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ARTICLE INFO ABSTRACT

Keywords: Most respiratory infectious disease transmission events occur in indoor environments, and
Space design examining the infection risk in different types of multi-zone buildings is critical to the safe
Occupant behavior reopening and use of public buildings. Appropriate space design influences occupant behavior
Respiratory infection risk assessment and virus spread, thereby aiding in mitigating indoor infection risk. This study aims to quickly
Office building evaluate the multi-route infection risk in multi-zone buildings with relatively stable occupant

Markov chain populations, and to quantify the effectiveness of spatial interventions at different levels. A Markov

chain-based approach was proposed to characterize occupants’ time-activity trajectories with low
time cost and relatively high accuracy. Four transmission routes are considered, especially for the
fine-grained characterization of close contact. A real university office building was selected as a
case study to quantitatively evaluate the effects of three non-pharmacological interventions
including spatial layout, ventilation, and occupant behavioral control. Results showed that short-
range airborne transmission dominated, and optimized combination spatial design interventions
reduced the indoor infection risk by up to 10 %. Zone layout intervention was the most effective,
with the division of the open-plan office area into three subzones, reducing the risk by 9.6 %,
which was superior to the intervention of maintaining a one-meter interpersonal distance. Fol-
lowed by the furniture layout, without changing the seating capacity and without desktop baffles,
the L-shaped table layout worked better reducing the risk by 2.78 %. This study can help ar-
chitects and managers better understand the risk of indoor transmission in multizone buildings
from a spatial design perspective, to select appropriate interventions to reduce the risk.

Nomenclature

A, Area of eyes (cm?)

Anm Area of mouth (cm?)

A, Area of nose (cm?)

Ag Area of a finger (sz)

Aps Contact area between hand and surface (cm?)
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Aps Contact area between hand and membrane (cmz)

AE Aspiration efficiency

C Airborne droplet concentration (droplets/m3)

Dip Large droplet exposure dose (RNA copies)

Dir Long-range airborne exposure dose (RNA copies)

Dr Fomite exposure dose (RNA copies)

Dgr Short-range airborne exposure dose (RNA copies)

Dy, Viruses on hands (RNA copies)

DE Deposition efficiency

do Droplets’ initial diameters (pm)

dp, Diameter of head (cm)

dm Diameter of mouth (cm)

Eip Instantaneous large droplet exposure dose (RNA copies)
Eir Instantaneous long-range airborne exposure dose (RNA copies)
Ep Instantaneous fomite exposure dose (RNA copies)

Esr Instantaneous short-range airborne exposure dose (RNA copies)
k Infectious dose (PFU)

ke Constant

noy Droplets’ initial numbers

qa Viruses’ decay rate in the air (percent/s)

Qma Mask filtration efficiency for aerosols

qmd Mask filtration efficiency for droplets

Qin Inhalation rate (m®/min)

qs Viruses’ decay rate on steel (percent/s)

aQp Viruses’ decay rate on plastic (percent/s)

TEys Transfer efficiency between hands and facial membranes
TEg, Transfer efficiency between hands and surfaces

Vo Initial velocity of droplets exhaled (m/s)

Vin Inhalation velocity (m/s)

Py Virus density in droplets (RNA copies/ml)

Yif Frequency of hand touching facial membranes (touches/min)

1. Introduction

Since the onset of the 21st century, there has been a notable increase in the emergence of various new types of respiratory infectious
diseases (RIDs), significantly impacting global health, society, and the economy. Over 90 % of outbreaks occur in indoor environments,
particularly in densely populated public spaces, where close contact among individuals is deemed the primary cause of transmission
[1]. Occupants’ behaviors can be divided into context-related behaviors and contagion-related behaviors [2]. The contagion-related
behaviors directly affect occupant exposure level, e.g., breathing patterns [3], close contact with others [4], mask use [5,6], and
touching environmental surfaces [7]The context-related behaviors refer to the various activities that occupants engage in the current
environment, such as walking, meeting and printing, which is the premise of contagion-related behaviors.

The type and layout of a space play a key role in shaping occupants’ spatiotemporal behaviors [8], including movement trajectories
[9] and close-contact interactions [10]. Additionally, factors like spatial configuration, surface materials [11], as well as temperature
and humidity levels [12], influence the distribution and activity of indoor viruses. Several studies have examined the impact of spatial
design on individual infection risk, aiming to ensure safe distances by optimizing the placement of spatial obstacles. Contardo et al.
[13] examined the layout of tables and chairs in a restaurant to increase capacity and still maintain safe distances. Zhang et al. [10]
modeled the effect of supermarket layout design on prevalence risk. Cui et al. [9] explored how the size and location of obstacles affect
indoor pedestrian flow. These studies provide insights into the effectiveness of spatial interventions, but only discuss localized
furniture or facility design, ignoring the effects of overall spatial layout on close contact.

Public buildings can be classified into two categories based on the behavioral characteristics of the occupants [10]. One type of
buildings characterized by frequent movement of occupants, such as supermarkets, airports etc. People have relatively short overall
dwell time in such spaces, and their positions change continuously over time. The other with relatively fixed occupants, such as offices,
hospitalization units etc., where occupants have designated positions that they occupy for longer periods, along with other intermittent
random activities. RID risk assessment in public spaces where pedestrians move frequently is usually studied through Pedestrian
Dynamics Models (PDMs) such as social force models and agent-based models [14].

Exposure risk assessment methods for public spaces with relatively fixed occupants are usually based on Computational Fluid
Dynamics (CFD) simulations. The CFD method is often used to assess airborne transmission risks because it can help to track in detail
the diffusion process of released droplets where the virus attaches and the distribution of indoor airflow [15,16]. However, CFD
simulation is usually limited to the study of airborne particles in a single small space because it requires significant computational
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resources and time costs to capture the details of airflow in indoor spaces. Moreover, this method is only applicable for situations where
the occupant is stationary or moves briefly in a straight line [17]. In real-world scenarios, many office buildings comprise multiple
interconnected rooms, with occupants moving between them sporadically, for instance, to visit restrooms. This dynamic situation
poses challenges for CFD simulations as accurately defining boundary conditions becomes complex and computationally demanding.
Some studies have attempted to calculate airborne risk in multi-zone buildings using CFD methods [18,19], but still idealize them
based on the building layout, i.e., the building is simplified into a set of zones, where temperature and pollutant concentrations in each
zone are considered well-mixed, and inter-zone interactions are discussed through pressure variations.

PDMs, while can be applied to multi-zone office-like environments, still face computational burdens when used to complexly
capture prolonged human motion, such as an eight-hour workday. Furthermore, studies have demonstrated that maintaining an
interpersonal distance of 2.0 m reduces the exposure risk for susceptible individuals to just one-thousandth of the risk observed when
the distance is 0.4 m [20]. In contrast, in risk assessment models based on pedestrian dynamics, the spread of viral particles was
characterized by dividing the space into cells, and the particles within each cell was assumed to be uniformly distributed. The variation
of particle concentrations with distance in close encounters is therefore not described with sufficient precision.

Examining the infection risk of RIDs in different types of multi-zone buildings is vital for the safe reopening and utilization of public
buildings during and after the pandemic. It is essential to evaluate building protection at the architectural level based on actual spatial
layout and occupant behaviors, rather than just room-level evaluations. This study delves into typical behaviors in buildings with
relatively fixed occupant, using multi-zone office buildings as a case study. Occupant activities in office buildings usually follow a
certain pattern, such as arrival at work and lunch, with occasional random movement events, such as trips to the water fountain to
fetch water and trips to the restroom. Particularly in open-plan offices, occupants share the same space for long periods of time, and
close contact often occurs during the performance of various activities [21]. While previous studies based on pedestrian dynamics have
focused on portraying occupant behaviors such as movement and queuing, while neglecting the fine-grained representation of
proximity contact. Ensuring computational efficiency and accurately characterizing human behavior in multi-zone office environ-
ments and linking it to viral transmission models is a challenge.

