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Abstract: Route choice is a complex issue in simulating individual behaviors and reproducing collec-
tive phenomena during evacuations. A growing concern has been given to the individual cognitive
mechanism to investigate how routing decisions are made in specific situations. However, the es-
sential role of multiple spatio-temporal scales has not been completely considered in the current
cognitive frameworks, which leads to the inaccuracy of cognition representation in evacuation deci-
sions. This study proposes a novel spatio-temporal cognitive framework integrated with multiple
spatio-temporal scales for individual route choice. First, a complete spatio-temporal cognitive mecha-
nism is constructed to depict the individual evacuation cognition process. Second, a spatio-temporal
route choice strategy that emerges from agent-based simulation and extends into the spatio-temporal
potential field is designed to represent the overall time-varying cost along routes in individual subjec-
tive estimation. Finally, a spatio-temporal A* algorithm is developed for individual optimal route
planning in complex outdoor evacuation scenarios. The experimental results show that the proposed
framework outperformed the conventional potential field model in evacuation performance, in both
objective crowd evacuation evaluation metrics and individual subjectively estimated evacuation cost
in cognition, and may provide more insights on crowd evacuation management and guidance.

Keywords: route choice; cognitive framework; multiple spatio-temporal scales; evacuation simulation

1. Introduction

Understanding the complex and variable patterns of behaviors exhibited by individu-
als during evacuations is fundamental to crowd evacuation management and guidance and
is of great significance for disaster prevention and mitigation [1]. A critical individual be-
havioral reaction is route choice, which dramatically impacts the movement and evolution
of the crowd flow. The rapid advance of behavioral and cognitive science in recent years
promotes the increasing attention on the underlying cognitive mechanism of route choice
to investigate how individuals perceive information, organize knowledge, and take actions
in specific situations [2]. How to construct a complete and realistic cognitive framework
for route choice, however, is still challenging due to the complexity and uncertainty of
human behavior.

Space and time play an essential role in the individual cognitive framework for route
choice. The spatio-temporal features and relationship of objects in the environment not
only structure cognitive representations but also provide useful information for knowledge
processing [2]. For the spatio-temporal cognitive process of route choice, existing cognitive
frameworks generally evaluate the instant situations, such as the distance to exits and
the crowdedness of the location, to update individual evacuation decisions at each time
before reaching the destination [3–5]. However, few concerns are given to the completeness
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of multiple scales in space and time, which significantly influences the reality of the
individual cognitive mechanism. The research to date has also illustrated that high-level
cognition, such as inference and reasoning, emerges from the integration of multiple spatio-
temporal scales, especially for complex scenarios and urgent conditions [6,7]. For example,
individuals prefer to combine the present situations, short-term decisions in the near past,
and the estimated evolution pattern of crowd dynamics in the long-term future to make
final route decisions. The multiple spatio-temporal scales are an indispensable part of the
individual cognitive mechanism of route choice and eventually contribute to proactively
controlling the collective phenomenon of crowd activities.

To promote a more reliable individual evacuation simulation and further support
crowd management and guidance, a novel spatio-temporal cognitive framework for indi-
vidual route choice is presented. The main contributions are summarized as follows:

(1) A multiple spatio-temporal scale cognitive framework for individual route choice is
proposed. This framework constructs a complete spatio-temporal cognitive mecha-
nism to depict the individual evacuation cognition process.

(2) A spatio-temporal route choice strategy that emerges from agent-based simulation
and extends into the spatio-temporal potential field is designed to represent the
subjectively estimated overall time-varying cost along the alternative routes. In
addition, a spatio-temporal A* algorithm is developed to describe the individual
optimal spatio-temporal route planning in complex outdoor evacuation scenarios.

(3) Finally, the performance of the proposed framework and the conventional potential
field model was evaluated. The experimental results demonstrate that this framework
has significant advantages in both objective crowd evacuation evaluation metrics and
individual subjectively estimated evacuation cost in cognition.

The remainder of the article is organized as follows. Section 2 briefly reviews the
related works of the cognitive frameworks for individual route choice and their spatio-
temporal features. Section 3 describes the proposed spatio-temporal cognitive framework.
The experimental results of a case study and the related analyses are discussed in Section 4.
The conclusion is provided in the final section.

2. Related Works
2.1. Cognitive Framework for Individual Route Choice

The aim of the cognitive framework for individual route choice is to investigate issues
of personality and individual differences (who), environmental and social impacts (what),
spatio-temporal features and relationships (when and where), and corresponding actions
(how) [8,9]. Numerous frameworks have been proposed to investigate the individual
cognitive process in route choice, and these frameworks can be classified into three types
according to different perspectives in the following sections.

2.1.1. Conceptual Framework

Individual route choice behavior is viewed as the result of hierarchical cognition
processing, which is broken down into “strategic”, “tactical”, and “operational” levels [10].
The strategic level describes which exit is selected and models sequencing activities. The
tactical level focus on which route to use and the timing of when to initiate the personal
evacuation. The operational level concerns the decisions on avoiding collisions with crowds
and obstacles along the way. The conceptual framework depicts the primary contents of
the cognitive processes for individual route choice. However, it is hard to distinguish what
contributes to different cognition performances and final route choice decisions, and thus it
fails to be applied in actual evacuation scenarios.

