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The conventional research of risk communication centers on how scientific community
can improve trust and credibility in public perception, enhance public understanding of
risks, and change public behaviors to conform to technocratic values. More recently, the
emphasis of risk communication has evolved from conveying scientific data and risk
information to establishing effective information flows. It has been recognized that estab-
lishing two-way communication channels among experts, governments, corporate, and
general public is important to build trust relationship. With conflicting interests and
coordination motive among stakeholders, the societal aspects of risk communication
need to be considered. In this paper, a mathematical model of social value of risk infor-
mation is proposed to explicitly incorporate factors such as public and private informa-
tion, personal bias, knowledge, and social behavior in risk communication. Uncertainties
associated with the perceived risks due to both the lack of knowledge and individual dif-
ferences in population are considered in the proposed model. The impacts of precision
and accuracy of risk information as well as subjective bias on social welfare are charac-
terized. Some of the model predictions on the effectiveness of communication are verified
with the observations in other’s survey studies. The proposed model could potentially be
used to help devise risk communication strategies and policies. Its use is demonstrated in
a case study of Fukushima nuclear accident. [DOI: 10.1115/1.4037210]
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1 Introduction

The traditional objectives of risk communication to the public
are to raise awareness of potential hazards (earthquakes, hurri-
canes, flooding, nuclear radiation, epidemics, etc.) and motivate
preventive actions. The conventional research on risk communica-
tion centers on how scientific community can improve trust and
credibility in public perception, enhance public understanding of
risks, and change public behaviors to conform to technocratic val-
ues [1–3]. In the past three decades, the emphasis of risk commu-
nication has evolved from conveying scientific data and risk
information to establishing effective information flows [4]. Partic-
ularly, the traditional normative one-way communication from
experts to general public has been replaced by two-way communi-
cation among stakeholders [5]. The layperson stakeholders are no
longer perceived as being incapable of handling uncertainty infor-
mation. Communicating uncertainty has become essential to
establish trust relationships among experts, public policy makers,
and the general public [6,7].

The major goal of risk communication is to reconcile the dis-
crepancy of risk perceptions between the general public and
experts [8]. Various approaches have been developed to model the
differences of risk perceptions among individuals, such as mental
models [9], social amplification theory [10], risk information
processing model [11], psychometric paradigm [12,13], attitude-
behavior model [14], and cultural risk theory [15]. Risk perception
is influenced by many factors, such as cultural differences [16],
political and ideological bias [17], genders [18], risk targets [19],
affect and emotion [20,21], communicator’s characteristics [22],
and the sense of control [23].

The recent social media bring more channels that enable peer-
to-peer risk communication [24]. Stakeholders may have different
sources of information in addition to government agencies. Risk

information may be shared publically or privately within some
communities. Public information is accessible for all stakeholders,
whereas private information is only accessible by certain stake-
holders. The risk perceptions of stakeholders thus are formed
according to both the public and their respective private informa-
tion. The public information of risk is the one announced through
government agencies or public entities and its access is controlled
by the public entities. All stakeholders have access to it. In con-
trast, the private information is acquired by individual stakehold-
ers but not all. Note that the public and private information may
not be clearly categorized. For example, there are different forms
of media coverage, such as television, radio, newspapers and mag-
azines in print, news and bulletin board on the Internet, websites
of academic institution, scholarly publications, and social net-
working services. Depending on the sizes of users and audience
for some specific issues, different forms of media could be
regarded as public or private, depending on the context. To sim-
plify, here private information is defined as the one where the
access is controlled by private entities. Therefore, most of the
media are regarded as private information based on this definition.
Limited research has been done on how to use different types and
forms of media effectively in risk communication.

In addition, one of the general public’s concerns that hinder
their trust is that they are afraid of “hidden agenda” from other
stakeholders. The implication is that the communication of risk
information could potentially bring benefits to certain stakehold-
ers. In current research of risk communication, it is typically
assumed that all stakeholders experience losses as a consequence
of hazards. Yet, the dissemination of hazard and risk information
may cause social welfare effects that are much more complicated
than we used to think. Natural and manmade hazards cause dam-
ages and losses to many people. However, at the same time, some
stakeholders may gain benefits out of them. For instance, insur-
ance companies may use the opportunities to market their new
products, and preventive equipment vendors may gain more mar-
ket shares because of the public awareness. Therefore, hazards
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should not be simply treated as losses for all stakeholders. They
bring potential benefits to some stakeholders.

Furthermore, a stakeholder in a society makes decisions not
only based on his/her own perceived risk, but also his/her percep-
tion of other stakeholders’ risk perceptions. These social behav-
iors are inherently embedded in human activities. For example,
insurance companies calculate a policy holder’s premium based
on the individual’s risk perception by providing different options
of deductable. This behavior is characterized as the willingness of
coordination among stakeholders. The degree of coordination
affects the efficiency of the use of information [25]. A higher
degree of coordination among the stakeholders implies that one’s
perception is more inclined to be influenced by others’ opinions.
The conflict of interests and social behavior aspects of risk com-
munication should be studied comprehensively. There is virtually
no research on this aspect.

