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ABSTRACT
This paper introduces an integrated method that combines computer-aided modelling of indoor environ-
ments,multi-agentmovement simulation and airborne viral transmissionmodelling to analyse how spatial
designandoccupantbehaviour affect disease spread.UsingTopologicPy, interior spaces are representedas
connected networks that support navigation-graph generation and agentmovement based on schedules,
walking speeds and activities. Agents move incrementally along shortest paths, while the system calcu-
lates precise inter-agent distances and respects architectural constraints such as walls and doorways. Viral
aerosol concentrations aremodelled via a reaction-diffusion equation, and infection risk is estimated using
an extended Wells–Riley model. By capturing detailed spatio-temporal and topological interactions, the
framework offers realistic infection-risk assessments. The resulting tool serves as a rapid decision-support
system for policymakers, facility managers and designers, enabling evaluation of mitigation strategies and
informing future building design. A comparative study of cellular and open-plan offices demonstrates the
method’s capabilities.
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1. Introduction

The COVID-19 pandemic has prompted researchers to study
how the configuration of indoor spaces and the activities taking
place within them affect the risk of viral transmission (Lau et al.
2022; Lu et al. 2020; Morawska and Cao 2020; Riley, Murphy, and
Riley 1978; Tong, Li, and Kang 2022). Lessons learned from the
pandemic have prompted new architectural design guidelines
for infection prevention and control (Emmanuel, Osondu, and
Kalu 2020).

Historically, major disasters have often led to significant
changes in building regulations. For instance, the Great Fire of
London in 1666, which destroyed a large portion of the city,
prompted the implementation of stricter fire safety standards,
including the use of brick and stone in construction instead of
wood, and the creation of wider streets to prevent the rapid
spread of future fires (Alagna 2004). Another example is the
1906SanFrancisco earthquake and subsequent fire,which led to
improvements to the water supply infrastructure and the devel-
opment of more stringent building codes to improve structural
integrity and earthquake resistance (Cutcliffe 2000).

Similar to earlier outbreaks such as the spread of measles
(Riley, Murphy, and Riley 1978), the COVID-19 outbreak has
revealed the link between building attributes and infection risk
(Tong, Li, and Kang 2022). This highlights the urgent need to
analyse building designs and develop decision-support tools
for policymakers, stakeholders, architects, and engineers to help
them design and implement changes that mitigate infection
risk. More specifically, there is a need for simulation models that
balance the requirements for accuracy and speed of execution,
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take into consideration complex geometries, simulate people
movement according to daily schedules and event locations,
and visualize scenarios and the resulting infection risk in a man-
ner easily accessible to stakeholders.

Modelling airborne infection risk in indoor environments is
inherently complex due to the dynamic interplay between spa-
tial configuration, human behaviour, and environmental fac-
tors such as ventilation and occupancy patterns. Traditional
tools often focus on isolated aspects, such as airflow dynam-
ics through computational fluid dynamics (CFD) or people
movement through crowd simulation but rarely integrate these
dimensions in a way that reflects the day-to-day functioning of
occupied spaces. The challenge lies in capturing this complex-
ity at a resolution that is both meaningful and computation-
ally manageable, while remaining accessible to designers and
decision-makers without specialized technical expertise. Fur-
thermore, each building is unique in its layout, use, and oper-
ation, making generalized solutions difficult to apply in practice.
These factors help explain why there has been limited progress
in creating practical tools that support early-stage design deci-
sions or ongoing building operations in the context of infection
risk.

To address these needs, this research aims to create an acces-
sible web-based decision-support tool for optimizing building
designs to enhance safety and health in response to current and
future pandemics. The tool is intended for use during the design
stage,where architects andengineers canevaluate andcompare
alternative spatial layouts, circulationpatterns, and roomconfig-
urations to minimize infection risk. It can also be applied during
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the operational phase of a building’s lifecycle. Facility managers
and policymakers can use the platform to simulate daily activ-
ities, assess occupancy schedules, evaluate ventilation strate-
gies, and implement targetednon-pharmaceutical interventions
(NPIs) to improve performance under changing conditions.

To achieve this aim, the study integrates computer-aided
three-dimensional (3D)modellingof spaces, navigational graphs,
agent-based simulation, and mathematical models of viral con-
centration and infection risk. The underlying hypothesis is that
this integrated approach which combines realistic representa-
tions of indoor environments, multi-agent movement simula-
tion, and spatio-temporal mathematical models, enables more
accurate analysis of infection risk, and more effectively supports
informed decision-making in building design.

2. Related work

The work in this paper lies at the intersection of non-manifold
topological modelling, spatial graph and space syntax analy-
sis, multi-agent simulation, and mathematical modelling of air-
borne viral transmission. In this section, we briefly review promi-
nent related literature within these strands and clarify how the
present paper extends and connects them.

