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Abstract
While 360° panoramic virtual tours are widely used for remote spatial exploration, there is no
standardized method for determining the placement or sequencing of such viewpoints. Computational
solutions like the Art Gallery Problem can determine minimal viewpoints that ensure the building’s
coverage, however cognitive research has not addressed whether these are sufficient to support the
viewer’s understanding of the space. In other words, would the hypothetical guards understand
their gallery’s layout? Drawing on the Network of Reference Frames theory and prior research on
spatial integration mechanisms and associated integration costs, this study investigates how three
design factors – visual overlap, route-based sequencing, and landmark availability – influence layout
understanding from a minimal set of views. A reproducible web-based experimental framework was
developed to enable systematic manipulation of viewpoint configurations and detailed behavioral
logging. Fifty participants explored five systematically varied configurations across five building
layouts and were tasked with recognizing the correct layout among visually similar alternatives,
reporting confidence after each decision. Monetary incentives were used to encourage attentive
exploration and constrain strategy use. Results revealed that while individual spatial ability is
a strong predictor of layout understanding (p < .001), viewpoint design significantly modulates
that understanding. Specifically, visual overlap between consecutive views significantly enhanced
layout understanding only when paired with additional cues – namely landmarks or route-based
sequencing. Among these, landmarks significantly improved layout recognition (p < .05), unlike
route-based sequencing. Moreover, combining both cues yielded no additional benefit. These findings
demonstrate how viewpoint configurations can be designed to better support layout understanding
from a minimal set of views. In addition, the proposed replicable, web-based experimental pipeline
enables systematic evaluation and optimization of viewpoint designs used in spatial learning and
navigation tools.

2012 ACM Subject Classification Human-centered computing → Empirical studies in HCI; Human-
centered computing → Virtual reality; Computing methodologies → Spatial and physical reasoning

Keywords and phrases Virtual tours, Art Gallery Problem, museum guard problem, isovists, layout
understanding, 360° panoramas

Digital Object Identifier 10.4230/LIPIcs.COSIT.2026.9

Supplementary Material Dataset (Raw data): https://osf.io/8e7pf/
Software (Experiment code): https://github.com/ahmedsaly/LayoutRecStudy

archived at swh:1:dir:855b206332b133e5573f2a51680b197ee7850902

Funding This project was supported through the JICE Seed Funding by the Joint Institute of
Individualisation in a Changing Environment.

© Ahmed Aly and Jakub Krukar;
licensed under Creative Commons License CC-BY 4.0

17th International Conference on Spatial Information Theory (COSIT 2026).
Editors: Sabine Timpf, Gabriele Filomena, Armand Kapaj, Rui Zhu, Nicholas Giudice, and Ed Manley;
Article No. 9; pp. 9:1–9:23

Leibniz International Proceedings in Informatics
Schloss Dagstuhl – Leibniz-Zentrum für Informatik, Dagstuhl Publishing, Germany

mailto:aaly@uni-muenster.de
https://orcid.org/0009-0007-6126-2150
mailto:krukar@uni-muenster.de
https://orcid.org/0000-0003-2615-8757
https://doi.org/10.4230/LIPIcs.COSIT.2026.9
https://osf.io/8e7pf/
https://github.com/ahmedsaly/LayoutRecStudy
https://archive.softwareheritage.org/swh:1:dir:855b206332b133e5573f2a51680b197ee7850902;origin=https://github.com/ahmedsaly/LayoutRecStudy;visit=swh:1:snp:e4badcac28f88537cbd404b2186f3e432078d50e;anchor=swh:1:rev:1179167becf2e1874bcae83239fa045fb8fccd78
https://creativecommons.org/licenses/by/4.0/
https://www.dagstuhl.de/lipics
https://www.dagstuhl.de


9:2 Understanding Building Layouts from Minimal 360° Views

1 Introduction

Virtual representations of architectural spaces have been increasingly used across multiple do-
mains, including real estate, architecture, and interior design [43]. A particularly widespread
approach is the use of virtual tours – interactive systems composed of sequential images,
often in 360° panoramic format, that enable users to explore built environments remotely.
The popularity of these systems, supported by commercial software such as Matterport or
3DVista, lies in their utility: users can form an impression of spatial structure and layout
without physically entering the space.

In research contexts, similar image-based paradigms are used to study spatial cognition,
navigation, and environmental understanding. For example, researchers simulate building
exploration by presenting participants with a set of images [46, 24]. However, despite the
use of such paradigms, there remains no standardized method for determining where to
place viewpoint images, how many are required, or what sequence best supports spatial
understanding. This highlights a central research gap: How can viewpoint systems be
systematically selected and organized to support spatial layout understanding?

Addressing this question has both theoretical and practical relevance. From a theoretical
perspective, it contributes to modeling how humans acquire survey knowledge from fragmented
visual input – concepts central to theories describing how we integrate information across
reference frames (see Section 2.1). Practically, it can inform the design of spatial learning tools,
legible building layouts, indoor navigation systems, and architectural visualizations based on
panoramic imagery. The primary contribution of this work is an empirical investigation of
which viewpoint-system design factors support layout understanding from a minimal set of
views.

An additional methodological contribution is a reproducible, web-based experimental
framework for panoramic layout-understanding studies. It enables systematic manipulation
of viewpoint configurations while capturing detailed behavioral responses of participants,
and incorporates a monetary incentive structure to encourage attentive exploration. Using
this framework, viewpoint positions were optimized using the Art Gallery Problem (AGP)
algorithm to calculate the minimum number of views required for full geometric coverage
(see Section 2.3). Across these optimized positions, the degree of overlap, the sequencing
strategy, and the availability of landmarks were systematically added to test their impact.

Our findings reveal that layout understanding was strongly predicted by individual spatial
ability and was significantly improved when landmarks were available within overlapping
views. Furthermore, visual overlap alone was found to be insufficient without additional cues,
and the monetary incentive structure also influenced exploration strategies.

