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Modeling Pedestrian Tactical and Operational
Decisions Under Risk and Uncertainty:

A Two-Layer Model Framework
Rong Huang , Xuan Zhao , Yufei Yuan , Qiang Yu , Chengqing Liu, and Winnie Daamen

Abstract— Pedestrian tactical choices and operational move-
ment in evacuations essentially pertain to decision-making under
risk and uncertainty. However, in microscopic evacuation mod-
els, this attribute has been greatly overlooked, even lacking
a methodology to delineate the related decision characteristics
(bounded rationality and risk attitudes), let alone their effects on
evacuation processes. This work presents an innovative two-layer
floor field cellular automaton model framework, where three
intertwined sub-modules respectively dedicated to modelling
the exit choice, the locomotion movement and the exit-choice
changing behaviours are proposed and integrated as an entity.
By introducing various decision-making elements computed by
the proposed algorithm, Cumulative Prospect Theory (CPT) is
proposed for the first time to model the exit choice and locomotion
decision-making under risk and uncertainty. In the exit-choice
changing module, attractive and repulsive forces are invented
to jointly describe the tendency to revisit the routing decision.
Each sub-module and the whole framework are validated in
manifold indoor environments. The simulation results of the
modules with CPT accord with the empirics from the evacuation
experiments and are superior over those from the state-of-the-
art models. The degree of rationality and risk attitudes are
proven to have significant impacts on tactical and operational
decisions. Furthermore, irrational behaviour in decision-making
is not variably detrimental to locomotion efficiency of pedestrians.
The proposed framework can serve as an elegant tool to predict
pedestrian dynamics. The behavioural findings shed new light
on understanding and modelling the tactical and operational
decisions in evacuations.
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I. INTRODUCTION

INCREASING urban population leads to more frequent
mass gatherings featured with crowdedness, during which

catastrophic disasters may occur due to congestion, especially
in emergencies. To facilitate public safety, understanding,
estimating and predicting pedestrian evacuation behaviour is
of particular importance [1]. With the various advantages (e.g.,
low cost and no risk) in comparison to experiments, numerical
simulations become increasingly popular in pedestrian dynam-
ics research [2]. Different types of microscopic evacuation
models have been developed such as force-based models [3],
agent-based models [4], and rule-based models [5], [6]. As one
type of widely used rule-based models, the floor field cellular
automaton (FFCA) model enjoys merits in terms of flexibility,
extendibility and computation efficiency [5], [6], and thus has
a broad range of applications such as large-scale simulation
and real-time prediction [6].

These applications require the FFCA model efficiently and
accurately tackle the evacuation behaviour at the strategic,
tactical and operational levels [7]. Due to the complicated pre-
evacuation activities, it is difficult to precisely model various
behaviours at the strategic level [8]. In contrast, the latter two,
typically referred to as the exit or route choice behaviour
and the locomotion behaviour respectively [9], which have
relatively more clarified causation mechanisms and evolution
patterns that can be mathematically described, are the focus
of this paper. Since an evacuation is essentially a risk event,
and pedestrians are unlikely aware of all alternatives and/or
corresponding possibilities for each choice during evacuations
due to the limited perception ability (i.e., uncertainty), these
behaviours concern decision-making under risk and uncer-
tainty [7].

At the tactical and operational levels, utility theory (UT),
including expected utility theory (EUT) and random utility
theory (RUT), has reigned in the modelling of behaviour
decision-making. In this normative theory, it is assumed that all
possible outcomes and corresponding attributes are completely
known by decision-makers, who are perfectly rational to
achieve the maximization of utility [10]. The studies based
on UT provide significant insights into certain tactical and
operational behaviour patterns and determinants. However,
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UT has long been criticized for a series of violations (e.g.,
bounded rationality and skew risk attitudes) of its basic axioms
when employed to describe decision-making under risk and
uncertainty [24], [25].

To resolve the major violations of UT, an adequate descrip-
tive theory, Cumulative Prospect Theory (CPT), was pro-
posed [25] [26]. CPT frames the perceived outcomes as gains
and losses by a reference point and uses the value func-
tion and the weighting function to jointly describe people’s
choice behaviour under risk and uncertainty. It has been
applied to successfully model various travel-related behaviours
(e.g., [27]), and some studies indicated that CPT exhibits better
performance than EUT in capturing behaviour characteristics
(bounded rationality and risk attitudes) of decision-making
under risk and uncertainty (e.g., [28], [29]).

In the field of pedestrian dynamics, Mesmer and
Bloebaum [13] advocated the need for a behavioural model
that can capture pedestrians’ preferences on uncertainty in
the decision-making process. Recently, bounded rationality
and skew risk attitudes (risk-seeking or risk-aversion) have
also been observed in experiments [30], [31]. However,
in microscopic evacuation models, the risk and uncertainty
attributes of tactical and operational decisions have been
greatly overlooked, even lacking a methodology to delin-
eate the related decision characteristics (bounded rational-
ity and risk attitudes), let alone their effects on evacuation
processes.

To bridge the aforementioned gaps, this paper puts forward
an innovative two-layer FFCA model framework composed
of three sub-modules (exit choice, locomotion movement and
exit-choice changing modules). The main contributions of this
paper are as follows:

(1) Two novel behavioural modules based on CPT are pro-
posed to respectively model the exit choice and the locomotion
behaviours so that the impact of bounded rationality and risk
attitudes on evacuations are encapsulated.

(2) Attractive and repulsive forces are introduced to describe
pedestrians’ tendency to revisit the original decision in the
exit-choice changing module.

(3) The assessment from typical performance metrics
demonstrates that the three behavioural modules can reproduce
tactical and operational (including locomotion movement and
self-organized lane formation) decisions empirically observed
in various scenarios, and that CPT-based approach achieves
better performance than EUT-based approach (the state-of-the-
art approach). Besides, when compared with experiments, the
overall degree of match of the results from our locomotion
module is higher than that from the state-of-the-art CA model
(i.e., a discrete field CA model by Fu et al. [6]). And, the whole
framework is further validated using empirical data from three
case studies.

(4) The impacts of the decision-making preferences (i.e.,
the degree of rationality and risk attitudes) on the exit choice
and locomotion behaviours are for the first time systematically
revealed by a sensitivity analysis.

The structure of this paper is as follows: Section II reviews
related works focused on modelling tactical and operational
decisions. Section III proposes the FFCA model framework

and introduces the key parameters. Section IV calibrates
and validates the three sub-modules proposed in Section III
by empirical data, followed by sensitivity analyses on the
decision-making preference parameters and the validation of
the whole framework. Finally, the key findings of this paper
and recommendations for future research are concluded in
Section V.

II. RELATED WORK

Table I summarizes existing typical studies of tactical and
operational decision-making modelling according to the types
of approach, the capability of capturing bounded rationality,
risk attitudes and lane formation, and the implementation of
calibration and validation procedures. For a comprehensive
comparison, the proposed framework is also included and
assessed, the results of which are presented in bold in Table I.

A. Tactical Decision-Making Modelling

Tactical decision-making refers to the global route/exit
choice behaviour [2]. As the pioneers, Hoogendoorn and
Bovy [7] proposed a theory and model to describe this
behaviour under uncertainty based on UT. Beneficial from
the additivity of utility (or disutility) resulting from different
factors, one can flexibly incorporate the factors of interest
in the utility function. Thus, following a similar methodol-
ogy (i.e., UT), many models that focus on different factors
(e.g., environment, social influence, etc.) related to tactical
decision-making have been proposed and estimated (e.g., [11],
[12], [13], [14], [15], [16]). Recently, some studies deployed
the principle of minimizing time cost to model tactical deci-
sions (e.g., [17], [18]). However, none of them is capable
of capturing bounded rationality and risk attitudes in tactical
decision-making, let alone revealing their effects.

B. Operational Decision-Making Modelling

Operational decision-making refers to the short-range move-
ment choice behaviour [2]. Amongst many studies using the
FFCA model, the logit-based discrete choice model (belonging
to RUT) is used to determine the movement choice in each
time step (e.g., [5], [6], [19], [20], [21], [22]). However, the
traditional logit-based discrete choice model cannot capture
the decision-making characteristics in risky and uncertain sit-
uations. Recently, to resolve this problem, Gao et al. [23] inte-
grate the CA model with CPT. Since the exit and route choice
decision-making is achieved based on operational behaviour in
their model, it is essentially an operational-level model accord-
ing to [2]. In [23], to determine the objective outcomes and
occurrence probabilities of alternatives, measurement-based
accurate information is used. This operation deviates from the
real situations where pedestrians make decisions according to
perception-based uncertain information [13]. And, their work
did not calibrate the decision-making preference parameters of
CPT by empirical evacuation data but relied on the parameter
values obtained from studies [25], [26] in economics and
psychology, let alone conduct a sensitivity analysis to inves-
tigate the effect of each parameter. Moreover, although their
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TABLE I

SUMMARY OF THE EXISTING TACTICAL AND OPERATIONAL DECISION-MAKING MODELLING METHODS

model can describe the conscious locomotion movement, the
capability of reproducing lane formation, one of the significant
self-organized collective structures in bidirectional flows [2],
has so far remained unproven.

