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Figure 1: The interface of ActSoon consists of (A) a Temporal Dynamics Panel to visualize taxiing schedules and temporal pro-
gressions with embedded spatial context, (B) a Conflict Resolution Panel to present recommended conflict resolution strategies
and impact evaluations, and (C) a Spatial Dynamics Panel to depict surface traffic and potential conflict points to provide holistic

situational awareness.

ABSTRACT

Aircraft taxiing scheduling involves the planning and control of air-
craft movements between gates and runways, which is a critical
component of airport operations. However, it remains challeng-
ing for controllers to continuously assess the dynamic traffic en-
vironment and rapidly anticipate the cascading effects of different
response strategies during unexpected events to make timely and
appropriate decisions. For example, when a potential conflict is de-
tected, they need to have one of the aircraft wait or change its route.
We present ActSoon, an intelligent interactive system that assists
ground controllers in aircraft taxiing scheduling through integrated
spatio-temporal visual analytics. Specifically, ActSoon provides
two complementary views to support spatio-temporal reasoning,
1.e., a Temporal Dynamics Panel that visualizes temporal taxiing
and pushback movements while embedding spatial relationships via
the arrangement and overlap of taxiways, and a Spatial Dynamics
Panel that depicts spatial routes while also encoding their temporal
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evolution. Additionally, a Conflict Resolution Panel enables con-
trollers to assess conflict-resolution strategies and their cascading
effects through numeric indicators and a treemap. For evaluation,
we conducted a case study and in-depth interviews with five ground
controllers, and the results demonstrate the effectiveness and use-
fulness of ActSoon in supporting aircraft taxiing scheduling.

Index Terms: Aircraft Taxiing Scheduling, Visual Analysis, Con-
flict Detection, Decision Support

1 INTRODUCTION

Driven by rapidly growing demand for air transport, many major
hub airports have approached or reached their operational capacity,
resulting in increased pressure on ground movement management
and subsequent flight delays [21, 19, 2]. Central to addressing this
challenge is the optimization of aircraft taxiing scheduling [42],
which determines when and how aircraft move on the ground be-
tween gates and runways during departures and arrivals [15]. In
current practice, ground controllers execute this process in real time
by issuing directives to pilots [32], determining taxi routes and
pushback times based on pre-planned flight schedules, algorithm-
suggested route options, and dynamic operational conditions. As
conditions evolve, controllers continuously adjust their directives
to maintain safe separation and resolve emerging conflicts through
actions such as holding, rerouting, or adjusting taxi speeds. Funda-
mentally, this process can be abstracted as a network-constrained,



dynamic multi-agent spatio-temporal routing and scheduling prob-
lem for multiple moving objects , where geographic network con-
straints and time-varying aircraft states are deeply coupled. Despite
the critical role of ground controllers, their current workflow is cog-
nitively demanding: they must piece together fragmented informa-
tion sources, mentally simulate future spatio-temporal interactions,
and rely on experience to assess the ripple effects of their interven-
tions. This gives rise to two key challenges:

C1. Limited holistic awareness of evolving spatio-temporal
dynamics. Aircraft taxiing scheduling is inherently a coupled
spatio-temporal problem, where route selection (spatial decisions)
and taxiing durations (temporal outcomes) mutually influence each
other. Current commercial products (e.g., A-SMGCS) and tra-
ditional decision-support tools [30, 17] support basic situational
awareness but present airport maps and flight schedules in frag-
mented, independent views, thereby increasing controllers’ cogni-
tive load. Although automated scheduling algorithms [3, 43, 6] and
visualization techniques [18, 36] offer partial assistance, they fail
to provide the integrated spatio-temporal awareness required for
tightly coupled, human-in-the-loop operations. Effective decision
support therefore requires tools that tailor automation to augment
human reasoning rather than replace it. [38]

C2. Insufficient conflict detection, impact anticipation, and
resolution support. Airport surface operations are complex and
filled with uncertainties. Minor speed deviations can violate spatio-
temporal constraints, manifesting as conflicts (i.e., following, head-
on, and crossing) across locations and time scales. While detec-
tion methods exist [47, 41], dynamic operational uncertainties (e.g.,
speed fluctuations) make it challenging for controllers to readily
perceive and track these conflicts within evolving traffic. Moreover,
resolving conflicts requires evaluating cascading impacts across the
broader spatio-temporal network rather than making local adjust-
ments. Addressing these operational needs through a visual analyt-
ics lens introduces design challenges. Existing STVA approaches
struggle to reconcile the tight coupling of spatial-temporal relations,
represent continuous temporal evolution, and depict complex traf-
fic conflicts across space and time. Therefore, practical support
for such impact anticipation and decision-making remains limited,
forcing controllers to rely primarily on mental simulation.

In this paper, we introduce ActSoon, an intelligent visual an-
alytics system designed to augment ground controllers’ decision-
making in aircraft taxiing scheduling. We first conduct a formative
study with air traffic management experts to identify operational
pain points and derive six design goals. Guided by these goals, we
propose two novel visual designs that integrate and present spatio-
temporal dynamics (C1): a Temporal Dynamics Panel and a Spatial
Dynamics Panel. The Temporal Dynamics Panel “spatializes” tem-
poral schedules by layout-arranging timelines based on their rela-
tive spatial relationships. The Spatial Dynamics Panel “temporal-
izes” the spatial airport map by projecting continuous temporal tra-
jectory projections onto the network topology. To support conflict
detection and resolution (C2), ActSoon automatically identifies and
highlights potential conflicts in these views and provides a Conflict
Resolution Panel that enables users to inspect impact propagation
and review recommended resolution strategies. We evaluate Act-
Soon through a case study and expert interviews with controllers,
demonstrating its effectiveness and usability for assisting in aircraft
taxiing scheduling. Our major contributions are as follows:

* Through a formative study with experts in air traffic man-
agement, we formulate the design requirements for aircraft
taxiing scheduling, based on which we propose a novel, in-
tegrated visual analytics workflow.

