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Abstract

Design is situated. “Situatedness” in designing entails the explicit consideration of the state of the environment, the
knowledge and experiences of the designer, and the interactions between the designer and the environment during
designing. Central to the notion of situatedness is the notion of design situation and constructive memory. A design
situation models a particular state of interaction between a design agent and the environment at a particular point in
time. Memory construction occurs whenever a design agent uses past experiences and knowledge within the current
design environment in a situated manner. This paper is concerned with the development of an agent-based computa-
tional design tool that takes into consideration the notion of situatedness in designing. A key element of this tool is a
constructive memory system that supports the dynamic nature of designing. Memories of past experiences are con-
structed as required by the current situation, and past experiences are refined for future utility according to the current
interactions between the agent and the environment. This latter case of knowledge improvement is illustrated through
a series of experiments that demonstrates the effect of grounding on the operating modes and responses of a construc-
tive memory system.

Keywords: Constructive Memory; Situated Design Agent

1. INTRODUCTION Situatedness in designing is concerned with the inter-
actions between the designer and their environment so that
Designing can be characterized as “a goal-oriented, corthe decisions that are taken are a function of both the situ-
strained, decision-making, exploration and learning activ-ation and the way the situation is constructed and inter-
ity that operates within a context that depends on thepreted. This property of designing can be viewed through
designer’s perception of the contextGero, 1990. These  the notion of constructive memory. Constructive memory
characteristics give rise to the unpredictability of designingimplies that memory is not a static imprint of an experience
(Goldschmidt, 199¥, with the implication that it is not pos-  that is available for recall later through appropriate index-
sible to encode all the required information into a designing (the computer filing-cabinet metaphobesign experi-
tool in a state suitable for their utility when the tool was ences are stored, and the memories of them are constructed
first created. The dependency on the current state of thia response to a demand on these experiences so that it is
environment within which a tool operates, the current statgossible to answer queries and effect actions that could not
of the tool, and the interactions between the tool and théxave been conceived of when that experience first occurred.
environment during designing have to be considered duringhe memory of an experience is a function of the situation
the creation of the tool. This dependency can be modeleth which the question, which provokes the construction of
explicitly by the notion of “situatedness” in designing that memory, is asked.
through its emphasis on the interrelationship between knowl- A computational constructive memory system created
edge(information that the tool hasand its application. according to the notion of situatedness is a dynamic, flex-
ible, and open-ended learning system that has the ability
to adjust and change itself to reflect its experience. Through
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Computer-aided design tools based on this memory sygdescribed latgr Three memory construction processes are
tem, modeled as situated design agents, are no longer seshown, and each carries out the following operations:

as passive aids to designers. The usefulness of these tools
increases through their applicatiof@ero, 1998). Utility

of the tool is seen as a means to change the tool so that its ¢
performance improves with usage through the acquiring
or restructuring of knowledge. This knowledge is devel-
oped as and when required, and grounded according to the
interactions between the tool and the environment. The
quality of the knowledge is constantly improved through
its use so that when the tool is reused in a similar situation
it may have different knowledge than it had before. This
new knowledge gives the tool an ability to produce better
results, and its performance improves with usage and is
not limited to what was initially encoded into the system.

cueing: the memory system is first cued by a demand

from the current situation;

e activation and selection: a series of experiences is acti-
vated and one is selected;

e memory creation: memory is constructed according to
the selected experience;

e incorporation: the constructed memory is incorporated
into the system as a new experience available for sub-
sequent use; and

e grounding: the activated experience is grounded if it is

used as a basis for effecting actions into the current

environment.

2. THEORETICAL MODEL Memory construction commences with a demand for a

memory. The memory system is cued according to the cur-
The ideas presented in this paper are drawn from cognitiveant sjtuation. This situation is determined by the current
studies of the human behavior. In particular, the followingstate of the environment, the current state of the agent, and
models of human memory are adopted: the interactions between the agent and the environfment
illustrated in Fig. 3. The current state of the environment is
o modal model of the human memory systéiikinson  represented by what information is currently available from

& Shiffrin, 1968), the environment. The state of the agent is determined by the
e multiple-component model of long-term mema@br M; knowledge and experiences processed by the memory sys-
Baddeley, 1999 tem and what has been learned so far. Interactions between
o multiple-component workspace model of working mem-the agent and environment occur via sensations and actions
ory (Logie, 1995, and (described latgr Through cueing, associated experiences
¢ notion of constructive memorgDewey, 1896; Rosen- (Fig. 1) are activated for use during memory construction.
field, 1988; Clancey, 1997 One or more of these experiences is selected for each mem-

ory construction.

Useful properties are extracted from these cognitive mod- The first form Of. memory constrqcﬂoﬁnterpretatlon}

els to facilitate the creation of a computational memorymterpretS the e'nV|ronment according to a past experience.
system that exhibits some similar behaviors. The same tewhen an experience has be_en selected, the knowledge asso-
minology is used to describe the same memory phenomen%lated with this experience is used to determine what gets

in this paper. However, the aim of this paper is not to modepxtracted_from th‘? environment and the way in which the
the human memory system but to draw out useful IorOpergaxtracted information is structured. The knowledge and expe-
ties from an analog of these models riences form part of the situation and affect the kinds of

memories that are constructed. The constructed memory
forms an interpretation of the previous experience accord-
2.1. Model of constructive memory ing to the current interactions between the agent and the
environment. The experience provides the basis for inter-
Memory construction occurs whenever past experiences aggeting the environment according to the current objective
utilized in the current situation. A memory is created in theof the agent. Actions to be carried out are determined by
construction process to give an agent the ability to operatéhis experience according to a similar situation in the past.
in a new environment according to a similar previous expeThe constructed memory is incorporated into the memory
rience. Through the construction process, all required inforsystem as a new experience.
mation is created as and when demanded by the current The experience that was selected and used during mem-
situation. An agent that constructs memories of past expeary construction is grounded. In subsequent memory con-
riences is actively restructuring what it knows through itsstruction, this experience has more chance of being used
interactions with the environment. These changes form théue to its higher level of processiidescribed latgresult-
basis of adaptive learning that situates the agent within amg from the current grounding. All experiencésxisting
environment. and those created by incorporating constructed memories
Figure 1 illustrates a model of constructive memory thatinto the system are available for use in the subsequent
operates within the framework of a situated design agentonstruction of memories and they are subjected to ground-
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Fig. 1. The model of constructive memotgadapted from Gero, 1989. The number of levels for LTM and STM is not limited to those shown.
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ing when they form the basis for effecting actions into themust have an impact on the agent itsélfehaniv & Dau-
environment. tenhahn, 1998 Underlying this meaningfulness of experi-
The second form of memory constructiOReinterpreta- ence is the applicability of the experience through its usage
tion Il) creates memory through external processes such as a basis for effecting actions. The interaction between the
analogy. An analogy is drawn between a related experiencagent and the environment plays an important role in
and the current situation during the construction of a memexperiential-based grounding and has an effect on the use
ory. This memory is incorporated in the system as a nevof existing experiences processed by the agent. An agent,
experience and the experience used as a source in the angith its current experiences, creates a particular view of the
logical process is grounded to give it greater emphasis irnvironment. If this view matches the other view created by
subsequent memory constructions. agent through its interactions with the environment, it
The final form of memory constructiofReinterpreta- becomes useful in predicting the effects of a course of
tion 1) is based on the modifications of the memory system’sactions. The experience underlying this prediction is labeled
structure through internal configurations of its contents. Inuseful and is grounded. This process of grounding models
this case, a memory is constructed by modifying existingthe effect of long-term learning.
experiences with better performing structures from the envi- Differentlevels of processingiodel different groundings
ronment. Once incorporated into the memory system, thef experiences based on their previous applications. Ahighly
constructed memory becomes a new experience that is avagrounded experience has a high level of processing and is
able for subsequent use. used more readily in the subsequent operation of the mem-
ory system. The differentlevels of processing are divided into
two regions according to a predefined value of grounding to
demarcate short-term memdi§TM) and LTM (Fig. 1). An
The experiences processed by an agent are not en@dedexperience starts off in STM after its first creation by mem-
priori. The agent starts off with a basic set of capabilitiesory construction. This experience progresses toward LTM as
and gains experiences as it carries out its tasks. Learniniggains groundings through its applications in subsequent
occurs when the agent modifies the way existing experiinemory constructions. As its usage increases, the ground-
ences are used and when the agent gains new experiendags of other experiences reduce, causing them to move toward
through its interactions with the environment. These twoSTM. Experiencesin STM are purged out of the systemwhen
forms of learning are modeled by the notiondafg-term  required. These behaviors treat STM as a gateway for expe-

2.2. Learning

learningandconstructive learningrespectively. rience to get into LTM or out of the memory system.
. Note that the notions of grounding and levels of process-
2.2.1. Long-term learning ing determines which experience is given higher priority

Long-term learning affects the way existing experiencedor use in the current memory construction. Experiences
are used during memory construction over a period of timeresiding in both STM and LTM are available for use during
It deals with the adjustment of an experience’s state thamemory construction. STM operating as a gateway is only
facilitates its future utility. This form of learning is effected applicable to the “movement” of experiences among the
through theexperiential groundingpf an experience that different levels of processing according to the groundings
has been used in the current situation to effect actions ontthey received.
the environment. An experience that has been grounded
frequently is more likely to be used in subsequent memory2-2.2. Constructive learning
constructions. The effects of grounding are modeled by the The experiences processed by an agent affect the way in
notion of levels of processingFig. 1). which it interacts with the environmeritueg & Pfeifer,

