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Emergence in Design 
A workshop to be held in conjunction with 

Artificial Intelligence in Design'98 
19 July 1998, Lisbon, Portugal 

 
 
“We don't know what we're looking for until we find it, so we have to find a way to look 
for it!” 
 
An identifiable design property which has not been explicitly represented can be said to 
be emergent. Discovering and using the emergent properties in design is regarded as 
emergence in design. Recognizing emergent phenomena is an important part of innova-
tive or creative design and like innovation or creativity, it resists definition. Much has 
been written about emergence in the context of cognitive science and visual representa-
tion, but little exploration has been done with regard to design in general, with the bulk 
of the research in shape grammars. This workshop aims to bring together design re-
searchers to discuss topics relating to emergence in design, including 
 

• identifying examples of emergence; 
• describing systems which support emergence and the representations necessary 

to achieve emergence; 
• methods to identify emergent phenomena; and 
• the advantages and disadvantages of emergence. 

 

Workshop Topics 

Discussion will address a number of questions; among those are: 
 

• What do we mean by emergence? 
• How does design emergence differ from design evolution? 
• What different types of emergence can one identify? For example, is it possible 

to describe functional emergence? 
• Is a system that supports emergence necessarily preferable to one that doesn't? 

What about the ambiguity that emergence can introduce? 
• Are emergent-savvy systems a realistic goal for design researchers? 

 
The workshop will be structured around succinct keynote presentations (selected from 
the submissions) followed by open discussion. Our discussion will be directed to arti-
culate an answer to one or more of the key questions posed above. 
 

Position Papers 

We seek position papers or extended abstracts addressing any of the above questions, or 
describing design systems which are capable of supporting emergence. Papers which 
offer examples of emergence in design are strongly encouraged. Papers should be no 
more than seven pages in length. Submissions will be reviewed by the international ad-
visory committee, and will be selected on the basis of their contribution to the topics 
under discussion. 
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Tentative format and agenda 
 

Sunday, 19 July 1998 
8:45–12:45 

 
 

To assure smooth running of the workshop, we would like all workshop participants to 
prepare for participation in three ways: 
 
• Read the papers submitted to the workshop. These can be found at 

http://www.arch.usyd.edu.au/~scott/AID98/emergence-workshop/papers. 
• Prepare an exceedingly brief set of comments that can be titled: “What Emergence 

Means to Me: Definition and an Example”. 
• Review the discussion topics listed in the Workshop Announcement and determine 

which one you would most like to see addressed during our time together. 
 
A tentative agenda for the workshop follows. 

 
8:45–9:00 Self Introduction................................................................. All Attendees 

9:00–9:15 Workshop Welcome and Format ................................ Chase and Schmidt 

9:15–10:25 2 to 5 minute Round of Presentations of “What Emergence Means to Me: 

Definition and an Example” ............................................... All Attendees 

10:25–10:45 “What Emergence Means to Me” by Proxy................. Chase and Schmidt 

10:45–11:00 Break.................................................................................. All Attendees 

11:00–11:15 Identification of Key Discussion Question(s) .................................. Chase 

11:15–12:15 Group(Small Group) Discussion of Key Question(s)........... All Attendees 

12:15–12:35 Report Back to Full Group on Discussion(s) ...................Group Reporters 

12:35–12:45 The Last Word............................................................ Chase and Schmidt 
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Functional Emergence 
A Position Paper 

David C. Brown 
AI in Design Research Group, 
Computer Science Dept., 
WPI, Worcester, MA 01609, USA 

http://www.wpi.edu/~dcb/ 
dcb@cs.wpi.edu 

 
 

An identifiable design property which has not been explicitly represented 
can be said to be emergent. Discovering and using the emergent 
properties in design is regarded as emergence in design. [Chase & 
Schmidt 1998] 

First, let me suggest a rewording of the above implied definition that I think is an 
important refinement: 

An identifiable design property which has not been explicitly anticipated 
or explicitly represented in the current (partial) design can be said to 
be emergent. 

If a property was “anticipated” it wouldn’t have that ‘surprise’ quality that’s 
characteristic of emergence. That is, if you knew it was coming, it isn’t a surprise, even 
if it isn’t explicitly represented. 

However, I realize that this a weak distinction. In the classic example of four squares 
being placed together to produce an extra square that they enclose, that extra square still 
appears, even if you know it’s coming. Perhaps we might call that Expected 
Emergence? 

If a property has “not been explicitly represented” anywhere in the available knowledge 
of the person or system then it cannot be directly “identifiable”. Putting three squares 
together to enclose a triangle, for example, isn’t significant if you aren’t able to 
recognize it as a triangle. That is, you need to already have knowledge of triangles. If 
you can match the emergent design property directly with existing knowledge, let’s call 
this Directly Identifiable emergence. 

It is possible to imagine a discovery process that identifies a particular property of a 
design as “interesting”—to use the AM term [Lenat 1982]—and therefore worth 
remembering, classifying and naming. For example, with no prior knowledge of 
triangles you might be able to discover that emergent shape and label it. Whether you 
could use it once found depends on whether what you discover is classifiable, and 
whether the properties of it’s type can be inherited. Let’s call this Indirectly 
Identifiable emergence. 

Clearly, identification can be done deliberately, perhaps driven by a goal that 
encourages active openess during the design process—such as might occur when 
someone is trying hard to be creative, as opposed to just ‘going through the motions’. In 
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this situation one can imagine both directly and indirectly identifiable emergence: people 
would take the time to use discovery processes. 

