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Abstract
This study conducted three experiments to investigate the patterns of individ-
uals’spatial reference frame representation in spatial collaborative tasks and
the conditions that facilitate reference frame integration. In each experiment,
participants first performed collaborative learning of spatial scenes, then in-
dividually completed relative position judgment tasks. In Experiment 1, the
angular separation between participants and their collaborative partners during
the learning phase was 45°, whereas in Experiment 2 it was 135°. In Experi-
ment 3, the angular separation was identical to that in Experiment 2, but the
partner departed prematurely midway through the task. The results revealed:
(1) Multiple forms of reference frame representation exist in spatial collabora-
tive tasks, with both single and multiple reference frame representations being
possible; (2) Reference frame integration in spatial collaboration is modulated
by the partner’s position; compared to standing side-by-side, an approximately
face-to-face angle with the partner better facilitates participants’completion of
reference frame integration; (3) When the collaborative partner’s presence time
is reduced, participants can still complete reference frame integration; however,
compared to situations where the partner remains present throughout, the part-
ner’s departure after the reconstruction phase prompted participants to form
a more profound representation of the partner’s perspective.
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Abstract

This study investigated the patterns of individual spatial reference frame repre-
sentation in spatial collaborative tasks and the conditions that facilitate refer-
ence frame integration through three experiments. In each experiment, partici-
pants first engaged in collaborative learning of a spatial scene, then completed
relative position judgment tasks individually. In Experiment 1, the angle be-
tween participant and collaborator positions was 45°; in Experiment 2, this
angle increased to 135°; and in Experiment 3, the angle remained the same
as in Experiment 2, but the partner left midway. Results revealed: (1) Mul-
tiple forms of reference frame representation emerged in spatial collaborative
tasks, with both single and multiple reference frame representations possible;
(2) Reference frame integration in spatial collaboration was modulated by the
collaborator’s position, with an approximately face-to-face angle being more
conducive to integration than a side-by-side arrangement; (3) When the collab-
orator’s presence time was reduced, participants could still complete reference
frame integration, but the partner’s departure after the reconstruction phase
prompted participants to form a more profound representation of the partner’
s perspective compared to when the partner remained present throughout.

Keywords: spatial frame of reference, spatial perspective-taking, spatial col-
laboration, reference frame integration
Classification Code: B842

1. Introduction
1.1 Spatial Frame of Reference

In daily life, to better navigate and orient ourselves in space, people often need
to establish a spatial coordinate system in their minds—known as a spatial frame
of reference—to represent objects and others’locations in the environment (Shel-
ton & McNamara, 2001). Since this concept was proposed, it has attracted
extensive research from scholars. These studies can be broadly categorized into
two directions: one focuses on the dominance of egocentric versus allocentric
reference frames in cognition (Klatzky, 1998; Mou et al., 2008; Xie et al., 2009),
while the other examines how individuals select and construct spatial reference
frames under different conditions (Hatzipanayioti & Avraamides, 2021). The
former has enriched the theoretical framework of spatial reference frames and
laid a solid foundation for building comprehensive spatial reference models; the
latter has deepened our understanding of how various factors shape spatial ref-
erence frame representation, providing scientific basis and effective guidance
for practical applications such as voice navigation and human-computer inter-
action. These influencing conditions can be divided into subject-related and
object-related factors. Among them, individuals’spatial reference preferences
and scene-related experiences (e.g., the first perspective used when observing a
scene) significantly impact reference frame establishment (Christou & Bülthoff,
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1999; Mou et al., 2007; Simons & Wang, 1998; Valiquette et al., 2003). Addition-
ally, external factors such as scene intrinsic axes, object orientation, and other
people in the scene also affect individuals’spatial reference frame construction
(Freundlieb et al., 2017; Li & Zhang, 2011; Zhao & Mou, 2005). However, most
of these studies focused on single participants learning a scene individually in
static conditions without others present. In real life, many of our behaviors are
dynamic and require interaction with others, sometimes even relying on collab-
oration to complete tasks. Therefore, understanding how individuals establish
spatial reference frames when collaborating with others is crucial for successful
task completion.

Schafer and Bowman (2004) have confirmed that reference frame selection af-
fects spatial collaboration efficiency, and this influence is closely related to task
requirements. Currently, research on the mechanisms underlying individual spa-
tial reference frame establishment in collaborative tasks remains limited. Fur-
thermore, which factors in collaborative tasks can promote individuals to rep-
resent others’perspectives and integrate their reference frames into their own
spatial reference systems constitutes the core content this study aims to explore
further.

When others are present in a spatial scene, participants’spatial reference frame
representations are also affected, though certain conditions must be met. Fre-
undlieb et al. (2017) noted that spontaneous perspective-taking (imagining one-
self standing in another’s perspective to view the spatial scene) only occurs
when participants perceive that the other’s gaze is also directed at the scene.
Xie (2020) also found that when others in the learning scene were merely present,
participants could not represent their perspective; however, when others simply
described scene objects verbally (naming objects) without any other communi-
cation, participants showed response advantages to the other’s perspective in
some scene tasks (compared to other perspectives). These findings collectively
reveal the prerequisites and complexity of how others influence individual spa-
tial representation. The underlying mechanism of this influence falls within the
research domain of spatial collaboration.

1.2 Reference Frame Establishment in Spatial Collaboration

Living in complex and diverse spatial environments, individuals frequently need
to engage in spatial interactions with others. Spatial interaction refers to a dy-
namic process where individuals understand, transmit, and share spatial infor-
mation based on specific goals, involving multiple spatial cognitive mechanisms
such as spatial perspective-taking and spatial reference frames (Xiao et al., 2019;
Xiao et al., 2021). In spatial interactions, representing and understanding the
other’s perspective through spatial perspective-taking is particularly crucial
for smooth interaction. As a core form of spatial interaction, efficient spatial
collaboration (where both parties cooperate to complete a spatial task) simi-
larly relies on spatial perspective-taking. Spatial perspective-taking refers to
an individual’s ability to flexibly shift and consider others’perspectives under
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specific conditions. In spatial collaborative tasks, by adopting the partner’s
perspective, individuals may construct corresponding spatial reference frames
based on that perspective, thereby providing cognitive support for successful
task completion. This study aims to systematically verify this hypothesis and
explore its underlying mechanisms.

As previously discussed, the “other”in the scene is an important influencing
factor for both spatial reference frame establishment and spatial perspective-
taking processes. However, spatial collaborative tasks are more complex as they
involve not only individual factors but also multiple aspects of bilateral interac-
tion. Therefore, when exploring individuals’spatial reference direction selection
in collaborative tasks, more diverse influencing factors must be considered. First,
spatial collaborative tasks have clear goal orientation, requiring both parties to
work together to achieve specific objectives. In this context, both parties’spa-
tial abilities become important factors influencing participants’spatial reference
direction selection. Schober’s (2009) early research using spatial language tasks
found that when participants knew their partner had lower spatial abilities, they
were more inclined to describe from the partner’s perspective even when describ-
ing from their own perspective would be more convenient. Second, researchers
have also found that the partner’s performance in the task influences partici-
pants’reference perspective selection. For example, Furlanetto et al. (2013) used
short videos in spatial perspective-taking tasks and found that others’gaze to-
ward objects in the video and their action tendencies could prompt participants
to adopt the other’s perspective for spatial judgment, and this facilitation ef-
fect remained significant even when participants could only see the other’s
action tendencies (with the other’s gaze blurred in the video). Additionally,
Freundlieb et al. (2016) used joint spatial tasks to explore the conditions for
participants’spontaneous perspective-taking of their partner, noting that par-
ticipants only spontaneously adopted the other’s perspective when they fully
believed the partner was actively participating in the spatial task. Besides part-
ner characteristics, task instructions and other task-related cues also influence
participants’spatial reference direction selection. Multiple studies have shown
that if participants know beforehand that they will collaborate with someone
and must describe space to a partner with a different perspective, they are more
inclined to describe from the other’s perspective or represent space accordingly
(Galati et al., 2013; Kelly et al., 2018; Shelton & McNamara, 2004).