The process of grounding entails the embedding of ari997). These experiences provide a basis for determining
artificial agent into its environment such that its behaviorthe actions to be effected in the current situatiBylatt &
and the mechanisms, representations, etc., underlying thi8zarnecki, 1998 A commonly accepted notion about exper-
behavior are intrinsic and meaningful to the agent itselftise is that experts differ from novices in terms of the num-
rather than dependent on an external designer or observber and quality of experiences they have in a particular
(Ziemke, 1999. The meaningfulness of these mechanismsdomain. Useful experiences acquired over time form the
representations, and so forth, is determined by their usefubasis for evaluating and refining complex knowledge orga-
ness in assisting the agent in attaining any of its goalsization (Goker, 1997; Seifert et al., 1997This has the
(Nehaniv, 1999 Although symbolic groundingsleal with  implication that the content&knowledge and experiendes
the provision of meanings for symbolic representatiespe-  of a memory system are dynamic in nature and vary accord-
riential groundingdeals with the provision of meaning for ingly as the agent encounters new situations.
the experiences processed by the artificial aggtereafter Constructive learning models these dynamics of a mem-
“grounding” refers to experiential grounding as describedory system based on the constructivism view of learning.
in this section). For an experience to have meaning for anThis view of learning adopted here is derived from two
agent, the consequence of actions based on this experientendamental principles of constructivisfiait, 1997.
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e Learning involves an active construction of a concep-expectation agrees with the interpretation. Symbolically, a
tual knowledge base of the learnéBruner, 1966; design experiencéE) is represented by a collection of con-

Piaget, 1971; Jonassen, 1991 stituent parts:
e Learning is reflective in nature. It builds upon and
develops the existing knowledge and experiences of E={ViS, M Q HiA H" Q" VS

the learnelBruner, 1966; Ausubel, 1968

. _ o . whereA is the action on the agent or on the environment;
Constructive learning uses similar experiences as bases [9i is the initial focused concepti® is the final focused

create new experiences during memory construction. EléconceptM is the percept! is the initial expectationQ is
ments of a past experience are mapped into elements of thge final expectationS is the initial sensory date&' is the

currentsituation to form a coherent memory structure for perfing| sensory datay' is the initial exogenous variabl:f
forming actions onto the environment or to the agent itselfis the final exogenous variabl®* = {F, B, S}, with Q*

The effect of constructive learning is a change in structure ofjenoting the initial expectation ¥ = i, or the final expec-

the memory system through a reconfiguration of existing expegation wherx = f, F, B, andSdenoting the function, behav-
riential components or the addition of new ones. Construcigr, and structure of the expectation, respectivelygenotes
f[ivelearning occurswheneveraconstructed memoryis adde@e initial focused concept ik = i or the final focused
into the memory system as a new experience. concept, ifx = f; S* denotes the initial sensory dataxit=

i or the final sensory data, ¥ = f; and V* denotes the
initial exogenous variable ik = i or the final exogenous
variable, ifx = f.

Design experiences contained within a constructive mem- Different aspects of designing are captured by the repre-
ory system play a critical role in designing, as they form theS€ntation of a design experience. In this research, design
basis for the agent's behavior in the current situation relatediformation relevant to the situated function-behavior—
to similar situations it encountered in the pad#tereafter ~ Structure view of designing are modeled. Other aspects of
“experience” refers to a design experience as described ifi€Signing(such as design rationalean be included in the
this section. Thedesign experiencesed in this paper encap- '€Presentation of a design experience if they are to be pro-
sulates ideas from the variables and processes operatit§SSed explicitly by the memory system containing the expe-
within a situated design agefGero & Fuijii, 2000, the ~ "€nce. Th_(a use of a computatlonql constru.ctlve memory
situated function-behavior—structure framework of designSystemiis limited by the representation of design experience
ing (Gero & Kannengiesser, 2000, 200and a design pro- adopted. If the required aspects of a design domain can be

2.3. Design experience

totype (Gero, 1990. represented within a design experience, the proposed mem-
ory system can be used in that domain.
2.3.1. Representation of design experience Focused conceptAn H* (Gero & Fujii, 2000 dictates

A design situationmodels a particular state of interaction the focus of the design agent based on a design goal. This
between a design agent and the environment at a particuldocus determines the required functionality, and conse-
point in time. It is a snapshot of all the variables that definequently, the required behaviors of the external structure
the internal state of the agent and the external state of thatccording to the design goal. The function is used to bias
part of the environment that the agent is interacting with.sensation and perceptigdescribed laterwhile the behav-
The expectation and interpretation of the agent about th@r is used when the interpretation is evaluated against the
environment may or may not be in agreement with eackexpectation of the environment. A design prototy@ero,
other within a design situation. This agreement is based o0f990 is used to represent a focused concept. This proto-
the comparison of the behaviors contained within the expedype represents the design knowledge used within a design
tation and interpretation of the environment. A disagree-experience. A design prototype can either be retrieved from
ment implies that there is a difference in terms of eitherthe memory system or derived from existing prototypes.
behavioral attributes or attribute values and this forms thdxternal processes such as analogy, combination, muta-
basis for actions. tion, and designing from first principlé®Rosenman & Gero,

A design experiencmodels the transition of state from 1993 and reformulation process€Sero, 1998) that deal
one design situation to another situation in which the expecwith reparameterization and parameter expansions can be
tation is anticipated to agree with the interpretation. Theemployed for this purpose. These operations are instantia-
transition is represented by the initial and final state togethetions of the general conception procesiescribed later
with the action that facilitates the transition. Essentially, aEach design prototype contains procedural knowledge that
design experience consists of two design situations and theéefines how the prototype can be used within a design
action that transforms the initial situation into the final sit- experience to achieve a specific goal. This procedure is
uation. Within the initial situation, the expectation and inter-used to derive the required action to be effected into the
pretation are not in agreement. In the final situation, theenvironment.
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Action. An Ais either a sequence of operations an agenP.3.2. Processes connecting constituents of a design
performs internally on itself, or a sequence of operationexperience

performed externally on the environmefite., on the The constituents of a design experiences are connected
description of the design artifgcAAn internal action changes py 5 series of interrelated processes. Figure 2 illustrates an

the behavior of the agent by altering variables representaxample of a design experientg;) based on the domain
ing its internal states. Long-term learning and construcyf pesign for AssemblyDFA).

tive learning are instantiations of internal actions that alter _ o _ _ _ _
the internal states of a design agent. An external action Domain descriptionsDFAis an engineering design meth-

transforms theVi to V' according to the current design odology that deals with the design of products for easy
goal. assembly to lower their production costs. Boothroyd and

, . . Dewhurst(1989 presented a series of Product DFA tech-
Exogenous variable (external structuréjhe variable/ hiqy 65 that are concerned with the reduction of the cost of a
defines that part of the environment an agent s dealing with, o 4,,ct through the simplification of its design. It is pro-
according to its design goal. It represents a reference 10 the,seq that the best way to achieve this cost reduction is first

external structureof a design artifactGero & Kannen- 5 1oy ce the number of individual parts that must be assem-
giesser, 2000, 20020 be manipulated by the agent. Adesign pjaq and then to ensure that the remaining parts are easy to
agent may or may not operate on the entire external StruGsy,nufacture and assemble.

ture. Whatis focused uponis afunction of the current focused Figure 3illustrates a series of mechanical assemblies used

concept. The set of exogenous variables encountered by thg jjystrate the application of a DFA principle: reduce the
design agent is different for unfamiliar environments. number of part¢Boothroyd et al., 1982, 1994; Boothroyd

Sensory dataThe variableS* models the raw data & Dewhurst, 1989; Boothroyd, 1994The main function-
extracted fromV* based on the bias set by perception. Thedlity of these assemblies is to fasten two plates together.
variablesV', S', Vf, andSf model the state of the artifact From the perspective of the function, behavior, and struc-
and its associated data sensed by the agent, before afitie of these assemblies, the common function of “fasten-

after the agent has performed the required action accordng” is achieved through a series of behaviors, one of which
ing to its design goal. (relevant to DFA is “the number of parts.” The compo-

nents(bolt and nut, snap-fit, and integrated snap-fépre-

Concept as expectation of the environmehie design  sent different structures that exhibit the required behavior.
prototype representing the current focused concept con- |n terms of DFA, the integrated snap-fit assembly gives
tains information pertaining to the function, behavior, andthe best performance because it requires the least number
structure of a design artifact in terms of a dependency netof parts. This assumes that the integrated snap-fit can be
work (Gero et al., 1992 This part of the prototype is produced at a cost lower than that of a snap-fit. If a snap-fit
extracted as a concept through conception to fQriiGero  js cheaper to produce, snap-fit assemblies are preferred.
& Kannengiesser, 2000, 20p2f the agent about the envi- During the redesign of an external structure, all bolt and nut
ronment according to the current design goal. assemblies within the structure are replaced by snap-fit
assemblies or integrated snap-fit assemblies to reduce pro-

and structure information from the focused concept is useguctlon cost. The design experience that models the replace-

