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Abstract

MOVE problems, like the Tower of London (TOL) or the Water Jug (WJ) task, are planning tasks that appear structurally similar
and are assumed to involve similar cognitive processes. Carder et al. [Carder, H.P., Handley, S.J., & Perfect, T.J. ( 2004). Deconstructing
the Tower of London: Alternative moves and conflict resolution as predictors of task performance. The Quarterly Journal of Experimen-
tal Psychology 57a, 8, 1459-1483] showed that one predictor of TOL performance was the number of alternative move choices there were
at a given point in the solution. In two experiments an individual move experienced on the WJ task was manipulated (perceptually con-
sistent/counterintuitive) along with the number of alternative moves there were to choose between. A verification paradigm was
employed in which participants made speeded judgements about the correctness of a move. Results showed performance was consistent
with the application of a perceptual strategy accompanied by a process involving the evaluation of non-redundant alternative moves.
These are discussed in the context of recent research that has examined the impact of executive dysfunction on Water Jug performance
[Colvin, M.K., Dunbar, K., & Grafman, J. (2001). The effects of frontal lobe lesions on goal achievement in the Water Jug task. Journal

of Cognitive Neuroscience, 13, 1129-1147].
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

One aspect of cognition that is uniquely human is the
ability to hypothesise about the future, and this is one
way that we can direct and control our lives to achieve
our goals. Planning has been proposed as a higher-level
cognitive function that is closely associated with executive
control processes (e.g. Baddeley & Hitch, 1974; Norman &
Shallice, 1980/1986; Burgess, 1997; Morris & Ward, 2005).
Planning has been defined as a form of problem solving
in situations where there are two distinct states of affairs,
and the agent wants to get from one state to the other
but it is not clear how the gap is best bridged. Hence, plan-
ners model a path from A to B, assessing the consequences
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of proposed actions and revising their plans until a set of
actions are determined that can effectively attain the goal
state (Goel, 2002). At the heart of this definition is the con-
cept that different actions are considered when planning
and problem solving, and this is a key theme of the current
research.

In the information processing literature human cogni-
tion has been understood by building process models that
can determine the route from A to B. Typically the tasks
employed are MOVE problems such as the Tower of
Hanoi (TOH), Tower of London (TOL) (Shallice, 1982,
1988) and the Water Jug task. These tasks are also tradi-
tionally employed as planning tasks in psychology and
neuropsychology. There has been a good deal of research
that focussed on the disk moving tasks (TOH and TOL),
but much less is known about the Water Jug task (origi-
nally described by Luchins, 1942), which is the focal task
of the current paper.
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In the Water Jug task there are three vessels of different
sizes and a quantity of water. The aim is to transfer the
starting distribution of water to a goal state by pouring
water between the vessels. Fig. 1 illustrates the Water Jug
task in its traditional form, and the reader is invited to
try to solve this problem. The rules of the task are that
you must carry on pouring until the jug is empty or the tar-
get jug is full. There are two valid solutions for this prob-
lem, one with eight moves and one with seven moves,
which are explained in Appendix A.

The Water Jug task is similar to the disk moving tasks as
both require the transformation from a start state to a goal
state, and both require the manipulation of material (i.e.
water/disks) between three different regions (i.e. jars/pegs),
also all MOVE tasks have counterintuitive moves which
appear to move away from the goal state, but are necessary
for an optimal solution (Morris, Miotto, Feigenbaum,
Bullock, & Polkey, 1997; Welsh, Satterlee-Cartmell, &
Stine, 1999).

Research that has employed the disk moving tasks has
shown that performance is closely related to spatial mem-
ory (e.g. Owen, Downes, Sahakian, Polkey, & Robbins,
1990; Owen, Doyon, Petrides, & Evans, 1996; Gilhooly,
Wynn, Phillips, Logie, & Della Sala, 2002; Handley,
Capon, Copp, & Harper, 2002) and inhibitory processes

JugA JugB  JugC
Maximum 8 5 3
Contents 4 0 0
GOAL STATE

Jug A Jug B Jug C

Maximum 8 5 3

Contents 8 0 0

START STATE

Fig. 1. The Water Jug task depicting vessels that can hold a maximum of
8 units of water, 5 units of water and 3 units of water. To solve the
problem you must transfer the start state (8,0,0) into the goal state (4,4,0)
by pouring water between vessels. Water must be poured until the pouring
jug is empty or the target jug is full. The minimum number of pours
required to solve this problem is 7.

