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ABSTRACT

Tabletop is a computer model of anal ogy-
making that has a nondeterministic parallel
architecture. It is based on the premise that
analogy-making is aby-product of high-level
perception, and it operatesin arestricted ver-
sion of an everyday domain: that of place set-
tingson atable. The domain'ssimplicity helps
clarify the tight link between perception and
analogy-making. In each problem, a table
configuration is given; the user, hypothetical-
ly seated at the table, points at some object.
The program responds by doing "the same
thing", as determined from the opposite side
of the table. Being nondeterministic, Table-
top acts differently when run repeatedly on
any problem. Thus, to understand how diverse
pressures affect the program, one must com-
pile statistics of many runs on many problems.
Tabletop was tested on severa families of
interrelated problems, and a performance
landscape was built up, representing its "likes'
and "didikes'. Through qualitative compari-
sons of thislandscapewith human preferenc-
€s, one can asess the psychological redism
of Tabletop's "tage".

COGNITIVE GENERALITY INA
MICRODOMAIN

Tabletop, a computer model of analogy-
making, is based on the premise that analo-
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gy-making and perception are inseparably
intertwined. The nondeterministic and par-
allel program builds representations of situ-
ations and makes analogiesin afamiliar but
restricted domain: place-settings on a table.
Though simple, the domain brings out gen-
eral issuesin high-level perception and anal-
ogy making.

Imagine Henry and Elizafacing each oth-
er across a table. Henry touches an object
and says, "Do this!" Eliza must respond by
touching some object.. The program plays
the role of Eliza, with selection playing the
role of touching. One obvious possibility
would beto "touch” literally the same object.
This option is aways open,no matter what
the configuration and no matter what Henry
touches. Often, though, there are aspects of
the situation -pressures -that make the liter-
al-sameness option less appealing than touch-
ing some other object. The possibility of any
number of pressures coexisting, and their
often subtle interactions, lend the domain
considerable complexity and depth.

Supposebothindividual shavecoffeecups
before them. Most peoplewould perceivethe
cups ascounterparts. Thus, if Henry touches
his cup, it would seem more natural for Eli-
zato touch her cup than to reach across the
table to touch his. But now suppose the
"counterparthood" isweakened by changing
Elizas cup to aglass (Fig. 6,). Here, dthough
the two objects remain counterparts in terms
of position, their categories no longer match
exactly.

However, as "cup" and "glass' are closdly
related categories, there remain reasons -
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pressures - for Eliza to see her glass and
Henry's cup as counterparts. Chances are
good that Elizawill rank touching her glass
higher than touching his cup. Of course, if
the category mismatch is further increased -
give Eliza afork, not a glass - the sense of
counterpathood will be so diminished that
Elizamay revert to the literal- sameness op-
tion (touching Henry's cup).

Other pressures that might influence
Eliza's choice include: the arrangement,
category membership, and orientations of
objects, etc. Often, perceptua groupings
("chunks"), whose plausibility depends on the
physical and conceptua proximity of theitems
involved, play aroleindeterminingwhat items
Elizais prone to see as counterparts.

Obvioudy, not all possible groupings can
be considered by a person or by a program -
after al, with just adozen aobjects on the ta-
ble, hundreds of potential ways of grouping
them exist; moreover, if smdler chunks are
alowed to be members of large chunks ( a
key feature of human perception, which rou-
tinely builds up such hierarchical representa-
tions), the number is even higher. Of course,
not only efficiency but cognitive plausibility
militates strongly against a computer model
inwhichbrute-force strategies of any sort play
any role. Thusacrucia design philosophy of
the Tabletop program is that it does not rou-
tinely invoke al possible pressures in each
situation; rather, it lets alimited number of
context-dependent pressures emerge as each
Situation is perceptually processed.