Various methodologies and theoretical frameworks inform
the analysis of indoor space design and human movement in
the context of viral transmission. By examining these diverse
yet interconnected fields, the aim is to provide a robust foun-
dation for understanding and mitigating the risk associated
with viral transmission in indoor environments. Related areas
of research include non-manifold topological modelling (Weiler
1986), dual graphs (Whitney 1931), space syntax (Hillier andHan-
son 1984), multi-agent simulation (Hewitt, Bishop, and Steiger
1973), and viral transmission modelling (Bernoulli and Chapelle
1760; Riley, Murphy, and Riley 1978; Wells 1955). It is important
to note, that although viral transmission modelling plays a sig-
nificant role in formulating the theoretical underpinnings and
quantitative predictions of this research, a detailed exposition
is beyond the primary scope of this paper and is provided in a
companion study (Xue et al. 2024). The present paper focuses on
the spatial, topological, and multi-agent simulation infrastruc-
ture upon which the companion paper by Xue et al. builds its
research on disease transmission modelling, policy evaluation,
and decision support. The companion paper details the VIRIS
epidemiological simulator, including reaction – diffusion mod-
elling of airborne transmission, spatiotemporal infection risk
estimation, non-pharmaceutical intervention (NPI) evaluation,
real-world validation against a superspreader event, and the
deployment of a public-facing web application. The two papers
are therefore complementary but non-overlapping in scope: the
present paper is methodological and architectural – computa-
tional in focus, whereas the companion paper is epidemiological
and application-driven.

2.1. Non-manifold topological representations

Most 3D modelling software relies on an underlying modelling
‘engine’ to provide needed computations to compose and edit
3D geometry. These engines are usually classified as either man-
ifold or non-manifold (Chatzivasileiadi et al. 2018). Manifold

Topology (MT), or more precisely 2-manifold topology, refers
to bodies without internal voids that can be fabricated from a
single block of material. A key property of manifold objects is
that a sphere drawn cantered on any point of the object’s sur-
face will be divided into two distinct regions: one inside and one
outside the object. This clear division is a fundamental character-
istic that makes manifold bodies manufacturable and physically
realizable.

However,manifoldmodelling lacks the direct ability to derive
adjacency information or the presence of shared entities as each
manifold object exists independently of other objects. While
commercial 3D modelling software systems that rely on man-
ifold engines are readily available for sophisticated geomet-
ric modelling, they fall short as extendable simulation engines
as they do not usually model topological connections within
indoor spaces, and do not simulate people movement, making
it challenging to meet the outlined needs.

In contrast, Non-Manifold Topology (NMT) is defined mathe-
matically as cell complexeswithin Euclidean space, representing
spatial relationships between geometric entities (Masuda 1993).
Practically, NMT allows any combination of vertices, edges, sur-
faces, and volumes to coexist within a single logical body, where
multiple cells can share faces, faces can meet at an edge, and
multiple edges can converge at a vertex. Coincident vertices,
edges, and faces are merged.

While NMT results in configurations that cannot be physically
realizable, this characteristic provides the direct ability to find
adjacencies between regions or spaces, enabling the construc-
tion of ‘dual’ navigational graphs that can be easily traversed
and searched for the shortest paths (Dijkstra 1959). A dual graph
is a graph that represents the spatial or topological adjacency
between elements of a geometric structure. Each region (e.g. a
room or volume) of the original graph is represented as a node
in the dual graph. An edge exists between two nodes in the
dual graph if their corresponding regions in the original graph
share a commonboundary. These links can have variousweights
or attributes assigned to them. This network can be employed
for indoor navigation, where paths between two points can be
determined using graph algorithms. For example, non-manifold
topology and dual graphs have been used to build an emer-
gency response tool that accurately computes egress paths in
case of an emergency (Boguslawski et al. 2016).

The present paper builds directly on this line of work by
embedding a non-manifold representation within the Topolog-
icPy environment and using it to derive adjacency and dual
graphs, and generate explicit navigation graphs that respect
walls, doors, and furniture. Unlike most prior NMT applications,
which focus on distance to egress or static connectivity, we use
NMT as the backbone of a full movement-simulation pipeline,
connecting geometric/topological structure to time-dependent
agent movement, and to infection-risk analysis in the compan-
ion paper.

2.2. Graph theory and space syntax

Airborne viral transmission in indoor environments requires the
simulation of how people within that environment move and
interact with each other. A person’s physical proximity and
duration of interaction with another infected person directly
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affects their risk of contracting an airborne virus. Whitehead
and Eldars, for example, empirically mapped the movements
of nurses within a theatre suite for one day’s duty creating a
‘string’ diagram showing the routes taken and the heaviest con-
centrations of movements (Whitehead and Eldars 1965). Their
approach aggregates the movements over time to arrive at the
heaviest trafficked areas. In contrast, the approach in this study
calculates viral concentrationat each simulation time step taking
into consideration the location of agents at that time step.

The need to understand and map how people use and
navigate the built environment has developed into the well-
established field of space syntax (Hillier et al. 1976). The orig-
inal definition of space syntax constitutes objects, relations,
and operations with two kinds of entities: a solid entity (obsta-
cles), and a vacant entity through which movement is possible.
Given this framework, space syntax evolved to modelling and
analysing thebuilt environment, roadnetworks, andwhole cities
(Porta, Crucitti, and Latora 2006). It has also moved beyond
2D representations to analysing 3D configurations (Varoudis
and Psarra 2014). Through graph-theoretical approaches, space
syntax measures have shown correlations with human spatial
behaviour and have, thus, been used to predict the impacts of
architectural and urban spaces on users.

Our work is alignedwith this tradition in treating architecture
as a graph-structured spatial systembut differs in two important
ways. First, rather than using ad hoc methods to construct axial
or visibility graph or use lower resolution grid-based methods,
we leverageNMT to directly to construct navigation graphs from
detailed 3D geometry. We also offer an alternative method for
larger andmore complex plans that relies on trimmed Delaunay
triangulation. Regardless of themethod, the resulting graph has
identical features and capabilities. We ensure that paths explic-
itly respect obstacles, door openings, and furniture. Second, we
couple these graphs to an event – schedule – agent system
and a reaction – diffusion infection model (in the companion
paper), moving from static configurational analysis to dynami-
cally simulated, time-resolved contact and exposure patterns. In
this sense, our framework can be viewed as a bridge between
space-syntax-style configurational analysis and epidemiological
risk modelling.