Identification can also be done in a more passive/unconcious way, where associations 
between stored knowledge and the ongoing design trigger matching, leading to directly 
identifiable emergence. Such ‘noticing’ requires some ‘priming’, either by explicitly 
making a mental note [Adelson & Soloway 1985] or by having recently used knowledge 
available due to some other task or subtask. 

The matching present in identification is also part of the Analogical Reasoning process, 
an important aspect of creativity in design [Goel 1997]. However, it’s argued that for 
analogy the matching requires abstraction in order to be possible. For example, to make 
an analogy between pipes and wires you need to have appropriate abstractions of both 
water and electricity so that they match sufficiently. 

It’s hard to imagine this being done as automatically as a “see a square, know it’s a 
square” match. Hence, analogical reasoning might be one of the discovery processes that 
provide indirectly identifiable emergence. 

In addition to analogical reasoning, functional reasoning [Umeda & Tomiyama 1997] 
(i.e., more conceptual level reasoning) is seen as a key component of creativity— 
although you can be “routine” at any level [Brown 1996]. 

Functional reasoning in design is concerned with the intended use of the design, its 
purpose. While the analogical use is interesting (e.g., a shoe used as a hammer, or a pen 
used to make a hole in a piece of paper) it isn’t designed in. It’s usually discovered, due 
to a need, by analogical reasoning (and possibly by experimentation). One might 
consider this to be a kind of emergent functionality, as it is revealed after the design 
has been instantiated. 

In [Balazs & Brown 1998] we use analogy to reason about function. For our work we 
consider function to be the use of a design’s properties by the environment. 

The “environment” might be a person, or some other system. The word “use” is intended 
to imply that there is some purpose for the interaction, and “property” is defined as 
loosely as it has been above. For example, a property might be: 

• a ‘state change’, such as a movement, 

• ‘shape’, such a sharp edge, 

• ‘color’, 

• ‘rigidity’, or 

• ‘weight’. 

Under what circumstances would a function be emergent during the design process? 
Probably… 

An identifiable function of a design which has not been explicitly 
anticipated or explicitly represented in the current (partial) design can be 
said to be emergent. 
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Of the examples above, it’s not hard to imagine indirectly identifiable emergence of 
function due to shape, color, rigidity or weight. And ‘shape’ is clearly capable of 
providing directly identifiable emergence of function, in an analogous fashion to the four 
squares example given above. 

However, the extra issue here is to establish “use”, or more precisely the capability of 
use. One obvious possibility is that these are noticed during mental simulations of the 
design that are intended to check whether the desired properties and behaviors of the 
design have been successfully incorporated. 

Any additional functionality noticed can lead to the retrieval and use of new knowledge, 
in a fashion similar to analogy. For example, if one notices that the designed object 
when used is likely to leave some sort of mark, and that’s not a bad thing, then one 
might consider incorporating some of the structural or behavioral characteristics of pens. 

Consequently, having an emergent function is not only possible, but may even be 
beneficial, especially if creativity is being sought. 
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Emergence in Designing 
 

John S Gero 

Key Centre of Design Computing 

Department of Architectural and Design Science 

University of Sydney 

NSW 2006 Australia 

john@arch.usyd.edu.au 

 

 

Introduction 

It has long been recognised by the Gestalt psychologists that emergence is a 

phenomenon exhibited by humans. What has not been well known or well understood is 

what its is in designing and what role it may play. This contribution aims to lay the 

groundwork for a discussion of these topics. It commences with a brief introduction to 

design as exploration, which is followed by an outline of some recent insights into 

designing, which relate to emergence, insights derived largely from cognitive studies of 

designers. This is followed by a brief introduction to two foundational concepts for 

emergence: situatedness and constructive memory. 

 
Designing as Exploration  

Designing as exploration takes the view that the state space of possible designs to be 

searched is not necessarily available at the outset of the design process. Here designing 

involves finding the behaviours, the possible structures and/or the means of achieving 

them, ie. these are only poorly known at the outset of designing (Logan and Smithers 

1993). Exploration may be viewed in two ways. It may be viewed as a form of meta-

search: the designer searches for state spaces amongst the set of possible predefined 

state spaces. It may be viewed as a form of construction where each new state space 

bears some connection to the previously constructed state space(s). This form of 

exploration cannot be reduced to meta-search. Exploration connects with the ideas of 

conceptual or non-routine designing: not specifying or even being able to specify at the 

outset all that needs to be known to finish designing. Designing has been recognized as 

belonging to the class of problems called “wicked” problems (Rittel and Webber 1973) 

which have these characteristics. 

 

Recent Insights into Designing 

Recent studies of the cognitive behaviour of designers has indicated that other processes 

occur in designing which are not included in these traditional models of designing. Of 

particular interest here are two concepts: “reflection in action” and “emergence”. The 

first of these refers to the notion that a designer does not simply design and move on but 

rather reflects on what he or she has done and as a consequence has the capacity to 

reinterpret it. Schon (1983) has called this a designer “carrying out a conversation with 

the materials”. Emergence, which is a directly related concept to reflection, is “seeing” 

what was not intentionally put there (Holland 1998, Gero 1996). Implicit in these 

important ideas are the seeds for what will be described later. 