2 Background

2.1 Reference frames and spatial integration
To understand how individuals integrate static panoramic images into a coherent mental
model, we draw on the Network of Reference Frames theory [33]. It proposes that spatial
knowledge is not stored in a single global coordinate system, but rather as a network of
locally encoded vista spaces – areas visible from a single viewpoint [33, 37]. Each vista space
is stored in its own reference frame, and transitions between vista spaces are represented
by perspective shifts involving translation and rotation required to move from one reference
frame to another. Comprehension of an environment, therefore, depends on the successful
formation of these shifts [33].
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Forming survey knowledge from panoramic imagery thus fundamentally relies on spatial
integration – the mental unification of separately experienced vista spaces into a coherent
environmental representation [33, 16, 22]. This integration relies on working-memory demands
during mental transformation and alignment, introducing what is known as integration
cost [34]. Integration costs are reflected in reduced spatial accuracy, increased task completion
time, or higher error rates during recall [34]. These costs depend on how easily viewpoints
can be aligned and linked into a consistent representation, and can be reduced by cues that
support perspective-shift formation and reference-frame alignment.

For adjacent vista spaces, visual overlap provides a primary mechanism forming per-
spective shifts: when two vista spaces share a direct visual connection, the shared geometry
provides the necessary translational and rotational components to link the frames [33]. As in-
tegration costs diminish when alignment occurs during encoding rather than being postponed
to retrieval [34], integration during encoding is operationalized through an overlap-based
sequence: presenting overlapping views consecutively so that each new panorama shares visual
information with the previous one. In our exploratory design, this overlap-based sequence
serves as the baseline for testing whether additional cues further facilitate integration and
improve layout understanding.

2.2 Cues beyond overlap: landmarks and route-based sequencing
Beyond overlap, additional cues can support integration across views and help build a coherent
layout representation. One such cue is global landmarks: distinctive objects visible from
multiple locations can act as common anchors. Self-localization relative to a landmark allows
the observer to reorient across different vista spaces, effectively providing the perspective
shift between reference frames [33]. Landmarks within overlapping regions provide stable
reference points that help align egocentric views to a shared allocentric structure, improving
memory precision [1, 15, 25] and thus reducing integration costs [34]. In the context of
panoramic viewpoint systems, this motivates placing landmarks so they remain visible across
consecutive, overlapping views, providing persistent anchors across view transitions.

Another cue is continuous updating during movement. When moving between non-
adjacent vista spaces, individuals can track their position and orientation relative to the last
encoded vista via path integration, accumulating translational and rotational information
to achieve the necessary perspective shift [32, 33]. In panoramic viewpoint systems, trans-
itions between views are inherently discontinuous and therefore resemble teleportation-like
navigation. Consistent with VR locomotion research, comparisons of teleportation with
continuous movement indicate that discontinuous transitions can impair spatial updating
and orientation and can bias spatial judgments such as distance perception [6, 29]. Accord-
ingly, many studies focus on improving how teleportation is executed – for example, adding
orientation-preserving mechanisms, rotational self-motion cues, or visual transition/flow cues
to reduce disorientation and better support spatial updating [31, 42, 3].

However, these advances mainly refine transition mechanics rather than the placement of
teleport targets. Recent work on scene-aware teleport graphs proposes structured sets of
teleport nodes derived from environmental geometry [28], but how to select a minimal set of
viewpoints that optimally supports users’ understanding of the global layout remains largely
unexplored. Our focus here is not on rendering smooth transitions between viewpoints,
but on how a minimal set of discrete viewpoints is selected and ordered to support layout
understanding. At the same time, continuous visual flow between viewpoints, even in the
absence of active bodily movement, appears to be a key driver of spatial learning: smooth
transitions between views enhance small-scale spatial learning, with passive viewing of these
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9:4 Understanding Building Layouts from Minimal 360° Views

transitions performing as well as active movement [20]. A straightforward way to approximate
some of this continuity in panoramic viewpoint systems is to structure the sequence of views
so that it follows a plausible route through the environment. In this study, a route-based
sequence was therefore tested: the same set of overlapping views was ordered to mirror how
a person might naturally explore the building.

Finally, integration efficiency is subject to individual differences. The ability to form and
use perspective shifts varies by individual spatial ability [18]. Participants with stronger
spatial abilities, such as higher mental rotation skills or a better sense of direction, demonstrate
quicker and more accurate integration [18]. Therefore, spatial ability is measured and
accounted for when analyzing differences in layout understanding between participants.

2.3 Methodological foundations: minimal viewpoints and incentives

One methodological concern is limiting the number of viewpoints while still supporting
reliable layout understanding. The cognitive demands of spatial integration increase with
the number of distinct vista spaces that must be linked into a coherent representation [33].
For example, pointing errors increase with the number of vista spaces traversed [49]. This
motivates a key design goal for panoramic viewpoint systems: fewer, well-selected viewpoints
should reduce cognitive load and support more efficient layout understanding. The challenge,
however, is how to identify the smallest set of viewpoints that is sufficient for understanding
the space. In the absence of a systematic method for determining what people need to see to
understand a space, our starting assumption is to require full visual coverage of the space.
This does not assume that full geometric coverage equals cognitive understanding; rather, it
serves as a principled baseline for testing which further design factors support understanding.
Under this condition, the question becomes: how can we identify the smallest set of viewpoints
that collectively provides full coverage? This is a computational optimization problem, and
it naturally maps to the Art Gallery Problem (AGP) [8, 39].

The AGP addresses the question of how many “guards” with 360◦ visibility are needed to
observe every point in a polygonal environment of an art gallery [8, 39]. While classical theory
gives general bounds on how many guards are needed, computing an optimal solution is
NP-hard, especially when guards are allowed to be placed anywhere inside the polygon (point
guards) [39]. A practical and widely used approach is the guard–witness formulation, which
reduces coverage to a finite set of candidate guards and witness points and solves the resulting
set-cover instance via Integer Linear Programming (ILP), iteratively refining the witness
set until full coverage is achieved. Algorithm 966 [50] provides a robust implementation of
this strategy and has been shown to solve thousands of benchmark instances efficiently on
standard hardware, achieving optimal solutions in over 95% of more than 2,700 tested cases
(including polygons with up to 2,500 vertices) [50]. In this study, this method is used to
compute the minimum set of viewpoints required for full spatial coverage.

