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Our focus in this study was on the mental representa-
tions that individuals form when following verbal navi-
gation instructions. We also examined how these repre-
sentations influence the individuals’ ability to repeat and
follow the instructions.

To navigate in space, individuals have to form a spa-
tial representation. When the individuals must follow
verbal instructions in order to navigate, it may be possi-
ble to map the language input directly onto the spatial
representation. However, in situations in which it is im-
portant to verify that instructions were correctly received
prior to their execution, it is common to require that they
be repeated back, and in such cases, a verbal representa-
tion must be formed in addition to the spatial represen-
tation. The nature of the relationship between these two
representations, as well as the nature of the representa-
tions themselves, have been a source of controversy.

Garden, Cornoldi, and Logie (2002) suggested that
both verbal and visuospatial aspects of working memory
(WM) contribute to performance on a navigation task.

Shah and Miyake (1996) offered evidence to support the
separation of spatial thinking and language processes in
WM. Similarly, Toms, Morris, and Foley (1994) supported
the separation of visuospatial and verbal WM processes.
More recently, Friedman and Miyake (2000) argued that
spatial and causal dimensions of mental representations
are handled independently in different WM subsystems.
These recent claims can be contrasted particularly with
the earlier work by McNamara and LeSueur (1989), who
showed that nonspatial relations influence the probabil-
ity of encoding spatial relations, suggesting some inter-
dependence between these two types of memory pro-
cessing. One goal of the present study was to address this
debate concerning the independence or interdependence
of the two representation systems, as well as to shed light
on the nature of the representations themselves.

We assume that when navigating in space, individuals
form a mental model (Johnson-Laird, 1983) of the space.
The assumed spatial representation is similar to van Dijk
and Kintsch’s (1983) situation model (see, also, Kintsch,
1988; Zwaan & Radvansky, 1998), in that it is constructed
on the basis of the given situation and is used in the inter-
pretation of language input. Of concern in the present
study was the situation model used in the context of the
following of verbal navigation instructions. A situation
model may involve numerous conceptual dimensions. In-
vestigators have focused on different conceptual dimen-
sions in their treatments of situation models. For instance,
Rapp, Gerrig, and Prentice (2001) focused on trait-based
situation models in their study of inferences made about
characters in narratives; Zwaan, Madden, and Whitten
(2000) focused on the temporal continuity and disconti-
nuity of events in their study of narrated situations; and
Morrow, Greenspan, and Bower (1987; see also Morrow,
Bower, & Greenspan, 1989) focused on spatial locations
in their studies of readers’ ability to assume a protagonist’s
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The effects of mental representation
on performance in a navigation task
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In three experiments, we investigated the mental representationsemployed when instructions were
followed that involved navigation in a space displayedas a grid on a computer screen.Performance was
affected much more by the number of instructional units than by the number of words per unit. Per-
formance in a three-dimensional space was independent of the number of dimensions along which par-
ticipants navigated. However, memory for and accuracy in following the instructions were reduced
when the task required mentally representing a three-dimensional space, as compared with represent-
ing a two-dimensional space, although the words used in the instructions were identical in the two
cases. These results demonstrate the interdependence of verbal and spatial memory representations,
because individuals’ immediate memory for verbal navigation instructions is affected by their mental
representation of the space referred to by the instructions.
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perspective in constructing their own situation models of
narratives. The present study focused only on spatial di-
mensions, so we considered the relevant situation model
to be equivalent to a spatial representation. Specifically,
we focused on whether the number of spatial dimensions
along which one travels and/or the number of spatial di-
mensions included in the spatial representation affect in-
dividuals’ ability to execute navigation instructions.

Whereas spatial representationscan be seen as a type of
situation model, it has been argued that verbal represen-
tations are propositional in nature (e.g., Kintsch, 1972,
1994; Kintsch & Keenan, 1973; Perrig & Kintsch, 1985).
Alternatively, the verbal representation could be word
based, as in verbal learning experiments (e.g., Murdock,
1962). However, it is likely that different verbal repre-
sentations would be used in different circumstances. Of
concern in the present study was the verbal representation
used in a context in which verbal navigation instructions
are followed. Specifically, we focused on whether the
verbal representation formed, as evidenced by individu-
als’ ability to repeat back the words used in the naviga-
tion instructions, would be affected by the spatial repre-
sentation necessary for executing the navigation task.

We will report three experiments in which a paradigm
was used that was developed by Barshi (1997) to investi-
gate navigation in a 3-D space shown as a grid on a com-
puter screen. In Experiment 1, we explored the nature of
the verbal representation; in Experiment 2, we explored
some aspects of the spatial representation; and in Exper-
iment 3, we explored the relationship between the spatial
and the verbal representations, with the aim of determin-
ing whether they are independentor interdependent.In all
three experiments, we examined immediate verbal repeti-
tion of the navigation instructions, as well as execution
responses. The oral repetition responses provided a mea-
sure of immediate recall and, hence, reflected the verbal
representation, and the manual movement responses pro-
vided a strict measure of message comprehension and,
hence, reflected the spatial representation. Specifically, in
Experiment 1, the question was probed of whether the unit
involved in the comprehensionof the navigational instruc-
tionswas based on words or propositions.In Experiment 2,
we probed the differences between movements along three
dimensions and movements along only two dimensions
of the same 3-D space. In Experiment 3, we probed the
differences between movements on the picture plane (i.e.,
the plane shown directly on the computer screen) and
movements on a plane orthogonal to the picture plane in re-
sponse to the same directional terms (i.e., right/left and up/
down). Of primary interest in Experiment 3 was whether
the planes along which participants moved affected their
ability to provide an immediate oral repetition of the in-
structions, even though the words used to instruct move-
ment along the different planes were held constant.

GENERAL METHOD

Because of its critical consequences, Barshi’s (1997) paradigm
was designed to be analogous to communication between flight

crews and air traff ic controllers. Similarly, in the present study, the
participants played an analogous role to that of a pilot who is re-
ceiving air traff ic control (ATC) instructions. The participants
heard messages instructing them to move in a simulated 3-D space
displayed on a computer screen. They repeated those instructions
orally and then followed them. Unlike ATC instructions, the exper-
imental instructions did not include any aviation jargon. The in-
structions were to turn right or left, climb up or down, and move for-
ward or back (the forward and back instructions referred to
movement within the space—i.e., forward meant away from the
participant’s position; this orientation is consistent with a spatial
framework analysis; Franklin & Tversky, 1990). The wording of the
experimental instructions was kept to simple standard English in
order to eliminate the need to train the participants in the special
terminology of aviation English.

Apparatus and Materials
A male native English speaker was recorded giving different

combinations of the instructions in as natural a manner as possible.
His voice was digitized on a Macintosh SE30 computer using the
program SoundEditPro. The clearest sample of each word used in
the instructions (e.g., “one,” “up,” “forward”) was then spliced out
of the natural speech stream. A Macintosh II computer played the
appropriate words according to a specific sequence indicated for
each experimental trial. This process retained a natural stress and
intonation pattern within each isolated word, although not over the
whole trial. This procedure ensured that the speech rate was held
constant across all trials in all three experiments (see Barshi, 1997,
for a discussion of the effects of speech rate in this paradigm).