2.3. Multi-agent simulation

Multi-agent simulationsmodel thebehaviour and interactionsof
individuals moving within a shared space. This approach helps
in predicting movement patterns and contact points that could
enhanceormitigate airborne viral transmission.Oneof the foun-
dational works in agent-based systems is Carl Hewitt’s ‘Actor
Model’ introduced in 1973 (Hewitt, Bishop, and Steiger 1973).
The Actor Model conceptualized independent entities (actors)
that interact with each other through message passing. This
model laid the groundwork for concurrent computation and
influenced the development of agent-based systems.

In 1996, Epstein and Axtell introduced the concept of agent-
based computer programming to the study of social phe-
nomena such as transmission of culture and disease propaga-
tion (Epstein and Axtell 1996). Within the Built Environment
research area, Turner and Penn studied pedestrian behaviour
using agent-based systems. They found that by imbuing many

agents with attributes and parameters such as destination, field
of view, and location between events, they can generate move-
ment patterns like those found in the real world (Turner and
Penn 2002). Schuamann et al. also used agent-based system
for pre-occupancy evaluation of architectural designs (Schau-
mann et al. 2019). Their model can analyse how different spatial
configurations impact human spatial behaviour.

During the COVID-19 pandemic, agent-based models with
stationary agents and no architectural structure (a rectangular
domain) were used to compare NPIs. For example, Moore et al.
and Woodhouse et al. (2022) used agent-based models to com-
pare the infection risk in educational indoor settings (Mooreet al.
2021; Woodhouse et al. 2022).

Ozcan and Haciomeroglu implemented a path-based multi-
agentnavigationmodel thatuses theA∗ shortest-pathalgorithm
to manage local trajectories while a global planner manages
global decisions (Ozcan and Haciomeroglu 2015). Their system
primarily focuses on agent movement between discrete spaces,
such as rooms and zones, and assumes relatively coarse spa-
tial granularity. In contrast, the approach described in this paper
provides a higher-resolution spatial framework based on non-
manifold topology, enabling continuous agent movement con-
strained by detailed architectural elements such as walls, corri-
dors, doorways, and furniture layouts.

Balkan et al. simulated infection risk in indoor spaces using
schedules and multi-agent movement (Atamer Balkan, et al.
2024). Their navigation model is based on NOMAD, a micro-
scopic pedestrian movement model. The NOMAD model pro-
vides a detailed and realistic simulation of pedestrian behaviour
by focusing on factors such as route choice, personal space pref-
erences, and responses to surrounding conditions within a dis-
cretized environment. While the NOMAD model offers a highly
detailed and realistic approach to simulating pedestrian move-
ments, its computational intensity, andcomplexity of implemen-
tation, can limit its practicality in certain applications.

Hernandez-Mejia et al also used a multi-agent approach to
study how architectural interventions canmitigate the spread of
SARS-CoV-2 in emergency departments (Hernandez-Mejia et al.
2024). Their model, based on records from a German hospital,
uses a time manager to organize patient arrivals and manage
the duration of their stay in each area of the emergency depart-
ment. One of the limitations of their approach is that theirmodel
of the emergency department is based on a flowchart of activi-
ties and events rather than a realistic architectural floor planwith
accurate locations for agents. The use of a simplified navigation
model within an accurate architectural floor plan in this study
strikes a balance between spatial accuracy and computational
efficiency, addressing a key challenge in implementing rapid
simulations required during fast-evolving epidemic scenarios.

Zhang et al. (2023) developed a web-based multi-agent sim-
ulation framework to assess airborne transmission risk, integrat-
ing occupant behaviour and ventilation parameters within a
discretized spatial model. Their framework adopts a dynamic
path choice algorithmonauniform0.5m× 0.5mgrid, assuming
shortest-path routing. In contrast, theapproachpresented in this
paper moves agents continuously over a navigation graph con-
structed from the building geometry. This graph-basedmethod,
derived from non-manifold topology, allows for computation-
ally efficient pathfinding which requires only a shortest-path
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search on a precomputed graph for each event and provides
greater spatial precision by avoiding artefacts introduced by
grid discretization. Additionally, while the Zhang et al. model
accounts for crowding and queuing behaviour, which may
improve path realism under high-occupancy conditions, the
method presented here focuses on detailed navigation through
interior partitions, furniture, and circulation routes, enabling
fine-grained assessment of movement constraints and agent
proximity.

Inmodelling aerosol concentration, Zhanget al. discretize the
indoor space using the same uniform grid and solve the diffu-
sion process via a finite differencemethod. In contrast, this study
treats the indoor environment as a continuous domain and
applies the finite element method to solve a reaction-diffusion
equation. This approach supports more accurate geometric rep-
resentation of complex spatial layouts. However, Zhang et al.
incorporate additional environmental details, such as the influ-
ence of ventilation layout, which are not explicitly modelled in
the present study. Taken together, both approaches contribute
complementary perspectives: one emphasizing environmental
physics and crowd behaviour, the other offering architectural
fidelity and computational efficiency for design and operational
decision-making.

