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Abstract

This paper investigates associations, explicit representations of
relations between multiple views in Mixed Reality (MR). While
research on 2D desktop environments offers extensive recommen-
dations for communicating relations between multiple views, MR
environments lack such systematic guidance, necessitating adapted
solutions that consider their spatial affordances. To address this
gap, we systematically explored association techniques in existing
research. Building on established 2D multi-view literature and refin-
ing insights from prior design principles, we developed a codebook
to describe view relations and their representations. Applying it to
a corpus of 44 immersive multi-view approaches, we identified re-
curring design strategies and synthesized them into a design space
of visual association techniques adapted for immersive contexts.
Based on a lightweight prototyping framework, we validate the
utility of the design space through three envisioning scenarios,
demonstrating how associations can support exploration, coordina-
tion, and sensemaking in MR applications. Our results inform the
design of MR multi-view environments.
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1 Introduction

Multi-view systems are often used in 2D display setups for data
visualization and exploration, enabling users to examine data ob-
jects through diverse and multiple representations [96, 99]. Ap-
proaches such as coordinated multiple views (CMV) [78], small
multiples [64], as well as linking and brushing [42] can improve
sensemaking processes by explicitly encoding relations between
views [87, 93]. These approaches typically rely on different visual
encodings, like links, highlights, and enclosures, to convey rela-
tions such as overview and detail or focus and context between
views [78, 92]. Visually representing these relations can help users
manage, organize, and understand multiple views effectively [39].

Mixed Reality (MR) enables virtual content to be embedded
within three-dimensional environments, affording new forms of
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spatial layout, direct interaction with data representations, and em-
bodied navigation [38]. In MR settings, coordinated views can be
distributed volumetrically around the user or placed and overlaid
within the environment, rather than being confined to a single
screen. This opens up a range of challenges related to the number
of views, occlusion, and the field of view of current MR devices, as
well as opportunities such as using spatial grouping and volumet-
ric anchors to represent relationships between views that are not
possible in traditional 2D desktop systems.

Recent research highlights the potential of immersive multi-view
environments. For example, Lee et al. [48] demonstrated the use of
links and spatial groupings to show relationships between sticky
notes as views to address problems in Virtual Reality (VR). Similarly,
Zhu et al. [107] showcased use cases for composite visualizations
in Augmented Reality (AR) and VR, focusing on the relationships
between visualization views. Wen et al. [99] emphasized layouts
for representing multi-view relations. Despite these promising ex-
amples, little work has systematically explored how the relations
between multiple virtual views are actually represented in MR
settings. A body of research on multi-view relations for 2D dis-
plays [15, 36, 39, 87, 92] highlights how structural choices, such as
view layout, visual encodings, and proximity, can support the user’s
ability to perceive, interpret, and integrate information across mul-
tiple views. Such a systematic treatment for multi-view relations in
MR is missing. Moreover, the relation among views might depend
on factors like user needs, preferences, applicable tasks, and scenar-
ios [49, 107]. Thus, providing a fixed set of techniques might not be
suited to all users, necessitating the need for systematic guidance
concerning the visual representation of multi-view relations in MR.

In this paper, we systematically investigate the visual repre-
sentation techniques of relations between multiple views in MR
environments. We refer to such a representation as an association
that conveys a relationship between two or more views in MR.
Building on the rich body of work on multiple views and multi-
view relations in 2D desktop settings, we first constructed an initial
codebook of association techniques (e.g., spatial proximity, linking).
The codebook was iteratively refined through author discussions,
considering design principles and the authors’ prior experience
in designing immersive systems. Using the final codebook as an
analytical lens, we extracted concrete instances of association tech-
niques in publications about multi-view immersive environments
and identified recurring strategies, gaps, and opportunities to bet-
ter leverage MR for representing multi-view relations. From this
evidence base, we distilled a design space for visual association tech-
niques that is specific to immersive multi-view environments. To
demonstrate the utility of the design space, we proposed a design
workflow for multi-view immersive environments, built a light-
weight prototyping tool that allows researchers to configure and
experiment with different association techniques, and illustrated
three representative scenarios that apply both the workflow and
the tool. Altogether, our work makes three contributions:

o We identify and describe seven association strategies and
patterns that illustrate how view relations are commonly
represented in immersive multi-view applications.
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e We introduce a design space consisting of three components
and 27 dimensions that enumerate and describe specific vi-
sual association techniques.

e We present a lightweight prototyping framework along
with three illustrative envisioning scenarios that demon-
strate how to apply the design space effectively.

We hope our contribution will serve as a practical reference for
the Mixed Reality community, facilitating the systematic creation
of multi-view experiences and inspiring future research in this
direction.

2 Related Work

In this section, we review previous research on multiple views in
2D displays and immersive environments. We also consider the
relevant literature on the layout of views, their relationships, and
the representation of these relationships.

2.1 Multiple Views

Although the term “view” is widely used, there is no consensus on
its definition, especially in MR settings. Based on the literature on
2D desktop settings, Sun et al. [92] stated that the view is usually
described using four perspectives: a process-centric perspective (a
visual mapping from data), a model-centric perspective (a set of data
and specifications for displaying them), a perception-centric per-
spective (an independent, bounded area where data are displayed),
and a task-centric perspective (an analytic scaffold that supports
user tasks). They noted a lack of semantic coherence across these
perspectives and defined a view as a collection of visual elements
organized spatially in a semantically coherent manner to support
specific analytical tasks. Furthermore, Wen et al. [99] defined a
view in an AR environment as the mapping from data to visual
representation with distinct boundaries that serve to separate one
view from another and from the physical world.

Multiple views enable viewing one dataset from various per-
spectives or analyzing multiple datasets through a common view-
point [77, 99]. The concept of multiple views has been extensively
explored in recent decades [68, 79, 87]. Early studies highlighted the
benefits of presenting complementary perspectives and advocated
for a wider adoption of multi-view interfaces [77]. For instance,
Roberts et al. [79] studied the use of the terminology "multiple
views" and highlighted its significance in the visualization liter-
ature. In another publication, Roberts [78] discussed the state of
the art of coordinated and multiple views. As a result, there is a
growing body of research that focuses on design guidelines and
recommendations for implementing multiple views [10, 75, 96]. For
example, Wang Baldonado et al. [96] presented eight guidelines for
the design of multiple view systems based on aspects, like diversity,
complementarity, and consistency, that can positively impact the
utility of multiple views. In addition, Chen et al. [10] analyzed 360
instances of multiple views to provide a recommendation system
for their design.

Recently, researchers have explored the extension of multi-view
applications into immersive settings. Roberts et al. [80] discussed
challenges and opportunities of using multiple views in immer-
sive visualizations and offered ten practical lessons. Among these
lessons, they emphasized the importance of displaying alternative
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views simultaneously, linking views through interaction or visual
effects to facilitate easy navigation through the data space, and
addressing occlusion challenges in immersive environments. Knud-
sen and Carpendale [40] highlighted additional challenges related
to collaboration and coordination techniques in immersive envi-
ronments. In a specific example, Spur et al. [89] presented a system
featuring multiple coordinated views that displayed tilted layers of
geospatial data on a vertical stack in VR. Similarly, Satriadi et al. [86]
proposed using multi-view visualizations in immersive environ-
ments to explore maps at various scales and depths, demonstrating
the potential of multiple views in the immersive context.

2.2 Multiple View Layouts

Research on multiple views has also devoted considerable attention
to layout design. In one of such research, Al-maneea and Roberts [1]
examined 491 multi-view instances from the visualization litera-
ture and identified five layout options adopted by designers: (1) a
predetermined scaffold fixed by the developer, suitable for a lim-
ited number of views; (2) a data-driven arrangement that positions
views based on intrinsic data attributes; (3) a coordination-based
grouping that clusters linked views; (4) a screen-size-driven scheme
that scales and places panels according to available real estate; and
(5) a user-controlled layout that allows users to arrange views in-
teractively. Shaikh et al. [87] introduced a novel approach to the
layout design of multi-view systems based on user perception and
view content, arguing that the content of views and the relations
between views should be key considerations in layout design. The
authors proposed six perception-driven layouts, such as the stacked
layout, which arranges views on top of each other, and the focused
layout, which provides a central view while positioning other views
in the periphery. Additionally, they identified three content-aware
layouts, including the hierarchical layout, which creates a tree-like
structure among views, and the composite layout, which maxi-
mizes space utilization by presenting content in vacant areas or
integrating views, for example, by juxtaposition, superimposition,
overloading, or nesting [36]. Beyond simple layouts, a few com-
plex multi-view systems have been proposed that utilize flexible
views. For example, Jigsaw [91] and SightBi [93] can accommodate
many flexible views within their display space, allowing views to be
repositioned or resized, potentially leading to overlaps. In addition,
Vistribute [30] allows for the automatic distribution of views across
various heterogeneous devices based on heuristics.