Design
The participants saw four matrices on the computer screen,

stacked one above the other (see Figure 1) and were told that the
grid represented a 3-D space, which was also illustrated on a small
model. Each matrix was made of 16 squares (4 3 4). The starting
position (which was constant) was highlighted. Because there were
four 4 3 4 matrices, the numbers in the instructions were limited to
one, two, and three. Also, from any position, there was a limited
number of moves the participants could make without “falling off ”
the grid. The instructions were set so that the participants would
never fall off the grid if they followed the instructions correctly. The
instructions followed a consistent structure: turn (left, right) (one,
two, three) square(s), climb (up, down) (one, two, three) level(s),
move (forward, back) (one, two, three) step(s). The instructions
were also consistent in terminology. Turn was always associated
with right or left and with a number of squares ; climb was always
associated with up or down and with a number of levels; and move
was always associated with forward or back and with a number of
steps. The participants were never instructed, for example, to “turn
up” or to “move two levels.” Such consistency is like that of flight
operations, where, for instance, turn is always followed by right or
left, the word heading, and a compass direction; climb is always fol-
lowed by an altitude; and contact is always followed by a facility
name and a radio frequency. The experiment simulated the aviation
scenario in one more aspect: that of the structure of the message.
The instructions followed a fixed order, as do ATC messages. There
were three kinds of movements the participants could make—turn,
climb, and move—and they were always in that order (i.e., the three
kinds of movements were not counterbalanced across message po-
sitions). However, because the experimental instructions were lim-
ited to movements along three axes, to generate instructions that
contained more than three units, the message had to repeat axes.
Thus, an experimental message of four units contained the instruc-
tions to turn, climb, move, and turn again. In that respect, the ex-
perimental instructions differed from ATC instructions, in which
each unit refers to a different action (e.g., an ATC message con-
taining four elements could include instructions to change heading,
altitude, speed, and radio frequency).
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The messages varied in length from one to six instructional units,
or commands. For example, a message with one unit was “turn left
one square,” and a message with six units was “turn left one square,
climb up two levels, move back one step, turn right three squares,
climb down three levels, move forward two steps.” Because of the
consistency in terminology mentioned earlier (e.g., the word turn
was always associated with right or left and with a number of
squares), the words turn, climb, move, as well as the words squares ,
levels, and steps, were redundant in these messages. To test for the
possible effects of such redundancy or wordiness, half of the mes-
sages were in the redundant four-words per unit (as in the two ex-
amples just given), and half were in a minimal two-words per unit
format (i.e., “left one, up two, back one, right three, down three,
forward two” for the six-unit example just given). There was an
equal number of messages of each combination of length and
wordiness.

Specifically, there were 72 experimental trials divided into six
12-trial blocks. The trials were presented in a pseudorandom order,
with the constraint that each block of 12 trials included 1 trial of
each length and wordiness combination. The six lengths were di-

vided into three length categories: short (one or two commands),
medium (three or four commands), and long (five or six commands).
Across the six blocks, for a given unit, each command (e.g., “turn
left one square”) was used equally often in each combination of
wordiness and length category.

The experimental trials were preceded by specific instructions
concerning how to follow the navigation commands, including a
demonstration by the experimenter, using the small 3-D model. In
addition, the computer provided a 1-trial demonstration, followed
by 12 practice trials with feedback, including 1 of each combination
of wordiness and length. The starting point for the practice trials
was the mirror image of that for the experimental trials. The order
of the practice trials was chosen in such a way that predicted diffi-
culty increased systematically, unlike the experimental trials, in
which predicted difficulty varied randomly.

Procedure
The participants heard messages of different lengths and differ-

ent number of words per instructional unit. To turn (right or left)
and to move (forward and back), the participants always stayed on

Figure 1. Computer display, sample instructions, and movements following
instructions on the computer screen. (Note that during the experiment, the par-
ticipants did not see either the sample instructions or the numbers indicating
movements.)
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the same matrix. To climb (up or down), they went to a different
matrix (but see Experiment 3). To follow the instructions, they
clicked the computer mouse in the appropriate places in the grid. At
the end of the instructions, the participants heard a beep. Following
that beep sound, they repeated aloud the instructions they had
heard. When they were done repeating, they clicked a button la-
beled DONE (see Figure 1). After clicking the button, they followed
the instructions they had heard by clicking in the appropriate places
on the grid. The participants had to click every square they passed,
so if the instructions were “turn left two squares, climb down one
level, move forward one step,” they had to click on the square im-
mediately to the left of the starting position (1 on Figure 1) and then
on the square immediately to the left of that (2 on Figure 1), then
on the square in the same location on the matrix below (3 on Fig-
ure 1), and once more on the square that was forward of their last
position (4 on Figure 1). The number of clicks had to equal the
number in the instructions (i.e., “two squares” = two clicks, “three
steps” = three clicks, etc.). There was a 2-sec pause between trials.

EXPERIMENT 1

In Experiment 1, in a within-subjects design, we com-
pared six different message lengths (one to six commands
per message) and two different unit lengths, or wordiness
levels (minimal and redundant),manipulatedby varying the
number of words per unit. We also compared the manual
movement responseswith the oral repetitionresponses. The
wordiness manipulation was designed to test the hypoth-
esis that the basic comprehension unit involved is propo-
sitional in nature, rather than word based. If proposition-
like units are used rather than words, there should be a
minimal effect of the wordiness manipulation. On the
other hand, if words are the relevant units, participants
should perform better with the minimal messages than
with the redundant messages, because of the reduction in
memory load. Such an effect of wordiness would seem
more likely to occur with the oral repetition responses than
with the manual movement responses, because the oral
repetition responses resemble immediate recall of a list of
words, where there are well-established list length effects
(e.g., Murdock, 1962), as well as effects of output inter-
ference (e.g., Broadbent, 1958).

Method
Participants . Eight undergraduate students at the University of

Colorado, Boulder, participated for credit in a course in introductory
psychology. All the participants were native speakers of English.

Apparatus, Materials, and Procedure. The apparatus, proce-
dure, and materials were the same as those described in the General
Method section.

Analyses . Three multifactorial repeated measures analyses of
variance (ANOVAs) were conducted for errors on the manual move-
ment responses, as well as on the oral repetition responses. Each
ANOVA included the factors of wordiness (minimal or redundant)
and length (1–6 units). The first two involved a strict scoring proce-
dure whereby a given trial was scored as correct only if the partici-
pant correctly followed all of the instructional units in the message;
no partial credit was given. That is, an error was scored whenever the
participant clicked in a wrong place on the grid or missed a click for
the manual movement responses and whenever the participant said
the wrong word or missed a word (out of the two critical words per
instructional unit, as in the minimal messages) for the oral repetition
responses. The responses, both manual and oral, had to follow the
sequence given in the instructions to be scored as correct. The first

analysis included all six message lengths, whereas the second in-
cluded only the intermediate lengths of three, four, and five units to
avoid floor effects evident for lengths 1 and 2 and ceiling effects ev-
ident for length 6 (ceiling and floor in terms of errors). The third
analysis involved a more lenient scoring procedure in which only er-
rors on the first unit were examined; all six message lengths were in-
cluded in this analysis. Because the pattern of the manual movement
responses provided the foundation for understanding the importance
of the pattern of the oral repetition responses, we report here (and in
Experiments 2 and 3) the results of the manual movement responses
before those of the oral repetition responses, despite the fact that the
participants always gave the oral repetition responses before exe-
cuting the manual movement responses. In addition, an overall
ANOVA was conducted to test for differences between the manual
movement responses and the oral repetition responses. Specifically,
this last analysis involved strict scoring and included the within-
subjects factor of response type (manual vs. oral), in addition to the
two within-subjects factors (wordiness and length) examined in the
separate analyses. Only effects involving the factor of response type
are discussed for this last analysis.