C. Summary

To conclude, this review clearly suggests that a cali-
brated and validated evacuation model framework that has the
capability of capturing pedestrians’ tactical and operational
decision-making preferences is absent in literature, and that
the extent to which the decision-making preferences impact
evacuations are still unclear. This study fills these gaps by
providing the first effort to develop such a framework and
uncover the effects of the decision-making preferences. Similar
to [23], CPT is used. Nonetheless, the objective outcomes
and occurrence probabilities of alternatives in our framework
are determined by perception-based uncertain information
obtained from a mimicked pedestrian reasoning process [32].
This is a more reasonable and interpretable means, compared

to the use of accurate information directly calculated from
mathematical functions in [23].

III. MODEL FRAMEWORK DEVELOPMENT

This section presents the modelling process of the proposed
FFCA model framework. First, the three sub-modules of
the framework, and their key components and parameters
are outlined. Next, the exit choice, exit-choice changing and
locomotion movement modules are introduced in detail, which
are integrated as an overall framework. Later on, the proposed
three modules will be calibrated and validated by empirical
data.

A. Overview of the FFCA Model Framework

The proposed FFCA model framework is defined on a
two-dimension discrete space and dedicated to the normal
evacuation situation where pedestrians evacuate as fast as
possible, but without pushing. In this context, many factors
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Fig. 1. Overview of the FFCA model framework. In each blue box, the
sub-items are the elements considered in the corresponding module. And,
each grey box represents a key process or component.

have been demonstrated to impact pedestrian tactical and
operational decisions, of which only two factors well validated
by empirical observations, i.e., distance and crowdedness [15],
are chosen to illustrate the fundamental theories and formu-
lations of the proposed framework. Nevertheless, it can be
flexibly extended to incorporate other influential factors related
to the evacuation outcome (e.g., fire products) by using the
information transformation procedures in this paper.

As shown in Fig. 1, this framework consists of two behav-
ioural layers, i.e., the upper tactical layer and the lower
operational layer. The former includes the exit choice and exit-
choice changing modules, and the latter corresponds to the
locomotion movement module. Based on the environmental
information, the algorithm proposed in another work [33] is
used to create the static floor field, which provides the static
navigation map for decision-making in these three modules.
This means that pedestrians are assumed to know the geomet-
ric layout (e.g., exits and obstacles) of the environment in our
framework, which is the underlying premise of the static floor
field algorithm [5], [33].

Once the exit choice is decided, pedestrians begin to conduct
the locomotion movement towards the destination. Besides
distance and crowdedness, the desired direction, the steering
behaviour, the movement inertia and the velocity updating
mechanism are also introduced to embody the movement char-
acteristics. In the process of moving to the exit, pedestrians
who tend to change the exit choice due to congestion could
be given the opportunity to revise the routing decision.

The tactical and operational decisions are modelled by
using CPT, characterized by the editing and evaluating phases.
Through these two phases, the prospects associated with dif-
ferent alternatives are calculated, based on which pedestrians
make decisions. The key notation for the three sub-modules
and the integrated framework is illustrated in Table XIV.

B. Tactical-Level Decision Modules

1) Exit Choice Module: The procedure for determining the
exit choice is denoted by EC-Determination(ST e, SDe, αE,
βE, λE, γE, δE, rn

dE
), shown in Algorithm 1 (see Appendix).

More details are illustrated in the ensuing sections.
a) Determining distance and crowdedness: For pedes-

trian n located in cell (i, j), distance dn,e
E is defined as the

Fig. 2. An example of the information transformation process (variable cn,e
E ).

The outcomes related to cn,e
E are modelled as losses as cn,e

E is disutility for
evacuation.

distance difference between the maximum distance to evacuate
from C and the distance of pedestrian n to exit e, given by (1).

dn,e
E = mD − De,(i, j )

C (1)

Crowdedness cn,e
E describes the potential resistance of mov-

ing to the candidate exits. To avoid the effect of crowd’s
un-uniform distribution, cn,e

E is determined by weighting path

resistance rne
E and density item max

{
ρe,1

E , ρe,2
E

}
, with consid-

eration of the exit width, shown in (2).

cn,e
E =

⎛
⎝0.5·rn,e

E + 0.5 ·max
{
ρe,1

E , ρe,2
E

}
we

E

⎞
⎠ · mW (2)

With

rn,e
E = 1

N(Sn,e
E )

∑Sn,e
E

(i, j )
ρe,(i, j ) (3)

where shortest path cell set Sn,e
E is determined by iteratively

searching the neighbouring cell along the desired direction
(given by (20)-(23)) of each cell from pedestrian n’s current
location to exit e.

b) Determining outcomes and probabilities: During evac-
uations, pedestrians receive perception-based uncertain infor-
mation rather than measurement-based accurate information
to judge the variable situations [13]. To reasonably mimic
pedestrians’ reasoning process, an information transformation
process using the techniques common in decision theory [32]
is implemented, illustrated in Fig. 2. At the lower level, the
fuzzy set theory is applied to transform the calculated dn,e

E
and cn,e

E values of each exit to the probabilistic information
(a common practice in literature, e.g., [34]). As such, the
calculated values are first normalized and then are respectively
reframed to the beliefs held by pedestrians, including the
grades and the corresponding degrees. Five linguistic grades
are considered as they are sufficient to distinguish information
with different strengths [34], defined by the Gauss function
in (4).

f (x) = exp

(
− (x − μl)

2

2σ l2

)
(4)
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where x = Norm (dE) or Norm (cE), and Norm (y) =
y/ max (y) represents the normalization operation for vector
y; μl is the mean related to the linguistic grades ([0, 0.25,
0.5, 0.75, 1] is set for [Very small (VS), Small (S), Medium
(M), Large (L) and Very large (VL)] respectively); σ l is the
standard deviation, set as 0.1.

After normalization and fuzzification, a mapping method
in [32] is used to transform the uncertain information from
the basic attributes in varying utility dimensions (in the lower
layer) to the assessment information of a common attribute
in the upper layer, so as to generate an overall evaluation
for the evacuation efficiency (outcomes) of different options.
Intuitively, a farther distance/higher degree of crowdedness
means a lower evacuation efficiency. The exactly one-to-one
mapping rule between the grades in the lower and upper layers
is used, as illustrated in Fig. 2, though the mapping preference
may be varied for different pedestrians. The lack of existing
knowledge regarding it necessitates such an operation in this
exploratory study. However, it does not induce any detriment
to the demonstration of the superiority of the proposed model
framework.

Finally, each grade j for an attribute i can be quantified by

the value h j,i = hi
max+ hi

max−hi
min

N( j )−1 ( j−1) ( j = 1, 2, . . . , N( j))

[32], where hi
min and hi

max are the minimum and maximum
values, and N( j) is the number of grades. Because it is diffi-
cult to determine hi

min and hi
max in each decision case, using

the normalized values becomes a practical operation [32], i.e.,
hi

min = τ · 0(−τ · 1), and hi
max = τ · 1(τ · 0). The value of τ

influences the sensitivity of decision-making to the variances
of CPT’s parameters, and a sufficiently sensitive response is
observed when τ = 100 based on a reiterative try-and-error
process. This way, two essential components of CPT, including
the evacuation outcomes and corresponding probabilities, can
be obtained.

c) Reference point, value function, and weighting func-
tion: According to the definition of dn,e

E and cn,e
E , they are

respectively utility and disutility for evacuation, and thus the
related outcomes are modelled as gains and losses respectively.
Accordingly, the reference point is set as zero.

The prospect induced by distance and crowdedness is cal-
culated separately using the same procedure, and thus that
related to distance is exemplified here to illustrate this process.
Assume that pedestrian n is faced with A alternatives (exits),
and alternative (exit) e consists of a set of potential outcomes
related to distance on,e,(−q)

dE
< . . . < on,e,0

dE
< . . . on,e,t

dE
, which

occur with probability prn,e,(−q)
dE

, . . . , prn,e,t
dE

, respectively.
Using a potential outcome j of exit e as an example, the
perceived value (V

(
on,e, j

dE

)
) is calculated by (5).

V
(

on,e, j
dE

)

=
⎧⎨
⎩

(

on,e, j

dE

)αE

on,e, j

dE
= on,e, j

dE
− on,e,0

dE
≥ 0

−λE

(
−
on,e, j

dE

)βE

on,e, j

dE
= on,e, j

dE
− on,e,0

dE
< 0

(5)

where on,e, j
dE

is evacuation outcome j of exit e induced by

distance, on,e,0
dE

is the reference point; αE and βE determine

pedestrians’ risk attitudes towards gains and losses respec-
tively; λE measures the degree of loss aversion.