Layout design in 3D space can enhance memory and help reveal
relations between different views [87]. For instance, a juxtaposed
layout that keeps multiple visual representations close to each other
is often used to facilitate comparison or, in general, when they are
needed simultaneously for decision-making [29, 60]. Moreover, Liu
et al. [53] explored a shelves-inspired layout for small multiples in
immersive environments. They found that as the number of multi-
ples increased, users preferred a semi-circular arrangement over
flat or fully surrounding layouts. In comparison, Wen et al. [99] de-
veloped a prototype that automatically adapts the layout of multiple
views in a 3D immersive environment using a cylindrical egocentric
reference frame and a force-directed method to optimize spatial
relationships and visibility. A user study demonstrated that this lay-
out significantly improved task performance and received positive
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feedback regarding usability, workload, confidence, and satisfac-
tion. Additionally, Li et al. [49] introduced a method for flexible
multi-view visualization layouts that adjust to the user’s position,
viewing angle, and focus. By optimizing spatial arrangements, this
approach ensures a balanced presentation and promotes intuitive,
user-friendly comparisons between views. In summary, not only
views and their content, but also the relations between them can
influence a user’s interpretation, insights, and performance, ulti-
mately affecting the decision-making process when using multiple
views [87]. Next, we will discuss the relations between views and
their visual representations.

2.3 Relations between Views and Their
Representations

Visually and interactively representing relationships between views
can help individuals manage, organize, and understand connections
between multiple views. Building on the notion of a visual element,
the graphical unit that represents a data attribute, both Shaikh et
al. [88] and Sun et al. [92] distinguish three families of cross-view re-
lations: relations that connect visual elements across separate views,
relations that bind a visual element in one view to another view that
supplies its context or detail, and higher-level ties that relate whole
views to one another. Moreover, Roberts [78] described five canoni-
cal view-to-view relations: overview+detail shows an abstracted,
aggregated overview with a zoomed-in detail view; focus+context
allocates a high resolution focus region while preserving surround-
ing context in another view; difference views merge two or more
visualizations to make differences explicit; master-slave configura-
tions link one view’s interaction to drive another; and immersive
“world-in-miniature” techniques provide a miniature control of the
main view. In addition, Knudsen and Carpendale [39] stated that
relational encodings can help users construct a mental overview
of the views, compare data between different views, and convey
provenance and narrative structure.

Researchers have developed various visual encodings to clarify
the relations between different views. These methods include tech-
niques that intentionally intersect view boundaries, align visual
encodings across views, or overlay visual marks within views to
highlight relationships [39]. These visual encodings not only in-
dicate the existence of a relation but also can convey additional
information. For example, Knudsen and Carpendale [39] noted that
the thickness of a line representing the relationship between two
views can signify the strength of that relation. In addition, rela-
tions can also have cardinality, defining the number of views or
visual elements in a relation, including one-to-one, one-to-many,
and many-to-many relations [67, 92].

Previous work on displaying relations between views in 2D desk-
top environments has identified three core design choices: linkage,
coordination, and proximity [88, 93]. Linkage, also known as con-
nection, makes relations explicit by drawing visible lines between
related views or their visual elements (e.g., [13, 42, 93]). However,
this design technique can quickly become cluttered and does not
scale well for many-to-many relationships, leading to the need for
aggregation techniques like edge bundling (e.g., [74, 92]). Coordina-
tion, or visual highlighting, relies on interaction-driven updates. For
instance, brushing or filtering in one view highlights corresponding
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visual elements in others, as demonstrated in tools like Jigsaw [91]
or Snap-Together [67]. This technique requires continuous user
attention, so additional highlighting methods, such as color or out-
line emphasis along with links or arrows, can be beneficial to guide
users’ focus on the view relations [16]. Proximity encodes similarity
through spatial arrangement. For example, views that are spatially
close to one another may be considered related. This technique is
particularly common in sensemaking scenarios, such as those that
provide a "space to think" [2, 51]. It minimizes visual clutter but
requires users to interpret spatial layouts effectively. Additionally,
Sun et al. [92] proposed a systematic approach to design considera-
tions for cross-view data relations in 2D visualizations, focusing on
three key concepts: adding relationship marks, updating channels
of existing visual elements, and enriching the appearance of exist-
ing visual elements. Furthermore, they provided design alternatives
to visualize these concepts. For example, alternatives for modify-
ing existing visual elements included changing the size, shape, or
texture to make them more visually salient.

2.4 Summary

Despite the existence of extensive taxonomies and design guide-
lines for linking, coordinating, and arranging multiple views in
2D desktop environments, there is a lack of explicit design recom-
mendations or taxonomies specifically tailored for MR. Current
research often attempts to adapt 2D paradigms to 3D spaces or
focuses on isolated techniques without systematically considering
how spatial, perceptual, and interaction constraints in MR impact
the design of visual representations of relations between views. This
gap highlights the need for structured guidance in representing
view relations within MR contexts.

3 Terminology

To establish the terminology that we use in this paper, we refined
the definition of view by Sun et al. [92] for immersive contexts. This
refinement incorporates insights from the literature on view rela-
tions [39], contextualizes them with the semantics of user actions
and tasks [92], and integrates findings from research on immersive
environments.

e A view is a self-contained, spatially bounded region that
organizes visual elements to represent data. A view must be
a semantic unit and perceptually distinct from others (e.g., via
spatial separation or visual framing) and the environment.

o A view relation is the semantic or contextual connection
between two or more views. Relations can be, for example,
content-driven (based on shared content or data subsets,
synchronized encodings, or computational dependencies),
task-driven (defined by the analytical goals of the task, e.g.,
comparison, causality), or user-driven (shaped by individual
preferences, cognitive styles, accessibility needs, or situa-
tional factors).

e An association is an explicit representation of view rela-
tions, which helps users comprehend relations among views,
including their spatial, temporal, and further attributes (e.g.,
type and strength).

The definition of a view aligns with perception-centric and task-
centric perspectives [92] as well as the definition by Wen et al. [99]
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while emphasizing spatial distinctiveness, a critical factor in im-
mersive environments where views may be distributed across a 3D
space. Besides, there might be an intersection between different
relation types (e.g., a user’s preference for a specific layout might
also improve task performance).

4 Methodology

We systematically explore the design of associations in multi-view
MR environments by grounding our approach in prior visualiza-
tion research and immersive system designs (similar to prior ap-
proaches [3, 14, 46]). After collecting and screening relevant litera-
ture (Sec. 4.1), we constructed a codebook from 2D visualization
research and adapted it to immersive contexts. Through iterative
literature coding, result validation, and synthesis (Sec. 4.2), we de-
rive actionable strategies (see Sec. 5) and define a design space (see
Sec. 6).

4.1 Collecting and Screening

To identify relevant papers for our review, we utilized a snowball
sampling technique similar to that employed in previous studies
on design spaces (e.g., [14, 52]). Given the extensive research on
multi-view visualization in traditional 2D display settings, we first
collected papers addressing design considerations, design spaces,
and frameworks for multi-view visualization [78, 87], between-view
and cross-view relations [13, 39, 42, 63, 88, 92], and composite visu-
alization [36]. From this initial set, we performed forward citation
searches and reviewed immersive studies. However, this approach
yielded limited discussions explicitly related to multiple-view re-
lations in immersive environments. Consequently, we expanded
our search through both backward and forward citation analyses,
beginning with relevant immersive works [21, 22, 45, 52, 53, 57, 86]
that emphasize spatial organization and layout, closely related to
Gestalt principles [41], particularly proximity, to convey semantic
relatedness. Additionally, similar to Lee et al. [46], we reviewed
authors’ long-standing collection of immersive research over the
past decade, adding relevant items identified based on their titles
and abstracts. We stopped collecting at thematic saturation, when
further searches no longer yielded new papers with new insights,
similar to Danyluk et al. [14]. This process resulted in an initial
set of 98 papers, consisting of 17 in two-dimensional and 81 in
immersive environments. Although not exhaustive, we believe this
corpus offers a broad and representative sample of the design space.
While interactivity is critical for cross-view coordination, this
work focuses on visual and spatial representations (e.g., layout,
linking lines) to establish a foundational design space. We acknowl-
edge interactivity as a complementary area for future study. To
ensure that our review focused on informing immersive association
design, we developed and applied specific inclusion criteria to the
immersive corpus iteratively. We reviewed the collected papers and
excluded those that did not meet all of the following criteria:

e Use of augmented, mixed, or virtual reality technology.
The paper needed to incorporate immersive technologies.
While work that solely focused on 3D visualization in desk-
top settings contributed to the development of our codebook,
it was excluded from the reviewed corpus.
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e Presentation of at least two virtual views simultane-
ously. The discussed system must render two or more vir-
tual views within a head-mounted display or be spatially
co-located in an immersive environment. Views displayed
on external physical devices (e.g., tablets, smartphones) did
not satisfy this criterion.

e Concrete content with definable inter-view relations.
Relations among views were either explicitly described or
could be reliably interpreted from accompanying materials
(e.g., task descriptions in follow-up user studies). Papers that
were object-agnostic and merely proposed broader spatial
layouts of views informed the codebook but were excluded
from the reviewed corpus.

