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Figure 1: An example scenario using iTrace: (A) an initial stage before tracing, (B) tracing an element from a map to a graph,
where supportive foci (circles on red lines) automatically follow their visual links, and dynamic transitions adjust other links
to reduce clutter, (C) the final stage where the user finishes tracing, and (D) manual link management that to organize links.

ABSTRACT
Exploring data relations across multiple views has been a common
task in many domains such as bioinformatics, cybersecurity, and
healthcare. To support this, various techniques (e.g., visual links and
brushing & linking) are used to show related visual elements across
views via lines and highlights. However, understanding the relations
using these techniques, when many related elements are scattered,
can be difficult due to spatial distance and complexity. To address
this, we present iTrace, an interactive visualization technique to
effectively trace cross-view data relationships. iTrace leverages the
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concept of interactive focus transitions, which allows users to see and
directly manipulate their focus as they navigate between views. By
directing the user’s attention through smooth transitions between
related elements, iTrace makes it easier to follow data relationships.
We demonstrate the effectiveness of iTrace with a user study, and
we conclude with a discussion of how iTrace can be broadly used
to enhance data exploration in various types of visualizations.
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1 INTRODUCTION
Multiple-view visualization(MV) is widely used for visual analysis in
many �elds (e.g., bioinformatics [23, 34, 39], cybersecurity [10, 80],
�nance [9, 31], health care [18], and education [11, 81]). To gain a
deep understanding of the data, analysts often need to explore data
relations across views [65, 67]. For example, cybersecurity analysts
use network graphs to see device communications, lists to view
suspicious organizations, and maps to check geographical locations,
requiring them to explore relations across these views. To support
such explorations, techniques like visual links and brushing & link-
ing are heavily used. Visual links connect related elements across
views, and brushing & linking highlight related elements after se-
lections. However, the spatial distribution of related visual elements
can make it hard to follow links or interpret highlights, especially
when many connections overlap or when elements are scattered.
Figure 2 shows an example of the challenge, which explores related
visual elements in a graph from a selected location on a map.

Previous attempts to address this have used aggregation-based
techniques to reduce the clutter of visual links [51,60,63� 65,67,68].
Although decreasing the number of visual links reduces overlap,
it does not eliminate the need for users to transition across views,
as the layout of views remains unchanged. As users shift across
views to explore cross-view relationships, they still rely on visual
links. While fewer intersections make it easier to trace a single link,
users must pay close attention to avoid losing track of the link. Any
lapse in focus can disrupt their ability to realign with the original
pathway. This challenge is ampli�ed when tracing multiple links
simultaneously. Without visual guidance, it is hard to navigate com-
plex cross-view relationships e�ectively, even with fewer visual
links. Techniques based on brushing & linking eliminate the need
for visual links, thereby avoiding issues with line crossings. How-
ever, they struggle to explicitly outline the complex relationships
between elements across views, especially after multiple selections.
As each selection turns a group of elements in MVs into highlights,
multiple brushings result in highlighting various groups. Relying
only on highlights without visual links makes it di�cult for users
to discern relationships among elements across views.

To address these challenges, we introduce iTrace, an interactive
visualization technique to facilitate tracing cross-view data rela-
tionships. Unlike conventional methods that leave users to piece
together disjointed visual cues, iTrace features the design ofin-
teractive focus transition. This mechanism allows users to visibly
transfer their �focus� from one view to another via an on-screen
marker, allowing them to see, manipulate, and track their focus
while navigating across views. Continuous visual guidance ensures
that even when multiple links must be traced simultaneously, the
active pathway remains clearly highlighted, preventing users from
losing track of connections. Moreover, the versatility of iTrace
makes it applicable to a wide range of visualizations, extending its
usefulness beyond traditional multi-view scenarios. In summary,
our contributions are threefold. First, we conduct an in-depth design
analysis to support tracing cross-view data relationships, expand-
ing the design space of MVs. Second, we introduce a novel design
concept, theinteractive focus transition, which emphasizes the vi-
sualization and direct manipulation of user focus points during

Table 1: Four levels of cross-view data relationships [67].

