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a b s t r a c t 

Exit choice is essential for pedestrian safety and evacuation efficiency during the context of an emergency. Cu- 

mulative prospect theory is a widespread realistic decision-making theory that can transform choice outcomes 

and probabilities into subjective terms and integrate them as a parameter of cumulative prospect value ( CPV ), 

which determines the decision. The main contribution of this paper is the use of the CPV to predict exit choice. 

Furthermore, the different decision-making rules including Max, exponential(Expo), and Ratio (i.e., the three 

variable choice functions) were summarized and examined. This study used a confusion matrix to compare the 

predicted results with experimental data. Consequently, the parameters of Accuracy and F1-score showed that 

the predictions from Max and Expo were significantly more realistic while the results from Ratio were much more 

robust. 
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. Introduction 

Efficient exit choice is critical to saving lives during emergency evac-

ations in cases of fire outbreaks. An inefficient exit choice could expose

he pedestrians to dangerous levels of toxic gas or dangerously high tem-

eratures during their evacuation. Generally, buildings have multiple

xits [1] . Thus, it is essential to conduct in-depth investigations of exit

hoice behavior for designing appropriate facility safety management

nd reducing the impact of disasters. 

Recently, several studies have focused on exit choice behavior [2–7] .

ommon methods used to investigate the exit choice behavior include

bservation of real-life evacuation, controlled evacuation experiments

 4 , 8 , 9 ], virtual reality (VR) experiments [ 5 , 6 , 10 ], surveys [ 2 , 11 , 12 ],

nd numerical simulations [ 13 , 14 ]. Gao et al. [15] and Feng et al.

7] summarized the pros and cons of these methods. While field ob-

ervations and controlled experiments can provide accurate and valu-

ble data to evaluate exit choice behavior, severe limitations remain,

uch as controlling variables as well as ethical and financial constraints

7] . Recently, VR experiments have gained immense traction in terms

f investigating exit choice behavior during building evacuations us-

ng the development of VR technique [ 6 , 16 , 17 ]. VR experiments fa-

ilitate the study of safety behavior among participants in emergency

ituations while maintaining experimental control and accurately ana-

yzing the impact of different factors on pedestrian behavior [7] . How-

ver, these studies are limited in capturing the physical aspects (i.e.,

eat sensation, smoke smell, social presence of friends and family, and

ommunication between evacuees) among many aspects of a fire evacu-
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rticle under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-
tion. Furthermore, using VR can induce vertigo. Kinateder and Warren

10] and Cao et al. [18] reported that VR systems ought to conduct

cological validity. Moreover, the method of the survey can be used to

hange factors on exit choice easily. Regardless, participants found it

hallenging to become fully aware that they were facing a real emer-

ency evacuation because of the lack of physical feedback from smoke

r fire [ 16 , 19 ]. Thus, simulation models are invaluable for studying exit

hoices as they provide theoretical support for the evolution of emer-

ency decisions [20] . Particularly, these microscopic models comprise

ne of two types, namely, continuous or discrete. In a continuous model,

edestrians can move freely within the structural boundaries. For exam-

le, the social force model developed by Helbing et al. [21] is a very

uccessful continuous model that drives the movements of the evacuees

sing virtual forces that exist between the evacuees, obstacles, and ex-

ts. However, the parameters of this model have to be calibrated us-

ng real pedestrian movement data. Therefore, they may have to be ad-

usted under different pedestrian movement scenarios to account for the

ocial force. Furthermore, the agents in a continuous model can move

reely on a map. Thus, the time steps should be very small to avoid colli-

ions, especially in congested conditions. Evidently, continuous models

re comparatively more time-consuming to compute. Particularly, the

ellular automata (CA) model is the most representative type of dis-

rete model. In the CA model, a floor map is discretized into grids and

he pedestrians move from grid to grid. Moreover, the CA model pro-

ides less detailed results than the continuous model. However, the CA

odel requires fewer computational resources and can perform its sim-

lations more rapidly. Thus, the speed of calculation is a major advan-
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w  
age of the CA model over the continuous model for real engineering

pplications. 