(e.g. Goel & Grafman, 1995; Welsh et al., 1999; Miyake
et al., 2000). The spatial memory component is thought
to be involved in the representation and manipulation of
spatial information in memory and has been clearly dem-
onstrated (e.g. Handley et al., 2002; Phillips, Wynn, Gilho-
oly, Della Sala, & Logie, 1999; Gilhooly et al., 2002;
Phillips, Gilhooly, Logie, Della-Sala, & Wynn, 2003). Inhi-
bition is claimed to be involved in those situations when
one alternative move is chosen over another. Specifically
when a heavily preferred move is wrong and should be
inhibited in favour of as less dominant but more effective
alternative. For example, Miyake et al. (2000) employed
CFA modelling to show that TOH performance loaded
most heavily on an inhibitory control factor. An additional
indirect line of evidence comes from the observation that
frontal lobe patients perform poorly on these tasks (e.g.
Shallice, 1982; Owen et al., 1990; Goel & Grafman, 1995;
Morris et al., 1997). Several researchers have claimed that
the presence of counterintuitive moves in the disk moving
tasks elicits this poor performance (e.g. Morris et al.,
1997; Goel & Grafman, 1995). In these cases it is necessary
to inhibit the incorrect move that is consistent with the goal
state in favour of a correct counterintuitive alternative
move which appears to lead the solver away from the goal
state.

There are some clues from the problem solving literature
to suggest that the Water Jug and Tower tasks may invoke
different problem solving strategies. The means-end analy-
sis is one heuristic that provides a route into the depth of
the problem space (Newell & Simon, 1972). This is where
sub-goals are established that satisfy progress between
the current state and the goal state. For example, Ernst
and Newell (1969) developed the general problem solver
(GPS) that could apply a means end heuristic to solve
MOVE problems. GPS could successfully solve the TOH
using this strategy but failed to solve the Water Jug task.
Ernst and Newell (1969) argued that that the source of
GPS’ failure was that it was ineffective at forward
planning.

However, claiming that forward planning was not
required, Atwood and Polson (1976) argued that partici-
pants need only use information about the current state
and all its immediate successors to solve the Water Jug
task. They argued that GPS’ failure was due to an over-
dependence on the subgoal strategy, when a more flexible
approach would have been more successful. Atwood and
Polson (1976) built an alternative model that could solve
the task. It employed two sets of processes, a perceptual
strategy and memory processes. The perceptual strategy
compared the current state with all possible successive
states to determine that which looked most similar to the
goal. This is achieved by the calculation of an evaluation
function (EVF) in which the goal contents were subtracted
from the current contents (ignoring the sign) of the largest
and middle sized jugs, to provide a numerical indicator of
the perceptually similarity. The EVF formula and some
example calculations are given in Appendix B. The second
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process was a memory function that allowed these products
to be stored in memory, along with information about pre-
vious states that had been visited or evaluated, thus moves
are either acknowledged as new or recognised as old.
According to Atwood and Polson (1976), all alternative
moves available are evaluated in the same way and the
move that looks closest to the goal state is selected as the
best route forward.

However, the Water Jug is highly demanding and the
human brain does not have the processing capacity of a
computer. There is evidence from TOL that alternative
move search limits human planning performance in that
task (Ward & Allport, 1997). In addition Carder (2004)
and Carder, Handley, and Perfect (2004) presented experi-
mental evidence that human planning performance was
strongly predicted by the number of alternative move
choices there were in TOL, such that performance wors-
ened in problems with a high number of alternative moves.
Therefore, the primary aim of the current paper is to deter-
mine the extent the alternative moves can predict Water
Jug task performance, and explore the limitations of this
search in humans.

Atwood and Polson (1976) went on to say that a move is
deemed unacceptable if the best route forward is to a posi-
tion that is less similar perceptually to the goal (i.e. the
EVF value increases), because this would be counterintui-
tive to the perceptual strategy. However it is important to
note that these moves are sometimes necessary to solve
the task. They argued that a counterintuitive move will
only be selected as a possible route forward after other
alternatives have been tried, suggesting that these moves
would be less acceptable to human participants.

This was explored further in research using frontal
patients. There is plenty of evidence that the disk moving
tasks are sensitive to prefrontal cortex functioning (e.g.
Baker et al., 1996; Dagher, Owen, Boecker, & Brooks,
1999; Morris, Ahmed, Syed, & Toone, 1994; van den Heu-
vel et al., 2003). Following Goel and Grafman’s (1995)
argument that frontal patients fail on counterintuitive
moves on TOH because of an inhibition deficit, Colvin,
Dunbar, and Grafman (2001) predicted that frontal
patients would also perform more poorly than normal par-
ticipants in these moves in the Water Jug task. They argued
that frontal patients would fail to inhibit the perceptual
strategy and take a move which was actually more efficient,
but that led to a position that looked further away from the
goal state. Their results appeared to support the argument
in that only 52% of frontal patients were able to solve the
task in 30 min, compared to 89% of normal controls.

