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Abstract

In experience-based (or case-based) reason-
ing, new problems are solved by retrieving
and adapting the solutions to similar prob-
lems encountered in the past. An impor-
tant issue in experience-based reasoning is
to identify different types of knowledge and
reasoning useful for different classes of case-
adaptation tasks. In this paper, we examine
a class of non-routine case-adaptation tasks
that involve patterned insertions of new ele-
ments in old solutions. We describe a model-
based method for solving this task in the con-
text of the design of physical devices. The
method uses knowledge of generic teleologi-
cal mechanisms (GTMs) such as cascading.
Old designs are adapted to meet new func-
tional specifications by accessing and instan-
tiating the appropriate GTM. The Kritik2
system evaluates the computational feasibil-
ity and sufficiency of this method for design
adaptation.

Overview

In experience-based (or case-based) reasoning,
new problems are solved by retrieving and adapt-
ing solutions of similar problems encountered in
the past. Once a new solution is created, it can
be stored in memory for potential reuse in future.
Much of previous work on modeling experience-
based reasoning uses simple modification opera-
tors and rules for “tweaking” the solution in the
retrieved case (Alterman 1988; Ashley & Riss-
land 1988; Hammond 1989; Kolodner & Simpson
1989). These methods are often sufficient for rou-
tine case-adaptation where the needed modifica-
tions involve changing the parameter of an ele-
ment in the old solution or substituting one solu-
tion element by a similar one. Many adaptation
tasks, however, appear to require modifications
that go beyond parameter changes or component
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substitutions. Case adaptation in innovative de-
sign, for example, often involves insertion of new
components in old designs.

Reasoning about insertions of new components
in a design structure can be very complex. This
is because the insertion of a new component can
potentially have a non-local impact on the func-
tionality of the design. A general, computation-
ally feasible and cognitively plausible model for
this type of reasoning is not yet known. Never-
theless, it seems reasonable to assume that (hu-
man) designers use additional knowledge to con-
strain their reasoning about design modifications,
and thus manage the complexity of the task. An
important and open research issue in modeling
experience-based reasoning, then, is to identify
additional types of knowledge useful for different
classes of case-adaptation tasks and to develop
process models of their usage.

Informal observations of designers have led
us to hypothesize that (i) one class of case-
adaptation tasks is characterized by insertion of
specific patterns of componenis into the struc-
ture of the design retrieved from the case mem-
ory, and (ii) the insertion of these patterns is
based on knowledge of generic teleological mech-
anisms. Examples of generic teleological mecha-
nisms (GTMs) in design include cascading, feed-
back, and feedforward. These mechanisms are
“teleological” in that they result in specific func-
tions. The mechanism of feedback, for example,
takes information about the deviation of the out-
gut of a system from its desired output, feeds it

ack into an input to the system, and this re-
sults in the specific function of reducing the devi-
ation in the output. Also, these mechanisms are
“generic” in that they are device independent.
The feedback mechanism, for example, is inde-
gendent of the specific device in which it might

e instantiated, and in principle can be instanti-
ated in any control system. The instantiation of
such a mechanism in the context of a particular
device leads to a patterned insertion of compo-
nents in the structure of the system. The instan-
tiation of the feedback mechanism in a system,
for example, may result in the insertion of com-
ponents that can measure the deviation of the
system’s output from its desired output, compo-
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Figure 1: Kritik2’s Process Model

nents that can relay this information to an input
to the system, and components that can control
the system input accordingly. This hypothesis
about case adaptation raises a number of issues
concerning the representation, indexing, access,
and use of GTMs. The Kritik2 project inves-
tigates these issues in the context of designing
physical devices such as simple electrical circuits
and heat exchangers.

