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Abstract—Urban drainage systems, often designed for out-
dated rainfall assumptions, are increasingly unable to cope with
extreme rainfall events. This leads to flooding, infrastructure
damage, and economic losses, necessitating effective diagnostic
and improvement strategies. In current practice, conventional
analysis platforms built on hydrological–hydraulic models pro-
vide only limited analytical support, making it difficult to pin-
point defects, inspect causal mechanisms, or evaluate alternative
design options in an integrated manner. In this paper, we develop
DrainScope, to our knowledge, the first visual analytics approach
for comprehensive diagnosis and iterative improvement of urban
drainage systems. Defects are initially observed in the map
view, after which DrainScope extracts the critical sub-systems
associated with them using a rule-based search strategy, enabling
focused analysis. It introduces a novel drainage-oriented Sankey
diagram to visualize internal flow dynamics within the focused,
static drainage system, revealing the causes of identified system
defects. Furthermore, it enables flexible modification of drainage
components corresponding to identified defects, coupled with a
comparison view for rapid, iterative evaluation of improvement
plans. We evaluate DrainScope through a real-world case study
and positive feedback collected from domain experts.

Index Terms—Urban visual analytics, urban drainage system,
causal analysis.

I. INTRODUCTION

THE frequency of urban flooding events has risen sharply
worldwide due to increasingly extreme rainfall, leading to

significant economic losses, infrastructure damage, and human
casualties [1]–[3]. Urban drainage systems play a vital role in
mitigating urban flooding by efficiently collecting, conveying,
and discharging stormwater. However, many existing drainage
systems were designed based on historical rainfall patterns,
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making them increasingly ill-equipped to handle intensifying
hydrometeorological extremes. A comprehensive analysis of
urban drainage systems can help identify critical compo-
nents that contribute to urban flooding [4], [5]. This analysis
facilitates targeted interventions and informs infrastructure
optimization, enhancing city resilience.

Experts often utilize hydrological-hydraulic models to an-
alyze urban drainage systems. These models simulate the
hydrodynamic behavior of drainage systems under varying
rainfall conditions and generate numerical outputs [6]–[8], for
example, flow volume within systems. Such outputs can be
used to identify system defects (i.e., the components prone
to causing flooding). However, they lack causal context and
therefore provide limited insight into the underlying causes
of system defects. For example, when flooding is observed
in a certain region, it is difficult to determine whether it is
caused by excessive upstream inflow, downstream congestion,
or backward flow. This lack of causal clarity requires experts
to manually examine simulation outputs across time and
space, using domain expertise to infer the contributing factors.
This process is both time- and labor-intensive, and lacks a
standardized framework for analysis. In addition, improving
drainage systems is an iterative process that involves repeated
adjustments and evaluations of previous design plans. Existing
drainage analysis platforms [9], [10] typically offer limited
interactive support for iterative improvement, limiting the
ability of users to efficiently evaluate multiple design plans.

These aforementioned limitations motivate us to propose a
visual analytics approach that leverages interactive, causality-
oriented visual representations to assist experts in analyzing
and improving urban drainage systems. However, developing
such an approach is challenging due to:

Large-scale and complex drainage system. An urban
drainage system can be abstracted as a network typically
consisting of hundreds of nodes and pipelines, making manual
inspection and analysis of system defects particularly challeng-
ing. Moreover, once a system defect is identified, determining
which components of the system have a potential impact on
it adds another layer of complexity. An efficient approach is
essential to help users quickly identify system defects and the
relevant sections of the network that contribute to them, which
we refer to as the relevant sub-system.

Multi-factor causal analysis for drainage processes. An-
alyzing the causes of system defects requires considering both
the static structure of the drainage sub-system and the dynamic
behavior of water flows, such as their direction, volume, and
confluence. For example, is there excess water flowing into
the under-capacity pipelines? For such multi-factor causal
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analyses, an effective visualization approach is required to
integrate the key sub-system with its internal flow dynamics,
enabling experts to efficiently identify anomalous flow patterns
and pinpoint the causes of system defects.

Flexible, iterative improvement of the drainage system.
To address identified defects, users must be able to propose
modifications to the urban drainage system. As improvement
is an inherently iterative process, multiple modifications are
often necessary to achieve effective plans. In this context, it is
crucial to provide intuitive and flexible interaction mechanisms
for implementing changes. Besides, both tracking multiple
proposed improvement plans and comparing their performance
are essential to facilitate informed decision-making.

To address these challenges, we propose DrainScope, a vi-
sual analytics approach for analyzing and improving drainage
systems. For the first challenge, we extract sub-systems poten-
tially responsible for defects by applying a rule-based search
to simulation results generated from rainfall data and the
abstracted drainage system. In this way, users can focus on
analyzing key parts of the drainage system. For the second
challenge, we refine the layout of the Sankey diagram to not
only illustrate internal flow dynamics within the sub-system
but also intuitively convey the relative elevation differences
and topological relationships among the components within
the sub-system. This novel visualization approach enables
experts to easily discern anomalous water flowing patterns and
pinpoint the root causes of defects. For the third challenge,
we implement flexible user interactions for modifying the
urban drainage system and design a comparison view to track,
roll back, and evaluate these modifications. These features
enable users to efficiently navigate and refine drainage system
modifications over multiple iterations. We present a case study
on a real-world urban drainage system that demonstrates
DrainScope’s effectiveness. We also conduct expert interviews,
where positive feedback and suggestions are collected.

Our main contributions are summarized as follows: (1) We
characterize the domain problem of urban drainage system
analysis following a three-step decision-making framework;
(2) We design a drainage-oriented Sankey diagram, cou-
pled with an automated extraction of the relevant drainage
sub-system, to visualize the drainage process for system
defect causality reasoning; (3) We develop DrainScope
(https://github.com/Ptlmv/DrainScope), a novel visual analyt-
ics approach that assists experts in effectively identifying criti-
cal system defects, reasoning their root causes, and improving
the drainage system. To the best of our knowledge, it is the
first visual analytics approach for urban drainage systems; (4)
We evaluate the feasibility and effectiveness of DrainScope
through a case study and expert interviews.

II. RELATED WORK

A. Urban Drainage System Analysis

In recent years, extreme weather events have become in-
creasingly frequent [1]. In particular, the occurrence of heavy
rainfall events has repeatedly challenged urban drainage sys-
tems, leading to significant material and economic losses [2],
[3]. The analysis of urban drainage systems has become an

important research field in both the academic and engineer-
ing communities worldwide [4], [5]. Urban drainage system
analysis can be categorized into hydrological-hydraulic ap-
proaches [6], [7] and machine learning-based approaches [8].

Hydrological-hydraulic approaches integrate hydrological
processes (e.g., rainfall-runoff simulation) with hydraulic pro-
cesses (e.g., flow dynamics within drainage networks), pro-
viding comprehensive insights into system performance under
various rainfall scenarios, as demonstrated in the approaches
of Chang et al. [11] and Khatooni et al. [12]. Two of the
most widely used models in this domain are the Storm Water
Management Model (SWMM) and the Infoworks Integrated
Catchment Management model (Infoworks ICM), each imple-
mented in corresponding platforms bearing the same names.

SWMM is frequently applied to simulate the hydrologi-
cal and hydraulic behaviors of small to medium-sized ur-
ban drainage systems, owing to its flexibility and robust
interactive features [9], [10], [13]. This model facilitates a
detailed evaluation of runoff dynamics and the performance
of drainage networks under varying rainfall scenarios. In
our study, SWMM is used to simulate the drainage system
behavior under varying rainfall conditions. Notably, as a piece
of open-source software, SWMM enables users to customize
the model or integrate it with other models to meet a broad
range of research needs [12], [14]. In contrast, the Infoworks
ICM model is typically employed for analyzing large-scale and
complex urban drainage systems, benefiting from its advanced
two-dimensional hydrodynamic modeling and non-linear flow
processing capabilities [15], [16]. These features allow for
more precise simulations, particularly in intricate urban en-
vironments. However, Infoworks ICM requires a paid license
and lacks the open-source flexibility provided by SWMM.