Results
The results for the manual movement and oral repeti-

tion responses are summarized in Table 1 in terms of pro-
portions of errors for the complete message, under both
the strict and the lenient scoring methods, as a function
of wordiness and length.

Manual movement responses. Errors increased dra-
matically with message length, from length 1 (.03) and
length 2 (.03) to length 3 (.22) to length 4 (.52) to length 5
(.78) to length 6 [.90; F(5,35) = 47.45, MSe = 0.29, p <
.001]. Note that the largest drop in performance occurred
between messages of length 3 and messages of length 4.
A post hoc analysis comparing successive lengths yielded
a significant effect of length pair [length 2–length 1 = .00;
length 3–length 2 = .19; length 4–length 3 = .30;
length 5–length 4 = .26; length 6–length5 = .12; F(4,28) =
3.46, MSe = 0.03, p < .021]. In contrast, there was no re-
liable effect of message wordiness.

In the analysis restricted to messages with three, four,
or five units, there remained a significant main effect of
length [F(2,14) = 24.16, MSe = 0.30, p < .001].

Table 1
Proportion of Errors on Manual Movement and Oral

Repetition Responses in Experiment 1 Under Strict and Lenient
Scoring Methods as a Function of Wordiness and Length

Length

Wordiness 1 2 3 4 5 6

Strict Scoring, Manual Movement
Minimal .042 .062 .146 .500 .729 .937
Redundant .021 .000 .292 .542 .833 .854

Lenient Scoring, Manual Movement
Minimal .021 .001 .042 .146 .208 .083
Redundant .001 .001 .083 .104 .167 .083

Strict Scoring, Oral Repetition
Minimal .000 .000 .104 .375 .771 .979
Redundant .000 .042 .333 .687 .854 .979

Lenient Scoring, Oral Repetition
Minimal .000 .000 .042 .104 .104 .167
Redundant .000 .021 .104 .167 .250 .229
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To determine whether message length has a list length
effect (Murdock, 1962) in terms of the number of instruc-
tional units, we examined the proportion of errors on the
first unit alone at each message length. These errors in-
creased, although not monotonically, with length, from
length 1 (.01) and length 2 (.00) to length 3 (.06) to
length 4 (.13) to length 5 (.19) to length 6 [.08; F(5,35) =
6.85, MSe = 0.07, p < .001]. The lower error rate on
length 6 could be due to the fact that counterbalancingwas
done for each length category, rather than for each length.
Errors did increase monotonically with length category,
from short (.01) to medium (.09) to long (.14). In contrast,
there was no reliable effect of message wordiness.

Oral repetition responses. As with the manual move-
ment responses, there was a reliable effect of length.Errors
increased dramatically and monotonically with message
length, from length 1 (.00) to length 2 (.02) to length 3
(.22) to length 4 (.53) to length 5 (.81) to length 6 [.98;
F(5,35) = 105.54,MSe = 0.16, p < .001]. Again, the largest
drop in performance was between messages of length 3
and messages of length 4. A post hoc analysis compar-
ing successive lengths yielded a significant effect of
length pair [length 2–length 1 = .02; length 3–length 2 =
.20; length 4–length 3 = .31; length 5–length 4 = .28;
length 6–length 5 = .17; F(4,28) = 3.57, MSe = 0.03, p <
.019].

In contrast to the manual movement responses, there
was a reliable effect of message wordiness: Individuals
erred less while repeating the minimal messages (.37) than
while repeating the redundant messages [.48; F(1,7) =
17.92, MSe = 0.10, p < .005], perhaps owing to a reduc-
tion in output interference (Broadbent, 1958) for the min-
imal messages. There was also a significant interaction
of length and wordiness [F(5,35) = 3.57, MSe = 0.11, p <
.011], owing to floor and ceiling effects at the extreme
message lengths (see the following analysis).

In the analysis restricted to messages containing three,
four, or five units, there remained significant main ef-
fects of length [F(2,14) = 38.71, MSe = 0.22, p < .001]
and of message wordiness [F(1,7) = 13.70, MSe = 0.23,
p < .008], but there was no longer a reliable interaction
of length and wordiness.

By the lenient scoring method, errors on the first unit
increased dramatically and monotonically with message
length, from length1 (.00) to length2 (.01) to length3 (.07)
to length4 (.14) to length5 (.18) to length6 [.20; F(5,35) =
7.63, MSe = 0.09, p < .001]. No other effects were signifi-
cant in this analysis.

Combined analysis. The only significant effect involv-
ing response type was an interaction of wordiness and re-
sponse type [F(1,7) = 11.06,MSe = 0.05, p < .013], owing
to the fact that the advantage of the minimal messages
was greater for the oral repetition responses than for the
manual movement responses and because the oral repeti-
tion responses showed an advantage in proportion of er-
rors (.37) over the manual movement responses (.40) for
the minimal messages, whereas the manual movement re-
sponses (.42) showed an advantageover the oral repetition
responses (.48) for the redundant messages.

Discussion
Message length had the clearest effect on performance

in this experiment. Not only did errors increase dramati-
cally with message length, but also message length had a
list length effect such that the longer the message, the
more likely the participants were to make an error on the
very first instructional unit. Thus, the effect of message
length was not due only to the increase in performance re-
quirement with each additionalunit. Note that the largest
drop in performance occurred between messages of
length 3 and messages of length 4. This pattern was ini-
tially shown in the experiments by Barshi (1997), as well
as in follow-up experiments by Barshi and Healy (1998).
We return to this observation in the introduction to the
next experiment and in the General Discussion section.

With respect to the number of words per unit, for the
manual movement responses, the participants showed no
cost from instructions that included more words per in-
structional unit (i.e., a greater redundancy). Importantly,
doubling the number of words per unit had no reliable ef-
fect on the manual movement performance, whereas dou-
bling the number of units had a large deleterious effect.
This effect of increasing the number of units cannot be at-
tributed simply to the increase in memory load and per-
formance requirements, because we also found a large ef-
fect of message length when we examined errors on the
first unit only. That is, for the first unit of a message, the
number of subsequent units to be recalled had a signifi-
cant effect on recall, whereas the number of words in the
units themselves had no effect. Hence, the number of
units per message is the primary determinant of compre-
hension, rather than the number of words per unit.

With respect to immediate recall performance as evi-
denced by the oral repetition responses, the minimal
messages did have an advantage over the redundant mes-
sages, perhaps owing to a reduction in output interfer-
ence on the minimal messages (Broadbent, 1958;Hadley,
Healy, & Murdock, 1992). In other words, having to say
more words per unit might have decreased the partici-
pants’ ability to recall subsequent units. Interestingly, the
additional words did not hinder the participants’ subse-
quent manual movement responses.

Experiment 1 served as a benchmark for the remain-
ing experiments reported here. It also replicated the main
experimental results reported by Barshi (1997; Barshi &
Healy, 1998), who examined only manual movement re-
sponses. These results included the large effect of mes-
sage length, with its list length effect, and the large drop
in performance between messages of length 3 and mes-
sages of length 4. Furthermore, this experiment showed
nearly parallel patterns of performance on the manual
and the oral repetition responses (except for effects of
wordiness).

