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Summary

Inhibitory mechanisms can play central roles iroasgive theories of number processing,
including context-sensitive activation of overlappiassociative networks and exaggeration of
differences between competing nodes. | review eptual and empirical considerations that
implicate inhibitory mechanisms in these importamictions, not only in number processing
but also in other cognitive domains. Many intezfeze and related phenomena are shown to be
consistent with the proposed roles for inhibitid@entral roles for inhibition have many
implications for such correlates of normal and dgstional number processing as
physiological and psychological indicators of intoby functioning, brain damage, childhood
development, and aging. More generally, asso@dhieories based on inhibition and excitation
encourage the development of unified mechanisitagrations soundly rooted in diverse

empirical phenomena.
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This paper examines empirical and rational supioottihe hypothesis that inhibition
serves major roles in the associative mechanisatsutiderlie number processing, and proposes
some novel implications of that hypothesis for etates of normal and dysfunctional
performance on numerical tasks. The major rolssudised are context-sensitive activation of
problem answers and, more briefly, enhancing dfiees in activation between competing
answers. The implications have to do with suclbitibn-related correlates of number
processing as age and brain damage.

In the main part of the paper, | show that inhilyitassociative structures based purely on
operand-driven activation can selectively activagect answers, even for ambiguous
problems whose operands are both connected tothmameone answer (e.g., 4 and 6 are
connected to 12, 24, and 36). Operand-driven sedeactivation has important implications
for number processing phenomena and for the assumtpiat entire number problems are
represented by distinct configural mental codes (€ampbell & Graham, 1985). These
configural representations, also called gestaltadistic codes, are presumed by their
proponents to exist in addition to separate reptesens for the components of the problem
(i.e., operands, operators, and answers).

A second section examines a related role for itibii to enhance existing differences in
levels of activation. Inhibitory mechanisms caaggerate even small differences in activation
levels, often leading to the complete suppressiamhat would otherwise be strongly
competing responses. | then review what the hgsatled prominence of inhibitory
mechanisms implies about individual differences ather correlates of normal and

dysfunctional number processing. Variables fronteqdiverse areas of psychology are shown
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to implicate inhibitory mechanisms, and hence teehaotential relevance to arithmetic and
other numerical tasks. Before focusing on thek#itory processes, | briefly describe the basic
characteristics of associative models, especiallhay relate to number processing.

Associative Models of Number Processing

In essence, associative models of number procepssigmental representations for
digits, number-words, operators (e.qg, x, +), afeeohumber-related entities. These
representations are interconnected in a complexanktthat permits codes to collectively
influence each other's levels of activation. Eattain and inhibition spread in parallel among
the individual units to produce the successivegpast of activation that underlie number-related
experiences and behavior.

To illustrate, stimulation of the codes for 9, rda3 would activate other relevant codes

via excitatory connections, including verbal coftes'nine,” "three," and "twenty-seven." In
addition to these excitatory connections, someaateoe models include inhibitory
associations that can reduce activation in condemides. For example, the codes for such

competing verbal responses as "eight," "twelved' ‘@mighteen" might be suppressed when the
codes for 9, x, 3, and their positively relatedeodre activated.

The basic assumption of associative models issihraading excitation and inhibition
among a suitably conceptualized network of repriasiems will reproduce relevant findings in
human behavior and experience, for example, pramtucf the correct answer on most trials,
various types of errors, and latency data. Strargions strive to explain number-processing
purely in terms of a limited set of mental repréagans, associative connections, and
spreading excitation or inhibition.

Associative models can be contrasted with modedsingerms of such high level
symbolic processes as strategies and rules (E.8.ahd 7 THEN 21). Advocates of associative

models recognize that much human behavior can $&ited at these higher levels of

abstraction, but constrain their psychological arptions to purely mechanistic processes and
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try to avoid propositions and assumptions that ograt present anyway, be characterized in
terms of identifiable concrete mechanisms. Thiplegsis on basic mechanisms also means
that associative models involve domain-indepengemtesses, as opposed to rules or
procedures designed for specific domains, sucluasbar processing. Finally, the associative
perspective presented here emphasizes explicitections among coherent representations for
meaningful objects and events (e.g., number wamtksges of digits), as opposed to the
distributed representations of some neural netcagubies.

This associative framework is the foundation fa #ipecific functions and implications
of inhibitory processes examined in this papergdneral, | argue on both rational and
empirical grounds that inhibitory associative methias are necessary to explain certain
phenomena in number processing or, at the very; legslain the phenomena more
parsimoniously and elegantly than models that igmainibition. Important roles for inhibition
in theories of number processing are expectedpwfse, given the ubiquitous presence in the
brain of such inhibitory neurotransmitters as GA@foberts, 1987), and the increasing use of
inhibitory theoretical mechanisms to explain pheeamin selective attention (Tipper, 1985;
Walley & Weiden, 1973), animal learning (Williams@lark, 1992), aging (Hasher & Zacks,
1988), childhood development (Bjorklund & Harnigide, 1990), and diverse other areas of
psychology including number processing (Campbe@l&rk, 1989).

The specific functions and implications of inhilsitanechanisms are considered here
detached from other essential and often unresdbagdres of associative models; hence, the
present paper does not provide a complete assaciatdel for number processing, and is
sometimes quite speculative even about the isolaeszhanisms that are discussed. More fully
developed associative models are available for suaterical tasks as multiplication (e.g.,
Campbell & Oliphant, this volume), and some of gle@eral issues related to this and
contrasting classes of theory have been examisesivbere (Campbell & Clark, 1989; Clark &
Campbell, 1991).



Inhibition and Number Processing 6

The primary role of inhibition emphasized herensviding context-sensitive or selective
activation of responses, a demanding task in thlel\yhoverlapping associative networks
involved in number processing.

Inhibition and Context-Sensitive Activation

A major challenge for associative models of nungyecessing is to construct associative
networks such that correct answers are activatetapty when the appropriate operands occur
together. To achieve this specificity of activatithe associative networks that underlie
number processing must be highly context sensinselective.

The requirement that spreading activation be cargensitive is demonstrated most
clearly in the case of ambiguous problems whoseampls are both connected to more than one
shared answer. Because 4 and 8 are each conte@#as well as to 32, for example, simple
excitation from 4 and 8 would activate both ansvegpsally. Operand-based activation must
somehow be context sensitive in order to produeetirect answer; that is, 4 should activate
24 when 6 is the co-operand and 32 when 8 is thepeoand.

Although ambiguous problems provide the starkeatrgtes of context-sensitivity, the
fact that all numerical operations involve assacret among a small set of operands means that
selective activation is important even for probldhet are not completely ambiguous. The
multiplication facts 3x5=15 and 3x6=18, for exampi®uld be stored well by a network in
which activation from 3 spreads primarily to 15 witeis the co-operand of 3 and to 18 when 6
is the co-operand of 3. Similar conditional adiiva would be required for the rest of the 3
times-table and for the times-tables for other iplittation facts.

A third example of the need for context-sensitiatises from different arithmetic
operations that contain the same operands, andtkegesame operand combinations. To
illustrate, 3x5 should activate 15, whereas 3+3ikhactivate 8. Thus the destination (i.e.,
answer) to which activation spreads from the opgand their combination depends in large

part upon the presence of a specific arithmeticaipg which presumably acts as a contextual
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or modulating stimulus that steers activation fritve operands to the appropriate response.
These three examples demonstrate the necessiyntExt-sensitive activation in

associative models for arithmetic facts. Altermatnethods to provide such contingent
activation are discussed later (e.g., unique corngoepresentations for problems, as in
Campbell & Graham, 1985, or of problems and ansveeren Campbell & Oliphant, this
volume), but | first want to examine whether anevipure associative networks that posit only
operand and answer representations could achieveduisite selective activation. Inhibitory
mechanisms in fact provide a powerful tool for gatiag just the sort of context-sensitive
activation required to model the preceding behavamd other examples of conditional
responding.

A Disinhibition Model for Context-Sensitive Activah

Context sensitivity is a generic problem in margaarof psychology. One area in which
the basic associative mechanisms underlying sedeatitivation have been investigated is
Pavlovian conditioning. There are a variety ofaitioning procedures in which training and
learning are highly dependent on context, and sagks show surprising relevance to the
associative processes of interest here. | desbribfly two types of conditional learning,
occasion setting and patterning, and an inhibibased mechanism to explain such learning
(for further discussion, see Williams & Clark, 1992

In occasion setting, animals are exposed to a tondd stimulus (CS) that is only
followed by an unconditioned stimulus (US) when @ itself is preceded by a third stimulus,
called a feature (F). The US does not follow atk® occurs without F. This conditional
learning can be described notationally as: F->C&sus CS-, where -> indicates the temporal
relation between F and the CS, and + and - indib&t@resence and absence of the US. After
training, animals emit the conditioned responsthépresence of F->CS and do not emit the
response in the presence of CS alone. A varigphehomena have demonstrated that F is

gualifying the stimulus properties of the CS, antlsimply controlling the response directly;
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for example, F can be a positive occasion settesrie CS and a negative occasion setter whose
absence signals the US for a second CS. ThinKitlgedCS as one operand (e.g., 8), Fas a
second operand (e.g., 4), and the response asrtteetcanswer (32), demonstrates that
occasion setting involves exactly the kind of catigensitive activation required to learn
arithmetic facts.

Patterning (or configural learning) is a seconcetgpconditioning that also shows
striking relevance to the associative structuras dinderlie individual number facts. In positive
patterning, animals learn to respond when both etsnin a compound stimulus occur and to
suppress responding when individual elements irctimepound occur alone. This form of
learning is symbolized as AB+, A-, and B-. Animedadily learn such conditional responding.
If we think of A and B as operands and the answeéha correct response, patterning again
shows just the kind of context-sensitive activaiiorolved in ambiguous or other arithmetic
problems.

