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Abstract pipe. According to a normative theory based on the

hypothetico-deductive method (Popper, 1959), in order
We use the literature on mechanical reasoning to derive to test the rule participants should chose to discover
predictions about how people will test a mechanical rule. jnformation about what happens both when the valve is
In the presence of a single ru_Ie we predict significantly open and when there is no water running through the
irgorrr?aiiegl)i(f:t%rés t?}fatrfsit: Lﬂe""g'r‘:;gr‘]ieh%ﬁowvis'rzjgs‘faﬁf pipe. Only these tests can provide evidence that falsifies
original and one casting doubt on the sufficiency of the the r.UIe' Much research suggests that p.eople _do not
hypothesized cause for the effect. We describe an consu_jer these to be the best tests W'th which to
experiment using Wason's selection task that confirms €xamine a hypothesis and we do not think the case of

our predictions and go on to discuss the implications of Mechanical reasoning is likely to be any different in this

our results for recent work on causal cognition. respect.
We suspect, however, that causal hypotheses
Introduction concerning a mechanical device - such as the one above

Much of our everyday reasoning concerns the operation Wil €licit & very specific pattern of testing behaviour
of mechanical devices. Many of our interactions withd@mongst participants. The detail of our suspicions and a

such devices, from figuring out how to program theMoreé comprehensive rationale will be presented in the

VCR to mastering the newest piece of software, requir@€Xt section.
us to draw inferences, make predictions and test . .
hypotheses. Some of this reasoning is very importaril€chanical Reasoning
and, accordingly, mistakes can be costly. For example&lhere is a variety of work on mechanical reasoning in
the Chernobyl explosion (see Medvedev, 1991) hathe literature all of which suggests that people use
been used by Johnson-Laird (1993) to illustrate howepresentations that are in some way analog to the
biased interpretation of evidence relevant to ardevice being reasoned about. For example, Hegarty
hypothesis about a device can lead to disastef1992) has proposed an account of how people think
Fortunately, not all faulty mechanical reasoning leads t@bout devices claiming that mechanical reasoning
such calamitous consequences and sometimes we everocesses are isomorphic to the structure of the device
have the luxury of experimenting with a device in orderthat is the subject of those processes. Hegarty's theory
to see how it works. For example, the paradigmatic casgas intended to explain results obtained using a
in the literature on discovery learning (Khlar & Dunbar, mechanical reasoning paradigm where participants are
1988) is how people acquire the ability to operate ashown static images of pulley systems and are asked to
device by self-guided trial and error learning. predict the effect of some manipulation of the device.
In this paper we will be concerned with the principlesFor example, participants might be asked how one or
that determine the tests that people choose to carry oather of the pulleys in the image will move when a rope
in order to examine an hypothesis about a mechanic@ pulled. Hegarty's data, both from eye-movements and
device. Consider, for example, a conditional hypothesigross reaction times, suggest that in making inferences
concerning the cooling system in a factory: about a mechanical device, people animate contiguous
elements of the system piecemeal, by inferring a causal
(1) If the valve is open then water flows through thechain of events from the input of the system to its
pipe. output.
Other work supports this conclusion. Schwartz &
Our concern is how people will go about testing such &8lack (1996), in showing that people can induce rules
rule rather than how they should test the rule. There ar® describe a system based on mental depictions of that
four cases which seem intuitively relevant here: thesystem, provide evidence suggesting that the initial
valve being open; the valve being closed; water flowinglepictions are constructed in a causal order. That is, in
through the pipe; and water not flowing through thethe absence of a rule, people appear to mentally



simulate the effects of a manipulation to the system in There are, however, conditions under which we would

the direction of cause and effect. not expect participants to be primarily interested in tests
People's piecemeal animation (Hegarty, 1992) anthat respect the causal structure of the device. For

depiction (Schwartz & Black, 1996) of mechanical example, if the hypothesis is presented at the same time

devices, suggest that their representations of mechanicas a second rule:

devices respect the causal structure of the device.

