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SUMMARY

This study examined forgetting in spatial memories acquired in a virtual environment. In the two
experiments, participants learned the locations of eight objects. In Experiment 1, the objects were
presented as photographs in either a laboratory or in an equivalent virtual environment. Irrespective of
learning condition, accuracy of recall of the locations was found to deteriorate after a retention
interval of approximately 1 week. In Experiment 2, following virtual learning, three groups of
participants performed a series of non-spatial tasks of low, intermediate or high difficulty. The tasks
were presented in a retention interval of 2 hours. A comparison of recall accuracy before and after
presentation of the interference tasks indicated that that the groups were not differentially affected by
the difficulty of the retroactive interference tasks. However, the groups differed in their subjective
assessment of the mental workload involved in the tasks. The results are discussed with reference to a
prominent theory of forgetting. Copyright # 2007 John Wiley & Sons, Ltd.

Over the last decade, the use of virtual environments in studies of human spatial memory

has become increasingly popular (e.g. Darken & Sibert, 1996; Mou, Biocca, Owen, Tang,

Xiao, & Lim, 2004; Thomson, Tolmie, Foot, Whelan, Sarvary, & Morrison, 2005).

Researchers have employed virtual simulations because they provide a convenient and

relatively inexpensive method of representing space (Bliss, Tidwell, & Guest, 1997). The

resulting mental representations from both types of learning experience have frequently

been found to be similar: spatial knowledge has been shown to transfer from virtual to real

environments (e.g. Farrell, Arnold, Pettifer, Adams, Graham, & MacManamon, 2003;

Foreman et al., 2000; Wilson, Foreman, & Tlauka, 1997; Witmer, Bailey, & Knerr, 1996),

and Waller (2000) found that measures of spatial knowledge in a simulated space were

predictive of subsequent performance in a comparable real environment. Differences have

also been reported, with, for example, virtual locomotion leading to lower performance

levels relative to walking through an equivalent real environment (Chance, Gaunet, Beall,

& Loomis, 1998; see also Hegarty, Montello, Richardson, Ishikawa, & Lovelace, 2006).

Studies of spatial memory in real environments have largely employed short retention

intervals such that information acquired in a learning phase is recalled soon after the end of

the learning phase. In the current study, the effect of longer retention intervals on recall is
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studied. Typically, longer retention intervals lead to forgetting (King, Jones, Pearlman,

Tishman, & Felix, 2002). While forgetting is a fundamental phenomenon in human

memory that has received a great deal of empirical attention (Rubin & Wenzel, 1996), to

our knowledge there is no prior work on forgetting in spatial memory derived from virtual

learning experiences. The current study addresses the question of forgetting of spatial

knowledge gained in a virtual environment. The issue of forgetting of virtually presented

spatial information is important because the long-term retention of spatial information is

critical in many related contexts (such as flight simulation training).
A MODEL OF FORGETTING

According to Wixted (2004) forgetting is primarily attributable to retroactive interference

caused by mental exertion. Unlike proactive interference that occurs when previously

learned information interferes with the recall of subsequently learned information,

retroactive interference refers to the interference associated with information encountered

after the target information has been presented. The magnitude of retroactive interference

is assumed to be dependent on the point at which the interfering information is presented,

with temporally close information having a greater detrimental effect on recall relative to

information that is presented later.

The model implies that the amount of forgetting is likely influenced by the amount of

mental exertion that is involved in mental activity, with greater mental exertion leading to

poorer memory retention: ‘What the exact variables are that govern the degree to which

prior memories are degraded is not known, but one obvious possibility is that the greater

and more variable the new learning is, the greater the interfering effect will be’ (p. 264).

The current investigation (Experiment 2) will focus on this latter aspect of Wixted’s (2004)

theory.