* We propose ActSoon, an intelligent visual analytics system
driven by a spatio-temporal integration method. It spatial-
izes schedules in the Temporal Dynamics Panel by arranging
them according to spatial relationships, and temporalizes the

map in the Spatial Dynamics Panel by encoding trajectory
evolution, thereby enabling ground controllers to intuitively
monitor traffic and make informed decisions.

* We evaluate the effectiveness and usability of ActSoon
through a case study and interviews with frontline ground
controllers.

2 RELATED WORK

This work is related to prior research on automated aircraft ground
taxiing scheduling and spatio-temporal visual analytics for traffic
decision-making.

2.1 Automated Aircraft Ground Taxiing Scheduling

Existing automated approaches in aircraft ground taxiing schedul-
ing have evolved from global path planning and dynamic control
methods toward intelligent, learning-based techniques [4, 11].

The first category focuses on pre-planned static paths using
mathematical models [10] or heuristic algorithms [12, 6, 23] for
global optimization. However, these deterministic frameworks of-
ten lack the responsiveness to handle real-world disruptions like un-
expected delays [4]. To mitigate operational uncertainty, dynamic
control methods monitor real-time traffic to detect conflicts and re-
plan immediate movements [46, 7, 5]. Yet, these systems often
evaluate local conflicts in isolation. They struggle to synthesize the
multi-faceted, dynamic information characteristic of airport ground
environments such as cascading delays across intersecting taxiways
and varying aircraft taxi speeds. Recently, reinforcement learning
and multi-agent methods have improved scheduling efficiency and
adaptability [22, 11, 33]. Despite addressing key challenges like
multi-aircraft coordination, their “black-box” decision-making ob-
scures the underlying risk distribution and rationale, making it dif-
ficult for controllers to understand and trust the system.

Building upon these automated algorithms, we integrate real-
time conflict resolution recommendations with visual analytics to
contextualize spatio-temporal traffic dynamics, ultimately support-
ing transparent, human-centric decision-making.

2.2 spatio-temporal Visual Traffic

Decision-Making

spatio-temporal visual analytics is instrumental in traffic decision-
making, with extensive applications in bus route planning [28, 36,
37], trip planning [44, 14], road traffic planning [13], and facility
location [45]. Similarly, aircraft ground taxiing scheduling is a crit-
ical domain that benefits from these approaches.

One stream of research supports decision-making by revealing
spatio-temporal traffic patterns. These tools aid comprehension
but defer actual decisions to users. Approaches range from map-
centered traffic overlays [27] to combined temporal—spatial views
showing dynamic dependencies [1, 25, 39, 16]. Although some
methods attempt to integrate spatial and temporal dimensions, they
often rely on “one-way” or “loose” coupling. For instance, em-
bedding discrete temporal glyphs in maps (e.g., [27]) fragments the
continuity of timelines, while projecting spatial paths onto time-
line charts (e.g., [1]) often discards critical geographical topology.
Consequently, users must still constantly cross-reference disjointed
views to map abstract schedules back onto physical layouts.

Another stream integrates decision-making into visual work-
flows. For example, systems like ShuttleVis [28], BNVA [36], and
BRPVis [37] support bus route planning via multi-level visualiza-
tions. TriPlan [44] and CT3 [14] enable flexible itinerary design,
while TraSculptor [13] assesses roads. These systems cover the
“intelligence-design-choice” stages of decision-making [31], sup-
porting problem identification and solution generation. However,
they often rely on static snapshots or post-hoc diagnostic paradigms
(as seen in [34]), offering limited support for maintaining holistic
awareness of rapidly evolving spatio-temporal dynamics.

Analytics for



To this end, we introduce a bidirectional integration design
that mutually embeds spatial and temporal dimensions within each
other’s visual representation. Tailored to the safety-critical con-
straints of airport taxiing, this approach synthesizes temporal sep-
arations and spatial bottlenecks into a unified interface. By com-
bining predictive simulation with optimized recommendations, our
framework enables operators to preview cascading impacts and
make proactive, context-aware decisions.

3 FORMATIVE STUDY

To inform our design, we conducted semi-structured interviews
with domain experts in aircraft taxiing scheduling, identifying
key workflow challenges of ground controllers and deriving cor-
responding design goals.

3.1 Interviewees

All the experts (denoted as E1, E2, E3) are affiliated with a civil avi-
ation research institute and specialize in Air Traffic Management,
possessing over five years of professional experience in the domain.
E1, a co-author of this study, is a senior researcher with 15 years of
experience in airport surface operation control and has participated
in the surface operation design for multiple large-scale airports. E2
has extensive experience in the research and development of the
Advanced Surface Movement Guidance and Control System, and
E3 specializes in airport surface conflict detection systems.

3.2 Procedure

We conducted one-on-one online interviews with each expert af-
ter obtaining informed consent, with each session lasting approxi-
mately 45 minutes. Each interview was structured into three parts:
(1) understanding the participant’s professional background and
daily responsibilities in airport surface operations; (2) identifying
pain points and bottlenecks encountered in current aircraft taxiing
scheduling workflows; and (3) envisioning potential improvements
and desired capabilities for intelligent decision support tools.

