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! Introduction

Building an internal representation of the causal structure of the world 1s 3 criucally important
cogniive abihity. Both in order 10 understand the relauonships between events in the external
world, and in order to control events in the world, 1t 1s necessary 1o be able to detect causality and
10 be able 10 perform causal reasoning. In psychology this ability has traditionally been seen as of
considerable importance in understanding such diverse areas as perception (e.g  Michotte, 1963),
decision-making (e.g. Nisbeut and Ross, 1980) and psychopathology (e.g. Sehgman, 1975). Recently
100, researchers studying human-computer interaction have come 10 recognise the importance of
causal knowledge (e.g Lews, 1986).

In fact such has been the concentrauon of effort in understanding causality judgment, that it s
now possible to construct a lairly complete model ol causality judgment: not only can the processes
involved be described, but it is also possible 1o specily in reasonable detwml what the form of
representation is hikely 1o be. In order 1o do this, we have chiosen 1o use a production system archi-
tecture to capture the principal features ol the human causality judgment mechanism.

Because the empirical studies are so important in determining what feawres a theory of causality
judgment must have, we begin by describing three experiments which illustrate the importance of
certain features of causal situauons in deternmining the rormation of causal knowledge. Then a
recent model ol causality wdgment (Shanks and Dickinson, 1987) is described, followed by some
extensions of this theory which cover the way causal knowledge might be represented. Finally, an
implementauon of this theory in terms of a production system is presented.

2 Conuguity and Contingency

It has been recognised at least since the ume of Hume that udgments ol causality depend on
close temporal and spatial conuiguity between the target cause and the effect. Although there have
been some tests ol this in causality judgment (e.g Wasserman and Neunaber, 1986), no parametric
data have ever been presented. The first expeniment attemplts 10 see whether subjects' udgments of
the extent to which an action causes an oulcome are reduced when delays of 4, 8 or 16 sec are
inserted between the acuon and the outcome, relatuve 1o a condition in which there 1s no delay:,

2 1 Experiment |

In this expeniment subjects were cach given eight causality judgment problems in which they
were required to udge the extent to which an acuon (pressing the space bar on a computer hey-
board) caused an outcome (the flashing ol a tnangle lor 0.1 sec) to occur on the video screen.
Each condition lasted for 2 min and was divided into | sec time intervals. In the lour experimental
conditions, it the acuon occurred during a particular | sec interval, then the oulcome followed the
action with probability 0.75 and never occurred ndependently ol the action. These four
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experimental conditions differed in the degree of temporal contiguity bewween the action and the
outcome. Each time an action was performed and an outcome was programmed 10 ollow 1t a delay
of either 0, 4, 8 or 16 sec was inserted before the outcome. Durning the delay the schedule proceded
normally, so that further actions could set up further outcomes. Thus lor these four conditions, Lhe
probability of the outcome given the action was constant; what differed was the temporal interval
before this outcome occurred.

The remaining four conditions were all control conditions. Lach experimental condition was
immediately followed by a control condition in which the pattern of outcomes that occurred in the
experimental condiion was played back to the subgcts independently of their acuons. Thus the
temporal distribution and frequency ol outcomes is matched in the experimental and control condi-
tions. This is important because it the number ol actions (and hence the number of outcomes) dif-
fered across the experimental conditions, then this would be confounded with any differences in
the subjects' udgments of the extent to which the acuon caused the outcome. The conditions were
presented in pairs consisting of an experimental condition followed by 1ts control, but the order of
pairs of conditions with respect 1o the action-outcome delay was random.

It people are sensitive to contiguity in their causahity udgments, we would expect judgments in
the expenmental conditons 1o be reduced as the delay 1s increased; the control conditions provide
the baseline against which the judgment in cach eapenimental condition can be assessed.

The subgcts were 16 students who were tested individually.  The instructions given to the sub-
jects at the beginning of the expeniment were sumilar 10 those used in the experiments decrsibed by
Wasserman, Chatlosh and Neunaber (1983). At the end ol each condition the subgcts were ashed
1o make a raung of the extent 1o which pressing the space bar caused the triangle 1o lash, using a
scale rom O o 100, 100 indicated that pressing the space bar always caused the triangle to hght up,
and zero indicated that pressing the space bar had no etfect on whether or not the triangle ht up.
After typing in a number, the next problem was presented.