Relationship Level Number of Views Number of Visual Elements
Individual level ¹1 : 1º 2 2

Grouplevel ¹1 :< º 2 1 ¸ < ¹< ¡ 1º
Bi-grouplevel ¹< : =º 2 < ¸ = ¹<•= ¡ 1º

Multi-grouplevel ¹< : = : ”””: : º ¡ 2 < ¸ = ¸ ”””̧ : ¹<•=• ”””• :¡ 1º

cross-view data exploration. Third, we develop a visualization pro-
totype, iTrace, which embodies our design, and we evaluate its
e�ectiveness through a user study.

2 RELATED WORK
2.1 Cross-View Data Relationship
Cross-view data relationships can be grouped into three categories
(Figure 3). The �rst involves relationshipsbetween visual elements
across views, focusing on the detailed connections between el-
ements across views. It examines interactions within individual
views and how elements from separate views are connected. For
example, it explores how �ve people in a social network graph
might be linked to six organizations in another view. This approach
e�ectively �breaks� the boundaries of individual views to highlight
components of potential knowledge graphs [32], linking disparate
data elements scattered across views. The second category covers
relationshipsbetween visual elements and views, o�ering a more
abstract connection. Here, views add context or detail to visual ele-
ments in other views. For example, a line chart might show housing
sales trends over the past six months for regions highlighted on
a map. This relationship suggests a hierarchical structure among
views, aligning with Shneiderman's visual information-seeking
mantra [57], where one view gives an overview and others provide
details as needed. The third category looks at broader connections
between views, prioritizing overall insights from collective data
rather than individual elements. For example, documents placed to-
gether may indicate relevance, showing patterns that span multiple
components. This approach highlights more conceptual relation-
ships for deeper understanding [45].

This work focuses on thosebetween visual elements, which re-
quire investigations of visual elements inside views. These low-
level details across views form a key foundation for extracting
higher-level insights, which are crucial to a data-driven sensemak-
ing process [50]. The relationships can be categorized into four
levels (Table 1), based on the cardinality of involved sets of visual
elements from di�erent views [67]. The complexity increases from
the individual level to themulti-grouplevel [65, 66].

2.2 Visualizing Data Relationships across Views
Three designs for visualizing cross-view data relationships are [65]:
connection, visual highlight, andspatial proximity.

Connection uses visual links to show cross-view data relation-
ships. It draws lines among related visual elements across di�erent
views, corresponding to a one-to-one cross-view data relationship.
Examples include VisLink [12] and its variant versions [22, 60]. It is
widely used in visual analysis tools (e.g., Bixplorer [21], MyBrush
[38], and Flowstrates [6]). However, visual links can lead to clutter,
making it hard for users to trace connections and understand more
complex structures. To mitigate this, some studies have introduced
aggregation techniques that group visual links into clusters (e.g.,
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Figure 2: An example of the challenge on exploring related visual elements across views with visual links and highlights.

Figure 3: 3 types of cross-view data relationships: (a) between
visual elements, (b) between visual elements and views, and (c)
between views. Each box shows a view, orange circles and gray
squares are visual elements, and blue lines indicate relations.

edge bundles) based on speci�c rules [51, 60, 64, 65, 67]. While
these clusters simplify the presentation, users still need to trace
individual lines to fully understand the underlying relationships.
Notably, previous works have also addressed navigation and focus
management across visual links. For instance, Moscovich's link
sliding and bring & go approaches [42] as well as Baudisch's Drag-
and-Pop/Drag-and-Pick technique [4] and the CompaRing method
[69] similarly explore the concept of drawing copies of data entities
to pull them toward the user's focus.