Two authors collaboratively screened each collected paper based on
its content, resolving any disagreements through discussion until
they reached a consensus. We ended with a total of 44 core papers,
the majority of which are from venues such as CHI, ISMAR, ISS,
and TVCG, containing immersive design instances for subsequent
coding.

4.2 Coding, Synthesis, and Validation

Before coding, we discussed and iterated on the preliminary code-
book derived from our 2D visualization research among six coau-
thors, focusing on the affordances and requirements of immersive
technologies. Two authors then divided the corpus and coded it
individually using a web-based spreadsheet tool, while document-
ing their insights and interpretations in free-text fields. Once all
coding was completed, we conducted a validation step by cross-
checking each other’s codes to ensure consistency and accuracy in
classification. Any disagreements were resolved through discussion.
Through this coding process, we identified common strategies and
patterns for representing relationships between views in immersive
settings.

We subsequently refined and consolidated the final set of codes,
decomposing overly broad dimensions and merging redundant or
overlapping categories. For instance, we adjusted the category Tem-
poral to distinguish between sequential and simultaneous represen-
tations, rather than relying on absolute chronology. Additionally,
we introduced Grid as a specific type of spatial partitioning that
we frequently observed in multi-view immersive environments.

Through this bottom-up thematic analysis [7] process, we de-
rived a design space consisting of three components and 27 dimen-
sions. To validate its robustness, we re-applied the finalized coding
scheme across the entire corpus of 44 papers to confirm coverage.
We report our observed strategies and patterns in Sec. 5 and elab-
orate on the resulting design space in Sec. 6. The complete list of
collected papers and our analyses is included as supplementary
material.

5 Observed Association Strategies and Patterns

We present a catalog of seven strategies and patterns distilled from
44 instances of MR multi-view applications in the literature. These
strategies serve as a classification scheme for common association
designs. Individual cases can be categorized into multiple strategies,
highlighting how the challenge of visualizing relations between
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different views in immersive environments has been typically ad-
dressed. Each strategy is accompanied by an illustration adapted
from the literature, and yellow annotations indicate how the asso-
ciations can be conveyed. We provide the complete classification
and detailed description in the supplementary material.

5.1 Link

A Link (Fig. 1, left; 16 instances) is an association design strategy in
which relations between views are represented explicitly through
visual connections, such as lines, curves, bands, or arrows. These
links can connect related views at different granularities, such as
between views or between visual elements of distinct views. In
immersive environments, these links may stretch between views
or float in space, augmented with cues such as color and textual
labels to encode the type or direction of relation. This strategy is
particularly useful in contexts where views are freely positioned
within the environment, needing visual aids for orientation or se-
quential guidance [22, 34, 105]. It is also beneficial when additional
relational layers cannot be encoded by spatial layout alone, espe-
cially if that channel is already used for other purposes, such as
representing temporal relationships [43, 104] or is intentionally re-
served for other reasons, such as visibility [4, 85]. Furthermore, this
approach is advantageous when one view has multiple relations to
another [48, 102] or when the number of relations is too large to
effectively convey using other strategies [4, 9, 24, 74, 86, 100, 107]. It
provides a scalable and flexible means to represent large quantities
of overlapping, multi-layered relations across views.

5.2 Planar and Cylindrical Uniform Grid

A Planar Grid (8 instances) organizes views on a regular lattice of
intersecting horizontal and vertical lines, partitioning the virtual
space into uniform cells. This simple scaffold ensures that each view
maintains the same footprint, orientation, and consistent styling.
This approach embodies the classic techniques of small multiples
or faceting, where each view presents data (such as a category, time
interval, or scenario) while maintaining consistent scales and design.
The resulting uniformity and tight alignment enable immediate
comparison of patterns and differences across multiple views, as
demonstrated in examples comparing species distributions [61],
pedestrian volumes over time in bar charts [52], and the sugar
content of various cereal brands in scatterplots [107]. A variation
of this strategy forms a cylindrical grid (Fig. 1, right; 4 instances)
centered on the user to enhance visibility [53, 107]. However, it
has been found that the flat grid layout is more efficient than the
curved one for a small number of views [53].

oW Dod
9“9 5o

Figure 1: Link; Cylindrical Uniform Grid
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5.3 Slideshow with Thumbnails

A Slideshow with Thumbnails (Fig. 2, left; 7 instances) strategy
expresses a heterogeneous relationship between a dominant
primary view and a set of smaller thumbnail views or tiles. The
primary view serves either as an overview that displays the overall
structure of the data or as a focused view that highlights a partic-
ular element of interest. The thumbnails, which can be arranged
in a row, grid, radial fan, or free-form, provide contextual or de-
tailed snapshots that the user can access on demand. For example,
a flat map [86] or a globe [95] may feature multiple small maps
alongside it. In another example, the primary view may present
the conductor’s perspective while thumbnails display individual
instruments [37].

This strategy can allow efficient task switching between views,
where the primary view is active and in focus, while the secondary
views are only referenced occasionally [11, 71]. Placing thumbnails
close to the user’s body can enable quick switching of content in the
primary view, similar to DataDancing [52]. Furthermore, a proxy
approach [52, 70] can enhance this strategy, where thumbnails are
exact duplicates of active views in the scene. This method can also
be refined into a Worlds-in-Miniatures approach with multiples [14],
which involves multiple replicas as views at the same scale showing
different states of the environment, or it may feature one larger
main replica with several smaller replicas displaying subsets of the
environment.

5.4 Cluster and Containment

The Cluster and Containment (Fig. 2, right; 4 instances) refers to a
strategy in which views that share categorical relations, such as
a semantic meaning, are grouped and represented either via spatial
clustering (e.g., proximity [57, 94, 102]) or via nested containment
(i.e., areas or shapes that enclose view members [48, 94, 102]). This
strategy provides a flexible approach to building associations, com-
monly used in ideation and sensemaking, where processes are
dynamic, iterative, and require constant rebuilding of categorical
relations. Containment, such as a planar container [48, 94], can
provide strong visual cues as a perceptually salient grouping mech-
anism to represent categorical structure while organizing member

views and facilitating batch operations.

D d
Vg

Figure 2: Slideshow; Cluster & Containment

5.5 Stack and Ripple

The Stack and Ripple (9 instances) illustrates how the third spatial
dimension of MR can be used to encode hierarchical, granular, or
contextual relations among views. Mapping relations along depth
provides clear cues that enhance spatial reasoning.

Luo et al.

A Stack (Fig. 3, left; 6/9 instances) is a pile of views arranged on
top of another, where the arrangement is ordered or sequential, rep-
resenting different layers or facets at the same location or subject. In
immersive environments, actual overlap of the views is not always
required to imply the relations. Instead, views are often uniform in
size, aligned to a common axis, and parallel to each other. Examples
include various layers on geographic maps (e.g., traffic, satellite, ter-
rain) [5, 61, 89], zooming or resolution levels [103], different depths
in brain imaging [5], or slide elements organized by layer [5], all
of which are associated with literal location. Moreover, a stack can
represent different facets of the same subject, for instance, a 3D
parallel coordinates visualization showing multidimensional user
data [9]. This strategy can convey progressive levels of detail and
support rapid mental mapping between adjacent layers.

A Ripple (Fig. 3, right; 3/9 instances) adopts an egocentric con-
centric layout, positioning views as rings that radiate outward from
the user’s current location. The innermost ring typically hosts the
primary focus view, while successive outer rings present weaker or
less-frequently accessed panels, such as context views [55]. This
arrangement can be inverted: a compact thumbnail ring near the
user supplies quick navigation, while a larger, distant focus view
occupies the outermost ring (e.g., [70]). The radial geometry of the
ripple can make the distance between a view and its associated ring
an explicit indicator of relational strength, such as views close to
the ring implying tight coupling and distant ones suggesting looser
ties. Researchers have also discussed the trade-off between priori-
tizing task accessibility (e.g., views close to the user are easier to
interact with) and maintaining clarity of view relations (e.g., views
placed near their related views preserve semantic proximity) [99].

