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Project summary

This project will develop a computer system which will solve problems creatively and will be
based on the extension, abstraction and generalization of the cognitive processes that people
use. The proposed research will lead to the development of new technologies to support
human creativity. It will also improve our understanding of creative processes in web-based
knowledge representations. By building and experimenting with such a system, original

insights will be gained into the nature of creativity.

The model will be developed by extending an existing computational model which has been
developed over the past several years by the principal investigator. This model already exists
as a computer program for simple knowledge-based problem solving. It has a highly parallel
architecture with components for processing goals, plans, memory and perception. In order
to extend this model it will be necessary to extend its various components to incorporate
new types of knowledge that are to be used creatively. It will be necessary to introduce new
mechanisms for conceptual representations and their manipulation. This will need a method
of representing knowledge allowing it to be flexibly abstracted or constrained as required to
discover new problem solutions. The highly parallel nature of the existing model will allow
many different kinds of knowledge to be activated together concurrently thereby allowing a
large set of potential solutions to be considered, but it will also allow a large set of constraints

to be applied together concurrently to find the best solutions.

The intellectual merit of the project will be in advancing our understanding of the impor-
tant area of creativity by showing how different knowledge-based processes work together to
creatively solve problems. Its broader impact will be in showing how to develop systems
which support and enhance human creativity in the design of commercial products, in artis-
tic and cultural activities, in understanding the development of creativity in our children, in

educating our students to be more creative, and to have marketable creative skills.
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Project description

Objectives

The main objective of the project is to systematically investigate the creativity mechanisms of
a computational model of creative problem-solving which has integrated planning, perception
and memory aspects, and is highly parallel, and is inspired by human cognition and brain

architecture.

This will result in the design and implementation of a creative problem solving system.
We will also investigate the practical applicability of the system to the support of human

creativity, and to the use of web-based knowledge.

The overall purpose of the project is to try to understand the properties of creativity in

general as an abstraction, extension, and generalization of human creativity.

Aspects of human creativity. It seems that human creativity is not a special ability but is
achieved using common cognitive abilities. At the cognitive level of analysis, there are many
issues and phenomena that we need to understand. Here we list these known aspects of
creativity:

1. Creativity is goal directed [18], and involves dynamic goal-setting and goal-changing.

2. Creativity involves the generation of alternatives, with variable degrees of constraint, and
the efficient search of large sets of possibilities.

3. Generation is by construction, combination, merging and synthesis operations.

4. Creativity depends on the chosen representation of the problem.

5. Memory and knowledge are very important [25] [12], although their effects can be both
positive and negative.

6. Visual imagery is important, including the construction of images, structured imagination
and creative invention [1] [15].

7. Perception can be creative.



8. Analogy and metaphor are important mechanisms in generating and assessing creative
results [16].

9. The abstraction, combination and merging of concepts is very useful and may be neces-
sary.

10. Creativity involves the revision, re-representation, restructuring and reconstrual of the
problem [28] [22] [23].

11. Evaluation of possibilities is important and involves multiple constraints in multiple
perspective.

12. The role of routinization, overlearning and incubation has been emphasized by a number
of researchers, however there is some contrary opinion, see for example Hayes [18].

13. There are many types of obstacles and traps in creative thought [26], in fact, some
researchers have argued that recognising and extricating oneself from traps is the key to
creativity.

14. Metacognition can be useful in the conscious control and management of the creative
process [2].

15. There are neuroscience data [19] [3], and theories such as cortical arousal and focus of
attention [20].

16. There are methods for improving creativity [29] [24], and there are methods for measur-
ing creativity [27] [17].

The development of a general computational model of creativity will produce much-needed
insights into many of these key issues and phenomena. Such insights will allow the bet-
ter assessment of creativity and the development of methods for increasing and optimizing

creativity.

Expected significance. The research will provide an understanding of creativity in general
and a basis for improving creativity at work, and improving the development of creativity

in children and students.



Relation to long-term goals of the principal investigator. The research develops the basic
problem-solving/perception/memory mechanisms of the model to incorporate more extensive

memory and to allow the representation of wider classes of cognition and behavior.

Relation to the present state of knowledge of the field. The proposed model will be more
comprehensive than previous models of creativity, and based on parallel processing, human

cognition and brain architecture, unlike most previous models.

Relation to the work in progress by the principal investigator under other support. We have
just (September 2007) started a one year SGER grant from the CreativelT program, and it
will finish at the end of July 2008. The SGER will result in a feasibility demonstration of
the computational architecture described here, and is expected to demonstrate some creative
problem solving. The main problems to be solved are getting the basic problem solving
cycle to work and getting the episodic memory to work as planned. More specifically it will
involve the development and implementation of new functionalities: (a) for (re)perception
of the problem at each step, (b) for greater constructional ability, in mental imagery and
conceptual combination, (¢) for memory-based plan elaboration: (i) several different plans
at different abstraction levels, (ii) several arguments for each plan step from associated
memories, and (iii) the action of plan steps associating with memories to form the new

constructed state, and (d) for evaluation of the current constructed state.