A second methodological concern is maintaining participant attention under potentially
high cognitive demands. Because spatial integration is effortful and time-consuming, par-
ticipants may adopt different viewing strategies depending on task framing. Monetary
incentives can increase motivation and attentional effort, especially in tasks that require
the deliberate allocation of cognitive resources [4, 21]. Therefore, in this study, a monetary
incentive structure is used to encourage attentive exploration and integration across the
available views rather than superficial task completion.
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Figure 1 Overview of the five experimental conditions, varying overlap, sequencing strategy, and
landmark presence.

3 Methods

3.1 Research question and experimental conditions
Building on the integration mechanisms reviewed in Section 2, to examine how viewpoint-
system design influences layout understanding when indoor environments are explored from
a minimal set of 360◦ panoramas, the following research question is posed:

(RQ). How do viewpoint overlap, sequencing strategy, and landmark cues affect layout
understanding from a minimal set of panoramic views?

Here, layout understanding refers to the ability to form a mental representation of a building’s
overall structure (the number and arrangement of rooms or spaces, and their relative positions),
sufficient to recognize a layout among visually similar alternatives.

To address this question, the following hypotheses are proposed:
H1 (Overlap). Visual overlap between consecutive views is essential for layout under-
standing; lower layout understanding is expected when consecutive views provide no
overlap compared to when overlap is high.
H2 (Cues beyond overlap). When overlap is available, additional cues further improve
layout understanding:

H2a (Route-based order). A route-based sequence is expected to yield higher
layout understanding than an overlap-based sequence.
H2b (Landmarks). Landmark availability within overlap regions is expected to yield
higher layout understanding than an overlap-based sequence without landmarks.
H2c (Combined cues). Combining route-based order and landmarks is expected to
yield the strongest layout understanding.

H3 (Individual differences). Higher individual spatial ability predicts better layout
understanding.

To test these hypotheses, five experimental conditions were created and implemented across
five building layouts. The conditions differed along three factors: viewpoint placement,
viewing sequence, and the presence of landmarks. Figure 1 summarizes the construction
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Table 1 Overlap statistics for the min- and max-overlap placements. Total overlap sums all
pairwise isovist overlaps as a percentage of building area; regions seen by several viewpoints are
counted once per pair, so the value can exceed 100%. Overlapping viewpoints is the number of
viewpoints sharing overlap with at least one other, out of the total.

Total overlap Overlapping viewpoints
Building Min Max Min Max
B1 3.18% 182.78% 2/4 4/4
B2 1.43% 285.93% 4/6 6/6
B3 3.45% 209.90% 2/5 5/5
B4 29.11% 92.85% 3/4 4/4
B5 0.70% 60.23% 2/6 6/6

pipeline and the resulting five conditions. The minimal viewpoint number required for full
visual coverage was computed via an AGP solution (Section 2.3) and was held constant
across conditions (within each building layout). These factors were then manipulated under
the same full-coverage constraint:

Overlap level (viewpoint placement). A min-overlap placement was constructed in
which visual overlap of area seen between any pair of viewpoints was minimized as far as
the layout permitted. A max-overlap placement was constructed in which overlap was
maximized, aiming to enlarge the regions that can be jointly seen from multiple viewpoints
and to increase the number of viewpoints that share overlap. Because strict “no overlap”
between all viewpoint pairs was not always achievable, min overlap denotes the lowest
feasible overall overlap, whereas max overlap denotes a placement in which overlap was
made as extensive as feasible. The contrast between placements is summarized in Table 1
and visualized via isovists in Figure 2(a–b).
Sequencing strategy (transitions). In an overlap-based sequence, views were ordered
so that consecutive views overlapped. In a route-based sequence, consecutive overlap was
preserved while the order was adjusted to approximate a plausible walking path through
the environment. The walking path was designed manually, covering all rooms in the
layout, visiting each only once, and staying in the center of the spaces (following findings
that natural movement is biased towards lowest isovist drift [9].)
Landmark availability. Distinctive landmarks were added and were placed to remain
visible across consecutive overlapping views (i.e., within overlap regions).

Experimental conditions. Figure 2 illustrates the manipulations for one example layout.
Each condition was implemented on each building layout as follows:

C1: Min overlap + no-overlap order + no landmarks (baseline). A min-overlap
placement is used, and views are ordered so that successive views do not overlap and that
the sequence does not approximate a route.
C2: Max overlap + overlap-based order + no landmarks. A max-overlap
placement is used, and views are ordered so that each view overlaps with the next.
C3: Max overlap + route-based order + no landmarks. The same placement
as C2 is used, but views are ordered to approximate a route-like path while preserving
consecutive overlap.
C4: Max overlap + overlap-based order + landmarks. The same placement and
order as C2 are used, but landmarks are added to be visible across overlap regions.
C5: Max overlap + route-based order + landmarks. The same placement as C2
is used, with route-like ordering and landmarks, while maintaining consecutive overlap.
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(a) C1: Baseline. (b) C2: Overlap-Based. (c) C3: Route-Based.

(d) C4: Overlap + Landmarks. (e) C5: All Cues Combined.

Figure 2 Five experimental conditions for Building B2. Red dots show viewpoints (numbers =
order); blue bars = landmarks. In (a)–(b), semi-transparent isovists (not shown to participants)
quantify overlap: (a) min-overlap placement, (b) max-overlap. C2–C5 use max-overlap placements;
C1 uses min-overlap.

These conditions allow systematic testing of the proposed hypotheses: H1 is tested by
comparing C1 against the overlap-rich conditions (C2 to C5); lower layout understanding
in C1 would confirm the essential role of overlap in layout understanding. H2a is tested
by comparing C2 vs. C3, where an improvement in C3 would indicate that route-based
sequencing provides additional benefits beyond overlap-based sequence alone. H2b is tested
by comparing C2 vs. C4, where an improvement in C4 would suggest that landmarks enhance
layout understanding beyond overlap alone. H2c is tested by comparing C5 against C3
and C4, where an improvement in C5 would indicate additive or synergistic benefits from
combining route-based sequencing and landmark cues. Spatial ability (H3) is included as an
individual-differences predictor in the analysis.