Machine learning-based approaches have gained increas-
ing attention in recent years for urban drainage system analy-
sis [17]. These techniques improved the prediction of drainage
system performance and can be used to optimize design,
operation, and maintenance, advancing the management of
urban drainage networks. For instance, Hosseniny et al. [18]
proposed a novel hybrid model combining hydraulic simula-
tion with an artificial neural network, demonstrating superior
computational efficiency and accuracy in identifying flood
extents and depths. Yin et al. [19] introduced a defect de-
tection system based on a deep convolutional neural network,
designed for analyzing sewer pipelines monitored via closed-
circuit television footage. Noymanee et al. [20] integrated a
hydrological forecasting model with machine learning models
for flood level prediction and early warning.

Despite advancements, existing approaches remain limited
in several key aspects. Primarily, these approaches are capable
of detecting defect points within the drainage system, such as
abnormal discharge occurring at drainage nodes, but they often
fail to pinpoint the underlying causes of these issues. Prior
visualization efforts have aimed to improve the interpretability
of simulation results, for example, by offering dynamic 3D
displays of the entire drainage process [21] or by mapping
vulnerabilities onto 3D building models [22]. However, these
approaches mainly emphasize what is happening, offering
limited support for exploring why it occurs. To address this
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gap, we combine the popular SWMM model with interactive
visualizations to facilitate explainable discovery, causal anal-
ysis, and optimization of drainage system defects.

B. Urban Visual Analytics

Due to the effectiveness of modern urban data visualization
and analytics techniques [23]–[25], urban visual analytics
has been widely applied across various fields, such as trans-
portation [26], environmental science [27], architecture [28],
and public services [29]. Deng et al. [30] categorized urban
visual analytics approaches into two broad areas: urban visual
diagnosis and urban visual planning.

Urban visual diagnosis focuses on uncovering patterns
within complex, dynamic urban data, such as mobility [31],
co-occurrence [32], correlations [33], urban performance [34],
road network centrality [35], and urban flooding [36]. Key
methods related to our study include defect detection and
spatial propagation analysis.

For defect detection, Deng et al. [37] visualized multi-
modal trajectories to identify flaws in transportation systems.
Zanabria et al. [38] combined hotspot detection with tailored
visualizations to analyze street-level crime patterns. Besides,
Cao et al. [39] introduced a visual analytics system designed to
detect anomalies in multidimensional urban data. In the field
of urban flood analysis, which is closely related to this study,
Rauer-Zechmeister et al. [40] employed color encoding to vi-
sualize flood risks for each building, aiding the identification of
vulnerable buildings. Cornel et al. [41] introduced uncertainty-
aware visualizations to reveal which flood scenarios pose the
greatest threat to target buildings.

For spatial propagation analysis, Deng et al. [42] detected
and visualized cascading urban event patterns using a geo-
network structure. Similarly, Deng et al. [43] extracted and
visualized the air pollution propagation paths with sufficient
frequency. Causal analysis is also a popular method to extract
propagation patterns. Deng et al. [30] applied visual causality
analysis to detect causal pathways of urban phenomena. Jung
et al. [44] focused on traffic congestion propagation through
Granger causality, while Pi et al. [45] explored the same topic
using traffic flow theory.

However, to the best of our knowledge, visual diagnosis
of urban drainage systems is still an unstudied problem.
The urban drainage process is affected by factors such as
topography, rainfall, pipe topology, and backflow, making
existing methods inapplicable. In this study, we propose the
first visual analytics approach for urban drainage systems.

Urban visual planning primarily aids urban managers and
experts in decision-making during urban development, such as
route planning [46]–[48] and location selection for important
facilities [29], [49], [50].

For route planning, Weng et al. [51] developed the BNVA
system, a visual analytics tool for public transportation net-
works, which helps transit planners analyze and optimize
bus route networks. Deng et al. [26] developed TraSculptor,
designed for iterative modification of the road network and
comparison of multiple road networks.

For location selection, Liu et al. [52] introduced a visual
analytics system, SmartAdP, designed to assist billboard plan-
ners in selecting the most suitable billboard locations. Zhang
et al. [53] proposed the CSLens system, helping planners make
informed decisions regarding the deployment of charging
infrastructure within the context of coupled transportation
and power networks. Urban visual planning also has many
applications in the field of urban flood analysis. For example,
Ribičić et al. [54] enabled experts to analyze flood simulation
results with different barrier configurations for informed flood
control. Waser et al. [55] developed an interactive tool that
helps manage the complex simulation iterations and find
effective countermeasures for urban flooding.

Our proposed visual analytics approach will support
drainage system planning with what-if analysis by integrating
drainage system modification, real-time drainage simulation,
and result comparison. Different from Ribičić et al.’s and
Waser et al.’s studies, we attempt to reduce urban flood damage
through improving drainage systems rather than the placement
of ground barriers.

III. BACKGROUND

In this section, we introduce key concepts of an urban
drainage system, the SWMM model for simulating the urban
drainage system, the design process of our approach, and
finally, the requirements gathered from domain experts.

A. Concepts

We first formally introduce key concepts used in this paper.
An urban drainage system is an infrastructure network

designed to collect, convey, and regulate rainwater in urban
areas. Its primary functions include preventing flooding, miti-
gating waterlogging, and reducing surface runoff to minimize
environmental impacts. It is usually modeled as a directed
graph G = (V,E). Each vertex vi ∈ V represents a drainage
node with a geographic location. There are two main types of
drainage nodes, namely, surface catchments and underground
junctions. Each directed edge ei ∈ E is a drainage pipeline that
establishes hydraulic connections between two nodes, showing
flow conveyance within the network. There are two main types
of drainage pipelines, namely, ditches and conduits. Formally,
an urban drainage system comprises four fundamental compo-
nents: catchments, junctions, ditches, and conduits (Fig. 1A).

• Catchments delineate surface drainage areas, such as
rooftops, impervious pavements, and pervious green
spaces, which intercept rainfall and govern key hydrologi-
cal processes, including infiltration and runoff generation.
Each catchment possesses three static attributes, surface
roughness, slope, and impervious area percentage, as
well as a dynamic attribute, runoff. These static attributes
describe the topographic characteristics of the catchment.
Impervious area percentage refers to the proportion of
a catchment’s surface that is covered by impermeable
materials, such as concrete or asphalt, which prevent
water infiltration and increase surface runoff. The runoff
represents the volume of surface runoff produced over a
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Fig. 1. (A) An urban drainage system consists of four kinds of compo-
nents: catchments and ditches on the surface, and junctions and conduits
underground. (B) A conduit has two static attributes, slope and diameter,
both of which determine the drainage capacity. A conduit reaches full flow
conditions when the water depth equals its diameter. (C) A junction has two
static attributes: invert elevation and depth. When the water in the junction
exceeds its depth, overflow occurs.

given time interval, which is affected by these charac-
teristics. This runoff is directed through drainage ditches
into the corresponding underground junctions.

• Junctions (Fig. 1C) receive water flow from upstream
junctions or surface catchments and transmit it to down-
stream junctions. Each junction has two static attributes,
invert elevation, and depth, and three dynamic attributes,
water depth, inflow, and outflow. The invert elevation
indicates the height of the junction’s bottom relative to
sea level. The depth attribute is the maximum allowable
water depth in the junction, while water depth denotes the
actual water depth at a given moment. Inflow and outflow
refer to the total volumes of water entering and leaving
a junction within a given time interval, respectively.

• Ditches are pipelines between surface catchments and the
underground drainage system, allowing surface runoff to
enter the underground system. The drainage capacity of
ditches is generally assumed to be unrestricted.

• Conduits (Fig. 1B) form hydraulic connections between
junctions at varying elevations, facilitating gravity-driven
water flow from higher to lower terrain. Each conduit is
a circular pipeline characterized by two static attributes,
slope and diameter, and two dynamic attributes, water
depth and discharge. The slope is determined by the ele-
vation difference between the two ends of the conduit and
the geographic distance between them, which influences
flow velocity in the conduit. The diameter represents
the maximum allowable water depth within the conduit,
while water depth denotes the actual water depth at a
given moment. The discharge refers to the total volume
of water flowing through the conduit over a specified time
interval. A larger diameter allows for a higher maximum
instantaneous discharge, whereas an insufficient diameter
can restrict drainage from upstream.