All sessions were audio-recorded and transcribed. We analyzed
the transcripts using thematic analysis [8, 26], iteratively coding
and grouping recurring challenges into overarching themes that di-
rectly informed our design goals.

3.3 Findings

We summarize the experts’ feedback into key operational chal-
lenges, focusing on the taxiing workflow and three conflict types.
Workflow of aircraft taxiing scheduling. Based on the col-
lected feedback, the ground scheduling process comprises three
core tasks: (1) Situation Monitoring: Controllers must main-
tain constant awareness of the evolving operational environment.
This entails tracking dynamic aircraft states (e.g., position, speed)
against designated routes, and monitoring critical resources (run-
ways, taxiways, stands) to detect deviations or emerging con-
straints. (2) Pushback Decision: For every flight, controllers de-
termine specific taxi routes and assign departure pushback times,
grounding these decisions in flight schedules and real-time ground
conditions. (3) Conflict Resolution: Triggered by potential con-
flicts or sudden state changes, this reactive task requires controllers
to rapidly evaluate situations and formulate resolution strategies by
analyzing the systemic impacts of potential adjustments. To ensure
safe separation, primary options involve replanning the taxi route to
bypass the area or implementing temporary delays (e.g., holding).
Executing these iterative tasks with current fragmented tools,
such as separate radar screens and tabular schedules, is cognitively
demanding. Experts highlighted that mentally aligning disjointed
spatial and temporal data is highly error-prone, emphasizing the
need for a unified platform that seamlessly links spatial routes, tem-
poral schedules, and conflict alerts. This consensus directly mo-

tivates our coordinated multi-view design and shapes the design
goals detailed in Section 3.4.

Conflict Types. Experts defined conflicts as scenarios where air-
craft compete for spatio-temporal resources, breaching safety stan-
dards. Three primary patterns were identified: Following Conflict,
where a trailing aircraft approaches a leader; Head-on Conflict, in-
volving opposite movements on the same path; and Crossing Con-
flict, where aircraft routing paths converge at an intersection with
close arrival times.

3.4 Design Goals

Guided by the identified challenges, we formulate two overarch-
ing design principles that guide our system design. First, respond-
ing to the limited holistic awareness in C1, we propose Spatio-
Temporal Structural Alignment, bridging disjoint dimensions by
spatializing temporal schedules and temporalizing spatial maps.
Second, to target the insufficient decision support in C2, we intro-
duce Prospective Action-Impact Coupling, which projects cascad-
ing consequences of adjustments, transforming error-prone mental
simulation into an interactive, forward-looking process. Together,
these principles serve as the conceptual foundation, directly shap-
ing and organizing our specific design goals (G1-G6).

G1: Contextualize Temporal Dimension with Spatial Dy-
namics. Aircraft taxiing scheduling requires constant monitoring
of dynamic spatio-temporal traffic (E1-E3). Currently, controllers
must mentally bridge static spatial snapshots with detached tempo-
ral schedules. To reduce this burden, the system should fuse spa-
tial layouts with temporal progressions, enhancing holistic aware-
ness of evolving spatio-temporal dynamics (E2, E3) and facilitating
schedule judgment (E1).

G2: Overlay Planning Outcomes onto Dynamic Surface Sit-
uations. Blindly following algorithm-recommended schedules or
routes is insufficient (E1-E3). Controllers currently perform de-
manding mental simulations to envision how planned aircraft will
interact with ongoing traffic. To bridge this gap, the system must vi-
sually integrate planned aircraft into the real-time surface situation,
reducing cognitive load.

G3: Facilitate Detailed Verification for Imminently Sched-
uled Aircraft. For aircraft approaching their scheduled times, con-
trollers must verify operational readiness (E1-E3). This includes
checking planned times, routes, gates, and runways for both depar-
tures and arrivals. The system must clearly present these compre-
hensive, context-specific attributes, ensuring immediate access to
necessary data for individual upcoming flights.

G4: Enable Interactive Pushback Adjustment with Situation
Preview. When surface situations change, controllers frequently
adjust departure pushback times to mitigate conflicts or reduce wait
times (E2). To support proactive management, the system must
allow users to interactively modify pushback schedules and seam-
lessly preview the resulting traffic situation.

GS5: Support Rapid Detection and Analysis of Potential Con-
flicts. Monitoring conflicts in dynamic environments is cognitively
demanding and time-critical (E1-E3). The system must support
early detection and assist users in analyzing conflict types and
severity. Crucially, it should incorporate uncertainty into the detec-
tion mechanism to provide robust safety margins, moving beyond
immediate, short-sighted assessments (E1).

G6: Facilitate Conflict Resolution with Impact Assessment.
To accelerate decision-making, the system should recommend opti-
mal conflict resolution strategies (E1-E3). Since resolving a single
conflict can cause cascading delays or trigger new conflicts (E2,
E3), the system must support detailed impact analysis for different
strategies. Furthermore, it must allow controllers to simulate and
preview a solution’s global outcome before application.

In summary, these six design goals (G1-G6) are systematically
anchored in our two core design principles, collectively reinforc-



ing the system’s decision-support capabilities. Specifically, DP1
(Spatio-Temporal Structural Alignment) shapes how the system vi-
sually unifies disjoint dimensions, guiding the contextualization of
temporal schedules within spatial layouts (G1), the overlay of plan-
ning outcomes onto live surface situations (G2), and the verification
of imminent flights (G3). Conversely, DP2 (Prospective Action-
Impact Coupling) establishes the forward-looking interactive mech-
anisms, empowering controllers to adjust pushback times with in-
stant previews (G4), analyze potential taxi conflicts (G5), and as-
sess the cascading impacts of resolution strategies before applica-
tion (G6). This explicit mapping provides a structured foundation
that directly guides the visualization design and system implemen-
tation in the following sections.

