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1. Introduction 
Designing is complex – it involves interactions among artefact, people, tools, process, organization 
and environment [Blessing et al., ‘95]. The aim of design research is to improve designing by 
understanding and supporting it better. A way to achieve these is by developing a model and 
framework for designing. A model of designing is taken here as an abstraction of designing that 
captures artefact, tools, process, organization and environment. A framework for designing is a 
prescription of how it should be carried out in order to improve its characteristics. Researchers stress 
the importance of novelty [Chakrabarti, ‘06; Howard et al., ‘07], and of considering physical laws and 
effects on novelty [Zavbi & Duhovnic, ‘97]. The research outlined here is to develop and empirically 
evaluate a model of designing that explicitly uses process and artefact elements via Activities, 
Outcomes and Requirements-Solutions, and based on the empirical findings, propose a framework for 
designing to encourage novelty. 

2. Literature Survey 
Relevant  findings from literature are as follows: During conceptual design, solution concepts are 
developed to meet requirements of a design task. It is the most creative stage and most changes in a 
design are best effected and less expensive when worked at this level. A majority of a design’s total 
life-cycle cost is committed during this phase [Chakrabarti et al., ‘02]. Being an early phase of design, 
it has many difficulties owing to open-endedness in finalising concept(s). However, relatively less 
attention has been paid into supporting this stage.  
Activities are human problem solving phases in an engineering design process [Simon, ‘89; Blessing, 
‘94]. Outcome of a design refers to the property of an artifact which can be at any level of abstraction, 
that is used to specify the artifact at that level of abstraction. Certain combination of activities and 
outcomes in a design are important as they seem to influence various aspects like requirements 
identification and satisfaction [Cooper, ‘91; Nidamarthi, ‘99]. 
Physical laws and effects are principles of nature that govern a change [Chakrabarti et al., ‘05]. Many 
researchers have advocated the importance of designing with laws and effects which can help produce 
novel and creative products [Chakrabarti et al., ‘97; Zavbi & Duhovnic, ‘97; Murakoshi & Taura, ‘98]. 
However, synthesizing artifacts directly from physical effects is hard since effects were created mainly 
for explanation of phenomena rather than for synthesizing artifacts that embody these phenomena and 
synthesis using them requires more than a straightforward application [Murakoshi & Taura, ‘98]. This 
may explain why, notwithstanding the advantages of using effects and laws in design, these have not 
been adequately represented in the current design models and frameworks. 
Requirements express how an artefact should be at any level of abstraction. Many researchers advocate 
the need to consider requirements as a critical aspect in design, because it initiates a design task and its 
fulfillment serves as a criterion for design success [Cooper, ‘91; Pahl & Beitz, ‘96; Blessing ‘94]. In an 
engineering design process, satisfying design requirements is necessary not only to achieve customers' 
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needs, but also to enable development of a design into a product. Solutions are means to satisfy 
requirements and can be at any level of abstraction.  
From the above, we argue that there is a need for a model of designing that can accommodate all the 
above elements and explain typical traits of designing, and based on this model formulate a framework 
for designing that enables a usage of physical laws and effects as an integral part of designing.  

3. Research Approach 
The methodology adopted for this research is outlined below: 
Step 1 (Development of Model): A model is developed by identifying significant activity, outcome, and 
requirement-solution-based elements of designing from models in the literature and integrating them.  
Step 2 (Empirical Validation of the Model): To check empirical validity of the model, it was evaluated 
against protocols of design sessions where this model was not asked to be followed. Video recordings 
of design sessions from an earlier study were transcribed and coded. These sessions involved either 
team T1 or T2 (Table 1), each of three designers, who solved design problems P1 or P2 (Table 2), 
using three alternative methods, M1, M2, or M3 (Table 3), as per Table 4 (bold-numbers within 
square-brackets denote session number) under laboratory setting. The design problems involved 
developing conceptual solutions, and took 45 minutes each. The designers were instructed to discuss-
aloud and provided papers for documentation. Each session was assisted by a researcher, to help 
clarify any queries. All the problems were solved back-to-back, and discussion across the teams was 
not allowed. Even though the same team solved the same problem twice using different methods, this 
is was not an issue for the objective of this research as we are interested only in the degree of 
generality in the pattern of problem solving across design sessions. We used protocols involving 
methods because rarely are design problems solved without methods, and a general framework should 
provide a basis for designing, with and without methods. The protocols were analyzed to identify and 
explain activities, outcomes, and requirements-solutions, as well as various typical composite aspects 
such as synthesis, analysis etc. A two-way mapping was used for the protocol studies to check if all: (i) 
instances in the protocol could be represented using the model elements, and (ii) elements in the model 
have instances in the protocol. 
Step 3 (Proposal of a Framework): Based on the inadequacies in current designing from the empirical 
findings, a framework with activity, outcome and requirement-solution elements is proposed. 

