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Abstract 
Design synthesis is an abductive reasoning process from abstract intents to concrete instantiations under 
constraints. This process involves two stages: purposeful "alternative creation" and systematic "alternative 
selection". This paper presents a synthesis framework to support decision making during these two phases 
for early-stage innovative design. For alternative creation, a decision process that uses three synthesis 
reasoning operations to generate innovative options is provided. For alternative selection, an aggregation 
method that combines multiple preferences to choose the most preferred option is developed. This decision 
framework can be seen as a theoretical generalization of the Axiomatic Design Theory to better support 
design synthesis.  
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1 INTRODUCTION 

Generally speaking, synthesis is a creative human activity 
that synthetically combines several things to form a thing 
that didn’t exist before. In formal logic, synthesis calls for a 
“cognitive leap” from an intangible subject to a more 
tangible predicate by making abductive propositions. 
Accordingly, design synthesis can be seen as an abductive 
reasoning process from an abstract (or conceptual) intent 
(e.g., what) to some concrete (or detailed) instantiations 
(e.g., how). While synthesis is inherently subjective, 
especially during the early design stages, it should be 
structured to better support design innovations. With a 
structured decision framework, designers can have a 
common basis to objectively communicate, compare, 
negotiate and select various propositions based on 
individual subjectivities to synthetically innovate good 
design options.  

The design synthesis task consists of two stages, namely 
purposeful alternative creation and systematic alternative 
selection under constraints. This task is especially difficult 
during the early stages when both the design intent and 
constraints are less tangible and hard to quantify. For 
alternative creation, the abstract “thing-free” (or “solution-
neutral”) thinking is preferable, because it opens more 
innovation possibilities to create artifacts that are new and 
previously unseen. Meanwhile, due to the high abstraction 
level, alternative selection at these same stages is more 
driven by subjective human preferences than objective 
domain criteria. Earlier studies have already shown the 
difficulty of making group decisions with diverse 
subjectivities in general [1-2]; finding a preference 
aggregation method for abstract “thing-free” thinking is 
even harder. In short, alternative creation in design 
synthesis calls for “abstract reasoning” that should be 
solution-free to enhance design innovation, whereas 
alternative selection needs “concrete information” that must 
be detailed enough for systematic comparison. This 
dilemma illustrates one of the many challenges of 
supporting design synthesis at early stages.  

Despite its importance, little design research has been 
devoted to supporting synthesis reasoning for early-stage 
innovative design. Most design theories to date focus on 
"analysis-based" alternative selection, leaving alternative 
creation to ah-hoc human decisions. Axiomatic Design 
(AD) theory [3] is a notable exception in this regard. 
However, to date the AD theory is most often used to 
select, rather than create, alternatives in design practice 
[4]; hence still fails short to fully support synthesis task at 
early design stages.  

The rest of this paper is organized as following. Section 2 
explains some relevant theoretical background of this 
research. Section 3 presents a synthesis-based design 
framework to support alternative creation and selection.  
Section 4 includes the conclusions and future work. 

 

2 SOME THEORETICAL BACKGROUNDS 

2.1 Synthesis in Logic and Design 

Because synthesis occurs ubiquitously in many creative 
human activities, it has come to mean different things to 
different people. According to one dictionary definition, in 
philosophy, synthesis means a purposeful reasoning from 
the general to the particular [5]. It typically begins with an 
intangible (abstract) general (e.g., thought, intent, goal, 
objective, etc.) and ends with a more tangible (concrete 
and detailed) particular (e.g., embodiment, solution, plan, 
artifact, etc.). In science and engineering, synthesis occurs 
in all kinds of designing and planning activities where 
detailed embodiments are thought to satisfy a general goal. 
For instance, in electronics, logic synthesis is a process by 
which an abstract form of desired circuit behavior is turned 
into a concrete design implementation using logic gates. In 
chemistry, chemical synthesis is a purposeful execution of 
chemical reactions to get a desirable product. In biology, 
biosynthesis is a catalyzed process in cells of living 
organisms by which substrates are converted to more 
complex (i.e., detailed and structured) products. In 
mechanical design, design synthesis of mechanisms is the 
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transformation from abstract specification of required 
behaviors into detail description of machine’s structure [6].  