Ciunkiewicz et al. developed a simulation framework to
forecast COVID-19 transmission in localized environments
(Ciunkiewicz et al. 2022). They followed a similar approach to this
study using agents, scenarios, and a universal scheduler tomove
agents from one position to another and calculate, at each time
step, their infection risk. However, their 2D spatial map is simi-
lar to Zhang et al and is more basic than the one presented here
in that it uses a chessboard-like matrix where agents can move
only orthogonally or diagonally. In contrast, this study uses spa-
tial maps that are geometrically realistic with navigation paths
that do not follow a pre-determined grid and can turn corners
and avoid obstacles in a realistic manner. Given the use of a
fully three-dimensional spatialmodel, the system can determine
whether barriers exist between two agents. This distinction is
important to avoid incorrectly assuming that agents are in prox-
imity when they are separated by architectural elements such as
walls.

Finally, while sophisticated commercial people movement
simulation engines, such as those used for modelling crowd
egress during fire emergencies, are readily available (Gwynne
and Kuligowski 2010), they are typically domain-specific desk-
top applications that are not easily integrated into an open,
customizable web-based system. As such, they were deemed
unsuitable for the aims of this study.

The present paper sits between highly detailed crowd sim-
ulation engines and oversimplified rectangular or grid-based
domains.Weproposeamovementmodel inwhichagents follow
shortest paths on navigation graphs derived from detailed floor
plans, with schedules defined in terms of architecturally mean-
ingful event locations (e.g. offices, meeting rooms). Our con-
tribution is a general, architecture-centred multi-agent frame-
work that: (i) is lightweight enough to be integrated into a fast
decision-support tool; (ii) uses realistic building geometry and
topological relations; and (iii) exposes movement data in a form
that can be tightly coupled to airborne transmission models as
detailed in the companion paper. This positions our work as a

reusable, geometry-aware movement engine for a wide range
of indoor risk-assessment and design-evaluation tasks.

2.4. Mathematical modelling of airborne viral
transmission

Mathematical models of airborne diseases have been used to
estimate infection risk since the pioneeringwork by (Wells 1955)
and (Riley, Murphy, and Riley 1978). In the Wells-Riley model,
the infectious aerosols are assumed to be well-mixed in the
indoor space, neglecting spatial heterogeneity due to architec-
tural details and the behaviour and interactions of individuals.

In this study, the concentration of infectious aerosols emitted
by infectious individuals is simulated using a reaction-diffusion
equation. The infection risk of individuals is determined using
a spatio-temporal infection risk formula (Lau et al. 2022) which
extends the Wells-Riley ansatz by incorporating also spatial
information. This study’s new model determines the number of
moving individuals being infected and those remaining suscep-
tible to the disease as time progresses, assuming the ‘dose’ of
viral particles needed for a person to get infected. An explana-
tion of the mathematical modelling details is included in a com-
panion study which provides useful insights and guidance to
policymakers and spacemanagers throughcomparing and rank-
ing a series of NPIs according to the type of indoor space(Xue
et al. 2024).

3. Methodology

The proposed software system consists of several critical mod-
ules. Firstly, a geometric and topological editor is necessary for
representing the geometry of indoor spaces and their connec-
tivity, enabling both topological and spatial analysis of build-
ings and their internal spaces. Using this editor, a navigational
graph is constructed that supports the placement and simula-
tion of multiple agents moving through the building. An agent-
specific schedule, with a series of events at varying locations
in a building, provides the needed information to accurately
locate the agents at each time step. Lastly, calculating spatio-
temporal infection risk is made feasible through an extension of
the Wells-Riley ansatz.

The integration of thesemodules allows us to simulate differ-
ent scenarios of practical interest using diverse building typolo-
gies and mixtures of agents inhabiting and moving through
them. Further, the software offers a comprehensive and acces-
sible decision-support tool for optimizing building designs to
enhance safety and health in response to current and future
public health challenges.

3.1. Spatial modelling and analysis software

This study leverages topologicpy, an open-source and extend-
able topological 3D spatial modelling and analysis environment
(Jabi 2024a; Jabi and Chatzivasileiadi 2021). Through its reliance
on a non-manifold modelling engine for boundary representa-
tion, topologicpy can precisely model the required geometry,
automatically build the topological connections among spaces,
and answer spatial and topological queries. The topologicpy
application protocol interface (API) contains nine (9) core classes
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Figure 1. The topologicpy class hierarchy.

(Vertex, Edge, Wire, Face, Shell, Cell, CellComplex, Cluster, and
Topology), seven (7) secondary classes (e.g. Aperture, Dictionary,
Graph, Grid, Helper, Matrix, Vector), and several additional utility
and specialized classes (Figure 1). Of note here is the Dictionary
class that can store keys and values and be associated with any
topology. Dictionaries allow us to store and retrieve attributes as
andwhen needed. topologicpy’s API is extensive, covering areas
of geometric construction, spatial analysis, visualization, energy
simulation, and artificial intelligence among other capabilities
(Jabi 2024b). This paper focuses on the capabilities and classes
that facilitate the aims of this work.

Themost basic topology in topologicpy is a Vertexwhich rep-
resents a point in 3D space with X, Y, and Z coordinates. Two
vertices can be connected by an Edge. Several Edges can be con-
nected to form a Wire (i.e. a polygon or a non-manifold network
of edges). Apolygonal, planar, closedWire can formaFacewhich
has a direction vector and an area. Faces can have holes in them
(called internal boundaries). Several Faces that share edges can
be combined into a Shell (an equivalent to amesh) which can be
either open or closed. Amanifold shell that is closed forms a Cell
which has a volume. Several Cells that share faces can be com-
bined into a CellComplex. A Cluster (a group) is an abstract class
that has any number of other topologies in it. Finally, a Topol-
ogy is an abstract super-class of all other types of topologies that
containsmethods that can apply tomultiple types of topologies.