Although Wixted’s (2004) model is predominantly based on research into verbal

memory, it applies to spatial memory, too. It is argued that mental activity reduces the

amount of hippocampal resources that are available to consolidate recently formed

memory traces, a process that leads to forgetting. More specifically, learning that depends

on the induction and maintenance of long-term potentiation (LTP) in the hippocampus is

assumed to be vulnerable to the interfering effects of subsequent memory formation. LTP

refers to synaptic changes that occur as a result of repeated transmission of excitation

across synapses (Fuster, 1995). Note that the interfering mental activity does not have to be

similar to the target information.
THE PRESENT STUDY

Given the considerable potential of using virtual simulations in research into spatial

memory (Durlach et al., 2000), it is important to understand the main variables that affect

learning in computer-simulated space. Oneway of investigating spatial memories of virtual

environments is to directly compare spatial knowledge acquired in real and equivalent

simulated spaces (e.g. Waller, Hunt, & Knapp, 1998). Another approach to studying virtual

learning examines whether empirical results and theories of spatial learning in real spaces

also apply to virtual learning (e.g. Jansen-Osmann & Berendt, 2002). In this paper, both

methods are employed.
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In the absence of prior related studies, our aim was to investigate the question of

forgetting in spatial memories acquired in a virtual environment from an applied and

theoretical point of view. Experiment 1 of the present study was designed to establish

whether forgetting is similar or dissimilar following real and virtual desktop presentations,

a point of practical relevance for researchers employing virtual environments as a tool. In

Experiment 2, we examined whether one theoretical framework (Wixted, 2004) can

account for forgetting in spatial memories derived from virtual environments. Experiment

2 focused on whether memory of a computer-simulated space is influenced by the degree of

mental exertion experienced in the retention interval.
EXPERIMENT 1

In Experiment 1, two groups of participants either learned a virtual, or an equivalent

real-world environment. In the real group, the participants studied the location of

photographs of target objects by rotating on a swivel chair within a laboratory space. In the

virtual group, participants rotated their viewpoint within an equivalent simulated

environment that was displayed on a computer screen. Following learning, spatial

knowledge was tested by asking participants to indicate the direction of the targets

(employing two types of directional task). In real life, forgetting occurs over longer periods

of time. Therefore, in Experiment 1, participants’ directional knowledge of the targets was

re-tested approximately 1 week after the first test session. Based on Tlauka (2007) who

used similar virtual environments, we expected changes in performance in response

accuracy (rather than latency). As gender effects (e.g. Voyer, Voyer, & Bryden, 1995) are

frequently observed in studies of spatial ability (with males typically outperforming

females), this variable was also considered.

Hegarty et al. (2006) found that direct experience in an environment (e.g. navigating

through real environments) and experience mediated by visual media (e.g. videos and

desktop virtual environments) were partially disassociated. The authors argue that

body-based cues such as kinesthesis may contribute to differences in learning from direct

experience and visual media. Other research (e.g. Foreman et al., 2000;Wilson et al., 1997)

has observed similarities between real and virtual spatial memories. In Experiment 1, we

investigated whether spatial recall over a 1-week period is comparable in real and

computer-simulated space. If both types of learning experience were partially

disassociated (Hegarty et al., 2006), one would expect differences in the level of

forgetting over a 1-week period. To the extent that memories are similar following real and

virtual learning (Foreman et al., 2000), small or no differences in forgetting should be

obtained.
Method

Participants

Thirty-two university students (mean age: 22 years, range: 18–40 years) were presented

with a real or virtual space. Sixteen students were female.

Apparatus

In order to ensure that potential effects are not specific to a particular configuration of

objects, four real spaces (1–4) were used that were versions of the same (purpose-built)
Copyright # 2007 John Wiley & Sons, Ltd. Appl. Cognit. Psychol. 22: 69–84 (2008)
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featureless cubic room (measuring approx. 3� 3� 3m). A swivel chair located in the

centre of the test room allowed participants to learn the position of the objects by rotating

themselves 3608. The four environments contained a different set of eight A4-sized colour

photographs of various household objects (e.g. hammer, brush, candle, respectively). The

target objects were attached to the four walls of the test space and were presented

approximately 15 8 below the eye level. The precise location of the targets differed between

the environments. A blindfold was used while guiding participants in and out of the test

room, such that the targets were viewed only from the central position. In order to avoid

guessing strategies on the part of the participants, the four environments were designed in

such a way that the walls contained an unequal number of objects (between 1 and 3

objects).

The simulated environments were programmed using Sense8 World Up. The

environments consisted of equivalent three-dimensional virtual representations of the

actual test spaces including target objects that were displayed on an 18-inch PC monitor

(Figure 1). In the test phase of the experiment, a stopwatch was used to measure the speed

of directional judgements.