Some researchers have simultaneously examined social and physical factors in
spatial interaction tasks (Galati & Avraamides, 2015). They combined social
cues in spatial tasks with scene characteristics to explore how these two types
of cues interactively influence individuals’spatial representation and language
description. In their experiment, participants were paired, with one serving as
the instruction giver responsible for scene learning, description, and subsequent
relative direction judgment tasks, while the paired partner served as the instruc-
tion receiver, responsible for scene reconstruction while listening to descriptions.
The between-group factors included consistency between both parties’perspec-
tives and scene intrinsic axes (scene intrinsic axis aligned with instruction giver’
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s perspective/receiver’s perspective/neither) and whether the instruction giver
knew the partner’s location (know/don’t know). Results showed that when the
partner’s location was known, participants tended to use the scene intrinsic axis
direction as their spatial reference frame representation direction regardless of
whether their own or the partner’s perspective aligned with the scene intrinsic
axis. When participants didn’t know the partner’s location, they tended to
represent space from their own observation perspective. Additionally, partici-
pants showed flexibility in spatial description tasks: they described more from
their own perspective when the scene intrinsic axis aligned with themselves, but
could adopt the partner’s perspective when it aligned with the partner. These
findings further reveal that factors influencing participants’spatial reference di-
rection selection are more diverse in complex spatial interaction tasks. When
multiple reference cues coexist, participants make choices after weighing them.
However, how various factors specifically influence individuals’spatial reference
direction selection in complex spatial interaction tasks requires extensive follow-
up research.

1.3 Research Questions and Hypotheses

In summary, researchers have made many explorations into spatial reference
frames, spatial perspective-taking, and spatial interaction (Xiao et al., 2019),
but existing research has two main limitations. First, previous studies lacked
sufficient social context and collaborative depth. For example, in Xie’s (2020)
study, participants either didn’t communicate or, although they communicated,
their learning performance wasn’t affected by collaborative outcomes, resulting
in insufficient collaboration. In Galati and Avraamides’(2015) experiment, par-
ticipants passively received information from their collaborative partner, leav-
ing room for improvement in interactivity. Therefore, building on previous re-
search and focusing on human interaction characteristics, this study upgraded
the single-participant individual scene learning scenario to a situation where
participants collaborate with a partner to complete tasks, aiming to explore
spatial reference frame establishment in richer collaborative contexts.

Second, in spatial collaborative tasks, participants have more diverse reference
cues, requiring consideration of social interaction factors beyond traditional
physical cues. Although numerous studies have confirmed this viewpoint as
previously described, discrepancies remain. For instance, Sjolund et al. (2014)
found that regardless of whether a collaborative partner was present, partici-
pants tended to establish egocentric reference frame representations. This sug-
gests that the specific manifestations and underlying mechanisms of spatial ref-
erence frame integration in collaborative tasks remain unclear. Therefore, this
study aims to provide more data support for this field to further clarify related
issues.

This study designed three experiments to investigate participants’spatial refer-
ence frame representation forms and influencing mechanisms in spatial collabora-
tive tasks by constructing spatial collaboration scenarios, introducing others to
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participate in simplified spatial collaborative tasks with participants, and using
the relative direction judgment paradigm based on previous research findings.
Experiment 1 aimed to explore how individuals establish spatial reference frames
in spatial collaborative tasks, specifically whether participants could integrate
spatial reference frames through their partner’s perspective. The hypothesis was
that after collaborating with the partner to reconstruct the full scene, partici-
pants could integrate both parties’reference frames, manifested as no significant
difference in pointing errors between the two reference directions. Experiment 2
increased the angular difference between participant and partner to create an ap-
proximate face-to-face situation, exploring whether participants could integrate
reference frames. The hypothesis was that after changing the partner’s posi-
tion, participants could still integrate both parties’reference frames, showing no
significant difference in pointing errors between the two reference systems. Ex-
periment 3 built on Experiment 2 by further adjusting experimental conditions
and manipulating the timing of the partner’s departure to explore this factor’s
influence on reference frame integration in collaborative tasks. The hypothesis
was that even if the partner left after completing scene reconstruction, partic-
ipants could still complete reference frame integration, specifically showing no
significant difference in pointing errors between the two reference systems. This
study expects that by integrating interpersonal collaboration factors into spa-
tial reference frame theory, it can not only deepen the theory’s connotation
but also extend its application to human-computer interaction, demonstrating
certain practical value.

2. Experiment 1: Spatial Reference Frame Selection in
Spatial Collaboration Tasks
2.1 Research Purpose and Background

This study employed several new experimental design considerations, primarily
addressing two questions. First, how to achieve spatial collaboration? Spatial
collaboration specifically means cooperating to complete a spatial task. This
study improved upon the classic research paradigm of Mou and McNamara
(2002) and referenced Holmes et al.’s (2018) multi-viewpoint task paradigm to
create a“spatial jigsaw puzzle task”that required collaboration to complete. In
this task, participants and their collaborative partners separately learned parts
of the full scene (equivalent to each receiving several “jigsaw pieces”), then
successively reconstructed their learned parts in the same area to ultimately
complete full scene restoration (the “jigsaw puzzle”task). Second, what scene
should be used? Previous spatial reference frame research mostly adopted “T-
shaped”scenes (Li & Zhang, 2011; Mou et al., 2008; Street & Wang, 2014),
which have a prominent vertical axis forming an obvious left-right symmetrical
structure. To avoid the influence of scene internal structure on participants’spa-
tial reference direction selection, we adopted a fully symmetrical circular scene
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(Greenauer & Waller, 2008; Xie, 2020) with no prominent axis, ensuring that
both parties’learning and memory of the full scene wouldn’t be biased by scene
structure and facilitating examination of participants’selection between the two
reference directions. Based on these two changes, we designed Experiment 1 to
examine the feasibility of this experimental paradigm. If participants showed
significant response advantages for their own perspective and its associated axis
or coordinate system, it would indicate they still chose their own perspective
to form the reference frame. If the advantage of their own perspective and
its associated axis or coordinate system decreased, it would suggest they could
notice and even process the collaborative partner’s perspective, attempting to
incorporate it into their own spatial reference frame representation, forming an
integration effect.

2.2 Methods

2.2.1 Participants Using G*Power 3.1.9.7 to estimate sample size and refer-
encing Song et al.’s (2024) standards, we set 𝛼 = 0.05, 1-𝛽 = 0.95, and medium
effect size f = 0.25, which indicated that 23 participants were needed for a
single-factor eight-level within-subjects design. After balancing gender, scene,
and trial presentation order, the experiment ultimately recruited 30 university
student participants with a mean age of 22.97 years (SD = 0.90 years), including
15 males and 15 females, meeting the requirements. All participants had nor-
mal or corrected-to-normal vision, participated voluntarily, had not participated
in similar experiments before, and received corresponding compensation upon
completion. All experiments were approved by the Nanjing Normal University
Biomedical Ethics Review Committee (Approval No.: NJU2022060041).

