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Estimating the time it will take for an event to finish oc-
curs in various forms in our daily lives. For example, chil-
dren on long car trips frequently ask their parents, “When
are we going to be there?” The first author of this article
prevented the repeated asking of this question by replying
with an exact answer (such as 4:10 p.m.) the first time it
was asked. He mentally calculated the answer by dividing
the estimated remaining distance by the estimated average
speed and added this time plus estimated stopping time to
the current time. He became an expert at doing this and
usually could accurately predict the estimated arrival time
within several minutes (sometimes slightly varying the
speed at the end of the trip to improve his accuracy).

Estimating event completion time typically depends on
both perceptual and arithmetic skills, as can be illustrated
with an example that is familiar to many of us in Califor-
nia. Imagine that you began filling a hot tub 20 min ago,
returned, glanced at the tub, and saw that it was 80% full.
You could then mentally solve the problem: If it takes
20 min to fill 0.8 tubs, how long will it take to fill 1 tub?
A successful estimate depends on both an accurate per-
ceptual judgment (the tank is 80% full) and an accurate
solution of a proportional reasoning problem.

The purpose of the two experiments described in this
study was to investigate the perceptual and arithmetic

strategies that people use to estimate event completion
time. We investigated the use of four strategies that differ
in their perceptual and arithmetic demands. Our analysis
was influenced by Hecht’s (2000) proposal that the suc-
cess of strategies related to event perception depends on
situational variables that support accurate estimates. For
example, if you returned too late and the tub was over-
flowing, estimating how long it took to fill the tub would
depend on how accurately you could estimate the amount
of water that had overflowed. Other strategies might use
temporal information, such as fill rate, rather than spatial
information, such as volume. The choice of strategy could
depend on which visual aids were available to calibrate
time or volume.

We followed this approach in the present study by ex-
amining people’s use of spatial and temporal information
to estimate how long it would take two pipes to fill a tank.
The participants in Experiment 1 viewed a 3-sec computer
animation in which two pipes ran for 6 h. On half of the tri-
als, the tank was underfilled, and on half of the trials, the
tank was overfilled at the end of the simulated 6 h. The
participants had to use this information to estimate how
long it would take to fill 1 tank. We compared three strate-
gies that differ in their use of the two visual aids (a digital
clock and overflow tank), shown in Figure 1A. The digital
clock ran from 0 to 6 h during some of the simulationsand
had the potential to help the students calibrate the rate of
fill. The overflow tank also occurred on some of the sim-
ulationsand had the potential to help the students calibrate
the amount of overflow. Figure 1A shows both visual aids
present, and Figure 1B shows both visual aids absent, for
a simulation that filled 1.2 tanks.

The purposeof Experiment1 was to compare three strate-
gies that differed in their perceptual and arithmetic de-
mands and in the potential usefulness of the two visual
aids. In Experiment 2, we instructed the students to use a
fourth (mental simulation) strategy in an attempt to com-
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pensate for the greater difficulty of events in which there
was a change in the rate of fill. The situational variable in
Experiment2 was, therefore, whetherthe fill rate remained
the same or changed as the tank was filled.

Estimation Strategies
Let us return to the example in which it took 20 min to

fill 0.8 tanks. The problem can be solved by dividing the
time (20 min) by the proportion filled (0.8 tanks). The an-
swer is 25 min. We will refer to this strategy as a propor-
tional volume strategy, because the proportion of the vol-
ume filled is used to judge the completion time. To use
this strategy in the estimation task, it is necessary to both
estimate the proportionof the tank filled and mentally cal-
culate the answer.

The proportional volume strategy has several implica-
tions for how peoplewould use the clock and the overflow
tank in Figure 1A. First, the overflow tank should be very
helpful when the tank overflows, because it should help
calibrate the amount of overflow by providing an external
display of volume. In contrast, the clock does not provide
any useful information for the proportional volume strat-
egy, because it provides an external display of time. In
fact, animation does not provide any useful information
for this strategy, because it is necessary only to know the
proportion of liquid in the tank(s) after the simulation
ends. A static image of this end state would be sufficient.

Table 1 summarizes the perceptual and arithmetic de-
mands of the proportionalvolume strategy. The perceptual
requirement is to estimate the amount of liquid, including
the amount of overflow when it occurs. The arithmetic re-
quirement is to divide the time by the proportion of the
tank(s) filled. Students who use this strategy should be
aided by an overflow tank on those trials in which the tank
is overfilled.

The choice of strategies, as was suggested by Hecht’s
(2000) formulation, should depend on situational vari-
ables. For example, most hot tubs have seats, so the bot-
tom half of the tub holds proportionally less volume than
the top half of the tub. As a result, one can not assume that
80% of the total volume is filled when the water level
reaches 80% of the height of the tub. The proportionalvol-
ume strategy is difficult to use in this case, because of the

difficulty of estimating the percentage of volume that has
been filled.

An alternative strategy, which would be easier to use
when the water has risen above the seats, is a temporal ex-
trapolation strategy. Now imagine that you are filling a
hot tub and decide that it will take 5 more minutes to fill,
because you observe the water rising at a rate of 2 in. per
minute and it needs to rise 10 more inches. Note that this
decision requires explicit knowledge of the rate of fill, as
determined by viewing a dynamic event. We label this
strategy a temporal extrapolation strategy, because tem-
poral information(fill rate) is used to infer howmuch more
time is required to complete the task.

Table 1 shows that the perceptual demands of the tem-
poral extrapolation strategy are to estimate the rate of fill
and the unfilled volume. The arithmetic demands are to
divide the unfilled volume by the rate of fill to calculate
the additional time needed to fill the tank. Students who
use this strategy should be aided by the clock on those tri-
als in which the tank is underfilled, because the clock
should help them estimate the rate of fill.

A third strategy, which we call a fill time strategy, is
simply to check the clock when the tank is exactly full.
The perceptual demands require attempting to coordinate
the perception of two events, the changing clock time and
the rise of water during the 3-sec simulation. The rapid
rate of fill may make this a difficult judgment, but an ad-
vantageof this strategy is that it does not require any com-
putation. It does require a clock on overfill trials to record
the time when the tank is exactly full.