However, on closer inspection the premises that form
this conclusion have significant weaknesses. Colvin et al.
(2001) measured performance at the point of six different
counterintuitive moves, but on only two of these was fron-
tal patients’ performance different from normal controls’.
When patients were divided into groups by lesion laterality
and compared to controls, those with left frontal and bilat-
eral frontal lesions tended to make fewer counterintuitive

moves, but again the difference was not significant. With
no significant difference between groups on most of the
counterintuitive moves, the actual evidence for Colvin
et al.’s (2001) position is far from consistent. Furthermore
Colvin et al’s results showed significant differences
between groups on moves that were perceptually consistent
with the goal state. Specifically all patients made more
moves that returned them to an earlier position in their
solution (looping moves) than normal participants and
the left and bilateral frontal groups also made significantly
more returns to the start state (in the Water Jug task there
is only ever one move that takes the solver forward, and all
other moves result in a return to an earlier position or the
start state). Hence, a possibly more reliable position is that
patients failed to move on to new problem states. Consis-
tent with this position, we have previously shown that older
adults (who are said to show frontal like deficits including
inhibition failure, West, 1996) showed more uncertainty as
a result of increased routes forward than younger adults
(Carder, Perfect, & Handley, 2003).

In fact, there are a number of methodological issues with
Colvin et al.’s (2001) approach that make it difficult to inter-
pret their findings. One key difficulty was that they had very
little experimental control over the task; solution paths var-
ied between participants and they could not control how
many times or when a counterintuitive move appeared. In
the present series of experiments we adopt a verification par-
adigm in which participants have to make speeded judge-
ments about the appropriateness of individual Water Jug
moves that are demonstrated by the computer. This allows
a fine-grain analysis of performance on specific experi-
menter-chosen points in the solution. Crucially, it also
enables the experimental manipulation of different factors
such as EVF and the number of alternative moves. In the cur-
rent research this experimental manipulation will determine
the extent that (a) humans use a perceptual strategy to solve
Water Jug problems, and (b) the extent that they consider the
full range of alternative moves available.

In the two experiments reported here we employ Water
Jug problems of just three moves. This was so we could
avoid the errorful solutions associated with longer prob-
lems (participants can take 25 moves or more to solve a
7-move problem, Atwood & Polson, 1976). Participants
witnessed the start state and watched the computer demon-
strate a possible first move in the problem, which they had
to evaluate as right or wrong. They knew the optimal solu-
tion length so they could be accurate. We manipulated the
evaluation function value to empirically test whether coun-
terintuitive moves were more difficult than perceptually
consistent moves. To illustrate this manipulation, various
3-move problems can be excerpted from the problem given
in Appendix A which the reader can easily visual in picto-
rial form. If the start state is 5/0/3 and the goal is 2/5/1, the
best first move is to 5/3/0, which results in a state more sim-
ilar perceptually to the goal (than 5/0/3) and a correspond-
ing drop in EVF . However, if the start state is 8/0/0 and
the goal is 6/2/0, the best first move is to 3/5/0 which is less
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similar to the goal state (than 8/0/0) and this causes EVF to
increase so the move is counterintuitive. We also manipu-
lated the number of alternative moves there are to choose
between (which can be understood in Appendix A by the
number of possible routes from a given position).

In summary in Experiment 1 we presented the Water Jug
task via a verification paradigm in which participants
watched the computer demonstrate a move, and had to make
speeded judgements about whether it was correct to solve the
problem in three moves. Half of the problems presented a
counterintuitive move in which the EVF increased and half
presented a move that was perceptually consistent with the
goal state, as measured by a drop in EVF. In half of the prob-
lems there were two or three alternative moves to choose
between, and in half of the problems there were four.

2. Experiment 1

2.1. Method

2.1.1. Participants
Twenty-three undergraduate participants from the Uni-
versity of Plymouth participated for a cash payment.

2.1.2. Procedure

Participants completed the task in a testing session that
lasted about 30 min. They were issued 10 practice problems
and then 32 experimental problems that were administered
in a unique random order to each participant. What fol-
lows is a full description of the task.

2.2. Water Jug task

A verification version of the Water Jug task required
that participants watched the computer demonstrate the
first move in a series of problems, and they had to judge
if this was right or wrong to solve it in the most efficient
optimal solution.

Participants were introduced to the screen layout, which
in pictorial form illustrated liquid distributed between jugs,
as in Fig. 1. A goal state was given in the upper portion of
the screen, and the starting position in the lower portion.
Written instructions informed participants that each prob-
lem could be solved in three moves (including the move
demonstrated). The pouring rule was also explained to
them; i.e. when water was poured, it must continue until
the poured-from jug is empty or the target-jug is full.

The computer displayed the starting position for 5000 ms
and then performed a single move which took 2500 ms to
complete. Immediately after the computer asked the partic-
ipant to judge whether it was correct or not by clicking an
appropriate on-screen button. Participants were told that
their responses were being timed and that they should work
as quickly as possible, while avoiding errors.

For every problem there is only one optimal move and
two or three incorrect moves. (n.b. Atwood & Polson,
1976; define an optimal move as a move with the biggest

drop in the evaluation function, but here the optimal move
is part of the most efficient solution). Of the 32 problems
administered, half demonstrated a correct move and half
an incorrect move. In optimal moves, if the EVF reduced
it was “perceptually consistent’ and if it increased it was
“counterintuitive”. If there were three possible moves to
choose between the alternative move factor was “low”
and if there were four it was “high”. Suboptimal moves
also presented. These were matched to optimal moves in
that the same start and goal states were presented but the
move demonstrated was not optimal for the solution. How-
ever, the analysis focused on performance on optimal trials
because a sub-optimal trial’s EVF is different to its
matched optimal trial. Consequently the factors manipu-
lated in suboptimal trials do not correspond to the features
of correctly demonstrated trials.