3.2 Participants

Participants were recruited via Prolific and were required to be located in Germany or the
Netherlands, fluent in English, and to have a Prolific approval rate between 95% and 100%;
the study was restricted to desktop devices. Fifty-four participants were recruited, and
n = 50 were retained after predefined attention and comprehension checks (34 male, 16
female; age 18–55, M = 30.5, SD = 9.0). The full set of exclusion criteria is provided in
Appendix A.

3.3 Experimental platform

A browser-based framework was developed to support controlled presentation of panoramic
views, enforcement of task constraints, and fine-grained behavioral logging in an online
study. The framework was developed using jsPsych for experimental logic and flow [10] and
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Figure 3 Overview of the six-phase experimental flow implemented in the study.

Figure 4 Perspective-Taking Test (PTT) trial. Participants imagined standing at one object
(e.g., car), facing a second (e.g., traffic light), and indicated the direction to a third (e.g., stop sign).

Panolens.js1 for rendering panoramic images. Interaction data were logged in real time
using DataPipe [11], including view transitions, timestamps, layout selections, confidence
ratings, and viewport behavior (active exploration vs. static viewing, explored view segments,
and segment-level viewing durations). Data were stored on the Open Science Framework
(OSF). The front end was deployed via GitHub Pages, and participants were recruited
through Prolific.

3.4 Procedure and experimental flow
The study followed a six-phase procedure (Figure 3). First, all stimuli and interface assets
were preloaded on participants’ browser to avoid latency-related differences in loading and
interaction timing. Second, general instructions were presented for both the spatial-ability
assessment and the layout-recognition task. Third, spatial ability was assessed using a
computerized Perspective-Taking Test (PTT; Figure 4). The PTT consisted of six trials
in which participants were asked to imagine standing at one object, facing a second, and
indicating the direction to a third object by clicking on a circular response display. Angular

1 https://github.com/pchen66/panolens.js

https://github.com/pchen66/panolens.js
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Figure 5 Main experimental interface displaying the 360° panorama, progress indicator (bottom-
left), bonus status (top-right), and layout selection button (bottom-center).

error was computed per trial and aggregated into a participant-level score, which was
normalized as a z-score for between-participant comparisons (lower values indicating better
spatial ability). The PTT was selected as it measures rotational perspective-taking, which is
critical for integrating spatial information across multiple viewpoints. The original Spatial
Orientation Test (SOT) was introduced in prior work [26, 17], and the computerized version
used here followed a later adaptation [12].

Fourth, step-by-step task instructions were provided for the panoramic interface, explora-
tion mechanics, reward logic, and layout selection process. Fifth, a practice tutorial trial was
completed to familiarize participants with the full sequence of exploration, decision-making,
and confidence reporting. The tutorial used a simplified two-view layout with two alternative
floor plans to choose between, where the two alternatives differed in a single room. Sixth, the
main task was completed across five trials, each involving one building under one experimental
condition. On each trial, 360◦ panoramic views were explored (Figure 5) before a layout was
selected from a set of alternatives, after which confidence was rated on a five-point scale
(Figure 6) and trial feedback (correct/incorrect, correct answer, and bonus balance) was
presented. Layout understanding was operationalized via correct layout recognition among
visually similar alternatives.

During the main task, a standardized panoramic interface was used. Each panorama was
subdivided into four 90◦ segments, and all segments (i.e., the full scene) were required to
be viewed at least briefly before participants could advance to the next panorama or select
a layout. Viewing progress was displayed via an indicator. Panoramas were explored via
mouse dragging or keyboard input. The interface was designed to maintain visual consistency
across screen sizes and browser types.

3.5 Stimuli, layouts, and layout alternatives
Five building layouts were selected from the HouseExpo dataset [30]. As the raw layouts
contained geometric noise from SLAM-based scanning artifacts, vertex simplification and
wall regularization were applied using a custom script to improve architectural realism and
to ensure compatibility with AGP-based viewpoint computation. Candidate layouts were
screened to support all five experimental conditions described in Section 3.1. Selection was

COSIT 2026
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Figure 6 Layout-choice screen (example Building B4). Participants selected the correct layout
among three visually similar alternatives within a 40 s decision window, then reported confidence on
a five-point scale.

Table 2 Condition assignments across layouts for the five experimental combinations. The
combinations forming a balanced Latin square in which each condition appears exactly once per
building and once per combination.

Building
Combination B1 B2 B3 B4 B5

1 C2 C4 C1 C3 C5
2 C5 C1 C3 C2 C4
3 C3 C5 C4 C1 C2
4 C1 C2 C5 C4 C3
5 C4 C3 C2 C5 C1

further constrained such that the AGP 966 algorithm yielded between 4 and 6 viewpoints per
layout. The final five layouts were selected to be comparable in overall size yet structurally
distinct. Selected rooms were reshaped manually to introduce distinctive geometric features
(e.g., diagonal corners, L-shapes, or elongated rectangles), resulting in layouts that vary in
the number of distinctive spaces (with some where most rooms were unique, and some with
only one or two highly distinctive rooms). Layouts were also inspected to ensure that no
two viewpoints within a layout were redundant or visually ambiguous. The final set of five
layouts is shown in Figure 7.

To counterbalance the five buildings and five experimental conditions (C1–C5), parti-
cipants were assigned to one of five combinations (Table 2). Each combination mapped one
condition to each building, so that each participant experienced all five conditions, one per
building. Using five distinct buildings – rather than repeating a single layout across conditions
– ensured that each condition was experienced on a previously unseen building, preventing
layout familiarity from carrying over between trials. Building order was randomized within
participants to mitigate sequence effects.