 Protocol analysis is the primary tool for examining such cognitive processes in 

designing (Eckersley 1988, Gero and McNeill 1998, Goldschmidt 1991, Schon and 

Wiggins 1992, Suwa and Tversky 1996, Suwa, Gero and Purcell 1998). Schon and 

Wiggins (1992) found that designers use their sketches as more than just external 

memory, they used them as a basis for reinterpretation of what had been drawn: this 
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maps on to emergence and theirs and other studies provide strong evidence for this form 

of designing. Suwa, Purcell and Gero (1998) have found that designers when sketching 

revisit their sketches after a while sometimes make unexpected – emergent – 

discoveries, Figure 1. They concluded that “sketches serve as a physical setting in 

which design thoughts are constructed on the fly in a situated way”. 
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Figure 1. Correlation between unexpected discoveries and functional cognitive actions (F-
actions) as opposed to purely perceptual actions (P-actions) in a design session. Segment 
number refers to the segments in the protocol and the page number refers to the pages of 
sketching (Suwa, Purcell and Gero 1998). 

 
Reflection and emergence have increasing evidentiary support from protocol studies of 
designers generally (Suwa et al 1998). 
 
Situatedness and Constructive Memory 
The lack of the current models to describe adequately our current view of designing has 

brought the need to develop models which include such concepts as reflection and 

emergence and processes which match those of exploration. Work in cognitive science 

and related areas has developed two sets of ideas that have the capacity to augment, 

rather than displace, our current models to bring them closer to our needs. The two sets 

of ideas fall under the areas of “situatedness” and “constructive memory”. 

 Situatedness (Clancey 1997) holds that “where you are when you do what you do 

matters”. This is in contradistinction to many views of knowledge as being unrelated to 

either its locus or application. Much of artificial intelligence had been based on a static 

world whereas design has as its major concern the changing of the world within which it 

operates. Thus, situatedness is concerned with locating everything in a context so that 

the decisions that are taken are a function of both the situation and the way the situation 

in constructed or interpreted. The concept of situatedness can be traced back to the work 

of Bartlett (1932) and even earlier to that of Dewey (1896) who laid the foundations but 

whose ideas were eclipsed for a time. Figure 2 demonstrates the concept of situatedness 

through an example of emergence. The designer has to be in the situation where both 

heads appear at the same time for the white vase to emerge, Figure 2(a), otherwise the 

designer may never emerge a vase and may never use that emergent figure in later 

designing. Figure 2(b) shows only one head at some time. The other head may also 

appear at another time when the first head is not there, Figure 2(c), but unless the 

situation exists when they both appear at the same time no emergent vase appears. 
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           (a)                                                (b)                                              (c) 
 

Figure 2. (a) Two dark human-like heads in profile, reflections of each other create the 
situation where a white vase can be seen to emerge; (b) a single dark human-like head on the 
same background does not create the same situation and therefore no emergent vase can be 
found; (c) ) even the other single dark human-like head on the same background facing the 
other way does not create the same situation and therefore no emergent vase can be found. 

 

 Constructive memory (Rosenfield 1988) holds that memory is not a static imprint of 

a sensory experience that is available for later recall through appropriate indexing. 

Rather the sensory experience is stored and the memory of it is constructed in response 

to any demand on that experience. In this manner it becomes possible to answer queries 

about an experience which could not have been conceived of when that experience 

occurred. “Sequences of acts are composed such that subsequent experiences categorize 

and hence give meaning to what was experienced before” John Dewey (1896). This 

view of memory fits well with the concept of situatedness. Thus, the “memory” of an 

experience may be a function of the situation in which the question, which provokes the 

construction of that memory, is asked. This accords well with the experimental results 

obtained by observing the behaviour of designers (Cross, Christiaans and Dorst 1996). 

Constructive memory fits well with our notion of emergence and its role in designing. 

Figure 3 shows a graphical model of constructive memory driven by emergence. 

 

 

 
 

Figure 3. The original design representation (experience), , is used to produce emergent 
features of the design, , then the original and emergent features are added as new 
representations and may be used later in the emergence of new features, , and so on. 

 

These two short introductions to situatedness and constructive memory with its implicit 

situatedness, suffice to allow us to now utilise these ideas in the development of our 

understanding of designing to the point where we can begin to include emergence in a 

model of designing. 

 

Emergence in a Model of Designing 

There are three possible classes of emergence in designing when utilising the Function–

Behaviour–Structure model. These classes are: emergent structures; emergent 

behaviours; and emergent functions. Emergent structures are the most commonly held 

examples of emergence, particularly visual or graphical emergence, such as in the 
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example in Figure 2. However, behaviour emergence is very common, particularly in 

architecture. Derived from graphical images behaviours represented as patterns are 

commonly emerged. These patterns have such labels as symmetry, axiality, and 

linearity. Higher level patterns can also be emerged. These higher level patterns have 

such labels as movement, balance and rhythm. Emergence of function is not well 

understood at all although it is possible to give examples of it. 

 This presentation will demonstrate the role of emergence in designing through a 

model of constructive memory and situatedness. It will provide examples of structure 

and behaviour emergence. 
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Using a Guideline Database to Support Design Emergence: 
A Proposed System based on a Designer’s Workbench 
 
Peter C. Matthews 
Engineering Design Centre 
Cambridge University Engineering Department 
pm131@eng.cam.ac.uk 
 
 
Abstract 
 
This paper proposes a system that can suggest possible areas of a design where due to the interaction of 
various objects, emergent properties might be observed. This system will be based on the design require-
ments, along with the context they arise in, being passed as a search probe to a guideline database. The 
designer then browses through the results of the database search for relevant guidelines—some of which 
might suggest properties resulting from interaction between various design objects, which might be emer-
gent design properties. By identifying these properties (which could be either beneficial or adverse) early 
on in the design process, any effects these properties might have can be dealt with before prototype test-
ing, thus reducing design time and cost. 
 