Process Model

Figure 1 depicts Kritik2’s process model for
experience-based design. Kritik2 takes as input
the specification of a function desired of a new
device F,.,,. In the case-retrieval step, it uses
Fhew as a probe into a functionally indexed case
memory and retrieves the closest matching case.
Each design case in the case memory contains a
pointer to the corresponding device model M4
that specifies how the structure of the known de-
vice Sgq delivers its functions Fyig. In the diag-
nosis step, Kritik2 uses M,4 to generate candi-
date modifications to S,i4 so as to achieve F,.,,.
In the repair step, it uses the difference between
F,ew and F,j4 as a probe into a memory of repair
plans and retrieves the applicable plans. The can-
didate modifications generated by the diagnosis
step are used as a secondary index to discrim-
inate among the applicable plans. Some repair
plans contain pointers to GTMs. If selected, such
a repair plan instantiates the corresponding GTM
in the context of M,;4 and synthesizes the mstan-
tiated GTM with S,14 to produce a candidate de-
sign for achieving Frew.

Case-Specific Device Models

Let us consider as an example the task of de-
signing a Nitric Acid cooler (N ACh.y) to reduce
the temperature of some quantity of Nitric Acid
from some initial temperature T'1 to some final
temperature 72,,.,- Let us also suppose that the
case-retrieval task returns the design and model
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of a Nitric Acid cooler (NAC,i4) which reduces
the temperature of the same quantity of Nitric
Acid from temperature T'1 to temperature 72,4,
where T1 — T2, >> T1 — T244. Clearly,
the desired function of cooling Nitric Acid from
T1 to T24. is similar to but different from the
delivered function of cooling Nitric Acid from
T1 to T204. The difference between the two
functional specifications, which we will denote as
Frew — Foua, lies in the range by which the Nitric
Acid is cooled.

The structure of NAC,i4 is shown in figure
2(a). It consists of a pump that pumps cold wa-
ter into the device, a pipe through which hot Ni-
tric Acid flows in the device, and a heat-exchange
chamber which contains the cold water pumped
into the device and includes the Nitric Acid pipe.
The model for N AC,i4 specifies how the device
works, i.e., how its structure delivers its function
of cooling Nitric Acid from T'1,4 to T244. The
functioning of this device can be informally de-
scribed as follows: Hot Nitric Acid flows through
a pipe, a part of which is enclosed in a heat-
exchange chamber. The chamber contains cold
water that is pumped into the device by a water
pump. Inside this chamber, heat is transferred
from the hot Nitric Acid to the cold water. As a
result of this transfer of heat, the temperature of
out-flowing Nitric Acid is lower than the temper-
ature of in-flowing Nitric Acid; the temperature
of cold water increases correspondingly.

Kritik2 explicitly represents the functions, the
structure and the internal causal behaviors of
the device, where the internal causal behav-
iors specify how the device structure delivers its
functions (Goel 1991). Its behavioral represen-
tation language generalizes the functional rep-
resentation scieme (Sembugamoorthy & Chan-
drasekaran 1986) and grounds it in component-
substance ontology of physical devices (Bylander
& Chandrasekaran 1985). The internal causal
behaviors in this language are represented as
partially ordered sequences of states and state-



stated

USING FUNCTION pump H;0 of H;O-Pump, Behavior,0—pump
QUALITATIVE RELATIONS

H, 0 flow-rate.R2 = {(+ H,0-pump.C

Hy0 flow-rate. R2 = [( H,0 flow-rate.R1)

prop:tem pcratureH param:T3 l

.
statl-ﬁlll’(::pi}]_' sub: H,0

prop:flow H param:RiZl

USING FUNCTION allow H;0O of Heat-Exch
STRUCTURAL RELATION containment of pipe in Heat-Exch
ENABLING-CONDITION transl1-2 of behavior CoolNitricAcid
QUALITATIVE RELATIONS
H;O0.Temperature. T4 = {(4+ H;0.Temperature.T3),
H>0.Temperature. T4 = {(- HNO3.Flow- Rate.Rg,
H;0.Temperature. T4 = f(+ H,0.Flow-Rate.R2

prop:tem peratureH param:T4 I

Y
state7 |loc.p?}-—[ sub: H,0

transb-6
;17 | H;O-pipe
Heat-Exchange
chamber
pl p2 p3 p4
HNOZFpipe H NOj-pipe
H,O-pipe
6 trans6-7
H,;0-pump

Figure 2(a): Structure of NACyq4

transitions. A state is a partial description of
some substance of the device at some particu-
lar point in the device structure. A state transi-
tion describes how the parameters of a substance
change as the substance flows from one point to
another.