Although a variety of models have been proposezkfain feature setting and patterning
(several relevant to analogous models for numbmrgssing are mentioned later), | focus here
on an inhibition approach suggested recently byi&vhls and Clark (1992). Simple associative
networks to correctly perform occasion setting patlerning are presented in Figures 1A and
1B. Two components of the highly similar models arnitical for producing selective
activation. First, the models assume that CSsiaxqoth excitatory and inhibitory connections
to mental representations of the US (the menta¢ ¢odthe US is hypothesized to elicit the
response). Theoretically, inhibitory connectioeselop because there are identifiable
occasions when CSs are not followed by the US. sBlgend component of the model is a
modulating stimulus (F in occasion setting or ttieeo stimulus in patterning) that inhibits the
CS->US inhibitory pathway. This disinhibition rale the excitatory connection that was
previously masked by the now-suppressed inhibitorynection. Williams and Clark (1992)

suggested that disinhibition models could explanous context effects in animal learning and
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reviewed some findings consistent with the proposedels.

Disinhibition is an excellent way to conceptualaed model forms of context-sensitive
activation in addition to those that occur in Paido conditioning. To illustrate with an
everyday example, people who regularly drive ddfgrcars must produce vehicle-specific acts
to control the lights, the wipers, and other fuoies. Perfect responding would require highly
selective associative mechanisms, and even mimparébrmance would involve considerable
contextual control over responding. The abilitgwatch between appropriate sets of responses,
including occasional errors, is modelled elegabylyhe disinhibition hypothesis, which
maintains for this example that vehicle-specifigp@nses are inhibited unless released by cues
that one is in the appropriate car.

Clearly any inferred relation between human nunpsecessing and such basic behaviors
as Pavlovian conditioning or even simple motor oeses must be drawn carefully.
Nonetheless, the conditional learning phenomeneritbes! here are isomorphic to
context-sensitive effects in multiplication and@timumber facts, suggesting that disinhibition
might help to explain selective activation in amiidtic.

Inhibition and Disinhibition of Arithmetic Answers

Thinking about how calculation facts are learneghgsts that inhibitory mechanisms
may develop in precisely the ways just describeekfmain context effects in Pavlovian
conditioning. Multiplication and other arithmebperations are learned initially by exposure to
pairs of operands and their answers, sometimespaiith production of the answer. That is,
people study such problems as 3x5=15 or 3x5=?sahsgequently receive feedback on the
correctness of their answers. It seems evidenhotimaeffect of repeated trials will be to

strengthen excitatory associations between theishail operands and the correct answer.
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Presentation of the problem 3x5=15, for exampld,striengthen the connections between 15
and the operands 3 and 5. Later presentationgntl® thereafter result in spreading excitation
from the presented operands to the answers witbhathie operands have been paired.

Inhibition of incorrect answersWhat may be less evident than these positivaedions

is that such experiences also support learning songeabout the relation between each
operand and the answers for multiplication problémas are not correct on the current trial.
The problem 3x5=15, for example, informs the systatonly that 3 should activate 15, but
also that 3 should not activate other table-relatesivers (i.e., 6, 12, 18,...), at least not when 5
is also present. Ignoring for the moment the coonial nature of the preceding statement, this
analysis suggests that the mental network will aequr strengthen negative connections
between each operand and answers that are incorréleé current trial. This suppression is
especially important for answers to table-relatexblems involving each of the operands (e.g.,
3x6=18, 6x5=30), because these related answernyeengy unsuppressed excitation emitted by
the individual operands. That is, it would be gatarly useful if this irrelevant excitation were
suppressed when the appropriate co-operands wepeasent.

Negative associations between operands and intoesmonses directly implicate
inhibitory processes. Panel A in Figure 2 presant&lealized representation for part of a
network in which each operand acquires both exaaind inhibitory connections to table-
related answers. The inhibitory connection depgiateFigure 2A seems intuitively reasonable.
There are innumerable occasions on which 3 ocoufsei absence of 15 and when production
of 15 would be incorrect. Indeed the vast majasityimes that individual operands such as 3
occur, they involve answers other than the coaastver for one particular problem (15 in the
present example). These numerous "negative" ralgide many opportunities for inhibitory
learning between operands and answers, and it vpautthps be surprising if such inhibition

did not form, especially for incorrect answers frima same times-table.



Inhibition and Number Processing 11

Although Figure 2A and most of the remaining distois characterize inhibition in terms
of a single connection from the operand to the @nstie detailed underlying mechanism is
almost certainly more complex. In particular, thare probably one or more hidden layers
between the operands and answers. Figure 2B démat@ssone alternative network that for
present purposes is functionally equivalent tosingple network in 2A. Figure 2B shows a
forward inhibition network in which excitation frothe operand activates an intervening
inhibitory node, which in turn depresses activitthe answer node. This forward inhibition
version of the disinhibition model shows how a &rngxcitatory source (an operand) could
have both excitatory and inhibitory effects; thession is the basis of a later simulation. Other
multi-node models are possible (e.g., reciprodabition), and these different instantiations of
the present theory might eventually lead to distpredictions about number processing.
Irrespective of the specific underlying connectiansl many other unresolved issues (e.g., the
range of inhibited representations, variationdmgtrength of inhibition), the general
hypothesis that inhibitory as well as excitatorgdtional connections develop between
operands and answers has profound implicationth&production of correct answers.

Disinhibition of correct answersGiven inhibitory connections between individual

operands and same-table answers, it seems likdlpemaps essential that this inhibition be
suppressed or overridden when the answer is cpthedtis, the excitatory connection should
predominate when the appropriate other operancesept. Under such circumstances,
inhibition of inhibition (i.e., disinhibition) woua play a major role in activating the correct
answer.

Figure 2C illustrates a disinhibition mechanisnita sort hypothesized here. The

presentation of 5 inhibits the inhibition from 316, which results in the dominance of the
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excitatory connection. Analogous connections eéxetiveen 5 and 15; that is, 5 has both
excitatory and inhibitory connections to 15 andlIdteer is in turn inhibited by the presence of
3. The net effect of an appropriate balance oitattan and inhibition would be that 3 and 5
would excite 15 when both operands were presedtywauld have less impact on 15 when
either operand was absent.

Rational analysis of arithmetic problems thus |eadsn associative network that is
isomorphic to those proposed by Williams and C(a892) for context-sensitive conditioning,
as seen by comparing Figures 1 and 2. The nofidisimhibition thus provides an elegant
explanation for the fact that activation must bghhy conditional (i.e., context-dependent) in
associative networks for number facts. At leagirinciple, disinhibitory networks could
approach the ideal of 5 activating 15 only whes Bresent, 20 only when 4 is present, and so
on, and could do so without positing special camfid representations for problems. The
plausibility of these mechanisms is further enhdrimetheir capacity to cope with such
extreme context dependencies as ambiguous mudtifgic problems.

Ambiguous Problems

As noted earlier, one challenge for simple assweiahodels of arithmetic is that
multiplication, addition, and other number factgalve networks in which some pairs of
operands are connected to more than one share@mlngwch seems to render such problems
ambiguous for models that assume all activatiosearfrom separate operand and operator
codes. For example, 4x8 is ambiguous because 8 ahdre the incorrect answer 24, as well as
the correct answer 32. There are 10 such shageamproblems, and they result from the five
multiplication answers that are correct for mor@ntlone problem (see Table 1A). Given these
shared correct answers, pairs of operands carbledihked to more than one answer, albeit by
different problems. Table 1B shows the 10 ambigymoblems (ignoring operand order and
ties) and their incorrect answers. Note that aodig problems and shared-answer problems

only partially overlap, having four problems in cmmn. Problem ambiguity is even more
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acute in addition, where most pairs of operandsan@ected to more than one common

answer.

The ambiguous multiplication problems in Table traat be solved by simple
associative models that posit only excitatory catinaes between representations for single
operands and their answers. Summation of exaitdtam the individual operands (e.g., 4 and
8) fails to produce the correct response becausm@482 are equally activated. Because
people do learn ambiguous number facts, the simpldel cannot be correct, and some
additional mechanism must produce greater actinaifdhe correct response in ambiguous
problems. Interestingly, the disinhibitory asstiemnetworks presented in the previous section
do differentially activate correct answers for aguaus problems.

Disinhibition and ambiguous problemgigure 3 shows disinhibition associative

networks for the 4 and 8 times-tables, includingipeting responses connected to both
operands. Presentation of 4x8 results in combéxedation and inhibition of the answers in
the 4 and 8 times tables (i.e., the answers coedéctthe individual operands 4 and 8). By
themselves, these associations might result inmahactivation of particular answers,
including 24 and 32, because the excitatory anibitany inputs would cancel one another,
assuming comparable strengths. The critical mashafor resolving problem ambiguity in
Figure 3 is disinhibition. Specifically, the opeta4 suppresses the inhibition between 8 and
32, and the operand 8 suppresses the inhibitiomdast 4 and 32. These mutual disinhibitory
connections result in 32 being activated more @¥awhen 4 and 8 occur together. The
guestion marks for tie problems (i.e., 4x4 and 8e8ect doubts about whether the proposed

mechanisms apply to ties (see later discussion).
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To demonstrate that the disinhibition model doele@d work, a primitive simulation was
prepared for the problems 4x6 and 4x8 using thestage model shown in Figure 2B. The
program in essence computed activation levelseatiswers 24 and 32 firstly as a direct
function of the activation levels of the individuglerands 4, 6, and 8. For this step, problem
operands (e.g., 4 and 6 or 4 and 8) were simpliosfixed 10 units of activation; operands in
turn activated any answer connected to the indalidperands by that amount on each cycle.
These direct inputs activated 24 and 32 equally.

Each operand also produced an answer-specificimegatmponent that depended on
three factors: (a) the activation level of the @ignoperand (10 units as stated above), (b) a
forward inhibition weighting factor (which was 0 o2 for the output shown here), and (c) a
disinhibition weighting factor (also 0 or -.2 hed¥)ven by the activation level of the
appropriate co-operand for each answer (i.e., pleeamd 4 for the 8 to 32 connection and the
operand 8 for the 4 to 32 connection). In essesxd®/ation of the co-operand negated some of
the inhibition from the operand to the answer. ivatton of operands was simply "turned on"
and additive growth in the activation of the ansn24 and 32 was measured over 15 cycles.
For those interested in the details of this crudmiktion, the short program used is presented
in the Appendix.