 
1  Introduction 
 
This paper proposes an ‘emergence-savvy’ designer’s workbench. This will be achieved 
by using a requirements capture tool that interfaces with a guidelines database. This 
database forms a large knowledge-base covering aspects of design that a designer might 
not be immediately aware of. When the designer adds a requirement to the design, this 
will be passed to the guidelines database as a search query. The results of this guidelines 
search are then presented to the designer for further consideration in the design process. 
It remains the designer’s choice which of these guidelines to use. 
 
This system suggests areas where emergent behaviour might occur due to the interaction 
of various design objects that the designer might not have considered. This will be il-
lustrated using an example of novice designers building an autonomous guided vehicle. 
 
 
2  Evolution v Emergence 
 
For the purpose of this paper, evolution will be defined as the expected refinement of 
the design as it progresses. Design emergence will be defined as the unexpected aspects 
that arise due to the interaction of different objects. These definitions will be illustrated 
using the Cambridge University Engineering Department’s second year undergraduate 
Integrated Design Project.1  
 
Teams of six students (typically subdivided as 2 mechanical specialists, 2 electronic and 
2 software) are required to design, build and test a semi-autonomous vehicle (see Figure 
1) that is able to navigate a course (marked out by a white line) and perform various 
object handling tasks [Clarkson et al., 1998]. Each vehicle is constructed from a fixed 

                                                
1 A more complete description of the IDP is given in the AID’98 conference proceedings [Ball et al., 
1998] 
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kit of parts (with no restrictions on bulk materials such as steel or wood) and must be 
completed in four weeks. 
 

 
In the design of this vehicle, both design evolution and emergence occur. Using the in-
fra-red sensors as an example of evolution, the design of the electronic interface 
between the sensors and the controlling computer has evolved from the need of the 
controller to be able to read the sensors. A simplistic example of emergence occurs in 
the layout and positioning of this sensor array. Often, teams will place the sensor array 
near the drive axle of the vehicle. The vehicle navigates using three systems: the me-
chanical (sensor positioning and drive wheel placement), electronics (sensor reading), 
and software (control routines). Although each system may behave as expected, the 
interaction of these results in a feedback delay which result can in poor navigation (in 
this case, it is mainly dependent on the distance between the sensor array and the driv-
ing wheel axle). As this is an unexpected behaviour arising from object interaction, the 
distance between sensor array and drive axle becomes a new design property, explicitly 
represented as a guideline. 
 
 
3  Overview of the System Components 
 
The proposed emergence support system contains three components: a designer’s work-
bench, a requirements capture tool, and a guideline database. The designer’s workbench 
is the computer interface used to capture the design and the guideline database includes 
a search engine for guideline retrieval. The requirements capture tool provides the link 
between the guideline database and the design capture tool (see Figure 4). 
 
3.1  Designer s Workbench 
 
Blessing [Blessing, 1994] has proposed PROSUS, a framework for capturing design 
process data as part of the design information via matrix of events at each node of the 
product tree (Figure 2). Each matrix is formed from lists of general design issues and 
generic design activities. An individual design event (or series of events) can then be 
pigeon-holed according to its position in the product tree, the type of issue and the way 
it is being addressed. This method forms the basis of the designer’s workbench. The de-
sign nodes are structured according to the Engineering Design Centre’s in-house 
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Figure 1: An example of an IDP vehicle 
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developed Common Product Data Model (CPDM). 
 

 
The traditional mechanism for grouping product data is provided by the Bill of Materi-
als. This divides the product into assemblies, sub-assemblies, and individual parts. The 
CPDM is an object-oriented version of this structure with a number of added properties. 
In the C++ implementation of the CPDM, the base object class (the artefact) contains 
property and characteristics lists. These lists encapsulate design information related to 
the artefact such as weight, dimensions, or constraints within the design object (the in-
formation on these lists is dynamically extendible). The artefact class is then cast to the 
design hierarchy classes of product, assembly, part, and component (Figure 3). There is 
also an interface class that permits data propagation between artefacts. The artefact class 
also contains a list of alternatives for that node. These are other possible design solu-
tions (though not necessarily complete) for that particular node. 
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Figure 2:  The PROSUS model as used within the CPDM 
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Figure 3:  The CPDM class hierarchy 
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3.2  Requirements Capture 
 
The requirements, or specifications, of a design are the guide to what the designer must 
achieve. These requirements should not be a static set laid down at the start of a design, 
but must evolve as the design progresses. Hollins and Pugh [Hollins and Pugh, 1990, 
Pugh, 1990] give a general overview as to what these requirements should include and 
suggest 35 areas to be considered when generating requirements.  
 
There are a number of requirement capture tools commercially available, e.g. SLATE 
[TD Technologies, 1998] and DOORS [QSS, 1998]. Cambridge University Engineering 
Department have implemented a Specification Capture tool (SpecBuilder) based on the 
suggested method of Pahl and Beitz [Pahl and Beitz, 1996]. This tool is only used at the 
start of a design project, and has little scope for evolving. A CPDM class for specifica-
tion data has been proposed permitting the capture of further requirements during the 
design. 
 