Except for these few instances, most synthesis activity in 
engineering are neither fully understood in research nor 
well supported in practice. Today, synthesis is still often 
carried out intuitively based on the designer's subjective 
experience rather than systematic reasoning. Iterative 
analyses with optimization algorithms to indirectly “mimic” 
synthesis reasoning via expensive trial-and-error are still 
the common practice. But, synthesis is fundamentally 
different from analysis in design - it cannot be achieved or 
replaced by analysis. Firstly, design synthesis is to create 
new things that have not yet existed, while design analysis 
is to investigate some existing (or will exist) things. 
Whenever analysis is to be carried out, it implies that 
something, either physically or conceptually, has been (or 
will be) there to be analyzed. Next, design analysis is 
based on the notion of optimality, which is different from 
design synthesis which must rely on the concept of 
rationality. Only if the domain governing laws of the thing 
(i.e., how things work) are known, can designers analyze 
the system to improve its behaviors towards the optimal. 
Lastly, the reasoning direction of “ends-means” synthesis is 
directly opposite to that of the “means-ends” analysis.  

In formal logic, synthesis is an intentional "abductive" 
reasoning from abstract subjective to concrete predicate. 
Compared with synthesis, analysis and evaluation are 
reasoning based on deduction and induction respectively. 
Analysis plays the role of examining the predicate created 
through synthesis; whereas evaluation functions to verify if 
the predicate can satisfy the subject successfully. The 
iterative loop (Figure 1) formed by synthesis, analysis, and 
evaluation matches perfectly with the logical inquiry cycle: 
abduction generates new hypotheses; deduction analyzes 
the hypotheses; and then induction justifies the hypothesis 
[7].  

In design practice, synthesis can be viewed as repeatedly 
making purposeful and rational propositions (i.e., subject-
predicate pairs) from ENDS (what) to MEANS (how) under 
constraints. During such a process, an abstract thought is 
reified to become some concrete things by encoding 
distinguished properties. Note that, elements in the ENDS 
(what) realm are always relatively abstract, compared with 
elements in the MEANS (how) domain which are more 
concrete. For instance, “objective” as an intangible WHAT 
can be realized by "object" which is a tangible HOW. In 
other words, “object” as a MEANS is a specific realization 
of “objective” that is a concrete ENDS. In contrast, analysis 
and evaluation go through a reverse direction from MEANS 
(how) to ENDS (what) by iteratively examining and 

assessing specific performances. When applied in tandem, 
synthesis, analysis, and evaluation continuously drive 
designers' decisions to move forward in design practice.   

Abductive reasoning process in synthesis involves both 
hypothesis construction and hypothesis selection [8]. The 
design synthesis task is no exception; it corresponds to a 
“purposeful alternative creation” stage and a “systematic 
alternative selection” stage, respectively. Relevant 
theoretical backgrounds for each stage is provided below. 

2.2 Making Propositions in Alternative Creation 

In design synthesis, “purposeful alternative creation” is 
achieved by making abductive propositions. Kant [9] used 
the terms "analytic" and "synthetic" to differentiate two 
different types of propositions. Analytic proposition is 
defined as a proposition whose predicate concept is 
"contained" in its subject concept. For instance, “all 
bachelors are married” and “all triangles have three sides” 
are both analytic propositions. Note that, in either case, the 
predicate concept is contained in the subject concept. The 
subject concept of “bachelor” consists of the meaning of 
“unmarried”. In other words, the predicate concept of 
“unmarried” is part of the definition of “bachelor”. Analytic 
proposition establishes the “part-of” (consist-of) 
relationships within a decision hierarchy. As will be 
explained next, it is the foundation of the “Specialization" 
operation in our synthesis framework. 

In contrast, synthetic proposition is a proposition whose 
predicate concept is “not contained” in its subject concept. 
For example, “bachelors are unhappy”, “power can be 
generated by internal combustion (IC) engine”, and “travel 
long distance can be achieved by taking airplane” are all 
synthetic propositions. Take the “IC engine” case for 
instance, the predicate concept “IC engine” is not 
necessarily contained in the subject concept “power”, but 
only one of the many “means” (e.g., solar generator, wind 
generator, etc.) to realize it. In other words, the relationship 
created by the synthetic proposition is totally different from 
the “part-of” relationship established by analytic 
proposition. This is a very important difference which must 
be distinguished and understood in design synthesis 
reasoning. As will be explained next, synthetic proposition 
is the foundation of the “Realization" operation in our 
synthesis framework.   

2.3 Aggregating Preferences in Alternative Selection 

Preference aggregation has been studied extensively by 
social choice research for decades [1-2, 10-11]. The goal is 
to find a universal social welfare function (SWF) [12] that 
can consistently convert multiple individual preferences 
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over a set of candidate alternatives into a single collective 
preference for group decision making. One of the most 
well-known theorems in social choice research is called 
Arrow’s Theorem [1-2]. It theoretically proves that, in 
general, there is no universal method (or SWF) that can 
convert the ranked preferences from individuals into a 
community-wide group ranking while also meeting a set of 
so-called “Arrow’s rational conditions”; they are (1) 
unrestricted domain, (2) non-dictatorship, (3) Pareto 
efficiency (i.e., if every individual stakeholder prefers a 
certain alternative to another, then so must the resulting 
group societal preference order.), and (4) independence of 
irrelevant alternatives.  