2.2.2 Experimental Design Experiment 1 used a single-factor within-
subjects design. The independent variable was the imagined orientation in the
relative direction judgment task, with eight levels: 0°/45°/90°/135°/180°/225°/270°/315°.
Referencing Wang et al. (2021), we grouped these imagined orientations in
two ways. The first grouping divided them into two coordinate systems: one
being the participant’s coordinate system, including directions aligned with
the participant’s perspective (0°/90°/180°/270°), and the other being the
collaborative partner’s coordinate system, including directions aligned with
the partner’s perspective (45°/135°/225°/315°). The second grouping divided
them into four axes, combining the two orientations on each axis into one
category, resulting in four axes: the 0°-180° axis (aligned with participant’s
perspective, referred to as participant’s view axis), the 315°-135° axis (aligned
with partner’s perspective, referred to as partner’s view axis), the 90°-270°
axis (perpendicular to participant’s perspective, referred to as participant’s
orthogonal axis), and the 45°-225° axis (perpendicular to partner’s perspective,
referred to as partner’s orthogonal axis).

The dependent variables were pointing error (the angle between the participant’s
pointing direction and the object’s actual direction) and reaction time. Following
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Mou and McNamara (2002), we used pointing error as the primary measure of
interest, with reaction time as a supplementary variable (Wang et al., 2021).

2.2.3 Apparatus and Materials Experimental Apparatus: The test
program was compiled using E-Prime 2.0 and presented on a Dell Optiplex
7020 desktop computer with a 27-inch monitor (refresh rate: 60 Hz, resolution:
1920$×$1080).

Questionnaire: Referencing previous research (Wang et al., 2021), this exper-
iment used the Santa Barbara Sense of Direction Scale (SBSOD; Hegarty et al.,
2002) as a tool to measure participants’spatial abilities. Questionnaire scores
were used as covariates in subsequent ANOVA analyses.

Learning Scene: Both learning and collaboration phases took place in a cylin-
drical tent with a diameter of 3m. A round table (height: 1m, tabletop diameter:
1.2m) stood at the center for placing experimental materials, and an incandes-
cent lamp at the top provided lighting. The experimental materials included
nine common objects numbered 1-9: pen holder, jar, vase, toothpick, trash bag,
cotton swab, candle, glass, and glue (see Figure 1

Figure 1: Figure 1

). All objects had no obvious orientation and no clear semantic connections.

Figure 1. Experimental scene structure and actual scene photograph

The complete scene used in the experiment consisted of the nine objects arranged
in a circular layout. The pen holder was positioned at the center, with the
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remaining objects evenly spaced around it at 45° intervals (see Figure 1), each
approximately 0.3m from the table center. Participants and their collaborative
partners separately learned parts of this scene: the participant’s learning scene
contained five objects, while the partner’s scene (which partially overlapped
with the participant’s) contained six objects.

To reduce the influence of scene arrangement on participants, Experiment 1 set
up two partial scenes for participants and collaborative partners (see Figure 2

Figure 2: Figure 2

), with the left side as one group and the right side as another. That is, half
of the participants learned Scene � while their collaborative partner saw Scene
�; the other half learned Scene � while their partner saw Scene �.

Scenes � and � shared a common principal axis (aligned with the participant’
s viewing direction, the 0°-180° axis), formed by objects 3-1-7. Scenes � and
� shared a common principal axis (aligned with the collaborative partner’s
viewing direction, the 135°-315° axis), formed by objects 4-1-8. The participant’
s and partner’s viewing perspectives did not possess each other’s advantageous
principal axis directions—for example, Scenes � and � lacked objects 4 and 8,
while Scenes � and � lacked object 3.

Figure 2. Schematic diagram of learning scenes in Experiment 1

Test Items: The test used the classic relative direction judgment task (Mou
& McNamara, 2002), specifically phrased as “Imagine you are standing at the
location of object A, facing object B. Please point to the direction where object
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C is located”(in the actual experiment, A/B/C were replaced with object names).
If the direction from A to B constituted the imagined orientation and it coincided
with the participant’s selected reference direction, judgment performance would
be better than for other items. After balancing the frequency of each object’s
appearance in the statements and the frequency of each imagined orientation, we
set 80 formal trials, 6 practice trials, and 8 filler trials. In the formal trials, each
imagined orientation appeared 10 times, with 8 imagined orientations totaling 8
× 10 = 80 trials. Among the eight objects excluding the central pen holder, each
object served as the locating object A and the orientation object B 10 times each
(for A or B: 8 × 10 = 80 total), and as the test object C nine times. The pen
holder only appeared as test object C eight times (for C: 8 × 9 + 8 = 80 total).
Considering that the pen holder was the central object and that orientations
including it (as object B) were relatively easy to imagine and less difficult, we
designed eight such trials as filler trials, which were excluded from final data
analysis. To reduce participant fatigue, based on pilot study reaction times and
feedback, the formal experiment was divided into four blocks (with one filler
trial before and after each block), and participants could rest between blocks.
Additionally, to reduce familiarity and learning effects across trials, the trial
order in each block was predetermined to avoid the same object or orientation
appearing consecutively, and the order of the four blocks was balanced across
participants.

2.2.4 Experimental Procedure The experimental procedure was based
on the following assumption: Both collaborators learn separately, then re-
construct the scene through a “jigsaw puzzle”process. During this process,
since the scene has no explicit geometric features (Li, Mou, & McNamara,
2009), both parties learn based on their own observation perspectives, thus
adopting different reference frames. Participants establish scene representation
using their own observation perspective direction (0°), then observe the
composition of the partner’s objects through scene reconstruction operations,
and deepen their impression and reflectively learn the partner’s intrinsic
reference direction (i.e., the collaborative partner’s perspective at 315°)
during the joint learning process. It is possible that due to the prerequisite
of collaboration, participants need to incorporate the other’s reference frame
into their own representation, manifested as no significant difference in reac-
tion times between items containing their own reference frame direction (i.e., the
7$→1→3𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛)𝑎𝑛𝑑𝑖𝑡𝑒𝑚𝑠𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔𝑡ℎ𝑒𝑝𝑎𝑟𝑡𝑛𝑒𝑟′𝑠𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑓𝑟𝑎𝑚𝑒𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛(𝑖.𝑒., 𝑡ℎ𝑒8→1→$4
direction) in the relative position judgment task. Conversely, if integration
does not occur, participants would respond faster to items containing their own
reference direction.

The experimental procedure referenced Sjolund et al.’s (2014) research process,
including six stages: preparation, learning, scene reconstruction, joint learning,
scene labeling, and testing, with the entire process lasting approximately 60
minutes.
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1. Preparation Phase: The experimenter introduced the experimental pro-
cedure and specific requirements to participants, ensuring they fully under-
stood the task. Participants were informed that they and a partner would
separately learn parts of the full scene, that the partner had already com-
pleted learning and was waiting to reconstruct the scene together, but that
they wouldn’t know the partner’s location until the reconstruction phase.
Participants were also told they wouldn’t know that the collaborative
partner was actually a confederate. After the introduction, participants
had approximately one minute to familiarize themselves with all nine ob-
jects and their corresponding names. Once participants confirmed their
understanding, they completed the Santa Barbara Sense of Direction Scale
on a laptop computer.