Given complex factors that affect the effectiveness of risk com-
munication, there is a need to develop quantitative approaches to
help formalize and design risk communication strategies. The for-
mal approaches should incorporate influential factors, not only tra-
ditionally studied education level, knowledge, gender, etc., but also
different media and information channels, conflicting goals
between stakeholders, social value and social behaviors. In this
paper, a mathematical model of risk perception and social value of
risk information is proposed to support risk communication with
the explicit considerations of the factors of public and private infor-
mation, social behaviors, and perception. The uncertainties in the
perceived risks that are due to the lack of perfect knowledge, ambi-
guity, contradiction, or indeterminacy and due to individual differ-
ences in population are considered. Uncertainty is an important
component of risk information communicated to the general public
[26–29]. The influence of the precision and accuracy of risk infor-
mation on social welfare can be predicted in the proposed model.

In this model, the social value of risk information is quantified,
similar to the model of social value of information developed in
economics for monetary policy [30]. Although the concept of sig-
nal value of a hazard event was proposed in the social amplifica-
tion of risk framework [10], which provides new information
about the probability that similar or even more destructive mis-
haps might occur with this type of activity, the social value of risk
information has not been studied. Different from the value of
information for risk management [31], the social value of infor-
mation is about how the transparency and precision of public and
private information will affect the welfare of society as a whole.
The proposed social value model captures the conflict of interests
and coordination behavior of stakeholders.

A good risk communication strategy is to add value to society
and enhance public relations [32]. The social value and the social
welfare are quantified as utilities in the proposed model, and the
impacts of uncertainties, information precision, bias, and social
behavior on the social welfare can be assessed in studying the
effectiveness of communication. Risk communication policies can
be devised so that they benefit the society by improving the
expected welfare. The quantitative model predicts that culture
diversity, personal prior beliefs, information transparency, and
knowledge levels have critical influences on the effectiveness of
risk communication.

In the remainder of the paper, the value of information in risk
analysis is summarized in Sec. 2. The social value of information
in economics is also introduced. In Sec. 3, the proposed mathe-
matical model of social value of risk information is described.
The predictions from the model are discussed in Sec. 4. In Sec. 5,
a case study of Fukushima nuclear accident is used to illustrate
how the proposed model can be applied in risk communication.

2 Background

In this section, the background of value of information in risk
analysis is first given. Then, the social value of information in the
context of economics is introduced.

2.1 Value of Information in Risk Analysis. The value of
information is a well-established concept in decision analysis
[33–35], which is to decide the right kind of experiments to col-
lect the right amount of extra information. It has been applied in
health risk management [31]. Recently, it was demonstrated in
cost analysis for decease surveillance [36] and control [37].

2.2 Social Value of Public Information. The social value of
public information has been studied in economics, where individ-
ual decision makers’ choices are made in isolation from each
other given their available public and private information [30].
The motivation of the model was to study the effect of media on
speculation based upon market events. The social welfare model
is summarized as follows: A population of agents have access to
public and private information and aim to take actions appropriate
to the underlying true but unknown state. At the same time, they
also engage in a so-called “beauty contest” zero-sum race to
second-guess the actions of other individuals. The prize to a
player is proportional to the difference between his or her own
action and the average actions of all others. That is, an individual
agent’s utility is defined as

uiða; hÞ ¼ �ð1� rÞðai � hÞ2 � rðDi � �DÞ (1)

where h is the underlying socially optimum solution, yet the ith
agent takes action ai. The vector a denotes the collection of all
actions. The first component thus is a quadratic loss weighted by
1� r. The second component is the beauty contest term, where

Di ¼
Ð
ðaj � aiÞ2dj is the accumulative deviation of the ith agent

because his or her action deviates away from other individuals,
assuming that the number of agents is large so that the integral
notation instead of summation is used as a simplification, and
�D ¼

Ð
Djdj indicates the average action for the population. The ith

agent’s loss increases (with the reduced utility) if the distance
between his or her action and the average of the population
increases. There is an externality in which an individual tries to
second-guess the decisions of the others. The individual gains by
predicting the average opinion better than others. The parameter r
gives the weight on this second-guessing motive. The larger the
value of r has, the more significant is the external effect on the
individual utility arising from the coordination motive of agents.
Note that the second-guess term is very similar to the high-order
beliefs in game theory with incomplete information, where deci-
sions are made according to payoffs and hierarchies of beliefs
[38,39].

The second term in the right-hand side of Eq. (1) also indicates
the conflict between individual decision makers. This conflict dis-
appears at the social level. The social welfare is defined as the
average of individual utilities

Wða; hÞ ¼
ð

uiða; hÞdi =ð1� rÞ ¼ �
ð
ðai � hÞ2di (2)

In this zero-sum game, coordination affects individual payoffs, but
not social welfare. Each agent receives a private signal xi ¼ hþ �i,
where �i � Nð0; 1=bÞ is the uncertainty associated with the signal
modeled as a white noise with the variance 1/b. He or she also
receives a public signal y ¼ hþ g where g � Nð0; 1=aÞ.