3.3 The Guidelines Database 
 
A guideline is a context-sensitive prescriptive recommendation for some action given 
some issue of concern [Nowack, 1997]. Guidelines can provide additional assistance by 
predicting likely outcomes of actions and by identifying additional issues that should be 
considered. For guideline support to be effective, appropriate guidelines must be avail-
able to the designer at the time of a design decision. Nowack’s approach was developed 
into a tool useful for small companies with a need to access a wide range of knowledge 
that could be contained in a collection of guidelines. 
 
A catalog of 3500 such guidelines has been compiled in [Edwards et al., 1993]. Using 
this set of guidelines with a protocol study of the design of a wall-mounted optical de-
vice, it was demonstrated that guidelines can mirror the design process [Charlton et al., 
1997]. The study showed that in the case of an incomplete guideline database, protocol 
analysis is a good method of adding new guidelines to the database. 
 
 
4  Proposed System 
 
The proposed system would be based around the implementation of Blessing’s de-
signer’s workbench, PROSUS [Blessing, 1994, Ball et al., 1998]. As the design is 
refined, further requirements are added to the problem, either by requirements break-
down, or as new issues arise from the design process. These requirements will be 
entered from the workbench by invoking a requirements capture tool (e.g. SpecBuilder 
as mentioned in Section 3.2). The requirements that are generated will be stored within 
the design artefact where they were generated. 
 
These new requirements would be passed to the guideline database (see Figure 4), along 
with some context gathered from the design artefact’s parent (weighted such that the 
higher up in the hierarchical structure the less effect it will have on the search probe). 
The database then carries out a text-based retrieval for relevant guidelines for that re-
quirement. The designer would then be able to browse relevant guidelines and select a 
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subset of these which would apply to the design artefact. Some of these guidelines will 
possibly bring up unexpected design properties, i.e. emergent properties. 
 
 

 
 
This system supports emergence by assisting the designer in discovering aspects of, or 
interactions within, the design which might otherwise have been overlooked, or only 
discovered at a later time. Consider the AGV example as described in Section 2. The 
design initially has a top level requirement of ‘navigate along the painted white lines’. 
Later in the design, when the designer has decided to use infra-red sensors arranged in 
an array for navigation, the further requirement is added to the design: ‘sensor array to 
be attached to chassis’. When the guideline database receives this information along 
within the context of the higher level requirement, it returns the guideline: ‘navigation 
sensors must be placed as far ahead as possible for the most stable results’. This prop-
erty was not at first known in the design (at least to novice designers), and hence can be 
considered emergent according to the definition used in this paper. 
 
 
5  Conclusions 
 
This paper has presented a system for suggesting possible emergent properties. These 
properties can be either beneficial or adverse to the design. The system uses require-
ments and their context within the design to propose possible properties that the 
designer would not necessarily have thought of. This provides an ‘emergence-suggest-
ing’ system that draws the designers attention to aspects that might not otherwise be 
immediately clear in the early design stages. Such a system would save design time and 
cost by reducing the amount of prototype feedback to the design. 
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In the following notes, I briefly review our current research in schema emergence and 
experimental work in the development of a design aid system which is intended to sup-
port the emergence of new schema through the interactive manipulation of graphical 
representations. In this extended abstract I illustrate our approach as a means of ad-
dressing certain of the general questions related to the subject of emergence. 
 
1. Introduction: shape emergence vs design emergence 
 
are there different types of emergence? 
 
Restructuring and reinterpretation of images is a fundamental property of design think-
ing. This reasoning is generally facilitated by the interaction between the designer and 
the visual representations of the design. The process of recognizing new emergent prop-
erties within existing representations characterizes emergence. 
 
Most current research in design computation deals with graphical emergence in shape 
interpretation. Stiny’s pioneering work, (Stiny, 1980, 1993) formalized emergence 
through shape grammars. A general framework for the description and the representa-
tion of the emergence of shapes has recently been proposed by (Soufi and Edmonds, 
1995). They developed a formulation of categories of emergent shapes and a mecha-
nism for the isolation of those shapes based upon a proposed computational framework. 
Another significant development is work based on the recognition of implied shapes 
within line drawings (Liu, 1995). Interpretations of shapes and the interpretation of 
patterns of shapes into graphical structures are a further advance in the area of shape 
interpretations and their semantics (Gero, Damski and Jun, 1995). 
However, the human designer knows how to manipulate shapes, because he reasons 
with certain kinds of knowledge structures. The Electronic Cocktail Napkin (Gross 
1996, Gross and Do, 1996) is a prototype constructed on top of a freehand drawing pro-
gram that explored how computer-based sketching programs can provide an enhanced 
environment for form recognition as well as for access of case knowledge in the archi-
tectural domain. 
 
In our work we also deal with the problems of shape representation, recognition and re-
interpretation. However, rather than dealing with specific classes of shape emergence 
(e.g. geometric classes) we are attempting to understand and model how the emergence 
of cognitive knowledge structures of higher level semantics can be supported by the 
syntax of shapes within generic representations. 
We propose a cognitive approach through which generic knowledge, a well formalized 
body of specific knowledge, can contribute to the emergence of new generic schema by 
shape manipulation and re-interpretation. 
 



20 

2. Schema emergence as a paradox of generic design 
 
how does design emergence differ from design evolution? 
 