Procedure

Participants studied either a real or virtual space. When learning a real environment, the

students were guided (blindfolded) to the centre of the environment where they were seated

on the swivel chair. The blindfold was removed and participants were asked to study the

location of the eight targets by swivelling in the chair. Following learning, the blindfold

was replaced, and participants were guided to an adjacent room.

The virtual environments were displayed on the computer monitor (Figure 1). The

students pressed the Q and W keyboard buttons to rotate left and right, respectively.

Regardless of whether learning occurred in the real or virtual space, half of the participants

learned an environment through a single clockwise rotation and the other students through

an anticlockwise rotation. Further, in each group, participants were randomly assigned to

view one of the four versions of the environment.

After studying the location of the eight objects in an environment, spatial knowledgewas

tested as follows: The participants were asked to indicate the direction of the eight objects

by marking the appropriate location on a drawing of a circle (radius: 5 cm). In the centre of

the drawings, there was a small, filled circle (radius: 0.5 cm) indicating the study location in

the learning phase of the experiment. The initial facing direction (08) was specified by a

line extending from the small circle to the periphery of the large circle. Participants were

instructed to consider the centre of the circle as representing the position from which they

viewed the room, while the vertical line indicated the direction they initially faced. Using

the study location and the facing direction as a reference orientation, the task was to

indicate the direction towards the target objects. Responses were provided by placing a

mark on the outer circumference of the circle in linewith the position of the relevant object.

Measurements were to 18 accuracy, and the timing of directional estimates was recorded

with 100ms as the smallest unit of measurement. Each direction estimate was timed from

the moment the experimenter named the object to the participant’s response. The targets

were tested individually, and the order in which the objects were presented was random

across participants.

A second task was then presented. A drawing of a map of the test space showed the

outline of the four walls of the environment, a small central circle and the initial facing

direction. Participants were asked to mark (and label) the locations of all objects. This task
Copyright # 2007 John Wiley & Sons, Ltd. Appl. Cognit. Psychol. 22: 69–84 (2008)
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Figure 1. Top panel: A screenshot of one of the virtual environments. The two pictures on the wall
depict a cycle helmet and a candle. The cross hair specifies the viewing orientation. Bottom panel: A
schematic map view of the basic environment showing an illustration of eight target locations
(one–eight), the central swivel chair and the initial facing orientation (arrow). Note that the target
objects were attached to the four walls of the environment. In the diagram shown, target 1

corresponds to the cycle helmet and target 2 to the candle
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was not timed as all estimates were made on the same outline drawing. The spatial

knowledge tests were repeated a week after the first test session.
Results and discussion

Absolute directional errors (the absolute difference between the true direction of objects

and participants’ directional estimates) were analysed employing an ANOVA, with group

(real versus virtual) and gender as between-participants’ factors, and test session and

spatial task (circle versus map) as within-participants’ factors. For the purpose of this

analysis the mean error scores of the eight judgements made per environment served as

data points. The magnitude of the significant effects is indicated by partial eta squared (h2p).

Preliminary analyses included environment (one–four) and rotation (clockwise or

anticlockwise rotations in the learning phase) as factors. The preliminary analyses revealed

no significant main effects or interactions with variables of interest.

In the analyses of primary interest, direction judgements were found to be more accurate

in session 1 (mean error score: 348) than in session 2 (mean error score: 508),
F(1,28)¼ 18.18, p< 0.001, h2p ¼ 0.39. Inspection of the data from individual participants

revealed that 75% of participants were more accurate in session 1. There were few errors

that could be classified as mirror errors (defined as errors in excess of 1508) when the

indicated location of a target was opposite its true location. In session 1, the mirror errors

for the real and virtual groups were 7.40% and 8.90%, respectively. In session 2, the

corresponding scores for the real and virtual groups were 3.50% and 5.80%.

The only other significant effect in the analysis of error scores was the three-way

interaction between session, group and gender, F(1,28)¼ 5.30, p< 0.03, h2p ¼ 0.15.

