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Summary

What is already known about this topic?
People are likely to engage in collective behaviors
online during extreme events, such as the coronavirus
disease 2019 (COVID-19) crisis, to express awareness,
take action, and work through concerns.

What is added by this report?

This study offers a framework for evaluating
interactions among individuals’ emotions, perceptions,
and online behaviors in Hong Kong Special
Administrative Region (SAR) during the first two
waves of COVID-19 (February to June 2020). Its
results indicate a strong correlation between online
behaviors, such as Google searches, and the real-time
reproduction numbers. To validate the model’s output
of risk perception, this investigation conducted 10
rounds of cross-sectional telephone surveys on 8,593
local adult residents from February 1 through June 20
in 2020 to quantify risk perception levels over time.
What are the implications for public health
practice?

Compared to the survey results, the estimates of the
risk perception of individuals using our network-based
mechanistic model capture 80% of the trend of people’s
risk perception (individuals who are worried about
being infected) during the studied period. We may
need to reinvigorate the public by involving people as
part of the solution that reduced the risk to their lives.

Countries have adopted public health and social
disease 2019
(COVID-19) transmission, loss of jobs, education
impediments, and other critical social and cultural
activities affected during crises (/-3). During such
extreme events, people are likely to engage in a

measures to control coronavirus

miscellaneous set of behaviors (henceforth collective
behavior), such as exchanging information in social
situations (4). For instance, people are inclined to
swiftly spread messages via social media about natural
disasters in order to gain more knowledge and decrease
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unforeseen worries (5). Recent studies suggest people
would likely similarly share such COVID-19 content
on their social media (6-).

The first COVID-19 case was confirmed in Hong
Kong Special Administrative Region (SAR) on January
22,2020 (8). Since then, Hong Kong has put in place
strong measures to prevent COVID-19, including
wearing masks in all public areas; the closure of
schools, bars and social venues; work-at-home policies;
and restaurant disease control measures (9). Alongside
this, social media has predictably become an all-
embracing part of daily life for rapid knowledge
dissemination during the isolationism of the
COVID-19 pandemic. These platforms have been
used by Hong Kong people to, among other uses,
express their emotions (e.g., depression) during the
pandemic (/0). To study human collective behaviors
during the COVID-19 response, this study evaluates
interactions among Hong Kong residents’ emotions,
perceptions, and behaviors using a network-based
mechanistic model that links together external
situations of COVID-19 prevalence and social
networks (Figure 1A).

This study’s stochastic, network-based, agent-based
model incorporates environment, agents, local
behaviors, and ever-updating rules by combining the
mapping between multiagent systems and social
networks (/7). Following external situation reports,
individuals perceive risks,
different emotional reactions, and further change their
behaviors — usually by following the strengthening
process (i.e., risk perception drives emotional reactions,
and emotional reactions affect collective behaviors,
Figure 1A). Inversely, resulting behaviors should
reduce individuals’ emotions (e.g., anxiety and stress)
and risk perception.

This study gives a general framework for network-
based, agent-based models — extending this study’s
authors’ prior proposed study of collective behaviors
during extreme events (5). In this framework, each
individual has a profile of six attributes, of which one is

experience
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FIGURE 1. Reconstruction of human collective behaviors during the first and second waves of the coronavirus disease 2019
(COVID-19) pandemic in Hong Kong from February 1 to June 20 in 2020, using a human collective behavior model that
incorporates daily external situation reports of new infections. (A) Structure of the individual-based model with influences
from the external situation and individual-based social networks. (B) Results for daily individual emotional intensity levels.
The red dots and shading indicate the median and 95% credibility interval (Crl) of square root of normalized averaged levels
of individual emotional intensity across all agents in the model. (C) Results for daily individual risk perception levels. (D)
Results for normalized daily search behavior levels.

Note: We projected the daily time series of the observed behaviors of individuals by tracking external situation reports of
new infections. In response to the external situation reports, each individual can experience the strengthening process that
first changes the perceived risk of infections and then changes the emotional reactions (e.g., anxiety and stress), which in
turn leads to the adjustment of protective behaviors. Each individual will also experience the weakening process, in which
the changes in protective behaviors can reduce the emotional reactions and perceived risk of infections. Due to daily
interactions on social networks (e.g., messaging in Facebook), the emotion and behaviors of an individual can influence the
emotions and behaviors of other connected individuals in the network, denoted as emotion contagion and behavior
mirroring. These dotted lines denote the interactions of psychological factors within and between individuals. Our human
collective behavior model is well matched to the observed time series in our survey data (black dots). The black dots
indicate the normalized daily logarithmic percentage of individuals who are worried about being infected in our survey to
indicate people’s risk perception in Hong Kong. The red dots and shading indicate the median and 95% Crl of normalized
averaged levels of individual risk perception across all agents in the model. The blue bars indicate daily new cases reported
in Hong Kong. Our human collective behavior model incorporating the interactions among agents is well fitted to the
observed time series data (black dots). The black dots indicate the observation of normalized daily Google search behaviors

of residents in Hong Kong. The red dots and shading indicate the median and 95% Crl of averaged levels of individual
behaviors across all agents in the model.