The current proposal is intended to continue this effort from August 2008. It will systemat-
ically and more deeply develop the mechanisms of creativity that the architecture is capable
of, and will explore the applicability of the approach to the support of human creative

problem solving as well as to web-based systems.

The current other funding is mainly related to logical representations of knowledge in en-
gineering and neuroscience. Thus the relation between the projects is at a theoretical and

methodological level. He is however collaborating with the design process group at NIST,



lead by Ram Sriram, whose main focus is on engineering design and manufacturing.

The principal investigator is also connected with the UCLA Center for the Biology of Cre-
ativity, headed by Robert Bilder and Peter Whybrow. This is currently concerned with

discovering the genetic basis of creative abilities.

Relation to work in progress elsewhere. The proposed work will provide a more comprehensive

model for comparison with work on the psychology and neuropsychology of creativity.
An overview of the proposed system

The architecture of the proposed system. The model will be developed by extending an exist-
ing cognitive model [7] [6]; an outline architectural diagram of the proposed computational
system is given in Figure 1. The proposed system uses a modeling approach of a modular
distributed computational architecture, with an abstract logical description of data and con-
trol, which has a correspondence to the cortex. In the last few years, we have conducted a
series of studies and models concerning cognitive mechanisms, including problem solving [5],

episodic memory [8], and spatial working memory [9].

In the current approach to brain-based cognitive modeling of problem solving, the action of
the system, like the brain, involves the continuous parallel action of all processing modules,
and each module is specialized for processing and storage of particular types of data. The
set of rules in each module constructs data of types characteristic of that module. A module
usually has more than one characteristic type. A module receives data of certain types from
other modules and from these it derives and constructs data of its own types, which in turn

it makes available to other modules.

The model has a set of interacting perceptual hierarchies, which process incoming information

using constructive rules, to create abstraction hierarchies of representations of perceptions.

The continuous action of the system creates goals, selects a goal, retrieves a plan and executes
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Figure 1: The architecture of proposed system

a plan step. Plan execution uses working goals in the plan execution module and also
constructions and percepts that it receives from the perception hierarchies, in order to search
different possible states and to construct new possible states. Goal selection, plan selection
and plan step selection are reconsidered every processing cycle, and plan steps at different
levels of abstraction run concurrently. Feedback, to these goal and planning modules from
the constructed states, which are distributed over the modules of the perception hierarchies,

can change their selections.

The proposed creative problem solving dynamics. In extending our model, our approach to
creative problem-solving is informed by the work of DeGroot [11] and Newell and Simon [21]
who give a clear description of the problem-solving cycle with a succession of narrow beam
searches each ending in an evaluation. By a narrow beam, or “quasilinear”, search, we mean

searching only one successor per node, and only occasional backtracking by one step before



continuing forward. After each search, the subject reconsiders the position in the light of
this evidence, possibly reformulates, reconceives and rerepresents the problem, generates a
conceptual or logical goal, then an operational goal, and then makes another search. We
give an outline diagram in Figure 2, indicating the sequence of searches and the operations

in the problem solving cycle.
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reconstrual typical to make one plan step: 300ms.
) plan steps human - o\a1yation after one plan step: 500ms.
re-representation . times:
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Figure 2: The proposed cycle of creative problem-solving dynamics

An approach to realizing creative problem solving
Let us first systematize the previously listed aspects of creativity, then we will outline our

conceptual approach.
States, representations and problems

1. There are different types of representation, including 2D and 3D mental images or struc-
tures in 2D or 3D spaces, and topological and conceptual representations, together with

various purely functional descriptions.
2. For each representational type, we can represent a whole set of different situations.

3. And for a given situation, there can often be more than one representation of a given

10



representational type, for example there could be more than one 2D representation of the

same situation.

4. A situation in one type of representation can be perceived and represented also by
another type of representation, for example a conceptual representation can be perceived

and represented as a 3D image.
5. And vica-versa.

6. So a situation is usually represented by several different types of representation which

mutually interact by mutual perception.

7. 2D or 3D images are probably the most important type of representation, so we will

usually have a 2D or 3D representation as one of the set of interacting representations.

8. Each different type of representation corresponds to a different type of knowledge, and
representations of situations are accompanied by knowledge, in the form of structures, as-
sertions, construction rules, deduction rules and constraints, and a database of instances of

represented situations.