Figure 2(b) shows a fragment of an internal
behavior of the Nitric Acid cooler called behav-
ior HeatWater. This behavior describes the flow
of the water through the device. Initially, at
stateb, water has a flow-rate R1, and temper-
ature T3. In state6, the water flow-rate has
increased to R2 due to the functionality of the
water pump. After flowing through the heat-
exchange chamber the water temperature is T4.
The transition trans6-7 is due to the multiple
functions of the heat-exchange chamber, which
allows the flow of the water and also allows the
heat flow between hot Nitric Acid and cold wa-
ter. This transition occurs simultaneously with
trans2-3in the behavior CoolNitricAcid of the
device, where behavior CoolNitricAcid specifies
the state transitions of the Nitric Acid. Each
transition is annotated with enabling conditions
that need to be true in order for the transition
to occur and with qualitative equations that re-
late the state changes. (Goel 1991) provides a
more detailed description of case-specific device
models.

Generic Teleological Mechanisms

Kritik2 posits a memory of GTMs such as cascad-
ing, feedback, and feedforward. The representa-
tion of a GTM encapsulates (i) knowledge about
the difference between the functions of a known
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prop:flow H param:R2 [

Figure 2(b): Behavior HeatWater of the old HNOj cooler, NAC.14

design and a desired design that the mechanism
can help to reduce, and (ii) knowledge about
modifications to the internal causal behaviors of
the known design that are necessary in order to
reduce this difference. A GTM thus associates a
type of functional difference with a type of be-
havioral modification, with the former acting as
an index to the latter.

Figure 3 illustrates Kritik2’s representation of
the cascading mechanism. Figure 3(a) specifies
that the cascading mechanism is applicable when
the known design (Designl) changes the value of
some substance property from valll to vai2l by
some known internal behavior B1, the desired
design (Design2) changes the value of the same
substance property from vall2 to val22 by some
Behavior B2, and |val22 — vall2| is many times
|vai2l — valll|. Figure 3932 illustrates Kritik2’s
representation of the modifications necessary to
reduce the functional difference. It specifies that
Behavior B2 might be achieved by replicating Be-
havior Bl as many times as needed. Since, in gen-
eral, |val22 — vall2| might not be a multiple of
|val21—valll|, Behavior B2 also includes the pos-
sibility of forming a new goal to reduce the func-
tional difference left after replicating B1. Note
that the behavioral model of the cascading mech-
anism is indexed by the functional difference it
can reduce.

Given a specific type of functional difference
between the desired design and the retrieved one,
Kritik2 uses the functional difference to access the
applicable GTM. For example, if the difference
between the desired function and the delivered
function is that the delivered function alters some
substance property by some “small amount” and
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the desired function is the alteration of this prop-
erty by a “large amount”, then this functional
difference can be used to access the GTM for cas-
cading. Once accessed, the GTM can be applied
to the internal causal behaviors of the known de-
sign.

Case Adaptation

Let us now consider how knowledge of the cas-
cading mechanism helps in the task of adapt-
ing the structure of NAC,i4, which reduces the
temperature of the same quantity of Nitric Acid
from temperature T'1 to temperature 1244, to
design NAC,,.,, which can cool the same quan-
tity of Nitric Acid from T1 to T2,.., where
T1 — T2new >>T1 - T20M.

Diagnosis : First, the diagnosis task iden-
tifies the set of structural elements that influ-
ence the substance properties that need to be
changed, and the set of the specific behavioral
state-transitions in which each element plays a
role. In the above example the output of the diag-
nosis task is Seiements = { water-pump.C }, where
C is the capacity of the water pump. If Sciements
contains more than one element, then they can be
ordered heuristically. (Stroulia, Shankar, Goel &
Penberthy 1992) provide a more detailed descrip-
tion of the diagnosis step.