Morris and Shin [30] showed that the expected value of social
welfare as in Eq. (2) always increases as the precision of the pri-
vate signals increases. However, if agents have access to very pre-
cise private information and the precision of public information is
much smaller, the increased amount of public information actually
reduces welfare. In this case, more transparency of monetary pol-
icy causes volatility of market and leads to inflationary bias. Cor-
nand and Heinemann [40] extended Morris–Shin model by
including a probability that public information is received by the
agents, as the degree of publicity, instead of one in the original
model. It was shown that the optimal degree of publicity is
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smaller than one if and only if a/b< 3r� 1. The conclusion was
that it is better to disclose public information with a low precision
only to a limited audience if the motive of coordination is suffi-
ciently strong. The intuition is that a partial disclosure of informa-
tion can avoid overreaction to a signal, which is potentially far
from the true optimum state when the public signal is imprecise.

The model of social value of information and its extension
were proposed in the context of monetary policy in economics.
Evidences such as in credit registry [41] and in private sector fore-
cast [42] have been studied to check the validity of this model.
Yet, in these models, the uncertainty associated with scientific
knowledge and the bias in the information are not considered.

Social policies should seek to maximize the welfare of a society
as a whole. In the context of risk communication, the amount of
risk information needs to be determined so that the maximum
social welfare is obtained. The goal of this paper is to develop a
mathematical formalism to describe the societal phenomena of
risk communication and to serve as the theoretical foundation to
devise effective risk communication policies.

3 Social Value of Risk Information

The purpose of the proposed social value model is to describe
the mathematical relationship between risk perceptions and the
influential factors so that the effects can be predicted qualitatively.
Suppose that the ith stakeholder’s perceived risk is Ri. The under-
lying true state of risk is h. Although risk is usually regarded as
the combination of probabilities of events and the corresponding
consequences, there is no unique and universally accepted defini-
tion [43]. Here, the perception of risk is abstractly treated as a
probabilistic measure represented as a stochastic variable. Similar
to Eq. (1), the individual stakeholder’s utility with respect to risk
perception is defined as

ui ¼ ðR1;…;Rn; hÞ ¼ �ð1� rÞðRi � hÞ2 � rðDi � �DÞ (3)

where Di ¼
Pn

j¼1 ðRj � RiÞ2=n ¼ ðRi � �RÞ2 þ ð
Pn

j¼1 R2
j =n� �R

2Þ;
�R ¼

Pn
j¼1 Rj=n; �D ¼

Pn
j¼1 Dj=n and the cohesion coefficient r

captures the coordination motive. In other words, different stake-
holders have varied perceptions of a risk which could be very dif-
ferent from the underlying true one. The utility that a stakeholder
has for decision making is related to not only the deviation of the
perceived risk from the true one, but also his/her perception of
other stakeholders’ views on the risk. In other words, personal and
group risk perceptions have correlations [44,45]. Therefore the

“second-order” perception is considered, as the term rðDi � �DÞ in
Eq. (3). This model captures the conflict of interests and social
behaviors of stakeholders associated with the formation of their
risk perceptions.

3.1 Expected Welfare. Suppose that the observable state
variable z corresponding to the underlying true risk h according to
the scientific knowledge is

z ¼ hþ � (4)

where the observation error � follows a normal distribution as
� � Nðl; s�1

� Þ with mean l and variance s�1
� . � captures the uncer-

tainty that is due to the lack of complete scientific knowledge.
The public information that the ith stakeholder receives regard-

ing the risk is

y ¼ zþ g (5)

in which g � Nð0; s�1
g Þ follows a zero-mean normal distribution

with variance s�1
g . It represents the variability about the interpreta-

tion of the risk. The precision of public information is

sy ¼ ðs�1
� þ s�1

g Þ
�1

.

The private information that the ith stakeholder receives is

xi ¼ zþ �i (6)

where �i � Nð0; s�1
� Þ represents the variability about the interpre-

tation of the risk in the private information channel. The precision
of private information is sx ¼ ðs�1

� þ s�1
� Þ
�1

.

Here, it is assumed that �, gi, and ei’s are independent. Among
the parameters, l is the bias due to the lack of perfect knowledge,
whereas s�, sy, and sx capture the precision of the information.

The ith stakeholder’s prior belief or bias of the risk before
receiving external signals is represented as

si ¼ hþ ki (7)

where ki � Nð0; s�1
k Þ represents the variability of personal beliefs.