EXPERIMENT 2

In Experiment 2, in addition to the within-subjects
factors included in Experiment 1 (message length, wordi-
ness, and response type), a between-subjects factor of di-
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mensions (3-D vs. 2-D) was employed. In this mixed de-
sign, we compared responses to instructions requiring
movements along three dimensions (as in Experiment 1)
with responses to instructions requiring movements along
only two of the three dimensions (right /left and up/
down). The advantage of choosing the vertical dimen-
sion as the second dimension for the 2-D condition was
that in so doing, both conditions required a 3-D mental
representation, since movement occurred outside of the
picture plane.

The manipulation of the dimensions factor was simi-
lar in some ways to the experiments reported by Kerr
(1993), in which the participants had to navigate in either
a 2-D or a 3-D matrix. However, there were also several
important differences between the design of the present
experiment and that used by Kerr. In Kerr’s experiments,
movement was imagined with respect to a memory rep-
resentation of the matrix, whereas in the experiments re-
ported here, movement was physically performed on a
visual display. Also, in Kerr’s experiments, only arrival
at the goal location was measured, whereas here, accu-
racy on both path and goal were measured. Most impor-
tant, in Kerr’s experiments, movement on the 2-D matrix
was restricted to the picture plane, whereas the 2-D con-
dition of the present experiment required movement on
a plane orthogonal to the picture plane. Thus, the pres-
ent experiment allowed us to determine whether the
number of spatial dimensions through which navigation
occurs influences navigation performance when a con-
stant 3-D mental representation is employed.

Another theoretical issue addressed in this experiment
concerns the claim by Barshi (1997), confirmed in the
present Experiment 1, that the performance drop be-
tween three and four instructional units represents a cog-
nitive limit reflecting short-term memory (STM) capac-
ity. Because the three dimensions of the space allow for
only three different commands (turn, climb, and move)
and because of the fixed structure of the instructions, we
had to start a second cycle through the same three di-
mensions to create messages of more than three instruc-
tional units in Experiment 1 (and in the earlier experi-
ments by Barshi, 1997, and Barshi & Healy, 1998). Thus,
it was possible that the large drop in performance we saw
between messages of lengths3 and 4 was an artifact of the
experimental design, rather than a cognitive limit. In the
2-D condition of Experiment 2, we used only two dimen-
sions along which movement could occur and so cycled
through the same two dimensions every two instruc-
tional units, rather than every three units, as in Experi-
ment 1 (and in the 3-D condition of Experiment 2); cy-
cling through the dimensions is exemplif ied in the
sample instructions and movements shown in Figure 2.
If we were to find a large drop in performance between
cycles (i.e., between messages of lengths 2 and 3 or
lengths 4 and 5 in the 2-D condition), it would mean that
the performance drop observed is an artifact of the ex-
perimental design. If, however, we were to find the same
performance drop between messages of lengths 3 and 4

in both conditions of Experiment 2 (i.e., in mid-cycle in
the 2-D condition), it would mean that the drop is indeed
an indication of a cognitive limit.

Method
Participants. Twenty-four undergraduate students at the Uni-

versity of Colorado, Boulder, participated for credit in a course in
introductory psychology. All the participants were native speakers
of English.

Apparatus and Procedure. The apparatus and procedure were
the same as those described in the General Method section.

Materials . The materials were the same as those described in the
General Method section, except that the stimuli in the 2-D condition
included only instructions to turn and to climb. For example, a mes-
sage of six instructional units in the 2-D condition was “turn right
two squares, climb up one level, turn left three squares, climb up
one level, turn right three squares, climb down three levels” (see
Figure 2). The stimulus sets for both conditions were identical in all
other respects. Also, these stimulus sets were slightly different from
the one used in Experiment 1; the new sets were made to meet
tighter constraints such that counterbalancing was obtained across
all message lengths, and not just across length categories, as in Ex-
periment 1. Specifically, across the 72 trials in a given condition,
for a given unit, each command was used equally often in each com-
bination of wordiness and length.

Analyses. A multifactorial repeated measures ANOVA was con-
ducted for the manual movement responses, as well as for the oral
repetition responses. Each ANOVA included the between-subjects
factor of dimension (3-D or 2-D) and the within-subjects factors of
wordiness and length. In addition, an overall ANOVA was con-
ducted to test for differences between the manual movement re-
sponses and the oral repetition responses. This last analysis in-
cluded the additional within-subjects factor of response type. All
the analyses involved the strict scoring procedure and included all
six message lengths. Given that the list length effect was established
clearly in Experiment 1, for the sake of brevity, the analysis in-
volving lenient scoring is not reported either here or in Experi-
ment 3.

Results
The results for the manual movement and oral repeti-

tion responses are summarized in Table 2 in terms of
proportions of errors on the complete message, under the
strict scoring method, as a function of dimension, wordi-
ness, and length.

Manual movement responses. Errors increased dra-
matically and monotonically with message length, from
length 1 (.02) to length 2 (.12) to length 3 (.33) to length 4
(.63) to length 5 (.81) to length 6 [.91; F(5,110) =
151.39, MSe = 0.26, p < .001]. This pattern shows again
that the largest drop in performance occurred between
messages of length 3 and messages of length 4. A post
hoc analysis comparing successive lengths yielded a sig-
nificant effect of length pair [length 2–length 1 = .09;
length 3–length 2 = .21; length 4–length 3 = .30;
length 5–length 4 = .18; length 6–length 5 = .10;
F(4,22) = 4.11, MSe = 0.04, p < .005].

In contrast, there was no main effect of wordiness.
However, wordiness did interact reliably with length
[F(5,110) = 2.43, MSe = 0.12, p < .039], owing to the fact
that minimal messages had an overall advantage for
lengths 3 and 4, whereas redundant messages had an ad-
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Instructions:

Turn left two squares (1,2)

Climb down one level (3)

Move forward one step (4)

Turn right three squares (5,6,7)

atcpractice

D o n e

2 1

4 5 6 7

3

atc practice

D o n e

8

2 1 7

3 4 5 6

Instructions:

Turn left two squares (1,2)

Climb down one level (3)

Turn right three squares (4,5,6)

Climb up two levels (7,8)

Figure 2. Sample instructions and movements in the three-dimensional con-
dition (top panel) and the two-dimensional condition (bottom panel) of Exper-
iment 2. (Note that during the experiment, the participants did not see either
the sample instructions or the numbers indicating movements.)
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vantage for all other message lengths. Importantly, there
was no main effect of the between-subjects factor of di-
mension [F(1,22) < 1] and no reliable interactions in-
volving the between-subjects factor.

Oral repetition responses. As with the manual move-
ment responses, there was no main effect of the between-
subjects factor of dimension [F(1,22) < 1] and no reli-
able interactions involving that factor. Errors increased
dramatically and monotonically with message length,
from length 1 (.00) to length 2 (.05) to length 3 (.24) to
length 4 (.57) to length 5 (.78) to length 6 [.92; F(5,110) =
187.62, MSe = 0.22, p < .001]. Here, too, the largest drop
in performance was between messages of length 3 and
length4. A post hoc analysiscomparing successive lengths
yielded a significant effect of length pair [length 2–
length 1 = .05; length 3–length 2 = .19; length 4–
length 3 = .34; length 5–length 4 = .21; length 6–
length 5 = .14; F(4,22) = 7.71, MSe = 0.04, p < .001].