. . . . ment of bolt and nut assemblies by snap-fit assemblies is
in perception to bias the sensation process and stru@tire, illustrated in Figure 2

The function information dictates which part of the envi- '
ronment will be focused upon and sensed by the agent. Sensation.Sensation is an information extraction pro-
Only parts with the same function as that of the focusectess that converts the external struct(v¢) into sensory
concept are extracted from the environment. The variablelata(S)) according to the focused concept}). Function,

S* is configured into a complete structure to foparcepts  behavior, and structure information from the focused con-
(M), a form of interpreted structure(Gero & Kannen- cept [FBS(1) refers to labels in Fig. Ris used to bias
giesser, 200Rduring perception. perception. Perception based on the function information
it now processes, biases the sensor to extract only struc-
tures that have the same required function as that of the
focused conceptF). A repository of design prototypes

Percept (interpreted structure)The function, behavior,

Concept as interpretation of the environmeifiheinter-
pretationof the environmentGero & Kannengiesser, 2000,

2002 is created from the percept. This interpretation iS(Szykman et al., 1998provides the necessary function,

rgpresentec_i by a dependency networ'k that contam; fun"E)'ehavior, and structure informatigRBS(3)] for the exter-
tion, behavior, and structure information about the mter-nal structure

preted structure. The behavior and structure part of the

interpretation are either computed from or extracted directly Perception.Perception structures the sensory d&a
from an external repository of design prototypes. An inter-according to applicable function, behavior, and structure
pretation is not stored within the representation of a desigimnformation of the focused concepEBS(1)] to form an
experience. It is computed as and when required. interpreted structurépercept M, of the environment.
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i e

Bolt and Nut Assembly Integrated Snap-Fit Assembly Snap-Fit Assembly
(number of parts: 4) (number of parts: 2) (number of parts: 3)

Fig. 3. A sample of mechanical assemblies.

Conception.An interpretation of the environment is Initial and final situation. In the final form, the experi-
formed by conception. This process uses function informaence is made up of an initial design situation,/gn and a
tion from the focused concept, behavior informationfinal design situation. The bolt and nut assemblies within
extracted and modifietif necessaryfrom an external repos- the initial external structuréVy) are replaced by snap-fit
itory of design prototype$FBS(2)], and structure infor- assemblies in the final external structxg).
mation from the environment to create a dependency
network that represents the interpretation. The behavior
and structure information of the interpretation is modified 2-4- COMPIete process to construct a memory

to a form suitable for processing during this conceptionprocesses occurring within the model of constructive mem-
process. This form is dictated by the function, behavior,ory either provide the initial information required for mem-
and structure information from the focused concefit  ory constructioricueing, activation, selection, and previous
[FBS(1)]. The expectation of the environmei®1) is cre-  groundings or dictate the treatment of a constructed mem-
ated from the focused concegt;) by extracting the ory (incorporation and groundingThe processes that link
dependency network from the design prototype represeryifferent components of a design experience provide the
tation[FBS(4)]. base for memory construction after the initial information
Matching, mapping, and comparison of behavidhe i; made availgbleby cueing, activation, selection, and pre-
mappingprocess is a simplified version of taealogy elab-  Vious groundings A complete process to construct a mem-
oration processlescribed by Qiaf1994. Mapping is basi-  ©Y thus entails the following:
cally a transformation process used to identify structural _
correspondences between the expectation and interpreta-1. cueing;

tion. The basic aim is to find structure mappif@rrespon- 2. activaﬁon;
dence through function, behavior, and structure matching 3. selection; _
(indexing. In general, matching implies that twfunction, 4. memory creation;,

behavior, or structupevariables are identical at an abstract

level. Mapping implies that two variables have the same
associated functions or behaviors. Mapping is possible only
after matching has been carried out successfully. When two

a. sensation;
b
c
functions match, the associated mapping for behavior and  d. matching, mapping, and comparison of behavior;
e
f.
g

. perception;
. conception;

structure can be found. If two behaviors match, only struc-
ture mapping can be found. The interpretation and expec-
tation are matched and subsequently mapped onto each other
to obtain the correspondence between their structures before

. derivation of action;
performance of action;
. completion of experience:

the required behavior is compared according to a design i. sensation:
goal. ii. perception;

Derivation of action. When matching and mapping have li.. conception; . _
been completed successfully to produce a structural corre- iv. matching of final interpretation and expectation,

spondence between the dependency network of the expec-  h. incorporation;
tation and interpretation, the procedural knowledge stored
within the focused concepH}) is used as a basis for deriv-
ing the action(A;) on the environment.

i. grounding.

Long-term learning is effected through the grounding of
Completion of design experienc&he actiorA; is effected  an experience. Itis a process separate from the creation of a
onto the environment to create a new struct(W¢). The  memory during memory construction. When a constructed
sensation, perception, conception, and matching process isemory has been created and incorporated into the mem-
repeated to form the final situation. ory system, constructive learning occurs. Both long-term
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learning and constructive learning are consequences of memadd information to the working memory based on the con-
ory construction. tents of LTM (14) or STM (12). (The numbers in paren-
theses refer to the paths in Fig) 4nformation within the
working memory is combined with the stored knowledge
and experiences, manipulated, interpreted, and recom-
The theoretical model described in Section 2 provides théined to develop new knowledge, assist learning, form
required specifications for the design and implementatiorgoals, and support interaction with the environment. The
of a computational constructive memory systdidereaf- reasoning that occurs within the working memory is based
ter “memory system” refers to a computational constructiveon three main components: the executive control, content
memory system as described in this secbidrne require- from STM or LTM, and the cachéll). The executive
ment for interactions with the environment through sensacontrol is where the agent control processes are located.
tion, perception, conception, and action leads to the agenthese processes are involved in the organization, coordi-
construct(Russell & Norvig, 1995 that bases its opera- nation, manipulation, movement, and comparison of infor-
tions on situatedness in designif@ero & Fujii, 2000. A mation and knowledge for design-related reasoning.
framework of a situated design agent presented provideExperiences and their associated knowledge are stored in
the necessary structure for encapsulating a constructive mer8TM or LTM. The cache provides the buffering for the
ory system that is implemented through an extended Interreasoning processes. Inputs to working memory arrive from
active Activation and CompetitioflAC) neural network the conceptof8) and percepto(9) during conception, the
(McClelland, 1995. perceptor(9) during perception, and from LTM14) or
STM (12) when they play host to activated experience for
memory construction.

During long-term learning, an experience is transferred
The memory system developed in this paper operates withito/from LTM from/to STM without any structural change
a cognitive-based situated design agéHereafter “agent” being made to its constituents. STM serves as a gateway
refers to a situated design agent as described in this setyto LTM and out of the memory system. The path into
tion.) A situated design agent is essentially an autonomou&TM (17) is used when an experience is transferred from
computer construct modeled around the ideas of agenc$TM to LTM as it gains groundings through increased appli-
and situatedness in designing. This agent provides the necations. STM acts as a gateway out of the memory system
essary infrastructure for memory construction. Figure 4 illuswhen experiences in LTM that are not grounded frequently
trates a high-level view of the functional components thatare transferred into STNIL6) and possibly later, out of the
make up the situated design agent. The functionalities omemory system. These two actions model the phenomenon
these components have been described in terms of the opexf “use it or lose it.”
ations of the state-of-affair and course-of-event memory STM and LTM are modeled as two separate constructs to
systems in Gero and Fuj{e000. Essentially, the sensor, illustrate the different contents of the general computa-
perceptor, and conceptor provide functionalities for sensational memory system and the treatment of different expe-
tion, perception, and conception. An effector provides theiences based on their levels of processing. The multiple-
means to perform actions on the agent or on the environmentomponent illustration of LTM emphasizes the fact that
memory construction involves experiences stored within
the episodic memory and their associated knowledge stored
within semantic memory. Each experience has its associ-
ated knowledge reference by a link to the semantic memory
Figure 4 also illustrates the architecture of a general com¢20). The slots in STM emphasize the notion of levels of
putational memory system for a situated design agent. Thprocessing. This concept is significant in STM as the purg-
paths in Figure 4 are shared between processes to avoidg of experiences from the system occurs in STM, and this
overcrowding the diagram. They can be taken as directecemoval of experience has a great impact on subsequent
associations between two entities, that is, information ooperations of the memory system. The same levels of pro-
instructions flow in the indicated direction. The construc-cessing concept is also applicable to LTM. The differences
tive memory system proposed in this paper is embeddetetween experiences residing in STM and LTM lie only in
within the general computational memory system. Only pathshe fact that experiences in STM are not as readily recalled
and components that are relevant to this constructive memn the memory construction process as those in LTM and
ory system for memory constructions are described. they are subjected to removal from the memory system.