The results of the simulation appear in Figur&d#ie heavy solid line in Figure 4 shows
the equivalent activation level achieved by thenaars 24 and 32 when 4 and 8 were activated
and the forward inhibition and disinhibition paraere both equalled zero (i.e., INH=0). This

curve simply demonstrates the ambiguity of suclblg@rms for simple associative models.
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The interesting results that demonstrate how fashvir@nibition and disinhibition can
disambiguate such problems are the curves for INH=A small amount of forward inhibition
(-.2) partly disinhibited by the other operand Y s2parates somewhat the growth curves for 24
and 32, with the answer 32 increasing in activataster than the answer 24 and achieving a
slightly higher ultimate level of activation. Adantical value (-.2) was used for both the
inhibitory and disinhibitory connections for conwemce, and has no particular importance. The
slight amount of separation shown could be incré@&semanipulating inhibitory components of
the disinhibition model, but modest separation wtgined deliberately to emphasize the
benefits of lateral inhibition presented later.

That inhibitory mechanisms can produce differencdsvels of activation for ambiguous
problems supports the proposed inhibition and Hibition mechanisms. Analogous
mechanisms can model other context effects in numpeeessing, such as competition
between different number operations.

Inter-operation Competition

The concept of disinhibition as just described lsarused to build associative networks
that are sensitive to the arithmetic operator ag@oying the operands. The numbers 4 and 8,
for example, are associatively related to 12 inatigition associative network and to 32 in the
multiplication network. Which of these answeradsivated should depend on the operator that
occurs explicitly or implicitly with the operandglgs, +, times, x). Presence of + should
activate 12 and presence of x should activateT3& disinhibition view encourages the inverse
conceptualization of this issue; that is, + shanhdbit the answer 32 and x should inhibit the
answer 12. Such a network is readily realized disehibition model.

Figure 5 shows one simple disinhibitory networkt thvauld permit 4 to activate 12 when
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both 8 and + accompany 4, and to activate 32 whdmn®and x accompany 4. This particular
network builds on the network shown in Figure B.e$sence, inhibition functions as an "and"
gate, permitting excitation to pass only when onmore conditions are met (i.e., the
appropriate operator), in addition to the presaidbe primary stimuli. A similar network
would exist between the operand 8 and the two arssWwat with 4 now acting as the

modulatory context.

The idealized model presented in Figure 5 is untimilp an oversimplification of actual
arithmetic networks, ignoring as it does the reglastrengths of the various connections and
effects due to the order in which number operatamedearned. Moreover, other inhibitory
networks can probably be constructed to achiewestime specificity of activation. But the
incompleteness and the specific details of the odtvare not important; primarily it
demonstrates in principle that suitable inhibitang disinhibitory associative connections can
indeed produce selective activation of differentiber facts depending on what operands and
mathematical operators are present.

Empirical Considerations

Strong tests of the proposed mechanisms are caatgadidy the hidden nature of the
inferred structure and the existence of alterngivesible networks that could effect inhibition
and disinhibition of answers (e.g., Figure 2). Biheless, the disinhibition model is consistent
with some findings and suggests specific mechantbatscould underlie various phenomena in
number processing.

Ambiguous problemsOne obvious place to look for support for th&rthibition

hypothesis is the set of ambiguous problems, snch problems provide a notable example of

context-sensitive activation. Several observatsmgyest that ambiguous problems are
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particularly difficult, although many factors, incling differential practice, complicate
comparisons across problem types.

Campbell and Graham (1985) reported that one ofmibst difficult multiplication
problems in their set was 4x8, and they attribditesito the fact that both operands were
connected to more than one answer; the most conemonwas 24, which is connected to both
4 and 8 via other problems. The results from dréer simulation (Figure 4) show that 24 and
32 can both be highly activated in operand-drivesoaiative networks. Another difficult
problem was 3x9, again largely due to an errorithabnnected to both operands (i.e., 18).

The difficulty of ambiguous problems may also cintte to systematic deviations from
the problem-size effect, the tendency for erro Ri's to increase with operand size and
related measures. Campbell (1987c, Figure 6.1)0ldRTs for the 2 through 9 times-tables
(excluding problems involving O or 1). The onlynmaonotonic changes as operand size
increased were for 5 and 7, with errors for 5 bexrgeptionally low (see also Campbell &
Graham, 1985). One factor in these deviations Inesthe fact that 5 and 7 are the only
operands not involved in any ambiguous problems {sdle 1 above). A regression analysis
of RTs (estimated from Campbell's Figure) demotetr#hat R2 increased 12%$p04) from
Rz = .80 with just operand size (2 to 9) to R2 2 iffcluding number of ambiguous problems in
which operands appear (values of 3, 4, 4, 0, 8, nd 2 for operands from 2 to 9,
respectively). The advantage of unambiguous oplerandifficult to interpret, however,
because ambiguity is confounded with other beraffeictors (e.g., experience counting by
fives, 5 problems end in O or 5).

A final hint that ambiguous problems are more diffi than expected given other
properties of the problems comes from researcthared-answer problems. Campbell and
Clark (this volume) report data showing that thared answer problems in Table 1A are more
difficult than expected given a variety of othaosy correlates of problem difficulty (see also

Campbell & Graham, 1985). They propose that tipegsblems are analogous to the fan effect
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reported in other cognitive tasks (Pirolli & Andens 1985), but a related possibility is that
problem ambiguity contribute to this effect; 4 b&t10 shared-answer problems are ambiguous.
Indeed, the fan effect, which involves stimuli asated with varying numbers of facts, may be
more similar to ambiguous problems (i.e., a probtemnected to multiple answers) than to
shared-answer problems (i.e., an answer connextaditiple problems).

One barrier to analyzing hypotheses about inteetated attributes is the limited number
of standard arithmetic problems. Stronger testhisfand competing hypotheses might be
possible, however, with the alphaplication tasksehham and Campbell (in press). In that
task, subjects who learned arbitrary arithmetie-Blssociative networks among letters displayed
many of the phenomena characteristic of numbenrédeval. Such analogue tasks permit
experimental manipulation of ambiguity independ#ndther confounding variables.

Cross-operation interferencd@ second class of phenomena for which the preghos

model shows strong promise is cross-operationferemce. The disinhibition model
hypothesizes that arithmetic operators supprespetng answers for alternative operators
(Figure 5). Because activation is produced byindevidual operands and operators connected
in an integrated associative network, the theoeyeatore predicts that different mathematical
operations should influence one another's perfocaan

One obvious implication is that cross-operatiomershould be prevalent in production
tasks, because successful multiplication entappmassion of addition answers and vice versa.
This is indeed the case, especially when operatiomsnixed (Miller & Paredes, 1990). The
effect of mixed operations on errors is explaingektra challenges for cross-operation
suppression when to-be-suppressed answers araay@aibsactivated in the testing situation.
The integrated nature of the proposed networksig ebnsistent with research demonstrating
that correct answers for other operations slowctige of false verification problems; that is,
such problems as 4x3=7 are more difficult to refeah problems such as 4x3=8 (Winkelman

& Schmidt, 1974; Zbrodoff & Logan, 1986).
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More specific predictions about cross-operatioorsrcan be derived from the
disinhibition model in conjunction with supplememntassumptions that appear reasonable. For
example, the model may explain the fact that miidggpion appears to interfere with addition
more than addition interferes with multiplicatiavlifler & Paredes, 1990), at least as measured
by cross-operation intrusions. The reasoning Isetteat most people learn addition before
multiplication and other arithmetic operations. efdfore the network for addition could be
acquired, at least initially, without suppressidrihe still-unlearned multiplication answers by
the addition symbol; there is simply no need tgpsaps answers for interfering operations that
have not yet been learned.

Multiplication, on the other hand, is acquired a#ddition, and initial learning requires
suppression of the arithmetic answers from theedutds multiplication is learned, or shortly
thereafter, the addition network will need to bé@sed to include suppression of the newly
learned multiplication answers. The specific eéffeaf these distinct learning histories are not
known, but it seems possible that learning inholitinitially might be easier or more efficient
than trying to superimpose it later on an alreaslyetbped system. Hence, more interference is
observed from multiplication to addition than vicsa.

The inhibition-disinhibition model for the contexzleffects of operation signs also
predicts that learning a new operation will affaelceady learned arithmetic facts because the
learner will need to develop cross-operation irtbilyi connections. Newly-learned
multiplication answers, for example, must be sugged for addition to function well. Just
such effects of learning multiplication on additioave been demonstrated in studies of
children learning arithmetic (Miller & Paredes, 099 Specifically, learning multiplication
temporarily disrupts addition, slowing it down andreasing errors. This phenomena is
consistent with the present hypothesis that inbipiconnections must be developed between
the addition operands, the addition sign, and #ve multiplication answers. These effects may

also be related to developmental differences ifbitdry functioning discussed later.
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Experimentally, such phenomena and perhaps mocesprpredictions, could be investigated
by teaching novel arithmetic operations to the pofrassociative retrieval, or again by using
the alphaplication task of Graham and Campbelpfess).

Another somewhat perplexing finding that might Bplained by the present hypothesis
is that addition is perhaps not as easy as expeelail/e to multiplication, which is learned at
a later age and presumably receives less ovdetlhiie practice than addition. Differences in
errors between multiplication and addition can bigegsmall and can even favor multiplication,
and similar small or reversed effects have beeorteg for RT. Miller and Paredes (1990), for
example, found that error rates for adults werg shghtly higher for multiplication than
addition (their Table 1, Mixed condition) and RTere actually somewhat faster for
multiplication (their Figure 1). One factor thaayncontribute to similar difficulties for addition
and multiplication is the asymmetry in cross-operainterference just discussed; that is,
multiplication interferes more with addition thaice versa. A second contributing factor could
be the greater ambiguity of addition problems thruitiplication problems. Because the 36
addition problems involve just 15 distinct answéesy addition problems involve a unique
combination of operands and operands for the aohdgroblems from 2 to 9 are connected to as
many as 7 different shared problem answers (thisrman occurs for adjacent operands).
Cross-operation errors and ambiguity both impligakebition.