The decision weight of potential outcome j is given by (6)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

w+
(

prn,e, j
dE

)
=

(
prn,e, j

dE

)γE

((
prn,e, j

dE

)γE +
(

1− prn,e, j
dE

)γE
) 1

γE

i f 
on,e, j
dE
≥ 0

w−
(

prn,e, j
dE

)
=

(
prn,e, j

dE

)δE

((
prn,e, j

dE

)δE +
(

1− prn,e, j
dE

)δE
) 1

δE

otherwi se

(6)

where w+ and w− represent the cumulative weighting function
for gains and losses, respectively; prn,e, j

dE
is the occurrence

probability of on,e, j
dE

; γE and δE reflect the degree of distortion
in subjective judgments of the occurrence probabilities of gains
and losses respectively.

Then, the cumulative prospect values (Pn,e
dE

) induced by
distance is calculated by (7)

Pn,e
dE
= Pn,e,+

dE
+ Pn,e,−

dE
(7)

With

Pn,e,+
dE

=
∑t

j=0
π

n,e, j,+
dE

· V
(

on,e, j
dE

)
(8)

Pn,e,−
dE

=
∑0

j=−q
π

n,e, j,−
dE

· V
(

on,e, j
dE

)
(9)

where Pn,e,+
dE

and Pn,e,−
dE

are the prospect of gains and losses
for exit e respectively; π+ and π− are the decision weights
for gains and losses respectively, given by (10)-(13).

π
n,e,(−q),−
dE

= w−
(

prn,e,(−q)
dE

)
(10)

π
n,e, j,−
dE

= w−
(

prn,e,(−q)
dE

+ . . .+prn,e, j
dE

)
−w−

(
prn,e,(−q)

dE
+ . . .+ prn,e,( j−1)

dE

)
,

1− q ≤ j ≤ 0 (11)

π
n,e, j,+
dE

= w+
(

prn,e, j
dE
+ . . .+ prn,e,t

dE

)
−w+

(
prn,e,( j+1)

dE
+ . . .+ prn,e,t

dE

)
,

0 ≤ j ≤ t − 1 (12)

πn,e,t,+
dE

= w+
(

prn,e,t
dE

)
(13)

In the CPT, αE, βE, λE, γE and δE control the degree of
rationality. A greater deviation of αE, βE, λE, γE and δE from 1
(perfect rationality) is, a higher degree of irrationality it is for
decision-makers. Also, αE and βE reflect the risk preference.
For gains/losses, a greater negative and positive deviation of
αE/βE from 1 (risk-neutral) indicates a greater degree of risk-
aversion/risk-seeking and risk-seeking/risk-aversion respec-
tively. When αE = βE = λE = γE = δE =1, CPT turns into
EUT, and thus it is a special version of CPT. This allows a
convenient performance comparison between CPT and EUT in
the proposed exit choice and locomotion movement modules.
The value of the decision-making preference parameters will
be determined by calibration using empirical data.
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d) Exit choice decision: Pedestrian n makes the decision
according to the synthetic prospect of exit e, calculated by (14)

Pn,e
E = rn

cE
· Pn,e

cE
+ rn

dE
· Pn,e

dE
(14)

where rn
cE

and rn
dE

are the proportion coefficients of prospect
values Pn,e

cE and Pn,e
dE

for pedestrian n respectively, and rn
cE
+

rn
dE
= 1; Pn,e

cE and Pn,e
dE

denote the prospect value resulting
from variables dn,e

E and cn,e
E for exit e, respectively.

Considering pedestrians’ cognitive errors, the probability of
choosing exit e is determined by the multinomial logit model,
shown in (15).

pn,e
E =

exp
(
Pn,e

E

)
∑

j exp
(

Pn, j
E

) (15)

2) Exit-Choice Changing Module: Although the exit-choice
changing behaviour is generally infrequent as observed in
real crowds [14], it is critically important for accurate and
realistic pedestrian evacuation simulations [35]. And thus a
novel method is proposed to allow the exit-choice changing
behaviour, described in Algorithm 2 (see Appendix), denoted
by ECC-Determination(ST e, SDe, Nn,e,0, Nn

O, Nn,t
EV, tn,e

BM,
Nn

EC, t , CR, CA).
To avoid unrealistically frequent exit-choice changing

behaviour, for each pedestrian n, the exit-choice changing
module is only activated after the locomotion movement
towards target exit e has begun, expressed as (16).{

tn,e
BM �= 0

tn,e
BM < t

(16)

To quantitatively depict pedestrians’ tendency of maintain-
ing or changing the original exit choice, two contradictory
elements, i.e., attractive and repulsive forces, are introduced.

The attractive force describes the stickiness to the original
decision, which is jointly determined by the relative distance to

target exit e

(
1− Dn,e,t

P
M(S De)

)
and the flow capacity

(
1− Nn,e,t

Nn,e,0

)
,

shown in (17).

An,e,t =CA ·
((

1− Dn,e,t
P

M (SDe)

)/
2+

(
1− Nn,e,t

Nn,e,0

) /
2

)3

(17)

The repulsive force consists of three components, deter-
mined by (18).

Rn,e,t = (CR)(1+Nn
EC)2 ·

(
1− exp

(
− f

(
Nn,t

EV

Nn
O

)
· Gn,e,t

R

))

(18)

With

Gn,e,t
R =

(
cn,e

E −min
(
cn,e

E

))
cn,e

E
(19)

where f (x) = x , if x < 1; 1, otherwise.
The first component is Gn,e,t

R , which quantifies the crowd-
edness level of target exit e relative to the least congested
exit. Intuitively, pedestrian n’s tendency of changing the exit
decision becomes larger as Gn,e,t

R increases. And, pedestrian n

is increasingly sensitive to the change of Gn,e,t
R as the number

of evacuated pedestrians known by pedestrian n increases.

This is described by coefficient f

(
Nn,t

EV
Nn

O

)
. Moreover, a penalty

factor for changing the decision,
(
1+ Nn

EC

)2, is introduced to
avoid frequent re-selection as empirical observations suggest
the infrequence of decision change in evacuations.

Finally, pedestrian n has a probability of (Rn,e,t − An,e,t )
to revise the exit choice. Since it is physically impossible
for pedestrians trapped inside a crowd to change the exit,
pedestrian n is allowed to make a decision change only
when he/she is potentially capable of moving towards the
updated exit. This trigger condition is described by a density
criterion [35] (i.e., Dn,e,t

L < 3 ped/m2).
CR and CA are the two key parameters of this module,

which will be calibrated by empirical data in the next section.

C. Locomotion Movement Module

After determining the aimed exit, each pedestrian can move
to one of its unoccupied neighbouring cells or stay still in each
time step. To allow the diagonal movement of pedestrians,
the Moore neighbourhood is used. Pedestrians’ locomotion
decisions are updated parallelly in each time step [5]. The
procedure of this module is depicted in Algorithm 3 (see
Appendix), denoted by LM-Determination(ST e, SFe, αM,
βM, λM, γM, δM, rn

dM
, t). More details are delineated under-

neath.
1) Determining the Desired Direction: In evacuation mod-

els, it is a common practice to assume that pedestrians head
towards the direction that makes them closer to the destination
(e.g., [3]), which is referred to as the desired direction,
determined by (20)-(21).

�D(i, j )
C

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(
Fe,(i+1, j )

C − Fe,(i−1, j )
C , Fe,(i, j+1)

C − Fe,(i, j−1)
C

)
∥∥∥(

Fe,(i+1, j )
C − Fe,(i−1, j )

C , Fe,(i, j+1)
C − Fe,(i, j−1)

C

)∥∥∥
2

i f N (�NC) = 8
(xmin − i, ymin − j)

‖(xmin − i, ymin − j)‖2
otherwi se

(20)

�D(i, j )
A

= arg min
k

{ �D(i, j )
C · �Dk | k = 1, 2, . . . , 8

}
(21)

With

(xmin, ymin)

= arg min
xl ,yl

{√
(xl − i)2 + (yl − j)2

∣∣ (
xl , yl

)}
(22)

(
xl, yl

)
= arg max

xk ,yk

{
F

e,
(
xk ,yk

)
C

∣∣ (xk, yk
)
∈ �NC

}
(23)

where �NC is the set of cell (i, j)’s available neighbour-
ing cells. Due to the discreteness of space, the calculated
desired direction �D(i, j )

C is converted to the actual desired
direction �D(i, j )

A .
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2) Steering to the Desired Direction: At time step t , each
pedestrian n located in cell (i , j) has a probability to change
its orientation to �D(i, j )

A . The steering probability Pn,t
S is given

by (24).

Pn,t
S = ωn · SL

vmax · arccos

( �Dn,t−1· �D(i, j)
A

‖ �Dn,t−1· �D(i, j)
A ‖2

) (24)

In addition to a positive correlation with the pedestrian
angular speed, Pn,t

S decreases with increasing steering angle,
which accords with the fact that the greater the angle, the
longer it takes for pedestrians to steer.