Although response accuracy was consistently lower in session 2 (see Figure 2), this

difference was significant only for females in the real group and males in the virtual group
Figure 2. Experiment 1. Mean absolute directional error scores (in degrees) as a function of group
(real, virtual), gender and test session. Error bars represent� 1 estimated standard error of the mean
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(Tukey tests, p< 0.05). Additional Tukey comparisons (p< 0.05) indicated that the only

other significant difference was the more accurate performance in the real than the virtual

group for males in test session 2. There was also a marginally significant tendency

(p< 0.08) for more accurate estimates in the real group (mean error score: 368) by

comparison with the virtual group (mean error score: 488). No other effects approached

significance (F’s< 1.20). In particular, the two-way interaction between group and test

session was not significant, F(1,28)¼ .11, p> 0.05. From session 1 to session 2, response

accuracy declined to a similar extent in the real and virtual groups (17 and 158,
respectively).

The analysis of the time taken by participants to make their directional judgements

revealed no significant effects (see Table 1 for a summary). Note that the map directional

task was not timed and was therefore not included in this analysis.

Overall, the results provide evidence of significant forgetting: over a period of 1 week,

mean response accuracy in the directional task decreased by 168. As shown in Figure 2,

response accuracy declined for both learning conditions, and the decline was comparable

between the groups. The marginally significant effect of group suggests that the real-world

space was somewhat easier to learn by comparison with the virtual environment.
EXPERIMENT 2

The results from Experiment 1 suggest that virtual environments may prove useful in

investigations of forgetting. The aim of Experiment 2 was to explore the cognitive

processes underlying forgetting in spatial memories of virtual environments. More

specifically, Experiment 2 investigated whether the degree of mental exertion has an effect

on recall, as implied by Wixted’s (2004) theory. In Experiment 1, recall performance was

found to be similar in real and simulated space, and therefore only the virtual environment

was presented in Experiment 2. Participants’ spatial knowledge of the virtual environment

was tested before and after the presentation of a battery of interference tasks. Level of

mental exertion was manipulated by randomly assigning participants to one of three

experimental groups: low, intermediate and high mental exertion. All groups performed the

same set of tasks, but participants in the intermediate and high mental exertion groups

performed increasingly more complex versions relative to the low mental exertion group.

The retention interval was 2 hours, a duration that is consistent with previous studies of

mental workload (e.g. Lorist et al., 2000; van der Linden, Frese, & Meijman, 2003).

Following the second test session, the NASATask Load Index (TLX) was administered.

The NASATLX is a computer-based measure of overall workload in which participants are

required to give subjective ratings for tasks on six subscales: mental demands, physical
Table 1. A summary of mean response latencies (in seconds) in Experiment 1

Session 1 Session 2

Real Male 3.80 (.90) 3.40 (1.30)
Female 4.60 (2.40) 4.00 (1.00)

Virtual Male 3.80 (1.60) 4.10 (1.90)
Female 4.10 (1.20) 4.10 (1.60)

Standard deviations are shown in brackets.
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demands, temporal demands, own performance, effort and frustration (Hart & Staveland,

1988). The NASATLX is commonly used as a measure in studies of mental workload (e.g.

Averty, Collett, Dittmar, Athenes, & Vernet-Maury, 2004; Haga, Shinoda, & Kokubun,

2002) and was therefore included as a test of the efficacy of the mental exertion

manipulation.

If a greater level of mental exertion were to result in poorer memory retention, we would

expect to find an interaction between test session and mental exertion group. More

specifically, the high mental exertion group should show a larger decrease in performance

(from session 1 to session 2) relative to the other groups, while the intermediate group

should display a more pronounced decrease by comparison with the low mental exertion

group. Based on Experiment 1 (see also Tlauka, 2007), we expected changes primarily in

response accuracy. A lack of interaction between group and test session would be

inconsistent with the hypothesis that mental exertion influences recall.
Method

Participants

Seventy-two university students took part (mean age: 25 years, range: 17–49 years). The

students were randomly assigned to one of three mental exertion groups with 9 males and

15 females per group.

Apparatus

The virtual environments were the same as in Experiment 1.

