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Integration of spatial relationships and
temporal relationships in humans
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Three experiments tested human participants on a two-dimensional, computer, landmark-based search task to
assess the integration of independently acquired spatial and temporal relationships. Experiment 1 showed that
A-B spatial training followed by B—outcome spatial training resulted in spatial integration in such a way that A
was effectively associated with the outcome. Experiment 2 showed that A-—B spatial and temporal training fol-
lowed by B—outcome spatial and temporal training resulted in integration that created both spatial and temporal
relationships between A and the outcome. Experiment 3 refuted an alternative explanation, one that is based on
decision-making speed, to the temporal-integration strategy that was suggested by Experiment 2. These results
replicate in humans the observations regarding spatial integration made by Sawa, Leising, and Blaisdell (2005)
using a spatial-search task with pigeons, and they extend those observations to temporal integration.

The sensory preconditioning (SPC) procedure pro-
vides strong evidence that subjects can integrate informa-
tion from separate training episodes through the linkage
of common elements (Brogden, 1939). In Phase 1 of a
conventional SPC procedure, a stimulus (S1) is forward
paired with another stimulus (S2; S1—S2). Subsequently,
S2 is forward paired with an unconditioned stimulus
(US; S2—US) in Phase 2. During testing, a conditioned
response appropriate to the US is observed to S1, even
though S1 itself is never directly paired with the US. The
associative link between S1 and the US (S1—>US) sug-
gests that integration of S1—-S2 and S2—US associations
occurs as a result of superimposing the element that is
common to both associations—that is, S2.

Within the timing literature, Miller and colleagues have
presented evidence suggesting that the integration of tem-
poral relationships between paired stimuli can occur in rats
and humans (Arcediano, Escobar, & Miller, 2003, 2005;
Matzel, Held, & Miller, 1988; see also Leising, Sawa, &
Blaisdell, 2007). For instance, Arcediano et al. (2003)
used a modified SPC preparation with rats in which they
administered S1—S2 pairings in a forward relationship
with either a 5-sec gap or no gap between the termination
of S1 and the onset of S2 in Phase 1, followed by S2-
footshock US pairings in a backward relationship (i.e.,
US—S2) with a 4-sec gap between the termination of the
US and the onset of S2 in Phase 2. When tested on S1, rats
trained with a 5-sec gap in Phase 1 showed a large amount
of behavioral control by S1, whereas rats trained with no
gap in Phase 1 showed less responding to S1. Arcediano
et al. hypothesized that the rats had encoded the temporal
relationships between S1 and S2 and between the US and
S2, forming two independent temporal maps (including

both order and interval) between the paired stimuli. These
temporal maps presumably were integrated by superim-
posing the representation of the common element from
the two phases of training (i.e., S2), thereby allowing S1
to predict an immediately impending US in rats that had
learned a temporal map with a 5-sec gap in Phase 1 but
not in rats that had learned a temporal map with no gap in
Phase 1. In the latter case, superimposition of maps would
have caused the rats to expect the US to occur simultane-
ously with S1, a relationship that is not conducive to ap-
preciable behavioral control.