3) Updating the movement velocity: Pedestrian n will adjust
the velocity to accommodate to the changing environment at
time step t . This is implemented by (25) [40].

vn,t = vn
F ·

(
1− exp

(
−r ·

(
1

ρn,t
− 1

ρmax

)))
(25)

where r=1.913 is a factor; ρn,t is the density within a circular
area with pedestrian n as the centre and a radius of LSZ at time
step t , and ρmax = 1

S2
L

persons/m2 is the maximum density.

The updated velocity determines the movement probability
(vn,t/vmax) of pedestrian n at the current time step.

4) Determining Distance and Crowdedness: For each can-
didate movement direction �Dk with the neighbouring cell
reachable by pedestrian n, distance dn,k

M is determined by (26).

dn,k
M = 1

N
(
�n,k

SZ

) ∑(
xn,k

SZ ,yn,k
SZ

)
∈�n,k

SZ

F
e,

(
xn,k

SZ ,yn,k
SZ

)
C (26)

Crowdedness cn,k
M is the arithmetic sum of three compo-

nents, two cell-level movement resistance elements (cn,k,1
M and

cn,k,2
M ) in the short-range visual zone, and a lane-level move-

ment resistance element (cn,k,3
M ) in the long-range anticipation

zone.
cn,k,1

M and cn,k,2
M identify which cell (direction) is less

crowded to guide pedestrians to manoeuvre through dense
crowds, calculated by (27)-(28), shown at the bottom of the
next page, where T =1, if

(
xn,k

SZ , yn,k
SZ

)
is occupied by a

pedestrian; 0, otherwise. T ′=1, if
(

xn,k
SZ , yn,k

SZ

)
is occupied by

pedestrian n′; 0, otherwise. ωn,n′ = arccos

(
�Dn,t · �Dn′,t∥∥∥ �Dn,t · �Dn′,t

∥∥∥
2

)
.

cn,k,3
M reflects another common operation of pedestrians,

that is, they estimate the potential movement route of others
in front to adjust the aimed movement lane for avoiding
prospective collisions in advance, calculated by (29).

cn,k,3
M = 1

N
(
�n,�

LZ

) ∑(
xn,�

LZ ,yn,�
LZ

)
∈�n,�

LZ

×
∑LLZ/SL

n=1 λn·SL
LZ · T ′′ · ωn,n′′

π · sign
(
ωn,n′′

)
∑LLZ/SL

n=1 λn·SL
LZ

(29)

With (
xn,�

LZ , yn,�
LZ

)
= (i, j)+� · �v (30)

where T ′′ = 1, if
(

xn,�
LZ + n·x �Dn,t

, yn,�
LZ + n·y �Dn,t

)
is occu-

pied by pedestrian n′′; 0, otherwise. sign
(
ωn,n′′

)
= ωn,n′′ ,

if π
2≤ωn,n′′ ; 0, otherwise. ωn,n′′ = arccos

(
�Dn,t · �Dn′′,t∥∥∥ �Dn,t · �Dn′′,t

∥∥∥
2

)
.

n ∈Z+, � ≤ LSZ/SL and � ∈ Z+.�v is a vector solved by
equation constraints (see Algorithm 3 in Appendix).

5) Locomotion Decision: For candidate movement direc-
tion �Dk , once distance (dn,k

M ) and crowdedness (cn,k
M ) are

determined, the prospect values can be calculated using the
aforementioned procedures.

Then, pedestrian n makes the locomotion decision according
to the prospect values of the candidate directions, with a
tendency of following others and moving towards the desired
direction. Due to the inertia effect, the walking velocity
decreases when pedestrians move towards a direction that
deviates from the desired direction. A function in [36] is used
to describe this characteristic, shown in (31).

wn,k
M = exp (−0.09 |θ1|) (31)

where θ1 ∈ [−π, π] is the angle (in radians) between �Dn,t

and �Dk .
Thus, the movement probability is determined by (32).{

wn,k
M · pn,k

M Moving towards �Dk

1−
∑

k
pn,k

M Staying still
(32)

With

pn,k
M =

exp
(

Pn,k
M + KDF · DFk

)
∑

k exp
(

Pn,k
M + KDF · DFk

) (33)

Pn,k
M = rn

dM
· Pn,k

dM
+ rn

cM
· Pn,k

cM
(34)

where rn
dM

and rn
cM

are the weights of variables dn,k
M and

cn,k
M respectively, and rn

dM
+ rn

cM
= 1; Pn,k

dM
and Pn,k

cM are the

prospects resulting from variables dn,k
M and cn,k

M respectively;
KDF is the sensitivity parameter of the dynamic field, and DFk

is the dynamic field value of �Dk .
If the target cell is occupied by other pedestrians, pedestrian

n will stay still. In case of conflicts where more than one
pedestrian target a cell, one of pedestrians is randomly selected
to implement the movement.

D. The Integrated FFCA Model Framework

The proposed three sub-modules are integrated as a FFCA
model framework, denoted as FFCA(NO, C) (see Algorithm
4 in Appendix). In the next section, the three sub-modules
and the whole framework will be calibrated and validated by
empirical data.

IV. SIMULATION SETUPS AND RESULTS

We performed simulations of case studies for the three
sub-modules and also the integrated FFCA model framework
under the five basic assumptions unless specified otherwise.
First, each pedestrian occupies one cell, and the size of
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Fig. 3. Physical setups of series A (a) and B (b) experiments used in
the simulations of tactical-level decision modules. The black grids denote
obstacles and walls. The red dashed box denotes the holding area where the
participants are distributed.

each cell is set as 0.4 m × 0.4 m (SL=0.4), which corre-
sponds to the typical area occupied by a pedestrian in real
crowds [37]. Second, the hard core exclusion principle is
followed [38], i.e., overlapping between pedestrians and/or
obstacles is unallowable. Third, due to the lack of individual
decision-making empirical data, the homogeneity of crowds is
assumed so as to represent all pedestrians’ decision-making
preferences by one set of values in this work [28]. Forth, the
free velocities of pedestrians follow the normal distribution
vn

F ∼ N(1.34, 0.342), and KDF is set as 0. Fifth, according to
the previous works [26], [39], [40] and the prior simulations,
the initial range of each parameter before calibration is set as
follows: αE/αM and βE/βM ∈ (0, 2], λE/λM ∈ [1, 3], γE/γM
and δE/δM ∈ (0, 1], rn

dE
/rn

dM
∈ [0, 1], and CR and CA ∈ [0, 1].

These assumptions have been widely recognized and used in
existing studies (e.g., [5], [6], [28], [33], [38]).

Moreover, based on a preliminary analysis using the prin-
ciple in [41], 30 runs will be repeated for each simulation
to ensure that any difference in simulations with varying
parameters is not incurred by the stochasticity of the model.
The ensuing section presents the simulation setups and results
of the case studies.

A. Simulation Setups

The proposed framework is coded into MATLAB R2021b.
A desk computer with an Intel Core i5, 3.1 GHz processor
and 6 GB of RAM is used to perform the simulations. Table II
presents an overview of the key parameters and the simulations
related to each parameter. As an efficient optimization method,
the genetic algorithm (GA) is respectively used to search
the parameter values with the minimum predefined error in

the three sub-modules [42]. The GA is terminated when the
goodness-of-fit has little improvement (i.e., less than 0.001)
for consecutive 10 rounds. 10 runs with different seeds of
initial chromosomes are repeated [42], [43]. The same optimal
parameter set is obtained in all the simulation runs, which
indicates the robustness of the optimization results. In the
later sensitivity analysis, all the decision-making preference
parameters except the one to be tested are kept as the calibrated

value. Moreover, as the tactical decisions are jointly deter-
mined by the exit choice and exit-choice changing modules,
they will be calibrated and validated together. According to
the well-established principles in [16], [45], and [47], the
assessment metrics and the scenarios used in the calibration,
validation, and simulation analyses are determined, as illus-
trated in the ensuing parts.

1) Tactical-Level Decision Modules: Experiment runs
A_1∼A_10 and B_1∼B_6 originally presented in [14] for
understanding the route choice behaviour are simulated.
To determine the locomotion decisions in simulations, the
locomotion movement module that is calibrated and validated
in the latter section is used. Details related to these two
series of experiments are shown in Fig. 3 and Table III.
The experimental data processed by Liao et al. [14] are
publicly available and thus directly used in this paper. The
different experiment runs with similar initial conditions (i.e.,
A_1∼A_2 and A_3∼A_8) are regarded as one experiment,
and finally 10 experiments (indicated by T_1 to T_10) are
obtained, see Table III. To ensure the same initial condition
between experiments and simulations, the initial positions of
participants in holding area I and the flow pattern over time of
participants in holding area II are extracted from the trajectory
data and fed into the framework.

Although this paper aims to obtain a generic parameter
set that is applicable to different scenarios, pedestrians in
experiments T_6∼T_8 and the remaining experiments are
found to exhibit systematically different decision-making char-
acteristics in prior simulations. Thus, the 10 experiments are
classified into two sets, and the calibration and validation of
the tactical-level decision modules are separately conducted
on

each experiment set, see Table III. Two experiments in set 1
and five experiments in set 2 are used for calibration and
the remaining experiment(s) for validation and performance
comparisons with the module using EUT (see Table III).