This study aims to rapidly evaluate the risk of RID spreading through multiple transmission routes in multi-zone buildings with
relatively stable occupant populations, and to compare the effectiveness of spatial interventions at different levels with common
measures. A Markov chain (MC)-based approach was proposed to assess the respiratory infection risk in multi-zone buildings with
relatively stable occupant profiles. MC is a discrete stochastic process model that can be used to model the time-dependent and time-
independent behavior of occupants with low time cost. This method enables the characterization of occupants’ spatiotemporal activity
trajectories by incorporating real building information and occupant behavior data, thus facilitating the calculation of exposure dose
and overall infection risk associated with four transmission routes (large droplet route, short-range airborne route, long-range airborne
route, and fomite route). Specifically, the study focuses on close contact during people movement, achieving a precision of 0.1 m in
calculating large droplet and close airborne transmission, marking a 5-fold enhancement in accuracy compared to the grid-based
description in previous models based on pedestrian dynamics. In addition, this study proposes the zonal cumulative virus exposure
dose (ZCVE) as a metric for building zoning risk assessment. A real university office building was selected as a case study to validate
and demonstrate the model as well as to evaluate the effects of three non-pharmacological interventions including spatial layout,
ventilation, and occupant behavioral control.

2. Methods

2.1. Simulation framework

This study proposed a Markov model chain model to integrate building information, occupant behavior, and multi-route virus
transmission to assess the combined infection risk of office buildings. As shown in Fig. 1, the model chain contains of four parts. First,

| r——-——--= 7
| Parameters from field | | Parameters from |
| survey | | literature |
L !
] [ ]
Building information Occupant behavior Virus transmission Infection risk
model model calculation model

Fig. 1. Model chain of infection risk assessment in office buildings.
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building information was collected. Then an occupant model was made using occupants’ real-time locations and contagion-related
behaviors based on the surveyed activity information. Next, a virus transmission model was made based on the exposure doses
from different exposure routes. Finally, a comprehensive infection risk assessment was performed. MATLAB R2021b was used for the
integration of the sub-models.

Indoor virus exposure was modeled at three levels: the individual level, the zone level, and the building level (Fig. 2). Exposure at
individual level was defined as close contact within a certain social distance (e.g., 2 m), including face-to-face contact, when large
droplets and short-range airborne routes may occur (Fig. 2 (a)). Note that when 6, > 6;/2, no short-range exposure was assumed.
Zone-level exposure referred to susceptible individuals being in the same room as the infected, with the potential for long-range
airborne and fomite routes (Fig. 2 (b)). Building-level exposure in turn was more complex, involving the movement of occupants
across multiple zones (Fig. 2 (c)). Both individual-level and zone-level exposures need to be considered for each time step.

The simulation procedure and computational flow were depicted in Fig. 3. Floor plans could be drawn and imported by external
building modeling tools, such as AutoCAD, following certain rules. The building information was expressed through points and lines,
and layers were used to distinguish obstacles, doors, zones, etc. Note that the building geometry modeled through AutoCAD cannot be
directly imported into MATLAB for simulation but requires necessary preprocessing steps. First, the created building model needs to be
exported as a.dxf file and imported into ArcMap software for vectorized processing and adding a coordinate system. Then the file in.shp
format, based on “point” and “line”, can be exported, and read with MATLAB’s built-in shaperead command.

2.2. Building information inputs

The spatial environment affects not only the behavior of occupants but also the spread and survival of viruses [2]. Therefore, the
inputs of building information included detailed building floor plan layout, ventilation patterns, location distribution of occupants,
location of touchable surfaces and their materials. The details were demonstrated in the case study in Section 3.1.

Since multi-zone buildings contain a variety of functional spaces as well as different area ratios, it is necessary to study the spatial
partitioning to calculate the exposure dose for each zone. In real scenarios, occupants are not evenly distributed in the space [22], for
example, with the same area per capita, the interpersonal distance in a conference room may be smaller than that in an open office
area. Therefore, the use of per capita square meters to define the zone may be a little biased. Interpersonal interaction is important
when calculating the risk of indoor respiratory infections and is also an important basis for the division of zones in this paper. Studies
[23,24] have shown that spatial layout, visibility, and accessibility levels are important factors affecting human interaction. When
there are obvious obstacles in the space that affect the visual field, the space should be divided into two zones.

In addition, in current research on airborne and fomite transmission risk calculations, the division of areas is usually based on
rooms or functions. Guo et al. [19] considered a room as a zone; Shrestha et al. [18] regard the area connected by adjacent rooms with

Face-to-face contact Close contact with in 2 m In the same room
In & QJ x:?—‘jé) _ I
F ) _ J
0J 92
I .
x<2m 6,<8/2 @ J
(a) Individual-level exposure (b) Zone-level exposure

In the same building

16‘

Zone 1 Zone 2 Zone |

(c¢) Building-level exposure

Fig. 2. Exposure levels in office buildings.
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Fig. 3. Simulation procedure and computational flow.

the same function as a zone to simplify calculations; Xiao et al. [25] divided an irregular room into several zones according to function
and pressure differences.

In this article, first considering long-range airborne transmission, a zone should not be larger than a room. In addition, the
movement of individuals and their interactions are affected by spatial layout and visual field [23], parameters in the spatial syntax are
used to qualify the division of “Zone” (Fig. 4). First, a zone should be a Convex Space, which is defined by Hillier et al. [26] as “a space
in which all points are visible to each other”. This concept comes from convex polygon [9], which means that if any one of the edges of
a polygon is extended indefinitely in both directions to become a straight line, all other edges are on the same side of the line. Secondly,
the visual area of the occupant at any point in the Zone should cover the entire space in which a person may walk in the Zone, and

\ 0.79 0.70

(a) Convex space and non-convex space (b) Visual area (b) Compactness

Fig. 4. The boundary conditions of a “zone".
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obstacle should not exceed the height of a person’s eyes when standing. Finally, the compactness of the Zone needs to be examined.
Spatial accessibility consists of spatial dimensions and shapes, and in the absence of significant differences in dimensions, spatial
shapes may be more important, e.g., people are more likely to move in long, narrow spaces and stay in square spaces. The compactness
Co,m can be used to characterize this feature of space and is calculated by the following formula.

p2
:4><ﬂ><A,

Com (€Y

where P, is the perimeter of the shape and A, is the area of the shape. As the shape gets closer to a circle, its value gets closer to 1. In this
paper, the compactness value of a Zone is defined to be not less than 0.6.

2.3. Occupant behavior model

Occupant’s context-related behaviors include the occupant’s activities and his/her movement between the locations of the two
activities [2]. During this process, contagion-related behaviors may occur, including respiratory activities, close contact with others,
touching environmental surfaces, hand washing, etc. First, the occupants’ activity types in an office building were identified based on
their roles and appropriate methods were selected to schedule them. Then, the temporal activity trajectory of the occupant was
generated through activity scheduling and localization, which led to the real-time location of the occupant. Finally, the occurrence of
contagion-related behaviors was determined based on the occupant’s activity localization and the distance between the occupants.

2.3.1. Markov chain-based activity scheduler

As shown in Table 1, individual activities of occupants in office buildings were categorized into time-dependent and time-
independent activities based on their relevance to time. Time-dependent activities generally have fixed start and end times and are
of the highest priority. These activities are basic schedules for occupants that vary with their roles, e.g., janitors will arrive earlier than
employees and managers. Time-independent activities generally occur within the time frame allowed for time-dependent activities
and are of lower priority. These activities may be repeated, and their duration is generally regular. For example, printing may take 2
min but the time and number of times it occurs throughout the day is variable. In addition, working takes up most of the occupant’s
time. After all the above activities are scheduled, the rest of the time is spent on working. To make the simulation results close to
reality, the occupant behavior model was driven by survey data.