Identification of Strategies
Kieras and Meyer (2000) have proposed that there are

three requirements to build a model of human perfor-
mance: (1) a specified architecture, (2) a representation of
task strategies, and (3) a strategy identification methodol-
ogy. Although we have not proposed a cognitive architec-
ture, we have attempted to represent three different task
strategies in terms of their perceptual and arithmetic de-
mands (Table 1). Kieras and Meyer suggested that identi-
fying task strategies is the stumbling block in building
cognitive models. We propose three (hopefully converg-
ing) methods for identifying task strategies.

Figure 1. Example of a display showing 1.2 tanks filled for (A) the clock and tank condition and (B) the no-
aids condition.
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The first method exploits how visual aids relate to spe-
cific strategies. The clock and overflow tank provide cal-
ibration of time and volume, which should enhance per-
formance, depending on which strategies are used. For
example, a clock is required for the fill time strategy, so
this strategy would predict a clock 3 fill interaction in
which the presence of the clock improves performance on
overfill problems but not on underfill problems. In con-
trast, a clock should help calibrate rate of fill for the tem-
poral extrapolationstrategy, so this strategy would predict
that the presence of the clock should improve perfor-
mance on underfill problems but not on overfill problems.
The presence of the overflow tank should improve perfor-
mance on overfill problems if people use the proportional
volume strategy, because it provides calibration of vol-
ume. Note that if people used only the fill time strategy on
overfill problems, the overfill tank would be irrelevant.

A second method for identifyingstrategies is verbal re-
port. At the end of the estimation task, the students were
asked to type a description of the strategy that they had
used to make estimates. This method has the advantageof
attempting to measure more specifically the strategies that
individuals use.

A third method for identifying strategies is a correla-
tional approach, in which the students performed three
tasks that were components of the strategies. One task re-
quired them to estimate the volume of liquid in a tank, a
second task required them to judge the time on the clock
when a tank began to overflow, and a third task required
them to estimate answers to proportional reasoning prob-
lems. This analysis measured how spatial, temporal, and
arithmetic judgments correlated with performance on the
estimation problems.

EXPERIMENT 1

Students saw an animation of how much of the tank(s)
filled (varying from 0.5 to 1.5 tanks) after a simulated 6 h
and had to estimate how long it would take to fill 1 tank.
They were not allowed to use calculators or paper and pen-
cil when making the estimates. The students were in-
formed that a clock and an overflow tank would appear on
some of the trials so we could determine whether these vi-

sual aids were helpful. The dependent variable was esti-
mation error, and the independent variables were fill (un-
derfill or overfill), clock (present or absent), and overflow
tank (present or absent). As is indicated in Table 1, inter-
actions between tank and fill or between clock and fill
provide evidence for the use of particular strategies.

Although the distinction between underfill and overfill
is useful for predicting interactions with the two visual
aids, it also allows us to predict a main effect of fill. There
is evidence that people can occasionally use principles
such as a range of values to constrain their estimates. For
example, most students realize that mixing hot water and
cold water will produce a mixture with a temperature that
is between the temperatures of the two components
(Dixon & Moore, 1996; Reed & Evans, 1987). The cor-
rect answers for filling the tank range from 12 h when 0.5
tanks are filled after 6 h to 4 h when 1.5 tanks are filled
after 6 h. The answers for the underfilled tanks are, there-
fore, between 12 and 6 h and the answers for the overfilled
tanks are between 6 and 4 h. The more restricted range for
the overfilled tanks should enable students to produce
more accurate estimates for these problems if they can use
range to constrain their estimates.

Method
Participants. The participants were 58 undergraduates from intro-

ductory psychology classes. They received course credit for participat-
ing. They were tested in small groups in a computer lab containing iMac
computers.

Stimuli. Each animation trial showed students how much of a tank(s)
would be filled after 6 h. There were 5 underfilled tanks (0.5, 0.6, 0.7,
0.8, and 0.9 tanks) and 5 overfilled tanks (1.1, 1.2, 1.3, 1.4, and 1.5
tanks). Each event began with an empty tank. The overfill tank (when
present) began to fill immediately after the first tank was full on the over-
fill trials. After watching the tank(s) fill, the students estimated to the
nearest one tenth of an hour how long it would take to fill 1 tank.

There were four experimental conditions determined by the presence
or absence of the clock and overflow tank. The display contained both
aids, only the clock, only the overflow tank, or neither aid. The students
sat at a normal viewing distance from the computer screen and typed
their estimates into a box below the tank.

The amount of time that the tank overflowed for a specific fill quan-
tity was identical for the presence and the absence of the overflow tank.
When there was no overflow tank, the liquid formed a puddle (the
straight line shown in Figure 1B). The length of the line increased as the
tank continued to overflow, but the area of the puddle was not identical
to the area of the liquid in the overflow tank. The rationale for the pud-

Table 1
Alternative Strategies for Estimating Event Completion Times

Strategy Perceptual Demands Arithmetic Demands Helpful Aids

Proportional volume Estimate the proportion Divide the time by the Overflow tank on
of tank(s) filled including proportion of tank(s) filled overfill problems
the overflow tank

Temporal extrapolation Estimate the rate of fill Divide unfilled volume by the Clock on underfill
and the unfilled volume rate to determine additional problems

time required to fill the tank
Fill time Check clock for time None Clock on overfill

when tank is exactly full problems
Mental simulation Mentally simulate the Add the mental simulation time Clock on underfill

current fill rate until to the time to partially fill tank problems
the tank is full
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dle was that the amount of overflow would typically be difficult to judge
in a real-life event. The overflow tank should, therefore, help calibrate
the amount of overflow.

The clock ran from 0 to 6 h and showed the time to the nearest one
tenth of an hour. It took 3 sec to simulate the 6 h, so the clock ran at a
fast rate. It should be noted that the fill rate increased as the proportion
of the tank(s) filled increased, because the simulated fill time was held
constant at 6 h. The rate of fill, therefore, varied by a factor of three,
since the 3-sec simulation would fill 0.5 tanks for the slowest rate and 1.5
tanks for the fastest rate.

Procedure. The students received 2 practice trials before beginning
the 40 test trials. The first practice trial filled one third of a tank, and the
students were informed that it would take 18 h to fill 1 tank. The second
practice trial filled 1.67 tanks, and the participants were told it would
take 3.6 h to fill one tank. The 40 problems (10 volumes 3 4 conditions)
occurred in a different random order for each participant, under the con-
straint that the same fill quantity (such as 0.9 tanks) never occurred twice
in a row. There was no feedback during the test trials. After completing
the 40 test trials, the students were asked to type the strategy they had
used to do the estimation task.