Within the spatial learning literature, research with pi-
geons has provided evidence highly suggestive of the in-
tegration of spatial maps (e.g., Blaisdell & Cook, 2005;
Sawa, Leising, & Blaisdell, 2005; see also Chamizo, Rod-
rigo, & Mackintosh, 2006, for research with rats) in a pro-
cess similar to the temporal integration that is thought to
operate in the timing experiments of Miller and colleagues
(Arcediano et al., 2003, 2005; Matzel et al., 1988). Sawa
et al. explored the integration of spatial maps in an ana-
logue to Brogden’s (1939) SPC procedure, which used a
spatial-search task presented on a touch screen to pigeons.
On SPC trials, pigeons were presented with two visual land-
marks (X and A) that had a consistent spatial relationship
to each other. The pigeons were then reinforced for peck-
ing at an unmarked goal location, which bore a constant
spatial relationship to first-order A, which was presented in
the absence of X. Subsequent test trials on which X alone
was presented revealed that the pigeons were able to infer a
spatial relationship between X and the goal (seemingly, an
X—>A—goal associative chain). This suggests that pigeons
have an ability to combine two independently learned spa-
tial maps into a single spatial map through superposition-
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ing of common elements shared among the maps. Using
an open-field procedure with pigeons, moreover, Blaisdell
and Cook (2005) reported spatial integration similar to that
found by Sawa et al. Research with humans, however, has
suggested a contrasting account of performance in compa-
rable situations (Sturz, Bodily, & Katz, 2006; Sturz, Bodily,
Katz, & Kelly, 2009). Sturz et al. (2006) reported evidence
inconsistent with integration of spatial maps in humans
when they used a virtual environment open-field search
task analogous to Blaisdell and Cook’s pigeon foraging
task. Sturz et al.’s (2006) data suggested that Blaisdell and
Cook’s data could reflect the use of an alternative strategy
based on generalization from the individual phases of train-
ing and a search strategy (e.g., lose—shift) rather than on
integration of spatial cognitive maps. Furthermore, Sturz
et al. (2009) obtained additional support for their interpre-
tation of human performance in such situations, using a
real-world-environment open-field search task that mim-
icked Sturz et al.’s (2006) virtual-environment task. This
account does not appear to be applicable to Sawa et al.’s
data described above, however, because Sawa et al.’s touch-
screen task was virtually free of potential confounds that
may have been present in the open-field procedure. This
leaves us with a compelling demonstration of spatial in-
tegration by pigeons in a spatial-search task but no clear
evidence of spatial integration by either pigeons or humans
in an open-field procedure.

One strategy that might be used to assess spatial in-
tegration in humans calls for using a preparation that
precludes or controls for the alternative strategies men-
tioned above. Our spatial-learning task was a variant of
the touch-screen-equipped monitor task in Sawa et al.’s
(2005) experiment with pigeons. The task was presented
on a computer screen, which minimized the spatial-search-
task opportunities and controlled for generalization from
either phase alone of the sensory-preconditioning task.
The former was achieved by allowing participants to make

only one choice on each trial. The latter was achieved by
having the outcome (O) at test situated at a location differ-
ent from the one indicated by generalization from either
phase alone.

The goals of the present experiments were twofold. The
first was to provide evidence for the spatial integration of
relationships between two paired stimuli in humans by
using a variant of the touch-screen-equipped monitor task
used in Sawa et al.’s (2005) experiment with pigeons. The
second was to provide the first controlled demonstration
of spatial and temporal integration by humans.

EXPERIMENT 1

Experiment 1 was performed to determine whether hu-
mans, like pigeons (Sawa et al., 2005), are able to integrate
spatial relationships between paired stimuli acquired dur-
ing different phases of learning in a spatial-search task.

The participants were assigned to one of two groups:
Common Element and No Common Element. The Com-
mon Element group assessed the potential integration of
spatial relationships sharing a common element (A—B and
B-0). The No Common Element group served as a control
condition that precluded integration of spatial relationships
by presenting entirely different elements in each phase of
training (A-B and C-0O). Both groups experienced two ob-
servational phases followed by a test trial. Figure 1 shows a
summarized design of Experiment 1 and the hypothetical
spatial integration for the Common Element group. The
participants in the Common Element group were expected
to click on a specific square on the basis of the integration
of spatial relationships A—B and B-O—that is, the square
above and to the right of A. Participants in the No Common
Element group were expected to choose either an associa-
tion strategy or a generalization strategy. The association
strategy was indicated when the chosen square was where
B would be expected on the basis of Phase 1 (i.e., behavior

Experimental Design of Experiment 1
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Figure 1. The design and hypothetical spatial representation of Experiment 1.
The left side of the figure depicts treatment trials given to the participants. The
right side of the figure depicts the spatial representation in the Common Ele-
ment group that would hypothetically result after spatial integration on the
basis of superimposition of the element common to the training phases (i.e., B)
and the expected responding based on this integration.
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seemingly was driven by the A—B association alone), and
the generalization strategy was indicated when the choice
occurred as if the test-trial stimulus was B from Phase 2
rather than A (i.e., behavior was seemingly driven by the
B-0 association, despite the absence of B at test).