Developing and manipulating generic knowledge is one of the most significant forms of 
cognitive behavior of the designer. Generic design demands knowledge handling prop-
erties related to the schema and variables which are manipulated in generic design 
(Oxman and Oxman, 1991). The emergence of new schema is a fundamental cognitive 
capability of creativity in the human designer. A paradox of creative design is how the 
human designer can discover new schema while working with the generic content of 
existing schema. Dickemann, (Dickemann, 1930) illustrated how a transformation pro-
cess can occur in which specific prototypes of chairs can be transformed to other 
profiles. This and other works raise an interesting question: how can specific typological 
knowledge contribute to the emergence of new types in creative thinking? Schema em-
ergence thus appears to be a unique, and highly significant, form of emergence in the 
research literature. Our research attempts to cognitively model this class of emergence. 
 
Within the context of generic processes we employ the term typology as design domain 
knowledge of classes of design problem types. One of the most significant schematic 
representations which designers employ in visual development of design representations 
is knowledge of the type (Oxman and Oxman, 1991). Typologies can exploit generic 
representations which are specific to the typological class. Thus each typology implies 
the existence of a schema of generic representations. Typological knowledge, therefor, 
is characterized by a set of generic representations which are associated with specific 
design problem types, and the knowledge of the variables of the type is organized in a 
hierarchical order of representations of which the highest level is that of the schemati-
cally represented class description. Generic design is the exploitation of this structured 
knowledge in design reasoning. 
 
Typologies are well known in the context of evolutionary design. However, exploration 
process in which new types emerge, the employment of generic design is not yet well 
understood. In our modeling of this process, we propose that the designer can decide 
how he wishes to reformulate, or re-structure, the graphical representation, and thus ex-
ploit existing schema and generic processes in creative design (Oxman, 1998). For 
example, in the case of chair design, the typology of the chair can be represented as a 
holistic component or by various combinations of sub-components. Secondly, within 
each particular element of structure, parametric modification is also possible as a means 
to differentiate the image. For example, the following figures illustrate two analyses of 
possible representations which are derived from the same typologies. In figure 1 the ty-
pology has resulted in the ladderback chair by C.R.Mackintosh. In figure 2, the same 
typology has resulted in a bench-based chair by Maichele de Luchi. 
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Figure 1. The ‘Ladderback chair by C.R.Mackintosh’ associated with generic 

representation of ‘tall proportion’ (analysis done by Zvi Zyit and Aviram Kuri) 

 
 

 
 

Figure 2. The ‘First chair by Maichele de Lucchi’ associated with generic 
representation of a ‘benched-based chair’ (analysis done by Zvi Zayit and Aviram Kuri) 
 
 
 
Generic knowledge enables transformations to take place when creating such sub-types 
through parametric and formal manipulations within the generic schema of the type. 
Recent works have already dealt with representation and manipulation issues of typo-
logical knowledge in generic design in the architectural domain (Oxman and Oxman, 
1991, Achten and Oxman, 1998). In the present work, we are investigating how the 
same knowledge which is associated with generic and typological design can contribute 
to the emergence of new designs. In this paper we investigate the phenomenon of 
schema emergence in the re-representation process. We present a model of the emer-
gence of new schema. According to this view, we view the emergence of schema as a 
the result of an exploration process of representations in which sub-types of one generic 
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schema can be re-interpreted as a sub-type of another generic schema. Each schema rep-
resentation can be re-structured, or componentized, in different ways so that another 
relevant new schema representation can emerge. 
 
3. Design system which supports schema emergence: a computational approach 
 
what do we mean by emergence in computational terms? 
 
While much research in emergence and creativity in design is either theoretical, or too 
specific for an application, we are trying to study how to build computational envi-
ronments supporting human emergence in design. 
 
In our approach, the computational environment behaves as a graphical interactive de-
sign medium which is supportive of the cognitive capabilities of the designer. Schema 
emergence is supported by providing an interactive interface which assists in the con-
struction of new structures which can be derived from existing ones. The 
representational system operates through the maintenance of generic schema and typo-
logical knowledge while enabling modifications within the type. The typological 
generics act within the background while the designer interacts with the representation 
dynamically to achieve transformations. Once the limits of a typological schema have 
been reached by the designer, he is free to transform the typological schema and then 
explore variations within the new typological framework. 
 
We are implementing a computational system for schema emergence which requires a 
relevant generic schema and typological knowledge suitable to a problem class. We 
have employed a general terminology which we hope will address our ideas in our cur-
rent implementation. We utilize the three abstract terms, objects, actions and meta-
actions, in order to describe computational emergence of design schema.  
 
• Objects: these are objects in a modeling language which define the internal generic 

representation of a typological object. . 
• Action: is any transformation resulting in a change of parameters and re-compilation 

of the internal representation. 
• Meta action: when the code of a specific modeling language is changed and recon-

structs a new or modified structure of the internal representation. 
 
Emergence can be defined as follows: initial schema is a given initial scene which con-
tains basic and accepted code of objects related to a specific type. Transformations and 
modifications are changes of parameters of a specific type. Emergence can occur when 
multiple interpretations of a specific structure provide options to change the code. A 
change of code can occur by importing new code of new types which may change the 
structural organization and the content of the internal representation. 
 