Visual highlight relies on the coordination of MVs, with a
dynamic update strategy to show relationships between visual
elements across views. When users interact with elements in one
view, corresponding elements in other views are highlighted. It
is used in coordinated MVs [5, 46, 53], and is applied in various
tools (e.g., Cross-Filtered Views [75], Improvise [74], Interver [62],
MissBiN [85], and Jigsaw [59]). While this technique helps users
identify related elements, it requires continuous attention to visual
updates triggered by user interactions. If these updates are missed,
understanding the relationships can be hard. Unlike the connection
approach, visual highlight avoids clutter by avoiding extra visual
markers like lines, but without explicit links makes it hard to check
complex cross-view relations.

Spatial proximity uses spatial distance to reveal relationships
across views. It follows the �near equals similar" visual metaphor,
which depends on the spatial arrangement of views to present their
data relationships. This design requires users to interpret the spatial-
ization of views to understand cross-view data relationships. It has
been used in tools (e.g., Bixplorer [61], ForceSpire [20], GraphTrail
[19], and NodeTrix [29]), which support �space to think" [2] ori-
ented sensemaking activities. As spatial arrangement is controlled
at the view level (i.e., manipulating the layout of MVs [56]) instead

Table 2: A Summary of Visualizations for Tracing

Tracing Target
(number of involvedvisual element)

One Element Multiple Elements
Data One entity One group Multiple group

Relation

- LineUp[24]
- Parallel Tag
Clouds [14]
- Scatterplot
Matrix [8]

- BubbleSets [13]
- Crossets [47]
- Kelpfusion[41]
- LineSets [1]
- Scatterplot
Matrix [8]

- BiDot [84]
- ChemoGraph [33]
- Mercer [77]
- MyBrush [38]
- Sankey diagram [52]
- VisLink[12]

Location
(spatial

transition)

- SoccerStories [48]
- Tra�c �ow
visualizations [3]
- Visual
sedimentation [30]

- SoccerStories [48]
- Tra�c �ow
visualizations [3]
- Trajectory
bundling[17]

- Andromeda[55]
-Animated
transitions [28]
- Tra�c �ow
visualizations [3]

Analysis
Focus

(analytical
space)

Time
(temporal
trend, or
process)

- À Table [49]
- DimpVis [36]
- egoSlider [79]
- OpinionFlow [78]
- StoryFlow [40]
- ThemeRiver [27]

- EgoLines [82]
- EventThread [25]
- Matrixwave [83]
- Story Curves [35]
- VisTrails [7]

- EgoLines [82]
- EventThread [25]
- Reducing snapshots
to points [72]
- Matrixwave [83]
- Story Curves [35]

of the visual element level, it is hard for users to identify and under-
stand cross-view data relationships in detail. Moreover, interpreting
spatializations requires more cognitive e�ort than tracking lines or
visual highlights.

2.3 Visualizations for Tracing Information
Visualization techniques for tracing information focus on 4 aspects
of visual analysis: 1)data, 2)relation, 3)location, and 4)time (Table
2). These mainly usevisual links, visual highlights, andanimation.
Tracing involves individual or multiple visual elements that encode
data from one or more groups. Such elements serve as tracing tar-
gets. Their encoded data corresponds to the analysis focus in the
data space. This aligns with the information foraging loop in sense-
making [50]. The tracing-oriented analysis explores relationships,
spatial transitions, and temporal trends based on the encoded data.

Relation-focused tracing involves analyzing connections be-
tween data entities (e.g., one-to-one, one-to-many, many-to-many).
Simple cases involve tracing single visual elements [8, 14, 24] across
di�erent visual contexts (e.g., lists, scatterplots, small multiples
[73]), using visual links or highlights. More complex cases trace mul-
tiple elements to identify those within the same group or across mul-
tiple groups. For the former, set visualization techniques [1, 13, 41]
use lines or ribbons to connect elements of the same set, requiring
users to follow them to trace visual elements of the same set. Brush-
ing & linking based highlights are also used for tracing groups of
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elements in di�erent visual contexts (e.g., scatterplot matrix [8]).
For the latter, visual links require users to follow multiple lines to
trace elements across groups [33, 38, 77]. However, such techniques
lack e�ective guidance, expecting users to manually trace paths.