Figure 3: Stack and Ripple

5.6 Temporal Reading Order

Temporal Reading Order (Fig. 4, left; 8 instances) exploits the es-
tablished reading order bias, people’s tendency to scan visual in-
formation in the direction dictated by their native language (e.g.,
left-to-right, top-to-bottom), to make view relations explicit. By
arranging views along this axis, designers provide an immediately
recognizable “storyline” that guides the user from earlier to later
states, from input to output, or from source to derived artifacts.
This strategy is beneficial for indicating temporal relations, includ-
ing chronology (events in their order of occurrence) [62, 95, 100],
workflow (the sequence of steps or processes through user ac-
tions) [35, 43], and provenance (the documentation of the origin,
transformations, and processes a view has undergone) [19, 104].
This strategy is often combined with branching to trace paths
from the same origin to different destinations, with temporal order
encoded either left-to-right [19, 35, 43, 104] or top-to-bottom [95].
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To favor the viewing angle, views can be laid out with the user in
the center of the reference frame to form a circular layout [19, 35].
However, reading order can become confusing if spatial views are
not properly aligned, potentially leading to misinterpretation of
view relations. For example, the ranking of search results can be
misinterpreted in a pure grid layout [97].

5.7 Reference and Anchor

Reference and Anchor (Fig. 4, right; 11 instances) is a strategy in
which virtual views are positioned in relation to physical en-
tities such as the user’s body, physical screens, objects, or the
surrounding environment. In this strategy, the reference frame be-
comes a center of gravity, almost like a magnet, attracting views
to be arranged around it. One motivation is to improve visibility
and interaction accessibility [31, 107], especially when the user
is mobile in the immersive environment and the views must re-
main referenced to them. Another is to align views with physical
objects that act as landmarks or structuring elements [4, 57, 85],
often when those objects are directly related to the content (e.g.,
situating explanations or information about the object itself). These
two motivations may sometimes compete, leading to a design trade-
off between user-centered and object-centered anchoring. Finally,
when a physical display is part of the workflow, multiple virtual
views are commonly arranged near it [11, 33, 44, 71, 73, 76, 100],
leveraging the tangibility of the display to invite interaction and
benefiting from the familiarity of users with established screen-
based practices.

]
CJ

N

Figure 4: Temporal Reading Order; Reference & Anchor
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6 A Design Space For View Association

We aim for a comprehensive yet actionable design space that fo-
cuses on key design considerations. We consolidate insights from
2D and immersive multi-view research, Gestalt principles [41], and
our experience in immersive environments. Using a bottom-up ap-
proach, we scrutinized all codes in the codebook and clustered them
by similarity into subgroups and higher-level groups. This resulted
in a design space of view association in Mixed Reality (see Fig. 5)
with three components: the view (Sec. 6.1), the relation that con-
nects or distinguishes views (Sec. 6.2), and the association strategies
making these relations visible in MR (Sec. 6.3). This organization
captures the solution space in a logical progression from individual
entities to relations between them and to methods for operational-
izing these relations, aligning with prior work on between-view
visualizations in 2D settings [39] and with visualization design
frameworks that move from what (data, datasets, attributes) to how
to visualize [66]. For a comprehensive understanding, we provide a
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structured listing of the design space in Appendix A, detailing each
dimension and its values.

6.1 View: "What are the views?"

A view can be described along three fundamental dimensions: con-
tent modality, dimensionality, and state. Together, these attributes
capture what a view is composed of, how it occupies space, and
how it behaves over time.

Content modality refers to the type of information that makes
up the view, such as text, images, video, visualizations, or objects.
Views may be unimodal, relying on a single type, or mixed-modal,
incorporating multiple types of media. However, one modality usu-
ally acts as the primary carrier of meaning. Dimensionality con-
cerns the spatial extent of the view. Some views are purely 2D,
confined to a single plane, while others are in the form of 2.5D,
where flat surfaces are given slight extrusion to suggest depth. 3D
views are volumetric, possessing depth and orientation in immer-
sive space. Finally, the state of a view captures its temporal and
behavioral dynamics. A static view is time-invariant during use.
An interactable view can be manipulated by the user but does not
update automatically. In contrast, a dynamic view changes inde-
pendently, often driven by streaming data, simulation, or narrative
progression.

6.2 Relation: "How are the views semantically
linked or distinguished from other views?"

The relation component characterizes the semantic connections
among views (or their sub-regions), describing how they belong
together or differ without specifying any visual treatment. Such
relations can be understood through four main attributes: structural,
qualitative, positional, and temporal.

Structural attributes. It defines the composition of a relation.
Relations may differ in type, such as binary relations that merely
indicate the presence or absence of a connection, categorical distinc-
tions that assign discrete but unordered labels, or ordered structures
that express either ranked categories or quantitative magnitudes.
Structural attributes are also shaped by cardinality, specifying how
many views participate on each side: a simple one-to-one coupling, a
branching one-to-many relation, or a many-to-many configuration
forming a network. Finally, structural scope varies in granularity,
as relations may operate within-view, extend between-views, or span
both levels in a mixed-scope.

Qualitative attributes. It concerns how relations are valued or
weighted. A common distinction is priority, where views are ar-
ranged along a spectrum of dominance, with some being primary
or secondary, others standing on equal footing, and still others serv-
ing supplementary or peripheral roles. Beyond priority, relevance
captures the extent to which one view depends on another. Some
relations are merely related by context, while others are depen-
dent (enabling or causing one another), or express belonging as
part-whole connections. Additionally, strength reflects the inten-
sity of the connection between views, ranging from weak or loose
to firm or tight.

Positional & Temporal attributes. It specifies where and how the
relations are oriented. Direction describes the flow of influence,
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Figure 5: A design space for association techniques between multiple views in Mixed Reality. View component (Top) characterizes
what the views are. Relation component (Middle) describes how views are semantically connected or distinguished. Association
component (Bottom) specifies how these relations are made visible to users.

indicating whether it is absent in undirected connections, asymmet-
rical in one-way couplings, or reciprocal in bidirectional relations.
Spatiality adds another dimension, where relations can be spa-
tially irrelevant, relative in an abstract topological layout, or literal,
reflecting concrete geographic or geometric positions. Finally, tem-
poral dimension indicates when relations occur. A relation can
be temporally irrelevant, unfold in sequential order, or take place
simultaneously with others. In addition, relations vary in lifespan.
Some are fixed for a predefined duration, others are event-based
and appear or disappear in response to triggers, while still others
are permanent, persisting throughout the entire experience.

6.3 Association: "How are the relations made
visible in Mixed Reality?"

The association component specifies how abstract relations are
translated into perceivable visual structures in MR. This translation
is achieved through three design approaches: the geometric layout
of views, the graphical marks that encode connections, and the

dynamic effects that guide attention over time. Together, these
approaches form a layered vocabulary through which relational
semantics become visible, legible, and actionable.

View Geometry. Associations are formed through layout strate-
gies that either foster cohesion within groups (grouping cues) or
enforce boundaries between them (segregation cues). We adapt prior
design spaces to this context (e.g., [21, 52, 53, 56, 87]).

Grouping cues reduce ambiguity by applying Gestalt princi-
ples [41] such as proximity, similarity, and continuation.

Using proximity as a cue, the perceived relations between views
shift with their spacing. When views are adjacent (touching or
separated by only a thin gap), they seem to share the same bounding
hull, giving the impression of a single, unified entity. Views that are
merely near each other, distinct but within an accessible cluster, are
perceived to belong to the same local context. By contrast, distant
views lie outside this perceptual unit, requiring eye or head shifts.
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The continuation principle can also be applied in MR. Align-
ing views along a common axis or curve suggests a trajectory or
conceptual chain, while clustered arrangements form compact local
units, and freeform distributions signal a lack of explicit ordering.

Overlap acts as a visual cue that instantly signals how tightly
two views are coupled. The full overlays obscure one view almost
entirely, often implying substitution or synonymy. The partial over-
lays allow glimpses of the underlying content, hinting at temporal
succession or layered alternatives. When views are fully disjoint,
they occupy separate regions of space, preserving their indepen-
dence.