Furthermore, when people perform thought experimentél) If the valve is open then water will flow through the

involving those representations, they perform them so pipe

as to observe the effects on the system of th€2) If the pipe is free from blockages then water will

manipulation of a causal agent. flow through the pipe

Testing Mechanical Hypotheses where this second rule specifies an additional
We assume that in testing a causal hypothesié‘”tecede”t for the consequent, then we would expect
concerning a mechanical device people will form gharticipants to select fewer tests where the hypothesized

representation of the hypothesized rule that respects if&US€ is manipulated. This is because the additional
causal direction. So, given hypothesis 1: antecedent introduces a potential disabling condition

(Cummins et al 1991) for the hypothesized cause. This
If the valve is open then water will flow through theWould mean that a failure to find the effect in the
pipe presence or absence qf the cause m_lght.be at.trllbutable
we expect participants to encode in their representatiofither 1o the hypothesized cause being insufficient to
the information that, under this hypothesis, the valve i@roduce the effect or to the absence of the enabling
of causal significance with respect to water flowingcondition. In the example above, the valve being open
through the pipe. and_ 'Fhe pipe being free from blockages m|ght_ be
Given previous work on how people animate andcon]pm_tly necessary for water _to_ flow through the pipe.
perform mental experiments on models of devices, wd this is the case then examining the results of tests
expect participants, when imagining the possible'”VOlV'”g manipulation of the valve is unlikely to be

consequences of performing a test on the Systerﬁavealing of the truth or falsity of the rule in the absence
described in the hypothesis, to represent th@f information about the presence or absence of the

consequences of the antecedent condition being in gnaPling condition.
certain state. That is, we would expect participants to be . .
more interested in tests that respect the causal structure A Mechanical Selection Task
of the hypothesis than in tests that require backward$o test our intuitions about how causal rules about a
reasoning from changes in the effect to changes in itmiechanical device are represented and hence tested, we
putative cause. Specifically, we expect participants t@onstructed a mechanical version of Wason's selection
be more interested in cases where the cause is preseaék (Wason, 1968). In our version of the task
or absent than in cases where the effect is present participants received a scenario (see below) which
absent. supplied a context for a conditional rule describing a
The prediction that participants will be interested incausal relationship between the state of a component of
cases where the effect is absent is a risky one, ale device and some output. Underneath were printed
participants are not normally interested in the falseour cards representing the true antecedent, the false
antecedent case when testing a conditional rule. Indeedntecedent, the true consequent and the false
Oaksford and Chater's (1994) probabilistic account otonsequent states of affairs. To test our hypotheses
how people test conditional rules claims that the falsgoncerning the conditions under which participants
antecedent case is never informative. The situation forould be primarily interested in tests of the hypothesis
causal conditional rules is very different, however,that manipulated the putative cause, we constructed a
where interest in the false antecedent case might ksecond version of the task. This second version was
interpreted as being due to the use of a counterfactuathieved by adding a second rule to the problem
strategy in testing the causal status of the antecederfpecifying an additional antecedent for the same
Mackie (1974) claims that we infer causality not onlyoutcome (see 1 and 2 above).
from repeated observations of contiguous events butOur manipulation of number of rules is directly
also from a consideration of what might be observed imnalogous to the presentation of additional antecedents
the absence of the putative cause. If the effect is als@ the conditional arguments task (Byrne, 1989).
absent under these circumstances then we infer a caugadrticipants who receive conditional reasoning
relationship between the two. Harris, German & Millsproblems that specify an additional antecedent are
(1996) have demonstrated such a strategy in the caussigjnificantly less likely to draw the valid Modus Ponens
reasoning of children aged between 3 and 5 years.  and Modus Tollens conclusions than are participants
who do not receive information about an additional



antecedent. This may be interpreted as the result of tleame scenario and rule to be tested as well as a second

additional antecedent causing participants to doubt theule specifying an additional antecedent for the

sufficiency of the first antecedent for the rule. consequent in the first rule. For all participants the
Byrne’'s work was an extension of experimentsscenario and the rule to be tested were as follows:

reported by Rumain, Connell & Braine (1983) who

showed that presenting participants with a second A friend of yours, who works in a factory, takes you on a

conditional rule that specified an alternative antecedent tour of her place of work. She points to a large pipe and

for the consequent suppressed the rate at which theSayS that the cooling system in the factory obeys the

invalid Denial of the Antecedent and Affirmation of the following rule:

gr?gsl—?gﬁglg; I?ngz)%n;cﬁanFer; Ic:jreaevr:g.y F;fﬂi?gg’r ’ FZ%%%e)ygi ;Ze valve is open then water will flow through the

have described the results of selection task experiments

where participants received a second rule specifying anYou are interested in checking whether the cooling

alternative antecedent for the consequent in the rule tosystem does follow the rule your friend has told you

be tested. Across a series of six experiments large andgbout. Below are four cards which refer to tests that have

reliable rates of suppression of Q card selections werePeen carried out on the cooling system. On one side of

found. A meta-analysis of five of the six experiments €ach of these cards is recorded whether the valve was

showed that the rate of not-P card selection was also®PE" when the test was carried out whilst on the other

L . . side is recorded whether the water was flowing at the
significantly lower in the presence of an alternative e of the test. Please indicate by circling the

antecedent. _ appropriate card or cards, which one(s) you need to turn
The Q and not-P cards on the selection task areover to decide whether the rule is true or false.

logically equivalent to the DA and AC inferences. Remember the rule you are testing is:

Suppressing the rate at which they are selected is

analogous to suppressing the rate at which the invalidIf the valve is open then water will flow through the
inferences are made. One prediction about our PIP€

mechanical selection task, therefore, is that the presen % . -

of a second rule specifying an additional antecedenc[ e second rgle received by half of the participants
should produce suppression on those cards which ales as follows:

logically equivalent to the MP and MT inferences i.e.
the P and not-Q cards. However, we predict that this
will not be the case.

Instead we expect rates of antecedent card selecti@prticipants in this latter group were reminded that their
(both true and false antecedent cards) to decrease in thesk was to test the first rule. Finally, all participants
presence of an additional antecedent. This prediction igaw four cards labelled ‘Valve open’, ‘Valve closed’,
based on our assumption that in reasoning about apvater flowing’ and ‘Water not flowing’. They were
hypothesis concerning a mechanical device people wilksked to indicate those card(s) which were necessary in

incorporate into their representation the hypothesizedrder to decide whether the rule was true or false.
causal status of the antecedent with respect to the

consequent. Based on previous work (Hegarty, 19923e5ylts
Schwartz & Black, 1996) we hypothesize that they WIIIWe performed three analyses on our results. The first

prefer to examine the results for the effect 01Eexamined the effects of experimental condition on

manipulating the antecedent rather than vice Vers%‘wdividual card selection frequencies whilst the second
Such a testing strategy should be significantly reduce as of the effect of number of rules on the rate at which

in the presence of a second rule containing an addition
antecedent and consequent cards were selected. In

(and perhaps conjointly necessary) antecedent. addition, we analyzed the frequency of various card
combination selections.

If the pipe is free from blockages then water will flow
through the pipe

Method

Participants: 90 female and 21 male students at thendividual Card Selection Frequencies Our first
University of Durham participated in this experiment. analysis was of the effects of our number of rules
Participants’ mean age was 20.5 years and age ranggfinipulation on the rate at which individual cards were
from 17 to 42 years. selected in the experiment. These rates are presented in
Table 1 below.
Design, Materials and Procedure There were two  Chj-square analyses showed no significant effects of
groups of participants in this experiment. The firsthumber of rules on the rate at which any of the cards
received a one-rule selection task containing a scenarigere selected (P carg2(1) = 1.73, p > .18; not-P card:
and just one rule. The other group of participantsxz(l) = 1.40, p > .23; Q cargk2(1) = 1.96, p > .16;
received a two-rule selection task comprising of thenot-Q card2(1) = .15, p > .70). As the presence of a



second rule has previously been found to significantlthere were significantly more antecedent (or cause)
affect the total number of cards selected by participantselections in the one-rule condition than in the two rule
(Feeney & Handley, 2000) we tested for an effect of oucondition (F(1, 109) = 4.964, MSE = .243, p < .028).
number of The difference due to number of rules on the rate of

consequent (or effect) selections was not significant
Table 1: Percentage of participants selecting each car¢F(1, 109) = 1.965, MSE = .369, p > .16).