Collectively, these components form a network that allows
simulation of urban drainage dynamics, including rainfall-
runoff transformation, water conveyance, and system response
analysis, thereby supporting performance evaluation and in-
frastructure optimization. The effectiveness of a drainage
system is often challenged by hydraulic anomalies that disrupt

expected flow patterns and reduce drainage efficiency. Three
significant anomalies that contribute to urban flooding are
junction overflow, conduit full flow, and backflow.

• Junction overflow (Fig. 1C) is a critical factor that can
directly trigger urban flooding. It occurs when the water
depth at a junction exceeds its designed depth, causing
excess water to spill onto the surface and disrupt normal
drainage operations. In this work, such overflow events
are treated as direct manifestations of system defects.

• Conduit full flow (Fig. 1B) occurs when the water depth
within a conduit reaches its maximum diameter, indicat-
ing that the conduit has reached its hydraulic capacity.
While full flow does not directly cause urban flooding, it
imposes a significant limitation on the drainage efficiency
at junctions. If a conduit remains in full flow while the
inflow at its upstream junction continuously exceeds the
conduit’s discharge capacity, excess water will accumu-
late at the junction, increasing the risk of overflow.

• Backflow occurs when downstream water levels and pres-
sure exceed upstream conditions, causing flow reversal
from downstream junctions to upstream ones. Backflow
disrupts the expected drainage pattern, exacerbates up-
stream water accumulation, and can ultimately contribute
to junction overflow and system-wide inefficiencies.

Finally, we introduce two rainfall-related concepts as the
drainage simulation necessarily requires rainfall data.

• Rainfall time series represent the temporal distribution
of rainfall intensity over a specified time span, providing
a detailed profile of precipitation dynamics. Formally, a
rainfall time series is a series of rainfall intensity values,
typically expressed in millimeters per unit time (e.g.,
mm/h), recorded at regular intervals.

• Rainfall events are defined as distinct periods of precipi-
tation, characterized by their duration, intensity, and total
accumulated rainfall. They enable users to pinpoint rel-
evant time periods while filtering out drainage processes
during non-significant periods. Rainfall events can be ex-
tracted from rainfall time series using a predefined rainfall
intensity threshold. In this study, we utilize a dataset in
which rainfall events have already been annotated.

B. SWMM Simulation

The SWMM takes a rainfall time series and the urban
drainage system introduced above as input. It simulates
drainage dynamics by integrating two stages: hydrological
processes and hydraulic processes. In the hydrological phase,
each catchment receives rainfall and partitions it into differ-
ent processes, including interception, infiltration, and surface
runoff generation. A portion of the rainfall is intercepted by
vegetation or stored on the surface, while another portion in-
filtrates into the soil. The remaining excess rainfall contributes
to surface runoff, whose flow velocity is influenced by surface
roughness and slope and can be estimated using the Manning
equation. For example, based on the rainfall time series, a
catchment receives 20 m3 of rainfall at a specific time step.
Of this, 15% is intercepted by vegetation and surface storage,
and 35% infiltrates into the soil. The remaining 50% generates
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surface runoff, which then moves across the terrain according
to local slopes and roughness conditions, with its velocity
estimated using the Manning equation. The resulting runoff,
serving as input to the hydraulic phase, is then routed through
ditches and enters a network of junctions and conduits. The
transport of water through conduits is simulated following
hydraulic principles governed by the Saint-Venant equations.

In sum, the SWMM computes the dynamic attributes for
the urban drainage system at each time step in the simulation
process. Specifically, given a time series of rainfall and an
urban drainage system, the SWMM outputs the following six
kinds of time series with the same temporal granularity as
the rainfall time series: (1) water depth, (2) inflow, and (3)
outflow time series for every junction; (4) water depth and (5)
discharge time series for every conduit; (6) surface runoff time
series for every catchment.

C. Design Process
This work generally follows the nine-stage framework of

design study proposed by Sedlmair et al. [56]. Below are key
stages for developing and finalizing our approach:

Winnow and Cast. This project was a collaborative effort
among three teams over seven months. Team A specializes
in visual analytics, Team B has six years of experience in
smart cities, and Team C has focused on urban drainage
system analysis and optimization for more than five years.
The project was initiated by Team B, after which Team A
invited Team C to join and delegated personnel to acquire
domain knowledge on urban drainage systems from Team C.
Each team contributed distinct expertise to problem framing,
system design, and validation.

Discover. A primary concern in urban drainage system anal-
ysis is the occurrence of overflows, which arise when stormwa-
ter cannot be effectively discharged through the drainage
system into the subsurface, rivers, or seas. When this happens,
excess water overflows through junctions, increasing the likeli-
hood of urban flooding, causing economic damage, and posing
significant risks to infrastructure and public safety. There-
fore, improving urban drainage systems involves identifying
overflow events (where), analyzing their underlying causes
(why), and proposing effective mitigation strategies (how) to
ultimately reduce the frequency and severity of overflows.

Design, Implement, and Deploy. Based on the charac-
terized domain problems, Teams A and B collaboratively
developed a series of visualization prototypes. Team A was
responsible for implementing the visualization and interaction
modules, while Team B contributed data processing strategies
and algorithmic ideas, which were then implemented by Team
A. These prototypes were refined through an iterative design
process. A graduate student from Team A (S1), who had a
background in visual analytics and gained domain knowledge
through collaboration with Team C, regularly demonstrated the
evolving prototypes to two domain experts: E1, a senior smart
city specialist from Team B, and E2, a professor from Team C
with over ten years of research experience in urban drainage
systems. This iterative refinement not only improved the visual
design but also helped refine requirements and strengthen the
teams’ understanding of domain-specific challenges.

D. Requirements

The derived requirements can be structured following the
well-established decision-making framework: Intelligence, De-
sign, and Choice [57].

Intelligence. The first stage involves identifying and under-
standing overflow occurrences within the drainage system:

• R1: Identification of overflow events, pinpointing loca-
tions where stormwater tends to exceed system capacity
and overflows frequently occur. Experts emphasized that
limited resources should be strategically directed to these
critical locations to optimize system performance and
support informed decisions. Satisfying this requirement
calls for spatiotemporal visual analysis of simulation data,
providing (R1.1) an overview of drainage system be-
havior by depicting overflow frequencies at underground
junctions, complemented by waterlogging frequencies at
surface catchments and full flow frequencies at pipelines.
Moreover, the system should support (R1.2) narrowing
the spatial scope from the entire city to specific areas
of interest, and (R1.3) the temporal scope from extended
simulation periods to critical time windows. This pro-
gressive focusing enables experts to conduct follow-up
analysis based on specific severe overflow events.

• R2: Causal analysis of overflows, examining hydraulic
and structural factors that contribute to overflow forma-
tion. Overflows frequently arise due to the inability of
static drainage infrastructure to accommodate dynamic
water flows. For example, a shallow junction may lack
sufficient storage capacity, leading to rapid overflow, or
excessive inflow into a conduit with a limited diame-
ter may exceed its discharge capacity. Effective causal
analysis necessitates not only the representation of static
drainage attributes, such as topography and expected flow
direction, but also the visualization of dynamic processes,
such as water movement, volume accumulation within
conduits and junctions. To support such analysis, the
system should integrate (R2.1) static infrastructure and
(R2.2) dynamic flow behaviors into a unified visual
representation, enabling experts to trace overflow causes
and understand their spatiotemporal patterns.

Design. Once the underlying causes are understood, the next
step focuses on designing mitigation strategies:

• R3: Improvement of drainage capacity, encompassing
infrastructure modifications and drainage rerouting strate-
gies to enhance system resilience. For instance, increasing
conduit diameters in high-risk areas can mitigate over-
flows during extreme rainfall events, while redirecting
excess water to lower-risk areas may achieve similar
effects. To support effective improvement, the system
should provide (R3.1) intuitive interactions that allow
experts to modify and extend the existing drainage system
efficiently, such as adjusting conduit diameters or increas-
ing green space. It should also support (R3.2) integrated
simulation, enabling experts to assess the impact of these
changes within a coherent analytical context.