Realistically describing or mimicking human behavior and evacua-

ion scenarios remains a challenge for simulation models [20] . In the

omplex fire environments [22–25] , individual psychological charac-

eristics (e.g., stress [26] , impatience [ 27 , 28 ], competitive/cooperative

motions [29] ), social interaction (e.g., leader and follower [ 30 , 31 ],

mall groups [32] ), and movement characteristics (e.g., spontaneous

ynchronization [33] ) have a significant impact on emergency evacu-

tions. Furthermore, variable goals (i.e., aiming for the closest path,

hortest evacuation time, minimal turns, and safest path) can yield dif-

erent decisions which may not be the optimal solution for global or lo-

al evacuation efficiency [34] . Moreover, a previous experimental study

15] demonstrated that the decision maker’s attitude towards uncertain

isk was a rank- and reference-dependent preference as opposed to a de-

ision that is comprehensively rational. However, only a few researchers

ave studied this irrational behavior. Wang and Jiang [35] proposed a

A model to study bounded rationality and found that the performance

f bounded rational strategy was much more efficient in contrast to com-

lete rationality. Furthermore, Gao et al. [13] integrated the CA model

nto cumulative prospect theory which is a common decision-making

heory used to demonstrate individuals’ irrational attitudes. Moreover,

ang et al. [34] conducted a simulation and experimental study to in-

estigate the bounded rational route choice feature. Consequently, they

ound that the bounded rationality was affected by route estimation and

witching rules. 

This study aims to assess the performance of exit choice behavior us-

ng cumulative prospect value with variable choice functions. First, the

umulative prospect value was determined by the outcomes and proba-

ilities based on the cumulative prospect theory (CPT). Thereafter, the

ariable decision rules (i.e., choice functions) were used to compare the

odeling choice and experimental data. The outline of the paper is as

ollows. Section 2 provides a detailed introduction of the cumulative

rospect theory in detail. Section 3 describes a case study on the vir-

ual evacuation scenarios. Subsequently, the theory modeling approach

sed to predict the exit choice in the case study is provided in Section 4 .

ection 5 reports the modeling results and the comparisons between the

redictions and experimental data. Finally, the conclusions are provided

n Section 6 . 

. Theory 

Tversky and Kahneman [36] introduced the cumulative prospect the-

ry (CPT) to describe the subjective outcomes and probabilities of events

n decision making. This theory further extends the previous prospect

heory (PT) which explained the main violation of expected utility the-

ry (EUT) when choosing between risky prospects with a limited num-

er of outcomes [36–38] . The major modification to PT is the cumula-

ive functions which transform individual probabilities into cumulative

robabilities [36] . 

CPV is the cumulative prospect value assigned by CPT to an n -

utcome risky prospect 𝑓 = ( 𝑝 1 , 𝑥 1 ; ... ; 𝑝 𝑛 , 𝑥 𝑛 ) (where 𝑝 𝑛 is the probability

f obtaining outcome 𝑥 𝑛 ) and is presented as follows: 

𝑃 𝑉 ( 𝑓 ) = 

𝑛 ∑
𝑖 =1 

𝜋( 𝑝 𝑖 ) 𝑣 ( 𝑥 𝑖 ) (1)

Here, 𝑣 ( 𝑥 𝑖 ) is the value function that relates to the subjective out-

omes and 𝜋( 𝑝 𝑖 ) is the decision weight for transforming chance 𝑝 𝑖 to

ubjective probability. Furthermore, 𝑣 ( 𝑥 𝑖 ) was categorized based on the

ositive and negative outcomes (i.e., 𝜋+ 
𝑖 
( 𝑝 𝑖 ) and 𝜋− 

𝑖 
( 𝑝 𝑖 ) as the separate

apacities) to weight decisions for different risk attitudes towards gains

nd losses [36] . Assuming that there are 𝑘 options that can bring nega-

ive outcomes, and 𝑚 options lead to positive outcomes (i.e., 𝑘 + 𝑚 = 𝑛 ),
+ 
𝑖 
( 𝑝 𝑖 ) and 𝜋− 