Each layout was 3D-modeled in Rhino/Grasshopper and imported into Unity. Lighting,
materials, and camera parameters were configured to approximate realistic viewing conditions.
Viewpoint locations were initialized from the AGP-derived number of viewpoints and then
validated and adjusted in Isovists.org app to match the five condition placements. The
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(a) B1. (b) B2. (c) B3.

(d) B4. (e) B5.

Figure 7 Final set of five building layouts used in the experiment. Layouts were selected for
structural variety and full compatibility with all five experimental conditions. Manual refinements
enhanced room distinctiveness and eliminated redundant viewpoints.

resulting viewpoint configurations were imported into Unity, where an automated script
applied the five experimental conditions (assigning viewpoints, inserting landmarks, ordering
views, and exporting 360◦ panoramic images). These panoramas served as the core visual
stimuli.

For each trial, one correct layout was presented to participants alongside three visually
similar alternatives. The alternatives were created by editing the target layout so that they
would match its overall complexity and distinctive geometric cues while differing in spatial
configuration (in most cases this was achieved by rearranging room positions). Orientation
was held constant across alternatives to avoid rotational confounds. An example set of
alternatives is shown in Figure 6. Each participant received a base amount of £3 and could
earn up to £4 through performance-based bonuses (£0.80 per layout × 5 layouts).

3.6 Pilot-informed protocol refinement
An iterative refinement process was conducted to align participant behaviour with the
intended construct of layout understanding (integration across multiple vistas rather than
single-view feature matching). Two pilot phases were run to validate the platform and
identify unintended strategies. A first pilot phase with n = 18 volunteers validated the
technical setup and gathered usability feedback across the five layout–condition combinations.
A second pilot phase on Prolific (54 recruited; 42 retained after the checks in Appendix A)
evaluated how interface access and incentive framing shaped exploration.

In both pilots, the layout-choice screen could be accessed after any number of viewed
panoramas. A performance-based bonus scheme was used, in which a base payment of £3
was provided, and a bonus of up to £4 was offered, corresponding to five layout trials, with
up to £0.80 available per layout if the correct layout was selected. The first two views were
free and additional views were associated with small deductions (e.g., £0.10 per additional
view). A single optional revisit was permitted after all views had been seen, with a one-time
deduction of £0.10, and an incorrect choice resulted in forfeiture of the bonus for that layout.
Under this structure, frequent early decisions were observed: layouts were often selected after
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only one or two panoramas, and decision times on the layout-choice screen were relatively
large (median decision time = 31.5 s, IQR: 20.0–46.8). Interaction logs and participants’
feedback indicated that decisions were often made via feature matching–memorizing local
details and then excluding alternatives–rather than by integrating the full set of vistas into
a coherent layout representation. Because the use of this strategy by some participants
confounded the results, the pilot data were not used for hypothesis testing.

The final protocol was then fixed for hypothesis testing: the tutorial trial was redesigned
so that the view distinguishing the two alternatives was shown first rather than second,
discouraging participants from relying on the last-viewed panorama for feature matching;
access to the layout-choice screen was locked until all panoramas in a trial had been viewed
at least once; per-view penalties were removed in favour of a flat £0.80 bonus for a correct
answer; and a 40 s decision window was imposed to limit prolonged feature-matching on the
alternatives. Evidence that these changes shifted behaviour toward the intended integrative
strategy is reported in Section 4.1.

4 Results

4.1 Effect of protocol refinements on exploration behavior

Before analysing task performance, we verified that the final protocol shifted exploration
behaviour toward the intended integrative strategy and away from the single-view feature
matching observed in the pilots. Median per-panorama viewing time fell from 23.9 s (IQR:
14.5–44.5) in the pilot to 13.7 s (IQR: 8.7–22.9) in the final protocol, and time spent on
the final panorama fell from 18.9 s (IQR: 11.6–36.7) to 10.4 s (IQR: 7.2–17.3), consistent
with reduced reliance on memorising isolated views, and on the last view in particular.
Median decision time on the layout-choice screen also decreased, from 31.5 s (IQR: 20.0–46.8)
to 23.5 s (IQR: 15.5–36.1) despite the 40 s cap, suggesting that participants selected the
layout matching an already-formed representation rather than comparing features across
alternatives. The optional revisit, available only after all views had been seen, was used 61
times across the 250 retained trials, compared with only 2 times in the pilots. Together,
these patterns indicate improved compliance with the intended integrative strategy, and only
data from the final protocol were retained for the reported analyses.

4.2 Descriptive overview of performance measures

We analysed three measures related to task performance: (i) correctness (objective accuracy),
(ii) confidence ratings (subjective certainty), and (iii) an integrated confidence–correctness
score.

Correctness. Correctness measures whether participants selected the correct layout from
four options available and provides a direct indicator of task success. Figure 8a shows correct
versus incorrect responses per condition (50 responses per condition; N = 250). Overall, 194
responses were correct. Accuracy was lowest in Condition 1 and higher in Conditions 3–5,
suggesting that additional cues beyond baseline viewing may benefit recognition.

However, correctness alone does not distinguish between informed recognition and lucky
guesses. Two participants may both answer correctly while differing substantially in certainty
and depth of understanding, motivating the confidence ratings examined next.
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(a) Correct vs. incorrect responses by condition.
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(b) Confidence ratings by condition.

Figure 8 Descriptive performance summaries across conditions (50 responses per condition).

Confidence. Confidence ratings provide a metacognitive estimate of participants’ certainty
in their layout judgments, potentially distinguishing informed decisions from guesses, thereby
reflecting varying levels of layout understanding. Figure 8b shows the distribution of
confidence ratings by condition. Consistent with the correctness pattern, Conditions 3–
5 exhibit higher confidence distributions, whereas Condition 1 shows broader and lower
confidence, indicating greater uncertainty.

To evaluate whether confidence meaningfully tracks performance in this task, calibration
was assessed using a Confidence–Accuracy Characteristic (CAC) analysis. CAC plots, widely
used to assess the diagnostic value of confidence, relate confidence levels to the proportion of
correct responses at each level [23, 35, 48, 45]. As shown in Figure 9, accuracy increased with
confidence overall. The small dip at confidence level 2 coincides with the smaller number
of responses at that level. This confidence–accuracy alignment suggests that participants’
confidence ratings tracked response accuracy overall and were therefore informative for
distinguishing stronger from weaker layout understanding.