4 SIMULATION FRAMEWORK FOR AIRCRAFT GROUND
TAXIING

Due to restricted access to live airport data, we developed a cus-
tom simulation framework grounded in real-world flight statistics
to generate the realistic trajectory and event data driving our vi-
sual system. The routing and conflict algorithms serve as backend
infrastructure to support our visualization, rather than standalone
algorithmic contributions.

To support the workflow in Section 3.3, our backend simulation
is structured into two functional modules, each corresponding to a
core scheduling task. Specifically, Simulation and Route Optimiza-
tion (Section 4.2) simulates real-time taxiing states for ongoing Sit-
uation Monitoring, generating optimized baseline trajectories that
establish proactive schedules for Pushback Decision. Conflict Risk
Assessment Section 4.3 identifies potential risks using a probabilis-
tic model to facilitate real-time Conflict Resolution.

4.1 Data Description

Our system utilizes two data categories: airport roadway networks
and aircraft schedules. (1) Roadway Network: To faithfully sim-
ulate the surface environment, we constructed a topological rep-
resentation of Beijing Capital International Airport (PEK) using
open-source data. The network comprises 2,084 nodes, 3,033 taxi-
way segments, and 3 runways, providing the structural founda-
tion for routing and simulation. (2) Aircraft Schedules: We col-
lected 1,107 historical flight records from November 2, 2023. Each
record contains key operational attributes, including flight ID, air-
craft type, assigned gate, runway gate, and scheduled times, which
serve as initial constraints for generating taxiing trajectories.

4.2 Simulation and Route Optimization

Due to the lack of direct access to real-time airport operational data
streams, we developed a simulation environment to generate the
requisite trajectory and event data. To simplify the kinematic model
while maintaining realism, aircraft are assumed to taxi at constant
speeds, randomized within standard operational limits.

To facilitate the generation of schedules and routes for upcom-
ing flights (G3), we implement route optimization through a Dual-
Layer Spatio-temporal Optimizer[24], which tackles the problem
with a hierarchical structure: the upper layer handles route alloca-
tion, and the lower layer manages temporal scheduling. An Iterated
Neighborhood Search (INS) algorithm [29] iteratively refines the
solution. The optimization objective is to minimize a comprehen-
sive cost consisting of taxi distance, departure delay, and conflict
penalties. For the set of optimized flights S, the global objective
function is defined as:
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The first term represents total taxi distance, the second term pe-
nalizes any departure delay, and the remaining terms represent con-
flict penalties between the optimized flights.

4.3 Conflict Risk Assessment

In response to G5 , we propose a probabilistic assessment model
to quantitatively assess conflict risks during taxiing. Given that
taxiing is subject to potential speed fluctuations and unexpected
disruptions, we prioritize safety by moving beyond deterministic
snapshots. Unlike traditional methods that focus solely on im-
mediate, deterministic states, this model accounts for the opera-
tional variability highlighted by the experts. Following experts’
insights on realistic taxiing dynamics, we define a feasible speed
range [Vmin, Vmax) anchored to the instantaneous velocity v of each
aircraft. Based on this range, we derive a temporal occupancy in-
terval [ty (x),tout(x)] for each aircraft at a potential conflict point x,
representing the earliest possible arrival time and the latest possible
departure time at that location. Let /(x) denote the temporal inter-
section (overlap duration) between the occupancy intervals of two
aircraft at position x, and let U (x) denote their temporal union (total
exposure duration). The conflict probability is defined as the ratio
between the overlap duration and the total exposure duration:
I(x) _ max (0, min (15, (x), 10, (x)) — max (1, (x), 25 (x)))
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where X (x) and £, (x) denote the earliest arrival time and lat-
est departure time of aircraft k € {4, B} at conflict point x under
the feasible speed range, respectively. This formulation ensures
P(x) € [0,1], where P(x) = 0 indicates complete temporal separa-
tion (no conflict risk) and P(x) = 1 indicates full temporal overlap
(maximum conflict risk).

Based on this formulation, we assess conflict severity (classified
as High, Medium, or Low) using the conflict type, the peak conflict
probability Pnax = max, P(x), and the estimated time to conflict,
facilitating subsequent decision support.

To validate our simulation’s operational realism, domain ex-
perts qualitatively reviewed a sample of generated trajectories and
conflict scenarios. They confirmed that simulated movements
and bottleneck dynamics capture essential real-world characteris-
tics, demonstrating operational plausibility for decision support.
Nonetheless, we acknowledge that our model simplifies certain
micro-level real-world dynamics, such as variable pilot speed pro-
files and communication latencies.

5 ACTSOON

As illustrated in Figure 1, ActSoon coordinates three views to ad-
dress our design goals through the workflow in Section 3.3: The
Temporal Dynamics Panel (A) handles temporal scheduling and
path validation (Pushback Decision), embedding spatial context
for spatio-temporal reasoning (G1, G2) and interactive adjustments
(G3, G4) (Situation Monitering). The Spatial Dynamics Panel (C)
monitors conflict detection (G1-G3), projecting temporal progres-
sions onto spatial trajectories(GS) (Situation Monitering and Con-
flict Resolution). The Conflict Resolution Panel (B) facilitates con-
flict resolution and impact assessment by presenting strategy cards
with global previews (G6) to assess severity and prevent cascading
delays (GS) (Conflict Resolution).