22 Results

‘Ihe principal results, the judgments of causality, are shown in lable . As the table shows, udg-
ments were substantially reduced by increasing the delay between the action and the oulcome f'rom
0104, 8 and 16 sec. An analysis of variance found a reliable difference beiween the experimental
and control conditions, F(1,13)=19.63, a reliable overall efTect of the delay, F(3,45)=7.75, and a
significant interaction, F(3,45)= 7 80. Individual tests tound that there were significant differences
between the experimental and control conditons at the 0 and 4 sec delays, U's(15)=6.37 and 1.90,
but no differences at the 8 and 16 sec delays, U's( 15)< 1.06.

These results contirm that the occurrence of a temporal delay between an action and an outcome
can decrease judgments of the extent to which the acuon caused the outcome. Clearly, accounting
for this sensitivity 1o conliguity is an essential requirement tor any theory of causality udgment

3 Sensimmity to Contingency

The preceding experiment shows that the degree ol contiguity between the cause and the eftect
does altect causality udgments. Consider the diftference between the experimental and control con-
ditions with no delay between the action and the outcome. [xactly the same pattern ol outcomes
occurred in these two conditions, but in the control condition this pattern was non-contingent on
the pattern of actions. The notion of the conungency between the action and the oulcome is a
second important determinant of the formauon ol causal knowledge.

It 1s not hard to see that conuiguity alone 1s insufficient 10 account for causality judgments. Ima-
gine the two conditions illustrated in Figure | in wlich the probability of the outcome given an
action, P(O/A), 1s the same, say 0.75. It the probability ol the outcome given no acuon, P(0O/-A),
is zero [panel (a)], as was the case in the experimental conditions of the preceding experiment,
there is little difficulty in detecting the causal relationship provided that the action-outcome delay 1
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Table |
Results of Experiment |

Mean judgements ol causality in the Control and Experimental Conditions at each of the four
action-outcome delays.

Delay (secs)

0 4 8 16

Experimental 69.8 33.8 347 227

Control 224 197 268 193
lable 3

Resuls of Experiment 3

Mean udgements and mean actual contingency (4P x 100) for each of the conditions.

Condition 50/0 50/ 50 50/50(S)
Mean Judgement 49.0 20.9 32.4
Mean dP x 100 4813 0.6 -0.1
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small. But suppose that in the second condition P(O/-A) 1s the same as P(O/A), as shown in panel
(b). These two conditions have the same degree of temporal contiguity between the acuon and the
outcome, but in the second condition the outcome 1s just as likely o occur independently of any
acuon as in its presence. That s, in this second condinion, the action and the oulcome are noncon-
ungent: the acuon does not cause the outcome, and hence subgcts should udge that there s no
causal relation. This is in fact exacly what happens (e.g. Wasserman et al., 1983). Clearly, sensi-
uvity to the conungency between the acuon and the outcome 15 independent ol the degree ol con-
nguity between them. Tradinonally, contuingency has been defined staustically by dP. which is the
difference between P(O/A) and P(O/-A)

Because this sensitivity to contingency has been a crucial factor in the lormulation of theories ol
causality judgment, some turther data will be described on this 1ssue. [U1s not ust important to look
at the degree ol sensitivity alone; for a variety ol reasons which will become apparent it is also pro-
f1table 1o look at the learming curves tor ditferent contingencies. The tollowing experiment there-
fore examines the acquisition funcuons for causalily pdgments under different contingencies, that
is, the way in which judgments change as more and more information about the causal relationship
is provided.

31 Expernment 2

In this experiment subgcts were each given 4 min experience under cach ol six different con-
ungencies, and in ¢ach condition they were required 10 make regular udgments of causality during
the 4 min period. The conungencies used were as follows, where the st lgure relers to P(O/A) x
1000 and the second to P(O/-A) x 1000: in three of the conditons P(O/A) was held constant as
P(O/-A) was raised (conditons 873/1235, 873/500 and 875/873): the last of these conditions was in
fact a noncontngent one, and $0 another noncontingent condition was included tor which the fre-
quency of the outcome was lower, 125/125  Finally, udgments for the 875/875 conditon could be
compared with judgments for (wo other tonditions For which P(()/-A) was held constant while
P(O/A) was raised (condinons 125/875 and 500/873). In these latter condiuons dP 1s in fact nega-
uve: the acuon actually prevents the outcome trom occurring or reduces tis hikelihood.

