Reasoning” and offers
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an efficient way of studying the design synthesis process. The
results suggest that this proposed combination, henceforth
referred to as the “Extended Integrated Model of Reasoning and
Designing”, can effectively capture and categorize the reasoning
modes that occur during the design process.

The method of capturing reasoning through verbal speech and
the pictorial outcomes is more efficient than capturing through
verbal speech alone. Therefore, this method can be applied by
the researchers while capturing reasoning in design synthesis.

Abductive reasoning has been associated with creativity. In the
context of the SAPPhIRE, if we associate reasoning with the out-
comes of design, we could also assess the degree of novelty that a
solution possesses. For example, as a result of reasoning, if the
outcome is generated at the part or organ level, it may have low
novelty; if the outcome is generated at the phenomenon or effect
level, then it may have medium novelty. Whereas, if it is generated
at the state change or input level, then it may have high novelty
(Sarkar and Chakrabarti, 2011). In combination with statistical
tools, these insights could be later correlated with the novelty or
creativity of the designs and the design process.

In current literature, classification, understanding, and inter-
pretation of reasoning in design have often been discussed in an
isolated manner. There is a need to understand the links between
modes of reasoning and design theory models. Significantly, two
subtypes of abduction (i.e., explanatory and innovative) can be
looked at from different perspectives with existing contributions.
For example, Gero (1994) mapped “Search” (a process of finding a
design within a given structure of design space) to routine design
and “Exploration” (a process that creates new design state space or
modifies existing design space) to the concept of creative design;
Al'tshuller (1999) ranked the creative process of problem-solving
in the five levels (i.e., utilization of existing object, choosing object
out of several, making partial changes to the selected object, devel-
opment of a new object, or new complex systems); Le Masson
et al. (2017) used two types of partitions during concept genera-
tion in the C-K theory: restrictive partitions (that make the use of
properties of a known object) and expansive partitions (that lead
to the creation of new knowledge steered by a disruptive concept).
As a rudimentary analysis, we can argue that explanatory abduc-
tive reasoning can be correlated with “Search” in routine design,
“Levels 1 & 2” of the creative process and “restrictive partition”
in the C-K theory, whereas innovative abductive reasoning can
be correlated with “Exploration” in creative design, “Levels 3-5”
of the creative process and “Expansive partitions” of the C-K
theory.
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Understanding the role of abduction in greater detail should be
useful for multiple reasons. The first is the ability to teach design
better. The second is to develop tools and methods for supporting
abduction. However, before these, the effectiveness of the pro-
posed model needs to be further assessed, including by comparing
with other prescriptive models such as PA model (Kroll and
Koskela, 2016). This is part of future work.
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