Of course, problem and operation difficulty dependnany correlated variables, making
it difficult to isolate the role of individual faots such as ambiguity. Addition involves closely
related answers that might compete with one anatioge intensely than the more distributed
answers for multiplication, although Campbell arligbant (this volume) describe a model
based on compressed similarity for larger numbéns.the positive side, addition answers are
lower numbers than multiplication answers, and @aldis acquired before multiplication.
Further complicating the investigation of such essis the fact that people might differentially

practice problems and operations that vary inahdifficulty, making comparisons with adults
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even more uncertain. At the very least, the dibitibn model suggests factors that must be
studied if we hope to eventually understand thatired difficulty of various arithmetic
operations in terms of percentage ambiguous prahlender of acquisition, and diverse other
properties.

Ties and other "special" problem# third finding that benefits from a consideoatiof

inhibitory retrieval mechanisms is the fact thatgroblems (or twins) and problems involving 0
or 1 are particularly easy, both in terms of fewoes and fast RTs (e.g., Miller, Perlmutter, &
Keating, 1984). Moreover, such problems show déssproblem-size effect than non-tie
problems (Groen & Parkman, 1972; Miller et al., 4p8The classical explanation for such
findings is that people use a special "rule" orfeeent "procedure” to solve problems
involving ties, 0, or 1, whereas semantic retriedachanisms are used for non-ties. This
explanation is not very adequate, at least frorasmociative perspective, because rules and
procedures must somehow be realized by an ass@cragtwork based on spreading excitation
and inhibition.

The inhibition and disinhibition networks shownlearsuggest a simple mechanistic
explanation for some of these findings. Specilycaktrieval of answers for these special
problems may be less conditional or context-depeinithan the remaining problems. In the
case of zero, a simple network involving one oper@), one sign (x), and one answer could
easily be constructed. The value of the co-opemirdelevant, permitting a simpler network
than those involved with other operations to predine correct response.

A similar analysis works for ties. The networks ti@s are simpler than for non-ties
because the presence of a single operand (aldaplecated one) is sufficient to elicit the
response. That is, one might learn connectionls aa@->4, 3->9, and so on qualified only by
the multiplication sign and not qualified by co-ogeds. Non-tie problems necessarily entail
conditional activation of the answer by signs aathlzo-operands. Hence, tie problems that

involve a single operator may require a less comagsociative structure than problems that
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involve several operators whose activation of amswepends strongly on the presence of
specific co-operands.

It is less obvious that a similar associative asialwill work for ones problems because
the specific response still depends on the opgpairdd with one. But an associative network
should be possible in which the presence of 1 theeeaming of the other operand, again
subject only to the presence of the appropriateadpe Moreover, ones problems benefit from
the fact that the answer is directly primed bydperand with which it is identical (cf.

Campbell & Clark, this volume).

This analysis suggests that comparisons of tian@,1 problems with other problems
might be better served by a distinction betweeegyqf associative structures than by a
distinction between retrieval and rule-governedqrerance. That is, the unconditional
associative networks involved in ties, 0, and peshtamay result in faster RTs and fewer errors
because they involve less selective inhibition disthhibition than other problems, although it
remains to be determined whether such associdtivetgres can explain the incidence of "rule-
like" errors in normals (e.g., 4x0=4 or 8+1=8) dhe atypical behavior of these problems in
some acalculic subjects (e.g., Sokol, McCloskeyhebo & Aliminosa, 1991).

Table-related errorsFinally, the present model is entirely consisteith numerous

standard findings on problem difficulty. One robeffect is that many errors in multiplication
and other arithmetic production tasks are tablateel (i.e., they come from one of the operand's
times-tables), and incorrect verification problesins more difficult to reject when the presented
answer belongs to the times-table for one of thexams (Campbell, 1987b). Table-related
errors follow directly from models that posit inglual connections between operands and
answers, such as the present one. Campbell ardll@agues have developed and extensively
tested this class of associative model (e.g., Cathd@®87a; Campbell & Graham, 1985), and

in general their results could be accommodatedhéytesent associative model. | note later

possible differences between the Campbell appraadtthe present mechanisms.
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In the variant proposed here, table-related ansarerslirectly activated because their
operand-answer associations are in fact sometioresat for one of the individual operands.
This residual activation produces potential intenfee that requires greater dependence on the
delicate balance of excitation and inhibition themelated answers. The inhibitory connections
were originally proposed to suppress inappropaateration resulting from excitatory
connections between individual operands and answhang inadequacy in the inhibitory
connections or lack of specificity in the disintibn would permit activation of operand-related
incorrect answers, especially if incorrect ansviead been recently primed (Campbell, 1990;
Campbell & Clark, 1989). Presentation of compeaingwers in a verification task similarly
increases demands on the inhibitory system. Titab&-related errors follow from the operand-
based associative model proposed here.

Operand-based inhibition and disinhibition are dieaffective mechanisms for context-
sensitive activation, and some interesting findiegsourage further consideration of the
hypothesis. However, alternative mechanisms assiple for conditional activation, such as
exaggerated excitation and various types of cordigepresentations.

Exaggerated-Excitation Models

Instead of suppressing an inhibitory connectiomtext might act by enhancing or
exaggerating excitation. Thus, the presence oightdirectly enhance the spread of excitation
from 8 to 32, rather than suppress the spreachdfition from 8 to 32. Exaggerated excitation
based on the presence of the co-operand in prencgaild permit differential activation of the
correct response. Although strong conclusions @ab@ drawn about the relative merits of the
exaggerated excitation versus the disinhibitiondtlypses, several considerations presently
favor disinhibition.

One practical problem for the exaggerated excitatigpothesis is that it is not obvious
how or that exaggerated activation can be achigvadsociative networks that incorporate

mechanisms consistent with the known capacitiegeafal mechanisms. The dilemma is that
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simple summation of excitation does not produceyg&eation of existing activation; instead,
the various sources of activation simply sum. é&ample, if the inhibitory connections of the
inhibition-disinhibition model simulated in Figudeare made excitatory, identical activation
levels result for the competing correct and inadresswers. Although both 24 and 32 achieve
higher levels of activation because of the add#i@xcitation, the levels for the two answers
remain identical.

The reason that summation of excitation does nokwgothat excitation has the same
effect on the response in the absence of the offemand as in its presence. That is, contextual
excitation elevates the level of activation in asaiative system even if the contextual
stimulus is the only stimulus present. Thus adeigxcitation from a context does not in fact
modulate excitation from another stimulus. Dishition, on the other hand, has no effect
unless it diminishes some existing excitatory injputhe forward inhibition.

There are ways to overcome this difficulty, butytheay entail relaxing such criteria as
the physiological and psychological reality of #ieual mechanisms used in the theory or in
simulations of exaggerated excitation models. Simple way to exaggerate excitation, for
example, is to literally multiply the activatiorvkds of the operands; when either operand is
missing, the product will be zero and that answiéirmaet be activated. The challenge raised by
this approach, however, is to discover a physicklgir psychological mechanism (as opposed
to a computational method) that can multiply adtosalevels without involving inhibitory
mechanisms. This requirement entails a considgrable powerful "synaptic" associative
process than the well known capacity of neuralesgstto summate excitatory and inhibitory
impulses. Plain summation suffices for the didaition model.

Another difficulty for exaggerated excitation ageneral mechanism for context-
sensitive activation is that problematic phenomueaae been identified in at least one area to
which such models have been applied, namely Parosonditioning. Specifically, repeated

presentation of an excitatory CS in the absentkeolUS (i.e., extinction) weakens the capacity
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of the CS to elicit a conditioned response, wherepsated unreinforced presentation of a
feature in occasion setting produces little de@@ashe feature's capacity to modulate
responding to a CS (Williams & Clark, 1992). Tbhatasion-setting properties of a feature are
undiminished by nonreinforced presentations suggbst feature-based excitation is not
involved in occasion setting, one form of contesmstive activation. Inasmuch as inhibitory
connections are thought not to be weakened bynfioreed exposure to a CS, this criticism
does not apply to models based on inhibition.

A final point about exaggerated excitation is thath networks become unstable as
multiple levels of contextual modulation are addéah excitatory model to explain the
contextual effects of operation signs, for examyieyld require the product of three or more
connections, and could achieve excessively highlseof activation. Because inhibition-based
systems maintain modest levels of activation, @ulthd levels of context can be superimposed
without disturbing the integrity of the system. iF briticism of exaggerated excitation is less
telling than the others, however, because lateratieer forms of global inhibition, as discussed
later, could be introduced to control any tendaogxcessive excitation.

These considerations suggest that exaggeratedeswiprovides a less satisfactory and
less mechanistic explanation for context effecés ttio inhibitory and disinhibitory
mechanisms. A third class of theory used to erptantext-sensitive activation consists of
models that incorporate configural representations.

Configural Models for Selective Activation

By definition, configural models include compogigpresentations in addition to
representations for individual operands, operatord,answers. Campbell and Graham (1985),
for example, proposed distinct problem represesratthat could uniquely activate the correct
answer, resulting in differentiation of the corraad incorrect answers to ambiguous problems.
Although operand representations for 4 and 8 waatt/ate 24 and 32 equally, for example, a

distinct 4x8 problem representation could differaht activate 32. Campbell and his
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colleagues (e.g., Campbell & Oliphant, this volume)v hypothesize modality-specific
composite representations that include operandsatyps, and answers as unified mental
entities, and have demonstrated that such repedsarg work well in their sophisticated model
for number processing.

Despite this evidence for the sufficiency of conofig representations, a number of
conceptual grounds favor disinhibition models ocsentain types of configural models or
suggest that the two approaches may yet prove toin@lementary rather than mutually
exclusive. Comparison of configural and disinhdsitmodels benefits from separating "pure”

configural models from "integrative" configural nessl.

Pure configural representation¥he most extreme view would be that configural

representations are novel, unitary problem reptasiens that do not originate with existing
representations for the "components” of the evénthale. For example, configural
representations might consist of perceptual anaedor entire problems that emerge
independently of existing representations for irdiral operands and operators. The hypothesis
that configural representations do not derive faymponent parts entails several conceptual
difficulties.