𝑖 
( 𝑝 𝑖 ) derived from the probabilities are presented as: 

− 
𝑖 
= 

{ 

𝑤 

− ( 
∑𝑘 

1 𝑝 𝑖 ) − 𝑤 

− ( 
∑𝑘 −1 

1 𝑝 𝑖 ) , 1 < 𝑖 ≤ 𝑘 

𝑤 

− ( 𝑝 1 ) , 𝑖 = 1 
(2)
21 
+ 
𝑖 
= 

{ 

𝑤 

+ ( 
∑𝑚 

𝑖 
𝑝 𝑖 ) − 𝑤 

+ ( 
∑𝑚 

𝑖 +1 𝑝 𝑖 ) , 𝑘 < 𝑖 < 𝑚 

𝑤 

+ ( 𝑝 𝑚 ) , 𝑖 = 𝑚 

(3) 

Where 𝑤 

+ ( 𝑝 𝑖 ) and 𝑤 

− ( 𝑝 𝑖 ) are monotonic risky weighting functions

onstrained 0 ≤ 𝑤 ( 𝑝 𝑖 ) ≤ 1 , 𝛾+ = 0 . 61 , 𝛾− = 0 . 69 [36] : 

 

+ ( 𝑝 𝑖 ) = 

𝑝 𝑖 
𝛾+ 

[ 𝑝 𝑖 𝛾
+ + (1 − 𝑝 𝑖 ) 𝛾

+ ] 
1∕ 𝛾+ 

; 𝑤 

− ( 𝑝 𝑖 ) = 

𝑝 𝑖 
𝛾− 

[ 𝑝 𝑖 𝛾
− + (1 − 𝑝 𝑖 ) 𝛾

− ] 1∕ 𝛾
− (4)

The forms of value function and weighting function were suggested

y Tversky and Kahneman [36] : 

 ( 𝑥 ) = 

{ 

𝑥 0 . 88 , if 𝑥 ≥ 0 
−2 . 25 ( − 𝑥 ) 0 . 88 , if 𝑥 < 0 (5) 

. Case study 

The purpose of this case study is to examine the performance of

umulative prospect value in binary exit choice using data collected

hrough an online state preference survey reported by Gao et al. [15] . 

.1. Evacuation scenarios 

Fig. 1 describes a binary exit choice (i.e., Exit A and B) in an evacu-

tion scenario (Task 1). The factors that influenced decision-making for

he binary exit choice included the smoke level at the current position

nd the frequency of smoke appearing. The smoke at the current position

as highlighted using a mark. Furthermore, the description stipulating

a small amount of smoke ” was used to remind respondents and help

hem distinguish between the different tasks without revealing specific

ata as this is not possible in a real emergency evacuation. The smoke

evel at Exit A and B was determined by the smoke height with reference

o the exit height. The door height was divided equally into 100, and

he safety level ( l ), the opposite of the smoke level, was defined as 0 and

00, respectively, when the smoke reached the ground and when there

as no smoke at the door ( Fig. 1 ). Thus, the safety level for Exit A ( l A ),

nd Exit B ( l B ) in Fig.1 was 100 and 80, respectively. 