Interference tasks

Seven unique tasks were constructed, each of which were designed to last for a minimum

duration of 10minutes. With the exception of the basic arithmetic task and the completed

arithmetic task (described below), two forms of each task were developed so that each task

could be employed twice. This allowed for a total of 12 interference tasks lasting 2 hours

overall. All tasks were primarily non-spatial in nature.

Backwards-counting task

Participants were asked to audibly count backwards from the number 50 (for similar

procedures see Brown, 1958; Peterson & Peterson, 1959). Each time a participant reached

0 they were asked to begin again from a number 50 higher than the previous number.

Between each mental exertion group, the units in which participants were asked to count

differed in terms of difficulty. Participants were asked to count backwards in units of 1 in

the low mental exertion group, in units of 3 in the intermediate group, and in units of 7 in

the high mental exertion group.

Verbal comprehension task

Participants were presented with a passage of text to read. They were informed that they

would be required to answer a series of questions once a 10minute time limit had expired.

Each passage of text was approximately five pages in length and was printed single spaced

on otherwise blank standard A4 paper. The mental exertion manipulation was achieved by

varying the content of the text. Participants in the low mental exertion group were asked to

read a simple children’s story. Participants in the intermediate group were given a passage
Copyright # 2007 John Wiley & Sons, Ltd. Appl. Cognit. Psychol. 22: 69–84 (2008)
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of text in the style of a news report and those in the high group read a scientific journal

article.

Backwards word-span task

This task was a variation of the backwards word-span task found in the Wechsler Adult

Intelligence Scale (WAIS) verbal component. A series of word lists was read aloud by the

researcher. Following each individual list, the participant was asked to repeat all of the

words in the reverse order. Lists consisted of simple concrete nouns and care was taken not

to include potentially emotionally provocative words. Previous research has shown that

emotionally laden objects or words can evoke a stronger memory response than those that

are not emotionally confronting (e.g. Maljkovic & Martini, 2005). In the low mental

exertion group, there were 180 lists, each containing 2 words. The intermediate version of

the task consisted of 90 lists, each containing 4 words. The high mental exertion group was

presented with 24 lists of 8 words. No participant in any group completed all of the lists

within the 10-minute time limit.

Backwards digit-span task

This task was identical to the backwards word-span task with the exception that each list

contained a series of single digit numbers rather than concrete nouns. The low mental

exertion version of the backwards digit-span task consisted of 200 lists, each containing 2

digits. The intermediate mental exertion version consisted of 120 lists, each containing 4

digits. The high mental exertion group was presented with 40 lists of 8 digits. As with the

backwards word-span task, no participant in any group completed all of the lists within the

10-minute time limit.

Basic arithmetic task

Participants in the lowmental exertion condition were presented with 300 maths equations.

Each equation consisted of a simple addition task in which participants were required to

provide the sum of two whole numbers. Within the intermediate group, participants were

required to resolve equations involving two operators. Each equation included both

addition and subtraction. There were 150 of these equations. Equations in the high mental

exertion version of this task required the processing of three operators on four whole

numbers. These operators consisted of any combination of addition, subtraction,

multiplication and division. Participants were advised to ignore any formal hierarchy

of operators and work through each equation from left to right. Care was taken in this

condition to ensure that all the correct answers were in the form of a whole number, that is,

no equation resulted in a number with a decimal remainder. There were 50 of these

equations.

Completed arithmetic task

The completed arithmetic task was identical to the basic arithmetic task with the exception

that an answer was provided with each equation. Participants were required to examine

each equation and determine whether the answer provided was correct or incorrect.

Search task

Participants were presented a passage of text approximately five standard A4 pages in

length. Those in the low mental exertion group were asked to scan through the text and

mentally keep count of howmany occurrences of the letter ‘T’ they could find within a time
Copyright # 2007 John Wiley & Sons, Ltd. Appl. Cognit. Psychol. 22: 69–84 (2008)
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limit. Those in the intermediate group were asked to simultaneously keep track of three

different letters, while those in the high group were asked to simultaneously keep track of

five different letters. This task is based on a similar task used by Tso (1936) in which

participants were asked to scan through a sequence of Chinese characters and circle those

containing a specific radical.

NASA TLX

The NASATLX is a computer-based assessment tool consisting of six 20-point subscales.