Configural representations that are not aggregstexisting "parts” fail to explain how
operands, signs, and other stimuli are able toaetithe appropriate configural representations.
Although it may be acceptable to propose that iddi@ operands and signs automatically
activate problems of which they are component pegjsction of the componential view leaves
the associative mechanism in need of further sigatibn. A related difficulty is that
table-related errors, which presumably arise frgerand-driven activation, become somewhat
paradoxical for theories that posit unitary repnéggons not based on operands. Holistic
representations that are not dissectible into corapts also sacrifice one ready explanation for
the high correlations across operand order for batbrs and RTs, which are most easily

explained by the equivalence of their parts.
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Given the various ways in which arithmetic probleras be presented, it is clearly
unsatisfactory to simply suppose that holistic @espntations for problems are activated by the
entire pattern of perceptual activation (rathentbamponents such as 4, 6, x). Direct
activation is somewhat plausible in certain casgsg (simultaneous visual presentation), but is
strained for such cases as the sequential prementdtcomponents in nonvisual, novel (e.g.,
"writing" problems on the skin by touch), or mixeubdalities. Multi-stage arithmetic problems
provide another common situation in which percelptodes are not directly available; for
example, the problem 4x2x4 would presumably actitiaé configural pattern 8x4 somehow.
These various kinds of sequential presentationtéraxplanation in terms of component parts
and associative mechanisms.

Given such limitations, the specification of the@sative or other mechanisms by which
components become connected to and activate coafigepresentations are critical for
evaluating the adequacy and completeness of caafiguodels. Without specification of the
actual mechanisms by which these processes opitiiatdifficult to determine whether the
configural models even differ from the disinhibrtigiew, let alone which of the views is more
correct. For example, a theory that includes ucifipd perceptual processes by which
problems activate configural representations mayially require context-sensitive
associative mechanisms equivalent to those propduesed

Overall then, the operand-based disinhibition masletlore complete and mechanistic
than pure configural models, while still providiagolution to problem ambiguity. Although
awkward for extreme configural models that postepholistic representations constructed
from scratch, the preceding difficulties are lessbematic for more moderate configural
views, called here integrative.

Integrated configural representationdn alternative to the pure configural view (i.@.

singular and novel holistic representation) is ttatfigural representations evolve by the

consolidation or integration of existing discretenponents into a unified configural network.
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That is, problems exist initially as separate opésaoperators, and answers. Experience
strengthens the links among components, until ctidlies of representations begin to act as
integrated units rather than as separate asso@ktertnts. Such models incorporate
associative learning processes, explicit part-whelitions, and other features that avoid most
of the problems faced by pure configural repregents.

Configural models such as Campbell and Oliphatitls yolume) clearly correspond
more closely to this integrated associative vieantto the extreme configural view just
criticized. Their model includes such theoretima&chanisms as degree of unification and the
strengthening of connections among the elemerttseiproblem representation. Campbell and
Oliphant assume that separate component represastaecome sufficiently integrated to
function much as a single representation. That,ig, 8, and 32 could start as discrete mental
representations and subsequently become integrated "holistic” problem representation.

Such integrated configural models are in princgenpatible with context-sensitive
operand models. This potential correspondencegdige question, however, whether the
associative structures that underlie such integnagtworks involve simple direct connections,
or the kinds of context-sensitive inhibitory andidhibitory connections proposed here. The
benefits of the special networks presented heresgentially those enumerated earlier; in
particular, selective activation of other elementthe problem. Such networks can provide
"configural representations" for problems withoxpkcitly adding another level of holistic
representation to the system, and can also exjtaisitional arithmetic performance prior to
consolidation of the configural codes.

In a complementary fashion, Campbell's hypothésis dperands, operators, and answers
constitute a single entity suggests possible mgatifins to the disinhibition mechanism.
Specifically, configural networks should perhapdude answer-to-operand context-sensitive
connections based on the presence of the appm@poabperand. For example, 24 could

activate 4 when 6 was present and 3 when 8 wasrmiteitegrated associative networks in



Inhibition and Number Processing 29
which all problem elements are linked in a selectinay that depends critically on the presence
of other elements should mimic configural repreagomns, and could also permit a single
network to accommodate inverse operations (e.dtjphcation and division).

Disinhibition and related mechanisms that permatdbevelopment of configural
associative models for number processing could Faveeaching consequences for
psychology, inasmuch as the distinction betweeoaaatsve and configural representations
underlies several important unresolved issues.ekample, configural or integrative
representations have been proposed to explain ptemin cued recall that seem to contradict
standard associative theories (e.g., Marscharkig€ida 977) and to explain such context
effects as patterning in Pavlovian conditioning l{\ans & Clark, 1992).

Although operand-driven and integrated configurabliels can be reconciled and can
even complement one another, fundamental theoreuestions still remain unanswered. One
basic question concerns the existence of configemkesentations independent of the
configural associative networks that define thérhat is, once 4x8=32 becomes a configural
unit, does it then exist in any form independenthefindividual elements (4, x, 8, 32) that
participate in the configural associative netwotk®ot independent, then the elements in this
network will be shared with other configural netw&r If the configural unit does come to exist
independent of the associative network, howevern some of the questions raised by pure
configural models might resurface (e.g., how ddfm parts activate the whole?). Since
disinhibitory associative networks explain phenoatar which separate configural
representations were created, the present anahailenges advocates of separate configural
representations to find definitive evidence thdistioc representations separate from
associatively-related component elements are incedred to explain number-processing.

A related question asks whether there are singheuttiple representations for each
symbolic unit (e.g., operands, answers). In cootl associative networks of the sort

proposed here, a single digit code could in prilecgarticipate in the multiple associative



Inhibition and Number Processing 30
relations that underlie all number facts relatethtd operand. Activation spreading from the
single digit code would be context-dependent bexafigppropriate inhibitory and
disinhibitory connections. Without knowing full s of the implementation, such models as
Campbell and Oliphant's suggest multiple represiemsfor operands distributed throughout
the system in combination with different problems.( 4 in 4x6=24 seems distinct from 4 in
4x8=32). These replicates of 4 and other numbensprovide the tacit assumption that
permits configural models to achieve context-sensit

This primary section of the paper has examinegdttential role of inhibition in the
selective activation of problem answers; in theexe case, to create differential activation
where none existed. A related and similarly prentatole for inhibitory mechanisms in number
processing is to enhance existing differenceseratttivation levels of competing responses.

Inhibition Enhances Differences in Activation

Enhancement of differential levels of activatiomngortant in number processing
because competition and interference effects aubgmitous; that is, interfering responses are
often sufficiently activated to compete seriouslyhvthe correct answer for dominance. This
differentiation role for inhibitory mechanisms i©re familiar and evident than
context-sensitive activation; hence it is treatsslextensively. | first document that number
processing demonstrates high degrees of compeéitidnnterference among alternative
response candidates, and then show, both in plenanml empirically, that inhibitory
mechanisms are ideally suited to contend withnitense competition that underlies such
effects.

Interference Phenomena in Number Processing

A priori, extreme competition is expected in asabee networks for numbers because
each number is associated with multiple alternatgponses (e.g., 3 is connected to all
answers in the 3 times table, the 3 plus table,sanah). These overlapping connections mean

that associative processes can activate multiplesentations, some of which will interfere
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with production of the target response. This aggion of "noisy" associative mechanisms is
supported by much evidence for interference angorese competition effects in number
processing, including phenomena discussed preyiousl|

Interference within operationdResearch has clearly demonstrated that aritbragtors

and RTs are highly susceptible to interference frelated problems, as attested to by numerous
papers in this volume and elsewhere. The domia@ats in multiplication come from answers
to nearby table-related problems (e.g., 7x8=48)gesting that nearby operands and/or
problems in the same times-table are indirectlivat#d (Campbell, 1987a). Table-related
answers also interfere with rejection of false fi@tion problems (Campbell, 1987b).

The degree of interference exerted by related arssthepends on their current activation
levels. Removing certain problems from a testisas$or example, speeds responding and
decreases errors for any remaining problems tieaguasceptible to interference from the
answers to the removed problems (Campbell, 19&na) priming with table-related incorrect
answers disrupts arithmetic performance (e.g., @@thpl987b, 1991). Moreover, competing
answers can be activated by operands that arefpde answer (Campbell & Clark, this
volume), and subjects may perform more rapidlyrtythe first few moments of arithmetic
testing, when competing answers would not yet higeggc¢han later in the session (Chapman,
1915).

Close analysis of the relation between recent mgnof an answer (e.g., by presentation
of its problem) and the likelihood of that answecuarring as a subsequent error has
demonstrated that moderately recent problems araj@er source of error priming in
multiplication (Campbell, 1991; Campbell & Clark989). The assumption is that residual
activation from recently presented problems proseteors. Very recent problems, especially
immediately preceding ones, are an exception tortiie and are discussed later.

Interference between operation&rithmetic is susceptible to interference frothey

arithmetic operations, as noted earlier. Milled &aredes (1990) reported several effects
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attributable to confusion between operations, idiclg a notable incidence of cross-operation
errors. That learning multiplication slowed adulitialso suggests conflict between answers for
addition and multiplication. On verification tasksibjects are particularly slow to reject false
number problems if they involve the correct ansfgera different operation (e.g., 3x 4 =7), as
demonstrated by Winkelman and Schmidt (1974), Ztifcghd Logan (1986), and others.

Current activation levels of competing cross-operatesponses again contribute to the
magnitude of interference effects. For exampleimgi operations (e.g., testing both addition
and multiplication within a session) increasesptabability of cross-operation errors and
slows responding (Miller & Paredes, 1990). Actigeponses presumably interfere more with
the correct answer than do dormant responses.

Other number-processing phenomeNon-arithmetic number-processing tasks also

show interference phenomena that are relevanti¢alaion tasks. Consistent with the idea
that numbers indirectly activate numerically closenbers, den Heyer and Briand (1986) found
that subjects were faster to identify digits astdifyersus letters) when targets were preceded
by a close digit than by a distant digit. Numdrio@arness as a fundamental basis for
associative relations among numbers is also ce@msistith number similarity judgments
(Shepard, Kilpatric, & Cunningham, 1975) and digaitming errors (Campbell & Clark, 1989).
Superfluous activation of nearby numbers coulddase interference from close table-related
answers, contributing to some of the interfererfeenpmena observed in arithmetic. For
example, if 7 primes 6, then 7x8 could experiemcegased competition from 48 because of
indirect activation of 6x8.