Location-focused tracing examines spatial transitions by ana-
lyzing the movement of visual elements (e.g., sports or urban tra�c
analysis [3, 48]). Two main approaches are used: 1) line-based tra-
jectories [3, 17, 48] where lines show paths, and 2) animations
[17, 30, 55] showing dynamic transitions. Line-based trajectories
allow users to follow movement patterns, and multiple lines can
be bundled by spatial proximity. Animations guide user attention
to moving elements, helping them stay focused. However, tracing
animated elements is hard without visible trajectories, especially
when elements move in di�erent directions. Additionally, most tech-
niques lack e�ective animation controls, forcing users to switch be-
tween traced elements and interface controls (e.g., play and pause),
interrupting the tracing process and complicating task resumption.

Time-focused tracing involves temporal trends and process-
oriented analysis, navigating through time to understand data evo-
lution. Temporal trends are shown with lines [36, 49, 79] or areas
[27, 78], where users follow shapes to observe value changes. For
process-oriented analysis, stories, provenance, or event sequences
are visualized using lines [40, 82] , node-link diagrams [7, 72], and
connected matrices [83]. Users follow line segments or paths to un-
derstand these processes. By adjusting spatial layouts (e.g., ordering
lines [82] or matrices [83]), similar processes are placed near each
other for comparison. However, users must manually trace paths
without supportive features, which is hard with multiple processes.

In summary, while existing techniques use visual links, high-
lights, and animations, they lack assistance features and struggle to
scale with multiple elements, especially for cross-view relationships.
This motivates our design of iTrace.

3 DESIGNING ITRACE
3.1 Term Clari�cation: Visual Link and Tracing
Our notion of visual link refers to aperceptually continuous geo-
metric shape(e.g., a solid, dashed, or dotted line, curve, or ribbon)
that connects related data scattered across di�erent locations on a
screen. These links are visual marks displayed over existing repre-
sentations to explicitly connect related elements. This aligns with
the de�nition of visual link discussed in [60], which highlights us-
ing additional visual marks instead of manipulating speci�c visual
channels of existing visual marks (i.e., brushing and linking).

We considertracing as ananalysis taskthat guides users through
conceptual spaces to �nd necessary information for sensemaking.
For example, users can follow colored contours in a scatterplot to
explore adata spaceand identify clusters, track edges in a graph to
navigate arelationship spaceor observe line segments in a chart to
examine atime spacefor trends. Speci�cally, in the context of cross-
view data relations, tracing involvesfollowing visual encodings to
identify connections between visual elements across views, which
helps users understand relationships between visual elements.

3.2 User Tasks and Types of Tracing
In the context of cross-view data relationships, there are three major
types of user tasks [67]: �ltering -oriented,refocusing-oriented, and

Figure 4: Three types of tracing: (a) individual oriented, trac-
ing in a single direction; (b) group oriented, tracing in a con-
strained direction, and (c) cluster oriented, tracing in reflected
directions. A blue/red arrow indicates tracing direction and
dotted lines show a constrained range of tracing.

connecting-oriented tasks.Filtering-oriented tasks refer to using
visual elements in one view to �lter those in other views.Refocus-
ing-oriented tasks involve exploring the same data across di�erent
views based on selections made in one view.Connecting-oriented
tasks aim to �nd connections between visual elements across views.
These tasks correspond to data �ltering, data identi�cation, and data
connection, respectively. As they all involve visual elements across
views, tracing related elements serves as a key sca�old supporting
the tasks. They are performed based on cross-view data relation-
ships, particularly those between visual elements, as outlined in
Section 2.1.

Considering the structure of cross-view data relationships (see
Section 2.1), there are three primary types of tracing (see Figure
4): 1)individual oriented tracing, 2)grouporiented tracing, and 3)
clusteroriented tracing. These correspond to the �rst three levels
of cross-view data relationships outlined in Table 1.