They then completed three component tasks that measured useful
skills for producing accurate estimates. The first task showed them, in a
random order, the 10 capacity conditions ranging from 0.5 to 1.5 tanks
and asked them to judge the amount of liquid, with tanks as the unit of
measurement (such as 0.7 tanks). The second task asked the students to
estimate how long it would take to fill a tank for each of 10 verbal prob-
lems. The verbal problem stated how much of the tank(s) was filled (If
it takes 6 h to fill 1.3 tanks, how long will it take to fill 1 tank?), so the
students did not need to estimate volume from a visual display. The 10
problems, also presented in a random order, stated that it would take 6 h
to fill each of the 10 capacities (0.5 to 1.5 tanks) used previously and,
therefore, were verbal analogues of the simulation problems. The third
task consisted of simulations of the 5 overflow problems and asked the
students to use the clock to judge the time at which the tank began to
overflow.

Results
Before discussing the results, we will present our ratio-

nale for handling outliers. Although the criteria selected
for eliminating data are somewhat arbitrary, the criteria
were selected without knowledgeof how the cutoff values
would influence the results. Our rationale is that large er-
rors would unduly influence means, variances, and the
parametric analyses of the data, such as in the use of
analyses of variance (ANOVAs). We will later discuss the
performance of the eliminated students to compare them
with the better estimators.

In contrast, we included the data of all the participants
when computingcorrelationswith the component tasks by
using Spearman rank order coefficients to reduce the in-
fluence of outliers. We included all the participants in the
correlational analysis because (1) outliers are not a con-
cern for us when nonparametric tests are used and (2) re-
jecting extreme scores would restrict the range and, pos-
sibly, reduce the correlation coefficients.

Estimation task. The amount of estimation error was
determined for each participant and for each problem by
taking the absolute value of the difference between the
correct answer and the estimated answer. We then aver-
aged the estimation errors for the five underfilled tanks
and for the five overfilled tanks in each of the four exper-
imental conditions. Table 2 shows the data. We excluded
from analysis the results of any participant who produced
an estimation error greater than 3 h for any of the eight

means shown in Table 2. The means were based on the
data of 45 participants after 13 were excluded for exceed-
ing this cutoff in at least one of the eight conditions (we
will discuss the effect of excludingparticipants at the end
of the Results section).

We analyzed the data in Table 2 in a three-factor, re-
peated measures ANOVA in which the three variables,
were clock (present or absent), tank (present or absent),
and fill (under or over). Each of the three main effects was
significant. The presence of the clock reduced the aver-
age estimation error from 0.70 to 0.58 h [F(1,44) 5 5.61,
MSe 5 0.21, p , .03]. The presence of the overflow tank
reduced the average error from 0.69 to 0.59 h [F(1,44) 5
7.48, MSe 5 0.11, p , .01]. And as was predicted, the
error on the overfilled tanks (0.49 h) was significantly less
than the error on the underfilled tanks [0.79 h; F(1,44) 5
30.11, MSe 5 0.25, p , .001].

None of the interactions was significant, including the
strategy-related interactions between clock and fill
[F( 1 , 4 4 ) , 1 , MSe 5 0 .1 9 ] a n d t a n k a n d f i l l [F(1,44) 5
1.04, MSe 5 0.12]. The lack of an interaction between
tank and fill was surprising, because the proportional vol-
ume strategy should be aided by the overflow tank only
when the tank overflows. The overflow tank reduced the
error from 0.82 to 0.76 h for underfilled tanks and from
0.57 to 0.43 h for overfilled tanks. Although it is not clear
how the overflow tank helped on underfill problems, this
reduction in error was relatively small. The clock reduced
the error from 0.84 to 0.74 h on underfilled tanks and from
0.56 to 0.42 h on overfilled tanks. The finding that the
clock was useful for both underfilled and overfilled tanks
suggests that there was some use of both the temporal ex-
trapolation and the fill time strategies. This suggestion
was confirmed by the reported strategies.

Reported strategies. Table 3 contains examples of re-
ported strategies. We counted the number of reported
strategies for which the use of the clock and/or the use of
volume was explicitly mentioned as a basis for making
judgments. The reported use of time and volume was ap-
proximately the same. Thirty-three of the 58 participants
reported using the clock, and 39 of the participants re-
ported using volume. This includes 18 participants who
mentioned using both time and volume to make their es-
timates, as is illustrated in the following example:

When there was a time clock, I would watch that to see
when it began to overflow. I also watched the time clock to
see how much filled in the first hour to help estimate. The
overflow tank helped me to know how much overflowed.

Table 2
Average Error (in Hours) in Estimating Event Completion Time

Underfill Overfill

Visual Aids M SD M SD

Clock and tank 0.74 0.56 0.38 0.24
Clock only 0.74 0.50 0.49 0.24
Tank only 0.78 0.58 0.49 0.30
No aids 0.89 0.63 0.64 0.24
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The report above also contains a distinction between
using the clock to estimate time of overflow and using the
clock to estimate the rate of fill (second sentence). If the
clock helped estimate the rate of fill, it would provide an
explanation of why the students did better on underfill
problems when the clock was present. Ten participants re-
ported that the clock helped them estimate the rate of fill,
whereas 14 participants reported using the clock to judge
when the tank had begun to overflow. Three participants
reported having used the clock for both reasons (as in the
example above), and 6 participants mentioned having
used the clock without specifying how it had helped. The
finding that the participants were approximately evenly
divided in how they used the clock is consistent with the
lack of a significant clock 3 fill interaction.

Eliminated participants. There was a total of 41 mean
errors that exceeded the criterion of 3 h among the 13
eliminated participants. These included 29 cases on un-
derfilled tanks and 13 cases on overfilled tanks. These
eliminated cases are consistent with the ANOVA analysis
in which the remaining 45 participants were significantly
more accurate on overfilled tanks than on underfilled
tanks. The partitioning is also consistent with the ANOVA
analysis that showed that the clock significantly reduced
the magnitude of error. The large errors included 17 cases
in which the clock was present and 24 cases in which the
clock was absent.