individual ~ behavior, two psychological factors although this study analyzed the model with a focus on

(emotional intensity and risk perception) and three
intrinsic  characteristics  (personality ~characteristics,
open level, and expression level). This study then
projected the population-scale human collective
behaviors by the overall behaviors of all agents in the
study’s multiagent system. More details of methods
and data can be found in the Supplementary Material

(available in  http://weekly.chinacdc.cn).  Lastly,
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Hong Kong, the results can be applied to other cities in
general. All analyses were conducted by Matab
software (version R2020a, The MathWorks Inc.,
Natick, MA, USA).

Following reports of external situations, individuals
perceive modified risks, experience different emotional
reactions, and change their behaviors. Those resulting
protective behaviors inversely reduce people’s anxiety
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and perceptions of susceptibility, resulting in less
decreases in perceived risk during March and April
2020 (Figure 1C and D). This study then projected
the daily time series of the observed behaviors of
individuals by tracking external situation reports of
new infections (Figure 1B-D). When comparing
observed behaviors of Google search data, this study’s
human collective behavior model incorporating the
interactions among agents is well ficted. About 79% of
the observed Google search data are included in the
95% credibility interval (Crl) ranging of normalized
averaged levels of individual behaviors across all agents
in the model (Figure 1D). The Pearson’s linear
between  the
reproduction number (R,) and the averaged levels of
individual behaviors is -0.40 with a P-value of 0.0001.
After the individual behavior reached its bottom, R,
began to increase after April 23, 2020.

To validate the model output of risk perception, this
investigation conducted 10 rounds of cross-sectional
telephone surveys from February 1 through June 20 in
2020. A total of 8,593 local adult residents have been
interviewed via  these (Supplementary
Material). Such large-scale longitudinal data provides
an opportunity to quantify risk perception levels over
time. This study estimates the daily time series of the
risk perception of individuals using the network-based
mechanistic model informed by external situation
reports of new infections. Compared to the survey
results, the estimated values of median and 95% Cirl
capture 80% (8 out of 10 surveys) of the trend of
people’s risk perception (individuals who worried
about being infected) during the studied period
(Figure 1C). The average level of individual risk
perception continues to decrease, but slows down as
case numbers start to soar in March 2020.

correlation  coefficient real-time

surveys

DISCUSSION

Hong Kong has been following a zero-COVID
strategy, through which it has implemented stringent
social distancing measures (including unprecedented
restrictions, quarantines on inbound
travellers, universal masking, closure of schools, bars
and social venues, work-at-home policies, and
restaurant measures) to curb COVID-19 transmission
since January 2020 and bring case numbers down to
low levels in each wave (9,/2-13). Given the
continued threat of COVID-19 in Hong Kong (74),
pandemic fatigue is a natural response due to the
complex interplay of cultural and social factors (e.g.,

movement
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the risk perception of threats) (75-18), which has been
observed in many countries (/9-22). This study’s
results of decreasing individual risk perception indicate
that the gradual emergence of pandemic fatigue in
Hong Kong arose as demotivation from a series of
related behaviors.