Repair : Next, the repair task instantiates
the cascading mechanism in the context of the
model of the known device. The repair plans in
Kritik2 specify compiled sequences of operations
that need to be performed for repairing a design,
given a specific type of difference desired in its
function. Kritik2 uses the difference Fyew — Fola
as a probe into the memory of repair plans and re-
trieves the applicable plans. The candidate mod-
ifications Sejements are used as a secondary index
to discriminate among the applicable plans. Some
repair plans contain pointers to GTMs. These
plans also contain procedural knowledge of how
to synthesize the behavior of a GTM with the
model of the known device. If a repair plan of

<—i§u b:subll—k)lopl propTI—l param:vall IJ

By Behavior Bl

Y
Isub:sub]HprOp: prop IH param:valll-(vall2-val22) ]

By Behavior B2 l
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Form New Goal
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Figure 3(b): Behavior Modification that Cascading
suggests

this type is selected, Kritik2 retrieves the appro-
priate GTM, instantiates it in the context of the
model of old device, and synthesizes the behavior
of the GTM with the model.

For our Nitric Acid cooler example, Kritik2
uses the type of functional difference between the
desired and the retrieved designs as an index into
the repair plan memory, and selects the repair
plan called the structure-replication plan. This
plan contains a pointer to tﬁe cascading mecha-
nism shown in Figure 3. It synthesizes the behav-
ior of the cascading mechanism with the device
model of NAC,4 in two steps: (i) behavior revi-
sion and (ii) structure revision. First the behavior
By aterpumyp 1s replicated in the internal behavior
HeatWater shown in Figure 2(b) because the wa-
ter pump was the structural element identified by
the diagnosis task.

More specifically, since the water pump plays
a role in trans6-6 of behavior HeatWater, this
transition is replicated to obtain the modified
behavior HeatWater shown in figure 4(a). The
changes in the values of state variables caused by
this are propagated forward throughout the be-
havior. Since the changed values affect another
behavior in the device model, namely, the behav-
ior CoolNitricAcid, the values are propagated
in this behavior as well.

Once the behavior revision is completed, the
structure is revised. Since each state-transition
explicitly specifies the structural elements which
are responsible for the transition, the behavioral
modifications are directly translated into struc-
tural modifications. The structure of the result-
ing design, with multiple water pumps, is shown
in figure 4(b). Kritik2 now evaluates the candi-
date design by qualitatively simulating the case-
specific device model. If the simulation reveals
inconsistencies between the desired functions of
the device and its output behaviors, redesign is
needed.
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stated,

USING FUNCTION pump H20 of H;O-Pump, Behavior g;0-pu™?

QUALITATIVE RELATIONS
H,0 flow-rate.R1’ = fE+H2CJ-pum p.C

trans5;-52H20 flow-rate.R1’ = {( H2O flow-rate.R1), R1’ >> RI

state5s prop:tcmp::ralu;H param: T3 I
loc:pﬁn_H sub: H20
sfate5, prop:flow Hparam:Rl’I

QUALITATIVE RELATIONS
H,O.flow-rate.R2’ = {(+H,O-pump.C
H20 flow-rate.R2’ = {

USING FUNCTION pump H;0 of H;O-Pump, Behaviorj,o-pump

H;0 flow-rate.R1’), R2’ >> R2

trans5,-1-6

prop:temperatu reH pa.ram:T3J

\ I loc:p6 ]——I sub: H, O

state6

prop:flow HFaram:RTl

USING FUNCTION allow H,0O of Heat-Exch

QUALITATIVE RELATIONS

STRUCTURAL RELATION containment of pipe in Heat-Exch
ENABLING-CONDITION trans1-2 of behavior CoolNitricAcid

H,0.Temperature. T4’ = {(+ H,0.Temperature.T3),
H20.Temperature. T4’ = (- HNOa.FlowRa.te.R),
H;O.Temperature. T4’ = f(+ H,;0.Flow-Rate.R2