The problems comprised 3-move problems in which the
maximum capacity of the jugs were 8,5,3 or 12,74 or
14,9,5 or 14,9,3 or 16,10,3 or 16,7,4. The problem spaces
of these problems were mapped geometrically using bary-
centric coordinates onto their triangular-shaped problem
spaces (e.g. Bogomolny, 2000) as illustrated in Appendix
A. This provided a graphical representation of all legal
capacity states, and all the possible transition routes
between individual states. Of the problems selected, none
of the solution paths used the same pour, so no problem
state was presented more than once. To illustrate problem
examples, the problems taken from the 8,5,3 apparatus are
mapped onto the barycentric coordinates and are illus-
trated in Appendix A. For example a low/low problem
we employed is 5/0/3 to 2/5/1: The move demonstrated
was the first (to 5/3/0) (subsequent correct moves are to
2/3/3 and then 2/5/1).

The computer recorded the number of errors and
latency (in milliseconds) of participants’ judgements in
each of the 32 trials.

2.2.1. Apparatus

All the tasks were presented on RM PCs with a 17”
screen. The resolution was set at 800 x 600 high colour
(16 bit), and the task was presented via Windows XP.
The participants interacted with the computer using a com-
puter mouse.

2.2.2. Design

There were two kinds of Move Demonstrated (optimal/
suboptimal) and two levels of the EVF factor (consistent
with a perceptual strategy/counterintuitive). There were
also two levels of the alternative moves factor (low, which
had two or three legal moves/high where there were four
legal moves). There were two dependent variables: errors
and the median latency for correct trials in milliseconds.

2.3. Results

In the latency data, only trials the participant answered
correctly were analysed. Consequently 6.9% (or 5 values) of
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the latency data were missing. These data were replaced by
a regression calculation in which performance on other tri-
als was used to predict the missing values. Data treatment
did not alter the pattern of results that were observed. The
raw data showed some positive skewing from a normal dis-
tribution and large standard deviations; hence we calcu-
lated the median values and the data were transformed
using a logarithmic transformation for the analysis that fol-
lows. Descriptive statistics are given in Table 1 for the
latency data and errors in Experiment 1.

A 2 (perceptually consistent/counterintuitive EVF) x 2
(low/high alternative moves) within-subjects ANOVA on
the latency data for correctly judged decisions on problems
that demonstrated optimal moves showed the EVF value
effected participant’s decision latencies, F(1,22) =4.8,
MSE = 0.1, p < .05, 5> = .178. Moves that were perceptu-
ally consistent with the goal state were judged more quickly
than those that were counterintuitive. There was an effect
of alternative moves, F(1,22)=9.4, MSE =0.1, p <.01,
n? =.2099, which showed performance was effected by
the number of alternative moves there were to choose
between, with more possible alternatives resulting in longer
response latencies than those solutions with fewer moves to
choose between.

The interaction between the two factors was marginally
significant, F(1,22) = 3.8, MSE = .179, p = .063, 112 =.148.
This interaction is shown in Fig. 2 and suggests that the
effect of alternatives was present only when counterintui-
tive moves were demonstrated. Newman-Keuls’ post hoc
tests revealed that the effect of alternatives in counterintu-
itive moves was significant (p < .05). However, in perceptu-
ally consistent trials it was not present (p = .838). The post
hoc analysis revealed that participants spent more time
judging counterintuitive moves with high alternatives than
any other type move problem (p <.02). None of the other
differences were significant (p > .05). This suggested that
participants spent longer judging moves that were not con-
sistent with their problem solving strategy, particularly
when there were lots of other alternative moves to consider.

A 2 (perceptually consistent/counterintuitive EVF) x 2
(low/high alternative moves) within-subjects ANOVA on
the error data showed no effect of EVF, F(1,22) =24,
MSE = 0.9, p =.134, 1> =.099. The effect of alternative
moves was marginally significant, F(1,22) = 3.2,
MSE = 1.1, p<.1, #* =.128, but there was a significant
interaction between the two factors F(1,22)=11.1,
MSE = 1.1, p < .01, 5* = .335, which is illustrated in Fig. 3.

Table 1

Descriptive statistics showing the mean decision latency in milliseconds for
correctly judged moves and errors (out of 4) in optimal trials in
Experiment 1

Low alternatives

12778 (9348) 1.2 (1.0) 12623 (7244) 0.9 (1.3)

High alternatives

Perceptually consistent
EVF

Counterintuitive EVF 12968 (9126) 0.8 (1.2) 17999 (11617) 1.9 (1.2)

SDs are given in brackets. N = 23.