Based on the public information only, the ith stakeholder’s per-
ceived risk is

RiðhjyÞ ¼ ðsksi þ syyÞ=ðsk þ syÞ (8)

according to Bayesian belief update. If the ith stakeholder has
both public and private information, the perceived risk is

Riðhjy; xiÞ ¼ ðsksi þ syyþ sxxiÞ=ðsk þ sy þ sxÞ (9)

The ith stakeholder’s estimate of the jth stakeholder’s risk percep-
tion is

EiðRjðhjyÞÞ ¼ ðsksi þ syyÞ=ðsk þ syÞ (10)

because the ith stakeholder assumes that others only have access
to public information. The ith stakeholder’s reasonable response
to the risk is

ai ¼ jxi þ ð1� jÞðsksi þ syyÞ=ðsk þ syÞ (11)

with weight j (0� j� 1) as personal confidence index.
The public perception of risk from the viewpoint of the ith

stakeholder is the weighted average between his/her own percep-
tion and others’ perception (based on his/her assumption that other
stakeholders have only public information) as

Eið�hÞ ¼ jRiðhjy; xiÞ þ ð1� jÞEiðRjðhjyÞÞ (12)

The ith stakeholder’s reasonable response to the risk is a fusion of
personal risk perception and the perceived public perception as

ai ¼ ð1� rÞRiðhjy; xiÞ þ rEið�hÞ (13)

where the cohesion coefficient r measures the degree of comple-
mentarity or substitutability of stakeholders’ responses. In gen-
eral, 0� r� 1, which means that responses are complementary
and the optimum response increases as other stakeholders increase
the expectations of their responses. The value of r indicates how
sensitive a stakeholder can be influenced by the popular opinions.
The larger the value is, the closer the individual is to the average
perception of the society. It is assumed that r< 0.5 in a diverse or
individualistic society, whereas r> 0.5 in a more uniform, con-
forming, or collectivistic society.

At an equilibrium state, Eqs. (11) and (13) are equal, which
leads to

j ¼ ð1� rÞsx=ðsk þ sy þ ð1� rÞsxÞ (14)

By substituting Eq. (14) back to Eq. (13), we obtain the optimum
response

ai ¼ hþ � þ ðskki þ sygþ ð1� rÞsx�iÞ=ðsk þ sy þ ð1� rÞsxÞ
(15)
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From Eq. (2), the expected welfare for the equilibrium state is
given by

E W a; hð Þ½ �

¼ �E �2½ � �
s2
kE k2

i

h i
þ s2

yE g2
� �
þ 1� rð Þs2

xE �2
i

� �
sk þ sy þ 1� rð Þsx

� �2

¼ �l2 � s�1
v �

sk þ s2
y s�1

y � s�1
�

� �
þ 1� rð Þ2s2

x s�1
x � s�1

�

� �

sk þ sy þ 1� rð Þsx

� �2

(16)

3.2 Sensitivity Analysis. The sensitivity analysis of the
expected social welfare in Eq. (16) gives the major results of this
paper, which is how the uncertainty associated with risk informa-
tion affects welfare. This analysis is intended to provide the quali-
tative relationships among the public and private information in
risk communication and the risk perception of individual stake-
holders. The qualitative model can provide some insights of how
to devise risk communication policies in promoting social wel-
fare. If the expected social welfare increases as the uncertainty
reduces, we call it positive social effect.

3.2.1 Effect of Knowledge. The sensitivity of expected wel-
fare with respect to the systematic bias in scientific knowledge is

@

@l
E W½ � ¼ �2l (17)

Equation (17) shows that systematic bias affects the expected
social welfare monotonically. When the risk has been overesti-
mated with a positive l, any further overestimation will decrease
the welfare. On the other hand, when the risk has been underesti-
mated, any positive bias will help adjust the risk perception and
increase social value.

The sensitivity of expected welfare with respect to the precision
of scientific knowledge is

@

@s�
E W½ � ¼ s2

k þ 2sksy þ 2 1� rð Þsxsy þ 2 1� rð Þsxsk

sk þ sy þ 1� rð Þsx

� �2
s2
�

(18)

which is always positive. This implies that increasing the preci-
sion of scientific knowledge about risks always has positive social
effects and brings benefits to the society. The sensitivity is quad-
ratically reduced as s� increases. For instance, the scientific uncer-
tainty associated with climate change is one major reason that the
public is reluctant to take adaptive action. The public prefers
unanimous scientific descriptions of problems [46]. Therefore,
increasing the precision of scientific knowledge will always bene-
fit stakeholders as a whole. Yet, it has to be kept in mind that
uncertainty associated with risk includes two components, bias l
and precision s�. A well-accepted bias is equally harmful to the
society.

3.2.2 Effect of Public Information. The sensitivity of expected
welfare with respect to the variability of public information is

@

@sy
E W½ �

¼
skþsyþ 1�rð Þ 1�2rð Þsxþ2s�1

� sksyþ 1�rð Þsxsy� 1�rð Þ2s2
x

� �

skþsyþ 1�rð Þsx

� �3

(19)

The sensitivity of public information is related to the precision of
scientific knowledge s�. For a new risk domain with s�1

� � 1 in
which scientists have limited knowledge, it is important to keep

sksy þ ð1� rÞsxsy � ð1� rÞ2s2
x > 0 (20)

such that Eq. (19) is positive. Particularly, when

sy > ð1� rÞsx (21)

Equation (20) will hold, and increasing the precision of public
information brings the positive social effect. In other words, the
precision of public information should be greater than a threshold
ratio of the precision of private information. The ratio is society
dependent. The condition in Eq. (21) is easier to satisfy in a col-
lectivistic and conforming society with a large r than in an indi-
vidualistic and diverse society with a smaller r. Therefore, it is
easier to communicate risk information in a conforming society
when there is a lack of knowledge about the risk. Public informa-
tion needs to be more precise when external influence is less for
the individual stakeholders in a diverse society. A safe strategy to
devise risk communication policy is to ensure that sy > sx, i.e.,
the precision of public information is always greater than that of
private information, regardless of the value of r. As the domain of
the risk becomes well-known with reduced variance s�1

� , the influ-
ence of the condition in Eq. (20) is reduced. Nevertheless, Eq.
(21) is still a sufficient condition for the positive value of Eq. (19).