Memory construction occurs within the working mem-
ory according to experiences that are activated and select%d3
from either STM or LTM. The working memory is the ~°
working environment where executive control functionsMemory construction can be viewed as a constraint satis-
are performed. These processes selectively alteyand faction process in which a memory of a past experience is

3. COMPUTATIONAL IMPLEMENTATION

3.1. Framework of a situated design agent

3.2. Architecture of a general computational
memory system

Implementation of constructive memory
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created under the constraints of the contents of the experexperiences the system knows. The system'’s knowledge of
ence in question, the available knowledge and the influ-a design experience is represented as an instance node linked
ences of the current situatiofMcClelland, 1995 This  to a set of property nodes through excitatory connections.
constructive process has been implemented through an IAThe connected property nodes represent the constituents of
network (McClelland, 1981 by McClelland (1995, and the design experiendéig. 5).
forms the foundation for the implementation of the con- The property nodes and instance nodes are arranged in
structive memory proposed in this paper. groups of mutually exclusive inhibitory connections. The
An IAC network is a neural network that uses an activa-property nodes are localized representations of concepts.
tion and competition mechanism to operate on a collectiorThese representations are activated via a spreading activa-
of nodes. The knowledge of an individual experience istion mechanism where activated experien@estance nodes
captured in a network of nodes. Amstance nodend a set activate the representation of their properties. Mutually
of correspondingroperty nodesire defined for each of the exclusive property values compete in such as way that allows
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Fig. 5. Representations of design experiences within an IAC network; negative links connecting property nodes within the same
property group are not shown.
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properties that are supported by a large subset of the actien activated experience refers to the positive activation value
instance of the category to be reinforced and become stronglyf the instance node representing that experience within the
active while suppressing those that are not. extended IAC network.

3.3.1. IAC formulation 3.3.2. Learning mechanism

The original IAC network(McClelland, 1981, 1988;

The standard formulation of the IAC netwo(kicClel- :
land, 1988 is used as a base upon which learning mecha_Rumelhart& McClelland, 198&loes not provide any learn-

nisms are incorporated. In an IAC network the total inputIng mechanism. Learning can occur through:

for nodej(t;) is i ) . .
e constructive learning via changing the structure of the

network; or
t=ag + X wa, ¢ long-term learning via grounding through the adjust-
ments of weights between existing nodes of a design

wherea represents the external input scaliegrepresents experience.

the external inputw; represents the weight to nogéom Constructive learning via system restructuringom-
nodei, anda; represents the activation of nodeDuring  puter implementations of constructive learning are exem-
cueing, if the probe contains the node is setto 1.0ais  plified in the modification of neural network structures
set to a global value of 4.0 for the entire network. (Mandic & Chambers, 2001Constructive learning in neu-
After the total input has been calculated for all the nodesral networks deals with the changing of architecture or inter-
activations are updated according to the following equaconnections within the network. There are two basic classes

tions (O'Reilly & Munakata, 2000: of constructive learning: network growing and network prun-
ing. In the network growing approadiidoehfeld & Fahl-
(>0 : Ag =s{(amax— a)t —d(a — )}, man, 1992, the network starts small and grows as it learns.
Network pruning starts with a large network and reduces its
(<0): Aa =s{(a — amn)t — d(a — 1)}, size until the desired ratio between accuracy and network

size is reachedReed, 1998 The idea behind these learn-
ing mechanisms is similar to the concepts of ontogenic net-
works (Fiesler & Beale, 1997where the topology of the
network is changed during learning.

Constructive learning within the IAC via network growth
can occur with the addition of new instance nodes that
model new experiencggonstructed memojycreated via
memory construction(Fig. 6). New property nodes are
created and added into the system according to new exter-
nal structures from different environmentinterpreta-
tion |, Reinterpretation |, and Reinterpretation land
cording to the reconfiguration of existing property nodes
einterpretation)l Constructive learning via network prun-
ing occurs through the forgetting process based on the

the IAC network as a cue for memory construction. Thelevels of processing of different experiences. In this pro-

X . esses, instance nodes and property nodes that are not
contents of this probe consist of a new property node tha; :
: shared among other instance nodes are removed from the
models the external structure from the environment and a

existing property node that is reused for modeling the cur?AC network.

rent goal of the agent for memory construction. Once the Long-term learning via weight modificatiorComputer
probe has been created, its property nodes are clafgpesh  implementations of long-term learning are exemplified in
an external inpytand the network is cycled for a pre- the maodification of weights in neural networkslaykin,
defined number of times. For each cycle, the activationl998; Medler, 1998 Long-term learning in the IAC net-
value for each node is updated according to the above equavrorks deals with the changing of interconnection weights
tions. When all the activation values have settled into arwithin the network of nodes and links through a grounding
equilibrium state, the resulting instance nodes and their ass@rocess. Grounding causes the positive links of a grounded
ciated property nodes that are activated with positive valexperience to increase in value while reducing the positive
ues, highlight similar design experiences that can be uselihk values of all other experiences through a decay pro-
in the current situation. Each activated experience has acess. Only the weights of excitatofpositive) links are
associated activation value based on its usefulness in predlowed to change. Negative links are not changed locally
vious design sessions. Areference to the activation value dds their global settings are used to control blending.

whereAa; denotes the amount by which to charaye

This formulation differs from the original IAC with the
additional parameter stefs) for controlling the rate at
which the node activations are changeik set to a global
value of 0.1 for the entire networlg,,,., is set to 1.0amin
to —0.2, rest(r) to —0.1, and decayd) to 1.0. The net-
work starts off with all nodes having an initial resting
activation value of-0.1. Positive links are set to 1.0 and
negative weights are set to1.0. These settings are used
for the initial network before any learning occurs. Thea
same parameter values are also used for all newly create(tf'g
experiences.

During memory construction, a probe is created within
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Negative links between instance nodes and property nodes of the same type are not shown

Fig. 6. The IAC network before and after various forms of constructive learning.

The learning mechanism is formulated @dledler, ing process occurs as a separate process only after memory
1998 construction has taken place.
The learning processes based on weight adjustments in
AW = B{(Wmax — W;j ) 8 — oW}, the IAC network is carried out by clamping the property
nodes of the experience to be grounded and cycling the
whereAw; denotes the amount by which to change the linknetwork according the formulation for learning above. This
between nodé and nodg, 8 denotes the learning rat@, emphasis of a particular experience strengthens the inter-
denotes the weight decay factor, amd,, denotes the max- connections between the nodes involved. Whereas it is pos-
imum weight value. This formulation of learning is similar sible to overtrain other neural networks, it is not possible to
to that for computing activation values of nodes. The learn-overtrain the extended IAC network via grounding of expe-
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riences based on their applications. The activated experi- e derivation and performance of action: where the selected
ences are always evaluated according to the current situation focused concept provides the required procedural
through sensation, perception, conception, matching and information.

mapping, and comparison of behavior.

_ The extended IAC network plays the role of a repository
3.3.3. Implementation of STM and LTM of design experiences. After a memory has been con-
STM and LTM are implemented as a multilayered IAC structed, it is incorporated into the network as a new expe-
network(Fig. 7). The separation of experiences into differ- rience through constructive learning. The instance and
ent layers is based on their levels of processing. The comproperty nodes modeling this new experience are merged
mon interconnection weight between the instance node anighto the existing structure of the network.
its corresponding property nodes of an experience provides
the basis for these levels. Experiences with high intercon-
nection weights are placed close to the left of Figure 7 to4. ILLUSTRATIVE EXPERIMENTS
indicate that they are more durable within the memory sys- ) o ) ) .
tem. Experiences with low interconnection weights areSituatedness in designing provides a different perspective
placed toward the right of Figure 7. A threshold value forOn the role of machine learing in designing. Learning is
interconnection weight is set up to delineate LTM and STM.S€€N as @ means to change a tool so that its performance
This threshold can be visualized as a cutting plane thaMProves with usage through the acquisition and refine-
separates LTM from STM among the different layers of theMent of knowledge. The quality of the knowledge is con-
network. stantly improved through its use, and as a consequence,
New experiences start off in STKlight side, Fig. 7. As when t.he tool is reused in a s_imilar situation later, it will
the grounded usage of an experience increases, it is repeé\é‘ve different knowledge than it had before and thus poten-

edly presented to the memory system to strengthen its inteflally produces better result&ero, 1998). Two forms of
connection weights and moves toward LTNeft side learning that fulfill the above requirements are long-term

Fig. 7). All experiences in STM and LTM are subject to a Iearni_ng through grounding and Constr_u_c_tive learning. Con-
decay process. If the subsequent memory construction préiructive learning deals with the acquisition of knowledge.

cess does not reinforce an experience, its interconnectidh®nd-térm learning via grounding improves existing knowl-

weights will decay and its will be moved into the STM €dge through its application so that the performance of the
region. When experiences are removed from the system byStém containing this knowledge improves with use.

a forgetting process to increase computational perfor- L-0ng-term learning through grounding is the focus of the

mance, the experiences within STM are purged from thdollowing experiments. These experiments deal with the

system first. The separation of experiences into STM and€design of mechanical assemblies for ease of assembly.
LTM is only critical during this removal process. Redesign is taken as the modification of an existing design

according to the current goal of a design agent. The current
goal is modeled through a series of design guidelines, prin-
3.4. Role of the extended IAC network in memory ciples or rules that fulfil the various objectives of the goal.
construction An agent performing redesign for the purpose of DFA will
modify any designs it encounters to allow their assembly
The extended IAC network is involved in the following operations to be carried out more easily and economically
memory construction subprocesses: (the goal of DFA according to a list of DFA guidelines.
The focused concept of a design experiefiepresented by
 cueing: where external inputs are supplied to the relea design prototypeacts as an index to the design guide-
vant property nodes of the network; lines. During redesigning, a list of design prototypes is pro-
 activation: where the network is cycled according tocessed sequentially to emulate the serial processing of design
the external inputs to activate related nodes with posguidelines. For each DFA guideline to be processed, the
itive values; associated focused concepts and the exogenous variable rep-
¢ selection: where an activated instance node is choseriesenting the external structure are used in the cue for mem-
« creation of memory: where the focused condgpbp-  ory construction.

erty node of the selected experiencmstance node Two sets of experiments are conducted to demonstrate
is used as a basis for sensation, perception, conceptighe differentoperating modesand responseof separate
facilitated by the agent’s infrastructure; memory systends (residing in different situated design

» matching and mapping: where the selected focused cor&gent$ due to grounding. Different operating modes are
cept provides the required functional, behavioral, and
structural information for linking up different struc- — _
The term “separate memory systems” refers to separate constructive

ture_s within the mterpr.etatlon and ?XpeCtat'On of thememory systems that start off with the same set of experieffigs8) in
environment for behavioral comparison; and the same states. These systems are the same in all aspects initially.
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Boundary between long-term memory
(LTM) and short-term Memory (STM)

STM

level-of-processing

LTM

A layer modelling a particular

Fig. 7. The demarcation of STM and LTM. The number of levels for STM and LTM is not limited to those shown.