The activity-based MC models of Shelat et al. [27] and Wang et al. [28] were referred to for the activity scheduling model. Based on
the survey data (questionnaires, observations, sensors, etc.), time-dependent activities were arranged using an event scheduler. Gaps in
the schedule were filled by time-independent activities and they were considered as states of an MC. First-order discrete-time MC was
adopted. The time-independent activity was considered as a set of discrete random variables with Markovian properties X =
{Xn: n> 0}. The set S consisting of all possible values of X, is the state space of X. Due to the memoryless nature of MC, the current
state j depends only on the state i of the previous time step, and the transfer probability p; denotes the probability of transferring from
state i to j. The two-dimensional matrix P consisting of the transfer probabilities between all states in the state space S is the transfer
probability matrix. All elements in P are nonnegative and the sum of the elements in each row is 1.

pij = PXop1 = jIX = i) = P(Xop1 = j|Xs = i, X1 = by, -, Xo = do),0,j €S @
Pu Pr2 P
: H . : J=1
Pi Pt Pun

An active state transfer matrix is generated for each occupant. The MC representing the activity state of an individual is irreducible
and ergodic with a unique stationary probability distribution 7 = {x, : n> 0} and the sum of z is 1. The MC’s dwell time in state i is T;
and the average dwell time E(T;) = 1/(1 — ps). When the average duration and interval of each activity were used as inputs to the
model, then the transfer probability matrix can be set up through a linear constraint matrix least squares problem [27]. The system of
linear equations and the optimization problem for the n-state MC are shown in Eq. (3), respectively. The function Isqlin in the MATLAB
software was chosen to solve the problem. One of the time-independent activities is randomly selected as the initial state, and then each
subsequent time-step is simulated based on the generated transfer matrix P.

Table 1

Activity types of occupants in office building.
Activity Type Start Time Period Location Examples
Time-dependent activities Fixed Random Fixed Arrival, departure, lunch, meeting
Time-independent activities Random Regular Semi-fixed Going to the toilet, printing
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2.3.2. Real-time locations

A position assignment model is used to generate the positions corresponding to each activity. Time-dependent activities have fixed
locations, e.g., arrival and departure locations are building entrances. The location associated with time-independent activities is semi-
fixed. Since multiple activities may occur in the same zone, in this paper the semi-fixed locations were considered as sub-zones, each
corresponding to an activity. If there were multiple locations in a subzone, the availability of these locations was checked by a location
scheduling program. If occupants find more than one available location, they choose the one closest to their current location.
Moreover, the time to move from one activity location to another was considered.

2.3.3. Route choice

After scheduling the time and location of the activities, the path of movement between the two activity locations needs to be
considered. Studies have shown that pedestrians’ route choice is generally affected by individual characteristics (gender, age, vision,
etc.) and environmental factors (building layout, signs, congestion, etc.) [23]. Mobility motivation and familiarity with the envi-
ronment are the basic factors that affect route choice [23]. Motivation indicates people’s moving purpose. People with a clear purpose
are more inclined to choose the shortest route [29], such as commuters in office buildings. People who do not have a clear purpose are
more likely to choose a route with more visual attractions [30], such as visitors in a museum. In multi-zone office buildings with
relatively fixed personnel, occupants are generally familiar with the environment and each move is accompanied by a clear purpose (e.
g. go to a meeting, go to the toilet and print), so the shortest path algorithm can be used for route search and choice [31].

Since the activity locations were finite, and the start and destination of the occupants were known, Dijkstra’s algorithm was used to
solve the shortest path problem [32]. The building plan was considered as an oriented graph and the locations corresponding to each
activity were considered as nodes on it. Furniture and facilities were obstacles that interfered with occupants’ walking, so several
additional nodes were set up around them to allow pedestrians to bypass them. In addition, the process of moving between individuals
was independent of each other.

2.3.4. Contagion-related behavior
As shown in Table 2, infection-related behaviors include persistent behaviors, activity-based behaviors, and location-based be-
haviors. Persistent behaviors including breathing, talking, and coughing, occurred at a fixed frequency and in an unrestricted location.

Table 2
Contagion-related behavior types.
Behavior Type Frequency Period Location Examples
Persistent behaviors Regular Regular - Respiration
Activity-based behaviors Random Regular Fixed Touching surface, hand washing
Location-based behaviors Random Random Random Close contact
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Activity-based behaviors occurred in conjunction with activities, including touching environmental surfaces and hand washing. For
example, occupants would touch the printer buttons when printing materials. Location-based behaviors referred to close contact
behaviors and were related to the relative position of two individuals. Based on the real-time position of the occupant generated by the
model, the distance between two individuals at any given moment can be calculated to determine whether close contact occurs.

2.4. Virus transmission model

2.4.1. Large droplet route

When a susceptible individual is within 2.0 m of an infected individual, large droplets and short-range airborne transmission may
occur, due to droplet deposition and inhalation respectively [4]. Distributions of droplet initial diameters and numbers during
coughing and talking were derived from the experimental results of Chao et al. [33]. The cough frequency of infected individuals was
assumed to be 19 % per minute [34]. The exposure dose by large droplet route D;p(t) at time t can be calculated by the following
equations [35,36]:

't
Dip(t) = / Evpd ®)
0
16
ELD(x):Znﬁov[oDE,-opvo(lfqmd) 6)
i1
St?
DE,=—F—— (2]

(s +0.25)*

where Erp(x) is the exposure dose at distance x from the infected individual; i is the droplet group; n. is the number of droplets
deposited on the facial membranes at distance x; V; is the volume of single droplet; DE; is the deposition efficiency; p, is the virus
density in droplets; ¢ng = (An +Am)/(Ae + An +Am) is the filtration efficiency of the mask for droplets. It prevented deposition in the
nose (A,) and mouth (A,,), but not in that of the eyes (A.). DE; is the deposition efficiency [37]. It is related to the Stokes number of the
droplets (St), which is a dimensionless number that represents the behavior of suspended particles in a fluid [38]. The smaller the
value of St?, the lower the inertia of the droplets, the easier it is to follow the fluid movement and the more pronounced its diffusion. St?
for the head can be calculated as:

Ve

£ 2
2 pdddx
S[,‘ == —
dy 18, (8)
Vee = 6.2v0% (©)]

where p, is the density of droplet; dy is the diameter of droplet group; 4, is the gas dynamic viscosity; dj is the head diameter; vy is the
Gaussian centerline velocity, which is related to the initial velocity of the droplets (vy), the diameter of mouth (d,), and the centerline
length (s) of jet travel, which is close to the value of x.

2.4.2. Short-range airborne route
The accumulate exposure dose by short-range airborne route at time, Dgg(t) can be calculated as [35,36]:

Dy (1) = / Eggdt (10)
0

16
Egr(x) :Z"ii°Vi°AEi°pv°(l = Gna) (11

i=1

where Egg(x) is the exposure dose at distance x from the infected individual; n{d is the number of droplets in the inhalation zone at
distance x; AE; is the aspiration efficiency; p, is the virus density in droplets; g, is the filtration efficiency of the mask for aerosols.
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where St{ is the Stokes number in the convergent part at distance x; the constant k. takes the value 0.3; v;, is the velocity of the inhaled
droplets; ¢ is the sampling ratio, which depends on the diameter of the head (dj,) and mouth (d;,), the jet velocity (vg) at distance x and
the inhalation velocity (vi,) of the individual.

2.4.3. Long-range airborne route

Aerosol particles <10 pm can be suspended in the air and move with the airflow [39], especially those <5 pm can be directly
inhaled into the alveoli [40]. Small droplets are rapidly reduced to about 1/3 of their volume by evaporation after being emitted [41].
Therefore, droplets with an initial diameter of less than 30 pm were considered in the long-range airborne route. The calculation of
long-range airborne exposure dose at time, Dy (t) is as follows [35]:

DLR(I):/ELRdl a4
0

nonOi%(
q-V:

6 6
Ew(t) =) vinoCi(t)op, o (1 =Gu) =Y vin'® L—c)ep,e(l—qu) (1s)
p =

where Ejg(t) is the long-range airborne exposure dose at time t; C; is the airborne fine droplet concentration in the inhalation zone; n is
the number of infected; ny; is the number of droplet with diameter i emitted by one infected individual; g, is the filtration efficiency of
masks; g- = qy + g5 + g4 + ga + gin is the droplet removal rate due to ventilation (gy), filtration (qs), deposition (gq), virus decay in
aerosols (q,), and inhalation by susceptible individuals (gi,); V; is the volume of single droplet; V; is the volume of the zone.