Optimal moves

25000

20000 T

15000 T

O Alternatives low

10000 m Alternatives high

5000

correct decision latency (ms)

counterintuitive
EVF

consistent

Fig. 2. Experiment 1: The effects of alternative moves and EVF on the
response latency for correct decisions. Error bars show the standard error
(n=23).

Optimal moves

70.00
60.00
50.00
40.00
30.00 L T
20.00
10.00

0.00 T
consistent

o Alternatives low
m Alternatives high

% errors

counterintuitive
EVF

Fig. 3. Experiment 1: The effects of Move demonstrated, alternative
moves and EVF on percentage error rates. Error bars show the standard
error. (n=23).

Newman-Keuls’ post hoc tests on the interaction
revealed that while the effect of alternatives in counterintu-
itive moves was significant (p < .01), it was not observed in
perceptually consistent moves (p =.279). The difference
between counterintuitive, high alternative moves and per-
ceptually consistent, high alternative moves was also signif-
icant, (p <.01), as was the difference with perceptually
consistent, low alternative moves (p < .05) but no other dif-
ferences were observed (p > .05). This showed that when
there were lots of alternative moves to choose from partic-
ipants were more likely to incorrectly reject a move if the
move demonstrated was counterintuitive, but would accept
moves that were consistent with a perceptual strategy even
if there were lots of other moves available to choose from.

2.4. Discussion

In summary, Experiment 1 shows that the number of
alternative moves there are to choose between predicts per-
formance when the best move is counterintuitive, such that
when there are fewer moves to choose between, responses
are quicker. There was also an effect of EVF whereby
Participants took longer and were more likely to reject a
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counterintuitive move that was correct than reject a percep-
tually consistent move that was correct. This EVF effect is
consistent with Atwood and Polson’s (1976) claim that par-
ticipants who are unfamiliar with the Water Jug task solve
the problem by taking moves that will move them percep-
tually closer to the goal state in a hill-climbing strategy,
and with Colvin et al.’s (2001) observations that counterin-
tuitive moves are more difficult. The finding that the num-
ber of alternatives impacts performance on counterintuitive
but not perceptually consistent moves partly supports the
claim that human participants engage in a breadth-based
analysis of the problem. Although a breadth search of
the problem space does occur, Atwood and Polson (1976)
argued that all alternative moves are considered and that
the move with the biggest drop in evaluation function is
preferred. This data shows quite clearly that two moves
that are of equal effectiveness in reaching the goal state
vary in the extent that other alternative moves are consid-
ered. When the move is counterintuitive, alternative moves
are considered however when the move is perceptually con-
sistent they are not. In this case no additional alternative
move search occurs.

Furthermore the error rates show clearly that partici-
pants do not always reject counterintuitive moves if there
is a perceptually consistent move available as Atwood
and Polson (1976) suggested. Rather they will accept a
counterintuitive move on its first presentation, but they
are more uncertain of it and take longer to evaluate it. This
suggests that there are fundamental differences between
computer and human problem solving strategies.

According to Atwood and Polson’s (1976) problem solv-
ing theory, human participants should consider all alterna-
tive moves because of their mere presence. Therefore, the
presence of extra additional routes forward should slow
problem solving, even if these possible routes are com-
pletely fruitless. An alternative possibility is that partici-
pants can quickly screen out irrelevant alternative moves
to avoid over burdening their already stretched cognitive
resources unnecessarily. In Experiment 2 we therefore
added an additional jug to the problems, giving more per-
ceptual alternatives. However, two of the jugs were the
same size and we told participations they could only use
either one of these at any time. Thus the additional jug
was logically redundant and did not offer any genuine alter-
native routes forward although the mere presence and
number of alternatives was increased. We compared
performance on the 4-jug version with that on matched
3-jug problems. We might expect that if the presence of
alternatives engages any automatic processing then the
fourth jug will result in longer latencies and more errors.
Alternatively, if participants consciously reflect on possible
alternatives they will recognise that fourth jug is redundant
and be unaffected by it. In order to determine the number
of participants required to demonstrate an effect of Jugs a
power analysis was conducted. In Experiment 1 we showed
that increasing the number of alternative moves by one (or
two in some problems) attributed almost 30% of the vari-

ance in performance to this manipulation. We hypothesised
that if Atwood and Polson were correct, then the four peg
apparatus (which increases in the number of alternative
moves to a maximum of six possible moves) would show
a similar sized effect. We determined that a sample of 30
participants would secure a 90% probability of eliciting
the effect if it existed, using Campbell and Thompson’s
(2002) power calculator.

3. Experiment 2
3.1. Method

3.1.1. Participants

Thirty participants from the University of Plymouth
participated for a cash payment. None had participated
in Experiment 1.