2. Learning Phase: After completing the questionnaire, participants put
on a blindfold and entered the tent. Once confirmed to have moved to the
preset position (participant’s viewpoint in Figure 2), they removed the
blindfold (participants remained stationary during the first five phases)
and received the instruction: “You will see several objects on the table.
Please try to accurately remember each object’s location so you can recon-
struct the scene with your partner in the next collaboration phase. You
have unlimited learning time. Please inform me when you are confident
you have remembered the scene.”After participants completed learning
from the “participant’s perspective”shown in Figure 2, they put on the
blindfold again, and the experimenter removed all objects from the table
into an object box.

3. Scene Reconstruction Phase: The experimenter left the tent, asked
the collaborative partner (confederate) to put on a blindfold and guided
them into the tent to the designated position (collaborative partner’s view-
point in Figure 2). Both parties then received the instruction: “Please
remove your blindfolds together. You have separately learned parts of the
full scene. Next, you need to work together to reconstruct the entire scene.
I will randomly designate one of you to first arrange your learned scene,
and the other will supplement based on their own learning. Now, please
arrange your learned scene first.”The experimenter always pointed to the
partner first. Across all three experiments, the partner’s object arrange-
ment order during the reconstruction phase was always top-to-bottom,
left-to-right. For example, in the left scene of Figure 2, the reconstruction
order was: 4$→1→8→9→6→$7 (the first three objects’order indicated
the partner’s intrinsic reference direction; Mou, Liu, & McNamara, 2009).
After the partner completed their task, they handed the object box to the
participant, who continued to supplement the remaining object positions.
Once all objects were placed on the table, the experimenter gave the in-
struction:“Now all objects are on the table. You still have opportunities to
take turns adjusting object positions until both of you are satisfied. Then
I will check the result. If there are no problems, the collaboration is suc-
cessful; if there are serious deviations, I will ask you to collaborate again.”
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During this process, the experimenter provided no guidance or hints, but
the partner would adjust object positions to approximate the preset full
scene as closely as possible. After both parties finished adjusting, the
experimenter photographed the result as a record of their collaborative
performance.

4. Joint Learning Phase: Both parties remained in their positions and
received the following instruction: “The reconstructed scene is very suc-
cessful. All objects are in their correct positions. You now need to con-
tinue learning the locations of all objects in the scene to complete the final
memory test. The test score will also be recorded as your collaborative
performance. You still have unlimited learning time. Please inform me
when you are confident you have remembered the scene.”

5. Scene Labeling Phase: After participants indicated they had finished
learning (the partner always indicated completion shortly after the partici-
pant), the experimenter removed all objects from the table and distributed
a circular white paper and pen to both parties. Following a participant-
first then partner-second order, both parties were asked to label the names
of the nine objects from their own perspectives on separate sheets. The ex-
perimenter provided accuracy feedback, and participants had to complete
three consecutive error-free labelings to proceed to the final test. While
one party was labeling, the other rested nearby with a blindfold.

6. Testing Phase: After completing all scene labeling tasks, the experi-
menter first guided the participant out of the tent to complete the relative
direction judgment task, then dismissed the collaborative partner. Before
testing, the experimenter explained the task: The task required partici-
pants to use the interface-indicated imagined standing position and orien-
tation as reference (“Imagine you are standing at the location of object A,
facing object B. Please point to the direction where object C is located”
), rotate the pointer by clicking the left mouse button, and click again to
confirm the target object’s direction. The program automatically recorded
participants’response coordinates and reaction times. Participants first
completed practice trials with immediate feedback from the experimenter
until they fully understood the task and responded correctly three times.
After practice, the formal experiment began. Participants were instructed
to respond as quickly as possible while maintaining accuracy. The formal
experimental procedure is shown in Figure 3

.

Figure 3. Task flow in the testing phase

2.2.5 Data Analysis The collected coordinate data were first converted to
pointing error (transformed to absolute values, always positive). Following
Wang et al.’s (2021) processing method, trials with pointing error ≥ 45° were
defined as error trials, and data from participants with accuracy below 60% were
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Figure 3: Figure 3

excluded. Subsequently, scores from the Santa Barbara Sense of Direction Scale
were used as covariates, and SPSS was used for repeated measures ANOVA.

2.3 Results

In Experiment 1, participants’average response accuracy in the relative direction
judgment task was 90.8%, and no participants were excluded due to low accuracy.
Correlation analysis of all participants’reaction times and pointing errors yielded
a Pearson correlation coefficient of -0.07 (p = 0.71), indicating no speed-accuracy
trade-off. Detailed data are shown in Table 1 .

Table 1. Means (M) and Standard Deviations (SD) of Pointing Errors (degrees)
and Reaction Times (seconds) for Each Imagined Orientation in Experiment 1

Using participants’scores on the Santa Barbara Sense of Direction Scale as co-
variates, ANOVA on pointing errors (see Figure 4) revealed a significant main
effect of imagined orientation when divided into eight levels (Greenhouse-Geisser
corrected), F(4.99, 139.77) = 2.98, p = 0.01, �2p = 0.10. Post-hoc comparisons
showed that pointing errors at 0° orientation were significantly lower than the
other seven orientations (ps < 0.02), while errors at 225° orientation were sig-
nificantly higher than the other seven orientations (ps < 0.01). Additionally,
45° > 315° (p = 0.04) and 135° > 270°/315° (ps < 0.03). All other pairwise
comparisons between orientations were non-significant (“>”or “<”indicate
significant differences, “=”indicates no significant difference, same below).

Figure 4 [FIGURE:4]. Pointing errors under different imagined orientation
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conditions in Experiment 1 (error bars represent $±$1SE, same below)

We conducted two types of grouping analyses to further explore participants’
performance patterns. First, when dividing imagined orientations into two co-
ordinate systems for ANCOVA, results showed a significant main effect, F(1, 28)
= 5.39, p = 0.03, �2p = 0.16, 95%CI = [-6.51, -2.50]. Participants’pointing errors
for their own coordinate system (M = 16.66, SD = 5.80) were significantly lower
than for the collaborative partner’s coordinate system (M = 21.40, SD = 7.86),
indicating that participants did not incorporate the partner’s entire reference
frame into their spatial representation. However, does this mean the partner’s
perspective was completely ignored? To further investigate, we divided imagined
orientations into four axes for analysis. Results showed a significant main effect,
F(3, 84) = 4.13, p = 0.01, �2p = 0.13. Post-hoc comparisons revealed that point-
ing errors for the 0°-180° axis (M = 15.67, SD = 7.53) were significantly lower
than for the 45°-225° axis (M = 23.57, SD = 10.38, 95%CI = [-10.81, -4.05], p <
0.001) and the 135°-315° axis (M = 19.24, SD = 7.03, 95%CI = [-5.75, -0.11], p
= 0.04). The 45°-225° axis showed significantly higher pointing errors than the
90°-270° axis (M = 17.24, SD = 6.30, 95%CI = [3.33, 8.82], p < 0.001) and the
135°-315° axis (95%CI = [1.46, 7.55], p = 0.01). No significant differences were
found between the 0°-180° and 90°-270° axes (p = 0.32) or between the 90°-270°
and 135°-315° axes (p = 0.20). These results suggest that although participants
in Experiment 1 did not integrate both parties’reference frames, their response
errors for the axis aligned with the collaborative partner’s perspective were
significantly lower than for the axis perpendicular to the partner’s perspective,
demonstrating that participants could already consider the partner’s perspec-
tive when representing spatial reference frames. However, this advantage did
not extend to directions perpendicular to the partner’s perspective.