Multi-layered IAC network modelling
the different levels-of-processing
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indicated by different activation values of the same experi- A partial design experience is created according to the
ence within separate memory systems. This difference iurrent situation. This partial experience is made up of the
activation values highlights the fact that these systems opecurrent focused concepiiepresenting the design guideline
ate in different ways to arrive at their respective responseto be used in the current redesign sessand the represen-
The response of a memory system is obtained by extractintation of the external structure. These parameters are embed-
the activated experience with the maximum activation valueded into the extended IAC network and clamped before the
within one memory construction. Two separate memory syssystem is cycled to activate the relevant experiences. One
tems produce the same response when the same experierazgivated experience is selected for the memory construc-
is activated with the maximum values within these systemstion by completing the partial design experience used ini-
If the magnitudes of these activation values are different, itially as a cue. The focused concept of the selected experience
implies that these values are computed through differenis used as a basis for sensation, perception, conception,
operating modes of the respective memory systems. matching and mapping, comparison of behavidased on

The basic aim of these experiments is to illustrate theDFA), derivation, and performance of actichs.
situated behaviors of design agents based on constructive For all experiments, the following apply:
memory. If two agentgbased on two separate memory sys-
temsg, starting off with the same set of experien¢Egy. 8),
are exposed to different situations, when they encounter the *
same situation later, their respective memory systems should
operate or respond differently to demonstrate the effect of °
situatedness. These differences within the memory systems
form the base for the different behaviors of the two agents.

The operating modes and responses of two memory sys- ®
tems are illustrated through the two runs associated with each
experiment. Each run can be taken as a record of an agent’s
memory constructions history. To compare the operating
modes and responses of these two memory systems, each sys®
tem starts off with the same set of experiences in the same
states and ends with the same situation. The intermediate
groundings within each memory system are varied to illus- A particu|ar memory construction is label&], where
trate their effects on the different operating modes or responsgsrepresents a situation based on a particular set of initial
of the respective memory system in the same situation.  focused concept, final focused concept, and exogenous vari-

It should be noted that these experiments are used purepple. A common value of for different memory construc-
as a vehicle to illustrate the concepts and operations of thgons implies that these processes operate within the same
constructive memory system based on grounding. They arsituation. Grounding of an experience is performed sepa-
not here to justify the use of the memory system withinrately from memory construction and is labelég where
their domains. The structures illustrated in these experiz represents the experience that was grounded_ For exam-
ments can be redesigned in many other ways, some of whighle a record of memory constructions represente@py>

may employ mechanisms that are simpler than those Pragg,  — P, — Gg,,, — P, denotes the following sequence
posed here. The memory system offers possibilities that argf processes:

not directly derivable from these methods.

experienceE; has focused concept$] andH!, each
modeled by a design prototype of a snap-fit assembly;
experienceEgy, has focused conceptdo, and Hioo,
each modeled by a design prototype of an integrated
shap-fit assembly;

experiencdsyy,; (used as a dummy variable in this paper
to represent a totally unrelated experierttas focused
conceptsHéo; and Hi,;, each modeled by a design
prototype of a rocker-arm assembly; and

relevant experiences are selected for grounding accord-
ing to the specific aim of each experiment.

e P;: cycle the memory system according to the cue:

4.1. A simplified memory construction process {V400, Hioo, andHigo}, for example, and complete the
cue(partial design experiengesing the focused con-
cept from an activated experience selected for the cur-
rent memory construction;

o Gg,,,: ground experienc&,q;

e P,: cycle the memory system according to another cue,
say,{Vdgo, Higo, andHiyo} (representing a new situation
whereHJy,andHy,are new focused concepts avifi,
is a new exogenous variabknd complete the cue using

The following simplified memory construction steps are
used in each experiment:

e creation of partial design experience as a cue to the
memory system;

e cueing of memory system;

e cycling of memory system to obtain activations of
related experiences;

¢ selection of a candidate experience;

e construction of new experience by completing the par

tial design experience according to the selected expe- 2Sensation, perception, derivation, and p_er_formance of actiqns are not
. . d demonstrated here, because they are not within the scope of this research.
rnence; an The results of these processes are created manually and embedded into the

o grounding of the relevant experience. system.
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the focused concept from an activated experience
selected for the current memory construction;

e Gg,,,: ground experiencg,qo again;

e P;: cycle the memory system according to the cue:
{V400, Hioo, andHoo} (representing the same situation
encountered latérand complete the cue using the
focused concept from an activated experience selected
for the current memory construction.

Only one activated experience is selected for use in one
memory construction based on a single cue. The selected
experience is also assumed to be applicable to the current
situation. A memory system may respond with more than
one experience, but only one experience is arbitrarily
selected here to illustrate the required operating mode and
response.

The results from each experimefgee Fig. 9 for an
example are illustrated in the simplified form of Figure 1.
Only elements relevant to illustrate the effects of ground-
ing are included. Each figuréFigs. 9-19 illustrates
the internal states of the memory system through the
display of positive activation valuefabeled y within
brackets in the figurgsof various instance noddfabeled
E, in the figures within the extended IAC network.
An experience above an instance node laltg)) corre-
sponds to an instance node within the extended IAC
network.

4.2. Common response via different operating
modes

The first set of experimentsExperiments 1-Bdemon-
strates the different operating modes of separate memory
systems due to the grounding of different experiences. All
the memory systems start off the same and produce the
same response in the same situation later although the inter-
nal mechanisms of these systems operate differently.

The following cases are considered:

o different operating modes of separate memory systems
in the same situation due to the grounding of different
activated experiencd&xperiments 1 and)2and

o different operating modes of separate memory systems
in the same situation due to the grounding of different
activated experiences across a different situdtiper-
iment 3.

4.2.1. Different operating modes in the same situation

The purpose of Experiments 1 and 2 is to highlight the
effects of grounding different experiences on the operating
modes of separate memory syste(mssiding in different
agents in a common situation. Two experiments that pro-
duce the same response are performed to illustrate the inter-
nal changes within different memory systems before the
threshold that produces a different response is crossed. The
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Change in activation value due to grounding

Associated memory construction label (z is any integer)

Label for experience Ex with activation value y
(x is any integer and y is any real number)

Fig. 9. Different states of the memory system for Experiment 1, Run 1.
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Fig. 10. Different states of the memory system for Experiment 1, Run 2.

two experiments, each with two runs of memory construc- e Experiment 2:

tions, are

e Experiment 1:

e Run 1:Py;

e Run 2:P1 o GE801_> Pl'

0 O

E 1 E801

cueing based on
{Vi oy, Hiyand H}

i

i

i R

il '

i :
il :
|_ ]
i
i
T
i

Ii : ]

oid &6 o

E811 |I E821 E801 E E

E(O.S%O)(0.000)(0.000) 11(0.845) (0.845) (0.845) (0.839)

i Memory State 0 II Memory State 1

P Wy

il P i

e Run 1.Py;
[ ) Run 2P3 — GEl e Pl

whereP; has a cue based div}o;, Hi, andHI}, P, has a

cue based ofVjy,, Hi, andH!}, andP; has a cue based on
{Vios, Hi, andH{}. The first run in each experiment repre-
sents a common memory system used in both experiments.
The effects of groundinBgy; andE, on the operating modes

of separate memory systems in the same situation are illus-
trated. Among these memory systems,

e the same response within the same situation is indi-
cated by the same experience being activated with the
maximum activation value when their respective agents
encounter the same situation;

o different operating modes are indicated by different
maximum activation value6n terms of their magni-
tudes of the common respongexperiencgfrom each
system when their respective agents encounter the same
situation; and

¢ the same situation encountered by their respective agents
are indicated by the use of the same cue.

Experiment 1.Figures 9 and 10 illustrate the internal
states of two memory systems based on the R(®, Land
2 (P, — Gg,,, — Py) of Experiment 1. The response of each
system within a common situatiaimodeled byP; at the
end of each runis the samg Egy; having the maximum
activation valug but each memory system operates differ-

Fig. 11. Different states of the memory system for Experiment 2, Run 1€Ntly to arrive at this response. This is indicated by the
and Experiment 4, Run 1.
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Fig. 13. Different states of the memory system for Experiment 3, Run 1. Memory State 4 is repeated in the bottom row to show the

continuation from the top.