However, a discrepancy occurred for the overflow tank,
because 27 of the 41 large errors occurred when the over-
flow tank was present. Although the overflow tank had a

positive effect for the 45 participants included in the
ANOVA, it had a detrimental effect for a few participants.
Two of the eliminated participants had low error magni-
tudes on each of the four cases in which the overflow tank
was absent but high error magnitudes on the four cases in
which the overflow tank was present. Another participant
had high error magnitudes for three cases, all occurring
when the overflow tank was present. The effects of fill and
the clock were, therefore, more consistent across partici-
pants than the effect of the overflow tank.

Component tasks. Another approach for investigating
strategies is to determine how ability to perform compo-
nent skills correlates with estimating event completion
time. The proportional volume strategy requires accuracy
in estimating volume and accuracy in proportional rea-
soning.The temporal extrapolationand fill time strategies
require accuracy in comparing time on the clock with
changing volume in the tank. Correlations between the
ability to perform these component tasks and success in
estimating completion time should provide additional ev-
idence for strategy use.

The first component task required the students to judge
the amount of liquid in the tank, including the overflow
tank when there was an overflow. The amounts ranged from
0.5 to 1.5 tanks. Average error was determined by taking
the absolute value of the difference between the estimated
and the correct amounts. The participants whose average
error was greater than 0.30 tanks were excluded from this
analysis. The remaining 44 participants had a mean error
of 0.05 tanks for the underfilled tanks and 0.04 tanks for
the overfilled tanks. This difference was not significant
[t (43) 5 0.87, p . .05]. These findings indicate that most
of the students were fairly accurate in judging the propor-
tion of the tank(s) that was filled for both underfilled and
overfilled tanks.

In the second component task, we investigated arith-
metic skills by requiring the estimationof completion time
for verbally stated problems that had the same content as
the animated problems. We used the same rule for ex-
cludingdata that we used for the animatedproblems. Seven
participants had an error of at least 3 h in at least one of
the eight conditionsand were excluded. The average error
of the remaining 51 participants was 0.80 h for the under-
filled tanks and 0.58 h for the overfilled tanks [t (51) 5
2.54, SE 5 .09, p , .02]. The magnitudeof error was sim-
ilar to that found for the animation problems.

The third component task required the students to judge
the time at which the tank was exactly full for each of the
five overfilled tanks. The fast (3-sec) simulations and the
need to monitor both the clock and the tank made this a
nontrivialtask.The average error was 0.24 h after 3 students
who had made errors greater than 0.50 h were excluded.

Our main interest in investigatingperformance on these
component tasks was to measure how well the tasks cor-
related with the accuracy of estimated completion time.
We computed Spearman rank order correlations so we
could include our entire sample of 58 participants, in-
cluding those with high error magnitudes. The correla-

Table 3
Examples of Categorized Strategies

Temporal Extrapolation Strategy
1. I used the timer as an aid to figure out the rate at which the tank filled

and how fast the tank filled. The overflow diagram didn’t help at all.
If the water filled the tank quickly, I assumed it took less time than if
it filled up slowly.

2. When the clock would appear on the screen I would try to estimate
how much time was left and guess how much more time it would take
to fill the container. If the clock was not present I would try to just
guess by comparing the speeds of previous trials where there was a
clock available.

Fill Time Strategy
1. I used the clock more than anything else. Over the experiments, I

learned to look at the clock at the same time the liquid would hit the
top of the tank without overfilling.

2. Watching the time on the clock was my strategy when it was an op-
tion; when the tank was full I would try to check the time before it
began to overflow.

Proportional Volume Strategy
1. When the timer was not present, I tried to figure out what percentage

of 6 the entire amount of liquid was. If the liquid overflowed, I would
subtract that amount. If the liquid was not sufficient to overflow the
tank, then I estimated the amount of liquid needed by using percent-
ages and added that to the 6.

2. The only strategy I used was estimating fractions. I looked at how
much water was filled at 6 hours and I tried to estimate the fraction
that was left unfilled. Then divide the hours among the fractions.
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tions between mean error in estimating task completion
time and the three component tasks were .51 ( p , .001)
for judging volume, .35 (p , .01) for judging time of
overfill, and .34 ( p , .01) for estimating completion time
for the verbally stated problems.

Discussion
Our findings provide converging evidence that partici-

pants use both temporal and spatial information to estimate
event completion time (although the verbal reports suggest
individual differences in which source is emphasized).
Both a temporal task (judging time of overflow) and a spa-
tial task (judging volume) correlated at least as well as the
verbal estimation task.These results are surprising, because
we anticipated that the verbally stated problems would pro-
duce the highest correlation, since the content of these
problems was identical to that of the simulated problems.

The high correlations with the perceptual tasks support
those theorists who have argued for the importance of per-
ceptual components in skill acquisition. For example,
Ackerman and Cianciolo (2000) showed the importance
of perceptual predictors in their investigationof cognitive,
perceptual speed, and psychomotor determinants of in-
dividual differences in acquired skill. They concluded
that applied psychology in the last 40 years had overem-
phasized the role of general intelligence and under-
emphasized the roles of perceptual speed and psycho-
motor determinants in acquiring skill. One likely im-
portant component in estimating completion time is the
updating and monitoring of information—one of three
executive skills reported by Miyake, Friedman, Emerson,
Witzki, and Howerter (2000). Monitoringand updating in-
formation is needed both for monitoring time on the dig-
ital clock and for monitoring the rise of liquid in a tank.

Other results that support the use of both temporal and
spatial information are that estimates were more accurate
if either the clock or the overflow tank was included in the
display. The clock provided useful temporal information,
and the overflow tank (with a few exceptions) provided
useful spatial information. The overflow tank supports the
proportional volume strategy, and the clock supports the
temporal extrapolationstrategy on underfill problems and
the fill time strategy on overfill problems. In addition, all
three strategies were mentioned in the verbal reports.

In addition to the clock and the overflow tank, the third
variable (fill) also had a significant effect on estimation
accuracy. We predicted that the students would be more
accurate on overfilled tanks because knowledge of the re-
stricted range should improve estimates (Reed, 1999,
pp. 177–180). The correct answers for the underfilled
tanks ranged from 12 to 6 h and the correct answers for the
overfill problems ranged from 6 to 4 h. Our prediction was
supported for both the visual animation problems and the
verbal problems and suggests that the participants may
have calculated and used the range to constrain their esti-
mates. Support for this interpretationcomes from the find-
ing that 847 (94%) of the students’ 900 estimates on the
underfill animationproblemswere between 6 and 12 h and
781 (87%) of the students’ 900 estimates on the overfill

problems were between 4 and 6 h. Furthermore, 96% of the
estimates on the overfill problems were between 3 and 6 h.