4. Results & Discussion 
4.1. Development of Model 
Development of Activity Model: There are a number of models from literature that are primarily 
activity-based. Based on protocol studies of five individual designers Stauffer & Ullman [1991] 
proposed a Generate-Evaluate-Decide model of a mechanical engineering design process. Ten 
different activities were grouped under three categories - generate, evaluate, and decide to describe the 
process. The protocol data was classified into the above activities, portions of which were selected at 
random, and analyzed to recognize patterns of design activity. Most of the patterns are described by 
four types of sequence: generate and test, generate and improve, means end analysis and deductive 
thinking. These patterns constitute generate, evaluate and decide activities in general. However, these 
studies focused on only portions of designing. Blessing [1994] used descriptive studies to propose a 
component-based prescriptive model-PROSUS (Process-based support system)-which consists of (a) 
Activities (Generate, Evaluate, and Select) and (b) Issues (problem statement, requirements, function 
structure, concept design, detail design, manufacturing etc.). Generate, evaluate, and select were 
proposed at each of the issue-levels. Based on protocol studies from a requirements-identification and 
satisfaction perspective, Nidamarthi [1999] identified two levels-problem understanding and problem 
solving. Each was characterised by primary-level activities - identify, analyse, and choose, and, 
generate, evaluate and select, in the respective levels. Each primary-activity was characterised by 
several secondary-level activities. In general, identify, analyse, and choose seems similar to generate, 
evaluate and select. Chakrabarti et al. [1997] proposed a model for the design of micro-sensors where 
design concepts are generated, behavioral problems with the concepts are identified and problems 
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resolved. This cycle seems analogous to generating concepts, evaluating these to identify behavioral 
problems, and modifying concepts to solve the problems. However, the model was not supported by 
any empirical observation.  
Based on the above review, generate, evaluate, modify and select are generally involved in a design 
process. A GEMS (Generate-Evaluate-Modify-Select) model is taken as a model of activities. 

Table 1: Designers' Background    Table 2: Problem Goal 

     
PDM: Product Design and Manufacturing 

Table 3: Design Method     Table 4: Protocol Design Sessions 

  

Development of Outcome Model: Notwithstanding many existing models that use outcomes in various 
forms and levels of abstraction, a more desirable model should explicitly use physical laws and effects 
for designing, which is one way of achieving the primary aim of this paper - addressing novelty. The 
SAPPhIRE model of causality [Chakrabarti et al., ‘05] (Figure 1) is one such model. Apart from Laws 
and Effects, the model uses Action, State change, Parts, Phenomenon, Input, and oRgan- to provide a 
richer description of an artifact. However, the model was developed originally to explain the causality 
of natural and engineered systems, and has not been tested for its ability to act as a model of designing. 
Considering design to be a transformation from a function-level (F) to a strutucture-level (S) through a 
behaviour-level (B), we find that each of the constructs of the SAPPhIRE fall into one of these 
categories i.e. Function: Action, State Change, Input, Behavior: Physical Phenomenon, Physical 
Effect, Organ, and Structure: Part (Figure 2). Hence, the SAPPhIRE model is taken as a model of 
outcomes. 