9. A situation, or state, can be constructed by being given externally and perceived, or it

can be constructed completely internally.

10. A problem can be defined as a state with a set of desired properties or a set of constraints
to be satisfied, but where the state does not satisfy these properties or constraints. Thus there
are at least three kinds of constraints, structural constraints defining the representations,
integrity constraints on sets of representations, and problem constraints defining the problem
or design solution criterion. In a logical formulation, a constraint is a logical statement which

is asserted to hold, and it is checked by proving it, whenever it is required to be checked.

11. A problem is often given as more than one interacting representation with conditions on

all the different representation types.

11



Processes involved in creative problem solving

1. A problem then is a problematic state with desired conditions or goals, and creative

problem solving is goal-directed.

2. We need dynamic goal setting and dynamic goal changing during the creative problem

solving process.

3. We need to be able to generate alternative representations, to synthesize them, and to

construct them.

4. We need to be able to abstract a representation, combine representations and merge

representations.

5. Relations between representations, within one type or between different types, can lead

to analogy and metaphor.

6. We need to be able to evaluate, or assess, a representation using knowledge and complex

requirements.

7. We need dynamic reconstrual of the problem state, rerepresentation and restructuring.
8. The management of the creative process may use a metalevel control process.

Our conceptual approach

We give a diagram as Figure 3. Part (a) shows the set of mutually interacting representations
which form the current state of the item or situation being designed or solved. Part (b) shows
the planning modules which initiate and control the changes made to the current state, and
gather assessment information. Part (c) shows the episodic memory module which forms
memories of events of the current state and the planning modules, creating associational

links between corresponding events in different modules.

12
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1. Each representation type corresponds to a processing module which contains (i) the knowl-
edge of this representation type, (ii) a database or long term memory of representations, (iii)
a representation of the current state, and (iv) an episodic memory of other representations

forming part of the current search space.

2. Modules are connected and can communicate. They receive information from each other

which they perceive, and they send queries and commands/requests to each other.

3. The set of modules and representations will equilibrate to a distributed representation of
the current state. That is, a change in one module may cause changes in other modules, and

these changes will continue until a quiescent state is obtained.

4. There are goal, planning and metalevel planning modules which provide the high level

control of the creative problem solving process.

5. The basic operation is an incremental change in one module, leading to a change in other

modules and in the distributed representation of the state.

6. The set of representation types in a module has a logical theory, defined by a set of logical
rules. The action of a module is the execution of this set of rules until quiescence, which
leads to a fixed point and generates a minimal model of the logical theory. The minimal
model is a set of elements and relation instances which is the most general model of the
logical theory, that is the one which makes the fewest assumptions. Thus, from the logical
part of the representation, the system dynamically constructs corresponding models. Data
exchanged among modules correspond to atomic logical statements, and their presence in

the module alters the constructed model.

7. The plan execution level of control involves a single narrow beam search, where a sequence
of changes, usually within a single module, ends in an equilibrium state representation which

can be evaluated or assessed.

14



8. There is an episodic memory module which associates together all the events in the set of
modules to form a complete event, and also forms episodes consisting of sequences and sets
of events, and stores these in an episodic memory. The event representations in this memory
associate with representations of component module events which are stored in individual

modules.

9. The plan level involves, after each new equilibrium state and its assessments, the choice
of which next beam search to carry out. This choice is based on the current representation,
the episodic history of the problem solving process, and the problem solving strategy being
used.

With a stable representation, the system executes a sequence of beam searches and assess-
ments. This leads to a solution state to the problem. The episodic memory contains the

record of the search and the proof of the problem solution, see Figure 4.
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Figure 4: Episodic memory

10. However, the representation of the state and the problem is reconsidered, and may re-
sult in rerepresentation, restructuring and reconstrual. Restructuring arises by changing a
component of the representation in one module and propagating this change to the other
components of the state representation. Thus an initial representation in one module is

perceived by a second module, producing a representation there, and a change in the rep-
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resentation in the second module propagates back to the first module, producing a major
change of representation. Figure 5 diagrams this idea.

M1 M2
geometric conceptual

time

Figure 5: Restructuring in one module caused by an increment in another

The plan can also change its focus from searching changes in one module, to searching

changes in a second module which has a different perspective and representation type.

11. A representation has constraint expressions, which reduce the number of structural
possibilities. By temporarily ignoring some of these constraints the planner can search more

abstractly and in different parts of the search space.

12. Evaluation of a state is achieved by evaluation functions in each module, which determine
the extent to which its representation satisfies its goals and its constraints. We also evaluate

the correspondence and “fit” between representations in interacting modules.
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13. There can be an external environment, which can be useful for some applications. The
problem solving state is however the internal state, that is, the distributed set of represen-

tations in the set of modules.