Method

Participants and Apparatus. Twenty undergraduate students
(10 male, 10 female) at SUNY-Binghamton participated in this
study in partial fulfillment of a course requirement. They were
randomly assigned to one of two groups: Common Element and
No Common Element (both ns = 10). Participants performed the
experiment using personal computers located in small rooms. The
computer in each room was connected to a standard mouse.

Procedure. The task was programmed using Visual Basic 6
(Microsoft). In this task, the computer screen displayed a light-gray
8 X 8 grid with black lines (each square was 1 X 1 cm) placed over a
dark gray background. Visual stimuli (approximately 0.8 X 0.8 cm)
were displayed in select squares of the grid. A blue circle was used
as A for all participants. A red cross and a black musical note were
used as B and C, counterbalanced within groups. A green moneybag
was used as the outcome O. A black background alone was displayed
during intertrial intervals. Instructions (Arial, 18 point) were pre-
sented within a gray, rectangular window (11 cm [h] X 29 cm [w])
on the screen.

Before presentation of the specific instructions for the experi-
ment, a screen informed participants of the general features of the
research. The following instructions were presented:

You are about to play a treasure hunt game. You will see several
intermittent events on an 8 X 8§ grid. These events will last for
about 3 minutes. During this time, please do not look away
from the screen because you might miss seeing an event. When
you are ready to begin, please click below.

A gray button with the sentence “click here” was presented at
the center bottom of the screen. Participants had to click this with
the mouse to continue to the instruction screen that was specific to
Phase 1, which read,

You will see the clue @ randomly placed on the screen, but
always at a fixed distance and direction from the clue 2K [or 2,
counterbalanced within groups]. For the clue @, you will have
to learn the distance and direction to the clue X [or 2 ]. Please
do not look away from the screen because you might miss see-
ing an event. When you are ready to begin, please click below.

In Phase 1, participants were exposed to 10 A—B pairings. In all
pairings, the onset of A preceded the onset of B, with A and B co-
terminating. A was displayed for 1.5 sec, and B was displayed for
1 sec. B was always located one square to the right of A. There was a
1-sec intertrial interval (ITI) in which the screen was blank (black).
The locations of A and B on the grid changed randomly between
trials, with the constraint that A did not appear in row 1 (top row) or
column 8 (rightmost column), but their relative spatial relationship
was unchanged.

At 2 sec after Phase 1, the following instructions appeared on
the screen:

Now you will see the clue 2K [or 2, same as 2nd screen for the
Common Element group; different from 2nd screen for the No
Common Element group] randomly placed on the screen, but
always at a fixed distance and direction from the treasure 8.
For the clue X [or 2], you will have to learn the distance and
direction to the treasure §. Please do not look away from the
screen because you might miss seeing an event. When you are
ready to begin, please click below.

The Phase 2 procedure was similar to the one described for
Phase 1, except that the participants were instructed that they would
be observing the spatial relationship between B and O. B was pre-

sented for 1.5 sec on the screen in a random square, except that it
did not appear in row 1 or column 1. Again, there were 10 trials. In
all pairings, the onset of B preceded the onset of O by 0.5 sec, with
O and B coterminating. O was always located in the square above B.
During Phase 2, the two groups differed in the stimuli used. In the
No Common Element group, B was replaced with C in order to
omit a common stimulus across Phases 1 and 2 and thus preclude
superimposition between relationships during testing. Accordingly,
instructions were the same for the two groups, except that B was
replaced with C in the No Common Element group.

At 2 sec after the termination of Phase 2, participants received the
following instructions:

You will now be shown the clue @. Locate the treasure § on
the grid by using the clue information. To look for the treasure,
you will use the mouse to move the cursor on the grid. When
the cursor is within the area of the square that you choose, press
the left-hand button on the mouse to indicate your choice. Be
careful! You can make only one choice. When you are ready to
begin, please click below.