T2new << T2

| p7| H;0O-pipe

trans6-7

pmp:temperatureH pa:am:Ti’l

W S P

prop:flow Hparam:RTl

Figure 4(a): Revised Behavior HeatWater of the
new H NOj cooler, NACh.w

Evaluation and Analysis

Kritik2 provides a computational testbed for con-
ducting controlled experiments with GTMs and
their use in case adaptation. The case mem-
ory in Kritik2 contains designs of four types of
physical devices: simple heat exchangers of the
type described above, electrical circuits such as
the circuit in a household flashlight, electromag-
netic devices such as the household buzzer, and
complex angular momentum controllers such as
those aboard the Hubble Space Telescope. This
indicates that its component-substance ontology
and behavioral representation language are not
limited to any specific device domain. Kritik2
demonstrates the sufficiency of the scheme for
representing, indexing, accessing, and using the
cascading mechanism in two of these four do-
mains: replication of pumps in heat exchang-
ers and replication of batteries and resistors in
electrical circuits. Again, this indicates that the
method of using GTMs for case adaptation is not
limited to any specific device domain. However,
the present implementation of Kritik2 contains
only the GTM for cascading. We are presently
adding more mechanisms to our library of generic
teleological mechanisms and evaluating them in
more domains.

Ablation experiments with Kritik2, in which
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Figure 4(b): Revised Structure of the
new HNO; cooler, NACneuw

specific types of knowledge and methods of rea-
soning in the system are “lesioned” (Cohen &
Howe 1988), indicate that its process model for
use of GTMs in case adaptation is quite flexi-
ble. In general more than one repair plan in the
plan memory may be applicable for a given case-
adaptation task. For instance, the component-
replacement plan is another repair plan applica-
ble in our Nitric Acid cooler example. If se-
lected, this plan probes the memory of compo-
nents for a water-pump with higher capacity. If
such a water-pump is available, the execution
of this plan results in a simple substitution of
one component (water-pump with a low capac-
ity) by another (water-pump with a higher ca-
pacity). In that case, Kritik2 behaves like most
previous case-based systems, in that it uses com-
ponent replacement to tweak the retrieved design.
If, however, a water-pump with a higher capac-
ity is not available in the component memory, the
component-replacement plan would fail. In this
case, Kritik2 resorts to the use of the structure-
replication plan which instantiates the cascading
mechanism.

Additional ablation experiments with Kritik2
indicate a different kind of flexibility pertaining
to the diagnosis task in the process model. Al-
though the process model includes a diagnosis
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task, the diagnosis step actually is optional. The
method of instantiating GTMs, however, results
in poorer designs if the diagnosis task is not per-
formed. In the Nitric Acid cooler example, for in-
stance, we found that instantiating the cascading
mechanism results in the replication of the water
pump if the diagnosis task is performed, and in
the replication 0? the entire heat exchanger if the
diagnosis task is not performed. The former de-
sign is more parsimonious and hence better than
the latter one. This leads us to conclude that
while the quality of the solution appears to im-
prove when diagnosis task is performed, instanti-
ating GTMs appears to be a useful strategy for
case adaptation whether or not the diagnosis task
is performed.

Related and Further Research

Experience-based reasoning is a model of human
decision making and problem solving (Riesbeck
& Schank 1989). Previous work on experience-
based reasoning has investigated the use of modi-
fication operators and rules for routine case adap-
tation in which the needed modifications involve
changing the parameter of an element in the old
solution or substituting one solution element by
a similar one (Alterman 1988; Ashley & Riss-
land 1988; Hammond 1989; Kolodner & Sim
son 1989). Exploration of more robust methods
of case adaptation based on derivational traces
(Carbonell 1986) and causal models (Goel 1991;
Koton 1988; Sycara & Navinchandra 1989) also
has been largely limited to relatively routine case
adaptation.

Our research on generic teleological mecha-
nisms builds on earlier research on model-based
case adaptation. The Kritik2 system provides a
model of how knowledge of GTMs might com-
plement knowledge of case-specific device models
and help designers to reason about patterned in-
sertions of new components in old designs.

Darden has proposed that scientific theories
can be viewed as devices and theory revision can
be viewed as a design-adaptation task (Darden
1990). In recent personal communication (Dar-
den 1991), she has further conjectured that Kri-
tik2’s use of GTMs for design adaptation might
provide a basis for modeling the formation of
early theories of heredity and genetics. If this is
correct, it would indicate that the use of GTMs
is a very general domain-independent method of
case adaptation. Our current work on GTMs
involves modeling how designers learn GTMs
from specific design cases and use this knowledge
in analogcal reasoning across different domains
(Bhatta & Goel 1992).
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