EXPERIMENT 2

Experiment 1 demonstrated that the participants used
several different strategies, including a proportional vol-
ume strategy. The proportional volume strategy does not
depend on animation of the event, because only the vol-
ume in the tank after the tank stops filling is used. Al-
though this strategy works well when the rate of fill re-
mains constant, it cannot be applied without adjustments
if the fill rate changes. We distinguish between constant
and variable fill rates in Experiment 2 to determinewhether
people (1) inappropriately use the perceptual volume
strategy when there is a change in fill rate and (2) produce
more accurate estimates when viewing an animation of
the change.

Experiment 2, therefore, included two problem types
that had a constant rate of fill and two problem types that
had a variable rate of fill. The constant rate problems in-
cluded no-leak problems similar to the types of problems
used in Experiment 1 and bottom leak problems in which
there was a constant loss of water as the tank filled. The
variable rate problems included side leak problems in
which the rate of fill slowed down above the leak and
delay problems in which a single pipe began fillingbefore
a second pipe was added later. We tested the prediction in
Experiment 2 that viewing animated events would be
more helpful than viewing static events for problems in
which there was a rate change.

We tested this prediction by comparing two versions of
the problems—one based on animated displays and one
based on static displays. The static display showed only
the end state of the animation—the amount of water in the
tank when the liquid stopped rising. Because some of the
problems involved rate changes, this information would
be useless without knowing whether and how the rate
changed. Both animated and static displays were, there-
fore, accompanied by a verbal statement of the problem,
unlike in Experiment 1, in which the verbally stated prob-
lem occurred only as one of the component tasks at the
end of the experiment. Figure 2 shows the verbal state-
ments and end states for the four different problems in one
of the series.

Because the proportional volume strategy would pro-
duce faulty estimates if there were a rate change, we in-
structed the students to use a mental simulation strategy
on the animated problems. If at the end of the animation,
the studentmentally simulated the tank’s continuing to fill
at its current rate until it reached the top, he or she could
add the mental simulation time to the 6 h to estimate the
completion time. This strategy corresponds to running a
mental model (Norman, 1983) in which mental simula-
tion continues the rate of fill when the animation stops.
We instructed the participants to use the mental simulation
strategy in Experiment 2, to determine whether it would
be effective for rate changes.To determine the accuracy of
their mental simulations, we instructed the students to
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press a responsekey when theirmental simulationreached
the top of the tank.

We used the results to evaluate three hypotheses. The
first hypothesis was that estimates of event completion
time would be more accurate for static displays than for
animated displays when there was no rate change (no leak

and bottom leak problems). Experiment 1 revealed that
students could quite accurately judge proportional vol-
ume, and it was likely that judging total time on the basis
of a mental simulation would be less accurate. For exam-
ple, Norman (1983, p. 8) has suggested that people have
limited ability to run their mental models.

Figure 2. The (A) no-leak, (B) bottom leak, (C) side leak, and (D) delay problems
from Series 3 in Table 4.
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The second hypothesiswas that estimates of event com-
pletion time would be more accurate for animateddisplays
than for static displays when there was a rate change (side
leak and delay problems). As was discussed previously,
the proportional volume strategy does not provide accu-
rate estimates in this case and will systematically bias the
estimates. Previous research has shown that students often
use proportional reasoning indiscriminately, such as in the
following problem, which is accompanied by a picture of
a tapered flask:

A flask is being filled from a tap at a constant rate. If the
depth of the water is 2.4 cm after 10 sec, about how deep
will it be after 30 sec?

Students often give unrealistic answers to these prob-
lems by using proportional reasoning when it does not
apply (Verschaffel, Greer, & De Corte, 2000). The ani-
mated displaysmay help prevent this indiscriminateuse of
proportional reasoning.

The final hypothesis concerned individual differences.
We predicted that students who produced more accurate
mental simulations of event completion would produce
more accurate estimates of event completion time for the
animated displays, as revealed by a significant correlation
between the accuracy of the mental simulations and the
accuracy of estimated completion time.

Method
Participants. The participants were 55 students at San Diego State

University. They received extra credit in an introductory psychology
course for participating. They were tested in small groups in a large com-
puter classroom.

Stimuli. Table 4 shows the parameters used to construct the 20 test
problems, which were identical for both displays. Each row in Table 4
shows a series representing a no-leak, a bottom leak, a side leak, and a
delay problem. The following constraints were applied in constructing
the problems in each series: (1) the fill rate of each pipe remained the
same across problems; (2) the loss rate was the same for the bottom leak
and the side leak; (3) the loss rate was slightly less than the fill rate of
the second pipe; (4) the height of the end state was identical across prob-
lems; and (5) the height of the rate change was identical for the side leak
and the delay problems.

Each display consisted of a verbal description of the problem at the top
of the screen and a diagram below the problem. The diagram consisted
of the tank and the digital clock. There was no overflow tank, because
there were no overflow problems. The clock showed the time to partially
fill the tank. The problem statements, partial fill times, and tanks for the
four problems in Series 3 in Table 4 are shown in Figure 2.

Procedure. The students were randomly assigned to one of two orders
distinguished by whether the animated displays or the static displays oc-
curred first. For both the static and the animated conditions, they saw a
no-leak, a bottom leak, a side leak, and a delay practice problem before
receiving the 20 test problems. They received the 20 test problems in a
random order that differed across participants. There was no feedback
regarding correct answers on any of the (practice and test) problems.

The instructions for the static display were the following:

This part of the task requires that you combine information in the prob-
lem statement with information in a static display to estimate how long
it will take to fill the tank. The visual display includes a clock that shows
how long it took to fill part of the tank.

First, read the problem statement. Second, look at the clock and the par-
tially filled tank to see how much of the tank filled for the time shown
on the clock. Then combine the information in the problem statement
and in the visual display to estimate how long it would take to fill the en-
tire tank.

We will first show you a practice problem for each of the four problem
variations (no leak, bottom leak, side leak, delay). We will then show
you the 20 test problems. Remember that these are estimation problems,
not calculation problems, so you should not use paper or a calculator to
try to solve the problem. If you have any questions about the task, ask
the experimenter as you work on the practice problems.