A limitation of raw confidence is that it does not reflect whether certainty is justified:
high confidence after an incorrect choice corresponds to misplaced certainty and should not
be interpreted as strong comprehension. To better capture meaningful understanding across
conditions, a combined metric was therefore used.

Combined confidence–correctness score. To integrate subjective certainty with objective
correctness, a combined score was computed:

Combined Score =
{

Confidence rating (1–5) if the answer is correct
0 if the answer is incorrect.

This yields a six-level ordinal measure (0–5), where higher values reflect correct and confident
recognition. The combined score aligns closely with the study goal of capturing successful
and justified layout understanding, and was therefore used as the primary dependent variable
in the main model. A correctness-only model is also reported as a robustness check.
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Figure 9 Confidence–accuracy characteristic (CAC) plot. Each point shows the proportion of
correct responses at a given confidence level (1–5).

4.3 Modeling approach

Two complementary models were fitted in R [41] to quantify effects of viewing condition and
spatial ability: (i) a mixed-effects logistic regression on correctness (robustness check), and
(ii) a cumulative link mixed model on the combined confidence–correctness score suitable
for ordinal data (primary analysis). Spatial ability was operationalized by the standardized
PTT score (PTT_z).

4.3.1 Robustness check: correctness model (binary DV)

Correctness was modeled as a binary outcome (0/1) using a mixed-effects logistic regression
(lme4 [2]) with fixed effects of Condition and PTT_z, and a random intercept for Layout:

Correctness ∼ Condition + PTT_z + (1 | Layout). (1)

A random intercept for Participant was initially included but was removed from the final
model: once spatial ability (PTT_z) was added as a fixed effect, the participant-level variance
dropped to zero (a singular fit), indicating that individual differences in correctness were
fully captured by PTT_z. In this model, Spatial ability significantly predicted correctness
(better spatial ability corresponding to higher accuracy; p < .001). In contrast, condition
differences were not statistically significant after adjustment (all contrasts p > .17). Thus,
although descriptive differences were visible, correctness alone did not yield strong inferential
differences between conditions. Moreover, correctness does not capture participants’ internal
certainty: correct answers obtained through guessing are indistinguishable from correct
answers based on confident understanding. This motivates the combined-score model as the
primary analysis.

A post-hoc simulation-based power analysis (500 iterations) using the simr package [14]
indicated that achieved power was 99.8% for spatial ability but only 42.8% for the condition
effect, showing that the binary outcome was underpowered to detect condition differences.
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(a) Estimated marginal means by condition. (b) Planned condition contrasts (log-odds).

Figure 10 Model-based effects for the combined confidence–correctness score. (a) Estimated mar-
ginal means (points) with 95% CIs (purple bands); red arrows aid pairwise comparison (less overlap
between arrows = stronger differences), and higher values indicate stronger layout understanding.
(b) Condition contrasts (log-odds): 0 = no difference; positive values favour the second condition in
each label, negative the first; bold p-values are significant.

4.3.2 Primary model: combined score (ordinal DV)
The primary analysis modeled the combined confidence–correctness score (0–5) using a
cumulative link mixed model (logit link), fitted with the ordinal package [7], with fixed
effects of Condition and PTT_z and random intercepts for Participant and Layout:

CombinedScore ∼ Condition + PTT_z + (1 | Participant) + (1 | Layout). (2)

Spatial ability was a significant predictor in this model (p < .001), indicating that participants
with better spatial ability tended to achieve higher combined scores.

For the condition effect, estimated marginal means (Figure 10a) show an increasing
trend from Condition 1 toward Conditions 3–5. Post hoc pairwise comparisons, computed
with emmeans [27] using Dunnett adjustment,2 (Figure 10b) showed that Conditions 3, 4,
and 5 significantly outperformed Condition 1, while Condition 2 did not (p = .57). This
pattern suggests that maximal viewpoint overlap alone (Condition 2) does not substantially
enhance layout understanding. Both landmarks (C4) and their combination with route-based
sequencing (C5) led to significantly higher scores compared to Condition 2 (p = .047 and
p = .032, respectively), whereas route-based sequencing alone (C3 vs. C2) did not yield
a significant improvement (p = .20). Condition 5 did not differ significantly from either
Condition 3 or Condition 4, indicating that combining both cues produced no additive benefit
beyond the presence of a single cue.

Revisit behavior. Revisits were most frequent in Condition 1 (18 revisits, with approximately
90% involving revisiting all available views), whereas other conditions ranged between 8–12
revisits with an average revisit extent of approximately 74%. This pattern is consistent with
higher uncertainty or integration demand in the baseline condition.

2 Dunnett adjustment accounts for multiple comparisons by testing each condition against a designated
reference. In this experiment, C1, C2, and C5 were each used as reference levels to test H1 and H2a–c.
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A post-hoc power analysis for the combined-score model yielded 98.4% power for the
condition effect. Data were simulated (500 iterations) from the fitted model parameters –
fixed effects, thresholds, and random-effect variances – and each iteration was evaluated
with a likelihood-ratio test, confirming that this ordinal measure was well-powered to detect
condition differences.

5 Discussion

This study examined how viewpoint-system design influences layout understanding from a
minimal set of 360◦ panoramas. Motivated by the Network of Reference Frames theory [33],
we varied three factors that can support spatial integration across discrete vista spaces:
visual overlap (to enable correspondence between consecutive views), route-based ordering
(to approximate continuity), and landmarks (to provide stable anchors). Using a combined
confidence–correctness score as the primary outcome (with a correctness-only robustness
check), we interpret the results in relation to the hypotheses and discuss theoretical, applied,
and methodological implications.

Across analyses, spatial ability was a strong predictor of performance: participants
with lower PTT_z (better perspective-taking ability) achieved higher correctness and higher
combined scores, supporting H3. This is consistent with prior work showing that spatial
integration efficiency varies across individuals and depends on the ability to form and
use perspective shifts [18, 33, 34]. Participants with better perspective-taking ability may
therefore have been better able to align viewpoints and integrate multiple vistas into a
coherent layout representation.