Testing consisted of a single test trial. Instructions were consistent
across groups. A was presented randomly on the screen but not in
row 1 or column 8.

At the end of the test trial, there was a postexperimental question
in which participants were asked how they had made their choice
concerning where the treasure was hidden. Immediately after par-
ticipants answered this question, they were invited to read a debrief-
ing text.

The participants were encouraged through instructions to learn
spatial information in each phase of training; however, in no way did
the instructions encourage integration of spatial information from
the different phases. We expected that the participants would not
have a problem remembering the relationships between the stimuli
in both observational phases. The purpose of this research was not
to address the basis of spatial-information encoding. Rather, our
primary interest was to determine whether humans can integrate
information from different phases, provided that the separate phases
contain some common element.

Results and Discussion

The majority of participants in the Common Element
group (9 out of 10) clicked on the square that would be an-
ticipated on the basis of the integration of spatial relation-
ships A—B and B—O—that is, to say the square above and
to the right of A. Conversely, only 1 participant in the No
Common Element group (» = 10) made the same choice.
Participants in the No Common Element group tended to
choose either an association strategy (4 participants) or a
generalization strategy (5 participants). The association
strategy was indicated when the choice was where B would
be expected on the basis of Phase 1, and the generaliza-
tion strategy was indicated when the choice occurred as if
the test-trial stimulus was B from Phase 2 rather than A.
The difference between the Common Element group and
the No Common Element group in choices of the integra-
tion square was reliable [x2(1,20) = 12.80, p < .001].
This result suggests that participants in the Common Ele-
ment group integrated the separate A—B and B—O spatial
relationships, allowing them to compute an A—O spatial
relationship, which guided their choice at test. Consistent
with this, all participants who exhibited spatial integra-
tion indicated on the postexperimental question that they
had spatially connected A—B with B—O. Additionally, the
location choices that would be expected based on the pre-
sumed association and generalization strategies seen in
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the No Common Element group were consistent with the
answers given on the postexperimental question.

EXPERIMENT 2

Experiment 1 provided evidence of spatial integration in
humans by using a spatial-search task, thereby replicating
Sawa et al.’s (2005) results with pigeons. Perhaps relevant
to this demonstration is the demonstration of the integra-
tion of independently learned relationships in the temporal
domain by humans (Arcediano et al., 2003, 2005). Taking
a closer look at the instructions used in Arcediano et al.’s
(2003, 2005) experiments, however, we cannot safely con-
clude that the humans were able to integrate two different
temporal relationships without explicit instructions to inte-
grate, because the participants were told that “they should
remember the relationships between the stimuli in both ob-
servational phases because the information from one phase
might complete the information from the other phase.” In
Experiment 2, therefore, we sought a clear demonstration
of temporal integration without instructions to integrate.
Specifically, this experiment investigated whether spatial
and temporal information can be processed and whether
such relationships are subject to conjoint integration (i.c.,
spatial and temporal integration) when they include a com-
mon element. We have recently found evidence that rats are
able to integrate interval information and that they can use
contextual information to select which specific interval in-
formation to integrate (Molet, Urcelay, Miguez, & Miller,
in press). The larger issue is whether both human and non-
human subjects encode and retrieve the where and when
of the associated events and whether they can integrate
events with a common element. To this end, two groups
were initially trained in a fashion similar to that used in

Experiment 1, with the exception that temporal training
was provided (see Figure 2). Participants were exposed to
a horizontal spatial relationship between A and B with a
3-sec interstimulus interval, followed by a vertical spatial
relationship between B and O with a 5-sec interstimulus in-
terval. If participants in the Common Element group were
able to integrate the temporal information from the first
and second phases of training on the basis of the common
element (i.e., B), the result should be response latencies
closer to 8 sec in the Common Element group than in the
No Common Element group. Our expectation concerning
the spatial response in the Common Element group and
the No Common Element group is as stated previously in
Experiment 1.