PARALLEL EMERGENT
PERCEPTUAL PROCESSES

The central challenge of the Tabletop
project is to model the simultaneous exist-
ence and interaction of multiple pressuresin
ahuman mind perceiving (i.e., building rep-
resentations of) a complex situation. We
stress perception rather than analogy-mak-
ing, since our philosophy is that analogies
emerge automatically as a by-product of high-
level perception (see [Chamers, French, &
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Hofstadter 91}). This idea is at the crux of
Tabletop; we contend that the program
should be judged not only on the accuracy
with which it mimics human performancein
its narrow domain, but aso on its genera
principles, intended to apply to any domain,
irrespective of sze. (In fact, Tabletop's fore-
runner Copycat uses a similar architecture
in adifferent microdomain. See [Mitchell 90|
and [Hofstadter & Mitchell 91}.)

In Tabletop, "high-level perception”
means the concurrent carrying-out of the
followingtasks:

* initial labeling of objects in terms
of basic categories,

» further labeling, on higher levels of
abstraction, of already labeled table
objects.

*  hierachical building up of groups
(tentative perceptua chunks) onthe
basis of:

» physical proximity of component
items (i.e, table objects or aready-
built up groups);

»  conceptua proximity of component
items;

» structural similarity of component
subgroups;

* buildingup ofcorrespondences(links
between two items establishing them
tentatively as each other's counter-
parts) on the basis of:

» corresponding physical positions of
the two items;

e conceptual proximity of the two
items;

» structural similarity of the items (if
they are groups);

» assignment of a time-varying sa-
lience to each perceived item (ob-
ject, group, or correspondence);

* assignment of a time-varying
strength to each perceived corre-
spondence;

* competition among rival perceptu-
a structures, giving rise to a prun-
ing of weaker structures.
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All these tasks are carried out in paraldl.
A key idea of the architecture is that each
type of task isimplemented as a sequence of
small, independent micro-actions. Building
a group, for instance, involves an escalating
series of "microtests"that check the physical
and conceptua distances between prospec-
tive group members. If any such test fails,
the potential group is aborted; if it succeeds,
theway is clear for further tests; if al requi-
site hurdles are cleared, the group gets built
by a specific micro-action.

To carry out all thesetasks requires many
micro-actions, which are interleaved at ran-
dom. For instance, amicrotest checking out
the attractiveness of a potential group on
Eliza's sde might run, followed at random
by amicro-action that proposes attaching an
abstract label to some object on Henry's side,
followed by another microtest that checks
out some other aspect of Elizas potential
group, followed by a micro-action that tests
some aspect of a proposed correspondence
elsawhere, etc. In sum, many different sorts
of small things happen, one after another, at
different places on the table. Through such
interleaving of scattered local micro-actions,
large scale perceptual structures gradually
emerge in all areas of the table. Because al
these processes have mutual influences, the
perceptual structuresthat they build tend to
form conceptually coherent sets.

Tabletop's parallelism thuslies at the task
rather than the micro-action level. The de-
gree of effective paralelism is determined
by the grain of the break-up of tasks into
micro-actions. The finer the grain, the more
evenly will emerge the different perceptual
structures. A totally unbiased sdlection of
micro-actions would result in alll large-scae
tasks getting carried out, on average, at the
same speed - a completely "fair" sharing of
attention over the table. However, such per-
ceptual fairness is far from Tabletop's strat-
egy; rather, Tabletop accel erates avenues of
exploration that offer promise while retard-
ing ones that appear uninteresting. For in-
stance, Tabletop is not equaly likely to in-

spect dl objects on the table; at any given
moment, probabilities biasits choice of what
to look at. Metaphorically speaking, certain
objects and areas of the table are perceptu-
aly "hot" while others are "codl", and these
biases are dynamic: they change as new per-
ceptions are made.

Dynamic biasing isrealized by assigning
eachmicro-actionanurgency - effectivelyits
probability of being chosen. Urgencies are
assigned according to the perceived prom-
ise of a given micro-action. For instance, a
proposed micro-action involving a salient
object would get a higher urgency than one
involving an object of low salience (all other
things being equal). Many factors are taken
into account in urgency assignment: location
on the table, types of items involved,
strengths and/or saliences of objects or cor-
respondences involved, etc. Since micro-ac-
tions having high urgencies tend to be cho-
senswiftly, sequencesof logicaly related high
urgency micro-actionswill tend to be accel-
erated, while sequences of low-urgency mi-
cro-actions will tend to be dowed down. In
this way, different perceptual structures
emergenaturally at different speeds, depend-
ing on the program's best a priori estimate of
theirsignificance.