Choice. The final stage involves evaluating alternative im-
provement plans to support informed decision-making:
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• R4: Comparative evaluation of improvement plans,
evaluating their effectiveness within the drainage system.
In practice, experts often iteratively generate multiple
plans, evaluate their differences, and ultimately select
the one that best meets the system objectives. This
process typically involves comparing the plans’ effec-
tiveness, such as assessing which plan more significantly
reduces overflow severity in affected regions by visually
contrasting pre- and post-improvement conditions across
the regions. In addition, it is important to reveal the
inheritance relationships among the plans, enabling ex-
perts to understand how each plan evolves from previous
versions. Therefore, the system should provide a com-
parative visualization that not only enables (R4.1) intu-
itive comparison across multiple improvement plans but
also preserves and communicates (R4.2) their inheritance
structure throughout the iterative design process.

IV. DRAINSCOPE

This section introduces the system design of DrainScope,
including the visualization and interactions.

A. System Overview and Workflow

To meet the domain requirements, we developed Drain-
Scope, a visual analytics system designed to assist experts
in analyzing and improving urban drainage systems based on
SWMM simulations. It integrates three coordinated views to
support an interactive and iterative workflow, aligning with the
visual analytics principle “overview first, zoom and filter, then
details-on-demand” [58].

Users begin with the map view (Fig. 3A), where component-
level indicators are visualized to highlight regions prone to
system defects (R1.1). These indicators are aggregated from
SWMM simulations of historical rainfall events, which are
conducted in advance and serve as the primary data source
throughout the exploration process. Users can then narrow
the spatial scope to a region of interest (R1.2). Once a target
region is selected, the analysis view (Fig. 3B) automatically
recommends the severe rainfall events that reflect typical over-
flow conditions within the region (R1.3). Users select one of
these events and explore individual junctions using a drainage-
oriented Sankey diagram, which is derived through a sub-
system extraction method applied to the SWMM simulation
results of the selected event. This diagram integrates both the
static infrastructure (R2.1) and the dynamic flow behaviors
(R2.2), enabling detailed causal analysis. Based on these
insights, users can apply targeted modifications directly in the
map view (R3.1), after which the system is resimulated using
SWMM under the same rainfall event (R3.2). The comparison
view then adds a new bar representing the overflow severity
derived from the updated simulation. Selecting this bar updates
both the map and analysis views to reflect the corresponding
simulation state, enabling further exploration and refinement.
Moreover, the comparison view (Fig. 3C) supports visual com-
parison of simulation results (R4.1) and reveals the inheritance
relationships among improvement plans (R4.2) to evaluate and
manage multiple improvement plans. If the result of a given
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Fig. 2. System architecture. The gray blocks denote the data storage at the
backend. The black blocks are computational modules running at the backend.
The white blocks are visualization modules running at the frontend.

plan is unsatisfactory, users can revert to previous versions and
initiate a new improvement cycle until a suitable solution is
identified (R3.1, R3.2).

DrainScope is a web-based application designed to run on
modern browsers (Fig. 2). It follows a client-server archi-
tecture, consisting of a backend for simulation processing
and a frontend for interactive visualization. The backend,
implemented in Python, interfaces with the SWMM engine
through the PySWMM API to trigger simulations and store
simulation results, including six types of time series data. It
loads pre-computed simulation results for historical rainfall
events to derive overview indicators, and performs on-demand
resimulations when users modify the drainage system. Beyond
simulation, the backend also hosts a sub-system extraction
module, which identifies drainage components contributing to
overflows, facilitating users to investigate their root causes.
The frontend, developed in TypeScript using the Vue 3
framework, provides interactive visualizations across the map,
analysis, and comparison views. Most visual elements are
implemented using D3.js, while the geospatial context in the
map view is rendered with Leaflet.js. These visual inter-
faces support users in analyzing simulation results, identifying
overflow-prone junctions, reasoning about their causes, and
optimizing drainage performance.

All development and testing were conducted on a desktop
system running Windows 11, equipped with an Intel Core i7-
13700K 3.40 GHz CPU and 32 GB of RAM. For a 12-hour
rainfall event with a 1-minute temporal resolution, simulat-
ing a drainage system consisting of 713 catchments, 1020
junctions, 713 ditches, and 1044 conduits takes approximately
one minute on this configuration. This demonstrates that
DrainScope can efficiently support iterative scenario testing
and refinement even on standard personal computing hardware.

B. Map View

The map view (Fig. 3A) presents the overall structure
of the drainage system, integrating statistical indicators to
highlight system defects for identifying overflow-prone junc-
tions (R1.1). In addition, the map view provides intuitive
interactions that allow users to modify the topology and the
properties of components within the drainage system (R3.1),
and resimulate (R3.2) to enhance its drainage capacity.

We adopt a 2D map instead of a 3D representation that
includes terrain and building elevations primarily to reduce
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Fig. 3. The system interface of DrainScope. (A) The map view displays the drainage system topology with (A1) its four components and visually presents
system defects. It enables users to directly modify the topology and the properties of these components. (B) The analysis view comprises (B1) a configuration
panel for specifying study targets and (B2) a drainage-oriented Sankey diagram for analyzing overflow causes. (C) The comparison view presents a set of bar
charts to visually compare overflow conditions across different drainage system configurations, including the original (C1) and the improvement plans (C2,
C3, and C4), enabling users to make informed decisions based on comparative analysis.

visual occlusion commonly encountered in 3D environments.
Notably, variables such as flow velocity and elevation have
already been accounted for in the SWMM simulation process.
In user analysis, elevation information primarily serves to infer
flow direction, as water flows from higher to lower elevations.
To support this analytical need, we explicitly encode flow
direction in the visualization by placing directional arrows
along the pipelines (see details below).

1) Visualizing the Drainage System: Indicators. Before
visualization, the drainage system is simulated using SWMM
under a series of rainfall events. For each event, we perform a
statistical analysis of the simulation outputs to extract three key
indicators. Specifically, (1) the frequency of overflow at each
junction is calculated as the ratio of timestamps when the water
depth exceeds the junction’s depth to the whole timestamps.
For each conduit, (2) the frequency of full flow is calculated
as the ratio of timestamps when the water depth equals the
conduit’s diameter to the whole timestamps. To intuitively
capture the spatial extent of junction overflow impacts, we
assess the occurrence of localized surface flooding within each
catchment. (3) The frequency of waterlogging is equivalent to
the frequency of overflow at the corresponding junction, as sur-
face water accumulation is primarily driven by overflow events
at the nearest connected junction. To characterize overall
drainage performance, weighted averages of these indicators
are also calculated across all events, reflecting the system’s
long-term behavior across historical rainfall scenarios.

Visual Encodings. We adopt a geographic map to provide
the spatial context. The four components of an urban drainage
system are visualized as follows (Fig. 3A1). First, catch-
ments are visualized as polygons on the map based on their
geographical boundaries, showing their spatial coverage and
distribution. Given the potential overlap of polygons with other
components, a small square is placed at the center of each
polygon to provide a concise representation of the catchment.
We encode the frequency of waterlogging in each catchment
with the polygon’s color, with a darker shade indicating a
higher frequency of waterlogging and vice versa. Second,
junctions are depicted as circles positioned according to their
geographic coordinates. The color of each circle encodes
the frequency of overflows that occurred at the junction.
When the zoom level is below a certain threshold (15 in our
implementation), we additionally encode the frequency with
circle size. Junctions with higher risks appear more prominent,
while lower-risk junctions are deemphasized. Third, ditches
are visualized as dashed lines between catchments and junc-
tions. Finally, conduits are depicted using solid lines between
junctions, where the color gradient denotes the frequency of
full flow in the conduit. Arrows are superimposed along all
ditches and conduits to explicitly show the expected flow
direction according to the elevation information.