5.1 Temporal Dynamics Panel

The Temporal Dynamics Panel (as shown in Figure 2) comprises
a time schedule (A), a time slider (C), and a timeline (D). It visu-
alizes the taxiing schedule while integrating spatial relationships
into a temporal layout, allowing users to perceive potential spa-
tial interactions directly along the timeline for aircraft that are cur-
rently taxiing or scheduled to begin taxiing within a certain period
(typically a window of 10 minutes). Through this representation,



users can continuously monitor the real-time situations and spatio-
temporal states of aircraft (Situation Monitoring) to make informed
and timely pushback decisions (Pushback Decisions).

To facilitate detailed verification for imminently scheduled air-
craft (G3), the time schedule (Figure 2 (A)) presents comprehen-
sive attributes (e.g., aircraft ID, expected departure time, origin and
destination) for upcoming departures and arrivals. We distinguish
between aircraft statuses using color coding: blue represents pend-
ing flights (planned but not yet taxiing), while green indicates ac-
tive flights (currently taxiing). This color mapping is consistent
throughout the entire system. An icon to the left of the aircraft ID
distinguishes departure and arrival flights(Figure 2 (A1)).

The timeline visualizes the aircraft in different rows, with time
progressing from left to right (Figure 2 (D)). The starting point of
the timeline always represents the current time. As shown in the
legend of Figure 2 (D2),the taxiing timeline is visualized with a
green dashed line for taxiing aircraft and a blue dashed line for
scheduled aircraft. For scheduled aircraft, we display their esti-
mated start and end taxiing times. For taxiing aircraft, we show the
estimated remaining time until they complete taxiing.

Unlike arriving aircraft immediately routed to the apron, depart-
ing flights require flexible taxi start times to meet runway schedules.
To support interactive pushback adjustment with situation preview
(G4), we designed a time slider (Figure 2 (C, E)). The slider po-
sitions encode the estimated taxi duration relative to the scheduled
departure window. Controllers can drag the slider to adjust taxi start
times at a one-minute resolution (arrivals remain locked as ground
controllers do not dictate landing times), or perform direct numeric
inputs. These adjustments instantly update predicted traffic across
the timeline, enabling proactive conflict management.

To support conflict detection (GS5) and spatial awareness (G1),
we vertically arrange aircraft using a graph-based layout. We con-
struct a graph where edges represent spatio-temporal overlaps and
weights capture conflict intensity. A two-level sequencing strategy
then orders aircraft: at the macro level, independent conflict clusters
(connected components) are prioritized by aggregate severity; at the
micro level, a greedy algorithm sequences flights within each clus-
ter to place strongly associated neighbors adjacently. Correspond-
ingly, vertical spacing dynamically scales with conflict intensity,
placing tightly coupled flights in close proximity while separating
unrelated clusters with wider gaps (Figure 2 D1). To handle high
traffic volumes, scrollable views are provided, pinning high-priority
or conflicted aircraft to the top to preserve situational awareness.

To support controllers’ focus on conflict timing and locations
(GS), we visualize three types of spatio-temporal conflicts (follow-
ing, head-on, and crossing identified in 3.3). Alternative Design
Considerations. During our iterative design, we initially consid-
ered mapping conflict probability to color gradients. However,
expert feedback revealed that this approach caused severe visual
clutter and failed to clearly communicate conflict types, timing, or
precise locations. Consequently, we abandoned color-coded prob-
ability in favor of distinct structural metaphors. As shown in Fig-
ure 2 (F), a potential conflict is flagged whenever two aircraft share
a spatial intersection within a temporal safety buffer. We represent
these spatial overlaps using three visual metaphors: a single di-
rected arrow for following conflicts showing sequence; two oppos-
ing arrows for converging head-on conflicts (Figure 2 F2); and an
intersecting semi-circle for crossing conflicts depicting the taxiway
junction (Figure 2 F3). This structural mapping ensures that critical
spatial intersections remain distinct even without direct schedule
overlap, aligning with conservative real-world safety margins.

We added connecting bands between corresponding aircraft en-
tries in the table and the timeline (Figure 2 (C)), allowing users to
intuitively perceive the correlation between temporal dynamics and
spatial relationships (G1).

5.2 Spatial Dynamics Panel

To complement the Temporal Dynamics Panel and address the core
challenge of contextualizing temporal dimensions with spatial dy-
namics (G1), the Spatial Dynamics Panel provides a geographically
faithful representation of ground taxiing while embedding critical
temporal data directly into the spatial layout. This design allows
users to continuously perform Situation Monitoring by analyzing
the spatio-temporal states of multiple aircraft simultaneously. As
shown in (Figure 1 (C3)), to distinguish different operational states,
scheduled aircraft are denoted by dashed lines in the corresponding
color, whereas currently taxiing aircraft utilize solid lines in shades
of green. Crucially, to bridge the cognitive gap between space and
time, the color intensity of each segment reflects temporal proxim-
ity: darker green segments indicate immediate positions, fading to
lighter green for future locations. This encoding serves as an in-
tuitive cue for potential route conflicts, as intersecting trajectories
displayed in similar color intensities signal a high probability of
collision. Furthermore, to support the rapid detection and analy-
sis of potential conflicts (G5), we overlay a “risk ribbon” along the
taxiway surface (Figure 1 (C2)). The width of this ribbon dynami-
cally encodes the likelihood of a conflict occurring at that specific
point, as calculated in Section 4.3, visually directing ground con-
trollers’ attention to these high-risk areas. To facilitate exploration,
users can pan and zoom the map to inspect the global traffic situa-
tion or focus on specific aircraft and their potential interactions.