Method

Participants and Apparatus. Twenty undergraduate students
(8 male, 12 female) at SUNY-Binghamton participated in this study
in partial fulfillment of a course requirement. They were randomly
assigned to one of two groups: Common Element and No Common
Element (both ns = 10). The data from 1 participant in the Common
Element group were discarded because of an error by the experi-
menter. The apparatus was the same as the one used in Experiment 1.
Additionally, in order to evaluate temporal integration, the learning
of specific temporal intervals was measured using the latencies of
participants clicking on the square of their choice following onset at
test of A. Latencies were recorded to the nearest 0.1 sec.

Procedure. Before presentation of the specific instructions for
the experiment, a screen informed participants of the general fea-
tures of the research. The text on this screen was similar to that
used on the first screen in Experiment 1, except that the experiment
duration was said to be “about 5 minutes” (as opposed to “about
3 minutes” in Experiment 1). In Phase 1, the following instructions
appeared on the computer screen:

On each trial, you will see the clue @ randomly placed on the
screen. Upon each presentation, it will be followed after a fixed
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Figure 2. The design and hypothetical spatial and temporal representation
of Experiment 2. The left side of the figure depicts the spatial and temporal
training phases given to the participants. The ISI between the onset of A and
the onset of B was 3 sec, and the ISI between the onset of B or C and the onset
of O was 5 sec. The right side of the figure presents the spatial and tempo-
ral representation in the Common Element group that would hypothetically
result if participants integrate spatial and temporal information through
superimposition of the element common to the training phases (i.e., B) and
the expected responding based on these integrations (i.e., where and when the

outcome should appear on the grid).



SPATIAL AND TEMPORAL INTEGRATION 31

interval by the clue X [or s, counterbalanced within groups] at
a fixed distance and direction from the clue @. For the clue @,
you will have to learn the delay, distance, and direction to the
clue X [or £2]. Counting may help you learn the timing. Please
do not look away from the screen because you might miss see-
ing an event. When you are ready to begin, please click below.

In Phase 1, participants were exposed to 10 A—B pairings. In all
pairings, the onset of A preceded the onset of B, with the 4-sec pre-
sentation of A and the 1-sec presentation of B coterminating; hence,
the ISI between the onset of A and the onset of B was 3 sec. B was
always located one square to the right of A. There was a 1-sec ITI
during which the screen was blank (black). The locations of A and B
on the grid changed randomly between trials (with the constraint that
A did not appear in row 1 or column 8), but the spatial relationship
was unchanged. Participants were instructed that the delay, distance,
and direction of the two clues were important.

At 2 sec after Phase 1, the following instructions appeared on
the screen:

Now you will see the clue 2K [or 2, same as 2nd screen for the
Common Element group; different from 2nd screen for the No
Common Element group] randomly placed on the screen. Upon
each presentation, it will be followed after a fixed interval by
the treasure 8 at a fixed distance and direction from the clue 2K
[or #]. For the clue X [or ], you will have to learn the delay,
distance, and direction to the treasure §. Counting may help
you learn the timing. Please do not look away from the screen
because you might miss seeing an event. When you are ready
to begin, please click below.

In Phase 2, the second spatial relationship was introduced 2 sec
after the participant clicked. The procedure was similar to that used
in Phase 1, except that the participants were instructed that they
would have to observe the spatial and temporal relationships be-
tween B and O. B was presented on the screen, avoiding its place-
ment in row 1 or column 1. As in Experiment 1, there were 10 trials.
In all pairings for the Common Element group, the onset of B—now
6 sec in duration—preceded the onset of the 1-sec presentation of O,
with B and O coterminating; hence, the ISI between the onset of
B and the onset of O was 5 sec. O was always located one square
above B. B was replaced with C for the No Common Element group,
in order to avoid there being a common element between Phase 1
and Phase 2. Accordingly, instructions were the same across groups,
except that B was replaced with C in the instructions for the No
Common Element group.