ANCOVA on reaction times showed that when imagined orientations were
divided into eight levels, the main effect of imagined orientation was non-
significant (Greenhouse-Geisser corrected), F(2.30, 64.37) = 2.30, p = 0.09.
However, the advantage of 0° over other orientations (ps < 0.01) and the
disadvantage of 225° over other orientations except 135° (ps < 0.31) were
present. When imagined orientations were divided into two categories, the
main effect was non-significant (F(1, 28) = 2.44, p = 0.13), but there was a
trend for the participant’s perspective coordinate system (M = 16.25, SD
= 7.67) to be faster than the partner’s perspective coordinate system (M =
19.29, SD = 10.15). When divided into four axes, the main effect was also
non-significant, F(1.84, 51.56) = 1.76, p = 0.16. However, the 0°-180° axis (M
= 15.46, SD = 6.40) showed advantages over the 45°-225° axis (M = 19.11, SD
= 9.29, 95%CI = [-5.23, -2.07], p < 0.001) and the 135°-315° axis (M = 19.47,
SD = 11.25, 95%CI = [-6.37, -1.64], p < 0.01). Although no significant main
effects were found in reaction time analyses, the general trend was consistent
with pointing errors.
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2.4 Discussion

Experiment 1’s results differed somewhat from Sjolund et al.’s (2014) findings.
In their study, some participants were assigned to individual learning groups
and learned scenes from 0° or 45° directions; other participants were assigned
to paired groups where one learned from 0° and the other from 45°, then col-
laborated to reconstruct the scene. After scene reconstruction, all participants
completed relative direction judgment tasks individually. Results showed that
regardless of whether participants reconstructed scenes individually or collab-
oratively, they all chose directions consistent with their own observation per-
spectives for spatial representation, and the partner’s perspective showed no
advantage whatsoever. The presence of a collaborative partner did not signifi-
cantly influence their spatial reference frame selection; participants established
a single egocentric reference frame, demonstrating the important role of egocen-
tric experience in spatial representation.

In this experiment, we attempted to improve the collaborative nature of the
experimental context. Compared to previous research, we found that partici-
pants’data trends from the partner’s perspective showed some changes in this
experiment: in the eight-level comparison, performance at 315° was second only
to 0°; in the four-axis comparison, performance on the 135°-315° axis showed no
difference from the 90°-270° axis. This indicates that the collaborative improve-
ments in this experiment had some effect in promoting participants’memory
representation from the partner’s perspective.

Could participants achieve complete reference frame integration? At this point,
we considered the importance of gaze in perspective-taking mentioned in the
literature review. Some scholars have pointed out that spontaneous perspective-
taking only occurs when participants perceive that their partner can also visually
receive scene information (Freundlieb et al., 2016; Ward et al., 2020). However,
in Experiment 1, participants and partners stood relatively close (45° angular
difference), possibly resulting in weak perception of the partner’s perspective
and a continued tendency to establish reference frames from their own perspec-
tive. Additionally, participants might have believed the partner’s angle was too
similar to warrant perspective-switching to understand the scene from the other’
s viewpoint, reducing the likelihood of establishing a reference frame from that
perspective. Furthermore, the 315° orientation (compared to 45°) has shown
special judgment advantages in some studies (e.g., Zhou & Zhang, 2005). To
address these issues, Experiment 2 changed the partner’s position based on
Experiment 1 to create an approximate face-to-face situation while increasing
the angular difference between participant and partner, further exploring the
conditions that promote spatial reference frame integration.
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3. Experiment 2: Spatial Reference Frame Selection in
Spatial Collaboration Tasks—The Role of Partner Position
3.1 Introduction

Experiment 2 further explored the conditions that promote reference frame in-
tegration. Based on previous research, participants’attention to their partner’s
gaze might affect perception of that direction. Therefore, Experiment 2 altered
previous conditions to seek evidence of participants’reference frame integration.

3.2 Methods

3.2.1 Participants Based on G*Power calculations, the planned sample size
remained 23, and the experiment ultimately recruited 30 university student
participants with a mean age of 23.78 years (SD = 1.39 years), including 15
males and 15 females.

3.2.2 Experimental Design The apparatus, questionnaire, and data pro-
cessing methods were the same as in Experiment 1. The difference was that
during the learning phase, the collaborative partner’s perspective shifted from
315° to 225°. Under the premise of an unchanged full scene, Experiment 2 also
set up two partial scenes for participants and collaborative partners: Participant
Scene � consisted of objects 1, 3, 4, 7, and 9, with the corresponding partner
scene consisting of objects 1, 2, 5, 6, 7, and 8. Participant Scene � consisted of
objects 1, 3, 5, 7, and 8, with the corresponding partner scene consisting of ob-
jects 1, 2, 4, 6, 7, and 9. Both participant perspective scenes shared a common
principal axis formed by objects 3-1-7, while both collaborative partner scenes
shared a common principal axis formed by objects 6-1-2 (Figure 5 [FIGURE:5]).

Figure 5. Schematic diagram of learning scenes in Experiment 2

After this modification, the independent variable classification changed when
divided into four axes: the 0°-180° and 90°-270° axes remained unchanged, the
45°-225° axis became the partner’s view axis, and the 315°-135° axis became
the partner’s orthogonal axis. The experimental procedure remained the same
as Experiment 1 except for the change in partner position.

3.3 Results

In Experiment 2, participants’average response accuracy in the relative direction
judgment task was 93.1%, and no participants were excluded due to low accuracy.
Correlation analysis of all participants’reaction times and pointing errors yielded
a Pearson correlation coefficient of 0.24 (p = 0.18), with no significant correlation
between accuracy and reaction time, indicating no speed-accuracy trade-off in
Experiment 2. Details are shown in Table 2 .

Table 2. Means (M) and Standard Deviations (SD) of Pointing Errors (degrees)
and Reaction Times (seconds) for Each Imagined Orientation in Experiment 2
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3.3.1 Single-Experiment Analysis ANCOVA on pointing errors showed
that when imagined orientations were divided into eight levels, the main ef-
fect of imagined orientation was non-significant (Greenhouse-Geisser corrected),
F(3.85, 107.89) = 0.28, p = 0.96 (see Figure 6 [FIGURE:6]). When divided
into two categories (participant’s coordinate system/partner’s coordinate sys-
tem), the main effect was non-significant, F(1, 28) < 0.01, p = 0.96. When
divided into four axes (0°-180° axis/90°-270° axis/45°-225° axis/135°-315° axis),
the main effect was also non-significant (Greenhouse-Geisser corrected), F(2.22,
62.26) = 0.04, p = 0.99.