     
Figure 1: SAPPhIRE model of causality          Figure 2: SAPPhIRE model with FBS-attributes 

 Development of Requirement-Solution Model: Pahl & Beitz [1996] propose a prescriptive model of 
design in which task clarification involves collecting information to prepare a list of requirements 
(specifications). Solutions are framed at different levels of abstraction based on the requirements; for 
instance, function structures and solution principles at the conceptual-level, preliminary layouts and 
form designs at the embodiment-level etc. The requirements are updated based on the solutions framed 
at different abstraction levels. A model of creative design, proposed by Maher et al. [1996], is based on 
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a co-evolution of requirement (problem) and solution space, which happens throughout the design 
process along with an exchange of information between the two spaces. Nidamarthi et al. [1997] 
observed a co-evolution of requirements and solutions i.e., requirements influenced solutions in their 
generation, evaluation and selection and vice-versa. They identified two kinds of requirements: 
solution-specific and solution-neutral. They found instances of designers synthesizing solutions to 
satisfy given requirements and solution-specific requirements to realize the solution towards achieving 
the final design. Nidamarthi [1999] proposed a model of designing which divides it into two phases: 
problem understanding and problem solving. During problem understanding, requirements are 
identified, analysed and chosen and during problem solving, solutions are generated, evaluated, and 
selected. The above findings indicate there might be a requirement-solution co-evolution model of 
designing. 

4.2. Empirical Validation 
The following report significant findings from the protocol studies conducted in this work: 
Individual Activity Findings: The protocol studies confirmed the presence of activities: generation, 
evaluation, selection, and modification in the design sessions. Table 5 shows the way the activities 
have been identified in the protocol with an example each. Table 6 shows the percentage frequency 
distribution of the individual activities in the six sessions, and helps derive the following findings: 
• The instances of activities in all cases in descending order are: generation, evaluation, selection and 

modification, irrespective of any design method, problem or team. It would be logical to argue that 
the design outcomes are generated first but only some of them are evaluated.  

• The percentage of selection and modification approximately sum together to equal the percentage 
of evaluation. Therefore, one could infer that evaluated outcomes are either selected or modified.  

• The percentage of modification was observed to be less than selection in all the cases. This could be 
for two reasons: first, all the design sessions were timed for 30 minutes only and designers wanted 
to accept (hence, select) rather than modify, and second, design exercise required the designers to 
come up with an original design rather than a redesign. 

• If selection was identified, then rejection would also be a part of the activity. However, we could 
not find instances of explicit rejection probably because of short time durations that designers could 
not afford to reject outcomes and maybe preferred to modify them.  

The main conclusion from this section is that designing can be represented using four activities – 
generate, evaluate, modify and select. 

Activity Patterns Findings: Table 7 shows the percentage frequency distribution of the activity-patterns 
observed for six sessions, and helps derive the following observations: 
• The prominent patterns of activities in descending order are: G, GES, GE and GEM, across all 

design methods, problems and teams.  
• It seems logical to conclude that activity patterns should culminate in selection. However, we 

observe many activity patterns to end in either evaluation or modification. This could be because 
these outcomes are either not considered, or implicitly evaluated and selected. Some patterns have 
generation only and the associated outcome is not considered later. 

• Certain patterns have multiple evaluations, selections and modifications. It could be because the 
designers are working in a team and each member could have his/her own point of view leading to 
different criteria for evaluation. It could also point to the iterative nature of design. 

• Activity patterns generally follow a sequence of generation and evaluation, followed by 
modification or selection. A modified outcome is evaluated until it gets selected or not considered 
further (Fig. 3). 

Individual Outcome Findings: Table 8 shows instances of the outcomes from the protocol. Table 9 
shows the percentage frequency distribution of the outcomes for the cases, from which we infer that:  
• A high incidence of action-level description is noticed in all the cases since these were derived or 

taken directly from the problems given to designers. 
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• A low percentage of state change-level description was noted, possibly since it is another way of 
expressing action, and instances of it could have been included under action.  

• A high-percentage of part-level descriptions was identified, probably because designers in general 
possess good part-knowledge. 

• The percentage of effect- and organ-level descriptions was low. Reasons could be (i) effects and 
laws are not a part of natural (without model) way of designing, (ii) designers lacked effects/laws 
knowledge, (iii) designers did not know how to use them, (iv) problems did not require use of 
effects, or (v) methods did not specify use of effects. Similar results were also reported in a 
different study in [Sarkar & Chakrabarti, ‘07]. 

 

 

Outcome-Pattern Findings: Table 10 shows line-diagrams depicting patterns of outcomes observed 
from the protocol studies. The diagrams in the table show the relationship between the elements of the 
SAPPHIRE model as observed. The findings from the table are as follows: 
(a) In all cases the designers started solving from an action-level description. The diagrams feature 

descriptions of higher-level abstractions to lower-level abstractions i.e., starting from action-level 
descriptions and ending up with part-level descriptions passing through one or more of the 
intermediate-levels of abstraction like phenomenon, state change etc. In most cases there is a 
direct jump from action- or phenomenon-level to part-level description. The transition from a 
higher-level abstraction to a lower-level abstraction confirms the synthetic nature of design. 