These subscales are mental demand, physical demand, temporal demand, effort,

performance and frustration. TLX subscale values are considered absolute values with

possible scores ranging from 0, indicating a complete absence of the relevant factor, to 100,

indicating the relevant factor’s maximum possible influence.

Procedure

Participants were randomly assigned to view one of four versions of the virtual

environment. Half of the participants in each environment were assigned to rotate around

the environment in a clockwise direction (a single rotation), while the other half rotated in a

counter-clockwise direction. The students’ directional knowledge of the objects was tested

on two separate occasions, once immediately after learning the environment and again

after performing the mental exertion tasks. Only the primary directional task from

Experiment 1 (employing outlines of circles) was used to test spatial knowledge.

Immediately following the first spatial recall test session, participants within each

mental exertion group performed the series of cognitive tasks for a period of 2 hours. The

tasks were alternated at 10-minute intervals. In order to reduce possible sequence and

carryover effects, the order of the tasks was randomised with the condition that no two

alternate forms of the same task were performed consecutively.

Finally, following the second test of spatial recall, participants in all three groups were

asked to complete the NASA TLX.
Results and discussion

NASA TLX scores

One-way ANOVAs were performed for each of the subscales of the NASA TLX with

mental exertion group (low, intermediate, high, respectively) as the independent factor.

Only the results of the TLX Total Workload values are reported as it is representative of the

results observed for the remaining subscales. Analysis of the TLX Total Workload scores

indicated that there was a statistically significant difference in the Total Workload

experienced between the mental exertion groups, F(2,69)¼ 34.66, p< 0.001, hp2¼ 0.50.

Tukey tests (p< 0.05) indicated that Total Workload values were significantly different

between all groups (see Figure 3): participants reported experiencing a greater amount of

Total Workload in the intermediate group compared with the low group, and a greater

amount in the high mental exertion group compared with the intermediate group.

Primary analyses

Separate ANOVAs were conducted for mean absolute error and mean latency scores with

test session (session 1 and session 2) as the within-participants factor and mental exertion

(Low, Intermediate, High, respectively) as the between-participants factor. Preliminary

analyses with environment (1–4), gender and rotation (clockwise or anticlockwise
Copyright # 2007 John Wiley & Sons, Ltd. Appl. Cognit. Psychol. 22: 69–84 (2008)
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Figure 3. Experiment 2. Mean total workload scores on the NASATLX as a function of group (low,
intermediate, high). Error bars represent� 1 estimated standard error of the mean
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rotations in the learning phase) as factors revealed no significant main or interaction

effects.

The results of the analysis of the accuracy data are discussed first. Participants were

found to be more accurate in session 1 (mean error score: 318) relative to session 2 (mean

error score: 368), F(1,69)¼ 13.19, p< 0.01, hp2¼ 0.16. Sixty-nine per cent of participants

were more accurate in session 1. There were few mirror errors (defined as errors in excess

of 1508). In sessions 1 and 2, the mirror error rates were 2.40% and 2.60%, respectively.

Further, there were no significant differences between the mental exertion groups

(F< 1). Importantly, as depicted in Figure 4, the interaction between test session and

mental exertion group did not approach significance (F< 1).

Analysis of the recall latency data revealed that mean recall latency decreased in session

2 (mean: 3.62 seconds) by comparison with session 1 (mean: 4.72 seconds), F(1,69)¼
16.87, p< 0.001, hp2¼ 0.19. The main effect of group was not statistically reliable,

F(2,69)¼ 1.60, p> 0.05. The interaction between test session and mental exertion group

was marginally significant, F(2,69)¼ 2.70, p< 0.08: Table 2 indicates that response

latencies decreased significantly in the low mental exertion group only, a pattern of results

that was confirmed by Tukey tests (p< 0.05). The faster latencies in test session 2 in the

low mental exertion group were unexpected. However, overall (see also Experiment 1),

response accuracy was the more sensitive dependent variable in Experiment 2.