Recently, some efforts have been devoted to examining 
the applicability of this Arrow Theorem to engineering 
design [13-17]. From a theoretical point of view, to escape 
Arrow’s Theorem, there is an unavoidable price to pay; that 
is at least one of his rational conditions must be weakened 
somehow. In light of the special characteristics of 
engineering problems, it may be feasible to relax some of 
the requirements from social choice research to make 
preference aggregation possible in engineering decision 
practice [18]. However, for group decision making in design 
teams, each of these possibilities must be carefully 
evaluated to determine if the price is worth the gain in the 
context of design synthesis [19]. 

For example, nominating a dictator to synthesize design 
alternatives is obviously inappropriate, because during the 
early stages, it is important to incorporate, not to exclude, 
every designer's preference. Next, weakening the 
unrestricted domain condition seems to be a relatively 
reasonable option, as the “domains” in engineering design 
are mostly bounded by internal and external constraints, 
and "simple majority rule" as a SWF is mostly ordinal. 
However, its realization in a particular design team 
depends highly on the existence of strict ordering of 
alternatives and the preference pattern (e.g., single-
peakedness) of every designer. Therefore, it is generally 
unsuited to all types of design problems, particularly those 
whose alternatives are still relatively intangible during the 
early stages. Then, the Pareto-extension rule can be 
regarded as a universal SWF during the early design 
stages as long as "quasi-transitivity" can be commonly 
accepted by the team. However, it may result in multiple 
“equivalently” desirable alternatives. Scoring methods can 
also lead to the possible result; however, they are not 
purely “ordinal”, and the application is largely determined 
by the availability of cardinality of the particular design 
problem. Note that the measure of cardinality (e.g., based 
on estimation) is mostly arbitrary during the early stages 
when alternatives are relatively abstract.   

Besides weakening some of Arrow’s rational conditions, 
preference aggregation is also possible by measuring each 
designer’s cardinal utility of preference directly during the 
early design stages. For this possibility, the recent 
development of “Multiple-Layer Surrogate Modeling” [20] is 
quite relevant and useful. These abstract qualitative 
surrogate models built from the detail quantitative domain 
knowledge can be used to support the estimation of 
cardinal utility during the early design stages [17]. Once the 
cardinal utility of preference becomes available, utilitarian 
rule can also be regarded as a qualified SWF in synthesis 
decisions. 

Table 1 summarizes the three possible preference-
aggregation methods during the early design stages: 
utilitarian rule, simple majority rule, and Pareto-extension 
rule. Each method can be chosen as the SWF to 
synthesize multiple preferences at early design stages, if, 
and only if, the required informational basis can be 
satisfied.  

3 A SYNTHESIS DECISION FRAMEWORK 

3.1 Different Reasoning Operations 

Table 2 summarizes the notations used to define the three 
different reasoning operations in our proposed synthesis 
decision framework for early stage design. 

 

Utilitarian 
Rule 

Simple 
Majority 
Rule 

Pareto-
extension 
Rule 

Utility Type 
Measure of 
cardinal 
utility 

Ordinal 
utility 

Ordinal 
utility 

Number of 
Voters 

No Odd No 

Violation of 
Arrow’s 
condition 

No 
Unrestricte
d Domain 

Pareto 
Efficiency 

Required 
Informational 
Basis 

Interpersona
l comparison 
of utility 

-Strict 
ordering of 
alternative 
-Single 
peaked 
preference 

No 

Advantage 
Result is 
more  
precise 

Purely 
“ordinal”, 
easy to 
carry out 

Universal  

Disadvantage 

Cardinal 
utility is 
difficult to 
measure 

Less 
precise 

Many 
equivalent 
alternative 

Table 1: Different preference-aggregation methods. 

 

:⇔ : is defined as; equal by definition  
x ≡ y means x is defined to be another name for y, 
under certain assumptions. 

 

∧ : and; logic conjunction; 
The statement A ∧ B is true, if A and B are both 
true; else it is false. 

 

{,} : set brackets; the set of; 
{a, b, c} means the set consisting of a, b, and c. 

⊇ : superset; is a super set of; 
A⊇ B means every element of B is also an element 
of A. 

⊆ : subset; is a sub set of; 
A ⊆ B means every element of A is also an 
element of B. 