The previously mentioned analysis can be confirmed and
visualized in Figs. 1 and 2, where the expected social welfare in
Eq. (16) with respect to the precisions of public and private infor-
mation are shown. Both the response surfaces and contours are
plotted. It is seen in Fig. 1 that as the r value increases, the posi-
tive social effect of increasing the precision of public information
becomes more evident, and the sufficient condition in Eq. (21) is
easier to satisfy. The condition in Eq. (21) requires that the preci-
sions of public and private information should fall into the upper
left half of the sx� sy domain in the contour plots of Fig. 1. As r
increases, the region with positive social effect by increasing the
precision of public information also increases. For the case when
there is a lack of scientific knowledge about some recently emerg-
ing hazards and risks, as shown in Fig. 1 (s�¼ 1.0), the gain of
social welfare by increasing the precision of public information is
substantial, compared to the case where the hazards and risks are
well known, as shown in Fig. 2 (s�¼ 4451.0). Nevertheless, for
the case of well-known risks, the social welfare almost surely
increases, in spite of its small amount, as the precisions of public
and private information increase.

The effect of public information is also influenced by the perso-
nal bias and illustrated in Fig. 3. The levels of personal bias and
belief range from very strong (sk¼ 1.0) to weak (sk¼ 4451.0) in
the figure. When personal bias is strong and diverse, increasing
the precision of public information does not necessarily bring pos-
itive social effect, as shown in Figs. 3(a) and 3(b), and the gain of
benefits is small. When personal bias is weak, increasing the trans-
parency of public information communicated to the public will
most likely bring substantial social benefits, as shown in Fig. 3(c).

In summary, the proposed model predicts that the coordination
effect in a society is related to the benefit of public risk informa-
tion. In order to gain social benefits, the risk information commu-
nicated to the public needs to be more precise in a diverse society
than in a conforming one. It is always a good practice to keep the
public information more precise than available private informa-
tion. When the scientific knowledge is sufficiently high and the
public is well educated, increasing the precision of the public
information communicated to people will always bring positive
effects. However, the extra value of social welfare tends to be
reduced as the level of knowledge increases. In addition, the per-
sonal bias also affects the effectiveness of risk communication
with public information. Reducing the extent of personal bias
increases the chance of a larger gain for the society. When com-
paring two risks, one with more precise scientific knowledge does
not necessarily cause positive social effects if the associated per-
sonal bias is extreme. For instance, it has been observed that
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communicating risk of climate change by providing scientific
knowledge and information does not necessarily increase the
awareness and public perception. Political and personal bias
affects the effectiveness of communication [46,47]. People who
have the strong political and ideological attitude do not easily alter
their perception based on public information [48,49]. The personal
knowledge also plays a role in the effect of public information. As
the knowledge level increases, the effect of public information
given by managing authorities tends to be reduced [50], which is
consistent with the model prediction in Eq. (19) about the effects
of sk and s�1

� . Intuitively, more disclosure of public information
does not necessarily improve the social value. For instance, the
overexposure might be causing damage to certain stakeholder as it
eliminates insurance possibilities. The public may also overreact
on the information and incur irrational behaviors.

3.2.3 Effect of Private Information. As a special case, when
r¼ 1, Eq. (16) becomes independent of sx. That is, the social wel-
fare in an extremely conforming society is irrelevant to the preci-
sion of private information, since the opinions of other people on
risks dominantly influence a stakeholder’s perception.

The sensitivity of expected welfare with respect to the variabil-
ity of private information is

@

@sx
E W½ � ¼ 1� rð Þ

�
1þ rð Þ skþ syð Þþ 1� rð Þ2sxþ2s�1

� 1� rð Þ sksxþ sxsyð Þ�2s2
y

� �

skþ syþ 1� rð Þsx

� �3

(22)

Similar to the effect of public information, it is seen in Eq. (22)
that when the precision of scientific knowledge s� is sufficiently
high, increasing the precision of private information almost
always benefits the society. This is also confirmed in Figs. 1
and 2. Again, when the scientific nature of a risk is well under-
stood and the public is well-educated, it is easier to devise risk
communication policy.