The theory behind this study is the interplay of
human psychological factors and external influences on
psychological factors, as indicated in Figure 1 (5). This
study has several limitations. First, it analyzed self-
reported behavior but did not validate this against
actual behaviors — although self-reported surveys have
been widely used to study human behavior, such as
contact patterns (23) and hospital attendance (24).
Second, this study focuses on the period of the first
two waves in Hong Kong, which are taken as extreme
events, rather than subsequent waves. Informed by the
daily Google search interest in Google Trend for
COVID-19 in Hong Kong, this study finds it has
decreased 20% to 50% on average since the third wave,
perhaps due to people having gained enough
knowledge and having gotten used to the COVID-19
situation. Third, other social activities may affect the
risk perception and protective behaviors. Prolonged
financial stress due to job loss, mask costs, and the
distrust of governmental policies may also contribute
to the emergence of pandemic fatigue in the studied
period. Fourth, the risk perception is represented in
this study by the proportion of weekly surveyed
residents who are beyond moderately worried, while in
reality, it is a complex concept involving many
emotions-including anxiety, depression, post-traumatic
stress disorder, and psychological stress triggered by
extreme events (e.g., COVID-19, weather disasters)
(25-26). Importantly, excepting worry, other
sentiments related to risk perception may have
different temporal dynamics and attributes. This study
caveats researchers to be cautious about their
conclusions when using the framework in this study.
Fifth, this study runs 100 stochastic simulations and
uses medians of risk perception across all agents across
simulations to calibrate the model (Supplementary
Material, calibration). More
simulations may have a direct impact on the range of
simulation outputs, but a limited impact on the
medians. As such, this study reminds researchers to be
careful when they use the range of the study model,
rather than only medians. Despite these limitations,
the close matching of model output with human
collective behavior of Google search data and surveyed
risk perception data suggests that the capacity of

section  parameter
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individual-based human collective behavior model in
capturing the actual population behaviors.

The current socio-political and economic dilemma
caused by a pandemic call for decision-makers to focus
beyond the number of cases reported. The fluctuation
of human collective behaviors online reflects people’s
social, emotional, and mental health needs, impacted
by external situations. To maintain people’s risk
perception of COVID-19 on a high level, global
leadership may need to reinvigorate the public by
engaging people as part of the solution, understanding
their needs, acknowledging their hardship, and
empowering them to live their lives with reduced risk
(19,27).
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SUPPLEMENTARY MATERIAL

Data

Epidemic data. This study collected the daily data of all newly confirmed coronavirus cases (by reporting date) in
Hong Kong from January 31 to June 28, 2020 (/) to denote the impact of external situations on Hong Kong
residents.

Google search data. This study collected the daily data of search interest for the disease of COVID-19 in Hong
Kong during the period of January 31 to June 28, 2020 from Google Trend (2) using URL (https://trends.google.
com/trends/explore’geo=HK&q=coronavirus) to denote the online behavior dynamics of Hong Kong residents.
This study normalized the daily values between 0 and 1 and used them for model parameter calibration.

Survey data. In each monthly/weekly survey from February 1 to June 20 in 2020, this study contacted either 500
or 1,000 local residents through random digit dialing of landlines and mobile telephones (using age, gender,
education, and employment information to weight response frequencies relative to the adult population in Hong
Kong) (3). Then, 8,593 local residents were interviewed through these 10 cross-sectional telephone surveys. During
these calls, this study asked each participant about their perception of the risk of being infected by COVID-19.
Specifically, to assess the risk perception, participants were asked whether they were worried about being infected
with COVID-19 (with a spectrum of response options including: not at all, mildly, moderately, very much, and
extremely worried). Then, this study defined the overall risk perception each week as the proportion of weekly
surveyed residents who are beyond moderately worried.

Methods

General formulation for modeling collective behaviors. Combining the mapping between multiagent systems and
social networks (4), we extend multiagent systems to a network-based agent-based model, which contains three basic
parts: 1) an environment for both serving as a platform and communication channels for agents, 2) autonomous
agents that react to each other in their local environment based on local behaviors and updating rules involved in
their own decision-making process, following the general framework of collective behaviors during extreme events
%).

Modeling human responses, especially two types of feedback loops underlying the decision-making process in an
uncertain environment, is an open and non-equilibrium system. Through implicitly incorporating certain global
influences or biases (e.g., uncertainty reduction theory in our study) into local behaviors, the whole system can
achieve a desired global state (i.e., collective regulation of information-related behaviors and anxious emotion in our
study). Here, we would highlight the effects of two conditions on collective regulation based on the methodology of
complex behavior characterization.

As a sufficient condition to realize self-organized computation, agents should implicitly incorporate certain global
influences into local autonomy. When agents perform certain behaviors in an uncertainty situation, their profiles
(measured by parameters) can be dynamically updated based on the interactions with other agents. Each local agent
a;makes a decision for a certain behavior in terms of a design-making mechanism for each neighbor of 4;. Before 4
makes a decision, it will first estimate the influences from its neighbors 4 because of the content diffusion. Then, 4
makes a decision by aggregating all impact factors in order to implement the exploit or explore behaviors with
different probabilities based on their own decision-making mechanism.