The g, depends on the zone ventilation rate, which is usually expressed by the number of Air Changes per Hour (ACH). ACH is the
most critical parameter affecting the indoor airborne spread of viruses [15]. In this study, it is assumed that the building is me-
chanically ventilated with mixing ventilation (MV) combined with air filtration units. Previous studies have shown that the air
temperature and particle number concentrations under MV systems are homogeneous with low indoor air velocities [42]. Considering
that multi-zone buildings consist of multiple interconnected rooms, CFD simulations are difficult to set boundary conditions and
consume a lot of computational resources, related studies usually assume a uniform distribution of aerosol particles in each zone [18,
19]. Therefore, this paper assumes that the droplet concentration in the region is uniformly distributed, but combined with the actual
situation, the particle concentration in the individual inhalation region C; is reasonably corrected [35]:

3
C = (ﬁ) C, (16a)

where C, is the zonal droplet concentration.

2.4.4. Fomite route
The accumulate exposure dose by fomite route at time, Dg(t), can be calculated by Ref. [10]:

Dr(t) = / Epdr (16b)
0

Ep(f) = Dy(t) o TEi 0 7,y @ Ajs @ Ajp @ p, 17)

Dy (1) = Dy(t — At) 4+ Ds(t — At)eTE,, @y, (18)

Dy(1) = Ds(t — At)(1 — g5) + Dy(t — At)eTE, ey, ® Ay, (19a)

where Dy (t) is the viruses on hands, as shown in Eq. (17). Note that Dy(t) is O if the susceptible individual washes his hands at time ¢.
TEyy is the transfer efficiency between hands and facial membranes; y;, is the probability of touching facial membranes; Ap; is the
contact area between the hand and the surface; A is the area during the hand-to-membrane contact; Ds(t) represents the viruses on
contaminated surfaces and is calculated by Eq. (18); TEj, is the transfer efficiency between surfaces and hands; y4, is the probability of
touching surface; g; is the virus decay rate on surfaces.

2.5. Risk calculation

Dose-response model is used for the assessment of infection risk from the multi-route transmission, including droplet, airborne and
fomite transmission [10]. The total infection risk through multi-route transmission can be calculated as:

(Drp + Dsg + D + Due)) (19b)

lefexp<f 3

where P (%) represents the infection probability of the susceptible individual, Dyp, Dsg, Dr, Dir are cumulative exposure doses due to
large droplet route, short-range airborne route, long-range airborne route, and fomite route, respectively; k is the infectious dose. In
addition, the Zone Cumulative Virus Exposure (ZCVE) was used to characterize the risk level of the zone. The ZCVE of Zone i at time,
ZCVE;, can be calculated as:
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Table 3
Parameters in the model.
Parameters  Description Value (s)/Distribution Ref.
Space-related parameters
T Air temperature 25°C
T Surface temperature 20 °C
RH Relative humidity 45 %
Pa Air density 1.189 kg/m> [41]
Occupant-related parameters
A, Area of eyes 6 cm? [35,
43]
An Area of nose 2 cm? [35,
43]
An Area of mouth 7 cm? [35,
36]
Ay Area of head 1300 cm? [35,
44]
Ag Area of finger 1 cm? [45]
dgough Droplets’ initial diameters (coughing once) [1.5; 3; 6; 12; 20; 28; 36; 45; 62.5; 87.5; 112.5; 137.5; 175; 225; 375; 750; [33,
1500] pm
T 46]
dgﬂk Droplets’ initial diameters (counting once from ‘1’ to [1.5; 3; 6; 12; 20; 28; 36; 45; 62.5; 87.5; 112.5; 137.5; 175; 225; 375; 750] pm [33,
100")
46]
dp Diameter of head 20 cm? [35,
44]
dn Diameter of mouth 2 cm? [35,
36]
nguuxh Droplets’ initial numbers (coughing once) [50; 290; 970; 1600; 870; 420; 240; 110; 140; 85; 48; 38; 35; 29; 34; 12; 2] [33,
46]
ngﬂk Droplets’ initial numbers (counting once from ‘1’ to [1; 13; 52; 78; 40; 24; 12; 6; 7; 5; 4; 3; 2; 1; 3; 1] [33,
100°)
46]
Gin Inhalation rate 0.023 m®/min [47]
‘,80“8’1 Initial velocity of droplets exhaled from coughing 11.7 m/s [33]
yialk Initial velocity of droplets exhaled from talking 3.9 m/s [33]
Vin Inhalation velocity 1.1 m/s [35]
Viaik Pedestrian moving speed 1.4 m/s [48]
Virus-related parameters
k Infectious dose 4.1 x 10? [49]
ke Constant 0.3 [35]
Qma Filtration efficiency of the mask for aerosols 95 % [50,
51]
qmd Efficiency of mask filtration for large droplets 46 % [35]
TEw transfer efficiency between hands and facial 0.35 [45]
membranes
TEps transfer efficiency between hands and surfaces 3x10°3 [52,
53]
qa Viruses’ decay rate in the air 1.27 x 107%/s [11,
54]
ap Viruses’ decay rate on the plastic 2.04 x 1075/ [11,
55]
qs Viruses’ decay rate on the steel 2.47 x 1075/ [11,
55]
Py Virus density in droplets 2.35 x 10° RNA copies/mL [56]
s Frequency of hand touching facial membranes 0.4/min [57]
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k

ZCVE; = iDj’., (20)
j=1

=1

where D}t is the cumulative exposure dose via four routes of occupant j at time t in Zone i.

2.6. Boundary conditions

For the rigor and simplicity of the model, this paper sets the boundary conditions for the space, people and viruses involved in the
model as follows:

(1) Building space. It is assumed that there is no residual risk of propagation in the space before the simulation starts. The floor plan
used in the model can only be composed of straight lines, and curved planes can be appropriately divided into straight lines,
such as using octagons instead of circles. The building is assumed to be mechanically ventilated, and natural ventilation is not
considered for the time being, and its ventilation mode is mixing ventilation combined with air filtration devices. The calcu-
lation process was independent for each zone, and air exchange between zones and vertical temperature stratification were not
considered yet. Aerosols are uniformly distributed beyond a 2-m radius from the infected person was assumed, but a correction
was made for concentrations within the susceptible individuals’ inhalation zone.
Occupant behavior. Since the behavioral scheduling of the Markov chain used in this study has no memory characteristics,
activity chains consisting of two activities were not considered. It is assumed that each occupant is familiar with the building
and can quickly find the shortest path to any destination. The occupants are assumed to be of the same height, all droplets are
sprayed at an average human height of 1.7 m, and susceptible individuals are assumed to keep their eyes, nose, and mouth open
when they are in close contact to an infected person. Individual differences in susceptibility (e.g., age and vaccination status) are
not considered. Individuals sitting next to each other are assumed more likely to talk face to face. It is assumed that individuals
who may be infected during the simulation of a workday are temporarily noninfectious and secondary transmission does not
occur.

(3) Virus transmission. It is assumed that the four routes of transmission are independent of each other and that viruses entering the
body by different routes were considered to have equal dose-response indices. All sizes of droplets were assumed to be spherical
so that the volume could be calculated from the diameter, and that the virus concentration in droplets of different sizes was the
same. Resuspension and other subsidence of droplets were ignored, and the outdoor concentration of droplet nuclei was
assumed to be zero. The inactivation of virus during droplet evaporation is not considered, i.e., the viral load of a person
exposed to a droplet is the same as the viral load at the instant the droplet is exhaled.

(2

—

The parameter settings involved in the model are demonstrated in terms of space-related, occupant-related and virus-related pa-
rameters, as shown in Table 3.
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Fig. 5. The floor plan of the office.
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3. Case study

3.1. Building information

A university office building in Tianjin, China was selected as a case study. The building contained two parts: laboratory and office.
The floor area of the office was about 342 m?, which contained a small mezzanine floor that was not considered in this study. The floor
plan of the office space is shown in Fig. 5. It was divided into 11 zones, and the floor area of each zone was measured, and the room
height was 3 m. The office building was predominantly displacement ventilated (inlet and outlet on the opposite side) with occasional
natural ventilation. The ACH was set to 5. The grey and white seats in Fig. 5 represented fixed and flexible positions, respectively.
There were three water dispensers and two printers, which were in the open-plan office area and the conference room.