We are thus arguing that the proposed modular processing architecture lends itself natu-
rally to creative problem solving by providing (i) different types of representations which
mutually interact, allowing large (“lateral”) changes of representation, (ii) a planning and
metalevel planning regime which allows flexible exploration of alternatives, with changes of
representation type, and (iii) an episodic memory facility which allows the history of the

problem solving process to be used in planning further problem solving actions.

This creative problem solving architecture provides naturally for most of the known aspects
of creative problem solving that we listed in an earlier section. They are consequences of
the modular representation of the state, the parallelism of control, and the detailed dynamic

memory of problem solving.
Research activities
The development and study of mechanisms of creativity

To develop this approach to creative problem solving, we propose to investigate the different
aspects of creativity, including (i) dynamic goal setting and goal changing, (ii) restructuring
by intermodule perception, (iii) merging of representations within a module, (iv) the use of
problem solving episodic memory for planning, and (v) metalevel planning. We will also

study the effects of knowledge and memory on the creative problem solving process.
Investigation of the applicability of the approach to practical problems

We will investigate practical uses of our research. As regards application areas, the author
has some experience with collaboration in aircraft design [10], with logical modeling in

CAD/CAM for the aerospace industry [4], and with data modeling in architectural design
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[13][14]. He works part of the time in the design process group at the National Institute of

Standards, headed by Ram Sriram.

Creative problem solving support. We will investigate allowing a user to cooperate with and
to use the system for creative problem solving. The user can query the current state of a
module and input different choices of construction and evaluation operations to it. We may
need to provide graphical visualization of the state of the module. The user may be able to

act as the metalevel planning module, or influence planning with direct input of commands.

Web creative knowledge modules. We will investigate the definition of a module as a webpage
with XML representations for its components - knowledge, examples, constraints etc. If this
can be achieved then we would like a user to be able to put together a creative problem
solving system by linking a set of web modules together, and then linking them to web-

based planning modules and episodic memory modules.
The research schedule

The first year will be mainly concerned with the systematic development and investigation

of mechanisms for the different aspects of creativity listed above.

There will be a sequence of stages, each lasting about 3 months, in which we will investigate,
and design and implement mechanisms for: (i) dynamic goal setting and goal changing, (ii)
restructuring by intermodule perception, (iii) merging of representations within a module,

(iv) the use of problem solving episodic memory for planning, and (v) metalevel planning.

In the second year, we will investigate practical uses of our research. We will develop
demonstrations of creative problem solving support, and we will develop an approach to web

creative knowledge modules.

Throughout, the research will involve the development of different cognitive model mecha-

nisms and testing with creative problem-solving tasks. The choice of which problem-solving
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tasks to study is itself part of the research. There are some classic problems such as Duncker’s
radiation problem. Even the task of learning to solve the Tower of Hanoi problem involves
discovering new strategies by making creative associations, for example, seeing the problem

in terms of pyramids of disks, or realizing that parity can be used in constructing a strategy.
Results

Documentation and sharing. The documentable results of the project will be papers and

programs which will be sharable with other researchers in the field.

Broader impacts. The project will integrate research and education by advancing our under-
standing of creative thought and how it can be improved and measured. Potential benefits
to society at large will flow from the new insights and understanding of creativity which is

a key issue in science, technology and the arts.

Cross-disciplinary benefits. The project will benefit research in brain-based cognitive mod-

eling, showing the basic constructivity and creativity of brain architecture and function.
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Budget Justification

Senior Personnel Salaries(A): 50% salary for Dr. Alan Bond who will work on all aspects of

the project, including theory, design and implementation of the model.

Fringe benefits(C): The fringe benefit rate of 26.0% is assessed on salaries.

Travel

(E1): Domestic travel is requested to present results at conferences and for collaboration.
It also includes travel to an annual Creativel T Principal Investigator’s meeting.

(E2): Foreign travel is for international conferences and for discussions with informal

international collaborators.

Other direct costs(G):

1. Materials and supplies include a workstation for the principal investigator.

3. Consultant services will be required for assistance with installation of linux software.

4. The charge for computer services is a campus wide charge per year for technical
infrastructure support, which is mainly for the computer networks at the campus and
departmental levels.

6. We will require a continuing annual software license for a Sicstus Prolog System, which

costs 520 euros per year, which we have converted at the rate of 1.4 to give $728.

Indirect costs(I): F and A charges are 54.0% of all direct costs.
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Facilities, equipment and other resources

Computer networks for research: UCLA medical school has an impressive network of com-

puters for research.

Brain mapping center UCLA has a very large brain imaging center with an international

reputation.

Library: UCLA’s comprehensive library system, with six million books, and a specialized

biomedical library, is second in the nation (after Johns Hopkins).
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