There was no conuguity manipulation i this experiment. It the subgct responded during a pur-
ticular | sec interval, then the outcome occurred at the end of that interval with probability
P(O/A). It there was no response during the interyval, the outcome occurred at the end of the inter-
val according to P(O/-A).

The subgcts, who were 16 another members of the APU panel, were ashed 10 make causality
judgments atter 10, 20, 30, 60, 90, 120, 150, 180, 210 and 240 sec in each condiuon. Lssenually,
the instrucuons were the same us 10 the preceding experiment except that here a raung scale gomg
from - 100 10 + 100 was used. Negatnve udgments were indicauons that the acuon 10 some ¢xtent
presented the outlcome.

32 Resuls

Since the events on each tnal were determmed by a soltware random number procedure, 1t 1y
important 10 check that the actual contngency experienced by each subject was close 1o the nominal
contingency. The deviauons of dP from the nominal conungency were very minor, and more
importantly, there was no change in dP across tnals, F< 1, nor was there an interaction between tri-
als and conditions, F(45.661)= 107 The actual contingency was, ol course, dilterent across the
conditions, F(5,75)= 586.88 The actual contungencies (dP x 100) calculated across the whole 4 min
period tor each condition were 76.6,~37.5, 1.4, -1.0, -348 and -74 3 tor conditions 875/123,
875/500, 875/875, 125/125, 500/875 and 123/87), respectively.

An indicaton of the extent 1o which P(O/A) and P(O/-A) were both sampled 1s given by the
rate of responding in each condition. Out of a possible 240 responses, the mean number of tmes
the subjects pressed the space-bar was 106.3, indicating that the two probabilities were almost
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fable ?
Results of Experiment 2

Mean actual udgements of causality across trials under each contingency. The two numbers
describing each condition refer to P(O/A) x 1000 and P(O/-A) x 1000 respectively. The predicted
figures are from the simulation described in the final sectuon.
Trial
10 20 30 60 90 120 150 180 210 240
Condition
875/125 actual 409 S81 625 637 647 703 724 768 716 733

875/125 predicted 33 525 602 681 68.2 688 695 674 0662 669

875/500 actual 264 369 334 419 397 41.3 341 438 48.1 446

875/500 predicted 257 390 445 452 456 455 465 470 459 463

875/875 actual 68 256 139 148 6.0 7.3 L1 33  -06 0.6
875/875 predicted 153 203 174 8.5 22 0.8 0.4 0.2 0.9 0.5
125/125 actual -6.1 -27.0 -289 -346 -394 -41.0 -384 -31.1 -37.9 -36.6
1257125 predicted 1.7 0.8 0.5 0.5 -0.1 0.5 0.2 -0.3 0.0 0.1
500/875 actual -124  -190 -17.1 -13.4 -17.1 -23.0 -184 -244 -22.1 -264

500/875 predicted =27 -124 222 2380 -427 -454 459 -457 -444 -46.5

125/875 actual -30.6 -47.2 -55.3 -67.1 -64.1 -69.8 -77.2 -72.9 -60.0 -64.6

125/875 predicied -17.2  -334 -438 -61.3 -659 -673 -68.3 -67.9 -68.0 -638.6
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equally sampled. There was no difference in the number ol responses in each condition, F< I, nor
was there any tnals by conditions interactuion, F< 1,

Table 2 shows the mean udgments ol contingency for each condition across tnials. Just taking the
terminal judgments in each condition, we can see that judgments were reduced from condition
875/125 1o condition 875/500 to condition 875/875 as P(O/-A) was increased while P(O/A) was
held constant. Similarly, judgments were increased (becume less negatve) trom conditon 125/875
1o conditton SO0/875 10 condition 875/875 as P(O/A) was increased while P(O/-A) was held con-
stant, In addinon, judgments were biased in the noncontngent conditions by the overall frequency
ol the outcome: judgments were substantially greater in condition 875/875 than in condition
125/125 where udgments were in fact strongly negauve. This confirms previous claims (e.g. Alloy
and Abramson, 1979) that in noncontingent situatuons udgments depend on the rate of occurrence
of the outcome.