In contrast to the manual movement responses, but as
in Experiment 1, there was a reliable effect of message
wordiness: Individuals erred less while repeating the
minimal messages (.40) than while repeating the redun-
dant messages [.46; F(1,22) = 11.77, MSe = 0.13, p <
.003], perhaps owing to a reduction in output interfer-
ence for the minimal messages. There was a significant
interaction of length and wordiness [F(5,110) = 4.54,
MSe = 0.12, p < .002], owing to the fact that the advan-
tage of the minimal messages was greatest for messages
of lengths 3 and 4 and because of floor and ceiling ef-
fects at the extreme message lengths.

Combined analysis. In contrast to Experiment 1, there
was a reliable main effect of response type: Individuals
erred less while orally repeating the messages (.43) than
while following the instructions manually [.47; F(1,22) =
10.36,MSe = 0.16, p < .005]. Wordiness and response type
also interacted reliably [as in Experiment 1; F(1,22) =
14.83, MSe = 0.05, p < .002], owing to the fact that mini-
mal messages had an advantage in proportion of errors
over redundant messages only for the oral repetition re-
sponses (minimal = .40; redundant= .46), not for the man-
ual responses (minimal = .47; redundant = .47). In addi-
tion, there was a reliable three-way interaction involving

wordiness, length, and response type [F(5,110) = 2.88,
MSe = 0.06, p < .018]. However, no clear pattern is dis-
cernible in this higher order interaction. As with the sep-
arate analyses, there was no main effect of the between-
subjects factor of dimension [F(1,22) < 1] and no reliable
interactions involving the between-subjects factor.

Discussion
Experiment 2 replicated our previous results with re-

spect to the effect of message length and the advantage
of minimal messages for the oral repetition responses
only. The fact that we replicated in this experiment the
previously found large drop in performance (relative to
the rest of the function) between messages of lengths 3
and 4 even in the 2-D condition shows that this sharp
performance decline is due to cognitive limitations and
is not an artifact of the experimental design.

Interestingly,we did not find an overall effect of num-
ber of dimensions. That is, responding to instructions
(both orally and manually) requiring movement along
only two dimensions of a 3-D space was not easier than
responding to instructions requiring movement along all
three dimensions. Given that both dimension conditions
(3-D and 2-D) required movement outside the picture
plane, this experiment suggests that it is the mental rep-
resentation that is critical to performance, rather than the
number of dimensions along which movement is re-
quired. Experiment 3 tested this suggestion further by
varying the spatial representation required. In addition,
Experiment 3 explored the relationship between verbal
and spatial memory processes by examining whether the
spatial representation affects immediate memory for the
verbal navigation instructions.

EXPERIMENT 3

In Experiment 3, in addition to the within-subjects
factors included in Experiments 1 and 2 (message length,
wordiness, and response type), a between-subjects factor
of matrix (single vs. multi) was employed. In this mixed
design, the instructions for both matrix conditions re-
quired movements along two dimensions only (as in the

Table 2
Proportion of Errors on Manual Movement and Oral Repetition Responses

in Experiment 2 as a Function of Dimension, Wordiness, and Length

Length

Dimension Wordiness 1 2 3 4 5 6

Manual Movement
Three-dimensional minimal .014 .153 .292 .653 .889 .958

redundant .028 .069 .403 .722 .847 .931
Two-dimensional minimal .028 .139 .264 .556 .806 .875

redundant .014 .097 .347 .583 .708 .875

Oral Repetition
Three-dimensional minimal .000 .000 .181 .500 .792 1.000

redundant .000 .042 .278 .722 .819 .944
Two-dimensional minimal .000 .000 .153 .472 .764 .875

redundant .000 .139 .333 .597 .736 .847
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2-D condition of Experiment 2). However, in one condi-
tion (single-matrix), movements were to be performed
within a single matrix only and thus, presumably, re-
quired only a 2-D mental representation, because all
movements were performed on the picture plane. In the
other condition (multi-matrix), movements involved all
four matrices of the grid and thus, presumably, required
a 3-D mental representation, because movements were
performed on a plane orthogonal to the picture plane.
The multi-matrix condition of Experiment 3 was a repli-
cation of the 2-D condition of Experiment 2. This ex-
periment allowed us to determine whether the additional
complexity of a 3-D, as opposed to a 2-D, spatial repre-
sentation impedes performance on the navigation task.

Because the verbal navigation instructions were iden-
tical in the two matrix conditions, differences between
the single-matrix and the multi-matrix conditions should
be restricted to the manual movement responses if verbal
and spatial memory processes are independent of each
other, as has been suggested by some studies of WM
(Friedman & Miyake, 2000; Shah & Miyake, 1996;
Toms et al., 1994). On the other hand, if verbal and spa-
tial memory processes are interdependent, as was sug-

gested by the work of McNamara and LeSueur (1989),
differences between the single- and the multi-matrix
conditions should be observed also in the oral repetition
responses that preceded manual movement.

Method
Participants. Twenty undergraduate students at the University of

Colorado, Boulder, participated for credit in a course in introductory
psychology. All the participants were native speakers of English.

Apparatus. The apparatus was the same as that described in the
General Method section.

Materials . The materials were the same as those described for the
2-D condition of Experiment 2; the words used in the instructions
were the same in the multi-matrix and the single-matrix conditions.

Procedure. The procedure was the same as that described in the
General Method section, except that in the single-matrix condition,
movements were to take place within a single matrix. For example,
in response to an instruction to “climb down one level,” the partic-
ipants were to click in the square immediately below the square they
were on within the same matrix (see the left panel of Figure 3). In
response to the same instruction, the participants in the multi-matrix
condition were to click on the square of the same location as the
one they were on in the matrix below the one they were on (see the
right panel of Figure 3).

Analyses. A multifactorial repeated measures ANOVA was con-
ducted for the manual movement responses, as well as for the oral

Figure 3. Sample instructions and movements in the single-matrix condition (left panel) and the multi-matrix condition (right panel)
of Experiment 3. (Note that during the experiment, the participants did not see either the sample instructions or the numbers indi-
cating movements.)
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repetition responses. Each ANOVA included the between-subjects
factor of matrix condition (single, multi) and the within-subjects
factors of wordiness and length. In addition, an overall ANOVA was
conducted to test for differences between the manual movement re-
sponses and the oral repetition responses. This last analysis in-
cluded the additional within-subjects factor of response type. As
with Experiment 2, we report here only the analyses involving the
strict scoring procedure.

Results
The results for the manual movement and oral repeti-

tion responses are summarized in Table 3 in terms of
proportions of errors on the complete message, under the
strict scoring procedure, as a function of matrix condi-
tion, wordiness, and length.

Manual movement responses. There was a reliable
main effect of matrix condition [F(1,18) = 12.38, MSe =
0.62, p < .003]. The participants made more errors over-
all in the multi-matrix condition (.44) than in the single-
matrix condition (.30). The between-subjects factor of
matrix condition also interacted reliably with the within-
subjects factor of wordiness [F(1,18) = 4.78, MSe = 0.09,
p < .041], owing to the fact that minimal messages had
no advantage (.44) over redundant messages (.44) in the
multi-matrix condition,whereas redundant messages had
an advantage (.26) over minimal messages (.33) in the
single-matrix condition. There was also a reliable inter-
action involving matrix condition and length [F(5,90) =
4.73, MSe = 0.16, p < .001], owing to the fact that the dif-
ference between the two matrix conditions increased as
message length increased (see the rows labeled “M ” in
Table 3).