Since therelative saiences of table items
arecritical in determining what makesare-
gion of thetable "hat", one might ask, "What
makes an item sdient?' Many factors are
involved, including: location relative to the
touched object; conceptual proximity to the
touched object; being a group (as opposed
to a mere object); size of group; physica
position in a group; prior perception of oth-
er objects in the same category; having a
counter part or not; etc. Obviously, some of
these attributes vary over time, so that
saliances dso change, which implies that
various areas of the table become stronger
or weaker probabilistic foci of the program's
attention. Not only saliences of objects but
aso strengths of correspondences play a role
in determining an ared's (probabilistic) per-
ceptua attractiveness, and a similar ligt of
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factors is taken into account in the computa
tion of each correspondence's (dynamically
varying) strength.

Any group can be disbanded and any
correspondence taken down. Often the rea-
son for dismantling a perceptua structure is
the discovery of another structure of com-
parable or greater strength. Thus Tabletop's
perceptual process is a rough-and-tumble
contest among conflicting interpretations
(often just fragmentary), the outcome of
which, inthe end, ishopefully astrong set of
mutually-reinforcing perceptual structures.

Sructurevalueisadynamically varying
number that represents the total strength of
al currently existing perceptua structures.
This number can be considered a measure
of how well the program has so far donein
"making sense" of the scene beforeit; at the
end of arun, structure value can serve as a
"quality measure" of the answer produced by
the program. An important pressure on the
Tabletop is to maximize structure
value;counterbalancing this, however, is a
competing pressure - time pressure - that
pushesfor the program to finish within area
sonable amount of time.

As perceptual structures emerge around
the table, mappings also emerge. Indeed, a
mapping isjust one type of perceptual struc-
ture: afamily of one or more mutually com-
patible (often mutually reinforcing) corre-
spondences. A mapping, needless to say, is
an analogy. The basic premise of Tabletop,
then, isthat analogy-making is a high-level
by-produciof perception. In other words, anal-
ogies represent the highest (most abstract)
level of perception. It would thus not be ex-
aggerated to describe Tabletop as a model
of high-level vision. Of course, therawinput
to Tabletop must be thought of as being the
output of a prior module that carries out
perceptual processing at a lower (and more
modality-specific) level. Tabletop is not a
model of al of vision, but of vision's high
end - the end that interfaces with concepts
at various levels of abstraction.
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Many aspects of Tabletop's architecture
can barely be hinted at herein. ([Freach 92
gives amuch fuller presentation.) In partic-
ular, conceptual proximity isimplementedin
the Slipnet, a network at which each node
represents a concept (strictly, the core of a
concept), and links to other nodes establish
ametric defining conceptual distances. Each
node (conceptual core) has a dynamically
varying "halo" (thefull concept) - a diffuse
region centered on it and probabilisticaly
including nearby nodes. For instance, the
degree to which the node "glass' is at any
moment, included in the halo of "cup" rep-
resents the current likelihood of those two
concepts to be "equated” (the likelihood that
their non-identity will be "forgiven" )in the
act of considering whether a particular cup
and glass deserve being deemed counterparts
(at least tentatively).

TABLETOP'S OVERALL
"PERSONALITY"

[French & Hofstadter 91] present Table-
top's architecture aong with a few runs on
three problems. Though of interest, this af -
forded only alimited perspective onthepro-
gram's behavior. Because of its stochastic
nature, Tabletopfollowsdifferent pathways
on different runs, and thus often comes up
with different answers on different runs.
Therefore, to get a feel for the program's
overadl behavior, one must run it not only on
many different problems, butmanytimeson
each given problem. Only thus can one gain
a clear perspective how different combina
tions of pressures "pull" the program. Since
the heart of the modd isits ability to handle
multiple interacting pressures, thisis a key
test.