Topologicpy’s ability to create ‘primitives’ such as lines, rect-
angles, circles, andprismatic solidswere used to create the archi-
tecturalmodels (Figure 2). Topologicpy can also import 3Dmod-
els created using other 3Dmodelling software through standard
file formats.

In addition, topologicpy provides six types of spatial and
topological queries:

Figure 2. 3D model created in topologicpy.

1. Constituent Query: This type of query allows the user to
retrieve the constituent sub-topologies that make up a
topology. For example, the user can ask topologicpy to
provide the faces, the edges, and the vertices of a cell.

2. Hierarchical Query: This type of query can be thought of
as the reverse of a constituent query. This query allows the
user to retrieve the super-topologies that have the queried
topology as part of their constituent sub-topologies. For
example, the user can ask an edge for the faces that it is a
part of. Or they can ask a face for a list of cells that it is a part
of.
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Figure 3. 3D model of an architectural indoor environment with added furniture.

3. Lateral Query: This type of query is used for finding adjacent
topologies. For example, a user can ask a cell to return the
list of cells that share a face with that cell.

4. Containment Query: This type of query allows the user to
retrieve the contents of a topology. Unlike constituent parts
that make up the geometry of a topology, contents are
independent topologies that are simply stored in a topol-
ogy (think furniture in a room as opposed to the walls and
corners of a room).

5. Intersectional Query: This type of query allows the user
to identify shared elements between two topologies. For
example, a user can request the list of faces, edges, or ver-
tices shared by two neighbouring cells.

6. Associative Query: This type of query allows the user to find
topologies linked to another topology through dictionary
information rather than topological proximity. Each topol-
ogy in topologicpy has a dictionary with varying number
of keys and values stored in it. These dictionaries can con-
tain references to other topologies (e.g. by an ID key). This is
akin to building a relational database or a graph that can be
traversed to retrieve the needed information.

These methods were used to decompose and analyse the 3D
model and derive the needed information to create a simplified
3Dmodel with furniture obstacles represented as simple prisms
(Figure 3).

3.2. Navigation graph

The next step in themethodology is to create a navigation graph
that controls the paths on which agents travel. A navigation
graph is a representation of a spatial environment where nodes
correspond to locations (vertices) and edges represent possible
paths or connections between these locations (Afyouni, Ray, and
Claramunt 2012). This graph structure is used to model the nav-
igability of a space, allowing for efficient route planning within
that environment. The API of topologicpy includes the ability to

directly create a navigation path from a face with an optional list
of obstacles that are converted into holes in the face. Thus, in the
context of a building floor plan, walls, furniture, and other obsta-
cles are subtracted from the floor plate to create a facewithholes
(Figure 4). As can be seen on the left side of Figure 4, the furni-
ture was slightly lowered vertically to subtract it from the floor
plate using topologicpy’s Boolean operations. This created the
needed holes in the face, as seen on the right side of Figure 4.
If a buffer area between the navigable space and obstacles is
required, the user can use topologicpy’s Face and Wire offset-
ting methods to create larger holes and to offset the exterior
boundary inwards (Figure 5).

The navigation graph algorithm uses parallel processing to
connect a list of source vertices to a list of destination vertices on
a face without traversing over holes in that face. The algorithm
first checks if the distance between the source and destination
vertices exceeds a specified tolerance value. If the distance is
less than or equal to that value, the connection is discarded. This
ensures that only connections between vertices that are signif-
icantly apart are considered. Then, an edge is created between
the source anddestination vertices. A Boolean intersection oper-
ation is performedbetween this edge and the face (the floor plan
of the building with obstacles represented as holes in the face).
The edge is only considered valid if the result of this Boolean
operation is also an instance of an Edge class rather than a null
result or a cluster of edges. A null result means the edge is either
completely outside the face or completely within a hole in the
face. A cluster of edges resultmeans that the edge has been split
into disjointed edges by one or more holes in the face. Filtering
for results that are an instance of the Edge class ensures that the
edge intersects fully with the face and is not outside its bound-
aries or intersecting in an invalid manner (Figure 6). The final list
of valid edges is sent to the Graph class to create the navigation
graph. The resulting graph can be visualized by asking it for its
topology (wire) and displaying that topology (Figure 7).

For larger floor plans, the creation of the navigation graph
might become prohibitively time-consuming. In that case, an
alternative graph made of a pruned Delaunay triangulation
might be sufficient to represent how agents move in an indoor
environment (Figure 8). This process is detailed below in the
illustrative case study.

3.3. Events, activities, schedules, agents

The multi-agent simulation system models events, schedules,
and agents. An event is defined by a location in the building
where an activity takes place for a certain duration of time. It
is represented using (X, Y, Z) coordinates. A schedule is a list
of events each associated with its own start time and the type
of activity taking place. An agent is an occupant of the space
(whether staff or visitors). In this research, an agent’s level of
physical and vocal activity can vary. This affects both breathing
rate and aerosol emission rate, thus having a significant impact
on the calculated infection risk.

The scheduling system does not allow time gaps. Thus, the
duration of an event is calculated based on the subtraction of
the start time of the next event from its own start time.