There was also a reliable main effect of length. Errors
increased dramatically and monotonically with message
length, from length1 (.00) to length2 (.04) to length3 (.20)
to length4 (.45) to length5 (.70) to length6 [.82; F(5,90) =
171.97, MSe = 0.16, p < .001]. As previously, the largest
numerical drop in performance was between messages of
length3 and length4, althoughit was equivalent to that be-

tween messages of length 4 and length 5 by rounding. A
post hoc analysis comparing successive lengths yielded a
significant effect of length pair [length 2–length 1 = .03;
length 3–length 2 = .16; length 4–length3 = .25; length 5–
length 4 = .25; length 6–length 5 = .12; F(4,18) = 7.41,
MSe = 0.02, p < .001]. There was no reliable main effect
of wordiness.

Oral repetition responses. Importantly, as with the
manual movement responses, there was a reliable main
effect of matrix condition [F(1,18) = 7.31, MSe = 0.82,
p < .014]. The participantsmade more errors overall in the
multi-matrix condition (.41) than in the single-matrix
condition (.28), even though the words spoken were iden-
tical in the two matrix conditions. The between-subjects
factor of matrix also interacted reliably with the within-
subjects factor of length [F(5,90) = 6.57, MSe = 0.17, p <
.001], owing to the fact that the difference between the
two matrix conditions increased as message length in-
creased.

Errors increased dramatically and monotonically with
message length, from length 1 (.00) to length 2 (.03) to
length 3 (.19) to length 4 (.40) to length 5 (.66) to
length 6 [.81; F(5,90) = 162.54, MSe = 0.17, p < .001].
In this case, in which overall performance was relatively
high, the largest drop in performance occurred between
messages of lengths 4 and 5. A post hoc analysis com-
paring successive lengths yielded a significant effect of
length pair [length 2–length 1 = .03; length 3–length 2 =
.17; length 4–length 3 = .21; length 5–length 4 = .26;
length 6–length 5 = .15; F(4,18) = 5.60, MSe = 0.03, p <
.001].

There was also a significant interaction of length and
wordiness [F(5,90) = 2.74, MSe = 0.11, p < .024], owing
to the fact that redundant messages had an advantage for
messages of lengths 5 and 6, whereas minimal messages
had an advantage for messages of lengths 2, 3, and 4.

Combined analysis. In contrast to the results of Ex-
periment 2, but consistent with the results of Experi-

Table 3
Proportion of Errors on Manual Movement and Oral Repetition Responses
in Experiment 3 as a Function of Matrix Condition, Wordiness, and Length

Matrix Length

Condition Wordiness 1 2 3 4 5 6

Manual Movement
Multi minimal .000 .083 .233 .533 .833 .950

redundant .000 .033 .283 .583 .817 .950
M .000 .058 .258 .558 .825 .950

Single minimal .000 .017 .200 .383 .600 .767
redundant .017 .017 .083 .317 .550 .600
M .008 .017 .142 .350 .575 .683

Oral Repetition
Multi minimal .000 .000 .150 .433 .800 .983

redundant .000 .033 .300 .533 .767 .950
M .000 .017 .225 .483 .783 .967

Single minimal .000 .000 .100 .317 .550 .700
redundant .000 .067 .217 .317 .533 .600
M .000 .033 .158 .317 .542 .650
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ment 1, there was no overall difference in performance
between the manual movement responses and the oral
repetition response (i.e., no main effect of response
type). There was a reliable interaction of wordiness and
response type [as in Experiments 1 and 2; F(1,18) =
6.80, MSe = 0.07, p < .017], owing to the fact that mini-
mal messages (.34) had an advantage in proportion of er-
rors over redundant messages (.36) for the oral repetition
responses, whereas redundant messages (.35) had an ad-
vantage over minimal messages (.38) for the manual
movement responses. In addition, there was a signifi-
cant, but complex, three-way interaction of wordiness,
length, and response type [F(5,90) = 3.17, MSe = 0.04,
p < .012].

Discussion
Experiment 3 replicated our previous finding of the ef-

fect of message length. It also showed that whatever ad-
vantage minimal messages might have, it is limited to the
oral repetition responses (and to short message lengths).

Experiment 3 contrasts with Experiment 2 in a very
crucial way. Recall that in Experiment 2, we found no
difference between the 3-D and the 2-D conditions. Re-
call also that the multi-matrix conditionof Experiment 3
was identical to the 2-D condition of Experiment 2 and
that the participants heard exactly the same words in
both matrix conditionsof Experiment 3. Nevertheless, we
found a reliable difference between the two matrix con-
ditions in Experiment 3 (even though there were fewer
participants in Experiment 3 than in Experiment 2): The
participants in the single-matrix conditionmade fewer er-
rors than did the participantsin the multi-matrix condition,
and this difference was clear for the oral repetition re-
sponses, as well as for the manual movement responses.

We attributed the lack of difference between the two
conditions of Experiment 2 to the fact that both of them
required a 3-D mental representation because movement
occurred outside the picture plane in both conditions. In
the present experiment, however, only the multi-matrix
condition required movement outside the picture plane;
all the movement in the single-matrix conditionoccurred
within the picture plane. Thus, it seems that the multi-
matrix condition required a 3-D mental representation,
whereas the single-matrix condition required only a 2-D
mental representation,even though the words to which the
participants responded were identical in both conditions.

Finding an effect of matrix condition on the oral rep-
etition responses is consistent with the view that verbal
and spatial memory processes are interdependent. Thus,
the reliable difference between the two matrix conditions
in the present experiment suggests that the mental rep-
resentation of the space to which the language input
refers plays a crucial role in comprehension. The fact
that the participants’ ability simply to repeat the words
they heard was significantly different in the two matrix
conditions suggests that this spatial representation also
plays a role in immediate verbatim recall.

GENERAL DISCUSSION

The present research has probed a number of aspects
of the mental representations necessary to perform a
navigation task and the effects of those representations
on performance in that task. Experiment 1 suggested that
comprehension is affected by the number of instruc-
tional units, rather than by the number of words per unit.
The results of Experiment 2 showed that when moving in
a 3-D space, it does not matter whether movement is re-
quired along all three dimensions or along only two of
the three dimensions. The results of Experiment 3
showed that individuals performed much better when
they had to maintain a 2-D mental representation than
when they had to maintain a 3-D mental representation.
What is more, it showed that even immediate verbatim
recall was affected by the spatial representation of the
situation to which the language input applied.

We found that wordiness had no overall effect on the
manual movement responses. However, we found that in
Experiments 1 and 2, wordiness had a main effect on the
oral repetition responses such that minimal messages led
to more accurate repetitions than did redundant mes-
sages. The oral repetition responses were a verbatim re-
call task and were subject to output interference (Broad-
bent, 1958; Hadley et al., 1992) such that the more words
the participants had to repeat, the more likely they were
to make errors independentof the propositionalcontent.1
It is the accuracy of the manual movement responses that
provided a strict measure of comprehension, and it is
there that we find a striking pattern.