Environmental surfaces observed to be touched by multiple occupants in the office building included doorknobs, water dispenser
buttons, and printer buttons. Although toilet flush buttons and stall door handles were also frequently touched, individuals generally
washed their hands immediately after exiting the toilet stall. Almost no one touched their face during this brief period, and the virus
will be cleared after washing hands. Therefore, the environmental fomite sub-route in the model involves touching door handles,
printers, water dispensers, and hand washing.

3.2. Behavior data collection and model validation

The daily occupancy of the office was 30, consisting of 6 teachers, 23 students, and 1 janitor. The occupant behavior data used in
the model mainly came from observations and questionnaires. The surveys included information on basic schedules, meeting ar-
rangements, and time-independent activities.

Occupants of this university office are categorized into three role groups: teachers, students, and janitors. Their basic schedule
consists of the time of arrival, departure, and lunch (see Table 4). There were three teams, and they met on average once a week, each
lasting about an hour (see Table 5). Individual time-independent activities mainly involved going to the water dispenser, printing,
going to the toilet and taking a break. Their durations and intervals are shown in Table 6. The rest of the time was spent working at
one’s location. After inputting these behavioral data into the model, the activity schedule for all occupants during a working day was
simulated.

The model was validated by comparing simulation results with actual observations. The validation of the model included basic
schedule, room occupancy, pedestrian walking speed and trajectory (Fig. 6). Occupant behavior data was recorded by a camera in Zone
7 for 3 days, and its location was shown in Fig. 5.

Fig. 6 (a) shows the time distribution and average values from simulated and observed basic occupant schedules respectively. The
distribution of arrival and lunch times is roughly similar, with an average difference of no more than 2 min. The actual departure time
of occupants was concentrated after 18:00, which was an average of 14 min later than the simulated time. The simulated average time
that occupants spent indoors was 8 h and 20 min. Compared with the measured 8 h and 30 min, the error is about 2.0 %, which is
acceptable.

For the room occupancy, the simulated and measured occupancy status of Zone 7 on a working day is shown in Fig. 6 (b). The main
difference is that the actual meeting time is earlier. In addition, due to the absence of some people, the actual total number of people
present was less than the simulation. The Pearson correlation coefficient was used to calculate the correlation between the 2-time
series, and its value was 0.91 (P = 3.35e-249). It shows a significant correlation, which means that the simulation results are rela-
tively close to the actual measurements.

For pedestrian walking speed, it can be calculated by spatial coordinate transformation [58]. The pedestrian walking distance in
millimeters is extracted from the video for each time step and converted to real-world distance in meters. 10 video clips (5s x 10
frames/s) were selected. The occupant coordinates in the video coordinate system were manually marked with the mouse and con-
verted into world coordinate P;. Data was collected every 0.2 s (2 frames) as shown in Fig. 6 (c). The speed v; can be calculated by the
following equation:

[[Pir1 — Pil|
" 02 (T — ) @D
where ||P;;1 — P;|| represents the distance between points P;;; and P;, T;; and T; were the time series. The average measured data was
1.32 m/s, which was agreement with the 1.4 m/s used in the model.

For the pedestrian trajectory, the trajectories of pedestrians in Zone 7 were plotted based on video clips from 8:00 to 9:00 a.m. It can
be seen from Fig. 6 (d) that the actual trajectory was relatively consistent with the simulated walking navigation line. Possible de-
viations are caused by each person’s walking habits, while the motion characteristics of the occupants in the model are defined to be
similar.

Table 4
Basic schedule.
Roles Arrival Departure Lunch
Start Variation (min) Start Variation (min) Start Variation (min) Duration (min)
Teacher 08:30 15 17:30 15 12:30 10 60
Student 08:30 15 18:00 15 12:00 10 60
Janitor 07:30 15 18:30 15 13:00 10 60
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Table 5
Team information and meeting schedule.
Team Teacher Student Zone Duration (min) Frequency
1 4 6 Zone 6 60 (+5) 1/week
2 1 5 Zone 4 60 (£5) 1/week
3 1 7 Zone 2 60 (+5) 1/week
Table 6
Time-independent activity information.
Roles Duration/interval (min)
Working Going to toilet Getting water Printing Having a break
Teacher 30/- 3/120 2/120 2/240 10/240
Student 30/- 3/120 2/120 2/240 10/240
Janitor 60/- 3/120 2/120 2/480 -
(a) (b)
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Fig. 6. Validation of the model. (a) Simulated and observed basic schedules of occupants. (b) Simulated and measured occupancy status of Zone 7 on a working day.

(c) The occupant coordinates in the video coordinate system were manually marked with the mouse every 0.2 s. (d) The actual trajectory and the simulated walking
navigation line.

The observed movements of the occupants were recorded and compared with the navigational paths generated by the model. As
shown in Fig. 6 (d), the trajectories of occupants’ movements obtained from the simulation are similar to those recorded from the field

study. Possible deviations are caused by each person’s walking posture and head swing. Note that the motion characteristics of oc-
cupants are similar in the model.

3.3. Non-pharmaceutical interventions and scenario settings

The effects of non-pharmacological interventions in reducing the infection risk of this university office building were assessed at
different operational levels, including spatial layout, ventilation, and behavioral control (Fig. 7). The spatial layout included three
aspects: zone layout, furniture layout and facility layout. Compared with the baseline scenario, three types of zone layouts are set up
according to the degree of openness of the space. The arrangement of the desks in the open-plan office space was changed in the
furniture layout. Three common office desk layouts were selected, including one-way linear bench desk, L-shaped desk, and Y-shaped
desk. Water dispensers and printers in both facility layouts were located entirely in open-plan office area or meeting rooms, respec-
tively. Ventilation interventions included changes in air exchange rate (ACH) and filtration efficiency (FE). Behavioral controls
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Fig. 7. Scenarios with different ventilation, behavioral controls, and spatial layouts.

included wearing N95 masks (WM) and maintaining interpersonal distance (ID), which represent individual and group behaviors,
respectively. In addition, a scenario was set up where surface cleaning (SC) is performed every 4 h. A total of 20 scenarios were set up,
with the settings and coding shown in Table 7. Each scenario was simulated 30 times to reduce the fluctuation of results due to
randomness, for a total of 600 simulations.

The optimal combination of each type of intervention was selected for further simulation to investigate and compare the effects of
the combined measures. The scenarios were set up as shown in Table 8, with C1 and C2 representing combinations of behavioral
interventions in the base scenario, and combinations of ventilation interventions, respectively. C3 refers to spatial layout combina-
tions, i.e., combinations of optimal design of space, furniture, and facility layouts.C4 represents the combined scenario of optimal
spatial layout, optimal ventilation and filtration solutions, and optimal behavioral control measures. Each scenario was simulated 30
times for a total of 120 simulations.

4. Results

4.1. Spatial risk analysis of base scenarios

4.1.1. Occupants’ contagion-related behaviors

The distance between individuals was calculated based on their spatio-temporal trajectories, and then the distribution of locations
and times of close contact can be obtained. Fig. 5 shows the simulation results for a student as a randomly infected individual. After one
working day of exposure, most of the potentially exposed individuals were distributed in the same zone as the infected. Some of them
were located close to the infected, and others had overlapping activity schedules, such as attending the same meeting. Close contact
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Table 7
Scenario settings and coding.
Layout ACH FE WM ID SC Code
5101520 0.4 0.6 0.81.0 050 % 100 % 0.40.7 1.0 no per 4 h
Base layout * * * € % B
Room layout A * * * * * 72
Room layout B * * * % 73
Room layout C * * * * * 74
Furniture layout A * * * * * Fu2
Furniture layout B * * * * Fu3
Furniture layout C * * * * * Fud
Facility layout A * * * * * Fa2
Facility layout B * * * * Fa3
Base layout * * * * * A2
Base layout * * * % * A3
Base layout * * * * * A4
Base layout * * * * . 2
Base layout * * * % * E3
Base layout * * * * * E4
Base layout * * * % * M2
Base layout * « M3
Base layout * * * * * 2
Base layout * * * * * 3
Base layout * % * . 52
Table 8
Combined scenario settings and coding.
Layout ACH FE WM ID SC Code
5101520 0.40.60.81.0 050 % 100 % 0.40.7 1.0 no per 4 h
Combined layout * * * * % c1
Base layout * * * * * c2
Base layout * * * c3
Combined layout * * * * * c4
Departure
Zone | Zone 3 Zonel5 Zone 8 3 F
2524 m? o 25,55 m? n 25550 626 m} ]
o o :
=
E: Zone 4 Zone 6 I} Zone 10 ) i Lunch
5.96,m* 2596 m* 4768 m / |
" o . 58 o ] |
- . L ©-OF M
i Zonc 7 L OO | mmival
103,59 m? Gyt @ .
o) i ® ‘l'he infected
[ @ Exposed individual
= S Routes of the infected
&l Zone 1fi P

16,38 m?