∩ : intersect; intersected with; 
A ∩ B means the set that contains all those 
elements that A and B have in common.  

∑ : summation; sum over … from … to … of; means 
a1 + a2 + … + an. 

Table 2: Notations of the synthesis framework. 

 

First, design synthesis (₰) is represented as a function that 
acts on the abstract subject (À) as input to produce the 
concrete predicate (Ç) as output. 

₰ {À}:⇔ Ç                                                                      (1) 

Where, ₰ = Design Synthesis Function 

À = the "Abstract" (e.g., the ends, what, intent, or 
the subject) 

Ç = the "Concrete" (e.g., the means, how, 
instantiation, or the predicate) 

Next, the (₰) function is further defined as making a 
"synthetic proposition" via a Realization (Ř) operation and 



 

an "analytic proposition" via a Specialization (Š) operation 
under the constraints via Bounding (�) operations. To 
clearly specify these three basic reasoning operations, 
subscripts i, j are used to denote the synthetic and analytic 
propositions, respectively (see Figure 2 below). 
Accordingly, the X-axis and Y-axis in the framework shown 
in Figure 2 represent a horizontal “conceptual-concrete” 
spectrum and a vertical “abstract-detail” spectrum of 
design synthesis. 

The Realization Operation (Ř) 

(Ř) is defined as a generative type of abductive reasoning 
that makes synthetic propositions to transform a 
conceptual subject, that is relatively intangible in the 
upstream, to a more concrete (i.e., touchable, executable, 
etc.) predicate, that is more tangible in the downstream.  
(Ř) creates the “means-of” (or “realized-by”) dependency 
between subject and predicate. In design synthesis, (Ř) 
can only be performed horizontally across two adjunct 
domains from i=1 to i=m. The transformation performed by 
(Ř) is represented by Equation (2). Note that (Ř) can be 
seen as a generalization of the horizontal “mapping” 
operation prescribed in the AD theory.  

jiji PPR ,1+, :)(ˆ �                                                                   (2) 

The Specialization Operation (Š) 

(Š) is defined as a derivative type of abductive reasoning 
that makes analytic propositions to transform an abstract 
subject, that is comparatively intangible at upper layers, to 
a detailed predicate, that is more tangible at lower layers. 
Unlike (Ř), (Š) establishes a “part-of” dependency between 
the subject and predicate. In design synthesis, (Š) can only 
take place vertically from j=1 to j=n. The transformation 
from Pi,j to Pi,j+1 via (Š) can be represented by Equation (3). 
Note that (Š) can be regarded as a generalization of the 
vertical “decomposition” operation prescribed in the AD 
theory. 

1+,1, :)(ˆ jji PPS �                                                                   (3) 

Specialization (or decomposition) is a more common 
operation (than Realization) that has been studied 
extensively by many existing analytical approaches (i.e., 
AHP analytical hierarchy process [21]), which can provide 
detailed guidance of implementation.  

The Bounding Operation (�) 

(�) is defined as using constraints to limit transformation 
from a conceptual and abstract subject to a concrete and 

detailed predicate. In design synthesis, (�) takes place 

diagonally from the upper abstraction layer and the 

downstream domain �
m

k
jkiP

2=
,+

 to limit the transformation 

from Pi,j  to Pi+1,j+1, as illustrated by Equation (4).  

1+,1+
2=

,+1+,1+ )(B̂:)(ˆ ji

m

k
jkiji PPPB �� �                                     (4) 

� incorporates those already known constraints imposed 
by external parties or those resulted from previous 
propositions made to focus (or limit) the consideration of 
possible solution alternatives (Pi+1,j+1). 

3.2 The Design Synthesis Reasoning (₰) 

Having defined the three basic reasoning operations in 
Section 3.1, a theoretical framework that guides the 
execution of a design synthesis reasoning process from a 
conceptual (abstract) subject to a concrete (detailed) 
predicate can be presented in Equations 5 and 6:  

For any proposition within the bounded region of i�{1,m} 
and j�{1,n}, given a set of boundary conditions imposed at 

i=1, m and j=1, n, design synthesis (₰) is a reasoning 
function that transforms the input to the output as follow:   

₰ { } { } 1+,1+,,,, :)(ˆ)(ˆ)(ˆ: jijijijiji PPBPSPRP �����                  (5) 

    where Pi+1,j+1 must satisfy: 

[ ] [ ] )(ˆ)(ˆˆ)(ˆˆ

2=
,+,,

==
1+,1+ ����

m

K
jkijiji

m

ip

n

jq
ji PBPRSPSRP ∩∩         (6)

      

 

Although the two equations defined above cannot be 
solved mathematically, they can be regarded as some 
useful mental guidelines to drive the designer’s thinking 
direction in design synthesis.  