In contrast, the instructions for the animated display encouraged use
of the mental simulation strategy. The instructions were the following:

Table 5
Estimated Completion Times (in Hours) and

Error Across Problems

Animate Static

Series Problem Correct Time Error Time Error

1 no leak 2.9 3.19 0.73 3.39 0.74
bottom 4.1 4.03 1.06 4.03 0.90
side 3.9 3.79 0.77 4.24 0.89
delay 3.3 3.44 0.81 3.87 0.96

2 no leak 4.8 4.35 0.77 4.79 0.77
bottom 6.9 5.93 1.32 6.28 1.21
side 6.3 5.28 1.57 5.73 1.16
delay 5.6 5.38 1.13 5.78 1.18

3 no leak 6.0 4.95 1.37 5.53 1.24
bottom 9.0 7.11 2.16 8.10 2.00
side 8.1 6.60 1.71 6.98 2.07
delay 7.2 6.13 1.46 6.82 1.67

4 no leak 3.2 2.95 0.57 3.18 0.68
bottom 4.4 3.97 0.81 4.37 0.95
side 3.9 3.27 0.94 3.89 0.92
delay 3.9 3.76 0.74 4.10 0.75

5 no leak 3.8 3.29 0.67 3.42 0.64
bottom 5.1 4.54 0.69 4.87 0.82
side 4.4 4.06 0.80 4.16 0.69
delay 4.9 4.69 0.72 4.74 0.63

Table 4
Parameters of Problems in Experiment 2

Series Stop (ft) Leak (ft) Pipe 1 (h) Pipe 2 (h) Delay (h) Loss (h)

1 4 2.0 5 7 1 10
2 5 2.5 8 12 2 16
3 6 3.0 10 15 3 18
4 7 4.0 5 9 2 12
5 8 5.0 6 10 3 14

Note:–Stop refers to the height of the liquid in the end state. Leak refers to location of
the side leak from the bottom of a 10-ft tank. Pipe 1 and Pipe 2 show fill times, and
Delay shows delay of Pipe 2. Loss shows loss rate. Each series consists of a no-leak, a
bottom leak, a side leak, and a delay problem, as is shown in Table 5.
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This part of the task requires that you combine computer animation with
your own mental animation to estimate how long it will take to fill the
tank. The computer animation will show a tank filling as a clock records
the time. The tank will then suddenly stop filling and the clock will also
stop. At this point, imagine the water continue to fill at the same rate
until it reaches the top of the tank. The specif ic instructions for this task
follow.
First, read the problem statement. Second, place your index finger on the
space bar. Third, press the space bar to begin the animation. Fourth, vi-
sually track the water filling the tank. Fifth, when the animation stops,
imagine the water continuing to fill the tank at the same rate as when the
animation stopped. Sixth, when your mental animation reaches the top
of the tank, press the space bar again so we can time the accuracy of your
mental animation. And finally, provide an estimate of how long it took
to fill the tank.

The time on the clock shows how much time it took to partially fill the
tank during the computer animation. You should then estimate the total
time to fill the tank based on how much longer it took to fill the tank
using mental animation. For example, if the clock shows that it took
4 hours to fill the tank during the computer animation and your mental
animation took half as long as the computer animation, then you should
estimate that it would take 6 hours to fill the entire tank (4 hours 1
2 hours).

At the end of the experiment, the students were asked about their
use of two strategies. For the static condition, the two strategies were
using the proportion of liquid in the tank (as displayed in the dia-
gram) or using the numbers in the written statement of the problem.
The students indicated the relative importance of the two strategies
by clicking on one of seven radio buttons that were labeled diagram
at the left end and problem at the right end. The students rated their
strategy use for each of the four problems so we could evaluate
whether they would place less emphasis on the proportion of liquid
in the tank (diagram) for the two problems in which there was a rate
change. They then made the same judgments for the animate condi-
tion, in which the two strategies were use of the diagram and use of
mental simulation. We again were interested in learning whether the
students would place less emphasis on proportion of liquid in the
tank when there was a rate change.

Results
Estimated completion time. Table 5 shows the correct

answer, mean estimated answer, and mean error for each
of the 20 problems used in the animate and static condi-
tions. The means were based on all the data, except for
two entries that appeared to be typing errors (55 and 209)
and four missing entries that followed faulty displays.
These data reveal a greater tendency to underestimate
completion time in the animate condition, perhaps be-
cause of representational momentum (Freyd, 1987) that
would cause the participants to begin their mental simula-
tion above the point at which the physical rise of the water
stops. However, there is little difference in error across the
two conditions, defined as the absolute difference be-
tween the correct and the estimated answers.

The first two rows in Table 6 show the mean and stan-
dard deviation of the error for each of the four problem
types. A 2 (condition: animate or static) 3 4 (problem: no

leak, bottom leak, side leak, or delay) ANOVA revealed
that there was no difference between the animate and the
static conditions in error magnitude [F(1,54) , 1, MSe 5
0.77]. However, there was a significant difference in esti-
mation error across problems [F(3,162) 5 15.91, MSe 5
0.20, p , .001].

More important, the hypothesizedcondition3 problem
interaction was not significant [F(3,162) , 1, MSe 5
0.15]. We predicted that the students would do better on
the no-leak and bottom leak problems in the static condi-
tion and would do better on the side leak and delay prob-
lems in the animate condition. Instead, the error magni-
tudes were virtually identical for the two conditionsacross
problems. We will discuss the implicationsof this finding
after reporting the simulation and strategy data, since both
are relevant for analyzing our unsuccessful prediction.

Althoughwe did not make any predictionsregarding the
sequential order of the presentations,we did find a signif-
icant order 3 problem interaction [F(3,159) 5 2.96,
MSe 5 0.20, p 5 .034]. Error magnitudes were lower for
those students who viewed the animated displays before
the static displays, but the amount of reduction depended
on the problem. Viewing the animated displays first re-
duced the error magnitudes from 1.38 to 1.01 h for the
side leak, from 1.23 to 1.08 h for the bottom leak, from
0.87 to 0.76 h for no leak, and from 1.01 to 1.00 h for the
delay problem. These data indicate that the students ben-
ef ited from initially seeing animations of some of the
events and that this experience transferred to the judgment
of static events.