2) Modifying the Drainage System: Junction overflow
serves as a critical indicator of hydraulic constraints in urban
drainage systems, emerging when the inflow to a junction
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Fig. 4. The interactions for modifying the drainage system. (A) The user can
modify the conduit diameter by clicking the conduit, opening the property
panel, and entering the desired value. (B) The user can reroute the runoff
of a catchment by first double-clicking the catchment and then clicking an
alternative junction as the new outlet.

substantially exceeds its outflow capacity. The inflow of a
junction is sourced from the catchment and upstream junctions,
both conveyed via pipelines, while outflow is discharged
through downstream conduits to the subsequent junctions. In
real-world applications, numerous interventions can be em-
ployed to reduce inflow or enhance outflow, thereby alleviating
overflow risks. However, it is impractical to enumerate them
all. In collaboration with domain experts, we distilled three
representative modifications, denoted as M1 to M3.

M1: Adjusting the conduit diameter. For a junction with
frequent overflows, adjusting the diameter of its connecting
conduits helps balance its inflow and outflow. Specifically,
reducing the diameter of its upstream conduits can limit the
flow from upstream junctions, while increasing the diameter
of its downstream conduits can enhance the outflow capacity.
To issue this modification, users can click to select a conduit
to access its property panel, and modify the diameter of the
conduit by inputting a new value via the keyboard (Fig. 4A).

M2: Rerouting the flow path. In scenarios where junctions
become overloaded due to excessive runoff from a catchment
or inflow from upstream, while adjacent junctions retain
surplus drainage capacity, flow rerouting offers a strategy to
relieve system stress. By rerouting flow to the section with
greater hydraulic capacity, the overall hydraulic load can be
balanced, reducing the overflow risks and improving drainage
efficiency. Flow rerouting is implemented by modifying the
topology of the urban drainage system. To reroute the runoff
of a catchment, users can double-click the catchment. The as-
sociated ditch and its downstream junction will be highlighted.
Subsequently, users click an alternative junction as the new
junction, allowing the runoff of the catchment to be rerouted
(Fig. 4B). To reroute the outflow of a junction, the user can
perform the same interaction on the junction.

M3: Reducing the catchment imperviousness. When
overflow is driven by excessive runoff from a catchment,
reducing its impervious area percentage (i.e., increasing green
space) can mitigate the problem at the source. Lower im-
perviousness enhances natural infiltration and surface storage,
thereby reducing runoff generation. This approach reduces the
inflow to the junction from the catchment, alleviating the risk
of overflow. To apply this modification, users can click to
select a catchment to open its property panel, and adjust the

impervious area percentage by inputting a new value.
Users can apply a series of modifications before running the

simulation. These modifications form an improvement plan.

C. Analysis View
The analysis view comprises a configuration panel

(Fig. 3B1) and a novel drainage-oriented Sankey diagram
(Fig. 3B2). The configuration panel enables users to specify
the region of interest (R1.2), identify significant rainfall events
associated with severe overflows in the selected region (R1.3),
and select a specific overflow-prone junction for in-depth
investigation. The Sankey diagram integrates the static infras-
tructure of the drainage network (R2.1) with dynamic flow
behaviors characterized by flow volume and flow direction
(R2.2), supporting the identification of the root cause of
overflow at the selected junction.

1) Specifying Study Targets: The configuration panel en-
ables users to drill down into certain system defects through
a structured three-step process. First, with the “Region Selec-
tion” toggle activated, users can define a region of interest by
drawing a polygon in the map view. Second, upon confirmation
of the selected region, the system automatically retrieves the
severe rainfall events that affected the region. These events
are ranked in descending order of overall overflow risk. Users
can select an event based on their interests, and the map view
updates to reflect the system’s status under the selected event.
Specifically, the three indicators for junctions, conduits, and
catchments will be re-extracted from the simulation results for
the event and re-rendered in the map view. Third, to dissect
the causes of overflow in the selected region, users can initiate
the analysis by clicking on every critical junction, such as the
junction with the most severe overflow. The causality analysis
for the overflow can be performed in the Sankey diagram.

2) Analyzing Overflow Causes: Junction overflow often re-
sults from complex hydrodynamic interactions among various
drainage components. Given that a drainage system typically
consists of hundreds of nodes and pipelines, directly analyzing
the entire system to understand overflow formation is im-
practical. A more effective approach is to extract a relevant
sub-system that encapsulates the critical flow propagation
pathways contributing to a selected overflow-prone junction,
enabling a more focused analysis. Furthermore, an effective
visualization approach is needed to intuitively convey the
water propagation within the sub-system. Below, we introduce
in detail the methodology for sub-system extraction and the
visualization called drainage-oriented Sankey diagram.

Sub-system Extraction. Extracting a relevant sub-system
involves the following steps: (1) Overflow period identifica-
tion, (2) Influence modeling, and (3) Sub-system construction.

First, we need to find the specific time period T during
which the selected junction was in an overflowing state. In
other words, any drainage process during this time period was
causing the overflow. T can be identified based on the water
depth time series at the selected junction. Second, we need
to identify which pipeline was influencing a junction. The
intuition is that only pipelines that carry large enough volumes
of flow have an influence. Specifically, we employ a cumula-
tive discharge approach to compute the total flow during the
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Fig. 5. Iterative design process of the drainage-oriented Sankey diagram, with (F) as the final design. (A) The sub-system that encapsulates the critical
flow propagation path contributing to the selected overflow-prone junction j1. (B) Directly visualizing the drainage process with the Sankey diagram, where
topographic context is missed. (C, D, E, and F) Layout procedure and visual encodings of the drainage-oriented Sankey diagram. (C) Catchments are placed
above junctions within each layer. (D) Crossings are minimized. (E) The relative elevations between junctions in different layers are considered to reflect the
expected flow direction. (F) All catchments are aligned along a common horizontal axis, with their order adjusted to improve structural clarity. Water flow is
color-coded blue for natural flow, pink for backflow, and gray for overflow contributing to waterlogging.

time period T . For a conduit connecting upstream junction
i to downstream junction j, its total flow Fi, j = ∑t∈T d(t),
where d(t) represents its discharge at time t. A positive d(t)
denotes flow in the conventional direction from i to j, whereas
a negative d(t) indicates backflow from j to i. A negative
Fi, j over the period T suggests that backflow predominates
within the conduit. As ditches are not subject to discharge
constraints, their flow dynamics are primarily governed by the
runoff contributions from the associated catchments. Thus, for
a ditch connecting catchment i to junction j, its total flow
Fi, j =∑t∈T r(t), where r(t) denotes the runoff time series value
from the catchment at time t. Third, we perform breadth-first
searches upstream and downstream of the selected junction to
construct the sub-system:

• Downstream Search: Traverses from the target junction
downstream until encountering a conduit where Fi, j is
positive, indicating the termination of backflow.

• Upstream Search: Traverses upstream to identify all po-
tential inflow sources contributing to the target junction
until reaching a conduit where Fi, j is negative, marking
the boundary of upstream water contribution.

In this way, we can extract the critical sub-system where
every component influenced the selected overflow-prone junc-
tion. An illustrative extracted sub-system is shown in Fig.5A,
where all components influence the overflow at junction j1.

Drainage-oriented Sankey Diagram. The drainage process
describes the flow of water in a drainage network consisting
of pipelines and nodes, with the characteristics of flow volume
and flow direction. The Sankey diagram is well-suited for vi-
sualizing the drainage process because it effectively represents
flow volume and flow direction. The varying thickness of links
intuitively depicts flow volume at different pipelines, making
it easy to identify major flow paths and bottlenecks. The left-
to-right arrangement emphasizes flow direction, helping to

trace water movement across pipelines and nodes. Moreover,
Sankey diagrams naturally support hierarchical structures and
provide a clear, aggregated view of flow distribution. They also
facilitate anomaly detection by allowing visual comparison
of expected and actual flow proportions, helping to identify
losses, blockages, or inefficiencies.