L__1 Zone with viral acrosols

B Contaminated water dispenser
B Contaminated printer

I Contaminated doorknobs

Fig. 8. Close contact, environmental contamination, and distribution of exposed individuals in the baseline scenario. Colored circles represent locations where close
contact occurred throughout the day, and their color represents the time occurred. Environmental contamination refers to zones with viral aerosols and contaminated
environmental surfaces, including water dispensers, printers, and doorknobs. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

occurred primarily in zone 7, where he or she spent the most time. In Zone 7, close contact was mainly observed around locations
where activities such as working, resting, getting water take place, as well as on the way to these locations, and its temporal distri-
bution is not centralized. Zone 2 is a conference room where short-range exposures were related to the meeting schedule and its
location was close to the seats. Close contact at the building entrance (Zone 10) mainly occurred during arrival, departure and
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Fig. 9. (a) Cumulative duration and real-time average distance of close contact between the infected with others. (b) The number of times all contaminated surfaces
were touched.

lunchtime, and its location was distributed on the line connecting the entrance to Zone 7. As shown in Fig. 9 (a), the cumulative
duration (about 1070 min) and real-time average distance of close contact were calculated. Since the boundary distance of 2 m for
close contact was larger than the distance between two adjacent seats in the open-plan office workspace, two occupants may be in
constant close contact while working, and the accumulated time obtained is relatively long. The average distance of close contact
between occupants throughout the day fluctuated mainly around 1.5 m, with a minimum of 0.5 m. During the meeting from 11:00 a.m.
to 12:00 a.m., the value was only 0.8 m because the seats in the meeting room were closer.

Fig. 9 (b) shows the number of times all contaminated surfaces were touched by susceptible and infected individuals respectively.
Their distribution and frequency of being touched were related to activities such as arrival, departure, going to the toilet, printing, etc.,
depending on the individual and group schedules. The most frequently touched doorknobs were between zones 7 and 10, which were
touched 211 times, followed by doorknobs between zones 7 and 4, which were touched 142 times. Note that Zone 4 was frequently
visited because it contains a printer, which is closer to the open-plan office workspace than the other printer in Zone 2. The same goes
for the water dispenser in Zone 7.

4.1.2. Virus spread and exposure risk

The locations of the infected individual’s activities involved five rooms. Fig. 10(a) shows the airborne virus concentration varia-
tions in the five zones involved in the trajectory of the infected. These curves showed obvious spatial and temporal heterogeneity,
which was closely related to occupants’ activity schedules and the ACH of the room. The infected individual spent a lot of time working
in Zone 7, and the virus emission rate was greater than the dilution rate, therefore its concentration gradually rose throughout the day
to eventually reach approximately 1 x 10~> yL/m°>. The virus concentration in Zone 2 increased rapidly to about 5 x 10~> pL/m>
between 11:00 a.m. and 12:00 a.m., when the infected individual’s group had a meeting, far exceeding that in Zone 7. High frequency
talking during the meeting led to an increased virus emission rate, and the small size of Zone 2 resulted in a rapid rise in viral con-
centration. The virus concentrations in Zone 9 and Zone 4 repeatedly increased and then decreased over several periods. This is
because the infected individual entered these two rooms many times, stayed for a few minutes and then left, and the virus in the air was
diluted in almost an hour. Zone 10 was the building entrance, where occupants were just passing by and not staying, so the risk of long-
range airborne exposure was minimal.

The cumulative pollution level of environmental surfaces is shown in Fig. 10(b), with doorknobs being the highest, up to more than
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Fig. 10. (a) Virus concentration in different zones; (b) Cumulative contamination levels of three environmental surfaces.
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7.0e+4 copies, followed by water dispenser buttons and printer buttons, up to more than 2.0e+10 copies. Combined with Fig. 9(b),
changes in surface viruses were related to the time and number of contacts. The changing trends of the three types of surfaces were
generally similar. Virus decay and frequent contact with other occupants resulted in a rapid reduction of the virus on the surface until
the next touch by the infected.

Fig. 11 (a) shows the real-time zone cumulative virus exposure, ZCVE, of five zones visited by the infected, i.e., the cumulative virus
dose intake by all susceptible individuals in the area through four transmission routes. After one working day, Zone 7 had the highest
ZCVE of 1.5e+7, followed by Zone 2 and Zone 10, with 8.9e+5 and 1.1e+5, respectively. The ZCVE of Zone 7 and Zone 10 increased
rapidly when occupants arrived at the building, and then the value of Zone 7 continued to increase, while that of Zone 10 remained.
The value of zone 2 increased from 11:00 until 12:00 and exceeds that of zone 10 at approximately 11:20. Comparing the distribution
of close contacts in Fig. 5 and the virus in Fig. 7, it can be found that ZCVE mainly depends on the number and duration of close contact,
followed by aerosol concentration. Zone 9 was a toilet with the lowest overall exposure dose because the partition effectively blocks
short-range exposure. The cumulative exposure of the three role groups was compared in Fig. 11 (b). The student group had the highest
values of 1.1e+6 because they were the most numerous and mostly worked in the same zone, with a higher probability of close contact.
Additionally, when the infected individual was a teacher, the ranking of the contributions of the four transmission routes remained,
while the overall exposure dose decreased.

Short-range airborne transmission dominated the four exposure routes with 87.9 %, followed by large droplet deposition with 12.0
% (Fig. 12 (a)). The exposure dose from the long-range airborne route was less than one-thousandth of that from the short-range
airborne route. The contamination level of environmental surfaces was relatively high, yet the dose of virus intake by occupants
through the fomite route was very low. Droplets released by coughing and talking were considered in the short-range exposure. This
study assumed that the infected individual coughs every five minutes, and the frequency of talking depends on the activity type and
distance from others., the distance decreased, the likelihood of conversation between occupants increased, and the frequency of talking
was set higher during meetings. Coughing resulted in a higher exposure dose proportion than speaking for both short-range air
inhalation and large droplet deposition (Fig. 12 (b)). This is because a single cough emitted more virus particles than one second of
talking.

4.2. Effect of layout, ventilation, and behavioral interventions

Fig. 13 shows the cumulative exposure dose, infection rate, and the fraction of the four transmission routes after 30 simulations of
the 18 scenarios introduced in Section 3.3. Almost all scenarios were dominated by short-range airborne transmission (77.0%-99.9 %),
followed by large droplet route (0-19.7 %), except for M2, where large droplet transmission accounted for 51.8 %.