Figure 6. Pointing errors under different imagined orientation conditions in
Experiment 2

ANCOVA on reaction times showed that when imagined orientations were di-
vided into eight levels, the main effect was non-significant (Greenhouse-Geisser
corrected), F(3.94, 110.28) = 2.06, p = 0.09. When divided into two categories,
the main effect was significant, F(1, 28) = 5.03, p = 0.03, �2p = 0.15, 95%CI
= [-3.86, -1.48], with the participant’s coordinate system (M = 16.15, SD =
4.26) being faster than the partner’s coordinate system (M = 18.81, SD =
6.19). When divided into four axes, the main effect was significant, F(3, 87) =
3.04, p = 0.03, �2p = 0.10. Post-hoc comparisons revealed that reaction times
for the 0°-180° axis (M = 15.07, SD = 4.22) were significantly shorter than for
the 45°-225° axis (M = 18.95, SD = 6.07, 95%CI = [-5.39, -2.37], p < 0.001),
the 90°-270° axis (M = 17.22, SD = 4.84, 95%CI = [-3.35, -0.94], p = 0.001),
and the 135°-315° axis (M = 18.67, SD = 12.78, 95%CI = [-5.26, -1.94], p <
0.001). The 45°-225° axis showed significantly longer reaction times than the
90°-270° axis (p = 0.01, 95%CI = [0.39, 3.08]). All other pairwise comparisons
were non-significant (ps > 0.08). The reaction time results, though not showing
significant main effects, showed the same general trend as pointing errors.

3.3.2 Joint Analysis To better compare results across experiments, we con-
ducted a joint analysis of pointing errors from Experiments 1 and 2. When using
eight imagined orientation categories, the interaction between imagined orien-
tation and experiment was significant (Greenhouse-Geisser corrected), F(5.27,
300.43) = 2.44, p = 0.03, �2p = 0.04. Based on previous analysis results, the
data trend for imagined orientations in Experiment 1 (p = 0.01) differed signif-
icantly from that in Experiment 2 (p = 0.96). To better interpret the results,
we focused on the other two independent variable classifications.

When imagined orientations were divided into two categories, the interaction
between experiment and the two coordinate systems was non-significant, F(1,
57) = 2.43, p = 0.12. When divided into four axes, it should be noted that the
status of the 45°-225° and 315°-135° axes differed between the two experiments.
Therefore, we analyzed four levels: participant’s view axis/participant’s or-
thogonal axis/partner’s view axis/partner’s orthogonal axis. Results showed
no significant main effect of between-experiment differences, F(1, 57) = 1.74,
p = 0.19, but a significant interaction between experiment and the four axes,
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F(3, 171) = 2.90, p = 0.04, �2p = 0.05. Based on previous analysis results,
the difference among the four axes was significant in Experiment 1 (p = 0.01)
but non-significant in Experiment 2 (p = 0.99). Combined with the data trend
in Figure 7 and statistical results from Experiments 1 and 2, clear differences
existed between the experiments. In Experiment 1, the participant’s view axis
showed significant advantages, while the partner’s orthogonal axis was at a
clear disadvantage. However, in Experiment 2, the disadvantage of the partner’
s orthogonal axis decreased substantially, and the data line flattened, leading
to reduced overall significance.

Figure 7 [FIGURE:7]. Pointing errors under four imagined orientation axis
conditions in Experiments 1 and 2

Joint analysis of reaction times found that regardless of whether using eight
imagined orientations, four axes, or two coordinate systems, their interactions
with experiment were all non-significant (Fs < 0.71, ps > 0.58).

3.4 Discussion

Combined pointing error and reaction time results showed that after increasing
the angle between participant and partner in Experiment 2 (placing the collab-
orative partner at the 225° position), evidence of participants’reference frame
integration was found, supporting the previous hypothesis. That is, changing
the partner’s position from beside the participant to an approximate face-to-face
arrangement promoted more advanced spatial reference frame integration. Re-
action time results, however, showed that participants’response speed for their
own orthogonal direction remained significantly faster than for the partner’s
orthogonal direction, with similar trends across Experiments 1 and 2. Although
spatial reference frame integration was clearly demonstrated in pointing errors,
participants might have formed“primary-secondary”dual reference frames. The
“primary”reference frame from their own perspective and the “secondary”ref-
erence frame from the partner’s perspective showed no significant difference
in pointing error (response accuracy), but the“secondary”reference frame was
slightly slower in reaction speed than the “primary”one.

Although Experiment 2 showed that participants could integrate spatial refer-
ence frames to some extent, both experiments involved multiple phases, partic-
ularly the post-collaborative reconstruction phase, leaving questions about how
integration occurs and whether it depends on the partner’s continuous pres-
ence. Zhou et al. (2022) found that even when an object first appeared in a
scene and then left, participants could still spontaneously adopt that object’s
perspective. In our research, if participants continued subsequent tasks alone
after collaboratively completing scene reconstruction with their partner, could
they maintain or re-establish effective spatial reference frame integration? In
other words, is the partner’s presence a necessary condition for maintaining this
integrated state? This study planned to test whether this phenomenon applies
to the current research context through Experiment 3. The experiment set the
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partner to leave after joint learning ended, providing preliminary exploration of
integration timing, with future research extending the departure condition to
other phases. This will help us better understand how individuals process spa-
tial information during complex interactions and explore the underlying spatial
cognitive mechanisms.

4. Experiment 3: Spatial Reference Frame Selection in
Spatial Collaboration Tasks—The Role of Partner Depar-
ture Timing
Building on Experiment 2, Experiment 3 further manipulated the partner’s
departure timing to alter experimental conditions, aiming to examine whether
participants’performance in relative direction judgment tasks could replicate
Experiment 2’s results.

4.1 Methods

4.1.1 Participants Based on G*Power calculations, the planned sample size
remained 23. The experiment ultimately recruited 32 university student partic-
ipants, with two excluded due to accuracy below 60%, leaving 30 participants
with a mean age of 23.16 years (SD = 1.46 years), including 14 males and 16
females.

4.1.2 Experimental Design The experimental design, apparatus, materials,
and data analysis were the same as in Experiment 2. The difference from the
previous two experiments was that in this experiment, after participants com-
pleted the scene reconstruction task with their collaborative partner (i.e., after
completing Phase 3), the experimenter used instructions to ask the partner to
leave the tent first, while the participant remained inside to learn the full scene
and complete the scene labeling phase alone. When participants indicated they
had completed full scene memory, the experimenter asked them to continue
with the scene labeling phase. After scene labeling, participants were asked to
put on a blindfold and wait, while the experimenter left the tent to have the
partner complete the scene labeling task (which took about one minute, the
average time from the previous two experiments). Finally, the experimenter
brought the participant out of the tent for the final testing phase.

4.2 Results

After excluding two participants, the remaining 30 participants in Experiment
3 had an average response accuracy of 91.5% in the relative direction judgment
task. Correlation analysis of participants’reaction times and pointing errors
yielded a Pearson correlation coefficient < 0.01 (p = 0.99), with no significant
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correlation between accuracy and reaction time, indicating no speed-accuracy
trade-off in Experiment 3. Details are shown in Table 3 .

Table 3. Means (M) and Standard Deviations (SD) of Pointing Errors (degrees)
and Reaction Times (seconds) for Each Imagined Orientation in Experiment 3

4.2.1 Single-Experiment Analysis ANCOVA on pointing errors showed
that when imagined orientations were divided into eight levels, the main effect
was non-significant (Greenhouse-Geisser corrected), F(3.48, 97.61) = 0.40, p =
0.90 (see Figure 8 [FIGURE:8]). When divided into two categories (participant’
s coordinate system/partner’s coordinate system), the main effect was non-
significant, F(1, 28) < 0.01, p = 0.99. When divided into four axes (0°-180°
axis/90°-270° axis/45°-225° axis/135°-315° axis), the main effect was also non-
significant, F(3, 84) = 0.09, p = 0.97.