At 2 sec after Phase 2, the participants received the following
instructions:

You will now be shown the clue @. Locate where and when the
treasure § should appear on the grid by using the clue informa-
tion. To look for the treasure, you will use the mouse to move
the cursor on the grid. When the cursor is within the square
that you choose, press the left-hand button on the mouse to
indicate your choice at the moment you anticipate the trea-
sure. Counting may help you with the timing. Be careful! You
can make only one choice. When you are ready to begin, please
click below.

Testing consisted of a single test trial. Instructions were the same
across the two groups. A was presented randomly on the screen,
except that it did not appear in row 1 or column 8.

At the end of the test trial, there were two brief postexperimental
questions in which participants were asked (1) how they had made
their choice concerning where the treasure was hidden, and (2) how
they had made their choice concerning when they expected the trea-
sure. After the participants answered those questions, they were in-
vited to read a debriefing text.

Notably, the participants were encouraged through instructions to
learn spatial and temporal information in each phase of training. But
the instructions did not encourage integration of spatial and tempo-
ral information from different phases.

Results and Discussion

The majority of participants in the Common Element
group (7 out of 9) responded to the square that would be
anticipated on the basis of the integration of spatial rela-
tionships A—B and B—O—that is, the square above and to
the right of A. In the No Common Element group (n = 10),
no participant chose this square; the choices suggested the
association and generalization strategies (4 participants
and 6 participants, respectively). The difference between
the Common Element group and the No Common Ele-
ment group in choice of the integration square was reliable
[x2(1,19) = 11.45, p < .001]. This result was highly similar
to that of Experiment 1, and it suggests that participants in
the Common Element group integrated the A-B and B-O
spatial relationships, allowing them to arrive at an A—O
spatial relationship that guided their choice at test.

For the Common Element group, we expected that
presentation of A would activate a representation of B
occurring 3 sec after the onset of A. This B representa-
tion in turn was expected to activate a representation of
O occurring 5 sec after the onset of the B representation
(i.e., an integration strategy). The temporal expectation for
participants in the No Common Element group would be
based on either Phase 1 alone (i.e., an association strategy)
or Phase 2 alone (i.e., a generalization strategy), resulting
in latencies near 3 or 5 sec, respectively. Figure 3 depicts
group mean response latencies for participants clicking on
the square of their choice (independent of the choice being
correct) after onset of the presentation of the test A. As
can be seen, latency to respond in the Common Element
group was closer to 8 sec (the sum of 3 and 5 sec) than was
the latency to respond in the No Common Element group.
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Figure 3. The results of Experiment 2. Mean latency of response
(i.e., expectation of the outcome) for the stimulus-A test trial in
the Common Element and No Common Element groups. Error
bars represent the standard errors of the means. Temporal in-
tegration is evidenced in the higher latency to respond during
stimulus-A presentation in the Common Element group than in
the No Common Element group.



32 MOLET, JOZEFOWIEZ, AND MILLER

The difference in latencies between the Common Element
group and the No Common Element group was reliable
[Mann—Whitney U(9,9) = 15, p = .02]; thus, participants
in the Common Element group seemingly integrated tem-
poral information from the first and second phases of train-
ing (ISI of 3 sec for A—B and ISI of 5 sec for B-O, respec-
tively) to predict when O should appear. Additionally, all
participants who exhibited behavior that was suggestive of
spatial and temporal integration indicated in their answers
to the postexperimental questions that they had tried to
connect A—B with B—O both spatially and temporally; and
all participants who used association and generalization
strategies indicated in their answers to the postexperimen-
tal questions that they had made their choice on the basis
of Phase 1 or Phase 2, respectively.

To recapitulate, Experiment 2 showed that A—B spatial
and temporal training followed by B—O spatial and tempo-
ral training resulted in integration that created both spatial
and temporal relationships between A and O.