In the tactical-level modules, eight parameters are cali-
brated, shown in Table II. The performance of each para-
meter set is assessed by the squared error resulting from

cn,k,1
M =

∑(
xn,k

SZ ,yn,k
SZ

)
∈�n,k

SZ
exp

(
−

∥∥∥(
i − xn,k

SZ , j − yn,k
SZ

)∥∥∥
2

/
LSZ

)
· T

∑(
xn,k

SZ ,yn,k
SZ

)
∈�n,k

SZ
exp

(
−

∥∥∥(
i − xn,k

SZ , j − yn,k
SZ

)∥∥∥
2

/
LSZ

) (27)

cn,k,2
M =

∑(
xn,k

SZ ,yn,k
SZ

)
∈�n,k

SZ
exp

(
−

∥∥∥(
i − xn,k

SZ , j − yn,k
SZ

)∥∥∥
2

/
LSZ

)
· T ′ · ωn,n′

∑(
xn,k

SZ ,yn,k
SZ

)
∈�n,k

SZ
exp

(
−

∥∥∥(
i − xn,k

SZ , j − yn,k
SZ

)∥∥∥
2

/
LSZ

) (28)
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TABLE II

PARAMETERS AND THE RELATED SIMULATIONS IN THE TACTICAL AND OPERATIONAL DECISION MODULES

TABLE III

DETAILS RELATED TO SERIES A AND B EXPERIMENTS [14] USED IN THE SIMULATIONS OF TACTICAL-LEVEL DECISION MODULES

TABLE IV

DETAILS RELATED TO THE EXPERIMENTS [44] USED IN THE SIMULATIONS OF THE LOCOMOTION MOVEMENT MODULE

three aspects that include six metrics affected by tactical
decisions, i.e., two metrics for the exit choice behaviour:
the exit shares (ES) and the individual-level exit choice
matching proportion (IEMP), two metrics for the exit-choice

changing behaviour: the average timing of changing the exit
choice (ATCE)and the frequency of changing the exit choice
(FCE), and two metrics for the whole evacuation process:
the total evacuation time (TET) and the mean of individual
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Fig. 4. Layout of the three movement scenarios used in the simulations of the locomotion movement module. The hatched areas represent the measurement
areas; the dashed blue lines indicate the location where the FR is measured and the grey area in (a) indicates the waiting area of pedestrians; the red and blue
arrows indicate the flow directions.

evacuation times (MIET). Specifically, IEMP measures the
average degree of match between simulations and experiments
in terms of individual exit choices and thus is a mesoscopic
metric. The timing of changing the exit choice is defined as
the ratio of the time until a pedestrian changes the exit to
his/her total evacuation time. The final objective is formulated
as (35) using the weighted sum method [48].

distE = 1

N1
E N2

E

∑N1
E

i=1

∑N2
E

j=1
disti, j

E (35)

where N1
E and N2

E are respectively the number of the exper-
iments and the assessment aspects; disti, j

E is the average
normalized squared error of the two metrics from aspect j
for experiment i , calculated by (36).

disti, j
E =

1

2
·
(

Mi, j,1
sim −Mi, j,1

exp

Mi, j,1
norm

)2

+ 1

2
·
(

Mi, j,2
sim − Mi, j,2

exp

Mi, j,2
norm

)2

(36)

where Msim and Mexp are respectively the simulated and
observed values of the metric, and superscripts 1 and 2 respec-
tively represent the two metrics related to aspect j ; Mnorm is
the value used for normalization [47]. Specifically, for IEMP,

Mexp = 1, and Msim = 1
Ni

p

∑Ni
P

k=1
Ni,k

M
NR

, where Ni
P is the

number of pedestrians in experiment i , NR is the number
of simulation runs, and Ni,k

M is the number of simulation
runs where pedestrian k’s exit choice is matched with that
in experiment i .

After calibration and validation, setups T_4, T_6 and T_10
(one experiment for each type of physical setups or pedestrian
distributions) are used to investigate the impact of the decision-
making preferences on the exit choice behaviour based on
metrics ES and IEMP in a sensitivity analysis (see Tables II
and III). Through these analyses, we aim to determine whether
these two sub-modules can well describe the tactical decisions
in real life and to which extent CPT performs better than
EUT in respect of mimicking the exit choice behaviour, and

to reveal how the decision-making preferences influence the
exit choice behaviour.

2) Locomotion Movement Module: To calibrate and validate
this module, three movement scenarios from the HERMES
project [44], i.e., a bottleneck flow, a bidirectional flow
and a unidirectional corner flow, are chosen so as to cover
pedestrian movement behaviour in different traffic infrastruc-
tures [2], [46]. To reduce the computational burden, for each
scenario, only a high density variant is selected for calibration,
as suggested in [46], see Table IV. In the later validation and
performance comparisons with the module using EUT and the
model of Fu et al. [6], both the high and low density variants
of each scenario (except for the bottleneck flow scenario which
only has a high density variant) are used to comprehensively
assess the model performance at the situations with different
density levels, see Table IV. Correspondingly, Fig. 4 shows
an overview of the layout of the scenarios used in simulation
analyses.

The measures suggested by [47] are conducted to ensure a
similar initial condition between simulations and experiments
(e.g., flow pattern over time). Moreover, in setups M_2 and
M_6, KDF is set to 0.3, and it is 0.8 in setup M_7. This
is because in a lower density scenario a stronger herding
tendency is needed for pedestrians to follow the persons’ steps
in front.

Using the GA, six parameters are calibrated (see Table II).
The fitness of each parameter set is comprehensively assessed
by three movement metrics (two macro-level metrics: the
flow rate (FR) and the density distribution (DD), one meso-
level metric: the travel time distribution (TTD)) [46] and one
self-organization phenomenon metric (one macro-level metric:
average order parameter (AOP)) [49].

Flow rate (FR). it is the average flow rate (in p/s/m) of
passing a predefined cross-section during the measurement
period.

Density distribution (DD). the density of each cell is
defined as the time (in percentage) it is occupied during the
measurement period.
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Travel time distribution (TTD). it is the distribution
(described by the mean (μMT) and the standard deviation
(σMT)) of the time (in s) taken by a pedestrian to traverse
the measurement area.

Average order parameter (AOP). it is a parameter quan-
tifying lane formation, defined in (37) [22].

�OP = 1

TOP

∑TOP

t=1
ϕt

OP (37)

With

ϕt
OP =

1

Nt
OP

∑Nt
OP

n=1
φt,n

OP (38)

φt,n
OP =

(
φt,n

OP,same − φt,n
OP,diff

)2

(
φt,n

OP,same + φt,n
OP,diff

)2 ∈ [0, 1] (39)

where TOP is the measurement duration (in s); ϕt
OP is an

instantaneous order parameter reflecting how pronounced lanes
are formed at t (the closer ϕt

OP is to 1, the more pronounced
the self-organized lane formation is); Nt

OP is the number of
pedestrians in the measurement area at t; φt,n

OP,same is the
number of pedestrians who have the same target exit as
pedestrian n and move in n’s lane at t , and φt,n

OP,diff is the
number of pedestrians who have a different target exit as
pedestrian n and move in n’s lane at t .

Note that the above metrics are only calculated at the
defined measurement period [47]. This is to ensure that
pedestrians experience the desired density level that is con-
sidered [47]. And, AOP is only determined in the bidirec-
tional flow scenario. The normalized squared error related
to the macroscopic and mesoscopic metrics is calculated by
(40)-(41) respectively [46].

distM,ma = 1

N2
M

∑N2
M

k=1

⎛
⎝∑N1

M
q=1 Mk,q

sim/N1
M − Mk

exp

Mk
norm

⎞
⎠

2

(40)

distM,me = 1

2
·
(

Msim,μ − Mexp,μ

Mnorm,μ

)2

+ 1

2
·
(

Msim,σ − Mexp,σ

Mnorm,σ

)2

(41)

where N2
M is the number of travel directions in case of FR,

the number of cells in case of DD, and 1 for AOP; N1
M is the

number of simulations; Msim and Mexp respectively correspond
to the simulated and observed values of the metric;Mnorm is
the value used for normalization [47].

Finally, the objective function is given by (42).

distM = 3

4
·
(

1

N3
M N4

M

∑N3
M

i=1

∑N4
M

j=1
disti, j

M

)
+ 1

4
· distM,�op

(42)

where N3
M and N4

M are, respectively, the number of scenarios
and movement metrics; disti, j

M is the normalized squared error
between the simulated and observed values of movement
metric j in scenario i ; distM,�op is the normalized squared
error between simulated and observed values of �op.