To simulate the uncertainty in fire scenarios, two outcomes for the

hoice of Exit A were provided where two different smoke heights ap-

eared at different frequencies ( f = 0.05, 0.1, 0.3, 0.5, 0.7, 0.9, 0.95.)

n a cycle (presented by a completed progress bar). For example, in the

ase of a half time ( f = 0. 5) for no smoke ( 𝑙 Af = 100) and a half time (1-

 = 0.5) for 𝑙 𝐴 (1− 𝑓 ) = 80 outside, Exit A (i.e., the smoke condition at Exit

) was represented by (0.5, 100; 0.5, 80). The smoke at Exit B ( l B ) rel-

tively reflected the stability of the fire environment and was constant

n a cycle while it varied in different scenarios (see Table 1 ). Therefore,

 binary choice {Exit A, Exit B} in an evacuation scenario can be de-

cribed as {( f , 𝑙 Af ; 1- f , 𝑙 𝐴 (1− 𝑓 ) ), (1, l B )}. The hypothetical scenarios were

resented on graphics interchange format (gif) pictures to provide a re-

listic virtual environment. Thereafter, the participants were instructed

o choose between Exit A and B after a completed cycle of the appear-

nce of smoke in each gif picture. 

.2. Data collection and participants 

The hypothetical evacuation scenarios were embedded in

n online stated preference survey using the following link:

ttps://cityuhk.questionpro.com/t/ATjwOZpcxi. This questionnaire

ncludes personal information, exit choice, and feedback collection.

he section on exit choice comprised six tasks, with each including

even frequencies of smoke appearance at Exit A and five smoke levels

t Exit B. A series of pilot tests found that the average time required to

nish the questionnaire was approximately 20 min. 

The questionnaire was disseminated through the authors’ social net-

orks (e.g., WeChat). To elicit more participants and prompt them to
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Fig. 1. Description of an evacuation scenario [15] . 

Table 1 

A summary of evacuation scenarios [15] . 

Categorized by status quo Status quo 𝑙 
𝐴 ( 𝑓 ) 𝑙 

𝐴 (1− 𝑓 ) 𝑙 
𝐵 

Task 1 Gain Small amount of smoke( l = 80) 100 80 80 85 90 95 100 

Task 2 Considerable amount of smoke( l = 20) 100 20 20 40 60 80 100 

Task 3 Moderate amount of smoke( l = 60) 80 60 60 65 70 75 80 

Task 4 Loss No smoke( l = 100) 100 80 80 85 90 95 100 

Task 5 No smoke( l = 100) 100 20 20 40 60 80 100 

Task 6 Small amount of smoke( l = 80) 80 60 60 65 70 75 80 
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Table 2 

The choice functions of CPT for Exit A and B. 

Name Functional form Literature 

Max 𝐽 = max 
𝑗 

{ 𝐶𝑃 𝑉 𝑗 } 𝑗= 𝐴,𝐵 [ 40 , 41 ] 

Expo 𝑝 𝐴 = 
exp ( 𝐶𝑃 𝑉 𝐴 ) 

exp ( 𝐶𝑃 𝑉 𝐴 )+ exp ( 𝐶𝑃 𝑉 𝐵 ) 
, 𝑝 𝐵 = 

exp ( 𝐶𝑃 𝑉 𝐵 ) 
exp ( 𝐶𝑃 𝑉 𝐴 )+ exp ( 𝐶𝑃 𝑉 𝐵 ) 

[ 42 , 43 ] 

Ratio 𝑝 𝐴 = 
𝐶𝑃 𝑉 𝐴 

𝐶 𝑃 𝑉 𝐴 + 𝐶 𝑃 𝑉 𝐵 
, 𝑝 𝐵 = 

𝐶𝑃 𝑉 𝐵 

𝐶 𝑃 𝑉 𝐴 + 𝐶 𝑃 𝑉 𝐵 
[ 39 , 44 ] 
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(  
omplete the survey attentively and patiently, each participant was in-

entivized after completing the questionnaire. In total, 161 participants

ompleted the survey. The participants’ responses was checked to guar-

ntee the quality. Consequently, two participant responses were deleted

s they shared the same Internet Protocol address. Furthermore, 29 re-

pondents who required less than 10 min to complete the questionnaire

ere considered. Thus, this study had 131 valid responses, comprising

pproximately 81.4% of the total responses. 