Figure 8 [FIGURE:8]. Pointing errors under different imagined orientation
conditions in Experiment 3

ANCOVA on reaction times showed that when imagined orientations were di-
vided into eight levels, the main effect was significant, F(7, 196) = 2.75, p =
0.01, �2p = 0.09. Post-hoc comparisons revealed that judgments at 0° orien-
tation were significantly faster than the other seven orientations (ps < 0.03),
while judgments at 225° orientation were significantly slower than the other
seven orientations (ps < 0.03). Additionally, 45° > 270°/315° (ps < 0.02), 135°
> 45°/90°/270°/315° (ps < 0.02), and 180° > 90°/270°/315° (ps < 0.02). All
other pairwise comparisons were non-significant. When imagined orientations
were divided into two categories, the main effect was non-significant, F(1, 28)
= 3.10, p = 0.09. When divided into four axes, the main effect was also non-
significant, F(3, 84) = 1.53, p = 0.21.

4.2.2 Joint Analysis We further conducted joint analysis of pointing errors
from Experiments 2 and 3. Regardless of whether using eight imagined orienta-
tions, four axes, or two coordinate systems, their interactions with experiment
were all non-significant (Fs < 1.33, ps > 0.26). Therefore, we conducted joint
analysis of reaction times as a supplement.

Joint analysis of reaction times showed that with the main effect of between-
experiment differences being non-significant (F(1, 84) = 0.29, p = 0.59), the
interaction between the four-axis analysis and experiment was significant, F(3,
171) = 3.49, p = 0.01, �2p = 0.06, indicating significant differences in reaction
time performance across the four axes between the two experiments. Based on
previous analysis results, the axis effect was significant in Experiment 2 (p <
0.01) but non-significant in Experiment 3 (p = 0.21). As shown in Figure 9
[FIGURE:9], the 0°-180° axis (participant’s view axis) in Experiment 2 was
significantly faster than other axes, while this advantage diminished in Exper-
iment 3. When using eight imagined orientations and two coordinate systems,
their interactions with experiment were both non-significant (Fs < 1.45, ps >
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0.18).

Figure 9 [FIGURE:9]. Reaction times under four imagined orientation axis
conditions in Experiments 2 and 3

4.3 Discussion

The previous joint analysis results showed differences between Experiments 1
and 2 in pointing errors, specifically manifested as a significant decrease in
pointing errors for the collaborative partner’s orthogonal axis. This indicates
that the design of changing the partner’s position to approximate face-to-face
significantly improved participants’learning of the partner’s perspective refer-
ence frame, thereby changing the form of participants’spatial reference frame
representation. However, Experiments 2 and 3 showed no significant differences
in pointing errors, indicating that manipulating the partner’s departure timing
did not significantly alter participants’spatial reference frame representation
form. Both Experiment 3 and Experiment 2 showed evidence of spatial refer-
ence frame integration. Overall, this suggests that although the partner left
before participants’second representation, it did not affect participants’ability
to integrate reference frames. Additionally, we noted that participants’self-view
axis advantage was further affected in this process. The dynamic information of
the partner’s appearance and departure formed a cue that strengthened partici-
pants’attention to the partner’s perspective, deepening memory traces. In con-
trast, interference with their own perspective also increased, thereby narrowing
the reaction time difference between their own perspective axis and the other’
s perspective axis. This was manifested as significant differences in reaction
times across the four axes in Experiment 2, while these differences disappeared
in Experiment 3, with the self-perspective axis advantage decreasing. Similar
patterns have been found in perspective-taking test tasks during perceptual rep-
resentation processes (Dou & Li, 2024), suggesting that tendencies in perceptual
processes extend into memory representation.

5. General Discussion
This study took spatial reference frames as its starting point, combined with
research experience in spatial perspective-taking and spatial collaboration, cre-
ated a jigsaw-style spatial collaboration scenario where participants completed
spatial tasks with partners, and used the relative direction judgment paradigm
to design three experiments that progressively explored participants’reference
frame representation characteristics in spatial collaboration and the psycholog-
ical mechanisms influencing spatial reference frame integration. From the com-
parison of pointing errors under the most typical eight imagined orientation
conditions across the three experiments, we examined participants’reference
frame establishment strategies under three conditions: partner standing at 315°,
partner at 225°, and partner at 225° with mid-experiment departure. As shown
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in Figure 10 [FIGURE:10], pointing errors at 225° decreased significantly from
Experiment 1 to Experiments 2 and 3 (post-hoc tests showed ps < 0.02), with
45° (opposite to 225°) also showing a decreasing trend. This reveals that people
adopt their partner’s perspective and integrate the partner’s reference frame
into their own, though integration effectiveness is influenced by factors such as
angular difference and partner departure timing.

Figure 10 [FIGURE:10]. Comparison of pointing errors under different imag-
ined orientation conditions across three experiments (unit: degrees)

5.1 Reference Frame Integration: Establishment of Multiple Refer-
ence Systems Under Collaborative Conditions

Previous research using the same scene layout found that when no others were
present in the scene, or when others were present but didn’t communicate or
collaborate with participants, participants only represented the scene egocentri-
cally from their own perspective (Li et al., under review). In our Experiment 1,
participants collaborated with a partner at the 315° direction to complete spatial
tasks, yet results showed participants still established spatial reference frames
only from their own perspective, demonstrating advantages in both reaction
time and pointing error for the self-perspective reference frame. No sufficient
evidence of spatial reference frame integration was found in the results, similar
to Sjolund et al.’s (2014) findings. In their experiments, regardless of whether
participants reconstructed scenes individually or collaboratively, they all chose
directions consistent with their own observation perspectives for spatial repre-
sentation. The collaborative partner’s presence did not significantly influence
their spatial reference frame selection; participants established a single egocen-
tric reference frame.

In contrast, in Experiments 2 and 3, the pointing error advantage of partici-
pants’own coordinate system disappeared, though some differences remained in
reaction times. We therefore proposed the existence of“primary-secondary”dual
reference frames, where the“primary”reference frame from one’s own perspective
and the“secondary”reference frame from the partner’s perspective showed no
significant difference in pointing error (response accuracy), but the“secondary”
reference frame was slightly slower in reaction speed than the “primary”one.
This suggests that from a collaborative perspective, people may form two refer-
ence coordinate systems under specific conditions: the coordinate system formed
from one’s own perspective is more easily retrieved, while the coordinate sys-
tem formed from the partner’s perspective requires more cognitive effort to
retrieve, thus taking longer. Although similar patterns appeared in Galati et
al. (2013) and Xie’s (2020) studies, the former used verbal analysis methods
and task instructions to guide participants to represent the collaborative part-
ner’s perspective, while the latter only examined reaction time performance and
focused on viewpoint dependence in global representation. This study obtained
this conclusion through more natural and comprehensive experimental and data
analysis methods, advancing previous research findings and demonstrating the
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flexibility in individuals’spatial reference frame establishment process. Thus,
perspective-taking of collaborative partners can enter participants’memory rep-
resentation through perception.