We have probed Tabletop's "personality"
by running it many times on a great variety
of configurations. Inevitably, once any prob-
lemwas devised, several dosevariantswould
ater the gpped, to humans, of various an-
swers. By testing Tabletop on such tightly
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interrelated families of problems, we learned
how it responds to diverse combinations of
pressures.

In the figures we sample two families,
each represented by five problems. In each
problem, the table is shown on the left, with
the object Henry touched indicated by an
arrow with an "H". Possible responses by
Eliza are indicated by arrows labeled "E1",
"E2", etc. Ontheright, abar graphis shown;
each bar represents the frequency of one
answer. All problemswere run 50 times. On
each run, amonitor recorded the answer, the
final structurevalue, and the run-length (to-
tal number of micro-actions). Below the
graph is atable giving, for each answer, the
average final structure value and the aver-
age run-length for dl runs yielding that an-
swer.

Of particular interest are cases where the
highest-frequency answer is not the answer
having the highest final structure value. Such
casss, rather than reflecting a defect of the
architecture, reflect an inevitable fact about
high-level perception: deep perceptions are
often hard to discover; it is essy to be dis-
tracted by routes having more surface appedl.
Thus Tabletop often prefers "shdlow" an-
swers, provided they have at least amodicum
of plausibility, over "degp" ones (where depth
is measured by structure value). It is, howev-
er, a virtue of Tabletop's paralel stochastic
architecture that, by allowing simultaneous
exploration at different rates dong rival routes
showing different degrees of promise, it isnot
always seduced by surface glitter, and can on
occason come up with deeper visons.

By exploring severa families of "Do
this!" problems, each family having many

members, we built up a" performance land-
scape" of the program - a surface in the
abstract multi-dimensional space of al Ta
bletop problems, where each dimension
roughly corresponds to a given pressure.
The "ridges’ in thislandscape represent crit-
ical combinations of pressures where the
program switches from one preference to
another (e.g., Fig. 10in the Blockage fami-
ly). Likewise, "peaks' and "valleys' corre-
spond to clear and stable "likes' and "dis-
likes" on the program's part. By Tabletop's
ridges, valleys, and pcaks with our own per-
sonal preferences, aswell aswith statistics
summarizingthepreferencesof experimen-
tal subjects, we are able to assess the psy-
chological realism of Tabletop's "taste'.
(Experimental results can be found in
[French 92].)

ANALOGY-MAKING ASHIGH-LEVEL
PERCEPTION

From our point of view, thc Tabletop
program did a creditable job, on a quali-
tative level, of simulating the taste of a
typical human playing the role of Eliza.
(Readers can look at the bar graphs and
decide for themselves whether they agree.)
Despite this success, we reiterate our con-
tention that the program is not to be
judged primarily on this basis, but rather
on itsoverall architecture, in which anal-
ogy-makingfallsout asanatural by-prod-
uct of high-level perception, a cognitive
activity that is realized by parallel process-
es guided by dynamically evolving pres-
sures that emerge in response to the situ-
ation being faced.
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Figure 1. In Figs.1 through S representing the Surround family, H touches his cup. Though the literal-sameness
answer (Le., touchingH'scup) is alwayspossible, the main rivalry is between Esglass and cup. The variants explore
combinations of pressures by surrounding E's glass and H's cup with various sets of objects. Fig. 1, the"base case", has
no surrounding objects; here, just two pressures contribute to the decision: category membership and physical posi-
tion. Theformerfavors the cup (category identity is better than category proximity). What about the latter? People
are more likely to seek a corner object's counterpart in the diagonally opposite corner than in the mirror-image
corner, so such a bias was built into Tabletop. Therefore, position pressure also favors the cup. Overall, then, the
pressurefavor of E'scup is very strong; indeed, Tabletop chooses her glass only 5% ofthe time.
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Figure 2. When humans look at this setup, they effortlessly perceive two groups - ene containingH'scup, the other
containing Es glass. (Of course other greups are possible, but virtually never come to mind.) Tabletop is similarly
inclined; it seesagroup consisting of H'sup and two spoons (the spoon pair is likely to be seen asa subgroup), and
agroup consisting of ffs glassand two spoons (also likely to be seen asa subgroup). Not only do these two groups map
onto each other as wholes, but their subgroups (if seen) map strongly onto each other, thus pushing the structure value
up and increasing the pressure for mapping H' cup onto E's glass. Indeed, Tabletop now touches the glass 45% ofthe
time. Asmight be expected, the average structure value when it does so isinsignificantly higher than when it touchesher
cup. Thisisa case where highestfrequency and best structure disagree.
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Figure 3. The groups around #'scup and Es glass are similar: they have the same number of objects and their
subgroups are identical. Humans see the mappings as very strong and see Es cup as a loner, thusfeel much pressure
to touch her glass. Not only does theprogram do #his far more often than touch her cup, but the structure valuefor the
former averagesfar higher than for the latter.