Stausucally, there was a signiticant ditfference between the condinons, F(3,75)= 39.04, and a sig-
nificant tnals x conditions interaction, F(45,675)= 2.54. There was no overall eflect of tnals, F< |,
The main teature of the results, however, i1s the nature ol the changes across trials under ¢ach con-
tingency. When there 1s a positive conungency, judgments increase across trials [comparing the first
and last judgments in condition 875/125, « 15)= 3.52], and when there is a negative contingency,
judgments decrease [comparing the first and last judgments in condition 125/875, «15)=3.7I].
These changes, furthermore, appear 10 be negatively accelerated as the judgment approaches
asymptote. For the intermediate conungencies (875/500 and 500/875) these changes are less
dramatic.

The experimen! demonstrates two important teatures of causahty judgments. The first 1s that
people are highly sensitive 1o the actual degree of conungency as measured by the normative metric
dP This applies both to posiuve and 10 negative contingencies: people make equally rehiable judg-
ments when the action prevents the outcome @ when 1t causes iL The second teature of the results
is that these accurate judgments are derived by an incremental (or decremental) learning process.
Ihe funcuons represented in Table 2 are mn ract simply learning curves; the subgcts' judgments
Increase across trials under a posiive contingency, wowards the asymptote ot the actual contingency,
and decrease across trials under a negative conlingency,

4 Selecnon Amongst Potenual Causes

The two experiments described so tar have illustrated two lactors that have strong ellects on the
formation of causal knowledge, namely conungency and conuguity. The next experiment looks at a
turther factor, which can again have a potent effect on judgments. This 1s the status ot other poten-
tial causes which are present at the same time as the target cause (the action in this case).

As Figure | illustrates, a causal sequence occurs in the context of what we might call a 'causal
background', that i1s, a set ol background sumul which are constantly present in that situation and
which represent a set of potenual alternative causes of the outcome. The target cause, therefore, 1s
not occurring in isolation, but i1s in competution with tius background. When there 1s a strong con-
tungency between the target cause and the outcome, the background 1s unhikely 1o offer much com-
petition since the larget cause 15 o0 much more informauve about when the outcome will occur. But
when the contingency is degraded, the causal background takes on greater significance. Referring
again 1o Figure 1, occurrences of the outcome in the absence of the target cause in panel (b) must
be atinbuted to the background. In terms of the associative theory of Shanks and Dickinson
( 1987), the background in this case will become associated with the outcome,

The significance of this association between the background and the outcome is that 1t suggests
an explanauon for sensitivity to conungency. Consider the subsequent pairings of the acuion and the
outcome after the background has already become associated with the outcome: these outcomes can
be attributed to either the background or 10 the acuon. But since the background is already associ-
ated with the outcome, surely subsequent occurrences of the outcome are now more likely to be
attributed to the background than to the action, relauve to the situaton in which the background
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has not become associated with the ouicome It these outcomes are less hikely 10 be aurnbuted o
the acuon, then udgments of the extent 0 which the acuon caused the outcome will be reduced;
this 1s exactly the finding when P(O/-A) 1s increased.

Such an account ot sensitivily 1o contingency assumes a crucial role for the causal background. |t
also implies that causal attribution is selective: selections will be made amongst potential causes in
terms ol how well established they already are as causes. The next experiment attempts 1o provide
support for this claim.

4 | Expennment 3

The analysis described above proposes that the impact ol outcomes occurring in the absence of
the target cause comes about because such outcomes are atinibuted 10 the back ground. But suppose
this could be prevented: what would happen 1if such outcomes were attnibuted to some other ¢vent
rather than 1o the background ? By the above analysis, i this happened then the background would
not hecome associated with the outcome and hence would not be in strong compeuuon with the
action when subsequent outcomes occurred in the presence ol the acuon. Thus any procedure
which prevents outcomes occurring in the absence of the acuon from being attributed to the back-
ground should elevate judgments about the acuon. In this experiment a straightforward way of
doing this is employed: every outcome occurring in the absence of the acuon s preceded by
another stimulus, called the *signal’, which only occurs on those trials,