EXPERIMENT 3

In Experiment 2, we hypothesized that if participants
in the Common Element group were able to integrate the
temporal information from the first and second phases
of training on the basis of the common element (i.e., B),
then response latencies would be closer to 8 sec in the
Common Element group than in the No Common Ele-
ment group. There is an alternative interpretation of this
difference, however. It is possible that the difference in
mean response latencies between the two groups was due
to the difference in the amount of time required to inte-
grate purely spatial relationships and to decide in which
square the treasure was hidden. If this were the case, then
a difference in reaction times should still be detectable in
a simple experiment in which participants are not asked
to indicate when the treasure will appear. If no difference
in responding was observed between groups in such an
experiment, however, then we could reject this alternative
and conclude that the higher latency of response to A in
the Common Element group was the result of integration
of temporal relationships. Experiment 3 was conducted
to address this issue. The design of the experiment was
identical to the design of Experiment 2, with the exception
that only spatial integration was required. The instructions
were accordingly adapted.

Method

Participants and Apparatus. Twenty undergraduate students
(11 male, 9 female) at SUNY—Binghamton participated in this study
in partial fulfillment of a course requirement. The apparatus was the
same as that used in Experiment 2.

Procedure. The procedure was nearly the same as described for
Experiment 2. In order to compare the time to make a decision be-
tween the Common Element group and the No Common Element
group (both ns = 10), we recorded each participant’s reaction time
to make a choice of location in testing. The instructions for the first
three screens were the same as those used in Experiment 1. The
screen shown immediately prior to testing read as follows:

You will now be shown the clue @. Locate as quickly as possi-
ble the treasure @ on the grid by using the clue information. To

look for the treasure, you will use the mouse to move the cursor
on the grid. When the cursor is within the area of the square that
you choose, press the left-hand button on the mouse to indicate
your choice. Be careful! You can make only one choice. When
you are ready to begin, please click below.

Results and Discussion

The majority of participants in the Common Element
group (8 out of 10) responded to the square that was ap-
propriate given integration of spatial relationships A—B
and B-O (i.e., a square above and to the right of A). In
contrast, only 1 participant in the No Common Element
group (n = 10) chose the integration square; the remaining
choices were consistent with the association and gener-
alization strategies (5 participants and 4 participants, re-
spectively). The difference between the Common Element
group and the No Common Element group in choice of the
integration square was reliable [¥2(1,20) = 9.9, p < .01].
On the postexperimental question, all participants show-
ing spatial integration indicated that they had spatially
connected A—B with B—O; and all participants who seem-
ingly used association or generalization strategies gave
answers that were consistent with their apparent strategies.
The results of this experiment thus replicated the spatial-
integration effect found in Experiments 1 and 2.

Figure 4 depicts group mean response latencies mea-
sured from the onset of test A. As can be seen, there was
no appreciable difference in time to make a choice between
the two groups. A Mann—Whitney U test failed to detect a
difference between the Common Element and No Common
Element groups [U(10,10) = 45, p = .74]. Because the rel-
evant conclusion of this analysis was that there was no dif-
ference between the Common Element and No Common
Element groups, we conducted a test to determine whether
these mean response latencies were statistically equivalent
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Figure 4. The results of Experiment 3. Mean latency of re-
sponse for the stimulus-A test trial in the Common Element and
No Common Element groups. Error bars represent the standard
errors of the means.
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across groups. The test we used was a confidence inter-
val equivalence test (Rogers, Howard, & Vessey, 1993). To
perform this test, we selected an equivalence interval of
10% around the mean of the Common Element group. The
resultant equivalence interval had a lower limit of 2.421
and an upper limit of 2.959. To be considered equivalent,
the standardized difference between the observed group
means should fall between the upper and lower limits of the
equivalence interval. To standardize the difference between
the group means, we calculated z values using the formula
([Ml - Mz] - [E[U or EIL])/SM]*Mza Where M] and M2
represent the means of the Common Element group and
the No Common Element group, respectively; El; and El}.
represent the upper limit and lower limit, respectively, of
the equivalence interval; and s,,, -y, represents the stan-
dard deviation of the difference between M; and M,. The
resultant z values of 0.64 and —0.14 were compared with
the critical value (zy; = 1.65). Because the highest z value
(0.64) was lower than the critical value, we concluded that
the distributions were equivalent (see Rogers et al., 1993,
for a detailed description of confidence interval equiva-
lence testing); that is, time to make a choice was statisti-
cally equivalent between the two groups. We thus find it
implausible that between-group differences in decision-
making speeds contributed appreciably to the large differ-
ence in response latencies in Experiment 2. In conclusion,
the difference in mean latencies observed in Experiment 2
was likely due to temporal integration of the two phases of
training, causing Common Element group participants to
attempt to approximate 8 sec.