A daily schedule is then assigned to an agent which is repre-
sented by a user-specified geometry (e.g. a cylinder or a cone)
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Figure 4. Derving the host face with holes from a floor plan with obstacles.

Figure 5. Offsetting the boundaries to create a buffer area between the navigable
space and the obstacles.

Figure 6. Example of valid and invalid paths.

with a local (X, Y, Z) origin. Each agent has attributes that are
stored in its dictionary that are necessary for the simulation
calculations such as:

• Walking speed: determines how fast an agent moves.

• Infection status: indicates if the agent is infectious, infected
but not yet infectious, or susceptible.

• Superspreader: defines whether the agent is a superspreader
or not (only applies to infectious agents).

• Mask: indicates whether a mask is worn and, if so, what type
(e.g. cotton, surgical, or N95).

• Activity type: stateswhere the agent is resting, talking, talking
loudly, moderately exercising, or vigorously exercising.

Agents navigate a spatial environment following a pre-
calculated navigation graph. To travel from one event to
another, the system uses topologicpy’s Graph class to compute
the shortest path between any two points on it, using Dijkstra’s
algorithm (Dijkstra 1959). A path is an instance of the Wire class
which can compute the position of a vertex on it given a user-
specified distance from its starting point. At each time step, the
agent’s new position is computed as:

V = Wire.VertexByDistance(P, T × S) (1)

where: V is the calculated vertex position; P is the calculated
shortest path; T is the current time; S is the agent’s walking
speed.

Anagent remains at its last locationuntil the current time step
is equal to or greater than a computed time-to-leave parameter.
This parameter is computed as follows:

T = A −
(

L

S

)
(2)

where: T is the time-to-leave parameter; A is the desired arrival
time at the next event; L is the path length; S is the agent’s
walking speed.

3.4. Simulation and visualization

The viral aerosol concentration is determined using a reaction-
diffusion equation, which is implemented via a fast finite ele-
mentmethod (Scikit-Femn.d.). The infection risk of an individual,
as a function of time, is estimated based on an extended form of
theWells-Riley ansatz (Lau et al. 2022). The average infection risk
is calculated by the sum of the infection risk of each susceptible
individual, divided by the number of susceptible individuals.

The simulation results are visualized in topologicpy as a
heatmap projected on the floor faces of the 3D model using
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Figure 7. The created navigation graph. Plan view (left), Perspective view (right).

Figure 8. Exampleof a simplifiednavigationgraph in anofficeplanusing apruned
Delaunay triangulation.

the Plotly graphing library which is integrated into topologicpy
(Plotly n.d.). At each timestep, the heatmap, the location and
colours of the agents are updated in the 3Dmodel as well as the
simulation results. These frames can thenbeautomatically saved
and compiled into an animation (Figure 9).

4. Illustrative case study

To illustrate the features of the proposed system, two hypothet-
ical office plan layouts were studied. The first layout emphasizes
cellular offices, whereas the second layout favours an open-plan
design (Figure 10). Both layouts fit into the same rectangular
floor plate with an overall width of 40m and overall length of
20m. The layouts have the same dual core where the lifts and
staircases are located. It is important to note that the layouts pre-
sented here are fictitious. Any resemblance to actual office plans
is purely coincidental.

4.1. Constructing the navigation graph

The next step was to construct a navigation graph for each
layout. Given the size and complexity of the floor plan, construct-
ing a standard navigation graph, as described above, is com-
putationally expensive. Thus, an alternative semi-automated
approach is followed. The layout is populatedwith a set of points
representing significant locations as follows: Firstly, the centre of

each chair in the layout was added to the list of points. Secondly,
two points were added to either side of each door opening.
Thirdly, a set of boundarypointswere addedaroundornear each
piece of furniture to allow access. Fourthly, a point was placed
near the centre of each cellular office and other defined areas.
Lastly, corridors were populated with colinear points to allow
navigation along theirmain axis. These canbe junctures atwhich
a personwould decide to turn in a different direction (Figure 11).

Thepointswere then triangulatedusingaDelaunayalgorithm
(Ruppert, 1995) that divides their convex hull into triangles,
where the circumcircles of these triangles do not enclose any of
the points (Figure 12). The Delaunay triangulation generates a
spatial graph that provides a coherent and connected represen-
tation of navigable space. This method produces well-formed
triangles that approximate interior geometry effectively, sup-
porting realistic agent movement and interaction within the
built environment.

To derive the navigation graph, each edge in the Delaunay
triangulation was intersectedwith the walls and obstacles in the
floor plan.Only edges that donot intersect anywalls or obstacles
are kept (Figure 13). These filtered edges and their end vertices
are then used as input to create a navigation graph using the
Graph.ByVerticesEdges() method. All information is then trans-
ferred to the multi-agent simulation software scripts.

4.2. Multi-agent simulation

The two multi-agent simulation scenarios (cellular plan, open
plan) were populated with 60 agents each. Agents are assumed
to be familiar with the office layout and thus always travel
along the shortest paths within the navigation graph using their
assigned walking speed. Both scenarios were given the same
overall schedule as follows:

1. 9:00 am:All agents arrive from two lift cores andwalk to their
assigned desk location. Starting at 9:30 am, 20 agents visit
1–6 other offices, staying at each location for 5-10min.

2. 11:00 am-11:30 am: 40 agents meet in conference rooms.
3. 1:00 pm-2:00 pm: Agents have lunch in three shared spaces.

One group eats from 1:00 pm to 1:30 pm, and a second
group eats from 1:30 pm to 2:00 pm.