Enclosure adds yet another layer of cohesion. A view can act as a
nested container for other views. Multiple views can implicitly share
the same surface or spatial inclusion without explicit boundaries.
Finally, views can remain completely separate with no shared region.
Each of these strategies accelerates pre-attentive recognition of
clusters and reduces cognitive cost during navigation, as items are
perceived as a cohesive unit rather than scattered fragments.

Separation cues complement grouping by highlighting bound-
aries, keeping clusters distinct, and preventing unintended percep-
tual merging.

Anchoring is one such strategy that arranges views to be grouped
freely in world coordinates, attached to physical environments, in-
cluding large static surfaces (e.g., walls, floors, or tables) that serve
as prominent landmarks, bound to portable physical objects, travel-
ing with those objects as they move, or locked to the user’s body
and arm-reach zone for high reachability and immediate interac-
tion. Each anchoring reference helps to distinguish the views from
others.

Space partitions add further granularity by dividing the envi-
ronment into organizational zones. Views placed along the vertical
axis (up-down) can suggest categorical contrast, horizontal rows
(left-right) can stress equality, layering (foreground-background)
along depth can create hierarchical planes, radial or cylindrical
wraps place views in arcs or arrays around the user, and grids sub-
divide the space as a plane with regular cells.

Scale hierarchy differentiates groups by size: uniformly scaled
views signal equal importance, while size-proportional views in-
crease salience of primaries and downweight secondaries.

Visual Marks. Once a spatial foundation is established, visual
marks provide static encodings that map relational semantics to
graphical cues. Building on the visual grammar of 2D elements [92,
98], we define the following dimensions.

Marks can take many forms of visual encoding: colors or glyphs
that encode attributes directly, explicit links in the form of lines, rib-
bons, or tubes that tie views together, and containment boundaries,
including boxes, hulls, or brackets, that visually demarcate related
sets. Simplification strategies such as transparency, blur, or reduced
saturation lower the visual weight of secondary items, letting more
important ones stand out.

Different encoding types further shape perception. Direct en-
codings attach to views directly, while overlays integrate encodings
onto the view’s surface. Routing detours encodings around to mini-
mize occlusion, whereas mediating adds intermediate anchors to
help organize links. Bundling aggregates multiple links into one,
clarifying the number of connections while reducing clutter.
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Encoding placement also modulates meaning: encoding may
originate inside a view, attach around its perimeter as halos or
outlines, fully cover the view as frames, or sit detached at an offset.
The choice of mark, type, and placement together determines how
relations can be further highlighted, traced, and compared.

Visual Effects. Finally, visual effects introduce time-varying dy-
namics that give associations a temporal rhythm. By exploiting
Gestalt principle of common fate, coordinated changes across re-
lated views or marks allow groups to stand out as coherent percep-
tual units. Despite its potential [82], we observed only one instance
(i-e., [102]) in our corpus.

Joint position changes, such as synchronous translations, os-
cillations, or rotations, signal that items belong together and often
imply shared trajectories. Joint geometry changes like coordi-
nated growth, shrinkage, or pulsation, provide salient attention
cues while avoiding occlusion. They can also encode semantic di-
mensions such as relational strength (larger, faster pulses for tighter
links) or priority (primary views pulse while secondary ones re-
main steady). Joint illumination changes are an option unique
to 3D and MR. For example, specific views can be illuminated by
spotlights while ambient light is dimmed down, providing a particu-
larly immersive focus+context dynamic suitable for e.g. storytelling.
Joint material property changes interact with scene illumination
to add nuance; for instance, brief blinks for event cues, momentary
brightness lifts to highlight clusters, and gradual opacity fades for
focus+context that keeps relations visible in the background. In MR,
color/brightness generalizes to albedo and emission and extends to
other parameters (e.g., roughness, metalness). Subtle or dramatic,
transient or sustained, these effects add temporal meaning beyond
static encodings.

7 Design Space Demonstration

In this section, we demonstrate how our design space can be utilized
by describing three existing examples of associations identified
in the reviewed papers (Sec. 7.1), proposing a design workflow
(Sec. 7.2), developing an enabling prototype (Sec. 7.3), and applying
the design space to three use cases (Sec. 7.4)!.

7.1 Associations in Related Work

One usage of our design space is descriptive, providing essential
vocabulary and a practical scaffold for researchers to characterize
the design of view associations, as illustrated in our literature cod-
ing. In the following we use italics to denote instantiated values of
our design dimensions and highlight three cases from the reviewed
approaches.

In AR linked panels [43], code snippets (text) are represented as
2D and interactive views. Views are related by their code sources
(categorical) and levels of dependence (ordered), and can be coupled
with one or multiple other views (one-to-one/to-many, between-
view). All views are of equal weight, without additional directional,
positional, or temporal relations. Associations are realized through
aligned horizontal rows and vertical columns that encode prove-
nance and depth, respectively. Views are in uniform size and directly
connected with links to specify one-to-many relations.

Video recordings of each use case are available in the supplementary material.
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In Multiple Coordinated Spaces [61], scatter plots of species and
habitat heatmaps of environmental variables are shown as 2D, rela-
tively static views. Views show different categories of data about the
same locations, related through literal position. Accordingly, their
associations align and layer these views as stacks of the same size,
anchoring them to a large physical screen that presents an overview
of the data, while color marks mutually coordinate the views.

In VR concert [37], live-streaming videos of music group perfor-
mances are shown as 2D and dynamic views. Views are categorical
and prioritized, with one camera capturing the whole group and
several cameras focusing on individuals, while all views share the
same temporal span. Associations are designed as one larger view
for the group and several equal smaller views for individuals, ar-
ranged either around the primary view or around the user in a
circular layout.

7.2 Design Workflow

Another value of the design space is its generative power, which
guides designers in recognizing choices, revealing trade-offs, explor-
ing alternative configurations, and iteratively refining solutions. To
support navigation across the 27 dimensions, we draw from Tamara
Munzner’s nested model for visualization design [65] and propose
a four-step workflow (see Fig. 6) guided by four questions.

"What are the views?" The first step is to characterize each view
in terms of content modality, dimensionality, and state. For exam-
ple, text-heavy views can raise legibility concerns that differ from
those of image- or video-based views. Higher dimensionality can
introduce viewpoint management and parallax considerations. Fi-
nally, highly dynamic views (e.g., live streams) require more careful
attention management than static or interactive ones. Explicitly
defining these attributes helps designers anticipate legibility needs,
placement strategies, and attention constraints early.

"What relations do the views have?" The next step is to abstract
relations across the structural, qualitative, positional, and temporal
dimensions. This abstraction yields an inventory that can be sorted
and ranked to determine which relations are primary and which are
supporting and can remain implicit, thereby informing subsequent
association choices.

"Which techniques make relations perceivable?" Once relations
are identified, designers can visualize them via association tech-
niques using three components. Visual geometry structures the
overall topology of how views are placed spatially. Marks inscribe
static cues that make relations explicit and legible at a glance. Ef-
fects animate these ties in time, guiding attention and highlighting
transitions.

"How do we reduce clutter while preserving meaning?" The final
step involves deploying and iteratively refining the design in the
target environment by revisiting design choices to minimize occlu-
sion and clutter. The goal is to balance salience and legibility with
the constraints and affordances of the situated physical context.

Although presented linearly for clarity, these stages are typically
iterative and interdependent. Outputs at one level become inputs
to the next, and early mis-specifications (e.g., in relational abstrac-
tion) can cascade, limiting the effectiveness of otherwise careful
association design and refinement.

Luo et al.
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Figure 6: Inspired by [65], we propose a four-stage workflow
to operationalize the design space: (1) characterize views, (2)
abstract and define relevant relations, (3) visualize them with
suitable association techniques, and (4) refine the association
design in situ.

7.3 Enabling Prototype for Exploring
Associations

We implemented a lightweight prototype in Unity for Meta Quest 3
that supports authoring multi-view scenarios with natural hand
interaction via the Meta XR Interaction SDK and allows for cus-
tomizing associations in the Unity Editor.

Authoring starts with templates common in prior work (e.g.,
Grid, Slideshow, Circular 180°/360°). Each view can be assigned
content (images, videos, 3D models) and transformed in space (posi-
tion, scale, orientation), and views can be added or removed at any
time. Users can quickly orient selected views to themselves (“Look
At Me”), toggle content previews, lock transforms, and bookmark
views for later access. Selection supports both a viewpoint-based
lasso and a snap-to-hand technique for fast repositioning. When
several views are selected, they can be grouped for joint manip-
ulation, duplicated, saved as a template, or reset to a predefined
arrangement, supporting quick reconfiguration and iterative de-
sign.