3.3 A Design Synthesis Framework  

So far, we have defined synthesis reasoning in formal logic 
as a cognitive "leap" from a relatively intangible subject (P-

i,j) to a more tangible predicate (Pi+1,j+1) by making 
abductive propositions, where i and j denote the synthetic 
and analytic propositions, respectively. Based on this logic 
foundation, the design synthesis task can be modeled as 
abduction from an abstract intent (i.e., "what") to a 
concrete instantiation (i.e., "how"). When carrying out a 
design synthesis (see Equation 5), the designer must go 
through two stages sequentially: the alternative creation 
stage and the alternative selection stage. The goal of 
alternative creation is to ideate some possible 
instantiations for further comparisons. The quality of 
obtained alternatives (for example, in terms of their level of 
innovativeness and diversity) is the main concern at this 

Figure 2: Three basic reasoning operations for design synthesis decision framework. 



 

stage. The goal of alternative selection is to choose a 
unique instantiation as the final outcome (i.e., Pi+1,j+1) of 
design synthesis; efficiency, for example, in terms of the 
required effort of choosing the most appropriate 
instantiation, is the main focus at this stage. Certainly, the 
alternative creation quality and the alternative selection 
efficiency are mutually related to each other in design 
practice.   

In the alternative creation stage, given Pi,j, the designer 
must first form a “nucleus” mentally in order to focus 
his/her creative attentions to satisfy Pi,j. In other words, 
starting from “all things are possible” initially (i.e., the 
solution-free thinking desired by innovative design should 
begin with all possible alternatives without any limitation 
from past solutions or creative hindrances), a bounded 
small “space for consideration” (to which Pi+1,j+1 must 
belong) must be carefully established first. Unlike 
deduction or induction for which some fixed procedures or 
algorithms can be used, this ideation (i.e., nucleation of 
ideas) process is mainly of the abduction type, and hence 
can only be systematically guided (or mentally driven) by 
abduction-based synthesis operations.  

The three synthesis operations defined in Section 3.1 must 
be applied in tandem here. The first is the “Realization 
operation” (Ř) that uses synthetic proposition to create the 
“means-of” relationship between Pi,j and Pi+1,j. In other 
words, the designer must think horizontally first along the 
same level of abstraction and ask “what are the possible P-

i+1,j that could be the means of realizing Pi,j?” The second is 
the “(Š) operation” that uses analytic proposition to create 
the “part-of” relationship between

 
Pi,j and Pi,j+1. In other 

words, the designer must then think vertically within the 
same decision domain (i) and ask “what are the possible 
Pi,j+1 that could be a part of Pi,j?” The third is the “Bounding 

operation” (�) that assures that the resulting Pi+1,j+1 are 
limited by both domain-independent axioms and domain-
dependent constraints. In other words, the designer must 
also think diagonally across one domain and one layer, and 
ask “what are the possible Pi+1,j+1 that would be within the 
boundary of limits imposed by these axioms and 
constraints?” In short, during the alternative creation stage, 
the resulting limited “space for consideration” (Pi+1,j+1) is 
formed by jointly and simultaneously considering the 
intersection between Pi+1,j and Pi,j+1 that also meet some 
domain-independent and dependent constraints.  

The domain-independent constraints that must be included 

in the Bounding operation (�) can include three axiom-
based criteria from the AD: i.e., complete, minimal and 
independence. That is to say that, those ideated 
alternatives within the small limited space for consideration 
(Pi+1,j+1) must: (1) completely satisfy the design intent (i.e., 
the subject of synthesis) expressed by Pi,j, (2) without any 
redundancy (or duplication) among themselves, and (3) be 
functionally independent from each other. The domain-
dependent constraints that must be included in the 
bounding operation can be one of two kinds. When i=1 and 
j=1 for Pi+1,j and Pi,j+1, the constraints along the boundary 
are those restrictions imposed onto the designer by 
corporations, policies, regulations, and markets as well as 
other known resources (such as time, budget, etc.) limits. 
For other instances (i.e., i>1, j>1), the constraints in the 
interior are those propositions that have been made 
previously and agreed upon by the designers before at the 
upper abstraction layer and the downstream domain 

(i.e., �
m

k
jkiP

2=
,+

 ). 