3.1.2. Procedure

Participants completed the task is a testing session that
lasted about 45 min. They were issued 10 practice problems
and then 32 experimental problems from either the 3- or 4-
jug problems. These were administered in a unique random
order to each participant. The order of 3- and 4-peg appa-
ratus was completely counterbalanced across participants.
Participants were then issued practice and experimental
problems from the apparatus that they had not completed
in the first round. The 3-jug task is described in Experiment
1, with the following modifications for the 4-jug problems.

3.2. 4-Jug Water Jug task

Participants were informed that there were two jugs of
equal size and four jugs in total. They were informed that
they could use all jugs in the solution as long as one of
the equal sized jugs was empty in every move. The vessel
size that was duplicated was counterbalanced between the
three jugs in the problem. The jug that that the computer
used in the solution was counterbalanced between the left
and right hand of the two.

3.2.1. Design

There were two sizes of apparatus (3-jug or 4-jug) X two
move demonstrated (optimal/suboptimal). Only optimal
trials were used in the analysis that follows, as in Experi-
ment 1. As in Experiment 1 there were two levels of the
EVF factor (consistent with a perceptual strategy, and
counterintuitive) and two levels of the alternative moves
factor (low, and high). There were two dependent vari-
ables: errors and the median latency for correct trials in
milliseconds.

3.3. Results
For the latency data only correct responses were ana-

lysed. Consequently 4.7% (or 9 values) in the latency data
were missing and were replaced as described in Experiment
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1. Data treatment did not alter the pattern of results that
were observed. The raw data showed some positive skew-
ing from a normal distribution and large standard devia-
tions. Therefore, they were transformed using a
logarithmic transformation for the analysis that follows.
Descriptive statistics are given in Table 2 for latency and
errors in Experiment 2.

A 2 (3-jug/4-jug) x 2 (perceptually consistent/counterin-
tuitive EVF) x 2 (low/high alternative moves) within-sub-
jects ANOVA on the latency data for correctly judged
decisions showed that there was no effect of the number
of Jugs, F(1,29)=1.5, MSE =0.6, p = .237, r]z =.048,
and the number of jugs did not interact with any other fac-
tor, JugxEVF, F(1,29)=0.2, MSE=0.3, p=.905,
n* = .001, Jug x alternative moves, F(1,29)=0.1, MSE =
0.3, p = 745, 5> = .004. Power analysis suggested that this
was not due to a small sample size.

The effect of EVF observed in Experiment 1 was repli-
cated, F(1,29) = 16.9, MSE = 0.3, p < .001, * = .369. This
can be seen in Fig. 4 and showed that counterintuitive
moves took longer than moves that moved perceptually
closer to the goal state.

Fig. 4 also illustrates an effect of alternative moves, as
replicated  from  Experiment 1,  F(1,29)=11.3,
MSE = 0.2, p < .01, 5> = .281. This showed that increasing
the number of alternative moves there were to choose
between increased response latency. None of the remaining
interactions were significant. EVF X alternative moves,
F(1,29)=0.6, MSE=0.3, p=.484, n*=.019, Jugs X
EVF x alternative moves, F(1,29)=0.1, MSE =0.2,
p =.956, n* = .000.

A 2 (Perceptually consistent/counterintuitive EVF) x 2
(low/high alternative moves) within-subjects ANOVA on
the error data where participants had rejected a move that
was in fact correct, revealed no main effect of Jug,
F(1,29)=1.3, MSE=1.3, p=.260, n*=.044. Neither
were was there an effect of EVF, F(1,29)=0.1,
MSE =1.0, p=.704, 112 =.005, or alternative moves,
F(1,29)=1.5, MSE = 1.1, p=.233, #*>=.049. However,

Table 2

Descriptive statistics showing mean decision latency in milliseconds for
correctly judge moves and errors (maximum 4) in optimal trials in
Experiment 2

Low alternatives High alternatives

3-jug Problems

Perceptually consistent 11718 (9538) 1.2 (0.8) 10954 (6659) 1.0 (1.1)

EVF
Counterintuitive EVF 13017 (9369) 0.8 (1.1) 16233 (8627) 1.2 (1.1)
MEAN 12363 (9454) 1.0 (0.9) 13594 (7643) 1.1 (1.1)

4-jug Problems

Perceptually consistent 12068 (8174) 1.3 (1.2) 11384 (5888) 0.9 (1.2)

EVF
Counterintuitive EVF 15484 (13941) 1.0 (1.2) 18490 (13660) 1.7 (1.3)
MEAN 13776 (11058) 1.2 (1.2) 14937 (9774) 1.3 (1.3)

Bold indicates the summary descriptive statistics collapsed across move
type (perceptually consistent/counterintuitive) for both 3 and 4 jug
problems. SDs are given in brackets. N = 24.

Optimal moves
25000

20000

15000

O Alternatives low

10000+— B Alternatives high

Correct decision latency (ms)
(2]
o
o
<

o

counterintuitive

EVF

consistent

Fig. 4. Experiment 2: The effects of Move Demonstrated, alternative
moves and EVF on the response latency for correct decisions. Error bars
show the standard error (n = 18).

there was an interaction between EVF and alternatives,
F(1,29) = 6.4, MSE = 1.9, p < .05, 5> = .181, which is illus-
trated in Fig. 5.