Associations can be further customized in the Unity editor, offer-
ing users a selection of five visual marks (see Fig. 7) sampled from
our design space: Line Connectors: tube-shaped 3D polylines with
configurable anchors, curviness (whether the link follows a curved
or straight/shortest path), style (solid/dashed, uni-/bidirectional)
and radius; Cube Covers: outlined bounding boxes that mark a set
of views, with margin and outline thickness; Capsule Covers: piece-
wise capsules for sequences or continuity, with configurable margin;
Metaballs: iso-surfaces of a potential field [6] generated around as-
sociated views creating smooth, organically shaped covers, with
configurable iso-value and field strength; and Border Highlights:
thin outlines for lightweight emphasis with minimal occlusion. All
encodings expose global color and opacity to tune salience and
manage clutter.

7.4 Use Case Illustration

To demonstrate the practical value of our design space, we applied
the design workflow to develop three representative MR scenarios:
traffic monitoring, storytelling, and sensemaking. For each scenario,
we first characterized the views, then abstracted the relations be-
tween them, selected appropriate association techniques from the
design space, and finally refined them in situ. We use boldface and
italics to denote association and relation components, respectively.

7.4.1  Traffic Control and Intersection Monitoring. Urban traffic is
typically managed from control centers that integrate multiple
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Figure 7: The visual marks for the associations that we prototyped, applied to a set of views. (A) Line Connectors. (B) Cube cover.
As the views are co-planar, the outline reduces to a flat rectangle. (C) Capsule cover. (D) Metaballs. Three nearby views are
covered by an organic shape, while the distant view is decoupled from them. (E) Border highlights.

Figure 8: Traffic Control and Intersection Monitoring: MR control center as realized in our prototype. (A) Overview of the setup
with the big city map in the back, moved up to reduce occlusion by other views. The spatial distribution of the view clusters for
each monitored crossing roughly matches their map locations. (B) Solid links between the CCTV views and the intersection
orthophoto allow operators to quickly associate specific roads with monitored events. (C) Autonomous car video feeds are
anchored to the user’s body and are only weakly linked onto the map through their color coding and west-east ordering.

semantically related views [81], including closed-circuit television
(CCTV) feeds. In the future, autonomous vehicles are expected to
operate under human oversight?. We envision an MR multi-view
control center to support this cognitively demanding and time-
sensitive task. To illustrate this idea, we created a 5-minute traffic
simulation using CARLA [17], featuring CCTV feeds from major
intersections and telemetry video from vehicles (see Fig. 8).

Scenario: Carlos, an MR control center operator, monitors au-
tonomous cars in a suburb of about 1 km?. The control center com-
bines image, video, and dynamic visualization. A large map provides
spatial context (e.g., car positions). In front of it, video feeds include
front-facing cameras from autonomous cars and CCTV streams
from key crossings, plus close-up orthophotos of those crossings to
contextualize the CCTV views. CCTV views are clustered around
the orthophoto of the crossing they belong to, and partially over-
lap when viewed head-on, similar to a slideshow with thumbnails.
The orthophotos are anchored in open space and their relative
spatial locations mirror the crossings’ distribution on the map. View
placements are further refined to form a slight radial continuation
to improve visibility. Together, these views form a hierarchy with
the town map at the root, arranged in layered space partitions
and connected by non-directional links that indicate the actual
locations inside the parent view.

2As mandated by the EU Al Act: https://artificialintelligenceact.eu/article/14/

Carlos also anchors prioritized vehicle camera feeds to his body
near the lower edge of his field of view. They are arranged in an
aligned row, outlined with colored frames that match colored
icons moving on the map, and ordered dynamically from left to
right according to their geographic position from west to east.

Reflection: The main design challenge in this use case is that
monitoring multiple dynamic, temporally synchronized views is
cognitively demanding. We therefore design associations that help
users follow and switch between views more smoothly by decom-
posing positional relations and clustering them into layered spatial
partitions. Prioritized vehicle camera feeds are anchored close to
the body to maintain constant awareness, and visual marks are
only introduced when necessary to avoid clutter.

7.4.2  Criminal Investigation Storytelling. An evidence board is a
visual tool used to organize critical evidence, key facts, and relation-
ships, helping piece together complex situations [12]. We adapted
The Kelly Murder [90]3, a fictional problem-solving exercise, and
reframed it into a storytelling scenario that mirrors how derived
insights are communicated to stakeholders in reality. In addition to
narrative text fragments, we incorporated 3D models and images
to represent entities in the story (see Fig. 9).

Scenario: Bob, a museum enthusiast, visits a seasonal MR exhi-
bition on the Kelly Murder. After entering the reconstructed inves-
tigator’s office, holographic photographs and documents emerge

3Text extracts and connections are inspired by Novakova et al. [69].


https://doi.org/10.1145/3772318.3791398
https://imld.de/associations/
http://creativecommons.org/licenses/by/4.0/
https://artificialintelligenceact.eu/article/14/

This is an author and pre-print version. The official publication can be found at https://doi.org/10.1145/3772318.3791398 — Project website: https://imld.de/associations/
©2025 Copyright held by the authors. @@ This work is licensed under a Creative Commons Attribution 4.0 International License

CHI 26, April 13-17, 2026, Barcelona, Spain

Luo et al.

olice were called. They examined the scene and the body
elley had a bullet hole in his thigh...ond o knfe weund inhs

Figure 9: Storytelling about a Criminal Investigation: A virtual evidence board with interactive storytelling features realized in
our prototype. (A) Overview of the layered structure of primary views showing the clues of "Who", "What", "When", and "with
What" from top to bottom. Physical clues use 3D models for immersion. (B) Depending on the narration state, some clues and
their links are faded out jointly as visual effect. (C) The secondary view is attached to the user’s arm to guide the narrative.

from the physical evidence board and reorganize into a spatial struc-
ture. In the primary views, three categories of the clues are arranged
on three vertical layers: top “Who” (people involved), middle
“What” (key events and evidence), and bottom “with What” (objects
such as weapons rendered as 3D models). The clues are grouped
by proximity, aligned along gentle arcs, and outlined in color
to support viewing from any angle. A capsule covers temporal
clues (“When”) showing the sequence of events. View placements
are further refined to form a slight convex layering (forward and
backward) to improve visibility. Binary relations between clues
are indicated by solid uni-directional links for causal/functional
relations (e.g., person A fires gun B), and dotted non-directional
links for implicit connections (e.g., shared context).

Bob raises his left arm to reveal a secondary view containing
overarching narration anchored to his forearm. The narration
comprises six chapters navigable via “Next” and “Back.” As the
story advances, associated entities (both clues and links) undergo
material changes to become fully opaque while others fade to
semi-transparent, highlighting related clues and guiding attention.

Reflection: The main design challenge is to structure numerous
view relations into a coherent story while preserving access to
raw sources for alternative interpretations, in line with the goals of
evidence boards. We therefore organize associations by categorizing
clues into vertical partitions. Visual marks, links, and containments
are used extensively, and sometimes redundantly, to keep relations
perceptible. Joint visual effects align the temporal progression of
views with the narration, mitigating visual clutter and supporting
comprehension.

7.4.3  Scientific Literature Sensemaking. Thematic analysis [7] is a
widely used qualitative method for identifying, analyzing, and re-
porting relations and patterns within data. We adapted a published
literature survey on designing conversational Al for aging [32] in
MR, leveraging the large space for collaboration and sensemaking
(see Fig. 10).

Scenario: Lizzy and Martin, Ul designers, are developing a smart-
TV system with Al capabilities for older adults. They begin by re-
viewing the conversational-AlI literature and, after screening major

digital libraries, select 14 papers for thematic analysis. These pa-
pers are instantiated as text views (title and abstract) in an MR
workspace, arranged in a 2D grid anchored to a wall, with the hor-
izontal axis encoding publication year (ascending) and the vertical
axis encoding the category of the underlying Al technology.

After coding, nine primary themes emerge. To further separate
them categorically, themes are anchored to room landmarks in
the physical environment and objects such as tables, chairs, and
whiteboards, leveraging spatial memory for orientation and collab-
oration. Each theme has two secondary sub-themes; for example,
Lack of Trust includes Questioning AI Competence and Credibil-
ity Concerns. These belonging relations are conveyed by adjacent
proximity and further refined and reinforced by clustered con-
tinuation. Cross-theme relatedness is expressed through directed
links (one-way or bi-directional).