(b) Contrary to (a), action-level and phenomena-level descriptions were also derived, respectively, 
from phenomena-level and part-level descriptions. This again seems to confirm the strong part 
knowledge of the designers as they seem to know the working and the function of the part. This 
transition from a lower-level abstraction to a higher-level abstraction confirms the analytical 
nature of design. 

(c) In all the cases, design sessions culminated with a part-level description but not detailed to the 
extent of manufacturing. This is expected for a conceptual design problem. 

Requirement-Solution Findings: Table 11 gives an instance of requirement and solution from the 
protocol. Requirements came from three sources - method, designer, and problem (Table 12). Table 13 
shows the percentage distribution of frequency of the types of requirements, from which we infer that:  
• In most cases, a high percentage of requirements from method was observed. It probably points 

out that designers are driven by the instructions in the method.  
• Only a small percentage of requirements came from the problem in most cases. It could have been 

that the information in the problem was not enough for the designers, which had motivated them to 
look into the method and their own knowledge for guidance.  

• A large percentage of requirements came from the designers in most of the cases. 
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Table 14 shows the percentage frequency distribution of requirements and solutions. Four kinds of 
relationships between requirements and solutions were observed: (a) requirement-requirement: 
represents requirements clarification, (b) requirement-solution: represent cases where a solution is 
derived to satisfy a requirement, (c) solution-requirement: depicts a situation where a requirement was 
derived from a solution i.e., a previously derived solution is used as a requirement in the current 
situation, and (d) solution-solution: resembles a solution clarification.  

 

 
 

Combined - Activity and Outcome Findings: Tables 15-16 report the percentage frequency of 
combined activity and outcome findings from the six sessions and helps derive the following 
observations: 
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• Action, part and phenomenon had several instances of generation, evaluation, modification and 
selection. These also had activity-patterns involving multiple evaluation, modification and 
selection.  

• On the contrary, organ and effect had very few instances of individual activities. No modification 
was observed for effects. These outcomes did not have activity patterns involving multiple 
evaluation, selection and modification. These findings could again point to the difficulty that 
designers face when working with effects and organs. 

• Even state change, did not have any modifications and activity patterns involving multiple 
evaluation, selection and modification. It could be because some state change-level descriptions 
could have been included under action because of little differences between the two outcomes. 

 

Combined – Requirement-Solution and Activity Findings: Tables 17 & 18 show the percentage 
frequency distribution of activities, for requirements and solutions, respectively, for all sessions. The 
findings and discussion are quite similar to that seen in Individual Activity Findings. 

Combined – Requirement-Solution and Outcome Findings: Tables 19 & 20 show the percentage 
frequency distribution of outcomes, for requirements and solutions, respectively, for all sessions. The 
findings and discussion are quite similar to that seen in Individual Outcome Findings. 

4.3. Proposal of Framework 
The empirical results reveal that designers are not equally proficient with the activities at all the levels 
of SAPPhIRE for both requirements and solutions. Very few effect- and organ-level descriptions are 
found when a higher number is expected. While a single-many mapping is expected as one moves 
from higher to lower levels of abstraction, this is considerably lower at the effect- and organ-level 
descriptions. Since novelty is critical in design, the use of more laws and effects in designing should 
be encouraged. Hence, we propose a framework: GEMS of SAPPhIRE as requirements-solutions, by 
suggesting GEMS to be carried out to a substantial degree at all the levels of SAPPhIRE, for both 
requirements and solutions. 

 5. Summary & Future Work 
This section summarises important findings from this paper and draws future plans for this research: 
• A model that integrates the activity-, outcome-, and requirement-solution based elements has been 

developed and validated to prove designing can be represented with the above elements. 
• There exists a need to support designers with knowledge of physical laws and effects to encourage 

designing novel artefacts. However, the uniqueness of the framework as a support for ‘Design for 
Novelty’ still needs to be evaluated i.e, to check if use of laws and effects promotes novelty. 

• The framework is currently limited to supporting only conceptual and early-embodiment design 
and needs to be extended to support the other phases of design, which is planned for future.  
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