. Methodology 

The evacuation scenarios comprised two choices, namely, Exit A and

. According to Eq. (1) , the CPV of Exit A ( 𝐶𝑃 𝑉 𝐴 ) and Exit B ( 𝐶𝑃 𝑉 𝐵 )
an be stated as: 

𝑃 𝑉 𝐴 = 𝜋( 𝑝 𝐴𝑓 ) 𝑣 ( 𝑥 𝐴𝑓 ) + 𝜋( 𝑝 𝐴 (1− 𝑓 ) ) 𝑣 ( 𝑥 𝐴 (1− 𝑓 ) ) (6)

𝑃 𝑉 𝐵 = 𝜋( 𝑝 𝐵 ) 𝑣 ( 𝑥 𝐵 ) (7)

The outcomes of choice ( x ) were the difference between the status

uo and the exits, that is 𝑥 Af = 𝑙 Af − 𝑙, 𝑥 𝐴 (1− 𝑓 ) = 𝑙 𝐴 (1− 𝑓 ) − 𝑙, 𝑥 𝐵 = 𝑙 𝐵 − 𝑙.

hen the outcomes were positive (i.e., Task 1, 2, and 3 in Table 1 ),

 𝐴𝑓 > 𝑥 𝐴 (1− 𝑓 ) ≥ 0 , Eq. (6) can be transformed by combining it with

q. (3) : 

𝑃 𝑉 𝐴 = 𝑣 ( 𝑥 𝐴 (1− 𝑓 ) )[ 𝑤 ( 𝑝 𝐴 (1− 𝑓 ) ) − 𝑤 ( 𝑝 𝐴𝑓 )] + 𝑣 ( 𝑥 𝐴𝑓 ) 𝑤 ( 𝑝 𝐴𝑓 ) (8)

Furthermore, when 𝑥 𝐴 (1− 𝑓 ) < 𝑥 𝐴𝑓 ≤ 0 , Eq. (6) can be stated as: 

𝑃 𝑉 𝐴 = 𝑣 ( 𝑥 𝐴𝑓 )[ 𝑤 ( 𝑝 𝐴𝑓 ) − 𝑤 ( 𝑝 𝐴 (1− 𝑓 ) )] + 𝑣 ( 𝑥 𝐴 (1− 𝑓 ) ) 𝑤 ( 𝑝 𝐴 (1− 𝑓 ) ) (9)

Eq. (7) can be presented as: 

𝑃 𝑉 = 𝑣 ( 𝑥 ) 𝑤 ( 𝑝 ) (10)
𝐵 𝐵 𝐵 

22 
The weighting function 𝑤 ( 𝑝 𝑖 ) and value function 𝑣 ( 𝑥 𝑖 ) are determined

y Eqs. (4) and (5) , respectively. After obtaining the CPV of Exit A and

, the rules, referred to as choice functions, can be used to determine de-

isions [39] . Table 2 summarizes various functional forms which could

xhibit a different performance of exit choice behavior. In the Max form,

he decision is determined by the maximum CPV value. While in the ex-

onential (Expo) and ratio forms, there is a probability for each option.

Fig. 2 presents a decision-making example based on different choice

unctions. In the scenario of Task 1 (see Table 1 ), the probabili-

ies of choosing Exit B are 0.91 and 0.7 for the exponential and ra-

io forms, respectively ( Fig. 2 (a)). Each of the 131 artificial partici-

ants decided to evacuate through Exit B based on these probabilities

 Fig. 2(b) ). 

. Results and analyses 

To investigate the performance of various choice functions on the

xit choice, a series of decisions were simulated. Consequently, the con-

usion matrix between the CPT model and experimental data from Gao

t al. [15] was created (see Table 3 ). In the confusion matrix, the indica-

ors used to evaluate the predicted model include Accuracy and F1-score

see Eqs. (11) and (12) ). The Accuracy reveals the number of correct
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Fig. 2. Simulation results of the scenario of Task 1 in experiments reported by Gao et al. [15] . 