4. 2:00 pm-3:00 pm: All agents work at their assigned desk.
5. 3:00 pm-3:30 pm: 40 agents meet in conference rooms.
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Figure 9. Simulation results showing the aerosol concentration in a household (heatmap) and agent locations at three times during the day. The infectious agent is
represented by a red cylinder. The susceptible agent is represented by a green cylinder when not infected, and an orange one when infected.

Figure 10. Two hypothetical office plan layouts. Top: cellular layout, Bottom:
open-plan layout.

6. 3:30 pm-5:00 pm: All agents return to their assigned desk
location. 20agents are allowed tovisit 1–4otheroffices from
3:30 pm, staying at each location for 5-15min.

7. 5:00 pm: All agents depart through the two lift cores.

The simulation settings were also kept the same for both
scenarios as follows:

1. Ventilation: very poor, with 0.12 air changes per hour (ACH).
2. Environment: constant temperature, relative humidity, and

sunlight, which result in an exponential decay rate of the
viruses in infectious aerosols.

3. Walking speed: 1.5 meters per second.
4. Infection rate: 10%of the agents (i.e. 6 agents) are infectious,

while 90% of these are susceptible. No infectious agent is a
superspreader.

5. Agent activities: Each agent is walking when moving, talk-
ing loudly during meetings, talking when having lunch or
visiting other offices, and not talking when working at their
office desk. The aerosol emission rate of an infectious agent

Figure 11. Significantpoint locations forboth layouts. Top: cellular layout, Bottom:
open-plan layout.

decreases in the order listed above for these four (4) activi-
ties (walking, talking loudly, talking, and resting).

5. Results

The highest concentrations of infectious aerosolswere observed
in meeting rooms and lunch areas, which aligns with the
expectedoutcomedue to theextendedperiodsof proximity and
interaction of the individuals in these spaces (Figure 14).

The results indicate that, for this specific case and set
of inputs, the cellular office layout is slightly more effective
in reducing infection risk compared to the open-plan layout
between the hours of 9:00 am and 3:30 pm. This is primarily
due to the presence of physical barriers such as walls and doors,
which limit the dispersion of airborne particles and reduce the
frequency and duration of interpersonal interactions. These spa-
tial separations effectively isolate agents, thereby minimizing
their cumulative exposure to infectious aerosols during peak
occupancy periods. However, after 3:30 pm, the infection risk
in the cellular layout surpasses that of the open-plan layout
and remains higher until 5:00 pm (Figure 15). This shift may be
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Figure 12. Delaunay triangulation for both layouts. Top: cellular layout, Bottom:
open-plan layout.

Figure 13. The final navigation graph for each layout. Top: cellular layout, Bottom:
open-plan layout.

attributed to a combination of factors: reduced occupancy in the
open-plan area during the late afternoon enhances air dilution
anddecreases the likelihoodof cross-infection,while in the cellu-
lar layout, stagnant air and limited ventilation in enclosed rooms
may allow residual aerosols to accumulate. Additionally, individ-
uals in cellular offices may remain in their rooms for prolonged

periodswithout ventilation refreshment, leading to higher local-
ized exposure for occupants remaining in those spaces later in
the day.

It is important to note, however, that these findings are based
on sole case study with a predefined and arbitrary pattern of
agent movement. As such, the results should not be interpreted
as universally applicable. Rather, thiswork is intended todemon-
strate the potential of the proposed simulation platform to sup-
port ‘what-if’ analyses and explore the impact of alternative
spatial configurations, behavioural patterns, and environmental
parameters on airborne infection risk.

6. Contributions

This papermakes several novel contributions to the state-of-the-
art:

1. Non-manifold topological modelling of indoor environ-
ments

Instead of ad hoc methods to establish adjacency between
spaces, this paper introduces a streamlined foundational non-
manifold topological representation of buildings that enables
explicitmodelling of spatial adjacencies, shared boundaries, and
connectivity between spaces, which are essential for movement
simulation and spatial analysis.

2. Navigation graph construction for obstacle-aware move-
ment

It develops robust methodologies for constructing naviga-
tion graphs directly from architectural geometry, ensuring that
shortest paths respect walls, doors, furniture, and other obsta-
cles within complex floor plans and provide accurate agent
placement based on their walking speed and elapsed time.

3. Event – schedule – agent multi-agent movement model

The paper formalises a structured event-based scheduling
system for agents, linking spatial locations, activity types, and
time-dependent movement to enable realistic simulation of
human behaviour in buildings.

4. Scalable alternatives for large and complex layouts

To balance accuracy, performance, and scalability, we intro-
duce pruned Delaunay triangulation-based navigation graphs
as a computationally efficient alternative to full obstacle-aware
visibility-based graph construction for large floor plans.

5. Integrated software architecture within TopologicPy

The framework is implemented as a reusable and extensi-
ble software infrastructurewithin TopologicPy, establishingdata
structures for agents, activities, schedules, paths, and spatial
queries. This framework is extendible to the third dimension
which is the focus of our current research under development.

6. Architectural validation through comparative case studies
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Figure 14. Areas of highest infectious aerosol concentration for each layout. Top: cellular layout, Bottom: open layout. Left: Meeting rooms. Right: Lunch areas.

Figure 15. Average infection risk of susceptible individuals for the two layouts.