A sufficient condition that Eq. (22) remains positive is

sx > 2s2
y=½ð1� rÞðsk þ syÞ� (23)

which indicates that the precision of private information is related
to the ones of public information and personal bias. The condition

in Eq. (23) is easier to satisfy for small r values. In other words,
the precision of private information for effective communication
in a conforming society should be higher than the one in a diverse
society. The precision requirement is also more restrictive if
diverse personal biases exist. Risk communication through private
channels could be not very effective unless there is little personal
bias. In a diverse society where stakeholders are less sensitive to
the coordinated behavior and less likely to be influenced by the
risk perceptions of others, the requirement of little personal bias is
not as restrictive as in a conforming society.

When the level of variation for personal bias is comparable to
the precision of public information, i.e., sk � sy, Eq. (23) is fur-
ther reduced to

sx > ð1� rÞ�1sy (24)

which connects to the sufficient condition for public information
in Eq. (21). It can be confirmed from Fig. 1 that the condition in
Eq. (24) is satisfied in the lower right portion of the sx–sy domain
in the contour plots, whereas the condition in Eq. (21) is satisfied
in the upper left portion of the domain.

It is seen that Eq. (24) for private information and Eq. (21) for
public information have conflicting goals. Therefore, the social
welfare can be increased by improving the quality of both public
and private information iteratively. From the public policy per-
spective, given existing private information channels, the goal of
public announcement is to provide more precise information than
those available private ones. On the other hand, from the private
information providers’ perspective, given the available public
announcement, the further improvement of the quality of risk
information in private channels is also regarded as a value-adding
activity. Nevertheless, strong personal bias may be a damping
factor if opinionated prior beliefs exist among people.

3.2.4 Effect of Personal Bias. The sensitivity of expected wel-
fare with respect to the personal bias is

@

@sk
E W½ � ¼

sk þ sy þ 1� rð Þ 1� 2rð Þsx � 2 s2
y þ 1� rð Þ2s2

x

� �
s�1
�

sk þ sy þ 1� rð Þsx

� �3

(25)

Equation (25) shows that increasing sk does not necessarily
increase the social welfare. The coupled relationships among sk,

Fig. 1 The effects of sx and sy on the expected welfare with limited scientific knowledge: (a) l 5 21.0, sm 5 1.0, r 5 0, and sk 5 201;
(b) l 5 21.0, sm 5 1.0, r 5 0.4, and sk 5 201; and (c) l 5 21.0, sm 5 1.0, r 5 0.9, and sk 5 201
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sx, sy, and s� decide the trend. The coefficient (1�r)(1�2r) of sx

in the numerator of Eq. (25) becomes negative when 0.5< r< 1.
Therefore, reducing the personal bias is more effective for posi-
tive social effects in a diverse society than in a conforming soci-
ety. The minimum value of �0.125 for (1�r)(1�2r) is reached at
r¼ 0.75. When the level of scientific knowledge is low, the nega-

tive effect of 2ðs2
y þ ð1� rÞ2s2

xÞs�1
� in the numerator of Eq. (25)

dominates. That is, reducing personal bias does not bring benefits
when there is a lack of knowledge. When the level of knowledge

is high, the negative effect of 2ðs2
y þ ð1� rÞ2s2

xÞs�1
� becomes neg-

ligible. Therefore, a sufficient condition to ensure positive effect
of reducing personal bias is

sk þ sy > 0:125sx and s� � 0 (26)

That is, the combination of public information and personal bias
should be much more precise than private information. At the
same time, there should be sufficient scientific knowledge about
the risk. For stakeholders with a wide range of opinions, public
announcements should be more unequivocal, as also indicated in
Eq. (26).

The previously mentioned analysis is confirmed in Fig. 4.
When the scientific knowledge is limited as shown in Fig. 4(a),
reducing personal bias to a larger value of sk introduces negative
effects to social welfare. The negativity becomes evident when
the precision of private information increases. As more knowledge
is available, reducing bias can bring positive social effect. As
shown in Fig. 4(b), the social welfare increases by increasing the
value of sk for low-precision private information. When the preci-
sion of private information increases, the negative effect resumes.
When the scientific knowledge is abundant as shown in Fig. 4(c),
increasing the precision of private information and reducing per-
sonal bias will surely result in positive social effects.

4 Discussion

The mathematical model proposed in this paper is intended to
provide a formal approach to assess the impact of risk information
to social welfare. The behaviors of stakeholders can be qualita-
tively assessed and predicted by the mathematical model. Particu-
larly, the risk perception of the general public is influenced by the
lack of confidence on scientific knowledge given the uncertainties,

Fig. 3 The effects of personal bias on sx and sy: (a) l 5 21.0, sm 5 1.0, r 5 0, and sk 5 1.0; (b) l 5 21.0, sm 5 1.0, r 5 0.4, and sk 5 451.0;
and (c) l 5 21.0, sm 5 1.0, r 5 0.4, and sk 5 4451.0

Fig. 2 The effects of sx and sy on the expected welfare with sufficient knowledge: (a) l 5 21.0, sm 5 4451.0, r 5 0, and sk 5 201; (b)
l 5 21.0, sm 5 4451.0, r 5 0.4, and sk 5 201; and (c) l 5 21.0, sm 5 4451.0, r 5 0.9, and sk 5 201