To make a fair comparison with the model of Fu et al. [6],
the parameters of their model have to be first determined.
The sensitivity parameter value of the dynamic field is set
the same as that in our module (i.e., 0). As for the sensi-
tivity parameter value of the static field, the aforementioned
calibration procedures are applied to find the optimal value.
Other parameters are determined by reproducing their work
in one of the scenarios in [6] (for more details, the reader is
referred to [33]). Due to the creation of jamming in setups
M_2 and M_6 (bidirectional flow) given the chosen parame-
ter setting (indicated by the prior simulations), Fu et al.’s
model will not be tested and compared in bidirectional flow
scenarios.

Moreover, sensitivity analyses are conducted to explore the
impacts of the decision-making preferences on the locomotion
efficiency of the pedestrian system by taking setups M_4, M_6
and M_8 as examples (one experiment for each movement
scenario), see Tables II and IV. To this end, the whole
evacuation process from the three setups is simulated, during
which the mean of individual evacuation times (MIET) and
the flow rate (FR) are measured. The evacuation from setup
M_4 is regarded as the evacuation from a square room with
one exit.

The main objective of these analyses is to determine whether
the proposed locomotion movement module can reproduce the
locomotion behaviour in real life (including locomotion move-
ment and self-organized lane formation) and to evidence the
performance advantages over the counterpart models, as well
as to reveal how the decision-making preferences influence the
system’s locomotion efficiency.

3) The Integrated Framework: After the calibration and
validation of each sub-module, to further evidence the validity
of the whole framework in various scenarios, three real-life
evacuations performed in different indoor environments are
simulated. The average and the standard deviations of the exit
shares (ES) and the evacuation times (ET) are measured in
each simulation case.

The first case is the evacuation from a classroom with two
exits [50], as shown in Fig. 5 (scene a). With the two exits
half opened or completely opened, two evacuation experiments
were conducted using 40 students. In this case, each cell
occupies an area of 0.5 m × 0.5 m [50].

In the second case, the experiments performed by [51] are
simulated. In their experiments, three groups composed of 10,
20 and 30 students were respectively instructed to complete 8,
8 and 16 evacuation experiments in a classroom with two exits,
with varying student distributions in different experiments. The
layout and the student distribution in one of the experiments
are shown in Fig. 5 (scene b). According to [51], the size of
each cell is 0.5 m × 0.5 m.

The third case concerns the evacuation from two rooms
connected by up to three doors [52], as illustrated in Fig. 5
(scene c). To investigate the route choice behaviour, 46 stu-
dents were instructed to pass through the experiment sce-
nario as fast as possible when different doors are avail-
able, i.e., (1) only door 1 available, (2) doors 1 and 2
available, (3) doors 1 and 3 available, and (4) all doors
available.
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Fig. 5. Layout of the scenarios used for the simulations of the integrated framework. In scene a, exits 1 and 2 are half opened. The red circles represent the
students standing in/sitting at the assigned positions.

TABLE V

A SUMMARY OF THE SIMULATION SETUPS

TABLE VI

CALIBRATED PARAMETER VALUES FOR EXPERIMENT SETS 1 AND 2

4) Summary: The simulation setups for the calibration
and validation of three sub-modules and the overall model
framework are summarized in Table V.

B. Results

This section presents the results of the case studies designed
for each sub-module and the overall model framework
to demonstrate the validity of the proposed algorithms in
Section III.

1) Tactical-Level Decision Modules:
a) Calibration, validation and comparison: Table VI

shows the set of parameter values with the best fitness for
experiment sets 1 and 2. The results suggest that pedestrians
are not risk-neutral and perfectly rational in making exit
choice decisions. It can be seen that the main discrepancy
between these two parameter sets lies in the value of βE,
λE, rn

dE
and CA. First, in setups T_6-T_8, the distribution

of pedestrians is highly non-uniform, and thus the payoffs
resulting from distance and crowdedness are contradictory. It is
harder for pedestrians to make the optimal decision and thus

irrationality and skew risk attitudes are more likely to occur.
Accordingly, a much lower βE (a higher degree of risk-seeking
for losses) is observed in parameter set 1 than in set 2. This
corresponds to a lower degree of loss aversion (a lower λE).
It is also intuitively understandable that pedestrians in setups
T_6-T_8 show a lower degree of stickiness to their original
exit choice compared to those in other setups (i.e., a lower
value of CA in parameter set 1). Moreover, Liao et al. [14]
and Luo et al. [53] found that the weight of “distance to
exit” diminishes in pedestrians’ tactical decision-making when
the difference in the distances to the exits becomes smaller.
Consistent with their findings [14], [53], the value of rn

dE
in

parameter set 2 is shown to be lower than set 1. The results
imply that the tactical decision-making characteristics (e.g.,
preferences, weights of influential factors) vary, depending on
the spatial environment of pedestrians.

The simulation errors related to the calibrated parameter
values are listed in Table VII. It shows that the results from
simulations are close to those from experiments except some
cases related to metrics ATCE and FCE, which can also be
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Fig. 6. Calibration and validation results of the tactical-level modules.

TABLE VII

THE SIMULATION ERRORS RELATED TO THE CALIBRATED PARAMETER SETS FOR THE TACTICAL-LEVEL DECISION MODULES

seen in Fig. 6 (c) and (d). This could be ascribed to the
scarce data related to the exit-choice changing behaviour due
to its infrequency [14]. However, in both the calibration and
validation, the coincidence degree between the simulated and
observed results is high regarding metrics ES, IEMP, TET
and MIET (shown in Fig. 6 (a), (b), (e) and (f)), which are
the more common metrics used to represent the performance
related to the tactical-level decisions in practical applications
(e.g., behavioural optimization). The remaining discrepancies
between the simulated and experimental results should be
ascribed to factors other than distance and crowdedness that
influence the tactical-level decisions, e.g., imitative behav-
iour [35], and individual heterogeneity [54].

Table VIII shows the prediction errors of the module with
CPT and the module with EUT in simulating the exit choice
behaviour. It can be seen that there are only three cases

(denoted by the sign (∗)) where the error of the module with
CPT is slightly higher than that of the module with EUT. For
quantitative comparisons, the relative error between these two
modules is also computed in Table VIII. The results suggest
that by-and-large, the module with CPT is superior to the
module with EUT, with a 34.75% improvement in the predic-
tion performance on average. This should be ascribed to the
capability of CPT to delineate irrational decision-making pref-
erences, and thus pedestrians’ misinterpretations and human
errors could be captured, leading to higher prediction accuracy.
Moreover, greater prediction errors are found in setup T_6,
compared with setups T_4 and T_10. As aforementioned,
this should be ascribed to a higher degree of irrationality
and skew risk attitudes of pedestrians in setups T_6-T_8,
which makes it more difficult to predict the tactical-level
decisions. Correspondingly, the module with CPT also has a
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TABLE VIII

THE PREDICTION ERRORS RELATED TO THE MODULE WITH
CPT AND THE MODULE WITH EUT

more prominent absolute error advantage in setup T_6 (e.g.,
0.035 vs. 1.253).

b) Impacts of the decision-making preferences on exit
choice: Fig. 7 shows the results of the sensitivity analyses
related to metrics ES and IEMP. It can be seen that the
direction of the effect of the decision-making preferences
on the exit choice behaviour is similar in different setups,
though the magnitude is varied. This suggests that our findings
are by-and- large generic, independent of the evacuation
setups.

In relation to the risk attitudes towards gains and losses
(αE and βE), an opposite effect is observed (see Fig. 7 (a-1),
(b-1) and (c-1)). And, an intermediate amount of deviation
from 1 for αE and βE leads to the simulated exit choice
behaviour closest to the observed one, too large or too small
would make certain exits under-used or over-used. when αE/βE
is lower than 1, pedestrians are risk aversive/risk seeking
for gains/losses. It means that pedestrians prefer the exits
with a sure gain to those with a substantial probability of
a higher gain, while this is converse for losses, that is,
the exits with a substantial probability of a larger loss are
preferred over those with a sure loss. As αE/βE increases
to exceed 1, the risk attitudes transition to risk-seeking/risk-
aversion for gains/losses. And thus the responses of the exit
choice behaviour to αE and βE are reverse each other. As for
the degree of sensitivity to losses over gains (λE), the degree
of match between the simulated and observed results generally
increases with increasing λE (see Fig. 7 (a-2), (b-2) and
(c-2)). In contrast, a high degree of distortion in probability
judgment for losses and gains (i.e., low values of γE and δE)
invariably exacerbates the discrepancy between the simulated
and observed exit choice behaviour (see Fig. 7 (a-3), (b-3)
and (c-3).

These results demonstrate the significant impact of the
degree of rationality and risk attitudes on the exit choice
behaviour at the macro (ES) and mesoscopic (IEMP) levels
and thus suggest the importance of incorporating them in
modelling exit choice decision-making.

TABLE IX

CALIBRATED PARAMETER VALUES

2) Locomotion movement module:
a) Calibration, validation and comparison: The parame-

ter set implying irrationality and skew risk attitudes is found to
have the optimal performance, see Table IX. In the model of
Fu et al., the calibrated sensitivity parameter value of the static
field is 1.7 (the original value is 2 or 0.8 in Fu et al. [6]). The
simulation errors related to the calibrated parameter values of
our and Fu et al.’s models are listed in Table X. It shows
that the errors of all metrics except the DD are very small
in both models, which justifies the calibration results. The
relatively large error of the DD could be ascribed to the lack of
details regarding the boundary conditions of the experiments,
as indicated in [46].