Simulated completion time. We analyzed the accuracy
of the mental simulations by converting the total (ani-
mated plus simulated) time in seconds to fill time in hours
by using the conversion (animation) rate of 2 h per sec.
We then defined simulation error as the absolute differ-
ence between simulated time and correct time, to give us
a measure that was comparable to estimation error. We re-
jected as outliers simulation errors greater than 10 h
(which may have been caused by distractionsor forgetting
to press the space bar), which occurred for 46 of the 1,100
simulation times. We used the remaining data to calculate
a mean simulation error for each participant for the four
problem types.

The third row in Table 6 shows the means and standard
deviationsof these mean simulation errors. As was found
for estimation of completion time, there was a significant
effect of problem type [F(1,54) 5 4.00, MSe 5 0.41, p ,
.01]. The finding that both the estimation and simulation
errors were larger for the bottom and side leak problems
suggests that the mental simulations may have influenced
the estimatesof event completion time. However, the find-
ing that the estimation errors were also larger for the leak
problems in the static condition (perhaps because of the
more demanding arithmetic calculations)weakens this in-
terpretation. Another difficulty with the interpretation of
a causal relation between simulation and estimation is that
even with the rejection of the largest simulation errors, the
mean simulation errors were still substantially larger than

Table 6
Estimation Errors (in Hours) Across the Four Problem Types

No Leak Bottom Leak Side Leak Delay

Condition M SD M SD M SD M SD

Static estimate 0.81 0.81 1.17 1.05 1.15 0.99 1.04 0.92
Animate estimate 0.82 0.63 1.21 0.83 1.16 0.74 0.97 0.87
Simulation time 1.58 1.31 1.73 1.31 1.93 1.68 1.56 1.21
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the mean estimation errors in the animated condition.This
finding suggests that the participantswere basing their es-
timates of completion time on additional information,
rather than solely on simulation time.

The use of additional information is supported by the
failure of the data to support the hypothesis that there
would be a significant correlationbetween the accuracy of
the simulations and the accuracy of estimated completion
time. The Spearman rank order correlation between sim-
ulation accuracy and estimation accuracy was .03 for the
no-leak problems, 2.26 for the bottom leak problems,
2.29 for the side leak problems, and 2.07 for the delay
problems. Clearly, the students used information other
than simulation time to estimate event completion time.

Reported strategies. An obvious candidate for other
information is the written statement of the problem. One
might even argue that the near identity of estimation error
across the animate and static conditionsoccurred because
the students focused entirely on the written problem and
ignored the information in the display. However, as is
shown in Table 7, this explanation is not supported by the
students’ ratings of the relative importance of the display
and the written problem. This is seen most dramatically
for the static displays of the no-leak and bottom leak prob-
lems. There were a total of 55 responses (out of 110) that
checked the button closest to the diagram end of the con-
tinuum, suggesting that the students relied almost entirely
on the display for these problems. In contrast, this total de-
clined to 29 for the side leak and delay problems, indicat-
ing many of the students realized that it was inappropriate
to rely only on the display when there was a rate change.

There are corresponding shifts for the animated prob-
lems for which the students had to indicate their relative
use of a spatial (diagram) versus a temporal (mental sim-
ulation) strategy. The total number of responses that indi-
cated complete reliance on the diagram declined from 32
for the no-leak and bottom leak problems to 11 for the side
leak and delay problems. These data indicate that many of
the students relied on the proportion of liquid in the tank
instead of, or in addition to, simulation time, which could
account for the low correlations between simulation error
and estimation error. However, as was the case for the sta-

tic condition, they relied less on the end state diagram
when there was a rate change.

Discussion
Two assumptions influencedour prediction that the stu-

dents would be more accurate in the animate conditionfor
the side leak and delay problems. The first assumption
was that the students would inappropriately rely on the
proportionalvolumestrategywhentherewereratechanges.
The second assumption was that the students’ mental sim-
ulationswould be accurate enough to give the mental sim-
ulationstrategy an advantagewhen there were rate changes.
On the basis of our findings, both of these assumptions
proved questionable.

Several aspects of our results show that the students ap-
propriately adjusted their estimates in the static condition
if there was a rate change. A reliance on the proportional
volume strategy would underestimate event completion
time in the side leak problem, because the leak would de-
crease the fill rate. Similarly, using volume would over-
estimate event completion time in the delay problem, be-
cause of the increase in fill rate. Table 5 shows that this
pattern occurred for only one (Series 3) of the five series.
The strategy data in Table 7 also show that the students
appropriately paid more attention to the numbers in the
problem and less attention to the volume in the tank for
problems that had a rate change.

These findings are encouragingwhen placed in the con-
text of previous findings that have shown that students
typically applied proportional reasoning inappropriately
to such problems as An athlete’s best time to run a mile is
4 min and 7 sec. About how long will it take him to run
3 miles? (Greer, 1993) Although Greer tested 13- and 14-
year-olds, Verschaffel, De Corte, and Borghart (1996)
found that more than half of the answers given by 332 pre-
service teachers involved proportional reasoning when
proportional reasoning was inappropriate.

Our assumptionabout students’ ability to mentally sim-
ulate fill rate was also challenged by our data. As is indi-
cated in Table 6, the students’ simulation errors were
greater than their estimationerrors. This is consistentwith
Norman’s (1983) observation that people’s ability to “run”
their mental models is severely limited. However, there
have been success stories in using mental simulation, such
as judging how far one can tilt a partially filled container
before it spills, a judgment that was greatly aided by men-
tally simulating the tilt of the glass (Schwartz & Black,
1999). Previous research demonstratingan extremely high
correlation between distance and mental scan time (Koss-
lyn,Ball, & Reiser, 1978;Reed, Hock, & Lockhead,1983)
made us optimistic that students could accurately simu-
late fill rate. A difference, however, is that in the current
task they had to simulate different rates by continuing an
animation. A more closely related task is one cited by Call
(2000), in which monkeys could predict the location of a
moving target after it had passed behind a screen.