Newman-Keuls’ Post hoc tests on the interaction
showed that the effect of alternatives on counterintuitive
judgements was marginally significant, p < .1, but none of
the other differences were significant (p > .05). None of
the remaining interactions were significant; Jug X EVF,
F1,29)=2.1, MSE=1.0, p=.161, #*>=.067, Jugsx
Alternatives, F(1,29) = 0.1, MSE = 0.6, p = 719, 5> = .005,
Jugs x EVF x Alternatives, F(1,29) =0.8 MSE =1.0, p =
373, n> = .027.

3.4. Discussion

The aim of Experiment 2 was to examine the extent to
which the mere presence of a greater number of alternatives
would impact on performance, irrespective of the relevance
of those alternatives. The findings of Experiment 2 showed
that the perceptual presence of redundant alternative
moves had no discernable effect on performance. This sup-
ports the idea that participants actively consider alternative
move choices as required and can rapidly screen out redun-
dant possibilities in the perceptual array. The main effects
of EVF and alternative moves remained in the latency data,

Optimal moves
25.0

)

o

o
_‘

L

N
o
o

OAlternatives low
B Alternatives high

N
o
o

% errors

o
o

0.0

consistent counterintuitive

Fig. 5. Experiment 2: the effects of alternative moves and EVF on
percentage of errors. Error Bars show the standard error (n = 24).
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and replicated those effects demonstrated in Experiment 1.
Whilst the interaction between EVF and alternative moves
was not present in the latency data, it was present in the
error data, suggesting as in Experiment 1 that the effect
of alternatives is greater when a presented move is counter-
intuitive. It is possible that the interaction was no longer
present because participants had an even greater burden
placed on their cognitive resources with the extra jug and
the associated rule, so they further pruned the amount of
processing they engaged in.

4. General discussion

The primary goal of the present research was to deter-
mine the extent that performance on the Water Jug task
was predicted by the perceptually consistency of a move
as suggested by Colvin et al. (2001), and by the number
of alternative moves that there were to choose between.
This followed evidence that the number of alternative
moves was a key predictor on a different executive task,
TOL (Carder et al., 2004). We wished to ascertain if this
finding could be generalised to other problem solving tasks.
The evidence for this position was evaluated via a verifica-
tion paradigm in which participants made speeded judge-
ments about the effectiveness of a demonstrated move.
We manipulated the alternative move demands and evalu-
ation function (EVF) of demonstrated moves to achieve
these goals, and obtained main effect of these factors in
both experiments. The findings from the latency data in
Experiment 1 and the error data in Experiments 1 and 2
demonstrated that these factors were interactive, such that
additional alternative moves had an impact in counterintu-
itive moves, but not when moves led to a position that was
perceptually more similar to the goal state.

Our results support some aspects of Atwood and Pol-
son’s (1976) theory about human problem solving in Water
Jug problems. They argued that normal participants used a
hill climbing strategy to solve the Water Jug task in which
all possible moves forward from the current position were
considered, and the move that was preferred was that
which took the solver closest to the goal state in perceptual
terms. Our evidence suggested that participants took
longer to make decisions when there were more alternative
moves to choose between, supporting their position. How-
ever, we have shown that the mere presence of alternative
moves does not automatically evoke an evaluation as
Atwood and Polson (1976) suggested. Rather planners
seem to be able to screen out redundant routes forward.
Furthermore they can more actively consider chosen routes
when desired, such as when move presented is correct but
counterintuitive. Atwood and Polson (1976) also argued
that counterintuitive moves were selected as a possible
new route forward only after other alternative moves had
been tried. Our evidence showed that a counterintuitive
move was accepted on its first presentation, but partici-
pants considered it for longer than they would a perceptu-
ally consistent move.

According to Atwood and Polson’s model, forward
planning was not necessary to solve the task. Whilst the
task can be solved by trial and error, accuracy in our par-
ticipants was good and we would argue that this was
because participants used forward planning strategies and
evaluated alternative moves in the context of the goal. This
suggests that participants did not just engage a hill climb-
ing strategy, but also explored other strategies. Although
our use of easier problems that were within the capacity
of human processing resources may have made forward
planning a viable strategy, the findings nevertheless suggest
that humans can be more flexible in their problem solving
approach than Atwood and Polson’s suggested.

The results highlight one limitation of the information
processing approach to understanding human cognition
and so assist our understanding of the brain-behaviour
relationship. Whilst process models can simulate human
performance well, they might sometimes use different pro-
cesses. For example, a computer will use the same problem
solving process on every occurrence regardless of how easy
or hard a problem is, but here our participants seem to
have varied their strategy according to the task’s demands;
they use forward planning and a hill climbing strategy.
They also seem to have made conscious strategy adjust-
ments, such as choosing whether or not to search alterna-
tive solutions.