Condition differences were not statistically significant in the correctness-only model, but
were detectable once confidence was incorporated via the combined score. This is consistent
with the post-hoc power analyses reported above: on the same sample, the binary correctness
outcome afforded low power for condition effects (42.8%), whereas the combined score
afforded high power (98.4%), indicating that the coarser binary measure limited sensitivity
to condition differences. Taken together, the combined-score results suggest the following
patterns:

Overlap alone is insufficient. Condition 2, which maximized visual overlap without
route-based sequencing or landmarks, did not significantly outperform the baseline
Condition 1. Performance improved only when overlap was combined with additional
cues, as in Conditions 3, 4, and 5. This suggests that visual overlap alone does not
guarantee integrative spatial understanding: it appears to provide a foundation that the
additional cues build on, rather than being effective on its own. H1 is therefore only
partially supported.
Landmarks, not route-based sequencing, aid integration. Conditions 4 and 5,
which included landmarks, significantly outperformed Condition 2, whereas Condition 3,
which added route-based sequencing without landmarks, did not. This suggests that,
once overlap is available, landmarks rather than route-based sequencing are the cue that
improves layout understanding, supporting H2b while not supporting H2a.
No additive benefit from combining cues. Condition 5, which combined both
landmarks and route-based sequencing, did not significantly outperform either Condition 3
or Condition 4. This indicates that, once overlap is available, the presence of either cue
may be sufficient, and combining them does not yield additional gains. Thus, H2c is not
supported.
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Behavioral evidence was consistent with this interpretation. Revisit behavior was highest in
the baseline condition (Condition 1), indicating higher uncertainty and/or higher integration
demand in the least supportive configuration. Revisiting can be interpreted as an attempt
to refine perspective shifts through repeated exposure, which has been shown to reduce
integration costs [36, 33, 34].

These results offer several theoretical contributions. The Network of Reference Frames
theory was used to inspire the experimental design and to explain the mechanism underlying
participants’ performance, rather than being tested as a theory. Within this scope, the
results are consistent with the spatial-integration mechanism implied by the Network of
Reference Frames theory: spatial knowledge is constructed by linking multiple vista spaces
via perspective shifts, and both task design (viewpoint cues) and individual ability (spatial
perspective-taking) influence how effectively this integration occurs [33, 34]. More specifically,
this study extends this theory-informed line of work by operationalizing key integration-related
ideas in a controlled panoramic-viewpoint design.

Visual overlap can enable correspondences between consecutive views, but it was not
sufficient on its own to reliably improve layout understanding. This supports the idea that
integration costs are not only a matter of whether overlap exists, but also whether reference-
frame relations can be maintained consistently across transitions [34]. Landmarks likely
reduced integration costs by providing stable, re-identifiable anchors within overlap regions,
thereby strengthening perspective shifts and helping participants maintain a consistent
orientation across views. This interpretation is consistent with prior findings that landmarks
and allocentric cues support cross-view alignment and spatial memory precision [1, 15, 25].

The weak incremental effect of route-based ordering in the current layouts suggests
boundary conditions. A route-like sequence may not yield strong benefits when views remain
discrete and the environment is small (4–6 viewpoints), because ordering alone may not
provide enough continuity to support sustained updating across transitions. This does not
imply that movement-related continuity is unimportant in general; rather, it suggests that the
route-based ordering used here may have been too weak to reproduce the benefits observed
in VR locomotion research, where continuous movement or enriched transitions can improve
spatial updating [31, 42, 3]. At the same time, our findings complement that literature by
shifting the focus from how transitions are rendered to how a minimal set of viewpoints is
placed and sequenced.

From an applied perspective, for panoramic viewpoint systems intended to support
building understanding, the results suggest that maximizing overlap alone is unlikely to be
sufficient. Adding structured cues – particularly landmarks that persist across overlapping
vistas – is a practical way to improve users’ comprehension. More broadly, this work provides
a reproducible experimental pipeline for systematically testing different viewpoint-system
configurations under controlled constraints and with fine-grained behavioral logging. This
offers an initial step toward evidence-based design rules for panoramic tours and related
spatial-learning interfaces.

Beyond the design factors, the refinement process showed how strongly task framing
shapes exploration: the per-view penalty used in the pilots encouraged early decisions,
whereas the flat reward with enforced full exploration promoted more integrative viewing
(Section 4.1). This underscores the importance of carefully calibrated framing in online
spatial-cognition studies, where participants may otherwise adopt confounding shortcut
strategies.
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5.1 Limitations
While the combined confidence–correctness score provided an informative primary outcome,
it collapses all incorrect trials to zero regardless of the reported confidence. As a result, the
score does not preserve potentially informative differences among errors (e.g., low-confidence
mistakes versus high-confidence mistakes). Although the CAC analysis showed that confidence
generally tracked correctness, high-confidence errors can still occur, reflecting overconfidence
or “lucky” responding. Further refinement of scoring methods is therefore warranted. For
example, calibration-aware measures such as the Brier Score [5] or Confidence-Based Marking
(CBM) [13] explicitly reward alignment between confidence and correctness while penalizing
miscalibrated responses. Incorporating such measures (either analytically or within the
incentive structure) could encourage more cautious and better-calibrated judgments and
provide a fuller picture of performance.

Layout understanding was measured through a multiple-choice layout recognition test.
This format is objective and scalable, but it may not fully reflect participants’ internal spatial
representations. As observed in the pilot phases, some participants developed response
strategies based on the characteristics of the choice alternatives themselves (e.g., feature
matching and elimination) rather than the spatial information gathered from the viewpoints.
Moreover, the same selected layout may reflect different reasoning strategies, depending on
how similar the distractor layouts are to the correct layout. Although the final protocol was
designed to reduce such shortcut strategies (e.g., unlocking the choice screen only after all
views were explored and limiting decision time), performance in a multiple-choice format
remains partly dependent on the distractor set. Complementary assessment formats – such
as freehand sketching [44] or spatial reconstruction tasks – could provide deeper insight into
participants’ mental models, at the cost of additional scoring complexity of final results.