Although doubling the number of instructional units
severely reduced movement performance, doubling the
number of words in each unit generally had no effect on
movement accuracy. For example, the minimal (i.e., with
two words per unit) messages containing two units had a
total of four words, whereas the redundant (i.e., with four
words per unit) messages containing two units had a total
of eight words. This manipulation of going from four to
eight words per message had no effect on movement re-
sponses. In contrast, the minimal message containing
two units had a total of four words in it, whereas the min-
imal message containing four units had a total of eight
words in it. This manipulation of going from four to
eight words per message yielded a dramatic decrease in
accuracy of the manual movement responses. Thus, it is
the number of units, not the number of words, that is the
primary determinant of comprehension. This f inding
cannot be attributed simply to the fact that, with more
units, there are more movements to be made, because
there was a large effect of the number of units even when
errors only on the first unit were examined. Finding a list
length effect in this case is notable because examining
errors on the first unit only is equivalent to performing
an analysis of accuracy for only the first serial position
of a list, and list length effects have been shown to be
minimal in such cases (Drewnowski & Murdock, 1980).



1200 BARSHI AND HEALY

Instructional units, as used in the experimental stim-
uli, can be considered to be single propositions. Opera-
tionally, they were clearly single chunks, even though
they contained two discrete pieces of information: di-
rection and magnitude. Movement along each axis had to
include both elements, and so each instructional unit
corresponded to a single axis. In establishing the role of
the unit, over and above the role of the individual words,
in the memory for and the comprehension of the naviga-
tion instructions, the results of Experiment 1 go beyond
the classic findings of Sachs (1967), who showed that in-
dividuals demonstrate long-term memory for meaning
but lose surface features of utterances rapidly, and be-
yond the findings of Kintsch and Keenan (1973), who
argued for the propositional nature of semantic repre-
sentation. Kintsch and Keenan compared reading rates
and retention of sentences that varied in the number of
words and the number of propositions and found that
“the number of propositions, although by no means the
whole story, has proven to be a useful independent vari-
able for the analysis of both reading time and recall data”
(p. 272). However, they did not compare the same sen-
tences, with the same propositional content, containing
the same number of propositions but varying only the
number of words, as was done in the present experiment.
Furthermore, Kintsch and Keenan clearly stated that
many important variables, such as syntactic and seman-
tic complexity, number and nature of arguments, and
structural relations were not controlled or manipulated
in their study. In contrast, the simple design of the mate-
rials in Experiment 1 allowed us to control for all these
factors, hold the propositional content of each unit fixed,
and vary only the number of words. Thus, the results of
the wordiness manipulation reported here strongly sug-
gest that the unit in question is propositional in nature.

We found that length in terms of the number of units
had a large and consistent effect on both the oral repeti-
tion and the manual movement responses. The effect of
length was particularly evident in the comparison of in-
structions with three and four units, even in the 2-D con-
ditions in Experiments 2 and 3, which ruled out the pos-
sibility that this effect was an artifact of the experimental
design. The drop in performance between successive
lengths was largest for lengths 3 and 4 in each experi-
ment, with the exception of the oral repetition responses
in Experiment 3, in which overall performance was rel-
atively high and the largest drop in performance was, in-
stead, between messages of lengths 4 and 5. The other-
wise consistent trend is best exemplified for the oral
repetition responses in Experiment 2, in which Newman–
Keuls paired comparisons yielded a significant differ-
ence between the drop from length 3 to length 4 and the
drops between all other successive pairs.

These results are consistent with those of Barshi
(1997; see also Barshi & Healy, 1998), who argued that
the drop in performance between messages of lengths 3
and 4 pointed to a WM capacity that was limited to three
chunks under a more naturalistic setting than the pure

STM laboratory task because it involved processing as
well as storage requirements. Barshi (1997) also ob-
served an interesting effect of practice on the differences
in performance between messages of lengths 3 and 4:
The learning that was evident with length 3 did not occur
with length 4. Often, with the same amount of practice,
the participants reached error levels of close to 0% on
length 3, but only about 50% on length 4. This pattern of
performance provides evidence for setting the upper
limit of WM capacity at three units.

Further support for this capacity limit comes from a
different type of data, also involving navigation instruc-
tions. Barshi (1997) examined misunderstandings in
communicationbetween pilots and air traffic controllers.
His analysis of actual recordings of the natural language
used in ATC communication revealed that the deletion of
linguistic elements, such as prepositions, determiners,
and sequence markers, had no reliable effect on the com-
prehension of ATC instructions. In addition, he showed,
both in the natural ATC data and in the results of four ex-
periments, that prosody and speech rate had no direct ef-
fect on comprehension, whereas message length, in
terms of the number of aviation topics (Prinzo, Britton,
& Hendrix, 1996), had a large effect. There was a large
increase in the number of misunderstandings when ATC
instructions included more than three aviation topics.
These findings were consistent with findings reported
by Morrow and Rodvold (1993), who found, in a simu-
lation study, that misunderstandings were more likely
when a message contained four commands than when
the same four commands were given in two separate
messages, each containing two commands only, and each
message followed by a separate response. Barshi’s (1997)
findings were also consistent with those of Cardosi and
her collaborators (e.g., Cardosi, 1993, 1994; Cardosi,
Brett, & Han, 1996), who studied natural ATC com-
munication and observed that “while clearances that
contained four or more pieces of information made up
only 26% of the readbacks, they accounted for 51% of
the readback errors found in this study” (Cardosi et al.,
1996, p. 9).

From both manipulations of wordiness and length, we
conclude that the capacity limit of three units identified
by Barshi (1997) corresponds to a limit of three propo-
sitions. Placing the language comprehension capacity
limit of WM around three is also supported by a range
of diverse studies (see, e.g., Broadbent, 1975; Cowan,
2001), including one in which the average span for un-
pronounceable Chinese radicals was set at 3.0 (Zhang
& Simon, 1985) and one in which the average reading
span was set at 3.15 (Daneman & Carpenter, 1980). Such
studies led Lewis (1996) to argue that for sentence pro-
cessing, the “magical number” is, in fact, two or three. Is
this number also “magical” with respect to the number of
dimensions?

According to Kerr (1993), array theories of imagery
(e.g., Kosslyn, 1980) argue that visual perception con-
tains only two dimensions and that, to visualize the third
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dimension, individuals must extract information about
that third dimension from the other two dimensions
available from the visual perception process. Therefore,
array theories predict that handling a 3-D space ought to
be more difficult than handling a 2-D one. Experiments
2 and 3 show that the part that is difficult in handling a
3-D space is its mental representation. This conclusion
follows from the fact that Experiment 2 showed no differ-
ence in performance between the 3-D condition and the
2-D condition, whereas Experiment 3 showed a reliable
performance advantage for the single-matrix condition
over the multi-matrix conditionwith a smaller sample size
(n = 20 in Experiment 3 and n = 24 in Experiment 2). In
the 2-D condition of Experiment 2, movement was lim-
ited to only two of the three dimensions of the space, but
the space had to be seen as a 3-D one because movement
occurred outside the picture plane. The same was true
for the multi-matrix condition of Experiment 3, which
was an exact replication of the 2-D condition of Experi-
ment 2. However, in the single-matrix condition of Ex-
periment 3, all movement occurred within the picture
plane. Thus, even though the words in the navigation in-
structions in the two matrix conditions of Experiment 3
were identical, the single-matrix condition allowed for a
2-D mental representation, whereas the multi-matrix
condition (and the 2-D condition of Experiment 2) re-
quired a 3-D mental representation, as was the case in
the 3-D condition of Experiment 2. The performance ad-
vantage seen for the single-matrix condition would
seem, therefore, consistent with an array theory, rather
than a sandbox theory, of imagery (e.g., Attneave, 1972),
because sandbox theories (according to Kerr, 1993) pos-
tulate that all three dimensions are perceived directly and
so, no particular difficulty should arise in handling a 3-D
space, as compared with handling a 2-D space.