The strong mappings push so kardfor touching ffs glass that one might wonder what would ever induce Tabletop to
pick Es cup. Two factors are involved. One is, Tabletop sometimes simply fails to build those mappings. On such runs,
the pressures do not so greatly favor her glass. More rarely, Tabletop may build the mappings but simply choose
(stochastically) to ignore them and touch Es cup. Though this may seem irrational, people often act similarly. In a
survey, subjects were asked to draw all relevant correspondences in this setup. Some, after drawing a line linking the
two speon-groups, another linking thefork-groups, and a third linking the knives, ignored all these lines and chose Es
cup. In thislight, ¢ke "anomalous* 14% ofrunsin which Tabletop touches the lone cup seemjustified.
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Figure 4. Esglass has been replaced by a plate, conceptually remote from the touched object. This should shift tke
pressures back to favoring the isolated cup. Indeed, Tabletop now touches Es cup 90% ofthe time, and her platejust
10%. Still, the structure value associated with the plate-answer remains over 40% higher than that for Es cup.
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Figure 5. Distractors have been added to Fig. 3, more than doubling the number of potential object-correspondences.
But if Tabletop's focusing mechanisms operate well, this should have little effect on the amount of processing and the
distribution of answers. Indeed, there is little contrast between these results and Fig. 3. The average run length is
almost exactly the same asin Fig. 3, which had no distractions at all. Thus Tabletop essentially ignores objectsin an
unlikely location on the table, focusing Us attention primarily on a priori preferred regions. (However, when no
objectsare in a priori preferred regions, Tabletop does not examine a prior! unlikely regions.)

T af

7 Tt
=,
&, [T} 5]
PR pfuin Ay srwrerr mbe A4 ba of Ste-ackam.
n - -4
[T o - -

Figure 6. Figs. 6 trough 10 represent the Blockagefamily. The cup and glassfacing each other are not identical, but
almost so: the Sipnet nodes "cup" and "glass', and Tabletop alwaysdoesso here. In variants, the pressuresfor touch-
ing H'scup areincreased by creating correspondencesthat "usurp” Esglass. In this, the base case, there isno attempt
at hlockage.
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Figure 7. A glass has been added; being on H's side, it is most unlikely to be touched. Unlike the additions in the
Surroundfamily, this addition creates no new group. One might thus expect that this addition, like the distractions in
Fig. 5, would have little effect on Tabletop'sanswers or resources expended. But another effect ¢ the distant glasses
identicality - gives rise to apressure to build a correspondence between them. When this is done, theglasses are seen
as part of a single, albeit weak, structure, which exerts a blockage effect. (Correspondences and groups are both
perceptual chunks and are similar in many ways; theformer, however, tend to be weaker since their constituents,
usually beingfar apart on the table, are not tightly bound together.)