Table XI shows the simulation performance of the module
with CPT, the module with EUT and Fu et al.’s model in
the six experiments of the three movement scenarios used
for validation, which is assessed by the errors between the
simulated and observed values of the four metrics. In the
module with CPT, an error value close to zero is obtained
for the FR in all setups, and the errors of the TTD and
AOP are also rather low (less than 0.1) in setups M_6, M_7,
M_8 and M_9. These results demonstrate the capability of the
module with CPT to reproduce the locomotion movement in
bottleneck flow, bidirectional flow and unidirectional corner
flow scenarios. Moreover, it can be seen that the errors of
the module with CPT are all smaller than that of the coun-
terpart models except the four cases as follows. Specifically,
compared with the module with CPT, the module with EUT
performs better for the DD in M_6 and M_7 (denoted by the
sign (∗)) and Fu et al.’s model performs better for the FR
and TTD in M_5 (denoted by the sign (∗∗)). For quantitative
comparisons, the relative error between our module and the
counterpart models is also calculated and listed in Table XI.
It is found that compared with the module with EUT and the
model of Fu et al., the errors of the module with CPT are
respectively reduced by 36.6% and 47.6% on average. Thus,
in general, the results from the module with CPT are closer
to those from experiments. This should be ascribed to the fact
that our module includes a comprehensive decision-making
process (compared with Fu et al.’s model) and are able to
delineate irrational decision-making preferences (compared
with the module using EUT).

To better investigate the capability of our module to repro-
duce the lane formation phenomenon, the time series of the
instantaneous order parameter ϕt

OP during the measurement
period in the three illustrative setups with different density lev-
els (i.e., approximately 2.5, 2.0 and 0.7 per/m2 in setups M_2,
M_6 and M_7 respectively) in experiments and simulations
using our module and Huang et al.’s model [33] are shown in
Fig. 8 (a). The closer ϕt

OP is to 1, the more pronounced the lane
formation phenomenon is. It can be found that in our module
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Fig. 7. The sensitivity of the exit shares (ES) and the individual-level exit choice matching proportion (IEMP) to the decision-making preferences in setups
T_4, T_6 and T_10. In the plots, numbers ‘1’, ‘2’, ‘3’, and ‘4’ respectively represent the left, right, up, and bottom exits. The observed ES in each setup is
also presented in the corresponding middle plot by the black lines.

TABLE X

CALIBRATION RESULTS OF THE LOCOMOTION MOVEMENT MODULE AND THE MODEL OF FU ET AL. [6]

though the simulated ϕt
OP is lower than that of the experiment

at the beginning of the measurement period in some cases,
it fast increases to a stable value after a certain period.
According to the evaluation method defined in [49], under
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TABLE XI

VALIDATION AND COMPARISON RESULTS OF THE MODULE WITH CPT, THE MODULE WITH EUT AND THE MODEL OF FU ET AL.
BASED ON THE ERROR FROM THE FOUR METRICS

Fig. 8. Results related to lane formation during the measurement period in experiments and simulations. Plot (a) shows the time series of ϕt
OP in setups M_2,

M_6 and M_7 in experiments and simulations using our module and Huang et al.’s model [33]. Plots (b) and (c) respectively show the trajectory snapshots
of setup M_2 in the experiment and simulation using our module, where the blue circles denote the pedestrians moving from the left to the right.

the density condition of 2.0 per/m2, a stable state with the
formation of lanes is developed much faster in our module than
in Xu et al.’s model [49] (16.8 s vs. more than 75 s). It means
that our module is able to rapidly lead to the formation of

lanes. Moreover, in setups M_2, M_6 and M_7, the average
ϕt

OP in the stable stage is respectively 0.85, 0.85 and 0.77 for
our module, whereas this value is respectively 0.70, 0.73 and
0.66 in the same simulation conditions using Huang et al.’s
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Fig. 9. Effects of the decision-making preferences on the mean of individual evacuation time (MIET) and the flow rate (FR) in setups M_4, M_6 and M_8.

model [33]. This indicates that our module performs much
better than Huang et al.’s model [33] in reproducing lane
formation (see Fig. 8 (a)). Taking setup M_2 as an example,
the lane formation processes in the experiment and simulation
using our module are visualized in Fig. 8 (b) and (c). It can be
seen that in the simulation an ordered state with three lanes is
first developed and then transitions to a two-lane state, which
is similar to that observed in the experiment. These results
demonstrate the capability of our module to reproduce lane
formation in different density situations.

b) Impacts of the decision-making preferences on loco-
motion efficiency: According to the evacuation time and flow
rate sensitivity analyses shown in Fig. 9, the sensitivity of
the locomotion efficiency to the decision-making preference
parameters is basically consistent in the three types of move-
ment scenarios. This suggests the generalizability of our
findings. In terms of the meso-level metric (the MIET) and
the macro-level metric (the FR), the results suggest that the
former measure to some degree can more acutely capture the

variance of the system’s locomotion efficiency (as shown in
Fig. 9 (b-2) and (b-3)).

As for the impact of the parameters related to risk atti-
tudes (αM and βM), a non-monotonic effect is observed.
Zero deviation from 1 for αM/βM (i.e., risk-neutral) is not
necessarily optimum for the system of pedestrians, and slightly
skew risk attitudes could make the system more efficient
(see Fig. 9 (a-1), (b-1) and (c-1)). When αM/βM is close
to 0, pedestrians are significantly insensitive to the poten-
tial increase/decrease of gains/losses and thus preferred to
the cells with a sure gain/a substantial probability of a
larger loss, leading to a low locomotion efficiency or even
a chaotic state featured with the unrealistic random movement
(shown in Fig. 9 (b-1) and (c-1)). A moderate increment of
αM/βM increases the sensitivity of pedestrians to the potential
increase/decrease of gains/losses so that the cells with higher
locomotion efficiency are identified and chosen. Nevertheless,
a large value of αM/βM makes pedestrians become too radical
for the opportunity to increase/decrease gains/losses to always
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TABLE XII

SIMULATION (SIM) AND EXPERIMENT (EXP) RESULTS OF THE FIRST CASE

Fig. 10. The simulated and experimented results of the second case. Plots (a) and (b) show the comparison of the number of pedestrians evacuating from
exits 1 and 2 between simulations and experiments. Plots (c) and (d) show the comparison of the maximum evacuation time (ET) of exits 1 and 2 between
simulations and experiments. Also, the correlation (Corr.) and the average (absolute) difference (Avg. diff.) between simulated and experimented quantities
are presented in each plot.

TABLE XIII

NUMBER OF PEDESTRIANS EVACUATING FROM THE THREE DOORS AND THE TOTAL EVACUATION TIME (ET)
IN THE SIMULATIONS (SIM) AND EXPERIMENTS (EXP) FOR THE THIRD CASE

choose the cells with a substantial probability of a higher
gain/a sure loss at each time step. This conversely results in
the under-used passageway and exit, and congestion or even
jamming (shown in Fig. 9 (b-1) and (c-1)), which in turn
reduces the system efficiency. This paradoxical effect is similar
to the “faster-is-slower” phenomenon [3]. The results suggest
that a slight degree of skew risk attitudes is not invariably
detrimental to the system of pedestrians from the perspective
of locomotion efficiency.

A higher value of λM indicates a greater degree of loss
aversion. Though it plays a double-side role in the locomotion
efficiency in setup M_4, an invariably negative effect is
observed in setups M_6 and M_8, shown in Fig. 9 (a-2), (b-2)
and (c-2). It means that its benefit to the evacuation system
is scenario-dependent. However, high degrees of sensitivity to
losses over gains (large values of λM) invariably harm the
system regardless of the type of scenario.

In relation to γM and δM, large degrees of distortion in
probability judgment invariably make the system inefficient
(see Fig. 9 (a-3), (b-3) and (c-3)). γM/δM = 0 represents

a situation where the probability judgment is completely
distorted, leading to the lowest locomotion efficiency. As the
degree of distortion decreases, the system becomes more
efficient. Such a promoting effect could vanish when γM/δM
increases to exceed certain values. However, the results suggest
that the system of pedestrians never benefits from any degree
of distortion in probability judgment in locomotion decision-
making.

These results suggest that the decision-making preferences
of pedestrians play a significant role in the locomotion effi-
ciency of the system, which could virtually benefit from
certain irrational behaviours of pedestrians. The findings also
highlight the importance to consider the decision-making
preferences in modelling locomotion decision-making.