Although other evidence for high levels of inteefiece in arithmetic tasks could be cited
(see Campbell, 1987c, and other papers in thiswe)uthese examples demonstrate clearly that
associative interference both within and betweeti§ip arithmetic operations is widespread.
The errors result from situational factors and esdive connections between operands and

either other operands or related answers. Thocags/e interference may be automatic or at
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least difficult to control, inasmuch as it is evdkeven in tasks that are impaired by it (e.g.,
LeFevre, Bisanz, & Mrkonjic, 1988).

The preceding findings demonstrate convincingly thanber processing involves
activation that spreads to related representati&tsvated activation of competing answers is
problematic for several related reasons. Firsghtened activation of multiple responses
means that such additional processes as threshesgmnse criteria, and comparators are
necessary to "select" the appropriate responsagab@n associative mechanism that resulted
in a single response being highly activated coelddid to have actually performed the
selection. Second, similarly activated answersemekery difficult or even impossible to set a
response criterion that is relatively error-fré&drongly differentiated responses therefore permit
simpler and perhaps more mechanistic models dfraétic.

Observed interference phenomena presumably repneseaual effects that elude
whatever control mechanisms exist to suppress congpanswers. Given the high degree of
overlap in associative networks for numbers andexge for pronounced interference in
various number processing dysfunctions (see laseudsion), it seems reasonable to assume
that number processing generally involves quiterisé competition among correct and
incorrect answers. A number-processing systemistsat prone to interference would clearly
benefit from some mechanism to reduce the comgetiinhibition provides just such a
mechanism.

Inhibitory Mechanisms and Interference

What is needed to reduce excessive interference@ngetition is an associative
mechanism to exaggerate existing differences inatain levels of competing representations,
and ideally to actually suppress the weaker camteldalateral inhibition among answers
achieves just these results. The basic mechasigiute simple but powerful; in essence,
answers mutually inhibit activation of competingaers in proportion to their own levels of

activation. The conclusion that interference miglteduced by such inhibitory mechanisms is
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supported by findings with analogous cognitive sasls well as by some simulation and
empirical results in number processing.

Inhibition and analogous task#ndirect support for the role of lateral inhibit in

number processing comes from research on analoguterence effects in diverse areas of
psychology. Inhibition enjoys widespread use fopsass just such noise as underlies number
processing, with selective attention providing atptypical example of the use of inhibition to
control interference.

In selective attention tasks, people attend tcetargnd ignore irrelevant stimuli or
distracters. There is now much evidence that 8edeattention operates in part by suppression
of distracters (e.g., Tipper, 1985; Walley & Weid&873). For example, nhaming a color in the
Stroop task is slower if the same name was a dtstran the preceding trial (i.e., had to be
suppressed) than if a different color name waptheeding trial distracter (e.g., Dalrymple-
Alford & Budayr, 1966). Negative priming and redtsuppression effects have now been
observed in various attention tasks.

Selective attention provides an ideal model forldimels of semantic retrieval operations
involved in mental arithmetic. Whereas targets iargdevant distracters are presented
externally in selective attention, they are geregtdity internal associative processes in number
processing. That is, arithmetic problems indigeatitivate both "targets” (i.e., correct answers)
and "distracters" (i.e., incorrect answers) to vagydegrees. The resulting competition and
interference in number processing are isomorphibdse found in selective attention. The
parallel is even closer when distracting incoreedwers are presented directly, as in priming or
verification studies. The analogy with selectiteiation suggests that inhibitory mechanisms
could filter out or suppress competing represematin number processing, just as inhibition
operates in selective attention.

This inference is further strengthened by the tlaat inhibitory mechanisms suppress

interfering stimuli and responses in many other dos besides selective attention and number
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processing. Inhibition sharpens differences invatibn levels of sensory neurons so as to
enhance edges (e.g., Von Bekesy, 1967), and hasbegosed in the motor skills literature to
resolve competition between alternative respornsegs, Kornblum, 1965). Evidence also
suggests that inhibitory mechanisms suppress camgpetsponses in word identification (e.g.,
McClelland & Rumelhart, 1981) and in retrieval fra@mantic memory (e.g., McLeod &
Walley, 1989), and contribute to such effects &senaal inhibition in episodic memory
(Roediger, 1974).

In short, the problems of competition, interfergraxed noise are common ones in diverse
areas of psychology, and inhibitory mechanisms leen widely proposed and accepted as an
effective way to reduce such competition. It tieme seems likely that inhibitory mechanisms
would be similarly used to manage the excessiveaiin of inappropriate codes that is so
widespread in the domain of number processing.

Inhibition and simulations of number processingteral or mutual inhibition plays a

major role in at least one model of number procgssiCampbell and Oliphant's (this volume)
model incorporates lateral inhibition among problepresentations both within and between
arithmetic operations. The sophistication of thedel, however, makes it difficult to appreciate
the benefits of its individual components, suclthaslateral inhibition of interest here. The
earlier simulation of ambiguous problems (reproduoeFigure 6) permits a clear
demonstration of the positive consequences ofdhtehibition in number processing, because
the parameters chosen for the disinhibition modklewved only very slight separation of the
competing answers; a mere 12 units (5%) of actwateparated the correct and incorrect
answers after 15 cycles. This tight competitioovpies a challenging test case to evaluate the
capacity of additional inhibitory mechanisms toagpe the curves more sharply and to produce
some levelling off or even decline in the activataf the incorrect answer.

Insert Figure 6 about here
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The three curves discussed earlier were producindtie lateral inhibition parameter set
to 0 (LI=0); that is, the answers of 24 and 32midl inhibit one another. For the new pair of
curves added to Figure 6 (INH=-.2, LI=-.2), latardiibition was set to -.2. That is, at each
cycle the activation level of 24 was decrease®hymes the activation level of 32 and the
activation level of 32 was decreased by .2 timesatttivation level of 24. As shown in Figure
6, this modest lateral inhibition amplifies thefdience between the activation levels of 24 and
32, and even produces a levelling off and an ewtolecrease in the level of activation of the
incorrect answer 24. These are exactly the efteetswould facilitate differentiation of correct
and incorrect answers. That the activation le¥@d4ois actually decreasing demonstrates how
associative models with lateral inhibition can &s¢'l answers from competing alternatives.

The simulation shows that lateral inhibition carprnciple resolve competition in
number processing. Moreover, the pattern of graawith separation in activation provides an
elegant explanation for errors that occur whenesttbjare forced to respond quickly. The
lower the cycle at which the response is emittieel greater the activation of competing
responses, and/or the less their separation frerevbntual correct response. Increases in
errors would also be expected if the inhibitoryqgasses were somehow weakened (see later
discussion of correlates). This in principle destoation that inhibition can reduce competition
among competing answers is consistent with sefiedihgs in number processing.

Inhibition and number processing phenome@me clear example of inhibition in

number processing comes from the research onniromg described previously (Campbell,
1991; Campbell & Clark, 1989). Although recenthegented answers tend to intrude as errors
in multiplication and other arithmetic tasks, tmswaer to the immediately preceding problem is
significantly lesdikely than chance to occur as an intrusion, artidisions primarily come from
several trials back. Campbell and Clark (1989) efled this finding by the combined effects

of differentially decaying excitatory and inhibiyoinfluences on the preceding answer. The
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activation of the preceding answer was temporanégked by rapidly decaying inhibition, so
the answer is suppressed but then intrudes afteradrials. Campbell (1991) went on to
show that the inferred suppression of potentigitgifering responses from the preceding trial
actually produces fast RTs for immediately follog/irelated problems, in theory because one
potent competitor has already been inhibited.

Interference effects themselves can be viewed @sosufor the notion of inhibitory
mechanisms, inasmuch as interfering answers mest #eir influence on targets somehow
and one plausible mechanism is inhibition. Theatigg effects of interfering problems in a
testing set, for example, may occur because actimgeting responses inhibit target responses
more than do inactive competing responses, or lseddue target response must suppress
competing responses, which takes longer and is diffreult when competing responses are
highly activated. Either process requires inlityitmechanisms.

Several findings on acalculia also implicate intaby mechanisms. Arithmetic errors in
acalculics are similar to those made by normaleusgdeeded conditions (e.g., Campbell &
Clark, this volume; Sokol et al., 1991). One erpl#on for such findings is that brain insults
selectively damage inhibitory mechanisms, whiclvésanoisy activation that is less constrained
than normal. The selective vulnerability of inbhdsy mechanisms is discussed later. Campbell
and Clark (1988) used a similar model to explamrsron number naming by HY, a patient
studied by McCloskey and his colleagues (McCloskmkol, & Goodman, 1986). HY's errors
were primarily number names that were visually Eimnumerically close, and of the same
odd-even agreement as the target. This is theceegheutcome given damage to inhibitory
mechanisms that normally filter out interferingpesses similar to the target response.

Inhibitory mechanisms might also be reflected i ¢iffects of response uncertainty on
RT. In picture naming and other semantic retrieagks, RT increases as the number of
alternative responses increases (Clark, 1991b;rhanh1973; Paivio, Clark, Digdon, & Bons,

1989). One explanation for uncertainty effectthat the multiple responses inhibit one
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another, slowing RT. A similar uncertainty effeccurs when the number of different stimuli
(hence responses) are varied experimentally. $eweddt and Staudenmayer (1970) found
that such uncertainty effects were large for nucatasks that required subjects to retrieve one
or more responses from semantic memory (e.g., addt# stimulus digit, subtract the
stimulus digit from 9, or retrieve number wordstthad been randomly associated with the
stimulus digits). Uncertainty effects were smallaometimes minimal for tasks less
dependent on selective retrieval mechanisms (eagge the stimulus digit, add one, or subtract
one). If uncertainty effects reflect inhibitory oanisms, as suggested above, then these
findings implicate inhibitory mechanisms in retrawf arithmetic facts. As observed earlier,
difficulties associated with ambiguous and shanmesiagr problems can also be conceptualized
in terms of the fan effect, one type of uncertagffect (e.g., Pirolli & Anderson, 1985).