GENERAL DISCUSSION

The results of these three experiments provide evidence
that human subjects have the ability to combine two in-
dependently learned spatial relationships into a unified,
higher order relationship by superimposing the relation-
ships in memory on the basis of common elements shared
between the relationships; that is, A—B spatial training
followed by B—O spatial training resulted in spatial inte-
gration that connected A with O. Moreover, this occurred
without any explicit instructions to integrate the spatial
relationships. This suggests that integration of spatial re-
lationships is a default strategy. Notably, the instructions
in the present experiments encouraged learning of spatial
and temporal relationships but not their integration. The
present results are consistent with the results of Sawa et al.
(2005) with pigeons and Chamizo et al. (2006) with rats.

It is noteworthy that integration of cognitive relation-
ships has previously been extended into the temporal
domain (Matzel et al., 1988; Savastano & Miller, 1998).
Investigating this commonality between the spatial and
the temporal, Experiment 2 constitutes the first controlled
demonstration of conjoint integration of cognitive tempo-
ral and spatial relationships. Participants were exposed to
a horizontal spatial relationship between A and B with a
3-sec ISI, followed by a vertical spatial relationship be-
tween B and O with a 5-sec ISI. Our results showed that
A-B spatial and temporal training followed by B—O spa-

tial and temporal training resulted in spatial and temporal
integration that created both spatial and temporal relation-
ships between A and O.

Another seeming example of animals using spatial
and temporal information was provided by Molet et al.
(in press), in which rats were able to encode and retrieve
the where and when of the associated events and could
integrate events with a common element (see also Cheng,
Spetch, & Miceli, 1996, for similar results with pigeons).
Previous data in the literature supportive of temporal in-
tegration (Arcediano et al., 2003, 2005; Molet et al., in
press) and of spatial integration (Chamizo et al., 2006;
Sawa et al., 2005), in conjunction with our present results,
support the hypothesis that the processes that integrate
information concerning separate but related associations
when using spatial information work in a way that is sim-
ilar to the processes involving temporal information in
experiments designed in the framework of the temporal
coding hypothesis (see Savastano & Miller, 1998, for a
summary).

Previous research with humans, however, has provided
a contrasting account of performance in open-field pro-
cedure. Sturz et al. (2006) reported evidence that was
inconsistent with integration of spatial maps in humans
when they used a virtual-environment open-field search
task analogous to Blaisdell and Cook’s (2005) pigeon
open-field procedure. Sturz et al.’s (2006) data suggested
that the participants’ performance could reflect use of an
alternative strategy based on generalization from the in-
dividual phases of training and a search strategy (e.g.,
lose—shift) rather than on integration of spatial cognitive
maps. Furthermore, Sturz et al. (2009) obtained addi-
tional support for their interpretation of human perfor-
mance in such situations, using a real-world-environment
open-field search task that mimicked Sturz et al.’s (2006)
virtual-environment task. This account does not appear
to be applicable to Sawa et al.’s (2005) data, however,
because Sawa et al.’s touch-screen task was virtually free
of the opportunity for these alternative strategies, which
were present in the open-field procedure. For this reason,
we used a two-dimensional, computerized, landmark-
based, single-choice search task with humans, which
minimized the spatial-search-task opportunities and con-
trolled for generalization from either phase alone of the
sensory-preconditioning task. The former was achieved
by allowing participants to make only one choice on each
trial. The latter was achieved by having the outcome at
test situated at a location different from the one indicated
by generalization from either phase alone. These poten-
tially critical differences between the two studies appear
to have circumvented accounts based on search patterns,
such as the account Sturz et al. had raised as an alterna-
tive to spatial integration by humans.
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