Run 1, Memory State 1, Fig. 9; and 0.849 at the end of RurAlthough both agents start off with the same set of experi-

2, Memory State 4, Fig. J0within the two memory sys-

ences(Fig. 8), the second agertwvith history modeled by

tems. The difference in value is significant. The increase irExperiment 1, Run Plearned about the usefulness of expe-
activation is due to the additional grounding of experiencerience Ego;. This exposure to the use &gy, causes its
Ego1 thus increasing its likelihood of usage within the cor- memory system to respond wil, at a higher activation

responding memory system.

Discussion of results: Experiment The two runs of the

value when both agents are placed in the same situation

later.
When interpreted within the domain of DFA, the behav-

experiment illustrate the memory construction histories ofiors of the two agents can be interpreted as follows: both
two separate agents through a series of memory stateagents start off with the same set of experiences that deals
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Fig. 15. Memory States 5-7 of the system for Experiment 3, Run 2. Memory State 5 is repeated in the top row to show the

continuation from the previous diagraiRig. 14), and Memory State 6 is repeated in the bottom row to show the continuation from
the top row of the current figure.

with redesigning according to DFA. Before being put into periences that uses integrated snap-fit assemblies for bet-
the same situation, the second agent encounters an extéer performance in Figure 8. The initial guideline modeled
nal structure(Vyy,) that it tries to redesign according to by Hi andHJ is also modeled byi,, and Hiyo, but the

a DFA guideline that proposes the use of a snap-fit assematter case is given preferendeonstructive learning
bly (Hi andH{). This agent creates a partial design expe-allows a new focused concept to model a DFA guideline in
rience E;o, according to these parametdiéy,, Hi, and  place of another focused concept used previously, how-
Hi}, and uses it as a cue for memory construciivfem-  ever, this part of the research is not within the scope of
ory State 1, Fig. 1D The memory system responds with this pape). Through the selection dEgy,, the agent con-

an experiencesgy, that proposes the use of an integratedstructs the required memory and restructures itself and the
snap-fit assembly(Hio, and Hiy). This preference for environment for the application of the integrated snap-fit
integrated snap-fit is caused by a larger number of exassembly.

https://doi.org/10.1017/50890060404040120 Published online by Cambridge University Press


https://doi.org/10.1017/S0890060404040120

188 P.-S. Liew and J.S. Gero

cueing based on

{Vi,,,, Hyand H';}
e 1 e e T _I
[ i f i
[ i f i
| he |I |
| i i
! i f i
I = Il 1
| I I :
! i : i
! h [
| i |
i f i
! h i
! h i
i I
O O O i O O O o :
| : I
i E821 E801 E E E801 E811 E1 |I E821 EBO1 EBH E1 E112 |I E821 E801 E811 E1 E I
[(0.000)(0.000) (0. 000) (o 845) (0.845) (0.845) (0.839); {(0.845) (0.845) (0.845) (0.839) (0.000);!(0.000) (0.000) (0.000) (0.000) (0. 000)
| : I i
Memory State 0 ! Memory State 1 Memory State 2 Memory State 3 '

|_Memory State 0 _ p . MemoyStatet
cueing based on
{Via, Hyand Hj}

i i
i i
i i
i i
i ii
i i
i s
:i : H i
! i H
i B !
3 I 1
i ag |
3 1 1
i 22 |
H I :
i !
! | I H
i |
o 0 O i |
| I 1
H He |
: i B
i !
: E821 E801 E811 E1 E112 H E821 E801 E811 E1 E112 I E821 E801 E811 E1 E112 E11i3
(0.000) (0.000) (0.000) (0.000) (0.000 |I(o 843) (0.843) (0.843) (0.843) (0.780); {0.843) (0.843) (0.843) (0.843) (0.780) (0. 000)
| H
; Memory State 3 Memory State 4 ' ' Memory State 5 i
cueing based on
{Viior, Hyand H}
| I | Pl
3 e |: I
i i it |
! i l |
! i i ] : i
g ; i 1 : i
i h i U8 ! J
E H '\‘ I I i I / )
! ! \ ) il H i
! \ :: : ; :
¢i> ': \ :|:> # ! 1
: H \ 3 ! H ;
P v b :
i :. \'\ I I I I '.' RN I
L : i ® T N
i N b o o
i Y . oo
y g3 i: A ) P
10O O O | O é? io O O | 0 0:iO0 O O o O;
H | i : H
i 1 , it i
it i i
I E821 EBO1 E E E112 E113 | E821 E801 811 E E112 E113 | EB21 E801 E1 E112 E113 :
10.843) (0.843) (0. 843) (0. 843)(0 760) (0.000) { i(o 000) (0.000) (0.000) (0. 000) (0.000) (0. oooi (0.841)(0.841) (0. 841) (0.846) (0.776) (0.776)!
: i
! Memory State 5 ! [ Memory State 6 i ! Memory State 7 |

Fig. 16. Different states of the memory system for Experiment 4, Run 2. Memory States 3 and 5 are repeated in the bottom row to

show the continuation from the top row.
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Fig. 18. Memory States 0—6 of the system for Experiment 5, Run 2. Memory State 3 is repeated in the bottom row to show the continuation from the top
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The selected experiend&gy,) is grounded Memory  agent creates a partial design experieBgg according to
States 2 and 3, Fig. 10This makes the likelihood of respond- these paramete{¥;,,, Hi, andH!}, and uses it as a cue for
ing with the integrated snap-fit assembly even more likely inmemory constructio@Memory State 1, Fig. 12 The mem-
subsequent memory constructions. This higher probabilitpry system responds with an experieritg, that proposes
of usage is demonstrated when both agents are exposedttte use of an integrated snap-fit assemiyo, andHZoo).
the same situation later. Both memory systems are cued withihe proposed integrated snap-fit assembly is not used this
the same partial design experierteR, (Memory State 1, time. The system is forced to use the snap-fit assembly
Fig. 9, and Memory State 4, Fig. 10and each responded based orE; in the current situation. This may be due to a
with Egp1 (the use of an integrated snap-fitassemtilyough ~ change of conditions that renders the production cost of an
different emphasis to reflect its previous usage within eachintegrated snap-fit assembly to be higher and thus a snap-fit
system. assembly is preferred. Through the selection of this experi-

The difference in operating modes caused by groundingnce, the agent constructs the required memory and restruc-
gives different agents the potential to behave differentlytures itself and the environment for the application of the
within the same situation according to what they have learnednap-fit assembly.
to be useful. The increase in activation value of a grounded The selected; is grounded Memory States 2 and 3,
experience in subsequent operations of its correspondingig. 12). This makes the likelihood of responding with the
memory system is indicative of the possibility that the snap-fit assembly even more likely in subsequent memory
response of the system can be altered if sufficient groundeonstructions. This higher probability of usage is demon-
ing is provided. In terms of DFA, this means that it is pos-strated when both agents are exposed to the same situation
sible to change the proposed use of an integrated snap-fiater. Both memory systems are cued with the same partial
assembly to that of a snap-fit assembdg the response of design experiendg;y; (Memory State 1, Fig. 11, and Mem-
the systemif an experience containing the snap-fit assem-ory State 4, Fig. 12 Although the second memaory system
bly (E;) is given sufficient grounding. This hypothesis is responds with the same suggestion of using the integrated
based on the increase in activation valuegegd; due to its ~ snap-fitassembly, this time itis given less emphasis, as indi-
grounding. IfE; is given enough grounding, it is postulated cated by the decrease of activationE, (from 0.845 in
that its activation value will be elevated to such an extentRun 1, Memory State 1, Fig. 11 to 0.843 in Run 2, Memory
that the system responds wij instead ofEgy;. The next  State 4, Fig. 12 The activation of; has increaseffrom
experiment illustrates the boundary condition just before0.839in Run 1to 0.843 in Run Aue to its previous ground-
this happens. ing. When the second memory system of both Experiments 1
and 2 are compared, the final activatiorgd, is also observed
to decreaséfrom 0.849 in Experiment 1, Run 2, Memory
State 4, Fig. 10, to 0.843 in Experiment 2, Run 2, Memory
State 4, Fig. 12 This is indicative of the change within the
two memory systems due to the learning of different
experiences.

Experiment 2.Figures 11 and 12 illustrate the internal
states of two memory systems based on rutiB;) and 2
(P; = Gg, — P,) of Experiment 2. This time experienég
is grounded in the second memory systénith history
modeled by Experiment 2, Run.ZThe response of each

system within a common situatiomodeled by, at the The behavior of the second memory system in this exper-

end of each runis the same Eqo, having the same maxi- ;i starting to confirm the hypothesis stated in Exper-
mum activation valugbut each memory system operates.

differently to arrive at this response. This is indicated b iment 1 that it is possible to alter the response of the system
ently o b : Yif sufficient grounding is provided. The activation value of
the different activation valges a5, (0.845 at the end of f’my activatedE, can be increased through subsequent
232 ; mzmg:y 2:2:2 ‘11 E:g i;m;:g &'Siiv:tn:zsngrnd 0grounding to enable it to gain maximum activation and to
’ y » F1g. LAVITIT Y alter the response of the system in the same situation sub-
systems. The decrease in activation is due to the groundlngequently This alteration of response is demonstrated in
of experienceE;, which causes its likelihood of usage to )

increase within the corresponding memory system. Experiment 4.