Modeling collective behaviors during extreme events. Following external situation reports, individuals perceive
risks, experience different emotional reactions, and further affect their behaviors following the strengthening process.
Inversely, resulting behaviors would reduce individuals’ emotions (e.g., anxiety and stress) and risk perception, with
respect to the weakening process.

In our case study of Hong Kong, we consider 1,000 agents with weighted links. Each agent has a profile of six
attributes, including individual behavior (/B), emotional intensity (£7), risk perception (RP), personality
characteristic (PC), open level (OL) and expression level (EL), represented by ib; (1), ei;(2), rp;i(2), pei(2), ol;(#), and
el; (#), respectively, which are all in the range between 0 and 1 for agent 4, at time step ¢. Agent 4; with larger ib; (#)
and ¢i; (¢) would perform more behaviors and emotions to other agents respectively. 7p, (#) indicates how sensitive
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agent 4; is to external situation at time step z. pc; (2), o/;(2), and ¢/; (#) characterize how much this agent would weaken
the impact of negative information, be impacted by other agents, and affect others, respectively. The collective
responses, represented by ib, (), ¢i, (#), and 7p, (#) at time step ¢, denote the mean estimates of ib, (#), ¢7; (#), and 7p; (#) of
all agents.

Given /B and EI have the same updating equations, we use S to denote /B or EI, and s to represent the b or ei.
Agents are affected by the local environment/social network (denoted as Fsy) and the psychological mechanism after
obtaining the latest public news (denoted as Fpy). The agent 4; is updated over time by

(04 1) = nFex (5:(4) + (1 = 1) Fow (5 (4) (1)
Fax (5:(0) = Y wy X [fG:(0),5:(9) = s: (2)], @)
JEi

where 7 is a scaling factor. w; indicates the link weight between agents #; and 4;. 5;(#) represent the normalized
diffusion strength of the neighbors of agent 4, at time step ¢, estimated by

Zj#i wij X S (2)
Zj#i wij

The coupling function f{5; (#) , 5; () is typically used to estimate the influence of selective parameters on a decision-

5(f) = 3)

making process (6):

FGi(8),5:(8) = 70 () } [1 = (1 =5, (2)) X (1 = s; ()] + (1 = 7 () x5 (2) X 5. (). )

Fou (6 (¢ + 1)) and Fpy (ed; (£ + 1)) are estimated by:
Fon (ib; (£+1)) = \ib; (£ = 1) [1 = (1 = I(2)) x (1 = ei; () x (1= 7p; (8))] (%)
Fon (ed; (£+ 1)) = \Jei; (= 1) [1 = (1 = 1)) % ib; (£) X (1 = 7, ()], (6)

where « = ((#))° and B is a scaling factor. Higher RP and external influence 7(«) denote the impact of public reports
r(#) on agents, thus capturing the gradually unfolding COVID-19 events in the studied period. We give the square
root to ib; (t—1) and ¢4, (£ — 1), resulting in better fitting performance than not. /() is given by:
In(1+ Au)
1(u) = ST (M
The RP of agents is affected by £/ and the external related information and the constant » is used to measure the
weight of these two factors. 7p; (¢ +1) is updated as:
1

rpi(l"l' 1) = (1 - V)F,p + I/WFVP,

®)

where the value of the second part of the formula will rise rapidly when ¢, () exceeds the threshold 7. The £, is used
to measure the impact of external information on the RP of agent 4,. /(x) would increase individuals’ risk perception
and reduce uncertainty of extreme events. And pessimists (i.e., pc; is low) will amplify the impact of negative public
news (i.e., p is low), and vice versa. F,, is therefore expressed as follows:

Ey = 1p;(8) x [L=ib; (1) x (1= I(u)) X (1= pe; x p = (1= pe;) x (1= p))]. )

The strengthening and weakening processes are reflected by the positive and negative relationships in the above
equations.

Parameter calibration. To reduce the impact of data noise, we would fit a curve 74(#) from model to the external
situation reports following ref. (2). To introduce the stochasticity into simulations, 74(#) is based on (#) with random
noise following the uniform distribution «(-¢, ¢):

rr(e) = r(8) + u(=0, ). (10)

We ran 100 simulations, each with a different time series of (#) following this sampling method. /3 is chosen as
the best value of resulting in the least root mean square deviation between the normalized daily Google search
behaviors in Hong Kong and the medians of normalized averaged levels of individual risk perception across all
agents across 100 stochastic simulations. ¢ is chosen as 0.14 by experience to balance the width of 95% Crl of
individual behaviors in the model.
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