With the advantage of hindsight based on our findings
and an additional task analysis, we now believe that we

Table 7
Rated Strategy Use for the Static and

Animate Conditions

Static (Diagram) (Problem)
No leak 33 4 3 6 3 2 4
Bottom leak 22 8 8 8 4 4 1
Side leak 14 7 14 9 4 5 2
Delay 15 8 6 11 5 5 5

Animate (Diagram) (Simulation)
No leak 18 4 4 10 6 8 3
Bottom leak 14 4 8 8 7 8 4
Side leak 6 7 9 11 8 8 4
Delay 5 4 8 13 10 7 6

Note–The data entries represent the relative use of the diagram and prob-
lem in the static conditionand the diagram and simulation in the animate
condition.The seven radio buttonswere anchored by Diagram on the left
and either Problem or Simulation on the right.
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were misguided in instructing the students to use the men-
tal simulation strategy. One challenge is that an extremely
high level of calibration is required for an accurate men-
tal simulation based on an animation rate of 2 h per sec.
Part of this challenge is to adjust to rate changes when
they occur. As has been discussed by Tversky, Morrison,
and Betrancourt (2002), animations may be too complex
or too fast to be accurately perceived. Another challenge
is that after performing a mental simulation, the partici-
pants had to estimate how long their mental simulation
took. The previously cited mental simulation tasks re-
corded simulation times but did not require the partici-
pants to estimate time. Accurate estimates of simulation
time may be extremely difficult for people (Dan Schwartz,
personal communication,February 17, 2002), particularly
at the level of precision required in our task.

The lack of correlation between estimation accuracy
and simulation accuracy in our results indicates that the
participants used other information besides mental simu-
lation times to make their estimates. It is likely that they
relied on the written problem statement in the animated
condition,as theydid in the static condition.They may have
also used the temporal extrapolation strategy by using
flow rate when the animation stopped, to estimate how
long it would take to fill the remainder of the tank.

GENERAL DISCUSSION

Theoretical Implications
Hecht’s (2000) emphasis on situational and personal

variables for event perception provided a context for this
research. The data support the use of all three of our pro-
posed strategies in Experiment 1—the proportional vol-
ume strategy, the temporal extrapolation strategy, and the
f ill time strategy. The role of situational variables is
demonstrated by the influence of temporal (clock) and
spatial (overflow tank) aids to improve the calibration of
space and time. The influence of personal variables is il-
lustrated by individual differences in reported strategy
use. Some students reported using only one of the three
strategies, whereas other students used multiple strategies
that depended on the availability of the visual aids.

We were surprised to find that the perceptual tasks,
judgingvolume and fill time, correlated more consistently
with estimation accuracy than did the arithmetic task. Al-
though experts (nurses who mentally calculate appropri-
ate doses of drugs) are good at doing proportional rea-
soning (Hoyles, Noss, & Pozzi, 2001), we anticipated that
the arithmetic task would limit novices’ accuracy in esti-
mating completion time. However, the higher correlations
for the two perceptual tasks support the arguments of
those who believe there is a strong perceptual component
to many reasoning tasks (Ackerman & Cianciolo, 2000;
Barsalou, 1999; Fincher-Kiefer, 2001; Lohman, 1996).

An encouraging aspect of our findings is that most of
the students in Experiment 2 showed good judgment in
how they used the three information sources (problem
statement, static diagram, and animated diagram) to pro-

duce fairly accurate estimates of event completion time.
First, the studentsmade adjustmentsby relying less on the
static diagram and more on the problem text or the ani-
mation when the proportional volume strategy was inap-
propriate. As a result, they did not underestimate comple-
tion times in the side leak problems or overestimate
completion times in the delay problems. Second, the stu-
dents did not rely extensively on their faulty mental sim-
ulation times to produce estimates of event completion
time. These data are supportive of the framework pro-
posed by Brown and Siegler (1993), in which people use
multiple cues to derive an estimate and weight each cue
according to its predictive accuracy relative to alternative
cues.

Instructional Implications
Although there has been much research and theoretical

development regarding the use of static images, the rela-
tive lack of research on dynamic images poses a challenge
for the principled design of instructional animation
(Rieber & Kini, 1991). Subsequent research has identified
task variables that influence when animation is effective
(Kaiser, Proffitt, Whelan, & Hecht, 1992), but there is still
insufficient knowledge to guide the design of instructional
animation in most situations.

We are currently designing a series of Animation Tutor
modulesin which instructionalanimationis used to improve
students’ reasoning, estimation, and problem-solving
skills in an intermediate algebra class. The purpose of the
second module in the series is to improve students’ abil-
ity to estimate, and then calculate, answers to the four
types of tank-filling problems studied in Experiment 2.
Visual feedback from the animation of the estimated com-
pletion time has been effective in significantly improving
estimates (Reed, Cooke, & Jazo, 2002). However, we had
no idea what strategies students had used to do this, so we
investigated strategy use in this study.

Our finding that both the clock and the overflow tank
improved estimates in Experiment 1 justifies our decision
to include both visual aids in the Animation Tutor: Task
Completionmodule. One reason for includingboth aids is
that those students who use a temporal strategy and those
students who use a spatial strategy have an aid for im-
proving calibration. An advantage of providing for multi-
ple representations is that students have different prefer-
ences for which representation they find most helpful. For
example, when asked which representation in the Anima-
tion Tutor: Average Speed module they found most help-
ful for understanding why the average speed cannot ex-
ceed twice the slower speed, 10 students selected the
algebraic approach, 8 students selected the conceptual ap-
proach, and 6 students selected the graphic approach
(Reed & Jazo, 2002).

A central issue in designing instructional animation is
determining when animation is effective (Narayanan &
Hegarty, 2002; Tversky et al., 2002). The finding that the
clock significantly improved estimates in Experiment 1
and the reported use of the temporal extrapolationand fill
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time strategies indicates that animation was helpful for at
least some of the students.A nonsupportivefinding in Ex-
periment 2 was the failure to find any difference in the ac-
curacy of the estimates for the static and the animated dis-
plays. This may have been caused by our instructions to
use a (mental simulation) strategy that was difficult to im-
plement. The finding that the students reported placing
greater emphasis on animation for the rate change prob-
lems in Experiment 2 suggests a reliance on animation
when the proportional volume strategy is inappropriate.

Learning how to design more effective instructionalan-
imation will depend on learning how students use spatial
and temporal information to improve their reasoning
about events. Our experiments have given us the opportu-
nity to consider a variety of cognitive processes, such as
mental calculation, effect of range in constraining esti-
mates, mental simulation, use of space (volume) and time
in making judgments, analog-to-digital conversion, and
task strategies. However, this study illustrates that there
are many unanswered questions, and additionalresearch is
needed to provide an empirical and theoretical foundation
for designing effective instructional animation and for
learning more about event perception.
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