The current system is implemented in VRML. We are currently developing an interface 
to support the human emergence. The designer interacts with the typological represen-
tation dynamically to achieve transformations. Once the designer can recognize the 
emergence of another typological schema, he is free to change and modify the internal 
representation of the new schema and then explore another set of variations within the 
new typological framework. 
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The user interface presents to the user the internal representation and allow him to act 
directly on the internal representation for further explorations and modifications. 
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1  Introduction 
 
Form-making to the craftsman is function-satisfaction to the engineer. Grammars that 
capture a style of form (e.g, Palladian villas [Stin78], Hepplewhite chair backs [Knig80] 
and Diebenkorn paintings [Kirs86]) are the envy of the mechanical engineer whose de-
signs proceed from function [Flem92] and whose forms are slaves to mechanical 
function. Generative design for engineering requires adequately describing a user’s 
needs, articulating the space of all possible devices that meet the need, articulating each 
device in terms of function (ability to meet user needs) and form (geometry), and 
searching through that space to select good options. Researchers have presented gram-
mar-based generative algorithms that design from functional description to form, but 
their computational expense as knowledge-based systems invites questions as to their 
ultimate usefulness. A discussion of recent grammar applications in mechanical design 
research can be found in [Schm96]. 

Beyond their potential as a means to automate routine design tasks or explore new 
design realms, generative design systems that record complete design data can act as 
guardians of proprietary design knowledge. A company’s grasp of design knowledge is 
always tenuous. Design engineers acquire knowledge through experience and preserve 
their accomplishments using the design tools available to them. Non-geometric data be-
comes decoupled from the design and can be lost or exits the company with each 
retiring or departing designer. As novices replace the more experienced designers, they 
need access to complete design information. New designers must quickly assimilate the 
artistry of their predecessors and the skills manifested in prior designs. Function-driven 
generative design systems may provide key to interpreting functional design informa-
tion so useful to designers. 
 
 
2  Function-Driven Form-Making:  A Grammar-Based Approach 
 
Function-driven design requires an expression of functional intent, the ability to decom-
pose overall function into more fundamental units for the synthesis into new functional 
representations, and some means of manipulating component functional units into use-
ful expressions. The difficulties with this function-driven, top-down approach are the 
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access to knowledge necessary to refine designs into physical artifacts and the ability to 
represent the complex functional relationships like function-sharing and functional 
interactions [Flem92]. 

The key to surmounting these difficulties is finding the means to represent func-
tions so that their usefulness in the design can be recognized computationally. If you 
adapt a linguist’s point of view where a particular set of designs is represented by a lan-
guage, you can view the rules for design synthesis as a grammar. To understand designs 
represented in your language, you would need an interpretation process, which we call 
parsing. Parsing here means resolving an expression in a language into its component 
parts and describing those parts in terms of the grammar rules on which the language is 
founded. 
 
 
3  Function Parsing and Examples 
 
Functional parsing algorithms are, in a sense, the reverse of function-based generation 
algorithms. Function-based design generation algorithms build designs based on func-
tional knowledge. Function parsing algorithms extract functional knowledge from an 
existing design. This allows the design to be classified by its functional characteristics. 
Being able to extract information from a design that reflects the function structure upon 
which it is built is the basic tenet of reverse engineering. 

A truly powerful language of designs does not represent each design as combina-
tions of predefined parts. If that were true, all our mechanical designs would resemble 
Rube Goldberg machines using the same set of basic function-executing mechanical 
assemblies. Instead, operators can be constructed that can reveal new entities in the de-
sign, i.e. those implicitly represented from the explicit description of other design 
entities (e.g., feature recognition). The best operators at performing this design maneu-
ver lie somewhere in the mind of good designers. They are able to look at a design and 
see opportunities to capitalize on existing features of the design to perform new or more 
efficient functions. This property of some design ideas to grow out of seemingly dis-
connected, obscured, or hidden characteristics of an existing design is called emergence. 
Unless a design system can demonstrate the ability to identify emergent functions and 
forms from its design representations, it will be limited to the capabilities of its explicit 
design representation and we are back to a Rube Goldberg world. 

Recognizing emergent functions and potentially useful functional conditions re-
quires the ability to parse a design into its pertinent functional modules or components 
and recognize the emergent properties even when they are not explicitly represented. By 
examining specific cases of function driven design and analysis we can obtain some in-
sight into how functional emergence might be structured. Following are a few such 
examples. 

Example 1: Functional analysis  
Little, Wood and McAdam’s refined functional analysis approach [Litt97] assimilated a 
list of basic mechanical functions and the flows they act upon to create a product classi-
fication scheme for consumer products, product benchmarking and reverse engineering 
[Litt97]. With further analysis of the product classification hierarchy, the authors were 
able to identify key functions as future design priorities. At present, their system is too 
general for reversal into a product generation method, but is another springboard to 
generative design work. 
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Example 2: GGREADA 
Figure 1 displays the graph-grammar representation of GGREADA (b) as applied to the 
design of carts from Mecanno  Set pieces [Schm97]. Cart design sub-graphs are dis-
played in Figure 1 ( c) and (d). Sub-graph ( c) modularizes (splits) the function "Mount 
2 Wheels" into one that is satisfied by two separate assemblies. Using a parsing algor-
ithm to detect the splitting of functional edges at a node, this functional condition can be 
located and rectified. The ability to recognize the functional condition of interest re-

quires that the set of conditions of interest be articulated either exhaustively, or in some 
recoverable form.  