Discussion of results: Experiment lthough both agents  4.2.2. Different operating modes across different
start off with the same set of experiences, the second agefttuations
learned about the usefulness of experieBgeThis expo- The purpose of Experiment 3 is to highlight the effects
sure to the use dE; causes its memory system to increaseof grounding on the operating modes of separate memory
the activation value oE; when both agents are placed in systems(residing in different agentsn a common situa-
the same situation later. tion through the grounding of different experiences across
In terms of DFA, both agents start off with the same seta different situation. The emphasis is on showing the dif-
of experiences. Before being put into the same situationferent operating modes of separate memory systems caused
the second agent encounters an external strudivfg) by the learning of a different experience in another situa-
that it tries to redesign according to a DFA guideline thattion. The experiment is performed without crossing the
proposes the use of a snap-fit assemtly andH}). This  threshold of response change, to produce similar responses
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to illustrate the internal changes within each memory sys4.3. Different responses via different operating
tem. One experiment with two runs of memory construc- modes

tion is considered. . .
ont ! The second set of experimeri&xperiments 4 and)xdem-

onstrates the different outputs produced by separate mem-

e Experiment 3: ory systems due to the amount of grounding. All memory
e Run 1:P; — Gg,,, & Ps = Gg,,, = Ps; systems start off the same but produce different responses
e Run 2:P, — Gg,, > P; = Gg,,, — P, in the same situation later.

4.3.1. Different responses in the same situation

The purpose of the Experiments 4 and 5 is to demon-
strate that with enough grounding, a memory system can be
forced to respond with another activated experience when
he threshold for response change has been reached. This

ehavior is important to situate the operations of the mem-
ory system according to the current interactions with the

Experiment 3.Figures 13, 14, and 15 illustrate the inter- environment. Two experiments, each with two runs of mem-
nal states of two memory systems based on R(R,1— ory constructions are considered:

Geqy, = Ps = Gg,,, = Ps), and Run AP, — Gg,,, > P; —
Gg,,, — Ps) of Experiment 3. The response of each system o Experiment 4:
within a common situatioimodeled byPg at the end of 5.

. . ° . e Run 1:Py;
each runis the saméEgy, having the maximum activation o RUN 2:Pe— Ge. — Prn—s Ge. —5 P
value but each memory system operates differently to arrive o B 77710 B7TL
at this response. This is indicated by the reduced activation
value ofEgg; (from 0.853 at the end of the first run, Mem-
ory State 7, Fig. 13, to 0.846 at the end of the second run, ¢ Run 1:Py; — Gg, — Pyy;
Memory State 7, Fig. D5within the second memory system e Run2:P;; — Gg, = P13 — Gg, > Pia— Gg, = Pr2
(modeled by the second rudue to the grounding dgo, in _ _
another situation. AEq, is grounded, all other experiences whereP, has cue based diVio;, Hi, andH{}, Py has a cue
within the system are subjected to a decay process. Theased or{Viy,, Hi, andHi}, Py, has a cue based dN/s3,
effect of grounding that occurs previouslg,,,) is re-  Hi, andH{}, P1; has cues based dWi14, Hi, andH{}, Pi,
duced. The increase of activation value due to groundindias cues based 0iVi;s, Hioo, and Hiol, P13 has a cue
within the memory system is not permanent. When an expebased on{Vi;7, Hi, andH{}, andPy, has a cue based on
rience(Egoy) iS not used in subsequent memory construc<{Viig, Hi, andH}.
tions, the effect of its previous grounding will eventually ~ The effects of groundin§; repeatedly on the responses
wear off. The memory system’s mode of operation changesf separate memory systems in the same situation are illus-
to reflect the effect of “use it or lose it” as a result of ground- trated. The suppression of the original respoBgg by E;
ing another experience in a different situation. is also demonstrated. Among these memory systems,

where P, and Ps have cues based diVys, Hi, and Hi}
and{Vio7, Hi, andHI}, respectively;Ps has a cue based
on {Vios, Hi, andH!{}; and P; has a cue based diVyg,
Hio., andH{o.}. The effects of groundingg, in a totally
unrelated situation on the operating mode of a memor
system in the same situation are illustrated.

e Experiment 5:

Discussion of results: Experiment Jhis experiment
shows that what an agent has found to be useful is subjected
to its continual usage. If the usefulness of an experience
(Ego1) is not reinforced in subsequent situations, its ele-
vated emphasis due to a previous utility will eventually
wear off.

In terms of DFA, this means that the increase in emphasis
on the use of a snap-fit assembly based on grounding alone
(Experiment 2is not permanent. Only through the increase
in the number of new experiences created with more use of
snap-fit assemblies in subsequent situations will the empha- ¢
sis on the use of the snap-fit assembly be permanent. How-
ever, the effect of these new experiences cannot be seenExperiment 4.Figure 11(reusing the results from Exper-
immediately until a sufficient number of them have beeniment 2, Run }, and Figure 16 illustrate the internal states
created. This effect due to the number of experiences can & two memory systems based on Run@l) and 2(Py —
seen in Experiments 1 and 2 where a memory systen®g, — P;g— Gg, — P;) of Experiment 4. The response of
responds with an integrated snap-fit assembly when it ishe second systerfmodeled by Experiment 4, Run &
cued with a snap-fit assembly initially. different from that of the first systerfmodeled by Experi-

o different responses within the same situation is indi-
cated by different experiences being activated with the
maximum activation value when their respective agents
encounter the same situation;

o different operating modes are indicated by different

maximum activation value§n terms of their magni-

tudes of a common activated experience from each
system when their respective agents encounter the same
situation; and

the same situation encountered by their respective agents

are indicated by the use of the same cue.
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ment 4, Run lin the same situatiofmodeled byP; at the  over Egy; with a value of 0.843 when exposed to the same
end of each run Due to its repeated used Bf, the same final situation as that of the first agefivlemory State 10,
memory system used in the second agent has changed Fgg. 19.

response fronkgy, to E;. Its activation value ofgy; has
decreased from 0.84@Bviemory State 1, Fig. 1)6to 0.843
(Memory State 4, Fig. 16and finally to 0.841(Memory

Discussion of results: Experiment &rom this experi-
ment, it can be seen that the response change of a memory
State 7. Fig. 15 while the activation value of, has system dueFo grounding is observaple even when the mem-
increased from 0.839 to 0.843 and finally to 0.846. oriy systemf is subsequently cued with a focused concepts

Hgoo and Hggo. These concept&s cues would normally

Discussion of results: Experiment Zhis experimentcon- give greater emphasis sy, because they are part of the
firms the hypothesis that it is possible to alter the responsexperience. However, the influence of groundihgepeat-
of a memory system if sufficient grounding is provides asedly is so strong that a memory system can be made to
postulated in Experiment 1. Although both agents start offespond withE; (Experiment 5, Run 2, Memory State 10,
with the same set of experiences, the second agent learn&ily. 19 instead ofEgy, as it would have normallyExper-
about the usefulness & repeatedly. This exposure to the iment 5, Run 1, Memory State 4, Fig. 17
use ofE; causes its memory system to change its response In terms of DFA, the repeated use of snap-fit assemblies
when both agent are placed in the same situation. In term@s proposed througB;) by a agent, via its interactions
of DFA, as the snap-fit assembly is repeatedly used, thevith the environment, has the effect of forcing the use of a
groundings of theée; has effectively altered the suggested snap-fit assembly over the use of an integrated snap-fit
use of an integrated snap-fit assemblio, and Hiqg in assembly as proposed initially by the system. This effect is
Ego1) to a snap-fit assemblfHioo andHEqo in Ey). also evident when its memory system is cued according to

This change of response within the memory system impliesin integrated snap-fit assembly. This behavior highlights
that even though an agent may have learned of the usefulhe strong influence of repeated groundings on the response
ness of an integrated snap-fit assembly in previous situaef the system. Without grounding, the cue based on the
tions, the use of this learned usage is not absolute, as it istegrated snap-fit assembly would normally produce a
subjected to the current interactions between the agent amdsponse that uses an integrated snap-fit asserfhly,
the environment. The application of knowledffecused (Memory State 4, Fig. 1)7 With the repeated grounding of
concepts is situated. Situations may exist that render theE,, the response from the system is altered to one that pro-
use of the integrated snap-fit assembly infeasible, and thegmses the use of the snap-fit assembly.
situations will cause the system to respond differently in
other similar situations. The system updates what it had
learned previously according the most recent interactiong.4. Summary of results
with the environment.

The experiments described in this paper demonstrate the
effects of different amounts and types of grounding on the
operating modes, and consequently, the responses of sepa-
rate memory systems. This, in turn, illustrates the situated
behaviors of agents containing these systems based on the
'thiIity (grounding through usagaspect of situatedness in
designing. Two agents based on two separate memory sys-
tems were used as vehicles to demonstrate the following:

Experiment 5.Figures 17, 18, and 19 illustrate the inter-
nal states of two memory systems based on R¢R;1 —
Gg, — P12) and Run 2AP;; — Gg, = P13 — Gg, » Py —
Gg, — P1p) of Experiment 5. The situation at the final mem-
ory construction stage is deliberately chosen to highligh
the influence of grounding in settings that would normally
cause a memory system to behave differently.