However, as shown in Fig. 5B, directly applying Sankey
diagrams overlooks the elevation information, which is crucial
in urban drainage analysis. First, the invert elevation of j2 is
lower than that of j1 and water flowing from j2 to j1 repre-
sents an abnormal backflow. Yet, this is not visually reflected.
Second, catchments and junctions are both represented as
nodes without explicit differentiation. Catchments exist at the
surface, whereas junctions are located underground. This lack
of distinction reduces clarity in their respective hydrological
roles. To this end, we propose a novel layout to integrate
topographic information into the Sankey diagram and revisit
the visual encodings.

The layout procedure is illustrated in Figs. 5C, D, and E.
First, within each layer, we place all catchments above the
junctions to distinguish catchments from junctions (Fig. 5C).
For example, the catchment c2 is positioned above j2. Second,
with the constraint that catchments must be placed above
junctions, we apply the Sugiyama algorithm [59] to order
all catchments and junctions within each layer, minimizing
edge crossings and improving diagram clarity (Fig. 5D). For
example, from Fig. 5C to Fig. 5D, j1 and j4 are swapped to
avoid the crossing between the edge from c2 to j1 and the edge
from j2 to j4. Third, we incorporate relative elevation into
the vertical layout of junctions across different layers to more
accurately reflect the topography-driven direction of water flow
(Fig. 5E). This adjustment is performed by traversing the
diagram layer by layer from left to right. For each junction



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021 10

c1

j3

j1

j2

j4
j5

j6

c2

c3CB

A

Influenced building

Combined sewage pipe
Overflowed node Rain pipe

Sewage pipe
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cesses: (A) 3D representations (adapted from [21]), (B) built-in visualization
of the SWMM platform, and (C) node-link diagram-based visualization.

A, we adjust the vertical position of its connected junction
B at the next layer based on the following rule: If A has a
higher elevation than B, the bottom of B should not be higher
than that of A; otherwise, the bottom of B should be placed
above that of A. For example, since junction j3 in the first
layer has a higher elevation than junction j2 in the next layer,
we adjust the vertical position of j2 such that its node bottom
is not higher than that of j3. This ensures a visual metaphor
consistent with the underlying physical terrain. Finally, the
catchment nodes are rotated and placed at the same horizontal
level, forming the visual metaphor of the ground. Their left-
to-right ordering is determined based on their original position
in the Sankey diagram: catchments that were farther right and
higher in the original layout are placed farther right at the
highest horizontal level. Flow direction generally follows the
convention, progressing from left to right and top to bottom,
with color coding to enhance interpretability: blue for natural
flow, pink for backflow, and gray for overflow contributing to
waterlogging. Fig. 5F illustrates the final design.

Moreover, we incorporate cross-view highlighting between
the Sankey diagram and the map view to facilitate spatial-
contextual interpretation. When users hover over a node in
the Sankey diagram, the corresponding node in the map view
is highlighted; hovering over a pipeline similarly highlights
the associated pipeline and its connected nodes. This design
establishes a visual linkage between the abstract flow repre-
sentation and the spatial topology.

Justification. We explore three alternatives, namely, 3D
representations, built-in visualization of the SWMM plat-
form, and node-link diagram-based visualizations, illustrated
in Fig. 6. First, 3D representations (Fig. 6A), commonly used
in digital twin applications, often suffer from severe visual
occlusion, which hampers the user’s ability to trace flow
paths and assess system-wide behaviors. Second, the built-
in visualization in SWMM (Fig. 6B) animates drainage flow
along individual paths within the network. While useful for
inspecting local behaviors, it lacks support for analyzing multi-
source confluences and interactions across the system. Third,

node-link diagrams (Fig. 6C) visualize flow volume through
link width, indicate expected flow direction using arrows, and
use color to denote backflow situations. However, the scattered
layout of such diagrams makes it difficult to trace continuous
flow processes and understand elevation-related information.
In contrast, our design offers the following advantages: (1)
It partially preserves elevation-related information through a
tailored layout optimization strategy. (2) It reduces users’
cognitive load by aggregating dynamic simulation data over a
specified time window into a static, yet informative, represen-
tation. (3) Its structured left-to-right and top-to-bottom layout
supports the effective encoding of additional information, such
as elevation differences, flow directions, and imbalances be-
tween inflow and outflow at individual nodes, thereby making
the diagram more informative for domain-specific tasks.

D. Comparison View
The comparison view (Fig. 3C) represents each improve-

ment plan as a bar chart summarizing overflow conditions
within the selected region. These charts are juxtaposed to
support intuitive, quantitative comparison (R4.1). To facilitate
tracking plan evolution, the view also incorporates visual
cues indicating inheritance relationships and allows users to
interactively inspect individual plans (R4.2).

1) Comparing Plans: Visual Encodings. In the bar chart,
the x-axis represents individual junctions within the selected
region as a nominal variable, and the y-axis indicates the
overflow frequency. The first chart in this view (Fig. 3C1)
presents the baseline scenario, which reflects system perfor-
mance before any modifications. In this chart, junctions are
sorted in descending order of overflow frequency to provide
an overview of overflow severity across the region. When an
improvement plan is implemented and the drainage system is
resimulated, the comparison view automatically adds a new
bar chart below the original to reflect the updated overflow
conditions. By aligning the charts vertically, the system en-
ables users to quantitatively compare overflow frequencies
across different plans.

Justification. The primary criterion for decision-making is
the overflow situation within the designated region. Although
the Sankey diagram can reflect overflow, the design cannot be
extended to the scenario of comparative analysis, no matter
which of the three comparative visualization strategies [60] is
adopted. Juxtaposed Sankey diagrams lack a common refer-
ence axis, hindering quantitative comparisons. Superimposing
multiple Sankey diagrams further increases visual complexity,
making it difficult to discern individual contributions. Explicit
encoding typically relies on pairwise difference computation,
which does not scale well for multiple plans.

2) Tracking Plans: Visual Encodings. Representing the
inheritance relationships among improvement plans is essential
for tracking iterative refinements. Thus, we incorporate visual
cues into the comparison view. When an improvement plan is
created based on an existing one, a right-side directed arrow
is drawn between their corresponding bar charts to indicate
their inheritance relationship (Fig. 3C).

Interactions. First of all, clicking a plan switches the
system to its corresponding simulation state, allowing users
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to refine the plan. If the results are unsatisfactory, users can
roll back to a previous plan state or continue refining the
current one, enabling flexible and interactive plan refinement.
Second, building upon the visual representation, we integrate
a set of highlighting functionalities into the comparison view.
On the one hand, hovering over a specific bar reveals its label
and overflow frequency, while simultaneously highlighting the
corresponding junction in the map view to reinforce spatial
association. The same junction across all bar charts is also
highlighted, enhancing cross-plan comparison. On the other
hand, hovering over a plan highlights the modified components
in the map view, rendering them in red and showing a tooltip
with their previous states, further enhancing spatial context.
For instance, for the modified imperviousness, the catchment’s
boundary is colored red, and a message such as “Impervious
area percentage: to ” is displayed.

V. EVALUATION

We organized a remote workshop in which the three teams
collaboratively conducted case studies. In addition to E1, Team
B delegated another senior smart city expert, E3, who also has
over a decade of experience in the field. Team C was repre-
sented by expert E2, along with two Ph.D. candidates and three
graduate students (S2-S6), all dedicated to urban drainage
research. To support collaborative exploration, DrainScope
was first deployed on a cloud platform and made accessible
to all participants. Before the case studies, we introduced
our system, including visual encodings, user interactions, and
analysis workflow. During the case study sessions, we shared
our screen while operating the system, allowing participants
to observe the analysis process in real time. They were
encouraged to propose actions, request specific analyses, and
explore the system independently using their own access.
Finally, we interviewed workshop participants one-on-one to
collect their feedback. Below, we first present the case study
and then the feedback collected during this workshop. For
clarity, in the case study section, “we” refers collectively to
all workshop participants.

A. Case Study

In recent years, the rising frequency of extreme rainfall
events in Denmark has intensified urban flooding, underscor-
ing the inadequacies of current drainage systems in address-
ing such stressors. This case study focuses on the Bellinge
drainage system in Odense, Denmark, examining the per-
formance and optimization potential of small-town drainage
systems under extreme rainfall conditions.