Individual oriented tracing (T1) follows a single related vi-
sual element in asingledirection, re�ecting one-to-one relation-
ships.Group oriented tracing (T2) tracks relationships between
a single element and multiple related elements within a bounded
range, resulting inconstraineddirectional tracing. Thus, it involves
a group-level relationship (a one-to-many relationship).Cluster
oriented tracing (T3) examines relationships between two groups
of elements, involvingre�ecteddirectional tracing. This reveals a
bi-group level relationship (a many-to-many relationship). While
more complex relationships (multi-group level) exist, tracing them
requires progressive analysis through multiple group or cluster-
oriented traces, as they involve chains of information across multi-
ple views. Therefore, this study focuses on the three primary types
of tracing mentioned above.

3.3 Design Analysis: Trade-o� & Consideration
Considering the change of a user's focus, as shown in Figure 5,
there are three possible design strategies for supporting tracing: 1)
context switching, 2)context enriching, and 3)context separating.

The context switching (S1) design strategy focuses on the
necessity for users to transition their focus across views (Figure
5(A)). It acknowledges human cognition's limited capacity and
the spatial separation of views, assuming users can only focus
on speci�c elements within a single view at a time. While this
approach preserves each view's original organization, it has notable
drawbacks. The spatial separation of related elements and constant
context switching increases cognitive load [15]. Users need clear
visual cues to track related elements across views, especially when
views are far apart. Without such cues, users can be confused about
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Figure 5: Designs for supporting tracing: context switching
(A): user focus shifts from one view to another, context en-
riching (B): moving related visual elements from another
view to the current one, and context separating (C): placing
related visual elements outside original views and near each
other. A trapezoid shows a user's focus at a time. A blue arrow
reveals a moving direction.

which visual elements in the current view correspond to those
previously checked.

Thecontext enriching (S2) design aims to keep a user's analysis
focus within a single view by reducing the need to switch the focus
between views (Figure 5(B)). This is achieved by moving related vi-
sual elements from other views into the current working view. This
strategy enriches the visual context of the analysis, allowing users
to trace cross-view data relationships without constant focus shifts,
thereby reducing cognitive e�ort. However, this introduces new
challenges. Moving elements between views requires reorganizing
them, which can impact their structure. Users have to work on
views in transformativeforms, where visual elements in views are
no longer con�ned within the traditional boundaries (i.e., visible
borders) of a view. Instead, elements can be �exibly moved based
on cross-view data relationships. This �exibility blurs boundaries,
potentially complicating perception and leading to visual clutter.

Thecontext separating (S3) design challenges the existing or-
ganizations of MVs by moving all related visual elements out of
their original views (Figure 5(C)). It separates related visual ele-
ments from unrelated ones, e�ectively dividing a display space into
two parts: 1) original views and 2) relationships among views. The
former are the views as initially designed. The latter are areas where
related elements are extracted into new types of views (e.g., relation-
ship views). Such a division allows users to easily identify related
visual elements, as they sit together and segregated from unrelated
information, minimizing interference and visual clutter. Positioning
related elements outside views can bring them into closer proximity
than when dispersed across di�erent views, minimizing the e�ort
required for tracing due to reduced physical movement. However,
this separation poses new challenges. Relocating visual elements
strips them of their initial visual context, which might complicate
users' comprehension of cross-view data relationships.

Supporting tracing with these design approaches involves ei-
ther redirecting a user's focus between views or relocating visual

elements outside of their original views. The �rst strategy main-
tains the structure of views at the cost of requiring users to exert
e�ort in transitioning between them. The second reduces user ef-
fort by minimizing the need to switch between views but disrupts
the organization of views. The third allows users to easily identify
connections without interference by segregating related elements
from unrelated ones but strips elements of their original visual
context. These compromises prompt a reevaluation of the standard
organization of MVs.