as a function of condition. Finally, in order to analyze the effect of our number
of rules manipulation on relative rates of cause and
P Not-P Q Not-Q effect card selections, we computed an index for each

One-Rule 84 40 37 21 participant of their total of cause selections minus their
Two-Rules 74 30 50 24  total of effect selections. The effect of the number of

rules manipulation on this index was significant (t(109)
rules manipulation on the total selected in this= 2.22, p < .029). In the one rule condition the mean
experiment. This effect was not significant (t(109) =score on this index was .667 (S.D. = .932) whereas in
.365, p > .71). The mean total for the one rule conditiorihe two rule condition the mean score was .296 (S.D. =
was 1.82 cards (S.D. = .60) and 1.78 cards (S.D. = .74816).
for the two-rules condition.

Card Combination Frequencies Our final analysis
Cause vs. Effect SelectionsTo test our predictions was of the card combination frequency data from the
about cause and effect card selections we analysed tegperiment. As may be seen from Table 2, the rate of
rate of cause and effect selections. For the purposes lggically correct responding was not affected by our
this analysis we computed the number of cause anexperimental manipulation with 4 out of 57 participants
effect selections made by each participant, where ghoosing the logically correct combination in the one-
cause selection was defined as the selection of either tfle condition versus 5 out of 54 in the two-rule
the antecedent cards and an effect selection as choosiegndition. The most striking effect of our number of
either of the consequent cards. The mean numbers ofles manipulation on the combinations of cards that
each type of selection are shown in Figure 1 below. participants choose to select concerned the combined

We performed a 2x2 mixed design Anova on theselection of the P and not-P cards only. In the one-rule
cause and effect data. The between participants variabf@ndition 13 participants (23%) chose this combination
in this analysis was number of rules whilst the withinwhereas in the two-rule condition it was chosen by only
participants factor was the number of selectiong} participants (7%). This difference is statistically
concerning the hypothesized cause vs. the number sfgnificant (2 (1) = 5.07, p < .02) and is in the
selections concerning the hypothesized effect specifiedirection suggested by our hypothesis concerning how
in the rule. This analysis produced a non-significanpeople represent and test causal rules concerning
main effect of number of rules (F(1, 109) = .133, MSEmechanical devices.
= .227), a highly significant main effect of cause vs.
effect (F(1, 109) = 33.40, MSE = .385, p <.001) as wellTable 2 Card combination frequencies as a function of
as a significant interaction between the within andcondition.
between participant variables (F(1, 109) = 4.94, MSE =
.385, p <.028). Tests for simple effects showed that

Condition
|IOne—RuIe OTwo-rules | Ore Rule T Riles

Combinations N =57 N =54

o 14 P 13 13
S 121 not-p 2 1
E 1 - q 0 5
3 not-q 0 0
5 081 p, not-q 4 5
3 0.6 p, not-p 13 4
€ 04- P. q 14 14
= not-p, q 2 2
s 021 not-p, not-q 4 5
= 0 g, not-q 1 1
Cause Selections Effect Selections p, not-p, not-q 1 1

p, g, not-q 2 0

all four 1 3

Figure 1: Mean number of cause and effect selections
by condition.