041009-6 / Vol. 3, DECEMBER 2017 Transactions of the ASME

Downloaded From: https://risk.asmedigitalcollection.asme.org/ on 08/22/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



including bias and imprecision. The effectiveness of risk commu-
nication is determined by factors such as the personal characteris-
tics and attitudes toward others’ opinions, which are modeled by
the cohesion coefficient r. A larger r indicates that individuals
tend to “go with the flow.” The clarity and precision of risk infor-
mation communicated through public and private channels have
different effects on the benefit of the society. As a rule of thumb,
in a more diverse society with a smaller r, the public announce-
ment of risks needs to be clearer and less ambiguous. For a more
cohesive and collectivistic society with a larger r, the public
announcement can be less precise. In either case, the influence of
public information to a society is reduced as the knowledge level
of the public increases.

When communicating risk information to the public via public
announcements, the information should be clearer and more pre-
cise than the available private information stakeholders may have.
Otherwise, the public information may not bring positive impacts
to the society. On the other hand, with various forms of media and
customized consulting/advisory services are available for people
to receive risk information, the individual one-to-one communica-
tion should have higher precision than available public informa-
tion in order to gain stakeholders’ attentions and bring social
benefits.

Education to the public still plays an important role according
to the model. Increasing the knowledge levels of stakeholders and
reducing their personal biases are conflated. When there is a lack
of knowledge in the science community for a new type of risk,
personal biases of stakeholders have strong influence on risk per-
ception. It could be futile to try to convince the public via both
government announcement and private media. The lack of trust
from the public makes risk communication challenging. Unless
the nature of the problem is better understood, providing more
information to the public with the intention of reducing personal
biases will not be effective. The ultra precise information pro-
vided by the private media may have a damping effect, since the
strong opinions of media could alienate stakeholders who have
different opinions. Only after the scientific knowledge of a risk
has been accumulated to a certain level, risk perception can be
effectively guided by providing more information.

The proposed model provides some potential guidelines to
devise risk communication policies. The form of risk communica-
tion in a society with a culture of diversity should not be the same
as the one in a society with high uniformity. In other words, a risk
communication policy that works well for one country or commu-
nity does not necessarily work well for others with different

cultures. The diversity of personal opinions, educational back-
ground, etc., of the target population needs to be taken into
account. Gaining more scientific knowledge about risks is always
beneficial. It is seemingly easier to deliver risk messages to a
community with relatively uniform culture and homogeneous
background than the one with high diversity.

The proposed model is the first mathematical model of its kind
to quantify the relationships among risk information, risk percep-
tion, uncertainty, and social welfare. Some of the predications
from the model are consistent with the phenomena observed by
other researchers. For instance, it has been shown that providing
more risk information does not necessarily enhance the public’s
understanding of risks [51]. The risk perception in the proposed
model is affected by knowledge levels and personal biases, in
addition to the public and private information. It has been realized
that the consideration of the general public’s scientific knowledge
and personal belief about risks is important in risk communication
[52]. The model explicitly incorporates the precision of informa-
tion, uncertainty associated with scientific knowledge, and vari-
ability of biases. In addition, it has been observed that personal
bias plays a dominating role in forming the perception of a new
risk when there is still a lack of scientific understanding [49]. The
proposed model shows that the effect of personal bias diminishes
as scientific knowledge becomes sufficient and the level of episte-
mic uncertainty is reduced to certain levels.

The mathematical model also makes some quantitative predic-
tions. For instance, when public channels are used in risk commu-
nication, the precision of public information needs to be higher
than the ones that are available in private channels in order to
improve the effectiveness of communication. On the other hand,
if private channels are employed, the precision of the information
needs to be higher than the available one in the public channel for
its effectiveness. Public information needs to be more precise
when group influence is less for the individual stakeholders in a
diverse society for effective communication. Similarly the preci-
sion of private information in a conforming society should be
higher than the one in a diverse society. The validity of these pre-
dictions is unknown. Experimental studies are needed to validate
them. Some other predictions that need to be verified include
when scientific knowledge about a risk is sufficient, the influence
of other factors for risk communication diminishes. Reducing per-
sonal bias may not bring positive social effects unless the level of
scientific knowledge is sufficiently high. For stakeholders with a
wide range of opinions, public announcements should be more
unequivocal.

Fig. 4 The effects of scientific knowledge and personal bias: (a) l 5 21.0, sm 5 1.0, r 5 0.7, and sy 5 201.0; (b) l 5 21.0, sm 5 301.0,
r 5 0.7, and sy 5 201.0; and (c) l 5 21.0, sm 5 4451.0, r 5 0.7, and sy 5 201.0
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5 Case Study

On Mar. 11, 2011, Great East Japan earthquake and the trig-
gered tsunami caused one of the worst nuclear accidents in human
history, when Tokyo Electric Power Company’s Fukushima Daii-
chi nuclear plant was flooded, followed by explosions because of
loss of cooling. Radioactive materials were released into natural
environment and ecosystem through water and air. The impacts
were observed across the borders between nations in Asia,
Pacific-ocean, and Americas. This event provided researchers the
opportunity to study risk communication.