Kerr (1993) interprets array theories as considering
depth as the critical dimension. She says that “array the-
ories would predict slower imagery processing time
whenever the depth dimension was included in a matrix,
even if the matrix were itself essentially two-dimensional
(e.g., a 3 3 3 matrix that was only one unit wide, but
three units high and three units deep)” (p. 472). Depth
was also addressed by Bryant and Tversky (1999), who
found that adding depth cues to 2-D diagrams caused the
participants to switch from an intrinsic computation
analysis, whereby they viewed the scene from the out-
side (without depth cues), to a spatial framework analy-
sis, whereby they viewed the scene from the perspective
of the character within it (with depth cues). The move-
ments required in the multi-matrix condition of Experi-
ment 3 did not involve the depth dimension. Instead, in
that condition, movements were made only along the di-
mensions of height and width. The results of the present
study, then, would not support any special status for the
depth dimension, because performance was consistently
worse in the multi-matrix condition than in the single-
matrix condition. Rather, the present results imply that
what makes one spatial representation more complex

and harder to maintain and manipulate than another spa-
tial representation is the existence of a dimension that is
outside the picture plane (regardless of which dimension
it is). This implication should also be relevant to other
studies involving imagery/perceptual representations in
which three versus two dimensions are compared. For
example, Bauer and Jolicoeur (1996) studied mental ro-
tation and compared both 3-D versus 2-D rotations and
rotations inside versus outside the picture plane. They
found that “3-D figures result in slower rotation rates
than do 2-D figures” (p. 92). However, they also found
that rotations outside the picture plane (along the depth
axis) were faster than those within the picture plane. The
latter finding seems inconsistent both with Kerr’s con-
clusions concerning the diff iculty of processing the
depth dimension and our conclusions concerning the dif-
ficulty of processing outside the picture plane. The in-
consistency between the conclusions of Bauer and Joli-
coeur and the present conclusions suggests that both
depth and the picture plane may play different roles in
imagery/perceptual representations than in the concep-
tual representations examined in the present study (but
see Bryant, 1997, for a discussion of a single cognitive
system for constructing spatial representations from lin-
guistic or perceptual inputs).

Regardless of the nature of the spatial representation
adopted and maintained, the results of the present study
suggest that the spatial representation definitely affects
performance, even with a task that has traditionally been
considered a measure of verbal STM—immediate ver-
batim recall. Although immediate verbatim recall could
be based on purely verbal memory, our finding that the
spatial representation required by the manual movement
responses affected immediate verbatim recall implies
that the recall in that case, in fact, did not depend solely on
verbal memory. The performance advantage we found
for the single-matrix condition over the multi-matrix
condition in the oral repetition responses of Experi-
ment 3 clearly shows that the nature of the mental repre-
sentation of the space to which the instructions applied
affected individuals’ ability simply to repeat back the in-
structions they heard even though the words were iden-
tical in the two conditions. Thus, the spatial representa-
tion affected memory for the verbal material (i.e., the
verbal representation). These findings provide strong
support for the interdependence of the spatial and the
verbal memory processes, as had been suggested by the
work of McNamara and LeSueur (1989); the findingsare
not consistent with the notion that spatial and verbal
WM processes are completely independent, as had been
suggested by some previous investigations of WM
(Friedman & Miyake, 2000;Shah & Miyake, 1996; Toms
et al., 1994).

These f indings are also relevant to discussions of
situation/mental models (for a review, see Zwaan & Rad-
vansky, 1998), in which it has been assumed that new
input is integrated into an existing situation model or that
it is used in the construction of such a model. However,
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most studies that have employed memory tests to inves-
tigate situation models have focused on delayed memory
tasks (as in the case of text comprehension; e.g., Kintsch,
1988) and have not shown that a particular situation
model has any effects on immediate memory tasks. Be-
cause the words to be recalled in the two matrix condi-
tions were identical, the large difference in immediate
verbatim recall performance between the two conditions
could be explained only by the differences between the
situations (namely, their mental representations) to
which the language input was relevant.

In summary, our study was able to shed light on some
aspects of the verbal representation, the spatial repre-
sentation, and the relation between the two representa-
tions in the task of following navigation instructions. We
found evidence that the units in the verbal representation
of this task are propositional in nature, rather than word
based. We found that the number of spatial dimensions
required in the spatial representation of this task had a
strong effect on performance, whereas the number of
traveled dimensionshad no effect. We also found that the
spatial representationaffected immediate verbatim recall,
as well as movement performance (i.e., both memory
and comprehension), strongly supporting the inter-
dependence of the verbal and the spatial representations
underlying this task.

On the basis of the research reported here, we can also
offer some practical recommendations, reflecting the ef-
fects of each of the three major variables we examined:
message length, message wordiness, and the dimension-
ality of the space. First, with respect to message length,
this study supports the recommendation made by Barshi
(1997) that to minimize errors resulting from message
length, it would be advisable for air traffic controllers to
limit their transmissions to no more than three aviation
topics. This recommendation could be easily extended
to any verbal instruction-giving context: To minimize er-
rors, instructors should avoid giving more than three in-
structional units in any one utterance. Second, with re-
spect to message wordiness, given that there was no cost
of redundancy in executing the instructions, to minimize
errors it would be advisable to maintain message redun-
dancy, especially in cases in which ambiguity could arise
(e.g., when the number 210 in ATC instructions could
refer to altitude, heading, or airspeed). Third, with respect
to spatial dimensionality, because of the difficulties in-
dividuals face when having to maintain a 3-D mental
representation, additional training is advisable whenever
a target task requires such a representation.
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NOTE

1. A set of post hoc serial position error analyses was conducted in
order to examine more directly output interference effects in the oral
repetition responses. In accordance with predictionsbased on output in-
terference, for each of the three experiments, these analyses yielded rising
serial position functions (i.e., increasing error rates or declining perfor-
mance) for each message length. These functions were most dramatic
for the longer messages. For example, there were large increases in error
rate across serial positions with messages of length 6 in each experi-
ment [Experiment 1, Position 1 = .20, Position 2 = .25, Position 3 = .69,
Position 4 = .73, Position 5 = .77, Position 6 = .90, F(5,35) = 30.68,
MSe = 0.27, p < .001; Experiment 2, Position 1 = .21, Position 2 = .27,
Position 3 = .53, Position 4 = .55, Position 5 = .76, Position 6 = .83,
F(5,110) = 67.65,MSe = 0.26, p < .001; Experiment 3, Position 1 = .21,
Position 2 = .20, Position 3 = .36, Position 4 = .46, Position 5 = .59, Po-
sition 6 = .73, F(5,90) = 91.60, MSe = 0.12, p < .001]. Although these
serial position functions do not have the typical bow shape found in
studies of immediate memory (e.g., Estes, 1972), bow-shaped functions
have been found to be limited to order errors (e.g., Bjork & Healy, 1974;
Healy, 1974), which were greatly reduced or eliminated in the present
study by the fixed order of the units in the messages.

(Manuscript received February 27, 2001;
revision accepted for publication August 21, 2002.)
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