For provenance, the thematic map links back to the wall of
papers. To reduce visual clutter, links are bundled and mediated:
nine hub knots aggregate connections from papers contributing to
each theme. Paths run along the floor before rising to their themes,
evoking climbing vines. The resulting spatial map reveals how
research is distributed across time, technology, and design themes,
informing their system design.

Reflection: The design goal in this scenario is collaborative
sensemaking across categorical structures and chains of related
views. We therefore design associations so that theme categories
are anchored to distributed furniture as landmarks within an immer-
sive thematic map, enabling collaborators to orient themselves and
jointly refer to views. Additional relatedness is expressed through
links that are bundled and mediated to show overall trends at a
glance while preserving provenance to the original papers, with
ordered relations still encoded in the wall grid for cross-checking.

8 Discussion and Future Work

Our findings highlight the promise and richness of mixed reality
for designing view associations. We reflect on our results, distill
implications, and outline directions for future research.
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Figure 10: Sensemaking about Scientific Literature: A MR thematic map as realized in our prototype. (A) Overview — the
relevant papers are presented in a matrix on the wall according to Al technology and publication date, with the identified
themes clustered around the room. Links back to the papers are routed through hubs that bundle links according to theme. (B,
C) Anchoring topics to various real objects in the room helps navigating the thematic map by leveraging spatial memory.

8.1 Towards Unique Strategies in MR

Compared to traditional 2D displays, where spatial layouts take
into account the limited screen real estate (e.g., virtual displays in
desktops), spatiality in immersive environments becomes a design
resource for communicating relations between views. Depth can
encode rich hierarchical structure (e.g., by stacking views) and sup-
port visibility (e.g., by orienting views in slideshows). Association
strategies can be treated as flexible units that can be combined
and formalized into nested strategies (e.g., stack plus cylindrical
uniform grid [53]). With user mobility and embodied interaction,
view groups can be scattered, distributed, or transferred between
layouts (e.g., [56]). This also allows multiple strategies to coexist,
simultaneously or sequentially, as users navigate with their bodies
and interactions, and supporting content-, task-, and user-driven
associations on demand. VR can additionally offer immersive “view
diving” (e.g., [105]), while rendered environments and objects can
also serve as view anchors (e.g., [99]).

In MR, physicality extends this space uniquely: views can
be anchored to physical environments [4, 22, 52, 57, 85], real ob-
jects [4, 22, 57, 61, 85], users’ bodies [21, 22, 52, 99], or displays [9,
11, 25, 44, 71, 73, 76, 100]. Aside from forming multi-device envi-
ronments combining different device affordances (also see Sec. 8.3),
this physical anchoring creates rich opportunities for situatedness,
that is, organizing and associating multiple views to enhance ex-
isting workflows that users are familiar with (e.g., [11, 71, 100]), to
augment tasks where the real context is integral to the experience
(e.g., situated analytics [20, 46, 59, 101]), or to enrich the collabora-
tion between collocated users (e.g., [9, 44, 57]). Our work provides
an initial synthesis and set of guidelines, and we encourage re-
searchers to contextualize this knowledge in concrete domains and
explore new association patterns and strategies that account for
real-world context.

8.2 Design Opportunities of Association in MR

MR provides new ways to express associations. First, beyond space
partitioning, the user’s body offers new loci for association. For in-
stance, cockpit belts [21], foot-reach regions [52], and forearm/hand-
mounted panels [54] can cluster related views. The physical envi-
ronment also affords opportunistic structure like implicit enclosure
via shared surfaces or 3D spatial inclusion [57, 58]. Moreover, ad-
vanced graphics channels, such as consistent material or shader
families and shared illumination (rim/spotlight), can encode subtle
associations, for example, rusted text for importance and unshaped
matter for explicitness [108]. The moving viewpoint itself can also
become a design resource. For instance, stacking does not require a
perfect overlay, while slight offsets remain legible when users “peek”
with head motion. View-dependent visibility can also make desig-
nated views appear while others gently fade, so conditional opacity
marks relatedness. Finally, multimodal cues such as spatial audio
(directional beacons, auditory icons/earcons) and, where appropri-
ate, lightweight haptics provide cross-modal guidance. We call for
research to explore meaningful affordances (cf. [84]) and establish
a broader, MR-native repertoire for expressing associations.

8.3 Associations between Physical and Virtual
Displays

In addition to associating fully virtual views in immersive environ-
ments, MR enables virtual views to be anchored to digital views on
physical displays, as also discussed in cross-device environments [8]
and hybrid user interfaces [23, 33]. Virtual views offer high flexibil-
ity in positioning, scaling, and presenting high-dimensional content,
whereas physical displays often remain preferable for interaction
due to their tangible, tactile nature. Leveraging these complemen-
tary strengths also requires that view association account for device
heterogeneity.

Key considerations include user mobility and the form factors
of physical displays. When users are stationary, virtual views can
extend static physical displays (e.g., conventional monitors) with
additional context or detail [11, 71, 73]. On the move, MR provides
an expansive canvas, while small mobile devices act as tangible
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controllers or situated reference points [76], suggesting dichoto-
mous workflows that are either digital-view-centric or virtual-view-
centric, similar to BISHARE [106]. In such hybrid setups, the dis-
tributed roles should be clearly communicated. For instance, priority
relation between views can be indicated through scale hierarchies of
virtual views relative to physical views, as well as their relevance and
strength can be supported by using proximity, continuation, overlap,
and enclosure. Another design goal is to guide user attention across
heterogeneous views and coordinate transitions between them,
where visual marks and visual effects can be used to emphasize
currently relevant views.

8.4 Gestalt Principles and Perception in MR

Visual perception in MR differs significantly from 2D due to chang-
ing viewpoints, world lighting, and cluttered backgrounds. In this
work, we revisit Gestalt principles [41] and operationalize them
within our design space: similarity can be conveyed via color,
shape, or size of views; common fate is underused yet promising
for ephemeral or on-demand associations, but must be carefully
balanced against potential loss of content legibility and increased vi-
sual distraction; and closure is deliberately avoided as a primary cue,
given its viewpoint-dependent nature. Based on the reviewed liter-
ature and our prototypes, we also observe provisional heuristics:
figure—ground (via layered depth) conditions the perception of all
other cues (e.g., [5, 55]); common fate can temporarily override most
static cues (e.g., [102]); explicit connectedness often dominates prox-
imity and similarity (e.g., [85, 105]); and common region typically
outperforms proximity (e.g., [48, 94]). Nevertheless, despite their
influence in 2D UI design, these conflict or combination rules and
thresholds require confirmation through controlled experiments
under realistic MR conditions.

Likewise, the relative strengths and compositional effects of
visual marks (e.g., using thickness and color) in MR remain under-
explored [18, 28], particularly under illumination shifts, occlusion,
and attentional competition from the physical environment [26, 83].
We advocate systematic user studies to compare distinct associa-
tion techniques and quantify cue precedence and reliability across
environmental conditions.

8.5 Interaction For View Associations

Although this paper focuses on associations as visual representa-
tions, interaction is integral to making associations usable. Classic
brushing and linking remain relevant but must account for visual
clutter as well as content outside the field of view. Consequently,
out-of-view designs [49, 50] (e.g., halos, trails, directional cues)
and other attention-guiding techniques are needed to keep remote
views perceptually connected. Moreover, because view relations
can be driven by content, task, or user, associations will evolve
across workflow phases and perspectives. Designers and end-users
need in-situ tools to compose and revise them, including com-
press/spread layout operations [56], snap-to-depth-band, anchor
switching [47, 72], bundle/unbundle [74], and promote/demote pri-
ority. Lastly, unlike 2D desktops, immersive settings also allow
users to move, enabling new ways of interaction with associations.
For instance, proximity-based interaction [27] can disclose relations
by revealing related views when users cross distance thresholds.

Luo et al.

Future research should leverage user mobility as an interaction
resource for exploring associations.

9 Conclusion

In this paper, we explored the design of multi-view environments in
Mixed Reality by making relations between views explicit through
visual associations. Through a systematic review and synthesis of
literature, we developed a codebook that characterizes essential
association attributes, identified seven recurring strategies and pat-
terns in current practice, and distilled them into a design space
comprising three components and 27 dimensions. The design space
clarifies how spatial layout, visual encodings, and motion can be
combined to convey hierarchy, comparison, provenance, or work-
flow in immersive contexts. It serves as both an analytical lens for
evaluating existing systems and a creative toolkit for developing
future MR applications in complex information spaces. We further
implemented a lightweight prototyping framework and three en-
visioning scenarios to illustrate how this design space can guide
practical MR applications and highlight the benefits of designs
centered on associations. Our contributions bridge established 2D
research with emerging immersive approaches, revealing both con-
tinuities and gaps in how associations are represented. We provide a
design vocabulary and structured guidance that enable researchers
and practitioners to analyze relations systematically and design for
them intentionally. Ultimately, by highlighting the role of associa-
tions in structuring information across multiple views, we lay the
foundation for creating MR environments that are more legible,
coordinated, and expressive.
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A Appendix

We provide detailed descriptions of our design space (see Fig. 5),
including 27 dimensions and their values. The design space is orga-
nized as three components: the view (see Sec. A.1), the relation that
connects or distinguishes views (see Sec. A.2), and the association
strategies making these relations visible in MR (see Sec. A.3).