In summary, inhibition can accentuate differenceadtivation of competing nodes in
semantic memory. This role is consistent withwidespread use of inhibitory mechanisms for
suppression of interfering events in other domainssychology, simulations of number
processing, and suggestive number processing pheranit is not clear that noninhibitory
mechanisms could achieve similar differentiatiomighly confusable nodes. Moreover, until
alternative models are stated explicitly, it magmrebe difficult to determine which models
actually entail inhibitory mechanisms and whichnidd. Models that raise or lower threshold
levels to suppress errors, for example, might laeastterized in terms of inhibitory associative
mechanisms that change baseline activity leveteodés. Reducing inhibition would lower the
threshold (i.e., weaker signal required to "firai)d adding inhibition would raise the threshold
(i.e., stronger signal required to "fire").

Inhibition-Related Correlates of
Normal and Dysfunctional Number Processing
| have argued that inhibitory mechanisms serveamstitwo major functions in number

processing, selective activation of answers anamcgment of differences in activation of
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competing answers, and that these functions uredeeliformance on many numerical tasks.
This hypothesis not only explains much availabledaut also suggests future research on
number processing and its relation to diverse asepsychology. Here | examine
characteristics of people that ought to correlath their number processing competencies,
given the assumption that inhibitory mechanismyg plaentral role in arithmetic competencies.
The basic approach is to examine human traitscrabe demonstrated to reflect differential
levels of inhibitory functioning. The areas exaadrare: direct indicators of inhibitory
functioning, brain injury, aging, and childhood d&pment.

Indicators of Inhibitory Functioning

One clear implication of the present proposalbas tlirect measures of inhibitory
functioning ought to correlate with performancenumerical tasks. Several physiological and
behavioral indicators of inhibitory functioning aaeailable, although not enough is known at

present about their correlations with number preicgs

Physiological indicatorsOne physiological indicator of weakened inhinitis
neuroleptic seizures. Much evidence is consistéhtthe hypothesis that seizures often result
from and hence reflect inadequate physiologicalbitibn (Avoli, 1988). This evidence
includes: analyses of seizures induced by kindhingther experimental procedures (e.g.,
Burnham, 1989); the use of agonists for GABA artteptnhibitory transmitters in the
treatment of epilepsy (e.g., Bartholini, Scattowkavic, Lloyd, Depoortere, Langer, &
Morselli, 1985); neurotransmitter assays of epiteptain tissue (Lloyd, Bossi, Morselli,
Rougier, Loiseau, & Munari, 1985); and inductiorsefzure activity by antagonists of
inhibitory neurotransmitters or other manipulatig¢esy., hypoxia, pyridoxine deficiency) that
selective damage inhibitory mechanisms (McCormi€&g9).

Epilepsy and seizures correlate with performancevariety of psychological domains,
including several relevant to inhibitory functioginFor example, Telzrow (1985) reviews

evidence that epileptics have difficulty suppreggiistracters in attention tasks, act impulsively
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and show other behaviors associated with hyperggtand show some evidence of
aggressiveness (i.e., failure to suppress hosthaviors).

With respect to numerical and related cognitivésaseizures tend to be associated with
general cognitive dysfunctions, such as low scorestandardized intelligence tests, and with
specific learning problems (Telzrow, 1985). Cotesis with the hypothesized importance of
inhibitory functioning in number processing, Greerd Hartlage (1971; cited in Telzrow, 1985)
reported particularly poor performance in arithmeti

Various recording and imaging techniques can a¢soded to measure or infer levels of
inhibitory functioning. Dustman and his colleag@es., Dustman, Snyder, & Schlehuber,
1981) have argued that correlations between vesuzied potentials for patterned
(checkerboards) and unpatterned (homogenous) stiefilgct variations in inhibitory
functioning. The argument is that lateral inhinitienhances the contrast in the patterned
stimuli, making them more distinct from the unpatezl stimuli, and hence reducing the
correlation between the two. | later show thahggind childhood development, two variables
associated with changes in similarity of evokedepbals to patterned and unpatterned stimuli,
are related as expected to changes in number ginggzerformance. To my knowledge, direct
tests of the theoretical relation between Dustmae'asure and number processing are not
available.

Behavioral measured have already mentioned several experimensiistand

phenomena that could serve as measures of inhjilfitoctioning; for example, susceptibility to
negative priming effects in selective attentiom(eTipper, 1985) or to uncertainty effects. A
more typical individual difference measure that licgdes inhibitory functioning is impulsivity,
which has been measured by ratings of normal atiwlegyical behavior (e.g., Goyette,
Conners, & Ulrich, 1978), and by fast but errorfegerformance on the Matching Familiar
Figures Task (Kagan, 1965).

These variables have been shown to correlate wghitive functioning generally.
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Impulsivity and attentional problems are primargnggoms of Attention Deficit Hyperactivity
Disorder, which has been strongly associated \e#hning disabilities and other school-related
dysfunctions, and the slope relating individual R3 sincertainty predicts performance on
intelligence tests (Jensen, 1987). These genkeat®suggest that individual differences in
negative priming, uncertainty effects, and imputgimight very well correlate with
performance on number processing tasks. Whetbkeaetations will be precise enough to
isolate unique contributions of inhibition and afmber processing remains to be determined.

Brain Damage and Related Conditions

The exceptional roles proposed here for inhibitngchanisms also predict negative
effects of brain insult on number processing, inadmas inhibitory brain mechanisms are more
vulnerable to insult than are excitatory mechanisiaarly behavioral evidence suggested that
inhibitory mechanisms were particularly vulneratddnypoxia; for example, decreased oxygen
at altitude produces exaggerated reflexes (e.g.Haarevald, 1939; van Liere, 1942).
Contemporary research has confirmed these eamdgideor example, inhibitory
neurotransmitters such as GABA are particularlspsble to hypoxia (Avoli, 1988), and one
consequence of head injury can be seizures or afahdarain activity (Mathieson, 1982). Brain
injury also tends to produce other signs of wedkbition, such as attentional difficulties
(Posner, 1988), agitation, and impulsivity.

Selective damage to inhibitory mechanisms shoudyce number processing
dysfunctions that resemble associative networkghich inhibition is relatively weak; hence,
exaggerated interference effects are expectechotesl earlier, McCloskey et al's (1986)
patient HY produced errors that could be predittgthe numerical similarity (nearness and
odd-even agreement) and visual similarity of thereeous and correct responses (Campbell &
Clark, 1988). The assumption is that in normatgtsliactivate number representations that are
visually or numerically similar to themselves, thise competing representations are

suppressed by inhibitory mechanisms that are eefi¢ch HY.



Inhibition and Number Processing 42

It was also noted earlier that mental arithmetidggenance by brain-damaged patients
demonstrates a number of effects consistent wéthyipothesis that brain injuries disrupt
people's capacity to suppress interfering responsesarticular, patterns of errors are
exaggerations of the patterns produced by norreals, able-related errors, operand
intrusions), consistent with the idea that excitaessociations remain intact to activate the
interfering responses but the inhibitory mechanims normally filter out such responses have
been weakened or perhaps even eliminated.

Aging

The preceding analysis suggests further that acddoaight to be associated with weakened
inhibition. The reasoning is that the elderly swmsceptible to various pulmonary, heart, and
circulatory dysfunctions and diseases that disteptery of oxygen to the brain. Prolonged or
abrupt deficiencies in oxygen delivery should pralinhibitory dysfunctions in the elderly that
parallel those seen with traumatic brain insultoddls of aging based on weakened inhibition
have been proposed by several authors (e.g., Al88,a; Dustman, Emmerson, & Shearer,
1990; Hasher & Zacks, 1988). Supporting findingdude increases with age in the correlation
between evoked potentials for patterned and unpetiestimuli (Dustman et al., 1990), and
decreases with age in the capacity to suppresaclisig stimuli in selective attention tasks
(Tipper, 1991).

Given such findings, the present hypothesis prediat number processing will
deteriorate with age, and more specifically, thatdeterioration should demonstrate
characteristics of a number-processing systemwatik inhibition. Consistent with this
prediction, Campbell and Charness (1990) foundetlubrly subjects showed elevated levels of
substitution errors (operand intrusions from easdtages) on a complex calculation task, and
seemed to be particularly challenged by the needdintain multiple intermediate values in
working memory. Such findings are readily explditgy a weakened capacity to suppress

interfering events.
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Childhood Development

A relation between childhood and inhibitory funciileg would have major consequences
because of the educational relevance of numbeepsaty. Number processing abilities that
require inhibition may be especially difficult fohildren if inhibitory mechanisms mature late.

Childhood and inhibitory functioningMuch evidence supports the hypothesis that

inhibitory mechanisms increase in strength relatvexcitatory mechanisms during childhood
(Bjorklund & Harnishfeger, 1990; Clark & Johnso®9D). Childhood changes that indicate
strengthened inhibition include: a dramatic de@easusceptibility to seizures from infancy to
early teens (Hauser & Hesdorffer, 1990), decreaseelation between evoked potentials for
patterned and nonpatterned stimuli (Dustman el @80), improved capacity to suppress
distracters on selective attention tasks (TippeurBue, Anderson, & Brehaut, 1989), and
decreases in impulsivity as measured by the Magchamiliar Figures Task and related tests
(Kagan, 1965, 1966). Children also have diffic@typpressing competing responses in choice
RT tasks (e.g., Jensen, 1987) and in picture natasig (Clark & Johnson, 1990).

Inhibitory processes are also suggested by sewvegjalr developmental theories,
including Piaget. The constructs of centration egdcentrism, for example, suggest a failure
to suppress or inhibit attention to some immedaaig compelling property of the situation,
such as height in a conservation of volume tasknefs own point of view in a perspective-
taking task. If inhibitory processes indeed depéd#der during childhood than excitatory
processes, then the present theory predicts tidtenwill demonstrate forms of number
processing that reflect weak inhibition. A numbé&pbservations in the domain of number
processing support this hypothesis.

Number processing in childhood he inhibitory analysis may shed light on whyldien

use counting or other strategies to perform suthraetic operations as addition, rather than
retrieval from semantic memory (e.g., Groen & Paaknil972; Restle, 1970). Although

elaborate theories have been developed to modertivesses by which children select direct
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retrieval or various procedural approaches to ieuétic problems (Siegler, 1988), the fact that
children persist in "counting" and other non-retalemethods may actually reveal something
fundamental about the state of children's inhigigystems, and about the inhibitory
mechanisms required to perform arithmetic by retdiédrom semantic memory. Young
children can certainly learn associations muchegatian they use them in arithmetic; for
example, children can name thousands of pictures b@fore they are able to associatively
retrieve the relatively few answers to basic arglimquestions.