Example 3: Emergent functions from fixed structures 
In one discussion on emergence, Gero [Gero96] references a physical shape described 
by Finke [Fink90] as having at least eight different uses-functions, in our parlance—de-
pending on how use chose to see and use the structure. In Figure 2 we highlight two 
possible uses, one is an umbrella use (our invention) and the second is a sled use 

1  2-Wheel

Assembly

2   1-Wheel

Assemblies

(c) This cart sub-graph displays a

condition of increasing modularity.  The

sub-function “Mount 2 Wheels” is satisfied

by 2 separate wheel assemblies.  A graph

parsing algorithm locates this condition.

Create Rolling

Mount 2

Wheels

(d) This new sub-graph is created by

using the function-to-form synthesis

design technique to replace the sub-graph

with a more integrated design.
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Figure 1 Use of a functional parser to find an emergent condition with the genera-

tive graph-grammar of GGREADA [Schm97]. 
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(Finke’s). Both are possible because the physical characteristics of the shape allow it to 
function in multiple ways. In our example, the relevant physical characteristic of the 
shape is its net shape quality of being a plane oriented parallel to the ground. When a 
person stands between the shape and the ground, it provides shelter. When a person 
stands on top of the shape which is in contact with the ground, it may provide transpor-
tation, depending on frictional characteristics of both the shape and the ground. So we 
see again that the recognition of some physical feature and its link to a function is nec-
essary to allow the designer to traverse the tree depicted in Figure 2 to reach different 
branches signifying different functional uses of the same shape. 
 

 

Given physical form

Relevant Physical Feature:
Net Shape is Plane

Orientation:
Parallel to Ground

Sheltering Function
(umbrella)

Transportation Function
(sled)

Orientation:
Perpendicular to Ground

?

 
Figure 2 Inventions from emergent functions based on a shape’s physical features. 

 

Example 4: Isomorphism grammar detection  
In his work on applying grammars to generate mechanism structure graphs, Shetty de-
veloped a method for detecting isomorphic planar graphs [Shet98]. He modified a linear 
asymptotic growth rate algorithm presented by Hopcroft and Wong [Hopc74]. In this 
algorithm a set of prioritized graph reductions are proposed. Each reduction strictly de-
creases the size of the graph (as measured by the number of edges and vertices), until it 
reduces to a regular polyhedron or a single node, each with a one or more labels coding 
the reductions that led to the end state (Figure 3). These graphs can be tested for iso-
morphism (as labeled graphs) by exhaustive matching of labels. 
 

a1, a2

k1, k2

b1, b2

W, yV, x
V,x-k+1 W,y-k+1

M,N

 
Figure 3 Isomorphism grammar rule for removing clumps – in effect, generalizing 

the graph into a label edge 
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This reduction method for isomorphism detection is similar to the abstraction or gener-
alization approach used in Example 3. In that case, by abstracting the shape into its net 
physical shape, one climbs up a tree of possible function derived from the same feature. 
One can travel down the tree by a different route to find new functionalities. Keeping in 
mind that Shetty’s mechanism structure graphs are defining forms (which drive function 
in mechanisms), the isomorphism detection grammar essentially forces the graph into 
its most abstract state—either a regular polyhedron or a single node—with a set of de-
scriptive labels. If the forms are the same, the resulting abstract graph will be the same. 
So the abstracting scheme used in the isomorphism grammar is analogous to climbing to 
the top of the function-form tree in Example 3. 
 
 
4  Types of Functional Parsing 
 
The four examples of function and form representation indicate two different ap-
proaches to parsing for emergence which are here referred to as representation-based 
and condition-based parsing. 
 
4.1  Representation-Based Parsing 
 
Representation-based parsing relies on articulating the entities of interest in atomic units 
that are the basis of rules that implement emergence by matching certain combinations 
of these atomic representation units. The matching that occurs is based solely on the 
entities matched and not on the context in which they appear. This type of situation is 
present in the GGREADA example and the functional analysis approach used by Little 
et al. [Litt97]. In these examples, parsing relies on hard-coding the relationships into the 
algorithm. In the case of GGREADA, we actually define rolling to be accomplished by 
mounting at least 3 wheels to the structure. In Little’s paper, the devices are defined ac-
cording to a pre-defined set of functions and sub-functions. Instances of specific 
functions or sub-functions can easily be retrieved when they are represented explicitly, 
as in these cases. 
 
4.2  Condition-Based Parsing 
 
Condition-based parsing can also be used in grammar systems. In this method the pre-
conditions for rule application are described as set of logical conditions that must be 
met as opposed to a description of entities that must be present, i.e., entities that are im-
plicitly described by conditions rather than explicit represented. To parse a design for 
instances of a condition, an algorithm systematically identifies portions of the design, 
generalizes the portion, and compares the abstracted result to the required conditions. 
Here, the conditions provide a context in which the parsing proceeds. Both the isomor-
phic grammar example and the Finke example seem to use this approach. Condition 
based parsing can also be found in the GENESIS boundary solid grammar system 
[Heis94], and in the logic based formulation of conditions which describe spatial rela-
tions (called emergent features) described in [Chas97]. In these cases the conditions 
primarily describe form rather than function, but could also be used for the latter. 
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5  Conclusion 
 
Here we have abstracted two approaches to parsing designs, toward the goal of dis-
covering emergent functions. As we are in the early stages of this investigation, we do 
not draw conclusions here, but rather, ask several questions: 

• What does each approach require in terms of design representation, tech-
niques, other? 

• Is one approach better than the other? What are the advantages and dis-
advantages of each approach? 

• Are there other approaches possible toward the goal of finding emergent 
functions within a design? 

As we progress further in this research, we expect to find the answers to these and other 
questions. 
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