A.1 View: "What are the views?"

This component comprises three basic dimensions that describe a
view: content modality, dimensionality, and state.

Content Modality. The information from which a view is com-
posed, for instance, text, image, video, visualization, or object. Views
can be unimodal or mixed-modal, but one modality normally acts
as the primary carrier of meaning.

Dimensionality. The intrinsic spatial extent of the view, defin-
ing whether it occupies a plane or a volume.

e 2D: confined to a single depth plane.

e 2.5D: fundamentally planar with slight extrusion that sug-
gests depth.

e 3D: volumetric, with depth and orientation in immersive
space.

State. The temporal and behavioral status of the view, describing
what can change and who initiates the change.

e Static: time invariant during use.

e Interactable: can be altered by the user but does not self-
update.

e Dynamic: changes without user action due to streaming data,
simulation, or narrative progression.

A.2 Relation: "How are the views semantically
linked or distinguished from other views?"

The relation component characterizes the semantic connections
among views (or subregions of views) without prescribing any
visual treatment. It covers structural, qualitative, positional, and
temporal attributes.
The structural attribute defines "what the relation is made of™.
Type. The logical nature of the relation among entities.

e Binary: either a connection exists or it does not.

o Categorical: a discrete label with no inherent order.

o Ordered: either ordinal rank (ordered categories without
equal intervals) or quantitative magnitude (numeric values
with consistent intervals or ratios).

Cardinality. The number of views that participate on each side
of a relation.

o One-to-one: couples one view with exactly one other view.

o One-to-many: couples one view with multiple views, fanning
out from a source.

e Many-to-many: involves multiple views on both sides, form-
ing a networked coupling.

Granularity. The scope at which the relation semantics operate.
e Within-view: applies to a region or segment inside a single
view.

o Between-view: exists between whole views treated as single
units.
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o Mixed-scope: spans both subview regions and whole views.

The qualitative attribute defines "how the relation is valued".

Priority. The positional ordering that ranks views along a dom-
inance spectrum.

e Primary: central or most important.

Secondary: relevant but lower in importance or presented
after the primary.

Equal: views share the same rank.

Supplementary: adds optional details.

Peripheral: of marginal relevance.

Relevance. The degree to which one view relies on another for
meaning or function, distinct from causal, functional, and part-whole
connections.

o Related: a general thematic or contextual connection.

e Dependent (enables/causes): one view requires the other to
function or make sense.

o Belonging (part-of): a constituent part of a larger whole.

Strength. A scalar magnitude reflecting the binding intensity of
a relation. We define it as weak, loose, firm, tight, with increasing
degrees of relational intensity.

The positional attribute defines "where and in what orientation
the relation sits".

Direction. The vector property of a relation.

o No-direction: symmetrical or without a preferred direction.
o One-way: flows in a single direction.
e Bidirectional: influence travels both ways.

Spatial. The spatial attribute of multiple relations.

e None: spatially irrelevant.
o Relative (abstract): typological positioning that can be repre-
sented as relative geometry.
e Literal: concrete spatial relations that can be represented
geographically.
The temporal attribute defines "when and for how long the rela-

tion occurs".
Temporal. The chronological arrangement of relations.

o None: temporally irrelevant.

o Sequential: follows a temporal order where one occurs before
or after another.

e Simultaneous: occurs at the same time or substantially over-
laps.

Lifespan. The persistence status of the duration of a relation.

o Fixed: exists for a predetermined duration.
o Event-based: appears or disappears in response to an event.
e Permanent: persists for the entire experience.

A.3 Association: "How are the relations made
visible in Mixed Reality?"

The association component specifies the visual strategies that turn
abstract relations into perceivable structure. It comprises three
orthogonal approaches: view geometry for macro layout, visual
marks for static graphical encodings, and visual effects for time-
varying, attention-guiding cues.
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A.3.1 View Geometry. View geometry is the layout-level attribute
that sets where and how groups of related entities occupy 3D space.
It governs where and how entire groups of related entities are
positioned in 3D space, determining the gross topology of the scene.
It answers the question “where and how groups of related entities
occupy 3D space?”, providing the spatial layouts onto which finer
encodings can later be applied.

Grouping cues are spatial strategies that foster perceptual cohe-
sion, causing entities to be experienced as a single, higher-order
unit.

Proximity. The spacing between views; smaller gaps promote
grouping.

o Adjacent: views touch or are separated by a thin gap and
appear to share a bounding hull.

e Near: distinct objects within easy reach that read as a local
cluster.

o Distant: separation large enough to require eye or head move-
ment.

Continuation. The alignment of axes or paths across views.

o Aligned: views follow a common axis or curve.
o Clustered: views are clustered into a locally cohesive unit.
o Freeform: views are placed without an explicit ordering path.

Overlap. The degree of occlusion from the user’s viewpoint.

o Full overlay: one view strongly occludes another, suggesting
synonymy or temporal substitution.

o Partial: a view partially occludes another, yet the background
view remains partly legible.

e None: views are disjoint and fully visible.

Enclosure. Whether views share a containing region.

o Full closure (nested): a view acts as a container that encloses
other views.

o Implicit region (same surface): views are on the same surface
or background without an explicit boundary.

e None: views do not share a perceived place.

Segregation cues are the complementary set of spatial strategies
that accentuate between-group boundaries so that multiple clusters
remain visually and cognitively distinct even when rendered in a
shared 3D volume.

Anchoring. The spatial frame of reference to which a view is
attached.

o Open space: placing freely in world coordinates.

o Physical environment: attached to real surfaces (e.g., walls,
tables).

o Physical object: bound to portable real objects.

e Body (on-body, arm-reach): follows the user’s body or stays
within arm reach.

Space Partition. The primary organizational axes that divide
space into meaningful zones.

o Vertical (up-down): stacked along the y axis.

o Horizontal (left-right): arranged along the x axis.

e Layering (foreground-background): placed on discrete depths
along the z axis.

e Radial/Cylindrical: wrapped around the user in an arc or full
circle.
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e Grid: arranged in a regular matrix of spatial cells.

Scale hierarchy. How relative size expresses importance among
related views.
e Uniform: equal size signals parity and neutral salience.
o Size proportional: larger for primaries and smaller for periph-
erals.

A.3.2  Visual Marks. Visual marks are static mark-level techniques
applied to views or subviews to encode, clarify, or simplify perceived
relations. They provide additional cues that can be read at a glance
or on inspection.

Visual Encoding. The graphical element used to convey associ-
ation.

Mark (color, glyph): color or glyph to encode attributes.
Link: an explicit line, ribbon, or tube that joins views.
Containment: brackets, boxes, or hulls that enclose related
items.

Simplification (transparency, blurriness): transparency or blur
to reduce visual weight.

Encoding Type. The geometric strategy by which encodings
are applied.

o Direct: attached straight to the target view.

e Overlay: co-located on the view’s surface.

e Routing: paths detour to avoid occlusion.

o Mediating: explicit waypoints structure links.

o Bundling: multiple links are aggregated into a shared route.
Encoding Location. Where a visual encoding attaches to a

view.

o None: no explicit attachment; relation is implied elsewhere.
e Within: originates inside the view’s bounds.

e Around: attaches to a perimeter halo or outline.

o Fully covered: overlays the view as a full outline or surface.
o Detached (offset): starts at an offset node or hub.

A.3.3  View Effects. The time-varying, group-synchronous chan-
nels that guide attention and express the transient state without
changing layout. They can be applied to views and to visual marks.
¢ Joint position change (velocity and direction): move-
ment with shared velocity or direction across related ele-
ments, implementing common fate.
¢ Joint size change (growth and compression): synchro-
nous growth or compression as an attention cue; can encode
strength or priority.
¢ Joint illumination change (blink, dim, and brighten):
brightening, dimming, or selective lighting to focus attention
while maintaining context.
¢ Joint material property change: brief modulation of albedo,
emission, roughness, metalness, or opacity to highlight or
background content.
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