Fig. 3. The Accuracy and F1_score of confusion matrix between experimental data [15] and different choice functional models. 
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Table 3 

The confusion (error) matrix between experiment and simulation. 

Experiment 

Exit A Exit B 

Simulation 

(Max/Expo/Ratio) 

Exit A True Positive, TP False Negative, FN 

Exit B False Positive, FP True Negative, TN 

c  

fi  

t

A  

F

 

r  

a  

t  

t  

a  

M  

t  

c  

m  

r

6

 

a  

i  

c  

t  

a  

t  

s  

R  

E  

R

 

a  

[  

i  

t  

r  

m  

l  

t  

e  

c  

e  

l  

m  

s  

T  

v  

m  

v  

w  

u  

m  

t  

s

D

 

T  

W  

b  

e

A

 

H  

1

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

[  

 

[  

[  

 

[  

 

[  

[  

 

[  

 

[  

[  

[  

[  

[  

[  

 

[  

 

[  

 

[  

 

lassifications while the F1-score indicates the robustness of the classi-

cation model. Thus, the closer it is to a score of one, the more robust

he model is. 

ccuracy = ( TP + TN ) ∕ ( TP + TN + FP + FN ) (11)

1 − score = 2Recall × Precision∕ ( Recall + Precision ) (12) 

The choices of the 131 participants are classified using the model

esults in Table 1 while the Accuracy and F1-score of Tasks 1 to 6

re presented in Fig. 3 . The Accuracy of Expo and Max choice func-

ions generally fluctuated around 0.75, while the Accuracy of ratio func-

ion was less than 0.5. However, for the F1-score, this study observed

 wide range of fluctuations in the results for Expo and Max but the

ax average of Max equaled to zero. Despite the small range of fluc-

uations in the F1-score of Ratio, the overall value was small. In con-

lusion, the predicted choices from Expo and Max forms were much

ore accurate. However, the predictions made in this study are not

obust. 

. Conclusions and limitations 

To investigate the performance of the CPV in exit choice, three vari-

ble choice functions, namely Max, Expo, and Ratio, that integrated CPV

n decision-making were summarized and examined in this study. The

onfusion matrix was used to analyze the difference between experimen-

al data reported by Gao et al. [15] . The current CPV predicted results

nd the parameters of Accuracy and F1-score were evaluation indica-

ors. The Accuracy of the Max and Expo choice functional forms was

ignificantly higher than that of Ratio, while the averaged F1-score of

atio was generally the highest. Thus, the functional forms of Max and

xpo can provide a highly accurate prediction while the results from the

atio are much more robust. 

This study has several limitations. First, there was no social inter-

ction between evacuees. However, according to Song and Lovreglio

11] , Wang et al. [34] , individual level route or exit choice significantly

nfluences the building’s safety. Although there were only changes in

he external environment and no interactions with other evacuees, ir-

ational behavior and risk preferences were still evident [15] . Further-

ore, the exit choice behavior could be well predicted by the cumu-

ative prospect value in this study. This finding can form a founda-

ion for future studies exploring the impact of social interactions on

xit choice. Second, this study assumed that exit choice would remain

onstant during evacuation. Thus, exit choice involves each step of the

vacuation process and decision-making based on short-term (local) and

ong-term (global) choices [ 45 , 46 ]. Furthermore, the evacuees had to

ake choices on their final target from the different exits, and at each

tep (i.e., the movement), which involves making local route choices.

hus, the participants would be affected by this global target. Con-

ersely, the global choice could change as a consequence of local choice

ade based on the interactions of other evacuees and surrounding en-

ironments [ 47 , 48 ]. However, the evacuation scenario in this study

as quite simple. Consequently, it is reasonable to assume that evac-

ees received a commitment effect [49] , made a global decision and

aintained this commitment in a stable external environment. Thus, fu-

ure research should integrate local and global choice effects in complex

cenarios. 
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