The combined considerations among the above “means-
of”, “part-of”, and “constraint-by” (using both domain-
independent axioms and domain-dependent constraints) 
operations lead to a small limited space for consideration 

that consists of “a few high quality alternatives” at the 
conclusion of the Alternative Creation stage of design 
synthesis. These few qualified alternatives will then 
become the candidates of comparison and choice among 
designers during the alternative selection stage next. 

For alternative selection, three selection methods derived 
from social choice research (see Table 1) can be used, 
while the challenge now lies in which method to choose 
under the specific circumstances of the design problem at 
hand. Different informational bases determine the 
applicability of different methods, and different methods 
might lead to completely different aggregation outcomes 
[22]. It can be hypothesized that, during the early design 
stages, the required informational basis for each method is 
related to the alternative’s level of abstraction. In other 
words, the alternative’s level of abstraction can influence 
the choice of the most suitable selection method, which will 
in turn affect the final aggregation result.  

In design synthesis, the candidate alternatives to be rank-
ordered are a set of concrete instantiations, whose level of 
abstraction has been relatively lower compared with that of 
the initial abstract intent. Therefore, the designers should 
first check if cardinal utility of preference can be measured 
(e.g. by qualitative surrogate modeling) for the specific 
design problem at hand. If that is the case, the Utilitarian 
rule can be chosen as the SWF, because it yields the most 
precise aggregation result. Sometimes, due to the lack of 
domain-dependent models, it is very difficult to directly 
measure cardinal utility. Under such circumstances, it is 
more appropriate for the designers to utilize some purely 
“ordinal” procedures. Hence, they should check if the 
“single-peakedness” condition can be satisfied, if yes, then 
choose simple majority rule as the SWF. Otherwise the 
Pareto-extension rule should be used to combine team 
preferences, which could bring out some “equally” 
desirable alternatives that cannot be compared by 
subjectivity at the present abstraction level to the next 
design synthesis, and transform all of them to more 
tangible instantiations for further comparison. 

3.4 The Design Synthesis Process 

The Alternative Creation Stage 

Figure 3 below illustrates a typical alternative creation 
process in design synthesis from subject Pi,j to predicate 
Pi+1,j+1. The reasoning process at this stage consists of two 
consecutive steps, namely Formation, and Ideation.  

The Formation step in alternative creation stage involves 
three sub-steps: elicit design intent, identify boundary 
conditions, and establish a small limited “space for 
consideration”.  

� Elicit the design intent:  

Purposeful alternative creation in design synthesis begins 
with eliciting the design intents. In the following discussion, 

Figure 3: The design synthesis process.  



 

it is assumed that the designer has already arrived at a 
certain intent (i.e., Pi, j) from previous stages.  

� Identify the boundary conditions: 

Boundary conditions during the synthesis reasoning 
process are identified as those domain-dependent 
constraints. In Figure 3, they are represented by the 
horizontal axis (from i=1 to i=m) and the vertical axis (from 
j=1 to j=n).   

� Establish a small limited “space for consideration”: 

1) Create the means-of dependency  

Two (Ř) operations are first carried out to create means-of 
dependency along the horizontal direction across three 
separate hierarchies between the subject (i.e., Pi,j) and the 
predicate (i.e., Pi+1,j) and (i.e., Pi+2,j) via two synthetic 
propositions. As shown in Figure 3, the links (a) and (b) are 
established by applying Equation (2) previously defined in 
Section 3.1 twice.  

jiji PPR ,1+, :)(ˆ ⇔
 
(i.e., link a)                                              (7) 

jiji PPR ,2+,1+ :)(ˆ ⇔
 
(i.e., link b)                                           (8) 

Note that, if the level of abstraction of Pi,j is relatively high, 
one (or more) additional realization operations may be 
further carried out to create more means-of dependency 
(i.e., link(c)) along the horizontal direction (i.e., Pi+3,j ) 

2) Create the part-of dependency  

One (Š) operation is now performed to create the part-of 
dependency along the vertical direction within a single 
hierarchy between the subject (i.e., Pi,j) and the predicate 
(i.e., Pi,j+1). As shown in Figure 3, the link (d) is established 
by applying Equation (3) once.  

1+,1, :)(ˆ jji PPS ⇔ (i.e., link d)                                                (9) 

3) Identify the domain-independent constraints 

As explained before, the domain-independent constraints 
that must be included via the (�) operation include the 
three criteria of the first Axiom from the AD theory: i.e., 
complete, minimal and independence.  

4) Identify the domain-dependent constraints  

Domain-dependent constraints include previous 
propositions made at the upper abstraction layer and the 
downstream domain of Pi+1,j+1, which can be represented 

as ∑
m

k
jkiP

2=
,+ .  