3) Validation of the integrated framework: The simulated
and observed results of the three cases are respectively pre-
sented in Table XII, Fig. 10 and Table XIII, where in the
tactical-level decision modules the calibrated parameter set 1 is
used for the first two cases and set 2 for the third case. One
can see that the results of our framework match well with
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TABLE XIV

KEY NOTATION FOR THE THREE SUB-MODULES
AND THE INTEGRATED FRAMEWORK

TABLE XIV

(Continued.) KEY NOTATION FOR THE THREE SUB-MODULES

AND THE INTEGRATED FRAMEWORK
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those observed in experiments for the three cases, and thus its
effectiveness and validity in reproducing real-life evacuations
in different physical environments are further demonstrated.
Moreover, it can be seen that in the first and second cases
(see Table XII and Fig. 10 (a) and (b)), the number of
pedestrians choosing exit 1 in simulations is slightly lower than
that in experiments. This could be ascribed to the systemat-
ically different decision-making characteristics of pedestrians
in the two cases and the experiments used for calibration.
Furthermore, the simulation time of each run is respectively
around 3.1 s, 2.6 s and 5.1 s for the three cases, which
suggests that the proposed framework is capable of running
faster than real-time and thus has great potential in practical
applications [55] (e.g., real-time intelligent evacuation guiding
systems).

V. CONCLUSION

This work is the pioneer to model the tactical and oper-
ational behaviours in evacuations with the perspective of
decision-making under risk and uncertainty so that the sig-
nificant but greatly overlooked decision-making preferences
including bounded rationality and risk attitudes are encapsu-
lated in microscopic pedestrian models. To this end, an inno-
vative two-layer FFCA model framework consisting of three
sub-modules is proposed. Based on the static navigation map
constructed by the algorithm in [33], two behavioural modules
with CPT respectively dedicated to modelling the exit choice
and the locomotion behaviours are proposed. In the exit-
choice changing module, attractive and repulsive forces are
respectively quantified to delineate pedestrians’ tendency of
maintaining or changing the original choice. Moreover, for
realistic behaviour modelling, various related decision-making
factors are considered and computed by the proposed method,
including distance, crowdedness and the desired direction.
All sub-modules and the whole framework are validated in
different indoor environments.

The calibrated parameter values of CPT (deviation from 1:
non-perfect rationality) imply the existence of irrationality and
skew risk attitudes in tactical and operational decision-making
in real life. Performance comparisons evidence CPT’s con-
siderable superiority over EUT (the state-of-the-art approach)
in the prediction accuracy of the exit choice and locomotion
behaviours, with respectively 36.6% and 34.75% improvement
on average. Also, the proposed locomotion movement module
is able to reproduce self-organized lane formation in different
density situations, and obtains the results closer to those from
experiments, compared with Fu et al.’s model – the state-
of-the-art CA model at the operational level (locomotion),
with the errors reduced by 47.6% on average. Furthermore,
simulation analyses suggest that the degree of rationality
and risk attitudes have significant impacts on pedestrian
tactical and operational decisions, and that certain irrational
behaviours in decision-making could virtually benefit the
evacuation system of pedestrians from the perspective of
locomotion efficiency. These results highlight the necessity
of revisiting decision-making in evacuations using an eli-
gible theory (e.g., CPT) to refresh the existing knowledge,
since UT which is commonly used in literature lacks the

Algorithm 1 EC-Determination(ST e, SDe, αE, βE, λE, γE,
δE, rn

dE
)

1: For all pedestrians n do
2: For all exits e do
3: Calculate dn,e

E .
4: Find pedestrian n′s shortest path to exit e to generate
Sn,e

E .
5: For all cells (i, j) ∈ Sn,e

E do
6: Calculate ρe,(i, j ).
7: End for
8: Determine ρe,1

E , ρe,2
E and rn,e

E to calculate cn,e
E .

9: Calculate exit e’s prospect values induced by dn,e
E and

cn,e
E based on CPT.

10: End for
11: Make the exit choice decision.
12: Record Nn,e,0.
13: End for

Algorithm 2 ECC-Determination(ST e, SDe, Nn,e,0, Nn
O,

Nn,t
EV, tn,e

BM, Nn
EC, t , CR, CA)

1: For all pedestrians n do
2: If tn,e

BM �= 0&t > tn,e
BM then

3: Determine cn,e
E , Nn,e,t , and Gn,e,t

R .
4: Calculate Rn,e,t and An,e,t .
5: If rand() <(Rn,e,t − An,e,t ) then
6: Execute EC-Determination(ST e, SDe, αE, βE, λE,
γE, δE, rn

dE
) for pedestrian n to re-select an exit.

7: If the target exit is changed then
8: Calculate Dn,e,t

L .
9: If Dn,e,t

L < 3 ped/m2 then
10: Change pedestrian n’s target exit.
11: Nn

EC ← Nn
EC + 1.

12: Update Nn,e,0.
13: End if
14: End if
15: End if
16: End if
17: End for

capability of capturing bounded rationality and risk attitudes in
decision-making.

With the capability of reproducing tactical and operational
decisions in real life, the proposed model framework can be
used to predict pedestrian dynamics in indoor environments.
And then, it is possible to optimize the evacuation performance
not only from the traditional perspectives, i.e., architecture and
route-planning, but also from decision-making preferences.
This is particularly meaningful as it makes it possible to
develop effective training and guidelines to help pedestrians
establish appropriate decision-making preferences in daily life
so that the potential misinterpretations and human errors can
be reduced, and then they can make the optimal decisions in
various environments under emergencies. This new perspective
has significant practical implications for evacuation optimiza-
tion and management.
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Algorithm 3 LM-Determination(ST e, SFe, αM, βM, λM, γM,
δM, rn

dM
, t)

1: For all pedestrians n located in cell (i, j) at time step
t do
2: Determine �D(i, j )

A .
3: If rand() <Pn,t

S then
4: �Dn,t ← �D(i, j )

A .
5: End if
6: Update vn,t .
7: If rand() <vn,t /vmax then
8: For all directions �Dk with the neighbouring cell
reachable by pedestrian n do
9: Solve �v by equation constraints: �v · �Dn,t = 0 and
sign

(
�v× �Dn,t

)
− sign

( �Dk × �Dn,t
)
= 0.

10: Calculate
(

xn,�
LZ , yn,�

LZ

)
to construct cell set �n,�

LZ .

11: Calculate dn,k
M and cn,k

M .
12: Calculate �Dk ’s prospect values induced by dn,k

M and
cn,k

M based on CPT.
13: Determine the dynamic floor field value of the
neighbouring cell of pedestrian n in �Dk .
14: End for
15: Make the locomotion decision considering the
movement inertia towards �Dn,t

16: If the target cell is occupied by other pedestrians then
17: Pedestrian n stays still.
18: End if
19: End if
20: End for
21: Solve the conflicts between pedestrians.

Algorithm 4 FFCA(NO, C)
1: Execute the algorithm in [33] to create the static naviga-
tion map according to C.
2: t ← 1, Nt

R ← NO, and initialize the dynamic floor field.
3: While Nt

R >0 do
4: For all pedestrians n entering into C at t do
5: Execute EC-Determination(ST e, SDe, αE, βE, λE, γE,
δE, rn

dE
) to determine pedestrians n’s initial exit choice.

6: Record Nn
O, Nn,t

EV ← 0, Nn
EC ← 0, and tn,e

BM ← 0.
7: End for
8: Execute ECC-Determination(ST e, SDe, Nn,e,0, Nn

O,
Nn,t

EV, tn,e
BM, Nn

EC, t , CR, CA) to determine whether pedestrian
n changes the exit choice and if he/she does, which exit will
be re-selected.
9: Execute LM-Determination(ST e, SFe, αM, βM, λM,
γM, δM, rn

dM
, t) to update pedestrians n’s location.

10: Update Nn,t
EV and tn,e

BM.
11: t ← t + 1, Nt

R ← Nt
R − 1.

12: Update the dynamic floor field for all cells according
to the diffusion and decay rules in [5].
13: End while

In accordance with previous studies [14], [53], our cali-
bration results show that the decision-making characteristics

of pedestrians differ in different environments. Nonetheless,
the validation results of the whole framework show the
generalizability of the calibrated parameter sets. In practical
applications, if the scenario of interest is similar to those
used for calibration, these parameter sets can be directly used.
Otherwise, a fine-tuning of the parameter sets according to the
response laws revealed in the sensitivity analyses (in case of
lacking eligible experimental data-sets) or a re-calibration task
based on similar procedures (if eligible experimental data-sets
are available) could be required.

In future work, this model framework could be improved in
several aspects. First, it is warranted that dedicated empirical
studies should be conducted to clarify pedestrians’ mapping
preference when estimating the evacuation outcomes based on
the perceived uncertain information. Second, individual hetero-
geneity of decision-making preferences could be considered by
collecting the decision-making empirical data at the individual
level. Moreover, more accurate behaviour simulations could
be achieved by a finer discretization of space and time, with
the expense of computation efficiency. And also, this model
framework can be extended to simulate evacuations from
specific contexts (e.g., high-deck coaches [56]). To achieve
this, the development of context-dependent behavioural rules
may be needed.

APPENDIX

See Table XIV.
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