For different spatial layout designs, changing zone layout (Z2-Z4) had the most significant impact on exposure risk among the nine
scenarios related to spatial layout. Compared with the baseline scenario, the open-plan office area in Z2 was divided into three units,
which effectively reduced the close contact of occupants between units, thereby reducing the infection risk from 24.6 % to 15 %.
However, the reduction in room size resulted in a higher concentration of airborne viral particles in the unit where the infected was
located, thus increasing long-range airborne exposure. In the Z3 and Z4 scenarios, meeting rooms and private offices were no longer
separate zones, the average infection risk increased by 11.2 % and 6.8 %, respectively. Both the number of occupants in the main zone
and the probability of their movement routes crossing increased. The proportion of large droplet exposure increased significantly in
these two scenarios, which means that the more complex the functions of an area and the more occupants inside, the smaller the
average interpersonal distance that may result in close contact. Changing the layout of furniture and equipment had a small impact on
the infection risk, although they affected the movement of occupants. It was assumed that there were no baffles between desks, so
short-range exposure would occur when two occupants were working in adjacent or opposite positions. In scenarios Fu2-4, the distance
between occupant positions was like that in B1. Compared with B and Fa2, the exposure level in Fa3 was more than 3.5 % higher
because all touchable facilities were placed in open-plan office space, increasing the possibility of crowds gathering.

In addition, the average ZCVE values for each room in the nine spatial layout scenarios were quantified, along with the number of
possible exposed individuals and the distribution of the rooms in which they were located (Figs. 5-14). The results show that there is a
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strong correlation between them and that the ZCVE values of a space can be used to characterize the level of spatial risk.

By wearing masks (M2/M3) and maintaining physical distance (D2, D3), the overall exposure dose could be reduced by 0.42e+7,
1.35e+7, 0.38e+7 and 0.32e+7 copies respectively, and the possible infection rates could be reduced by 10.8 %, 6.5 % and 9.0 %
respectively. The former could reduce both large droplets and short-distance airborne transmission, while the latter mainly blocked
large droplets. The exposure risk in the M2 scenario was the lowest among all scenarios because the mask could reduce 95 % of the
inhalation of airborne viruses and the deposition of large droplets on the oral and nasal mucosa. The reason why the mask did not
completely isolate the large droplet route was that the virus was assumed to be able to enter the human body through the eye mucosa

and cause infection.
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Increasing ACH and filtration efficiency helped reduce virus concentrations in rooms, thereby reducing long-range airborne
exposure doses (see Fig. 13 (b)). However, it had a limited effect on reducing final exposure doses and infection rates in situations
where virus short-range airborne transmission predominated.

In this study, the environmental contaminant transmission pathway accounted for a small percentage of the environmental surfaces
studied, despite relatively high levels of contamination. For surfaces that are touched about 10 times per hour, most pathogens are
transferred from the surface to the hands of the occupants within an hour and cleaning the surface every 4 h (S2) is not effective.

Furthermore, the impact of spatial layout on the overall exposure risk of two main role groups was analyzed (Fig. 15). Compared
with students’ groups, the total exposure risk of teachers’ group was significantly lower (except for Z2). Combined with the scenarios in
Fig. 4, the two groups were present in different areas. The teachers mainly stayed in private offices, except for Z2, and their average
distance from other occupants was greater/larger. Changes in furniture and facility layout showed no significant impact on exposure
levels and infection risk for the student group. However, in cases Fa2 and Fa3, the teacher group’s exposure risk approximately
doubled because they no longer had exclusive facilities. In scenario Z2, the student office area was divided into several rooms, which
effectively reduced the exposure risk of the student group (down to 16.1 %), while the risk of the teacher group was relatively increased
to 13.3 %. In scenarios Z3 and Z4, the exposure risk of each group increased with the degree of openness of the space. The teacher
group was more affected, with an infection rate about 3 times that of the baseline scenario, while the value for the student group was
about 1.5 times.

4.3. Effect of combined interventions

After quantitatively examining single interventions, this study attempted to combine interventions to determine the potential
reduction in exposure for each type of intervention. The optimal combinations for each type of intervention were (1) combination of
spatial interventions (C1): zone layout A + furniture layout B + facility layout A; (2) combination of ventilation interventions (C2):
ACH 20 + filtration efficiency of 1.0; (3) combination of occupant behavioral interventions (C3): mask wearing rate of 100 % +
interpersonal distance of 1.0 m; and (4) combination of the above three types of interventions (C4).

The simulation results were shown in Fig. 16. The combination of occupant behavioral control measures was the most effective,
reducing the average exposure dose by 1.43 x 107 and infection risk by 16.45 %. The average infection rate of office building under
combined spatial design intervention and combined ventilation intervention were decreased by 10 % and 1.23 %, respectively. The
multilevel combination of spatial interventions was more effective than ventilation, and also better than the separate spatial layout
measures. The combined intervention solution of space, behavior, and ventilation was able to reduce the exposure dose to 4.47 x 10°
and the average risk of infection to 6 %. The results confirmed the effectiveness of non-pharmacological interventions including spatial
layout, occupant behavioral control, and ventilation in controlling the office building risk during an outbreak. When the outbreak is
unknown, the proper space layout can reduce the number of occupant flow crossings and close connections, thus providing a good
precautionary effect.

5. Discussions

5.1. Linking the occupant behavioral model to the virus transmission model

Linking occupant behavioral models to virus transmission models in current respiratory risk assessment simulations remains a
challenging problem. At the city scale, technologies such as big data [59] and artificial intelligence [60]are used for crowd control and
outbreak surveillance analysis in venues. Considering different virus transmission routes, behavioral models at the building scale need
to be able to portray occupant movement and exposure patterns, especially with close contact. Pedestrian dynamics-based risk
assessment model focuses on the effect of pedestrian parameters on social distance, such as pedestrian density and walking speed,
while the probability of infection was simplified to a function related to physical distance and duration [61]. Some studies have further
attempted to characterize contagion-related behaviors during occupant movement to calculate the exposure level of different trans-
mission routes. Lee et al. [62] proposed the OccSim system, which can generate occupancy based on building plans to compare the
potential impact of design factors on infection risk. Li et al. [63] integrated contaminated surfaces into the Building Information Model
(BIM) and proposed a room-level environmental fomite risk prediction model. Most of the pedestrian simulations in virus transmission
risk assessment models were based on a fine-grid model [62,63], with grid sizes typically ranging from 0.5 m to 1 m [10]. The smaller
the size of the grid, the more detailed it expresses the transfer of information for each time step; however, the calculation time
significantly increases as well.

For office buildings, occupants spend most of their time sojourning in specific locations rather than wandering randomly, so a
vector-based model can be more appropriate for such scenario. MC has a significant advantage in expressing changes in human spatio-
temporal behavior [27]. Occupant activity and location within the room can be considered as state variables in an MC, whose tran-
sitions over time can be quickly predicted by the stochastic processes involved. The model has a low calculation time, with a single
simulation taking about 1 h, a saving of about 83 % compared to Ref. [10]. The temporal autocorrelation of occupants’ activities and
locations can be characterized while ensuring inter-correlation between occupants within each zone. The proposed approach
generated time-activity trajectories for each occupant based on simple behavioral data and focused on calculating large droplet ex-
posures and short-range airborne exposures when occupants were in close contact with each other. It is possible to predict the infection
risk on a room, a building or even a neighborhood for a short period, rather than being limited to a small single zone of space. In
addition, some studies have predicted risk in specific spaces by investigating data on people’s infection-related behaviors, surveillance
video can be used to detect occupant distribution [64], close contact behavior [65], and surface touch [7], and to track pedestrian
trajectories [66]. Zhang et al. [7] observed touching behaviors in a university office to calculate fomite transmission risk. Yang et al.
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Fig. 16. Infection rate and average cumulative exposure of combined interventions.

[67] observed the close contact behavior of pedestrians to calculate large droplets and short-range airborne transmission in airports.
Zhong et al. [66] captured occupant behavioral trajectories to assess on-site airborne risk in office buildings. The limitations of these
methods are that they only support a particular actual building and require a large number of sensors, which is inconvenient for most
public spaces, and the manual identification of videos is extremely labor intensive. However, the simulation model can be validated
and optimized to improve its accuracy by analyzing and mining the data from these observations.

5.2. Spatial distribution and control of infection risk

The average cumulative infection probability on a workday could be up to 24.6 %, assuming an initial infection rate of 3.3 % (1
infected individual in a 30-person office building). Surveys have shown that one infected person in an open-plan office in Switzerland
infected 67-83 % of the team [68]. Another epidemiological survey of a call center in Korea showed a 43.5 % infection rate [69].
Although offices vary in size, floor plan, working patterns and ventilation, these cases show that the infection risk in real working
environments could be high.