Through a controlled comparison of cellular and open-plan
office layouts, the paper demonstrates how spatial configura-
tion alone shapes movement patterns and interaction density,
independent of any epidemiologicalmodel. This illustrative case
study provides a methodological guide for others to conduct
comparative What-If analysis to improve and optimise their
design proposals.

7. Limitations and future work

The primary limitation of this study is that the simulation does
not use real-world data tomodel variations in humanmovement
but instead relies on idealized linear movements using shortest
paths. While the supporting software operates in a full 3D envi-
ronment, aerosol concentration modelling is performed in two
dimensions to improve computational efficiency. Additionally,
the model does not account for all possible environmental fac-
tors, such as natural and mechanical ventilation systems. Thus,
future research should aim to incorporate more comprehensive
environmental variables, such as HVAC systems, and to validate
simulationswith real-worlddata. Expanding the scope to include
a wider range of building typologies and spatial configurations,

aswell as varying demographic andbehavioural patterns, would
enhance the robustness and applicability of this study.

Other crowded and confined spaces such as elevators/lifts,
were not explicitlymodelled in this study, as the primary focus of
the simulation tool is on spatial features of the building that can
be readily adjusted during the design or retrofit process, such as
interior partition walls, furniture arrangements, and circulation
layouts. In contrast, elements like elevators/lifts are fixed infras-
tructural components that are less amenable to spatial recon-
figuration and typically require policy-driven interventions such
as scheduling strategies, occupancy limits, or enhanced ventila-
tion measures. These procedural and operational aspects, while
important, lie beyond the current scope of this design-oriented
simulation platform.

Although the simulations presented in this paper are based
on illustrative scenarios, a preliminary validation of the under-
lying model has been conducted in a companion study (Xue
et al. 2024). In that work, the simulator was assessed against a
well-documented superspreader event that occurred in a Swiss
courtroom during the COVID-19 pandemic. The model was able
to closely reproduce the infection outcomes observed in the
real event, providing an important first step in validating the
simulation framework with empirical data. While this validation
provides initial support for the spatio-temporal infection risk cal-
culations, furtherwork is required to calibrate themodel across a
wider range of real-world settings. Future research will focus on
integrating additional case studies andobservational datasets to
refine and generalize the model’s predictive capabilities.

Future work will focus on finalizing and deploying a web
application, which is currently in the last stages of develop-
ment and testing. The platform is designed to guide users
through uploading 3D models, configuring events, schedules,
and agents, setting key simulation parameters, and visualiz-
ing infection risk outcomes. Planned efforts will include user
experience testing to evaluate usability and effectiveness across
different user groups, including architects, facility managers,
and public health professionals. The web app is intended to
support both design-stage decision-making and operational
assessments, offering a practical tool for improving indoor envi-
ronmental quality.
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8. Discussion

This study demonstrates that even subtle differences in spatial
configuration canmeaningfully influence infection risk through-
out the day. The illustrative case study findings reveal that
the cellular office layout is more effective in reducing infection
risk than the open-plan layout during morning and early after-
noon hours (9:00–15:30), likely due to the isolating effect of
partition walls and restricted interaction. However, this advan-
tage reverses after 15:30, as aerosol buildup in enclosed spaces
with limited ventilation becomes a dominant factor. These find-
ings suggest that while spatial barriers can reduce transmis-
sion risk during periods of high movement, they may exacer-
bate risk during longer stationary periods without adequate air
exchange.

For this study, a simplified shortest-path approach to people
movement was used. Compared to traditional crowd simulation
tools, such as the one used by Mohareb (2011) in their emer-
gency evacuationmodel, the followed approach shifts the focus
from accessibility and egress efficiency to the spatio-temporal
dynamics of infection riskwithin occupied environments. Rather
than simulating larger people movement patterns with urban
environments, the developed tool is designed to simulate indi-
viduals’ specific daily activities and interpersonal interactions in
spaces where people remain for extended periods. This allows
the modelling of disease transmission more comprehensively in
settings such as offices, schools, or clinics, where crowd density,
agent schedules, and air stagnation all interact.

In contrast to Computational Fluid Dynamics (CFD)-based
tools, which model airflow and aerosol dispersion with high
precision, the approach presented here offers a computation-
ally lighter alternative. CFD simulations typically require detailed
HVAC system data, long processing times, and specialized
knowledge to operate. While they are invaluable for precise
airflow analysis, they are less suited to rapid, scenario-based
testing across multiple building layouts and behavioural con-
ditions. This study’s method sacrifices granularity for scalabil-
ity, enabling faster turnaround and accessibility for architects,
designers, and policymakers seeking to explore design alter-
natives and behavioural interventions in early-stage decision-
making.

The simulation platform presented in the paper comple-
ments existing approaches by filling a critical niche: enabling
rapid ‘what-if’ analyses that link realistic agent behaviours with
spatial configurations and airborne infection risk. While the out-
comes presented are based on a single, illustrative case study
with an arbitrary pattern of movement, the platform is intended
to be adaptable and extensible, offering a foundation for further
scenario testing and policy exploration in diverse built environ-
ments.

9. Concluding remarks

This study provides a multidisciplinary approach that inte-
grates detailed 3D modelling of spaces, agent-based naviga-
tion modelling, and spatio-temporal modelling of the viral
aerosol concentration and infection risk for susceptible individ-
uals. The office layout case study clearly illustrates that spa-
tial configuration can significantly influence infection risk in

indoor environments. As we continue to confront complex
global health threats, such innovative multidisciplinary research
methodologies will be essential in developing effective strate-
gies to prevent future epidemics.
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