During the Ideation step of alternative creation stage, within 
the small limited “space for consideration” formed above, 
the designer must now “ideate” a few concrete (or more 
detailed) instantiations for further selection. The ideation of 
possible instantiations can be seen as a abductive 
reasoning influenced by “forces” from several directions 
within the bounded space, as indicated by links (e), (f), (g), 
(h), and (i) in Figure 3. They include a horizontal force 
acting from the upstream Pi,j+1 via a (Ř) operation (i.e., link 
(e)), a vertical force acting from the upper-layer Pi+1,j via a 
(Š) operation (i.e., link (f)), a few diagonal forces acting 
from the upper-layer and downstream domain-dependent 

constraints ∑
m

k
jkiP

2=
,+ via a bounding operation (i.e., link (g) 

and link (h)), and one last force acting from the domain-
independent axioms via a (�) operation (i.e., link (i)). In 
other words, the ideated instantiations must at the same 
time be “means-of” Pi,j+1, “part-of” Pi+1,j, and constrained by 

∑
m

k
jkiP

2=
,+ . These combined operations lead to Equation (6) 

in Section 3.2. 

Equation (6) will yield a small option space from which the 
designer can ideate a few concrete instantiations, which 
completes the alternative creation process of synthesis 
during the early design stages. With these ideated 
instantiations as candidate alternatives, the designer can 
now move on to the alternative selection stage to choose a 
unique Pi+1,j+1  based on multiple preferences.     

The Alternative Selection Stage  

As part of the proposed synthesis design framework, a 
specific preference-aggregation model is developed to 
support alternative selection. The model guides designers 
in a design team to collaboratively go through three 
sequential steps, namely preference formation, preference 
evaluation, and preference aggregation, to orderly and 
rationally combine multiple individual preferences into a 
single team preference for selection.  

The preference formation step consists of two sub-steps: 
elicit candidate alternatives and discourse individual 
preferences.  

� Elicit candidate alternatives: 

The preference formation step begins with eliciting 
candidate alternatives that are yet to be rank-ordered. In 
case there are new stakeholders joining the design 
synthesis process from the selection stage, a review sub-
step is performed if needed. The objective is to ensure that 
every stakeholder fully understands the intent to be 
satisfied and all previous operations that were carried out 
to ideate these instantiations. Some techniques for 
reviewing the sub-step can be found in Social Technical 
Co-Construction Process for collaborative engineering [23]. 
Once a common understanding is established among all 
stakeholders, these instantiations formally become 
candidate alternatives to be compared and selected.  

� Discourse individual preferences: 

Having elicited a set of candidate alternatives from all 
stakeholders, designers can now discourse their individual 
preferences as multiple orderings over alternatives from 
the most to the least desirable. 

The preference evaluation step involves two sub-steps: 
access the utility type of preference and measure cardinal 
utility of preference.  

� Assess the utility type of preference: 

The preference evaluation step begins with assessing the 
reasonable utility type (i.e., ordinal utility or cardinal utility) 
of already expressed preferences. If only ordinal utility is 
available or possible, then proceed to choose the SWF to 
carry out preference aggregation (see item 1 in 
Aggregation step). 

� Measure cardinal utility of preference: 

If possible, use relevant domain-dependent models (e.g., 
multi-layer surrogate modeling) to assess cardinal utility. 

The preference aggregation step consists of two sub-steps: 
choose SWF for preference aggregation and combine 
multiple preferences.  

� Choose SWF for preference aggregation: 

Based on available informational bases, various selection 
methods can be chosen as the SWF. It takes three sub-
steps to identify the most suitable SWF for a particular 
design problem. 

(1): If cardinal utility can be quantified, Utilitarian rule 
should be chosen as the SWF. If not, then go to 
sub-step 2 below. 

(2): If a strict ordering exists among the set of 
alternatives and every individual preference is 
single-peaked, plus the number of stakeholders is 
odd, then simple majority rule can be chosen as 
the SWF. 



 

(3): Choose the Pareto-extension rule as the SWF; the 
Pareto-extension rule is automatically promoted to 
be SWF. 

� Combine multiple individual preferences into a single 
team preference: 

Following the above guidance of choosing the SWF, a 
team preference of ordering candidate alternatives can be 
systematically produced. After completing the preference-
aggregation process, if there remain a few “equivalently” 
desirable alternatives, all of them should be brought back 
to the alternative creation stage to transform them into 
more tangible instantiations to be further compared 
systemically. 

3.5 An Example of Using the Synthesis Framework in 
Early-stage Innovative Design 

This section provides an example of conceptual design of a 
computer keyboard using the proposed synthesis decision 
framework described in this paper.  