How risk information about nuclear energy is communicated to
public is crucial to the effectiveness of communication. It was
found the precision of public information by government as a sin-
gular message is paramount to maintaining trust [53]. The levels
of knowledge that stakeholders have also affect the effectiveness
[54]. Well-educated citizens typically require more and adequate
information, whereas undereducated ones need less but precise
and consistent information [55]. As our model predicts in Figs. 1
and 2, increasing the precision of public information is more
effective in communicating with stakeholders who have less sci-
entific knowledge than with those who are well-educated. The
benefit from improving public information precision becomes
marginal when people have accumulated sufficient knowledge.
The model predictions match well with the observations from the
survey studies. In addition, the model predicts that communication
through public channels tends to be more effective than through
private channels in a culturally conforming society, as shown in
Fig. 1, and public information needs to be more precise than pri-
vate ones. Current government practice, however, does not neces-
sarily follow these predictions. For example, Japanese people
have been frustrated by the lack of available public data about
radiation levels in their living environment after the accident. As
an alternative, volunteers are using a crowd-sourced network
called “Safecast” to monitor environment with open-source devi-
ces and share the radiation map of the whole country [56]. Yet
Japanese authority still urged people to rely only on government
readings. From our model prediction, the government should have
encouraged information sharing and openly published data and
information that are consistent and more precise than the crowd-
sourced ones in order to gain the public trust.

Recent survey studies in Switzerland before and after Fukush-
ima [57,58] show that people’s attitude change toward nuclear
energy is influenced by personal bias (risk benefit arguments,
political orientations). For the groups who had either strong nega-
tive or strong positive attitude prior to the accident, their attitudes
do not change much after the accident in spite of the abundant
information they collected during the period of accident, in com-
parison with other groups. That is, the stronger personal bias
makes communication less effective, which is also predicted by
the model in Fig. 3, regardless of public or private information
channels. A similar survey study of Fukushima effect in the U.S.
[59] also shows that polarized political environment with strong
bias in personal belief and media makes communication
ineffective.

Additional survey studies [60–62] have shown that different
levels of attitude change before and after Fukushima nuclear acci-
dent exist among different countries. Comparative studies of
Three Mile Island and Chernobyl nuclear accidents also found the
varied responses from country to country [55]. The common
explanation offered by the researchers is that it might be due to
different levels of nuclear energy programs in these countries. For
instance, the U.S. public attitude of nuclear energy remained sta-
ble after Three Mile Island accident in the U.S. The residents of
Washington state in the U.S. with own local experiences of Trojan
nuclear power plant failures, where radioactive plume after Cher-
nobyl accident was also detected, reacted moderately [63]. In con-
trast, people in Greece became much more skeptical and negative
after the accidents. Similarly, after Fukushima accident, people in
Japan are still more willing to accept nuclear energy than people

in Argentina and Saudi Arabia [62]. In the proposed model, the
factors that could potentially explain this phenomenon include
personal prior bias, social or group influence, and levels of knowl-
edge. As discussed in Secs. 3.2.2 and 3.2.4, the information com-
municated with stakeholders who have a wide spectrum of
personal bias will be less effective. Strong opinions in a polarized
society make risk communication challenging. Additionally, the
culture of society that how much individualism is tolerable also
decides the effectiveness. Opinions of reference groups and view-
points of majorities play important roles in attitude formation and
change in nuclear accidents [55]. The prior beliefs and knowledge
levels are related to the attitude change [64]. Compared to western
cultures, Japanese society promotes collectivism. For instance,
some parents who wanted to opt their children out of the obliga-
tory lunch program fearing of food contamination were character-
ized by others as egoists against national sense of bonds and
solidarity [65]. Social factors such as altruism and benevolence
(caring and morality) [66] in a society have been shown to be
related to the risk perception of nuclear energy, which provides
further indication that there is a need to consider them, just as
parameter r in the proposed model. Note that the referred differ-
ence between societal influence and peer pressure in the proposed
model is not just nations and can also be related to community,
working environment, gender, or other local groups.

6 Conclusion

The mathematical model proposed in this paper is an attempt to
quantify the relationships among the influential factors that affect
the public’s risk perception. From the societal perspective, risk
communication policies should be devised based on the criterion
of maximizing the expected social welfare so that they benefit the
majority of stakeholders in a society. The precision and transpar-
ency of the information communicated to the public via either
public or private channels need to be carefully designed. The pro-
posed model elucidates the connections among the influential fac-
tors. The model predictions show that it is important to
incorporate the dynamics of the community culture, personal
beliefs, and uncertainty of knowledge in risk communication poli-
cies. Policies need to be customized at the fine-grained level based
on the actual needs of the target community. The types of risks,
diversities of opinions, and associated knowledge levels determine
how much information should be provided to the community and
which form of communication should be taken. While some of the
predictions from the proposed model have been verified, others
require further experimental studies.
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