5.2 Influence of Collaborative Partner Angle on Multiple Reference
System Establishment

Comparing Experiments 1 with Experiments 2 and 3 reveals that reference
frame integration occurs under certain conditions, likely related to attention.
In Experiment 1, the collaborative partner stood beside the participant at the
315° direction, which might have resulted in weak perception of the partner’s
gaze and failure to adequately incorporate the other’s perspective into their
own spatial reference frame representation. In Experiments 2 and 3, however,
the partner stood at the 225° “face-to-face”position, likely causing partici-
pants’attention and perception of the partner to involuntarily increase, thereby
promoting learning and representation of that direction and achieving spatial
reference frame integration (Li & Su, 2015). Why does a face-to-face partner
position better facilitate spatial reference frame integration? Several possible
explanations exist:

First, the influence of others’gaze. The spatial perspective-taking field has long
focused on the role of“gaze”(Dou & Li, 2024). Researchers have used goggles or
object occlusion to block others’gaze to explore boundary conditions for spatial
perspective-taking (Freundlieb et al., 2016; Kuhn et al., 2018), noting that par-
ticipants only adopt others’perspectives when they perceive their collaborative
partner’s gaze. Meanwhile, Xu (2017) pointed out that the primary condition
for perspective-taking is individuals’ability to distinguish between their own
and others’perspectives. In this study, compared to the 225° position, when
the partner stood at 315°, participants had weaker perception of the partner’
s perspective, leading to insufficient distinction between the two perspectives
and thus poor perspective-taking and coordinate system establishment. No-
tably, although the importance of others’“gaze”in perspective-taking has been
repeatedly mentioned, previous research using blind participants (Tinti et al.,
2018) and manipulating perspective-taking targets’gaze direction (Ward et al.,
2020) both found that perception of others’gaze is not a necessary condition
for perspective-taking. Tinti et al. found that blind people can perspective-take
through auditory stimuli, while Ward et al. noted that others’spatial position
rather than gaze direction triggers perspective-taking. Both studies demonstrate
the importance of perceiving others’positions. In our Experiment 1, the partner
was in participants’peripheral visual field, making it temporarily impossible to
distinguish between gaze and position influences. Therefore, participants’perfor-
mance might also have been affected by their weaker perception of the partner’
s position.

Second, the influence of collaborative tasks. As previously mentioned, task
instructions and task-related cues also affect participants’spatial reference di-
rection selection (Galati et al., 2013; Kelly et al., 2018; Shelton & McNamara,
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2004). Salm-Hoogstraeten et al. (2021) conducted experiments with robots and
found that participants only tended to adopt the robot’s perspective when
they explicitly knew they needed to interact with it; conversely, in situations
without explicit interaction needs, the robot’s gaze had no significant effect on
participants’spatial task performance. In this study, the experimental informa-
tion participants knew before the collaborative task mainly included: first, this
was a learning and memory test task; second, they had a partner with whom
they separately learned parts of the full scene; third, after learning, they would
collaborate with their partner to complete scene reconstruction. Beyond this,
participants knew nothing about their partner’s location or the spatial scene
content from the partner’s perspective, and received no instructions to learn
from the partner’s perspective. Thus, simply knowing there was a partner for
spatial collaboration might have been sufficient to prompt participants to attend
to the other’s perspective and establish a coordinate system based on it. Fur-
ther analysis of Experiment 1 can support this inference. Although participants
did not achieve spatial reference frame integration in Experiment 1, when divid-
ing the partner’s perspective reference frame into the 315°-135° axis (aligned
with partner’s perspective) and the 45°-225° axis (perpendicular to partner’
s perspective), participants’judgments for the 315°-135° direction were signifi-
cantly better than for the 45°-225° direction. This indicates that even without
completing spatial reference frame integration, the partner’s presence already
promoted participants’representation of that direction, though this influence
was insufficient to change participants’spatial representation mode.

5.3 Influence of Collaborative Partner Departure Timing on Multiple
Reference System Establishment

The main difference between Experiment 3 and Experiment 2 was that the col-
laborative partner left the tent after completing the scene reconstruction task,
resulting in less co-presence time in the tent than in Experiment 2. Although Ex-
periment 3, similar to Experiment 2, showed evidence of spatial reference frame
integration, some differences existed in separate and joint analyses of Experi-
ments 2 and 3. First, as previously mentioned, separate analysis of Experiment
2 found a significant main effect of reaction time, suggesting that although par-
ticipants completed spatial reference frame integration, they might have formed
“primary-secondary”dual reference frames. However, separate analysis of Ex-
periment 3 found no significant main effect of pointing errors, and no significant
differences in reaction times between participants’own and partner’s orthogo-
nal directions, suggesting participants might have formed two reference frames
without obvious primary-secondary distinction.

These results can be explained using Song and Dong’s (2023) multidimensional
representation model of interpersonal collaboration. The model proposes that
in joint tasks where individuals act together, representations are multidimen-
sional, including spatial representations of the spatial dimension, embodied rep-
resentations related to body parts, and social representations related to social
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interaction between individuals and others. That is, the final formation of spa-
tial representation is influenced not only by spatial environmental features but
also by individuals’social representations of others. In Experiment 2, partici-
pants jointly learned the full scene with their partner after collaborative scene
reconstruction. On one hand, the partner’s continuous presence facilitated
participants’learning of that direction; on the other hand, this somewhat re-
duced participants’memory burden—that is, a diffusion of responsibility effect
occurred. These two aspects resulted in participants being able to learn the
partner’s perspective well but with less processing depth than their own per-
spective, manifested as no significant difference in pointing errors between the
two reference frames but slower reaction speeds for the partner’s perspective
than their own. In Experiment 3, although the partner left after collaboration,
the collaborative state before departure might still have influenced participants’
spatial information processing. As Zhou et al. (2022) found, for an object that
was present and then left, participants continued to be influenced by its perspec-
tive after its departure. Therefore, after the partner briefly viewed the full scene
and left, participants might have felt obligated to help complete the unfinished
task, and this obligation prompted them to increase attention to the partner’s
perspective, thereby increasing processing depth. This ultimately resulted in no
significant differences in pointing errors or reaction speeds between participants’
own and partner’s orthogonal directions.

In summary, when others in the environment have social connections with par-
ticipants rather than being merely irrelevant objects, the process of participants
forming spatial representations is also influenced by others’behaviors. This
indicates that spatial representation construction is not only the result of indi-
viduals’internal cognitive activities but is also profoundly affected by external
environments, particularly social interaction factors. Future research can im-
prove ecological validity through three approaches: first, systematically manip-
ulate collaborative partners’“presence-absence”timing to observe how dynamic
situational changes alter spatial representation in real time; second, introduce
semantically rich language communication (e.g., task instructions, emotional
feedback) to examine how verbal content enhances or interferes with spatial
memory, thereby further verifying the influence of social contexts on spatial
reference frames; third, introduce interpersonal collaboration variables such as
collaboration willingness and satisfaction to systematically test how different
collaboration characteristics differentially affect research results.

6. Conclusions
This study created spatial collaboration tasks and used the relative direction
judgment paradigm to design three experiments exploring individuals’spatial
reference frame representation in spatial collaboration and the psychological
mechanisms influencing spatial reference frame integration. Based on compre-
hensive data analysis and discussion, the main conclusions are:
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1. Multiple representation forms of reference frames exist in spatial collabo-
rative tasks, with both single- and multi-frame representations possible.

2. Reference frame integration in spatial collaboration is modulated by the
collaborative partner’s position; an approximately face-to-face angle is
more conducive to integration than a side-by-side position.

3. Even when the collaborative partner’s presence time is reduced, partici-
pants can still complete reference frame integration. However, compared
to when the partner remains present throughout, the partner’s depar-
ture after the reconstruction phase prompts participants to form a more
profound representation of the partner’s perspective.
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