After the first memory systentmodeled by Experi-
ment 5, Run 1 has learned of the usefulnessif, E; is
grounded instead dig, (the activated experience with the
maximum activatiop This grounding is attempting to change ory system to operate differently in the same situation
the subsequent response of the memory system Egaio (Experiments 1 and)2
E.. However, the effect of this grounding is not strong 2. the increased emphasis of a grounded experience is
enough. When the memory system is cued with, and temporary and is subjected to decay as other experi-
Hioo (contained withinEgy,) in the final situation(Py,), it ences are groundddxperiment 3;
responds withEgy; with a value of 0.847 oveE; with a 3. with enough grounding, a memory system can be made
value of 0.840 Memory State 1, Fig. 17 to change its response according to what it has learned

The second memory systefmodeled by Experiment 5, frequently in recent time6Experiment 4; and
Run 2 undergoes three consecutive groundings of experi- 4. the influence of multiple grounding is strong enough
enceE;. This grounding changes the subsequent response  to alter the response of a memory system in situations

1. the grounding of different experiences causes a mem-

of the memory system frorgg, to E; (containingH! and
HI). The system responds witg, with a value of 0.847
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These behaviors of a memory system imply that the usef the agent. This expectation is derived from the goal of
of design experience and knowledge is highly dependent othe agent. The expectation dictates what is to be focused
what has been learned recently and frequently through thepon, and the way the environment is to be interpreted for
interactions between the agent and the environment. Whahe agent to perform its task according to its goal. The
was termed useful or “better” in the past is not absolute butlifferent interpretations of the environment are effected by
varies according to most current interactions with thebiasing sensation, perception, and conception.
environment. Interpretation of the current situation starts when an acti-
vated experience is selected for memory construction. This
experience provides an interpretation of a previous situa-
tion consisting of an interpretation of a previous environ-
ment, and an interpretation of a related experience or
The model of constructive memory operates within a frameknowledge. The interpretation of the previous environment
work that is based on the idea of situatedness. This framgsrovides the basis for interpreting the current environment.
work is the key element that sets the constructive memoryrhe interpretation of the current environment resulting from
system apart from other experiential-based design systentkis interpretation, in turn, determines the way the selected
such as case-based desi@BD) systems(Maher et al., experience is to be interpreted according to the current inter-
1995, memory reconstructions systéiumar & Raphael, action. This new interpretation determines yet another new
2001, and design systems based on dynamic mert\fil interpretation of the environment in a recursive manner.
liams, 1995. Both the environment and the experience are interpreted
through the lens of the current interaction in this recursive
fashion. The recursion behavior is resolved when the inter-
pretations of the environment or experience remain the same
The notion of situatedness encompasses the fundamentafter a complete cycle of interpretations: interpretation of
ideas ofinteraction memory constructiorandinterpreta-  the environment or experience followed by an interpreta-
tion. Interaction provides the basis for memory construc-tion of the experience or environment. A constructed mem-
tion. Memory construction facilitates interpretations of theory provides the interpretation of the environment and the
environment and interpretations of existing experiencesnterpretation of a relevant experience within a single cohe-
according to the current situation. Based on this these intesive structure. When a memory has been successfully con-
pretations, constructive learning occurs to facilitate the derstructed, a coherent interpretation of both the environment
ivation and performance of actions for the fulfilment of an and the relevant experience is created and the recursive
agent’s goals. behavior is resolved. The experiences contained within a

Interaction implies that the contents of a memory systemmemory system play an important role during interpreta-
are not encoded priori and indexed for use later, but rather, tion. Each experience processed by an agent provides a
the knowledge and experiences are developed through intedifferent starting point for the recursive interpretations of
actions with the environment. The development of thesehe current situation that result in different memories being
contents entails the construction of memories about relatedonstructed.
past experiences according to the prevailing situation. Through successful interpretations of the environment

Memory construction provides the basis for interpreta-and a relevant experience selected for memory construc-
tion. A constructed memory defines the interpretation of ation, constructive learning occurs. Three cases of success-
relevant experience and the interpretation of the environful interpretations are possible:
ment in light of the current interactions between the agent
and the environment. The experiences processed by the sys-1. successful interpretations according to a past interpre-
tem are interpreted through a “filter” defined by the present tation modeled by the selected experiefirgerpre-
situation. A past experience is not “copied” into the present, tation I);
but rather, it is interpreted according to the current situa- 2. successful interpretations through an external process
tion. This interpretation situates the relevant experience that reinterprets the environment according to a trans-
through the current environment so that it is not necessary  formed experience derived from the selected experi-

5. COMPARISON WITH OTHER
EXPERIENTIAL-BASED DESIGN SYSTEMS

5.1. Framework for memory construction

to encode all possible forms of related knowledgeriori. ence(Reinterpretation I, and

A new interpretation of an experience is produced by every 3. successful interpretations through a reconfiguration
constructed memory of that experience. This new interpre- of the memory system that reinterprets the selected
tation is added to the experien@ehen the constructed mem- experience according to elements from the environ-
ory is incorporated into the system as a new experignce ment(Reinterpretation)l.

and is available to be interpreted later as if it were part of
the original experience. A constructed memory also inter- In the case of Interpretation I, the current environment is
prets the environment according to the current expectatiomterpreted according to the selected experience without any
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further processing. In the case of Reinterpretation Il, then a form totally different from that of the activated expe-
environment cannot be interpreted according to the interrience. This interpretation mechanism allows related “cases”
pretation of a previous environment provided by the selectetb be constructed “on the fly” as required by the current
experience. An external process based on analogy is useds$duation without the need to enumerate all possible “cases”
transform the selected experience into a form suitable foa priori.

reinterpreting the current environment. In the case of Reinter- During case adaptation, the differences between the con-
pretation I, the environment provides the structure necestents of the retrieved case and the current situation deter-
sary for reinterpreting existing experiences. This occurs whemine the type and amount of modification that is to be
structures from the environment have better performancenade to the elements within the case. The adaptation pro-
than those contained within the selected experience in terness is trying to “pull” the case toward the current situa-
of the agent’s goal. tion presented by the environment to solve the current

After the successful interpretation of the environmentproblem according to past experiences. The view of the
and experience, the actions that were performed previouslgnvironment is in no way affected by the adaptation pro-
are transformed into a suitable form for the current situacess. A constructed memory, however, provides the neces-
tion and effected into the environment, as external actionssary mechanisms that allow the environment to be
or to the agent, as internal actions, to perform the necessaigterpreted. This interpretation of the environment pro-
task according to the current goal of the agent. vides the basis for the interpretation of the activated expe-
rience, which in turn, affects the way the environment is
interpreted again. This feedback loop causes the two inter-
pretations to occur recursively until a common interpreta-
CBD is a form of analogic reasoning that uses previoudion is reached after a complete cycle of environment and
design episodes to generate new desifaher etal., 1996  experience interpretations.

The episodes are usually represented as a repository of designThe CBD system implicitly assumes that the case con-
cases. These cases are recalled during designing to provitiined within the system will provide a better solution for
the bases upon which solutions are created. The fundamethe current design problem. During adaptation, the contents
tal processes that are involved in using case-based reasoof- the retrieved case are transformed into a form that is
ing for designing are suitable to solve the current design problem. The use of a
case is not situated, as its superior performance is assumed.

o case recall where relevant cases are retrieved from thie a constructive memory model of designing, this assump-

case repository; and tion is challenged as existing experiences are reinterpreted

e case adaptation where the selected case is modified ia view of the current situation when the constructed mem-

produce a solution according to the current situation. ory provides the mechanisms for interpreting the activated
design experiences.

The operations of case adaptation are very similar to those It is possible to embed the process of interaction, mem-
of memory construction described in this paper. Both pro-ory construction, and interpretation into a CBD system by
cess uses an analogic process that matches and subsequestigtching the definitions of case indexing, case retrieval, or
maps structures from the environment to those containedase adaptation to produce the same results as those deter-
within the system and both learn through the application oimined through a memory construction process. It should be
old experiences in new situations. There are, however, funpossible to change the operations of a CBD system to con-
damental differences between the two approaches to desigform to the framework dictated by the situatedness in design-
ing based on the different frameworks within which theying. However, the resulting CBD system is nothing but an
operate. implementation of the concepts of constructive memory

Case retrieval within a CBD system is based on patterrdescribed here. This paper is concerned with the concepts
matching between specific features from the environmenassociated to the computational model of a constructive
and indices contained within the design caddsaher etal., memory system. These concepts are implemented in terms
1995. A related case is retrieved from the case memonyf an extended neural network. There is nothing inherent
without modification according to these indices. A con-within the computational model that prevents the same ideas
structed memory, on the other hand, is constructed accordrom being implemented in a CBD system.
ing to the interpretation of a related design experience that
is gctlvgted by cues creatgd fro_m the qurrent S|tuf';1.t|on6_ CONCLUSION
This activated experience is retrieved without modifica-
tion from the memory system to provide a starting pointThe notion of memory involves a dynamic construction
for memory construction. During construction, this retrievedprocess. Memory is not a static imprint to be stored in a
experience is interpreted according to the current situaspecific location and retrieved for use later. The memory
tion. The final form of the constructed memory may appearconstruction processes are not predefined but are influ-

5.2. CBD systems
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