Finally, in order to examine whether a ceiling effect was present in the data, directional

judgements from the virtual group in Experiment 1 were compared with judgements from

Experiment 2. For this purpose the mean absolute error scores from both spatial tasks in

Experiment 1 were used as data and compared with the scores from the single directional

task employed in Experiment 2. In session 1, response accuracy in Experiment 1 (mean

error rate: 348) was found not to be significantly different from accuracy in Experiment 2

(mean error rate: 318), F< 1. In session 2, however, responses were less accurate in

Experiment 1 (mean error score: 508) than in Experiment 2 (mean error score: 368),
Copyright # 2007 John Wiley & Sons, Ltd. Appl. Cognit. Psychol. 22: 69–84 (2008)
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Figure 4. Experiment 2. Mean absolute directional error scores (in degrees) as a function of group
(low, intermediate, high) and test session. Error bars represent� 1 estimated standard error of the

mean
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F(1,102)¼ 8.00, p< 0.01, hp2¼ 0.07. The comparisons indicate a greater degree of

forgetting in the virtual group from Experiment 1, suggesting that there was no ceiling

effect in Experiment 2.

To summarise, although there were clear differences in the groups’ experience of the

workload involved in the three versions of the cognitive tasks, there was no differential

effect of mental exertion on spatial memory performance: directional accuracy declined

from session1 to session 2, a decline that was similar in the groups. Analysis of the response

latencies revealed faster latencies in session 2 in the low group, but not in the intermediate

and high mental exertion groups.
GENERAL DISCUSSION

The aim of the current investigation was to examine the question of forgetting in spatial

memories acquired in a virtual environment from an applied and theoretical point of view.

In Experiment 1, spatial knowledge of a real environment was compared with knowledge

of an equivalent virtual version of the space. Regardless of the learning experience, there
Table 2. A summary of mean response latencies (in seconds) in Experiment 2

Session 1 Session 2

Low 5.60 (3.10) 3.70 (2.30)
Intermediate 3.90 (1.80) 3.20 (1.60)
High 4.60 (2.00) 4.00 (3.30)

Standard deviations are shown in brackets.
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was evidence of significant forgetting over a 1-week period, and the extent of forgetting

was found to be similar following learning in the two types of environment.

Even though participants in the real group (mean error score: 368) performed more

accurately (but non-significantly so) than those in the virtual group (mean error score: 488),
the extent of forgetting from session 1 to session 2 was found to be comparable. This

finding is of relevance to researchers employing virtual simulations to examine spatial

skills. The similarity in the degree of forgetting is consistent with earlier research

demonstrating that although not identical, spatial knowledge of real and simulated spaces

tends to be alike (Wilson et al., 1997; Witmer et al., 1996). One interpretation consistent

with our results is that the processes that mediate forgetting in memories of real

environments are comparable to those mediating forgetting in memories of virtual spaces.

As there are important differences between real and virtual learning experiences (such as

the lack of kinesthetic and vestibular feedback in screen-based simulations), spatial

memories of virtual environments may be expected to be more fragile than those associated

with real-world learning. If so, virtual environments would be less suited to applications

that require long-term retention of spatial information (such as flight simulation training).

This study suggests otherwise: everyday interference had comparable effects on memories

of real and virtual spaces indicating the usefulness of virtual environments as a simulation

tool. Note, however, that in Experiment 1, there was a non-significant tendency for more

accurate responses in the real than in the virtual group, a finding that may be related to the

absence of kinesthetic feedback in the virtual environment (see Hegarty et al., 2006).

In Experiment 2, we examined whether one implication of Wixted’s (2004) theory of

forgetting applies to memories of a computer-simulated space. The degree of mental

exertion experienced during a 2-hour retention interval was found to affect participants’

subjective ratings of workload, but exertion did not differentially influence the students’

performance in the spatial recall task. In other words, a greater level of mental exertion did

not lead to an increase in forgetting when spatial memories were derived from virtual

learning. The present results indicate that one aspect of Wixted’s (2004) account does not

apply to spatial memories of virtual environments.

Given that in Experiment 2, the groups’ recall performance did not differ, the question

arises as to whether the mental exertion manipulation was effective. An examination of the

NASATLX scores shows that participants in the three groups reported different levels of

mental exertion. Participants in the low group reported experiencing a lower total workload

than did those in the intermediate group, who, in turn, reported experiencing a lesser

workload than participants in the high mental exertion group. The NASA TLX (Hart &

Staveland, 1988) is commonly employed as a measure in studies of mental workload (e.g.