Based on our analysis of user tasks, types of tracing, and design
strategies with trade-o�s, we have identi�ed four considerations
that the design of iTrace attempts to follow.

C1: Providing usable visual guidance to support transi-
tioning between views . Transitioning between views demands
signi�cant cognitive e�ort [ 15], which commonly occurs while us-
ing MVs, so it is vital to o�er usable visual guidance to help users
locate the target segment when moving from one view to another.
Speci�cally, such visual guidance should direct a user's attention
to three key aspects of cross-view transitions involved in tracing:
direction, path, anddestination, corresponding to three main ques-
tions for tracing: which view(s) to navigate to, how to get there,
and where to stop within the target view(s). (a) Showing the tracing
directionhelps users understand which view(s) they need to transi-
tion to. (b) Providing transitionpathsdirects users' attention during
a transition process and helps to maintain focus. (c) Highlighting
related visual elements within the target view(s) guides users to
the destinationelements they need to trace, e�ectively concluding
the transition process.

C2: Sca�olding multi-directional tracing . As related visual
elements are spatially scattered, it is important to o�er techniques
to support users in tracing multiple directions. Given the impact of
selective attention [70], it is hard for users to trace several direc-
tions simultaneously, especially in divergent or opposite directions.
While it is possible to turn this into a sequential process in which
each step only involves tracing in one direction (T1), transition-
ing from a one-directional tracing to another creates challenges
(e.g., which direction to pursue next and how users can ascertain
completion of tracing in all directions). As multi-directional trac-
ing (T2, T3) has been commonly involved in real-world analyses,
developing techniques to facilitating this is imperative.

C3: Comprehensive tracing of relationships . To foster a
transparent understanding of intricate interrelations among ele-
ments, it is crucial to allow users to navigate through all relation-
ships associated with a visual element. In complex datasets, ele-
ments often have multiple connections spanning across elements
in di�erent views. Users should be able to con�dently explore these
connections. By supporting comprehensive tracing, users can e�-
ciently trace individual elements (T1), follow connections between
an element and a group (T2), and understand how groups relate
to each other (T3). Without the ability to trace them, users may
overlook critical connections, leading to incomplete analyses or
incorrect conclusions.

C4: Dynamic transition via tracing . Dynamic transitions can
be used to reduce visual complexity while a user is engaged in
tracing an element. Factors in�uencing visual complexity include
the number of elements, visual links, and views. Reducing visual
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Figure 6: Examples of externalizing a user's focus in iTrace.
(A): iTrace creates a copy of each visual element involved in
a cross-view data relationship and overlays them on exist-
ing views. (B): iTrace enables automatically moving a focus
marker as a user moves a mouse pointer from its previously
focused visual element. Orange circles and blue rectangles
show the focus marker and copy of related visual elements
in iTrace, respectively.

complexity facilitates tracing and helps users e�ectively explore sig-
ni�cant connections. Additionally, enhancing the salience of visual
links supports users in tracing connections, allowing them to main-
tain focus and di�erentiate desired links. Informing users of their
progress during tracing can improve their experience, aligning with
usability heuristics (i.e., visibility of system status and recognition
rather than recall) discussed by Nielsen and Molich [44]. Awareness
of position and progress clari�es task completion, helping users see
what has been explored and what remains. This feedback aids in
resuming interrupted tasks and reduces cognitive load, especially
when tracing spatially distant elements across multiple views.

4 THE ITRACE TECHNIQUE
The iTrace technique highligths a design concept ofinteractive focus
transitionto support cross-view data relationship tracing, which
aims to make a user's focus visible and manipulable. It has three
components: 1) externalizing a user's focus during tracing, 2) manip-
ulating a user's focus to facilitate tracing, and 3) dynamic transition
of a user's focus. They are applied on top of identi�ed cross-view
data relationships to support users in tracing them, so iTrace re-
quires that cross-view data relationships are computed in advance.
To compute the relationships, iTrace follows prior work [67], which
usesbiclusteringto compute relationships between visual elements
of pairwise views and chaining of biclusters (i.e., results of biclus-
tering algorithms) to identify relationships among visual elements
of three or more views. The computed cross-view data relationships
serve as the foundation of iTrace, enabling it to provide visual cues
and interactions that help users trace connections. They can be
shown in various means, such as visual links connecting related
elements, highlights that emphasize relationships, and dedicated
relationship views that display visual elements together [67].