Data and Simulation: The dataset, originally provided
by [61], includes component data for the Bellinge drainage
system, rainfall time series with minute granularity in 2011,
and annotated rainfall events (periods essentially) in 2011.
To assess the drainage system’s performance under extreme
storm conditions, rainfall intensity was amplified threefold to
simulate more intense rainfall scenarios. The modified rainfall
data, along with the drainage system, were then integrated into
the SWMM for simulations.

Region SW Region NE

Fig. 7. The overview of the Bellinge drainage system. Regions NE and SW
exhibit serious overflows, indicated by the blue circles and blue polygons.

Overview: The visual representation of the drainage system
is shown in the map view (Fig. 7). We identified Region NE
and Region SW, where most of the junctions exhibit darker
shades, indicating a high susceptibility to junction overflow.
Below, we conducted focused investigations in Region NE and
Region SW. To enhance readability, each pipeline is designated
using the format {from node} {to node}.

1) Analysis and Improvement for Region NE: In this sec-
tion, we analyzed the causes of overflows in Region NE
and explored targeted improvement plans. We examined all
relevant rainfall events and found that the drainage processes
that caused the overflow were similar. Below, we use Event
139 as a representative event for demonstration.

As shown in Fig. 3A2, the conduits in Region NE frequently
operated under full-flow conditions, while multiple junctions
experienced overflow. Junction G60R303 exhibited the highest
severity of overflow. Therefore, we first investigated the causes
of overflow at this junction. The orange dashed rectangle in
the Sankey diagram (Fig. 3B2) showed that the inflow of
G60R303 significantly exceeds its outflow. This suggested
that the drainage capacity of the system at G60R303 was
insufficient to accommodate the incoming flow, ultimately
resulting in overflow. To mitigate this issue, we explored two
potential optimization strategies: (1) reducing the diameter
of the upstream conduit G60R304 G60R303 to limit inflow,
and (2) increasing the diameter of the downstream conduit
G60R303 G60R302 to enhance outflow.

We implemented the first improvement plan, reducing the
diameter of G60R304 G60R303 from 0.191 m to 0.14 m, and
resimulated the system. The results in Fig. 3C2 revealed that
while this modification alleviated overflow at G60R303, it in-
duced adverse effects at the upstream junction G60R304. The
diminished drainage capacity of G60R304 G60R303 disrupted
the inflow-outflow balance at G60R304, where inflow sub-
stantially exceeded outflow, triggering overflow. This outcome
rendered the first plan ineffective.

Next, we implemented the second improvement plan by
increasing the diameter of G60R303 G60R302 from 0.18 m to
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Fig. 8. Analysis of overflow mechanisms at junction (A) G60R011 and
(B) G60R307, respectively. (A) The inflow of G60R011 slightly exceeds
its outflow, leading to overflow at this junction. (B) A similar pattern is
observed at G60R307, where an imbalance between inflow and outflow results
in overflow at this junction.

0.26 m to enhance drainage capacity. The revised simulation
results, shown in Fig. 3C3, demonstrated that this modification
effectively alleviated overflow at G60R303 without introducing
adverse effects at other junctions. In addition, a noticeable
reduction in overflow was observed at G60K009, likely due
to the decreased water level at G60R303, which consequently
lessened its obstructive impact on upstream drainage, high-
lighting the intricate interactions within the drainage system.
Furthermore, minor reductions in overflow were observed at
junctions G60R011 and G60R307, although noticeable over-
flow issues persisted.

Building upon the second improvement plan, we proceeded
with further refinements to address overflow at G60R011
and G60R307. Analysis revealed that their overflow was
primarily attributed to inadequate drainage capacity in their
respective downstream conduits (Figs. 8A, B). Thus, we
increased the diameters of conduits G60R011 G60K009 and
G60R307 G60K009 to 0.21 m. To maintain flow balance at
G60K009 and G60R304, we also expanded the diameters
of G60K009 G60R304 and G60R304 G60R303 to 0.21 m.
Following these modifications, the overall drainage capacity
in Region NE was substantially improved, with overflow
incidents markedly reduced, as illustrated in Fig. 3C4.

Our analysis revealed a critical trade-off in drainage opti-
mization: reducing the diameter of an upstream conduit may
disrupt equilibrium at upstream junctions, whereas increasing
the diameter of a downstream conduit may perturb balance at
downstream junctions. This insight was affirmed by E2, stat-
ing: “This finding captures a subtle but practically significant
consideration often overlooked in engineering practice.”

2) Analysis and Improvement for Region SW: This section
investigates the overflow mechanisms in Region SW, illus-
trated based on Event 174, the most severe overflow event
recorded in this region. The spatial distribution of overflow-
prone junctions in Region SW was primarily concentrated in
the upstream and downstream segments (Figs. 9A1, A2).

First, we analyzed the overflows in the upstream seg-

ment. The most severe overflow was observed at junction
G73R454 (Fig. 9C1). The Sankey diagram analysis for this
junction (Fig. 9B1) revealed that its sole downstream conduit,
G73R454 G73R452, experienced backflow, which obstructed
drainage at the junction and ultimately led to overflow. This
backflow could be traced to the junction G73R450, indicating
that the overflow at G73R454 was attributable to the hydraulic
anomaly at G73R450. Specifically, the inflow at G73R450
exceeded its discharge capacity, causing a rise in water level
that triggered the propagation of backflow, which ultimately
led to overflow at G73R454. A similar overflow mechanism
was observed at another critical junction, G73R453. These
findings reflect a common yet often hard-to-confirm pattern in
practice: upstream overflows are typically attributed to down-
stream bottlenecks, but pinpointing the specific component
responsible is nontrivial. S2 and S3 said, “This Sankey diagram
provides a clear indication of the cause, which is extremely
helpful in real-world analysis.”

Next, we extended our analysis to the downstream segment.
In this segment, junction G73F430 experienced the highest
overflow severity (Fig. 9C1). The Sankey diagram analysis
(Fig. 9B2) demonstrated that its inflow surpasses its outflow,
with the majority of this inflow originating from G73R450.
This trend was consistent across other downstream junctions.

In sum, we identified G73R450 as the primary cause of
overflow in Region SW. Notably, 90% of the inflow to
G73R450 derived from runoff in catchment C1. To mitigate
this overflow at the source, we reduced the impervious area
percentage of C1 from 0.39 to 0.15, aiming to reduce surface
runoff. The resimulation results show a marked decrease in
the overflow frequencies across the Region SW (Fig. 9C2).
However, such a low level of impervious area percentage
may be unrealistic under typical urban constraints, limiting
the practical feasibility of this approach.

In contrast to Region SW, the adjacent Region C (Fig. 9A3)
demonstrated superior drainage performance, with its junctions
exhibiting minimal overflow and conduits rarely reaching
full-flow conditions. E1 and E3 noted this discrepancy and
suggested leveraging the underutilized drainage capacity of
Region C as an optimization strategy to mitigate overflow in
Region SW. To test this hypothesis, we proposed rerouting
runoff from catchment C1 to junction G73F161 in Region C,
rather than its original destination at G73R450. The distance
between catchment C1 and G73F161 was comparable to
that of G73R450, ensuring feasibility in terms of hydraulic
conveyance. After applying the proposed modification, the
simulations indicated a substantial reduction in overflow fre-
quency across all junctions in Region SW (Fig. 9C3), while
the drainage performance of Region C is almost unaffected
(Fig. 9A4). These results confirmed the effectiveness of the
proposed improvement plan.