Moreover, in the case study of this paper, short-range airborne transmission dominated the four transmission routes, accounting for
more than 80 %, which follows the findings of Chen et al. [35] and Gao et al. [70]. This suggests that when calculating the indoor
infection risk, it is important to focus on the exposure dose decay with distance via droplet inhalation and deposition when two in-
dividuals are in close contact, rather than using a simple judgment rule, such as the infection probability decreasing linearly with the
distance between individuals.

The spatial distribution of risk mainly depends on the characteristics of contagion-related behaviors of occupants. In the university
office building, occupants have frequent contact with each other because of similar activity schedules. Close contact mainly occurred
between occupants in the same zone, especially in open-plan office areas. Their positions were distributed around activity-related
locations and paths between them, such as seats, water dispensers, and main aisles, which was consistent with the observations of
Zhong et al. [66]. Meeting rooms were also higher risk areas due to the proximity of occupants and high frequency of talking, especially
during meeting times. The Zone Cumulative Virus Exposure was proposed as a spatial risk indicator that represents the cumulative
exposure of all occupants in the space, which was closely related to the floor plan, occupancy, and occupant activity schedule.

Behavioral controls, i.e., mask use and maintaining interpersonal distance, can directly and significantly reduce the exposure dose,
as short-range exposure is the primary route in office buildings. Wearing a mask was an individual behavioral intervention that
reduced the cumulative exposure dose by 1.4 x 10’. Maintaining interpersonal distance was a group behavioral intervention.
Increasing the interpersonal distance from 0.4 m to 1.0 m reduced the exposure dose by 0.4 x 107. Individual behavior control is more
effective and less difficult to implement than group behavioral control. Since seats in offices are usually fixed and queuing is un-
common, the spatial layout is particularly important in minimizing close contact due to its impact on occupant location and routing.
For the case study in this paper, changing the zone layout (Z2) reduced the exposure dose by 0.5 x 107, which ranked second only to
wearing masks. Zhang et al. [10] examined the role of spatial interventions in reducing the risk of infection in supermarkets and found
that increasing exits to separate pedestrians was the most effective. Cui et al. [9] evaluated the effects of spatial factors on transmission
trends and suggested that dividing the obstacle into sub-ones and distributing them evenly helped reduce infection risk. Also, furniture
layout has a significant impact on airborne risk and cross-infection, and placing a table between two individuals increases the exposure
risk [71]. The contribution of spatial elements to reducing the spread of epidemics varies in buildings with different patterns of
occupant behavior. In general, however, the benefits of separating spaces are obvious. In contrast, inappropriate layout of furniture
(Fu2) and facilities (Fa3) may increase the exposure risk.

In this study, increasing ACH significantly reduced indoor virus concentrations as well as remote airborne exposure levels. This is
consistent with the findings of previous studies on ventilation to reduce airborne transmission. However, the benefit it provides in
terms of mitigating the overall infection risk was limited because most previous studies on the effects of ventilation have focused on
remote airborne transmission, ignoring large droplet deposition and proximal airborne transmission during close contact. Recent
studies have shown that susceptible individuals may inhale small droplets when in close contact with an infected individual who is
talking or coughing, and this inhalation route carries a much higher risk of infection than the remote air route [35, 70, 71]. For surfaces
that are touched more than 10 times per hour, most pathogens are transferred from the surface to the occupant’s hands within that
hour, so frequent cleaning is required to minimize fomite exposure. Although the fomite transmission route accounted for a small
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percentage in this study, cleaning environmental surfaces remains an important intervention strategy for other pathogens (e.g.,
Staphylococcus aureus) that are highly transmissible by surface contact.

5.3. Limitations

The approach has demonstrated an initial capability to simulate the spread of viruses during occupant movement in real scenarios,
but there are still some limitations. First, the occupant behavior in the proposed model only includes typical activities on a typical
weekday and does not consider low-probability unplanned interactions, such as receiving visitors. More behavioral data needs to be
collected to optimize the model for more complex activities. Second, this study considered the variation in the size and number of
respiratory droplets reaching the face of a susceptible individual from being released within the close contact range (2 m). It was
assumed that infectious aerosols were uniformly distributed in a zone and that the doors between rooms were closed, ignoring airflow
exchanges between zones. Moreover, only the effects of ventilation rate and filtration efficiency are considered, the diverse ventilation
scenarios, including wind direction, opening schedules, natural ventilation et al. are not reflected in this model due to the limitations of
the current simulation environment and significant computational resources. To better quantify the risk of indoor respiratory virus
transmission, it is necessary to further characterize the spatial heterogeneity of the distribution of indoor infectious aerosols during
individual movement. Airflow organization can be affected by ventilation patterns, which needs to be considered in future studies.
Third, some of the medical parameters used in the model need to be supported by more experimental data, such as the viral load of
droplets of different sizes, and the viral transfer rate between the hand and environmental surfaces. Finally, the modeling and com-
parison of the effects of the three types of interventions in this study are limited to one office building, and generalized conclusions may
require more case support.

6. Conclusion

This study demonstrates a Markov chain-based approach for rapid respiratory infection risk assessment in multi-zone buildings
with relatively fixed occupants. The method combines real building information and occupant behavioral data to model time-
dependent and time-independent behaviors of occupants at a low time cost. Four transmission routes are considered, especially for
the fine-grained characterization of close contact. Compared to CFD-based models that only simulate airborne transmission in a single
space with stationary occupants, the proposed model in this paper allows for the calculation of occupants’ different activities in a
multi-zone building as well as the multiple transmission routes involved. In contrast to pedestrian dynamics-based models, which
generally consider only short-range exposures and simplify the infection probability as a function of physical distance and duration,
the model proposed in this paper describes in detail the physical transport process of droplets in close contact and also accounts for
long-range exposures. Specifically, the study focuses on close contact during the movement of people and achieves an accuracy of 0.1
m in the calculation of large droplet and short-range airborne transmission, marking about a 5-fold enhancement in accuracy
compared to the grid-based descriptions (0.5 m) in most previous models based on pedestrian dynamics. A university office building
was selected as a case study to validate and demonstrate the model, and the effects of three non-pharmacological interventions
including spatial layout, ventilation, and occupant behavioral control were examined.

The results showed that in multi-zone office buildings with low occupant mobility, short-range airborne transmission dominated
over aerosol transmission. Spatial design interventions reduced the indoor infection risk by up to 10 % in a 30-person office as a result
of optimizing a combination of zone layout, furniture layout and facility layout. For the three types of spatial interventions, optimizing
the zone layout was the most effective in reducing the infection risk, with Zone Layout A, which divides the open-plan office area into
three subzones, reducing the risk by 9.6 %. Followed by the furniture layout, without changing the seating capacity and without
desktop baffles, the L-shaped table layout worked better reducing the risk by 2.78 %. For the facility layout, the base scenario was more
appropriate, on the contrary placing all the utilities in the main traffic area of the open office area increased the risk by 3.77 %.
Furthermore, comparing the effects of spatial interventions with the effects of common interventions such as wearing masks and
maintaining interpersonal distance showed that the intervention of zone layout was superior to the intervention of maintaining a one-
meter interpersonal distance in such office environments. In addition, the proposed Zonal Cumulative Viral Exposure Dose (ZCVE)
parameter can be used to characterize the level of zonal risk, where the larger the value, the more people in the zone are likely to be
infected. Areas with high occupancy, complex activities, and more crossover between activity sites tend to have higher ZCVE values.

Analysis of the effects of spatial, behavioral, and ventilation interventions can help architects and managers better understand the
risk of indoor transmission in multizone buildings from a spatial design perspective, as well as the relationship between the built
environment and human health, in order to select appropriate interventions to reduce the risk. In addition, the model presented in this
paper can be used to examine the risk of respiratory infections in multizone office buildings at the building level, not only at the room
level, which is critical for the safe opening and use of public buildings. The model can be applied to other similar building types with
relatively fixed occupants, such as inpatient buildings, by freely customizing the space configuration and occupant activity
information.
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