The experiment involves the same basic procedure as in the previous experiments. The subgcts
(24 members of the APU subjct panel) were each given three conditions, presented in a random
order. In one condition (50/0) there was a positive contingency between the action and the out-
come: P(O/A) was 0.5 while P(O/-A) was zero. In the second condition ( 50/50) the contingency
was reduced 1o zero by increasing P(0/-A) to 0.5 The cntical condition was the one in which the
signal was presented | 50/50 (S)]. The conungency was identical 10 that in the noncontingent 50/50
condition, but in this case all ol the outcomes occurring in the absence of the acuon were preceded
by the signal, which was a short tone. For half ol the subgcts the duratuon of the tone was 0.3 sec,
while for the other half 1t was 0.75 sec. It no response occurred during a particular | sec interval,
and the outcome was scheduled 10 occur a1 the end of that interval, then the outcome was delayed
at the end of the interval for an amount of time equal to the durauion of the tone; this occurred lor
all of the conditions. The dilterence in the tone's duration had no effect on the results, which are
therefore collapsed across this lactor.

4 2 Results

The subjects responded a mean ol 55.1 umes in condinon 50/0, 48.2 umes in condition 50730,
and 62.4 umes in condiuon 50/50 (S). The difference between the numbers of responses in the
latter two conditions was in fact reliable, Wilcoxon W= 625, p<0.05. Table 3 presents the main
results of the experiment.

The actual contingency, as expected, was close 10 0.5 in conditon 50/() and close o zero in con-
ditions 50/50 and 50/50 (S). Judgments were reduced in condition 50/50 relauve 1o condiuon 30/0
by increasing P(O/-A), W= 50, p< 0 03; this corroborates the lindings ol the previous (wo experi-
ments that contingency is a strong determinant ol causahty udgments. The crniucal result, however,
15 the greater mean judgment in condiuon 50/50 (S) than in condition 50/50, W= 48, p< (.02
Thus signaling those outcomes that occur in the absence of the acuon has the effect ol elevating
judgments, and hence of at least parually reversing the effect of those outcomes on causality udg-
ments.

5. A Praducton System Madel of Causality Judgment

If a temporal delay is interpolated between an action and an oulcome, judgments ol the extent to
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which the action 1s the cause of the outcome are reliably reduced, even though the delay might
have no eftect on the actual probability of the outcome. In Experiment | a short delay between the
action and the outcome substanually reduced udgments. In the second experiment 1t was found
that causality judgments follow growth functions whereby under a positive conungency udgments
are incremented trial-by-trial towards an asymptote, whilst under a4 negative contingency they are
decremented towards the asymptote. Finally, in the last expeniment the importance of the causal
background was illustrated 1n a sitwauon where causal selection on the basis of the prior association
between the background and the outcome could be prevented.

The account of causality judgment that will now be descrnibed proposes a crucial role for such
associations. According 1o associative theories of learning, the occurrence ol an outcome incre-
ments the associative strength of stimuli present at that ume. A crucial aspect of such theories 1s
the role they assign 10 the causal background, that set ot stumuli which 1s always present in that
context. In the model described by Shanks and Dickinson (1987), an outcome occurring in the
presence of the targel cause increments the associative strength of the compound of the target
cause and the background according 10 the equation:

IV gp=a 45BN~V 45) (1)

where oV 45 1s the increment in the associauve strength of the compound of the acton and the
background, a 4g 1s a learning rate parameter for the compound, B 1s @ learning rate parameter for
the outcome, X is the asymptote ol associauve strength and Vg s the associauve strength the com-
pound already has. The asymptote X 1y usually set 10 1.0 on tnals on which the outcome occurs and
1o z¢ro when the outcome does not occur.