B. Expert Interview

The participant feedback is summarized as follows:
Effectiveness. All three experts affirmed the effectiveness

of our system, recognizing its structured workflow: overflow
identification, root cause reasoning, targeted modifications,
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Fig. 9. Analysis and improvement of overflow conditions in Region SW. (A) The map view reveals that overflow-prone junctions are primarily concentrated
along its (A1) upstream and (A2) downstream segments. (A3) The adjacent Region C, situated north of Region SW, exhibits minimal junction overflow
and conduit full-flow occurrences. (A4) Region C maintains minimal overflow after system improvements. (B) Two drainage-oriented Sankey diagrams are
employed to facilitate the analysis of overflow mechanisms at junctions (B1) G73R454 and (B2) G73F430. (B1) Severe backflow occurs along the drainage
path between G73R454 and G73R450. (B1) Nearly all inflow to G73F430 originates from G73R450. (C) Three bar charts illustrate overflow conditions in
Region SW, showing (C1) the baseline scenario alongside (C2, C3) the results of two alternative improvement plans.

and finally, evaluation and comparison. They emphasized that
the system aligns well with their routine practices and en-
hances this familiar workflow through intuitive visualizations
and interactive features that improve the clarity and efficiency
of analysis. “I believe DrainScope will be of great benefit
to frontline urban drainage managers in drainage system
optimization and decision making,” underscored E2.

Visual Design. All three experts agreed that the visual-
izations in DrainScope are easy to learn and comprehend.
They particularly appreciated the drainage-oriented Sankey
diagram as it intuitively visualizes overflow mechanisms. “
The diagram clearly illustrates the topographic relationships
among drainage components, making the spatial propagation
of water flow within the network intuitive, ” commented E3.
E1 and E2 also praised the diagram for its clarity and aesthetic
appeal. This advantage can be attributed to our tailored layout
strategy for the Sankey diagram, which balances topographic
context with aesthetic appeal.

User Interactions. All three experts confirmed the use-
fulness and intuitiveness of the interactions. This positive
feedback stems from several aspects of the system design, such
as its intuitive way of modifying drainage systems, cross-view
highlighting, and its ability to support iterative optimization,
many of which represent a significant improvement over the
limited interactions offered by the SWMM platform. Members
in Team C commented, “We are the first to encounter a system
that allows for real-time, intuitive modifications directly on the
map, with immediate visual feedback on the results.”

Suggestions. E2 suggested integrating a surface hydrody-
namic model alongside the SWMM model to better capture
urban flood dynamics. E1 and E3 recommended incorporating
an optimization framework that systematically evaluates all po-
tential modification strategies and automatically recommends
solutions for enhanced decision support.

VI. DISCUSSION

Significance. To the best of our knowledge, DrainScope is
the first visual analytics system designed for analyzing urban
drainage systems. It advances both drainage diagnostics and
visual analytics in complex urban environments by bridging
physically-based simulation models with explainable causal
reasoning. Existing tools, such as SWMM and InfoWorks
ICM, primarily produce numerical outputs and static re-
ports, requiring experts to manually infer junction overflow
causes [6]–[8]. In contrast, DrainScope encodes hydraulic
dependencies in a drainage-oriented Sankey diagram, making
local flow propagation and overflow causes more transparent.
Unlike prior tools, it also supports interactive plan modifica-
tion and iterative evaluation, with tracking and rollback. As
demonstrated in our case studies, DrainScope uncovers cross-
junction propagation patterns and hidden defects that existing
tools miss, enabling more targeted and effective improvement
strategies. Besides, the revised Samkey diagram enables an-
alysts to interactively trace hydraulic dependencies within a
physical, real-world drainage network. In this context, our
work extends causal visualization concepts [30], [45], [62] to a
domain characterized by physical and topological complexity.

Scalability. DrainScope shows potential for application in
larger urban environments. First, urban drainage analysis is
typically localized [63], [64]. Even in large cities, the causes
of flooding during extreme events such as heavy rainfall
are often confined to specific regions. It is uncommon for
drainage failures occurring tens of kilometers away to affect
a given location. City-wide disasters such as dam breaches
typically exceed the capabilities of conventional drainage
systems and fall outside the intended scope of this work.
Second, our global-to-local visual analysis workflow enables
users to identify and focus on critical regions. Starting from an
overview of the entire drainage system, users can drill down
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into relevant subsystems, aided by the automated sub-system
extraction method and the drainage-oriented Sankey diagram.
Third, to support scalability in larger settings, DrainScope can
be integrated with simplified or parallel implementations of
SWMM [65], [66], which improve simulation responsiveness.
Finally, junction aggregation can further enhance both visual
clarity and computational efficiency. For instance, merging
neighboring junctions with similar hydraulic behavior, particu-
larly those acting primarily as transit points such as G60K009
and G60R304 (Fig. 3B2), can reduce complexity without
compromising analytical accuracy.

Lessons Learned. In interdisciplinary projects, differences
in terminology, problem framing, and evaluation criteria can
pose substantial communication barriers. We found it highly
effective for visualization experts to gain domain knowledge
through direct engagement, rather than relying solely on do-
main experts to articulate requirements. In particular, to facil-
itate interdisciplinary collaboration, we assigned visualization
experts to work closely with domain teams, participating in
their ongoing projects and tasks to gradually build up domain
expertise. These hybrid team members, equipped with both
visualization and domain expertise, played a critical role in
aligning problem understanding, refining requirements, and
validating prototypes. This approach reduced communication
barriers and improved the efficiency of the design process.

Limitations and Future Work. Our work can be further
improved in the following aspects:

Global Pattern Discovery in Urban Drainage Networks.
DrainScope currently emphasizes detailed analysis of localized
regions, with global insight limited to the visualization of
overflow hotspots via color-encoded heatmaps in the map view.
Future work will extend its capabilities to extract and sum-
marize global patterns, including spatially recurrent failures
and structurally similar subnetworks. To this end, we plan
to compute overflow frequencies across historical simulations
to identify persistently vulnerable regions, and apply graph
mining techniques, such as motif detection and subgraph
matching, to reveal common structural patterns associated with
overflow. These extracted patterns can then be proactively
recommended to users as high-priority regions or components
for further diagnosis and planning.

Scalable Management of Improvement Plans. Although
DrainScope offers basic mechanisms for tracking, reverting,
and comparing improvement plans, its support does not yet
scale to scenarios involving many iteratively generated plans.
The current linked-view design requires users to manually
connect each plan’s summary with its underlying modifica-
tions, which becomes increasingly inefficient as the number
of plans grows. Future work will investigate more scalable
representations for managing plan evolution. Promising direc-
tions include: (i) an analytical provenance view that captures
branching, inheritance, and convergence among plans; (ii)
compact visual summaries (e.g., glyph-based encodings) that
reduce view switching and support rapid comparison; and
(iii) hierarchical abstractions that aggregate component-level
changes into higher-level semantic groups, enabling analysis
at multiple levels of granularity.

Automated Generation of Improvement Plans. Currently,

DrainScope relies on an expert-driven trial-and-error approach
for system improvement, which could be time-consuming
and labor-intensive. In the future, we plan to integrate com-
binatorial optimization and multi-objective decision-making
frameworks to automate the generation of improvement plans.
This entails two main challenges: (1) handling complex inter-
dependencies, as modifying one junction may affect others,
and (2) balancing competing objectives such as overflow
reduction, cost-efficiency, and long-term resilience. Tackling
these challenges requires advances in optimization techniques
and deeper integration of domain knowledge.

VII. CONCLUSION

Through close collaboration with domain experts, we char-
acterize the domain problem of urban drainage system anal-
ysis and derive requirements. To satisfy the requirements,
we develop a visual analytics approach named DrainScope,
which assists experts in effectively identifying overflow-prone
junctions, reasoning the root causes of overflows, and improv-
ing the drainage system. A novel drainage-oriented Sankey
diagram is integrated into DrainScope to visualize the drainage
process within the topographic and drainage topological con-
text for overflow causality reasoning. A case study on a real-
world drainage system, along with positive expert feedback,
validates the effectiveness of DrainScope. This work estab-
lishes a foundation for future advancements in visual analytics
for urban drainage systems and flood management.
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J. Waser, “HORA 3D: Personalized flood risk visualization as an
interactive web service,” Comput. Graph. Forum, vol. 43, no. 3, 2024.

[41] D. Cornel, A. Buttinger-Kreuzhuber, A. Konev, Z. Horváth, M. Wimmer,
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