One important customer need (CN) of keyboard design is 
to “alleviate Repetitive Stress Injury" (RSI). We assume 
that this is the abstract intent (or subject) to begin the 
design synthesis task. The boundary conditions imposed 
by external parties in this case are: competing products in 
the market (e.g., existing ergonomic keyboards), limited 
budget, available materials, etc. To form a limited “space 
for consideration”, two synthetic propositions, i.e., (1) 
“alleviation of RSI" can be realized by adjusting user’s 
posture gradually”, and (2) “posture adjustment can be 
realized by adaptive motion control device”, are first made 
to create means-of dependencies horizontally. This is 
followed by making an analytic proposition, i.e., “alleviation 
of RSI includes elimination of static repetition” to establish 
“part-of” dependencies vertically.  

During the Ideation step, three instantiations are created 
within the “limited space for consideration”. They all 
represent possible qualified solutions that can “completely, 
minimally, and independently” satisfy the initial design 
intent to alleviate RSI.  

o Instantiation 1: to adaptively adjust the key zones 
by software programming  

o Instantiation 2: to continuously adjust the gable of 
keyboard by mechanical system  

o Instantiation 3: to manually adjust the key zones 
by the user  

 

 

Figure 4: An application example of design synthesis 

. 

These synthetically generated instantiations conclude the 
alternative creation stage of design synthesis. The entire 
creation process is illustrated in Figure 4 below.  

Next, in the alternative selection stage, multiple subjective 
preferences are utilized to rank-order the above three 
instantiations. Instantiation 3 is finally chosen as the most 
“preferred” alternative following the specific preference 
aggregation procedure prescribed in Section 3.4. This is 
the final outcome of this particular synthesis reasoning.  

 

4 SUMMARY AND FUTURE WORK 

Synthesis aims, given an abstract Pi,j , to arrive at a 
concrete Pi+1,j+1 that “is-a” tangible “thing”. In design, the 
result of synthesis can be obtained by querying certain 
databases (e.g. of relevant knowledge, theory, experience, 
etc.) [24]. Even without the guidance of any design theory 
or methodology, designers can still use some heuristics to 
query the database to reach a final result (i.e., “is-a”). The 
goal of design theory and methodology research is to 
provide designers with some specific query patterns (e.g. 
zigzagging in the AD theory) to carry out the query process 
more systemically and effectively. In a way, this research 
develops a new query pattern to effectively support design 
synthesis (see Figure 5).  

 

Figure 5: Synthesis framework as a query pattern. 

Our new query pattern combines the “means-of”, “part-of”, 
and “constrained-by” reasoning operations in a specific 
manner to arrive at the final query result (i.e., “is-a”), as 
illustrated in Equation (10) below. It is expected that the 
query process can be enhanced by applying the new query 
pattern guided by our synthesis reasoning framework. That 
is to say that, if more high-quality alternatives can be 
generated, the quality of query becomes higher.  

(is-a) = (means-of)∩(part-of) ∩(constrained-by)        (10) 

After a set of alternatives are created following certain 
query pattern, the designer must then make rational 
decisions to choose a unique one as the outcome of 
design synthesis. Without the assistance of any preference 
aggregation method, the designer can still arrive at a 
choice by using their heuristics. However, selection 
methods suggested by our synthesis reasoning framework 
can help designers to compare and rank-order alternatives 
more systemically and efficiently. Some selection methods 
rely on objective criteria as merit for selection, whereas 
others utilize subjective preference. For early-stage 
innovative design which lies much closer to the subjective 
extreme of the design decision spectrum, using subjective 
preference for alternative selection is more appropriate. In 
this research, motivated by the nature of design synthesis 
(i.e., from intangible intent to tangible instantiation), the 
choice of the most suitable selection method is associated 
with the alternative’s level of abstraction, and a preference-



 

aggregation model is prescribed to help choose the most 
appropriate selection method under diverse situations.  

In conclusion, the proposed synthesis design framework 
supports early-stage innovative design in such a way that: 
for alternative creation, the structured synthesis-based 
query pattern provides a common basis to compare 
multiple propositions created by different designers; for 
alternative selection, the preference-aggregation method 
picks up the right selection method which in turn leads to a 
unique solution.  

This paper presents the initial development of a synthesis 
design framework to support early-stage innovative design. 
The framework is expected to help enhance both the 
quality of alternative creation and the efficiency of 
alternative selection during the process of design synthesis 
during the early stages. In our future work, a series of 
design experiments with direct participation of multiple 
designers will be conducted, analyzed and compared to 
validate the foundation and improve the performance of 
this new design synthesis framework.  
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