Averty et al., 2004; Haga et al., 2002). Therefore, overall we feel confident that the

manipulation of mental exertion was successful. It should also be noted that the results

from Experiment 2 were unlikely to have been affected by a ceiling effect. In session 2 of

Experiment 2, the mean error score (368) was considerably lower than the corresponding

error score in Experiment 1 (508), suggesting that a ceiling effect was absent.

The emphasis of Experiment 2 was on the effect of the degree of mental exertion on

forgetting. From a theoretical point of view, it might have been interesting to include a

baseline condition in which participants experienced no mental activity. However, even in

the complete absence of any external stimulation, it is impossible to prevent participants

from mentally engaging in cognitive tasks. Accordingly, we opted to manipulate mental

exertion through variations in the cognitive load associated with performing the

interference tasks.
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There is little prior evidence of retroactive interference in spatial memory. In one of the

few studies on this topic, Elmes (1988) found evidence of retroactive (and proactive)

interference when target and interfering information were both spatial in nature (e.g. using

laboratory environments). Due to the length of the retention interval in Experiment 1, the

nature of the interfering information was not controlled. In contrast, in Experiment 2, the

shorter retention interval allowed us to manipulate the interference tasks. The findings from

Experiment 2 are in agreement with the assumption that forgetting was the result of

retroactive interference, with the tasks presented during the retention interval interfering

with the spatial memories of the virtual environment. This investigation differed from

Elmes’ study in two principal ways. First, we focused on computer-simulated (rather than

real) environments, and, second, the target information was spatial and the interference

tasks were non-spatial.

In the present context, it is important to emphasise that the similarity between original

and interfering material has often been considered an important factor in forgetting (for

recent discussions of similarity in the context of forgetting, see Isurin & McDonald, 2001;

King et al., 2002; Levy & Anderson, 2002) a point acknowledged by Wixted (2004). Note

that Wixted argues that it is the non-specific effects of mental exertion and memory

formation that contribute to forgetting. Put differently, irrespective of whether target and

interfering information are similar or different, retroactive interference is assumed to

influence earlier memories that have not been consolidated. Our interference tasks were

therefore chosen to be primarily non-spatial (we recognise that the search task, counting

letters in passages of text, contained spatial elements).

Directional judgements were found to decline in accuracy from session 1 to session 2. In

Experiment 1, a 1-week retention interval resulted in a decrease in mean response accuracy

by 168. By comparison, in Experiment 2, response accuracy dropped by 58 (following a

retention interval of 2 hours). At a neurophysiological level, forgetting has been linked to

variations in LTP (Fuster, 1995). LTP has been shown to be involved in neural memory

formation, and the longevity of LTP is influenced by whether and when novel information

is acquired (Abraham, Logan, Greenwood, & Dragunow, 2002). The dissimilar retention

intervals and associated differences in the intervening mental activities experienced by

participants in the current experiments may have affected LTP, contributing to the different

levels of forgetting.

One final point needs to be considered. Individual differences are frequently reported in

studies of spatial memory (Voyer et al., 1995), with males outperforming females on spatial

tasks. In this study, gender effects were obtained in Experiment 1 only. Figure 2 shows that

for both females and males, response accuracy was consistently lower in session 2, a

difference that was significant for females in the real group and males in the virtual group.

The accuracy of directional judgements was comparable between female (mean error

score: 448) and male participants (mean error score: 408). Overall, the findings indicate that
gender was not a major factor in the present study.

In conclusion, there is little prior work on forgetting in human spatial memory with no

investigations based on virtual learning. In Experiment 1, the extent of forgetting was

comparable following learning in real and virtual space, a point of practical relevance for

researchers employing virtual environments as a research tool. Evidence of forgetting was

also obtained in Experiment 2 in which forgetting was found to be unrelated to the

cognitive demands of the interference tasks. There was no evidence that the degree of

mental exertion that accompanied mental activity had an effect on the recall of virtually

presented spatial information, a finding that is inconsistent with Wixted’s (2004)
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theoretical framework of forgetting. Overall, the results suggest that virtual environments

may prove useful in investigations of forgetting, although the cognitive processes

underlying forgetting in spatial memories of virtual environments are yet to be determined.
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