Many subjects (40% [French 71992])saw theglasses as counterparts. When this happens, since E's glass cannot be the
counterpart both of H'glass and his cup, just one answer remains. the literal-sameness answer, H's cup. Tabletop
occasionally (12% of the time) sees the glasses as counterparts and touches H's cup. Note that the structure value of
this answer is 30% higher than for Es glass, though the latter is chosen far more often. In addition, runs on which
Tabletop chooses H's cup average roughly 50% longer thanfor ffs glass. Once again, thisis not surprising: answers
involving deeper perception should take longer tofind skan those with less.
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Figure 8. Two objects have been added, strongly suggesting groups. Tabletop almost always builds the group on ffs
side, since the two glasses are notjust neighbors but identical objects. The group on H'sside has less appeal, since
"spoon” and "glass"are distant Sipnet nodes. Still, on many runs, both groupsget built. When, in addition, a diagonal
correspondence between them is built, despite its weakness, "usurps' both glasses on Ex side, forcing Tabletop to go
Jor H's cup.
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9. The group on H'sside now has more appeal, as "cup" and "glass" arefar closer in the Sipnet than "spoon"”

and "glass'. Often the two objects are seen as physically and conceptually close. This makesfor a stronger group,
which in turn makesfor a stronger diagonal correspondence, leading Tabletop to choose Ifs cup more than twice as
often asin Fig. 8.
Sometimes E's group is built but not mapped fo anything as a unit; in such runs, the touched cup tendsto be mapped
onto one of E's glasses. There ispressure to map her other glass onto H's glass (diagonally opposite identical objects
make strong counterparts). But there is also counter pressure: to map Es two glasses, which have been grouped and
are thus a conceptual unit, ento unrelated objects would be to disrespect their unity. Yet Tabletop does this occasion-
ally, in which case the structure value suffers markedly. When Tabletop gees for H's cup, the structure is much better
than when it chooses one of Es glasses. Also note that Tabletop takes significantly longer to build the structure that
gives rise to the better answer.
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Figure 10. A turningpoint in the Blockagefamily: Tabletop chooses H's cup over halfthe time. The reason issimple.
Both glass-glass groups are very strong, asis the correspondence between them - strong enough, it turns out, to make
Tabletop very reluctant to break it by mapping If s cup entoe either of E's glasses. Tabletop thus picks #'s glass 78% of
the time. (Human subjects chose H's cup 66% of the time [French & Hofstadter 1991].) As one might expect, the
average structure valuefor this answer is better than when Tabletop chooses one of E'glasses. Also as usual, it tends
to take Tabletop longer (by about 40%) to get the answer having better structure.



Probing the Emergent Behavior of Tabletop

REFERENCES

[Chdmers, D., French, R., & Hofstadter, D.

92] "Perception, High-level Represen-
tation, and Anaogy-making: A Cri-
tique of Artificial Intelligence Meth-
odology". Journal of Experimental and
Theoretical Artificial Intelligence, 1992,
vol. 4(3)/thisvolume.

[French, R. 92] " Tabletop: An Emergent,

Stochastic Model of Analogy-Mak-
ing". Ph.D. diss., Computer Science &
Engineering Dept., U. of Michigan,
Ann Arbor, 1992

[French, R., & Hofstadter, D. 91] " Table-

top: An Emergent, Stochastic Model
of Analogy-Making". In Proceedings,

13thAnnual CognitiveScienceSoci ety

Conference, pp. 708-713.
Hillsdale,NJ:LEA, 1991. /thisvolume.

[Hofstadter, D. & Mitchell, M. 91] "The

Copycat Project:A Model of Fluid
Concepts and Analogy-Making”. In:
Barnden, J. & Holyoak, K.(eds.)Ad-
vances in Conn'ectioonist & Neural
Computation Theory. Vol. 2: Analogi-
cal Connections.  Hillsdale,
NI:LEA,1994.

[Mitchell, M. 90] "Copycat:A Computer

Model of High-level Perception and

Conceptual Slippagein Anal ogy-mak-
ing". Ph.D. diss., Comp. & Commu-

nication Sciences Dept., U. Mich.,
Ann Arbor, 1990.

193