Discussion antecedent of the second conditional is not satisfied,

ghat is if the pipe is blocked. Hence observing the
bsence of the effect in the absence of the cause is not
formative about the truth of the rule. However,
agine instead that we observed water flowing when

The results of this experiment support our prediction
about how people test causal rules concernin
mechanical devices. Across both conditions we found
significantly greater rate of antecedent than conseque )
selection. This is not surprising and is probably true o e valve was closed. This case would appear more

most selection task experiments (although for ar{nformat_ive rega_lrdin.g the ql_Jestion of whether the
important exception, see below). Of much rnoremechanlcal device is operating correctly. What our

immediate interest is the finding that the differenceresmtS suggest is that some participants consider only

between the rate of antecedent and consequent cargQ; first outcome. Hence, they regard the not-B card as
selections was significantly greater in the One_ruleunmformatwe and do not choose it.
condition than in the two-rule condition. In addition, the _. .
rate at which people selected antecedent cards wadfferent Types of Causal Hypothesis?
significantly greater in the one-rule condition than inAlthough our predictions were induced from the
the two-rule condition although the (non-significant) literature on mechanical reasoning, our results are of
rate of suppression due to the presence of a second r@levious relevance to the literature on causal cognition.
was the same for each antecedent card. Finally;or example, it is interesting to compare our results to
participants in the one-rule condition were significantlythose of Green & Over (2000) who examined decision
more likely to select the combination of cause presertheoretic effects in how people test causal conditional
and cause absent cards than they were in the two- rufg/potheses such as the following:
condition.

We argue that this pattern of results suggests thd8) If you drink from the well then you will get cholera
people’s representation of the rule contains information
about the putative causal status of the antecedent aAgross all of their conditions, the rate of antecedent
when considering the possible consequences of thgelections never exceeded the rate of consequent
various tests of the rule people primarily consider test§elections to the same degree as was true of our one rule
where the hypothesized cause is manipulated. Whegpndition. Collapsed across conditions, their rate of
compared to the results of selection task experiment@onsequent selections was, in fact, marginally greater
where participants are asked to test a standardan the rate of antecedent selections (a total of 171
indicative rule, this experiment may be seen to havéonsequent selections vs. 169 antecedent selections).
produced a very high rate (40%) of not-P card selectiod hese results are in stark contrast to our own findings.
in the one rule condition. For example, in the meta- Green and Over's experiment was designed to test
analysis reported by Handley and Feeney (2000) dfleas concerning the relationship between the
single-rule conditions from five experiments on thecontingency table and causal hypothesis testing. Their
standard indicative selection task, 24% of the 27Zesults show that people are sensitive to the
participants whose data were included were found t@robabilities of the cause and the effect when deciding
have selected the not-P card. We argue that the elevat@fich cards to select. We believe that our results are
rate of not-P selection found in this experiment is due télifferent to theirs because we asked our participants to
the use of a counterfactual strategy to test the caust@st a causahechanicalrule whereas their experiment
claim made in the experimental rule. In addition toconcerned a causahedical rule. O'Brien, Costa &
testing for the presence of the effect in the presence &verton (1986) have also found results suggesting that
the putative cause, participants were interested ithere are domain-specific differences in causal
looking to see whether the effect was present or absefgasoning. In their experiment participants were asked
when the hypothesized cause was absent. what implications each of the four caseause present

Strikingly, when an additional antecedent calls the+ effect presentcause present effect absentcause
sufficiency of the putative cause into question, peopl@bsent+ effect presentcause absent effect absent
are significantly less likely to select antecedent cards. Aad for a variety of hypotheses concerning medical and
reduction in P card selections is expected given that th@echanical causal relationships. For all cases except the
second rule may lead people to question the sufficiencgause absent- effect absentcase, participants were
of the antecedent for the consequent to occur. Howevesignificantly less certain about the medical hypothesis
the selection of the not-P card may still be informativethan about the mechanical hypothesis.
regarding the truth of the causal rule. Consider for One way to conceive of O'Brien et al's result is that
example the two possible outcomes given the closure gfople are unwilling to accept a medical hypothesis in
the valve, the absence of water flow or the presence #fe light of information about just a few exemplars
flow. Assuming the device is working we may expect towhereas they have more confidence about the status of
observe an absence of water flow when the valve i@ mechanical hypothesis given a few confirming or
closed. However, this absence may also be caused if tiésconfirming cases. In other words, causal medical
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