To assist controllers in prioritizing immediate threats over future
ones, these potential conflicts are color-coded: prominent orange
ribbons highlight risks involving currently taxiing aircraft, while
blue ribbons indicate potential conflicts between aircraft that have
not yet started taxiing.

5.3 Conflict Resolution Panel

Designed to support the rapid analysis of potential conflicts (GS)
and facilitate conflict resolution with impact assessment (G6), the
Conflict Resolution Panel serves as a dedicated decision-support in-
terface to achieve conflict resolution (Conflict Resolution). Specif-
ically, upon detecting a potential conflict, the system immediately
contextualizes the threat by displaying its severity level, type, in-
volved aircraft, and taxiway locations (Figure 1 (B1)). This direct
presentation of conflict attributes aids users in quickly gauging the
urgency of the situation (G5). Beyond mere detection, the view
directly addresses the need for rapid decision-making (G6) by gen-
erating recommended resolutions, such as modifying a route or in-
structing an aircraft to hold. To enable controllers to select the opti-
mal strategy that balances safety with efficiency, each resolution is
presented as a card-based summary containing key evaluation met-
rics (Figure 1 (B3)). Visual bar (Figure 1 (BS)) encodings quantify
the cost of each solution, such as the additional route length or time
delay required for the rerouted aircraft. Crucially, to help users mit-
igate cascading delays (G6), each card features an impact diagram
(Figure 1 (B6)) that visualizes the potential downstream effects of
the solution on other aircraft. In the view, aircraft are color-coded
consistently with other views, and the width of connecting lines en-
codes the magnitude of the impact, allowing controllers to preview
the global consequences of a local resolution before applying.

Users can interact with solution cards to preview simulated out-
comes or apply resolutions directly. Activating a simulation trig-
gers a synchronized update across both views to project potential
impacts. In the Temporal Dynamics Panel, the aircraft’s original
schedule is rendered semi-transparently alongside the simulated
timeline to facilitate comparison, with directional links indicating
cascading propagation effects (Figure 1 (A2)). Simultaneously, the
Spatial Dynamics Panel overlays the new predicted trajectory onto
the airport layout to verify spatial feasibility (Figure 1 (C3)).
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head-on conflict (F2) and crossing conflict (F3).
6 CASE STUDY

To evaluate how ActSoon supports systemic decision-making in
high-density operations, we conducted a case study with U1, a se-
nior air traffic controller, analyzing a rush hour window with 14
active flights (Figure 3). It demonstrates how a localized schedule
adjustment propagates downstream risks, and how ActSoon helps
controllers visualize, simulate, and resolve cascading conflicts.

Phase I: Localized Multi-Aircraft Conflict Resolution. Ini-
tially, active arrival and departure streams converge near the cen-
tral runway (Figure 3 (B1)). The predictive engine flags an up-
coming, complex conflict corridor on the timeline in Temporal Dy-
namics Panel (Figure 3 (Al)), primarily involving departing flight
MSRO956 and arriving flight CCA1910, with secondary pressure
from CCA822 and SIA801. The opposing arrows suggest a po-
tential head-on conflict, which is a relatively risky type. Ul in-
tervenes by advancing MSR956’s start time by 2.5 minutes on the
timeline. The system dynamically updates (Figure 3 (A2)(B2)):
MSR956 clears the critical intersections earlier, significantly reduc-
ing its conflict probability with CCA1910 and dispersing the spatial
bottleneck around the central runway corridor. Several new poten-
tial conflicts are emerging, but none are pressing(Figure 3 (B3)).

Phase II: Cascading Risk Propagation.

However, ground transit is highly coupled; local changes propa-
gate across the spatio-temporal network. As traffic flows progress,
ActSoon recalculates trajectories. Advancing MSR956 shifts its
downstream occupancy, compressing available buffer times for
other flights including CCA1910, and SIA801. This shift creates
a secondary bottleneck (Figure 3 (A3, B4, BS5)), generating new
overlapping timeline projections and spatial warning bands.

Phase III: Multi-Criteria Trade-offs and Simulation. Sub-
sequently, the cascading effect triggers a major head-on conflict
between CCA1910 and MSR956, and a parallel conflict between
MSR956 and SIA801(Figure 3 (C1)). After prioritizing the more
urgent conflicts, instead of forcing manual, high-pressure calcula-
tions, ActSoon generates optimized alternatives in Conflict Reso-
lution Panel (Figure 3 (C2)): Option 1 (Waiting/Holding) holds
MSRO956 temporarily to let CCA1910 pass; while simple (Path
Delta = 0.00), the impact graph reveals a significant time delay
that propagates downstream, queuing trailing departures (SIA801,
CCAB822, CCA975) and degrading runway throughput. In contrast,
Option 2 (Rerouting) reroutes CCA1910 via an alternative seg-
ment, completely eliminating the head-on conflict, bypassing the
parallel bottleneck, and keeping downstream runway queues clear
despite minor path deviation. U1 utilizes interactive simulation to
preview Option 2’s spatial-temporal outcomes (Figure 3 (B6)). The
system projects the rerouted CCA1910 (blue). The preview con-
firms perfect separation and a balanced network load, with no sec-
ondary conflicts.