4.1 Externalizing User Focus
To make a user's focus explicit, iTrace introduces visual overlays,
calledfocus markers , to show the user's current focus. Users can
enable or disable a focus marker by right-clicking on a visual ele-
ment. When enabled, a semi-transparent, slightly larger copy shows
over the element (orange circles in Figure 6), distinguishing it from
the original visual element without obscuring essential details. By
interacting with multiple visual elements, users can create several
focus markers simultaneously, allowing the tracing of bi-group
level relationships (T3). Moreover, based on computed cross-view
data relationships, iTrace enables users to generate copies of related

visual elements in other views (blue rectangles in Figure 6). These
copies can also be enabled or disabled via a right-click menu on
each focused visual element. They share visual cues with focus
markers and representrelated elements. This helps users recognize
copies of visual elements, di�erentiate visual elements from their
copies, and enable direct manipulations on focus markers.

While the current implementation uses a semi-transparent, scaled
copy for the focus marker, the iTrace technique is designed to be
extensible, allowing its visual encoding to be customized for better
visibility in complex scenarios, as noted in our user study. Instead
of a direct copy, the marker could use distinct shapes (e.g., star,
triangle, outlined circle), have static or density-aware sizing, or be
enlarged relative to the original. Additional enhancements include
high-contrast or saturated colors, stronger outlines or shadows,
subtle animations (e.g., pulsing, blinking), or alternative �ll styles
like hatching. These adaptations can be tailored to view character-
istics, information density, or user preference to ensure the marker
remains easily distinguishable during tracing.

In iTrace, visual salience can propagate across multiple views
based on computed cross-view data relationships, showing both a
user's current and future focus. For example, in Figure 6, orange
circles correspond to a user's current focus (i.e., where a tracing
starts). Blue rectangles indicate the user's future focus (i.e., where
the tracing will end). iTrace uses the visual salience in other view(s)
to o�er users guidance on tracing direction and destination (C1-a, c).
After creating focus markers and copies, iTrace allows users to move
these markers manually or automatically. Forautomatic movement,
a focus marker moves by following a user's mouse pointer (Figure 6
(B)), externalizing the transition of the user's focus by transforming
it from an internal cognitive process into visible on-screen elements.
Formanual movement, a user can drag and move the marker �exibly,
which is discussed with more detail in Section 4.2.

4.2 Manipulating User Focus
In iTrace, focus markers are considered the�rst-level objectsfor
user interaction. Users can manipulate these markers by moving
them to attract related visual elements from other views (Figure
7). Besides the automatic movement discussed in Section 4.1, users
can manually move a focus marker by dragging it. To guide users
in moving their focus marker, iTrace usesvisual links(Figure 7
(A), (B)) from a visual element to its related elements, explicitly
showing possible paths for users to perform tracing (C1-b). Users
can move focus markers along these links (Figure 7 (A)). iTrace
supportscross-link transitionswith the focus marker (Figure 7 (B)).
During the movement of a marker by a user, iTrace detects the
closest point on any visual link connected to the current visual
element and adjusts the marker's position accordingly. To �nd
the closest point on a visual link, iTrace uses an algorithm with a
linear [16] and iterative bidirectional search process [54]. Figure 8
shows the two procedures in this algorithm (see Algorithm 1). This
algorithm is also used for automatic movement, ensuring that the
focus marker "sticks" to the nearest visual link relative to the user's
mouse pointer.

Along with the transition of a user's focus marker, iTrace creates
supportive foci (white circles in Figure 7 (A) and (B)) that move
along all other visual links associated with the element being traced.
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