Perhaps children's inhibitory systems have notlggeloped to the point of permitting
effective use of semantic retrieval for highly méging sets of stimuli such as number facts.
Continued use of counting and non-retrieval stiatemay therefore indicate that inhibitory
mechanisms are still inadequate to permit direcieneal given the ambiguity of some
problems, and the fact that all operand-answerczssans are context-dependent and must
therefore be suppressed on most trials.

Another developmental finding illuminated by thailsition hypothesis is that of Miller
and Paredes (1990) on inter-operation competitipacifically the effects on addition of
learning multiplication. Certainly learning proses are essential for mastering such competing
operations, but some of the temporal trends obddyyéMiller and Paredes may also reflect
maturation in the basic inhibitory mechanisms @ukhere to underlie resolution of
inter-operation competition. That is, young cheldimay have great difficulty developing the
inhibitory and disinhibitory connections that petrselection of appropriate answers given
cross-operation interference.

It is also obvious that weak inhibition can readikplain why young children produce
more errors at arithmetic than do adults (MilleP&redes, 1990). Children simply lack the
inhibitory mechanisms essential for the differetidia and suppression of highly interfering
responses. Not until children's inhibitory systdrage matured can they construct the special

kinds of associations required to cope with hightgrfering networks, such as those involved
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in arithmetic.

Direct indicators of inhibitory functioning, bradamage, aging, and childhood
development illustrate the kinds of predictiond therive from the inhibition model; similar
cases could have been made for weak inhibitiomah ®ther areas as psychopathology and
alcohol consumption. For example, numbers araafteolved in the repetitive behaviors
characteristic of obsessive-compulsive disordetead, an early case study referred to such
behaviors as "arithromania" (cited in Rapoport,4,98 91). The hypothesis that inhibitory
mechanisms underlie performance on computatiorottmel number tasks thus predicts that
number processing will correlate with diverse measwof inhibitory functioning and
dysfunction. Moreover some available results areststent with this far-reaching prediction,
although the inhibition model suggests much add#igesearch.

General Discussion and Conclusions

Previous sections of the paper have establishespibafic capacities of inhibitory
mechanisms to explain number processing phenomardosing, | briefly examine some
broader issues raised by inhibitory associative@phes to number processing and to
cognition in general.

Mechanistic Explanations

Explaining phenomena in terms of excitatory andaditbry connections ensures that
explanations are mechanistic, rather than alteraatrbal descriptions that sometime later
must be translated into specific mechanisms. kKamgle, "IF-THEN" and other high-level
procedures do not readily suggest concrete meaharasd may actually discourage a deep
understanding of the cognitive mechanisms that penmganisms to act in conditional ways,
especially if the higher-level description is wringerceived as an adequate explanation. The
associative networks presented here provide afgpdescription of the disinhibitory
mechanisms that effect conditional behavior.

Stated somewhat differently, the theoretical cartsér of associations, excitation, and
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inhibition closely approximate the concrete mechians used in neuroscience, whereas
elaborate and complex systems would be requireabidel the abstract, higher-level processes
characteristic of some psychological theories. ddreespondence between psychological and
physiological levels of explanation ensures thgnttive theories are constrained to processes
presently realizable in terms of known physiologio@chanisms. A reciprocal benefit is that
theoretical and empirical advances in the cogniiomain are more clearly relevant to
neuroscience. For example, if a well-founded cidggimodel holds that multiple
representations are activated and mutually inloibé another, then neuro-imaging might be
directed towards the identification of early globativity followed by more focal localized
activity. It is less straightforward to identifgdalizable brain states associated with such
high-level psychological constructs or general psses as IF-THEN and comprehension.

Unified Theory

Inhibitory and associative explanations based dtepe of associations among a few
kinds of representations provide unified explanaitor diverse phenomena, providing specific
and concrete models for each. For example, apptefyr organized inhibitory connections
(specifically, disinhibition) eliminated the neeat tonfigural problem representations in
number processing. This same mechanism can siyrgtgplain context effects in animal
learning (Williams & Clark, 1992) and perhaps a evidiriety of other behaviors strongly
dependent on context.

General theoretical mechanisms and associatedcbssasure that the study of number
processing has broad benefits for psychology, amelévant to many scholars and important
issues. Although the correlates of inhibition gectfocused on number processing, for
example, the inhibition hypothesis actually maimsahat diverse areas of psychology depend
on inhibitory mechanisms of the sort describedia paper, and may therefore demonstrate
similar correlations with inhibitory functioningzven so, number processing may be

particularly sensitive to variations in inhibitdignctioning, perhaps because of the high levels
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of interference discussed earlier.

Empirically Justified Theory

A final strength is closely related to what someenperceived as a weakness of
associative approaches to cognitive theory, nathely relative lack of internal or formal
constraints. There are indeed few axiomatic litrates on what can be connected to what or on
the strength of the connections, other than thossepted by often inadequate data. Moreover,
alternative networks may be functionally equivalanthe level of description currently
available. We saw earlier, for example, that opé+answer inhibition might be realized in
various ways depending on the number and typetefianing or hidden nodes. There is also
much latitude associated with the particular weigigsigned to connections, such as the
forward and lateral inhibition in the model desedbkearlier.

Although challenging, the alternative structured katk of formal constraints actually
constitute a strength of associative models inabnagdhe human brain and associated
cognitive processes seem to demonstrate the serieility. Moreover, the lack of formal
constraints necessitates meticulous and detailseroations to realize specific associative
networks that are faithful to reality. Alternatigpproaches that begin with unrealistic formal
assumptions about the structure of the number pstog system are in danger of building
elaborate theories on weak foundations. Weak bagys may be a particular problem if the
assumptions are never challenged empirically. eikample, no real-world constraint dictates
that visual representations for digits cannot lvealliy connected to articulatory representations
for number words, so it would be imprudent to baltheory on this assumption without first
obtaining extensive empirical support. Becausg #weid artificial restrictions and properties,
associative theories almost by definition are basedch empirical data, which are needed to
delineate specific features of the theory.

In conclusion, empirical and rational consideragiordicate that inhibitory mechanisms

play major roles in number processing. Inhibitorgchanisms permit associative networks that
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show selective activation under highly ambiguouswrnstances without the need for
configural representations. Inhibition can alsaggerate even slight differences in levels of
activation for distinct answers, permitting the imaaistic "selection” of responses by suitably
arranged associative networks. Number proceskumgimplicates diverse indicators of
inhibitory functioning, including physiological armehavioral indicators, brain damage, aging,
and childhood development. More generally, exgdiana that are mechanistic, that unify
distinct areas of psychology, and that are empiyiezell-founded recommend associative
models based on excitation and inhibition as aulsgiproach to the study of normal and

dysfunctional number processing.
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Appendix
Simulation Program

DECLARE FUNCTION in! (01!, 02!)

fi=-.2: REM Op-Ans Forward Inh (-) / ERarameter
di=-.2: REM Co-op Disinhibition (-)/ Eg&Exc Param.
li=-.2: REM Ans-Ans Lateral InhibitionalPameter

a4 =10: a8 = 10: REM Activation Levels for Opetan

DEF fnmax (X, y)
IF x >=y THEN
fnmax = x
ELSE : fnmax =y
END IF: END DEF
DEF fnin (01, 02) = ol + fnmax(ol + 02 * di, 0)i* f

CLS : PRINT "FI="; fi; " DI="; di; " LI="; li: PRINT
PRINT "Cy Answ24 Answ32"

FORc=0TO 15
PRINT USING "## ###.### ### ###"; C, a24, a32
a24 = a24+fnin(a4, a6)+fnin(a6, a4)+fnin(a3, &d)Ha8, a3l)
a32 = a32+fnin(a4, a8)+fnin(a8, a4)
a24pre = a24
a24 = fnrmax(a24 + li * a32, 0)
a32 = fnmax(a32 + li * a24pre, 0)
NEXT c
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Table 1

Shared Answer and Ambiguous Problem Sets

A. Shared Answer Problem Set

Answer Problems
12 2X6* 3x4*
16 2x8 4x4
18 2x9 3x6*
24 3x8 4x6*
36 4x9 6X6

B. Ambiguous Problem Set (Correct Answer Undedjne

Problem Multiple Answers
2x3 6 12 18
2x4 8 12 16
2X6* 12 18
3x4* 12 24
3x6* 12 18 24
3x9 18 27
4x6* 12 24 36
4x8 16 24 32
6x8 24 _48
6x9 18 36 54

* Problems that appear in both sets.
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Figure Captions

Figure 1. Disinhibition models for occasion sejtand patterning.

Figure 2. Inhibition-based models for multiplicati

Figure 3. A disinhibition model for the ambiguausiltiplication problem 4x8.

Figure 4. Simulated 4x8 activation of 32 and 24dwels of answer inhibition and co-operand

disinhibition (INH = 0 or .2).

Figure 5. A disinhibition model for selective ini@peration activation.

Figure 6. Simulated 4x8 activation of 32 and 24dwels of answer inhibition and co-operand

disinhibition (INH = 0 or .2), and by levels of ¢éaal inhibition between answers (LI = 0 or .2).
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A Occasion Setting
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A. Parallel Excitation + Inhibition

3
1l
15
B. Excitation + Two-step Inhibition
3
>
1l
15

C. Co-operand Disinhibition of Answer

3 11
< T15T

5

- Excitation — Inhibition




Inhibition and Number Processing 61

y 16

5 24

N 32

LR BB LR
HS AR S HhP HRCHR™ RE

o
<t LO (O [~ 0
AN (o] )] < Q0 N O
00) — —i AN N (Q\ o™ 9]
/ /] /] _I \/_I _I \/_I _I \/_I _I \/_I _| \/_l _|
m LO (O [~ 0

9

—| Inhibition

> Excitation




Inhibition and Number Processing 62
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ANSWER(ARBITRARY UNITS)

250 INH LI ANSWER g
— .0 .0 BOTH
20071 —— o o 32
- 2 .0 24
150 -
— 2 .2 32
e 2 .2 24
100 - o
50 - B ou PR LY EEE
0 . . .
0 5 10 15

PROCESSING CYCLE