7 EXPERT INTERVIEW

We conducted semi-structured interviews with 5 airport ground
controllers to assess the effectiveness and usability of our system.
Specifically, we asked these controllers to use ActSoon to simu-
late aircraft taxi scheduling and collected their feedback for the
system. Due to the proprietary nature of operational ground con-
trol systems and the absence of publicly available benchmarks for
taxiing scheduling, direct comparative experiments with deployed
solutions were not feasible. This section begins by outlining the
experimental design, including participants’ background, interview
procedure, and tasks, and concludes with a summary of the feed-
back obtained from the participants.

7.1 Participants

We recruited five target users (denoted as U1-US5) through so-
cial media platforms to join our interview (2 female and 3 male,
Agemean = 27.60, Agegg = 0.8). All participants are experienced
ground controllers with 4 to 5 years of experience at major interna-
tional airports with high traffic volumes. They are responsible for
managing complex high-intensity flight operations, including take-
offs, landings, and airport surface movement.

7.2 Task and Data

As detailed in Section 4.1, we utilized the real-world flight sched-
ule data from Beijing Capital International Airport (PEK) for the
year 2023 to construct realistic scenarios for our interviews. The
dataset reflects an hourly landing and takeoff rate of approximately
50, consistent with the peak-hour operational capacity reported for
major hub airports in recent studies [35]. This alignment with real-
world traffic intensity ensures the practical relevance of our setup.

Specifically, we extracted two segments from the full dataset,
each containing 30 consecutive flight records. The first segment
served as a tutorial for participant training, while the second was
used in the formal task, where participants utilized ActSoon to sim-
ulate real-world aircraft taxiing scheduling. To illustrate, this for-
mal task segment spanned a roughly 42-minute window on Novem-
ber 2, 2023 (07:01:26 to 07:43:59), comprising 16 arriving and 14
departing flights.

We asked participants to schedule aircraft to minimize transit
times while proactively detecting and resolving conflicts. To expe-
rience the workflow of ActSoon, they followed a structured proto-
col: identifying spatio-temporal conflicts across coordinated views,
adjusting timelines, and evaluating simulated recommendations.

7.3 Procedure

After obtaining informed consent, we conducted online user studies
via virtual meeting platforms. Although participants accessed Act-
Soon on individual laptops rather than actual multi-monitor control
tower setups, this environment deliberately focused their attention
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Figure 3: The continuous case study of cascading taxiing conflict detection and resolution in ActSoon: (A1—A3) Temporal evolution in Temporal
Dynamics Panel: the initial bottleneck (A1), schedule update after advancing MSR956 (A2), and the downstream cascading state during final
resolution (A3). (B1) Initial spatial layout in Spatial Dynamics Panel with flights converging near the central runway. (B2, B3) Downstream
propagation where the local adjustment shifts traffic pressure and compresses buffer times. (B4—B6) Simulation preview of rerouting CCA1910,
showing clear physical separation for MSR956 (green), SIA801 (light green), and CCA1910 (blue). (C1, C2) Decision support in Conflict
Resolution Panel listing current conflicts (C1) and presenting optimization cards (C2) with global impact previews.

on evaluating the core visual encodings and workflow. The ses-
sion began with a briefing on system features, followed by a 15-
minute training phase using tutorial data. Participants then spent
approximately 15 minutes completing the evaluation tasks. Subse-
quently, they completed a 16-item questionnaire (Figure 4) adapted
from prior studies [40, 9]: Q1-Q6 assessed task-specific workflow
effectiveness; Q7—Q10 evaluated detailed visual designs and inter-
actions; Q11-Q14 measured usability using the UMUX scale [20]
(with Q13 and Q14 reverse-coded); and Q15-Q16 collected open-
ended feedback on system strengths and limitations. Each session
lasted approximately 60 minutes, and participants were compen-
sated $15/hour. All data were anonymized.

7.4 Results

We summarize the participants’ responses to the questionnaire in
Figure 4. Overall, the system received positive feedback from
the participants. The majority of participants consistently agreed
that the system was highly effective in supporting aircraft ground
taxi scheduling, providing intuitive visual aids that streamline the
decision-making process for ground controllers. Additionally, they
all expressed willingness to use this system in their future work.
Detailed feedback from the participants is summarized as follows.
(Detailed representative qualitative quotes are compiled in Section
A of the Supplementary Material.)

Workflow Effectiveness. As illustrated in Figure 4, the con-
sistently positive ratings for Q1 through Q6 demonstrate the sys-
tem’s effectiveness in supporting taxiing decisions. Participants
highly praised the system’s proactive capabilities, noting that the
predictive visualizations and automated recommendations success-
fully help controllers anticipate conflicts and reduce the cognitive
workload compared to traditional multi-screen configurations (U1,
U3, U4). While the feedback was largely enthusiastic, U2 raised a
caution regarding scalability under extreme peak hours (QS5), sug-
gesting that time and cognitive resources to evaluate multiple rec-
ommended options might be limited during high-density opera-
tions. Nevertheless, ActSoon successfully enabled all participants

to rapidly identify and resolve unexpected conflict events.

Visual Design and Interactions. Feedback on the visual de-
sign was positive (Q7—-Q10), with almost all ratings exceeding the
neutral threshold. Specific components received detailed praise:
participants found the Spatial Dynamics Panel’s spatial trajectories
and dynamic conflict ribbons highly intuitive for immediate con-
flict localization (U1, U3). The Temporal Dynamics Panel was
highlighted as an coordination tool for sequencing (U2). For the
Conflict Resolution Panel, participants appreciated its rich metadata
(U3) but offered improvements, such as overlaying the comparative
impact diagrams onto the geographic map (U3) and simplifying the
selection workflow to directly present key options (US5).