Colvin et al. (2001) argued that counterintuitive moves
were particularly difficult for frontal patients, and they
argued that an inhibition deficit was the source of this dif-
ficulty. On closer inspection Colvin et al.’s data provided
only weak evidence for this claim. Recall that patients only
performed significantly differently from normal controls on
two of the six counterintuitive moves. However, there was
a more general deficit amongst the patient group in which
they performed more poorly on all move types including
perceptually consistent moves.

In previous research with TOL we argued that the
search of alternative moves was related to the inhibitory
demands of that task (Carder et al., 2004). This seems log-
ical since both tasks require choosing between alternative
responses. We have certainly presented evidence to support
the fact that the consideration of alternative moves is
served by conscious and reflective cognitive processes.
Our evidence that the number of alternatives impacts per-
formance on counterintuitive moves is a novel and interest-
ing finding. It is quite possible that this task feature elicits
the deficit observed amongst patient groups and might pro-
vide useful subject matter for further research.

The findings of these experiments are also interesting on
a more general level. They suggest that when a presented
option is inconsistent with the application of a simple strat-
egy, as is the case with a counterintuitive move, partici-
pants abandon this strategy in favour of a more effortful
and demanding explicit consideration of alternatives. That
is when a move is inconsistent with a simple perceptual or
intuitive strategy; additional effort is engaged on the task in
the form of alternative search. This is consistent with a
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range of findings in the field of motivated cognition
whereby arguments are evaluated at greater depth (see,
for example, Kunda, 1990), or flaws in experimental
demands are identified (see for example, Lord, Ross, &
Lepper, 1979) when a given conclusion is incongruent with
an individual’s belief. These findings show that additional
effort is engaged when an argument cannot be evaluated
or rated simply based upon its congruence with beliefs.
This effect is observed in other research into higher level
cognition, most notably in the field of deductive reasoning.
In these paradigms conclusions are given that are either
valid or invalid and believable or unbelievable. The typical
finding is an interaction between belief and logic, such that
the effect of beliefs is only apparent on invalid arguments
(e.g. Evans, Barston, & Pollard, 1983; Goel & Dolan,
2003). A typical claim is that when presented with unbeliev-
able conclusions participants evaluate their veracity by
searching for alternative representations of the premises
in which the conclusion does not hold. In the case of a valid
conclusion there are no such models. In contrast, in the
case of invalid conclusions there are by definition alterna-
tive models in which the conclusion does not hold. When
the conclusion is believable no search for alternatives is
carried out and the conclusion is accepted resulting in the
interaction observed. These effects parallel our finding that
the presentation of a counterintuitive move instigates an
effortful search for alternative possibilities.

In summary the present research has clearly demon-
strated that the Water Jug task shares a number of com-
mon features with other MOVE problems. Specifically
the difficulty of the Water Jug task resides in two specific
characteristics, the presence of moves that appear to take
the problem solver away from the goal and the fact that
there are multiple possible alternative moves at every stage
within a given problem space. Through the use of a verifi-
cation paradigm the present work presents a more struc-
tured method for manipulating and experimentally
evaluating the relationship between the structural charac-
teristics of the task and problem difficulty. In the future this
method may be usefully applied in investigating the specific
aspect of the task that contributes to the difficulty experi-
enced by frontal patients on executive tasks of this kind.

Acknowledgments

We thank Simon Paice for writing the programs and Ian
Dennis for help with the problem space. We thank our
anonymous reviewers for their comments on an earlier
draft of this paper.

Appendix A

The legal problem space of the complete 8/5/3 problem
mapped onto barycentric co-ordinates. The solution can be
found by tracing the route from 8/0/0 to 4/4/0. In order
that the pouring rules are adhered to lines must be followed
to the edges of the parallelogram. Hence the shortest route

is 8/8/0, 3/5/0, 3/2/3, 6/2/0, 6/0/2, 1/5/2, 1/4/3, 4/4/0. Solu-
tion 2 is: 8/8/0, 5/0/3, 5/3/0, 2/3/3, 2/5/1, 7/0/1, 7/1/0, 4/1/
3, 4/4/0.

5103 4/1/3 3/2/3 2/3/3 1/4/3 0/5/3

6/0/2 11572

7/0/1 2/51

8/0/0 71/0 6/2/0 5/3/0 4/410 3/5/0

Appendix B. The evaluation function (EVF) formulae

EVF, = [C/(A) - G(A)] + [C:(B) — G(B)

C; is the number of units of water in the jug for state i. G is
the goal state of a denoted jug. A =Jug A, B=Jug B.
Thus the evaluation function (EVF) is difference between
the current and goal contents of the largest and middle
sized jugs, summed.

Example: Fig. 1: first two moves of 8/0/0 to 4/4/0.

8/0/0 : EVFi=8=[8 — 4] + [0-4]

EVF = reduces = perceptually consistent
3/5/0 : EVFi=2=[3 - 4] + [5-4]

EVF = increases = counterintuitive

3/2/3 : EVFi=3=[3 - 4] + [2-4]
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