The tested environments were small single-floor layouts with relatively few viewpoints.
This may have limited the observable benefit of route-based ordering: in larger or multi-floor
environments with longer paths and more transitions, continuity cues may play a stronger
role in supporting integration.

Relatedly, the five buildings were selected to be structurally distinct rather than matched
on complexity, but no quantitative complexity measure was applied. Prior work shows that
structural or geometric layout complexity can affect the spatial knowledge acquired [38], so
differences in complexity across the five buildings may have contributed to the between-layout
variability in performance. This variability was absorbed by the layout random intercept
in all models, so it did not bias the condition or spatial-ability estimates; nonetheless, an
explicit complexity measure – for example, based on isovist or space-syntax properties –
would allow this variability to be characterised rather than only controlled for, and is a
worthwhile direction for future stimulus design.

Finally, prior experience with virtual environments or video games was not collected, yet
such experience may influence comfort with panoramic navigation and exploration efficiency,
and could thus contribute to individual differences independently of spatial ability; future
studies could include it as a covariate. In addition, the sample was not balanced by gender
(34 male, 16 female), which may limit the generalisability of the findings.

5.2 Future work
Several directions can extend this work and address its limitations. One open question
concerns orientation alignment. Because initial panorama headings were randomized, parti-
cipants may have incurred additional alignment costs at each view. Misaligned orientations
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are known to increase integration costs; for example, Meilinger [34] reported substantially
higher errors when integrating information across 90◦-rotated viewpoints compared to aligned
ones. Future studies can compare (i) consistent global orientation (e.g., “north-up” initializa-
tion), (ii) alignment toward the next overlap region, and (iii) adaptive initialization based on
the preceding viewpoint, to test whether reducing alignment disparity improves integration
and confidence.

Another promising direction is to leverage the hierarchical structure of spatial memory.
Hierarchical theories of spatial cognition propose that not all vista spaces are equally
represented in memory [33, 19, 47]. Smaller or peripheral spaces may be encoded at lower
hierarchical levels, while more central or integrative spaces may serve as higher-level anchors.
A key rationale behind this structuring lies in clustering effects – where spatial representations
are organized not as isolated views but as grouped regions or spatial units. Rather than
presenting all views as independent and equally important, future studies could present
spatially clustered views as cohesive groups, emphasizing the transitions between these
higher-order clusters instead of transitions between individual views. For example, a central
hall and its adjacent rooms could be presented as one group, followed by other overlapping or
connected groups. One possible basis for defining such groups is the concept of m-spaces [40],
i.e., to the minimal set of convex spaces required to cover an environment. A hierarchical
presentation could then begin with the most connected m-spaces, followed by successively
linked clusters, reflecting how spatial knowledge may be naturally organized in memory.

6 Conclusion

This exploratory study examined how viewpoint-system design supports building-layout
understanding from a minimal set of 360◦ panoramas. Building on the Network of Reference
Frames theory and spatial-integration concepts, three design factors were systematically
manipulated: visual overlap between consecutive views, route-based sequencing, and landmark
availability. A reproducible, web-based experimental framework was developed to implement
these manipulations under controlled conditions and to log exploration behavior and responses
in detail.

The results indicate that individual spatial ability – specifically perspective-taking – was a
strong predictor of layout understanding (p < .001). In addition, viewpoint design was found
to modulate performance: high visual overlap alone did not reliably improve performance,
meaning that a hypothetical guard from the Art Gallery Problem solution would be unlikely to
understand the gallery layout even with the help of overlapping views. Yet, overlap supported
layout understanding as soon as it was paired with additional cues. Among the tested cues,
landmarks produced the clearest improvement in layout understanding (p < .05). Route-
based sequencing showed weaker effects in the present setting, and combining landmarks
with route-based sequencing did not yield additional benefits beyond either cue alone.

Overall, these findings suggest a simple design implication for panoramic tours: overlap
is helpful, but not sufficient on its own; stable landmarks visible across overlapping views
can make layout understanding easier. At the same time, a central contribution of this work
is the reproducible experimental pipeline. Because the framework is modular, new design
variations (e.g., stronger continuity cues, different orientation rules, or alternative evaluation
tasks) can be implemented quickly, tested efficiently, and compared under the same controlled
setup. This provides a practical foundation for future studies to test additional design factors
and to develop more general, evidence-based rules for generating effective viewpoint systems.
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A Participant exclusion criteria

Exclusion criteria were predefined and applied conservatively, so that a participant was
excluded only when multiple independent indicators of inattentiveness or non-compliance
co-occurred. General checks across all phases removed participants who used a mobile device,
submitted incomplete data (fewer than five output files), or restarted the experiment and
submitted duplicate files; none were excluded on these grounds.

In the second pilot phase, where the layout-choice screen could be opened after any
number of viewed panoramas, exclusion was based on the following indicators. A nonsensical-
confidence failure occurred when a participant decided after a single view in the tutorial
while reporting very high confidence: because the tutorial was unsolvable from the first view
alone, and participants who attempted to decide after the first view were explicitly warned
of this, yet could still proceed. Reporting very high confidence in this situation flagged the
participant as providing nonsensical responses, and led to exclusion on its own.

Three further indicators were defined: (i) deciding after a single tutorial panorama without
high confidence, (ii) viewing fewer than three panoramas across all five trials – both reflecting
consistent guessing or feature matching rather than layout integration – and (iii) skipping
two or more of the three instruction screens (viewing time below a minimum threshold),
reflecting inattention. A participant who met at least two of these three indicators was also
excluded. In total, 12 of 54 participants were excluded.

In the final protocol, full exploration of all panoramas was enforced by the interface, so
only two checks remained: below-threshold instruction-screen viewing times (as above) and
a total task duration under five minutes. Participants were excluded only if they met both; 4
of 54 were excluded, yielding the final analytic sample of 50.
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