Usability. Overall, participants confirmed that ActSoon met
their operational needs (Q11) and was intuitive and easy to learn
without external manuals (Q12-Q14), reducing the manual think-
ing time required for routine coordination (U2, U4, US).

Improvements. Participants suggested prioritizing spatial map
cues over the time-centric Temporal Dynamics Panel to better
match controllers’ workflows (U4), allowing manual aircraft pri-
ority weighting to increase decision flexibility (U1), and adopting
a radar-aligned “dark mode” to enhance visual ergonomics (U2).
Furthermore, to prevent change blindness under high-pressure sce-
narios, future designs must enhance transition feedback, as visual
differences before and after applying a strategy in Spatial Dynamics
Panel and Temporal Dynamics Panel can sometimes be subtle.

8 DiscussioN

In this section, we further discuss the lessons we learned in Sec-
tion 8.1, following by limitations and future work in Section 8.2.

8.1 Lessons Learned

Cognitive Lightness over Functional Completeness. Real-time
decision support in high-pressure environments must prioritize cog-
nitive lightness over functional completeness. While conventional
interfaces offer granular control through complex parameters, our
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formative study indicated that such complexity overwhelms con-
trollers. Consequently, we streamlined ActSoon by hiding sec-
ondary variables (e.g., precise taxi speeds and cost weights), pre-
senting only critical conflicts alongside curated candidate solu-
tions. User evaluation validated this design, confirming that re-
duced complexity freed cognitive resources for critical decision-
making. Broadly, this suggests that time-critical systems should
focus on distilling information to facilitate rapid, confident choices
rather than maximizing user options.

Blending Spatial and Temporal Information. A core chal-
lenge in STVA is integrating geographic network topologies with
continuous temporal schedules. To support controllers’ dual need
for spatial anchoring and temporal projection, we adopt a bidirec-
tional integration approach, mutually embedding temporal cues in
the Spatial Dynamics Panel and spatial relationships in the Tempo-
ral Dynamics Panel. Coupled with cross-view linking, this design
reduces cognitive view-switching: experts successfully anchored
immediate conflict detection in the spatial view while reserving
the temporal view for sequencing. Ultimately, tightly integrated
encodings that support at-a-glance reasoning outperform isolated,
side-by-side designs in safety-critical tasks. Beyond airport taxi-
ing, this bidirectional integration offers a reusable design pattern
for other network-constrained trajectory domains, such as drone de-
livery, train scheduling, and logistics routing.

Collaborative Workflow Between Automation and Human.
ActSoon demonstrates that effective decision support relies on a
clear division of labor: algorithms handle structured computation
(routing, conflict detection, recommendation), while controllers ap-
ply contextual judgment to evaluate and select resolutions. This
synergy is essential because unpredictable operational variables
(e.g., weather and cascading delays) exceed algorithmic capabili-
ties, making human verification indispensable. Thus, instead of re-
placing human oversight, automation should alleviate routine cog-
nitive burdens while preserving human agency for decisions requir-
ing contextual flexibility and ultimate accountability. This division
is validated by qualitative feedback comparing ActSoon to current
practices: U3 highlighted that it “filled a gap in the current tools,”
and U4 observed it reduces cognitive demand relative to manual co-
ordination, supporting this cooperative human-automation synergy.

8.2 Limitations and Future Work

First, while our system design successfully covers most typical traf-
fic scenarios encountered in daily operations, extreme traffic densi-
ties (> 20 active aircraft) challenge both visual and computational

scalability. ~ On the visual level, high crowding degrades usabil-
ity. Although our automatic offset algorithm prevents route overlap,
dense offset lines increase visual complexity, and overlapping semi-
transparent risk ribbons can accumulate opacity, obscuring map de-
tails. To enhance visual scalability, future work will integrate dy-
namic filtering and localized focus-plus-context views (e.g., min-
imaps) to mitigate clutter while preserving global awareness. On
the computational level, while ActSoon maintains 60 FPS and sub-
second latency (routing < 1.0's, manual updates < 100 ms for 20
aircraft), extreme peak traffic at ultra-large hubs remains challeng-
ing. Future work will implement spatial network partitioning and
localized re-computation to sustain performance.

Second, we acknowledge a simulation realism gap. As discussed
in Section 4, despite qualitative validation by experts, our frame-
work lacks micro-level calibration. Due to data constraints, we
lacked high-fidelity trajectories to model micro-dynamics like vary-
ing pilot speeds or communication delays. Future work could lever-
age real-time ground movement data to calibrate these behaviors
and narrow this gap.

Third, regarding visual design, we acknowledge limitations in
feedback salience and system flexibility reflected in expert feed-
back. Specifically, while the current visual design successfully sup-
ports interactive scheduling, future work could optimize transition
feedback to make state changes more salient during rapid adjust-
ments. Additionally, experts suggested enhancing visual comfort
through radar-aligned aesthetics (U2) and supporting manual pri-
ority weighting (U1). Future iterations will address these gaps by
refining transition feedback and interactive control logic.

9 CONCLUSION

This study presents ActSoon, a visual analytics approach that em-
powers ground controllers to dynamically manage airport surface
traffic. Grounded in a formal abstraction of network-constrained
spatio-temporal scheduling, we develop a coordinated interface
aligning spatial topologies with temporal timelines and an inter-
active decision-support workflow. By coupling proactive human
adjustments with predictive cascading consequences, ActSoon en-
ables controllers to anticipate risks and resolve conflicts, ultimately
paving the way for safer and more efficient airport operations.
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