It the outcome occurs in the absence of the acuon, then the associative strength ol the back-
ground, Vg is incremented according 1o the eguaton:

dyg=ayf(A-Vp) (2)

where dlg 1s the increment and ag 18 a rate parameter for the causal back ground. At the end ol a
series of occurrences of the action and the outcome, there will be two associauve strengths, V4
and lg The causahty judgment, J4, 15 then based on an inference step in which the difference
between these two associative strengths is determined:

Ja= Va5~ Vg (3)

The model can account for sensitivity to contingency since increasing P(0O/-A) will increase Vg and
hence reduce judgments. In fact the model can readily reproduce the pattern of acquisition func-
tions seen in the second experiment. Table 2 gives the results of a simulauon of the model run
under the same contingencies as the acwal experiment. Each figure represents the mean from
1000 simulated subjpcts with the parameters as follows: ag=0.1, a 44=0.2, g lor the outcome= 0.3
and B for the nonoccurrence ot the outcome= (.8, and assuming that Vg and Vg start at zero. All
of the main teatures of the actual results are reproduced, with the excepuon that the negatve judg-
ments in the 125/125 condivon do not emerge (see Shanks and Dickinson, 1987, tor a discussion
of this discrepancy).

A production system model ol causality udgment which incorporates the linear operalor equa-
tions of Shanks and Dickinson (1987) has recently been implemented in the computer language
OPS-5 (Brownston, Farrell, Kant and Marun, 1985). It consists of two principal elements, namely
the producuon rules and a working memory. The production rules consist of simple if...then... state-
ments which operate when their condiuons dre saushied by the contents of working memory. There
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will be two production rules relevant to causality udgment. The first will specily that if the causal
background is represented in working memory, then the representation of the outcome should be
placed in working memory, and equation (2) should be selected. This production rule has a meas-
ure of belief associated with i, which is the current value of Vg The second rule states that if the
action and the background are in working memory, then the representation ol the outcome should
be put 1n working memory and equation (1) should be selected. This rule also has a measure ol
belief associated with it, this ume determined by } 45.

Notice that the production rules do not incorporate the conceptl ol causation. When the subct
comes 10 make a causality judgment, the model proposes that this comes about by an inferenual
process which involves propostional knowledge from other sources as well as what is incorporated
in the production rules. In causality judgment experiments, ol course, il 1s assumed that any extra-
experimental knowledge the subjects might bring 1o the situation will be minimal. In more reahisuc
settings, though, 1t seems highly hkely that prior knowledge about causal relationships might have a
strong effect on causality judgments in particular circumstances. In terms of the model, such
knowledge is brought in 1o the inference represented by equation (3).

How can such a model account for conuguity effects 2 So far, the model does not specily what
constitutes a co-occurrence of the action and the outcome [in which case equation ( 1) apphies] and
what constitutes an occurrence of the outcome in the absence of the action [in which case equation
(2) applies]. But the crucial determinant is likely 10 be simply whether or not the action is sull
represented in working memory, above a certain threshold, at the ume ol the outcome. I we
assume that the action is fully represented immediately aflter its occurrence but then its representa-
tion decays, then this can be captured in the model by a reduction In «4g . the salience of the
action-background compound, as time elapses from the occurrence of the acuon. Although there is
no obvious reason 10 support one decay funcuon over another, an exponential decay curve in the
model gives predictions for contiguity effects that approximate those found experimentally. If « 18
being reduced, then the increment in the associauve strength dV g will likewise be reduced as the
action-outcome interval increases. Note that this does nol affect the associative strength ol the
background, Vjg: in accordance with the results of Shanks and Dickinson ( 1987): a reduction in the
salience of the action brought about by an interval between the action and the oulcome will reduce
judgments of causality by reducing V4g , but will leave Vg unatfected.

Obviously, at some point the action will no longer be represented in working memory and there-
fore an occurrence of the outcome must then increment g and not } 45 A threshold below which
the level of representation of the action in working memory causes equation (3) to be selected
instead ol equation ( 2) can readily be incorporated into the model.

The model can also explain the signaling effect of Experiment 3 because the introduction ol the
signal means that outcomes occurring in the absence of the action do not increment Vg; they incre-
ment the associative strength of the signal-backgroumd compound, which does not figure in equa-
ton (3).

In summary, the model in its present lorm s capable ol accounung for the main teatures ol
causahity judgment first, 11 can explain sensiuivity to contingency; secondly, it can cover conliguity
effects; and thirdly, 1t can account for the selectional elfects seen in Experiment 3. Because 1l s
specified in the precise terms ol a production system, 11 makes concrete predicuons about a variety
of causahity udgment situations and can therelore readily be tested.
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