2.1.2. Statistical Analysis Framework

To fill this gap, some researchers try to integrate various impact factors in the cog-
nitive frameworks to investigate the quantitative influence of these factors on final route
decisions. In these statistical analysis frameworks, firstly, individual route choice data are
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collected from field observations, controlled experiments, virtual reality experiments, and
questionnaire surveys [11,12]. These data generally involve personal factors, such as age,
gender, education level, and familiarity with the environment, and environmental factors,
such as distance to exits, congestion near exits, and the capacity of different routes [13].
Secondly, statistical analysis methods, such as discrete choice models [14,15], are applied to
identify the significance of these impact factors and construct a regression model to support
the prediction of individual evacuation preference. Existing studies found that strangers
with incomplete spatial knowledge may face more cognitive loads while navigating and
cognitively mapping new surroundings and may prefer to take a longer but more reliable
route to their destination than the shortest one [16,17]. These statistical analysis frame-
works do not concern how each impact factor works in the individual subjective cognitive
processes and thus neglect the internal mental representation of cognition in the human
mind, although they can indirectly reveal the relationships between individual cognition
and personal and environmental features in the real world.

2.1.3. Mental Framework

Mental frameworks are designed from cognitive neuroscience and psychobehavioral
science concerning the internal representation of the external environment in the human
mind. In these mental frameworks, individuals are generally treated as agents who contin-
uously perceive external environmental stimuli, form cognition knowledge, and perform
physical actions [18,19]. The cognitive map is one of the most typical works of these
cognitive mental frameworks. It depicts the mental representation of spatial events and
objects, such as essential points, routes, and areas, and their association and influence in
the real world [20]. For example, paths refer to corridors, edges are limiting or enclosing
features, districts are large spaces, nodes are the intersections of major paths or places, and
landmarks are distinctive features that people use as reference points for their location [21].
Furthermore, to extend spatial cognition with temporal knowledge, the temporal cognitive
map is proposed based on temporal ontology [22]. The duration time of spatial objects’
features and their association is defined by temporal assertions that reflect temporal con-
straints on the concepts of the cognitive map [23]. For example, the closing hours of an
entrance temporally characterize the accessibility of two regions, and spatial topology in the
human mind also varies in specific time intervals. Despite considering the spatio-temporal
nature of the real world, the existing mental frameworks are applied to represent spatial
cognition with static or periodic temporal constraints rather than time-varying constraints,
which fails to represent the complex spatio-temporal characteristics and relationships com-
pletely. It is necessary to design an individual spatio-temporal cognitive framework that
incorporates multiple spatio-temporal scales to construct a complete individual cognitive
mechanism in the human mind.

2.2. Cognitive Mechanism of Individual Route Choice

The cognitive mechanism, as a crucial role in the individual cognitive framework,
reveals how the human brain realizes the mental activities of perception, learning, memory,
thinking, emotion, consciousness, and responses from different spatio-temporal scales [24].

2.2.1. Architecture

The architecture of the cognitive mechanism is generally divided into three main
phases, including “perception”, “knowledge”, and “decision making” [25–27]. First, infor-
mation perception, as the origin of all cognition, deals with how individuals can perceive
information selectively and purposely from the environment. Second, information inte-
gration considers how individuals subjectively integrate environmental information into
mental representations and generate related knowledge. Third, decision making describes
how individuals trade off the different attributes associated with alternatives and make
actions. The spatio-temporal characteristics of the cognitive mechanism have always been
an important subject in behavioral and cognitive neuroscience, considering the fact that
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all cognition takes place in spatial regions and functions on time. Numerous studies have
proved that different cognition activities may occur on different spatio-temporal scales,
and the combination of multiple spatio-temporal scales shapes the complete cognitive
mechanism [28]. Thus, it is of great significance to investigate multiple spatio-temporal
scales’ characteristics to further extend the existing cognitive mechanism of individual
route choice.

2.2.2. Multiple Spatio-Temporal Scales’ Characteristics

The completeness of the multiple spatio-temporal scales is a crucial issue in individual
cognitive mechanism and determines the performance of cognition representation. Several
spatio-temporal scales, such as “local” and “global” spatial scales and “instant” and “short
term” temporal scales, have been considered in the existing research. These studies believe
that individuals prefer observing the local interactions with adjacent crowds, obstacles,
and the environment to avoid collisions and their global distribution to obtain feasible
routes [29]. Furthermore, the individual spatio-temporal cognitive processes are generally
treated as a sequence of independent fragments of the “instant” scale, which assumes
present situations greatly impact the route choice, and it has also been confirmed that the
effect of the “short term” is that individual current decisions are related to the episodic
memory in the near past [28]. Individuals are likely to insist on their previous evacuation
decisions in the near past if there are no drastic changes in the external environment [30,31].
Despite many efforts in this research, it fails to represent high-level cognition processing,
such as imagining, inference, and reasoning, which is grounded in and emerges from
more complex spatio-temporal scales. In this study, a complete multiple spatio-temporal
scale cognitive mechanism is constructed by introducing the “selective” scale in space
and the “long term” scale in time. The “selective” scale refers to the individual specific
attention to the vital spatial objects and possible connections between them, such as the
downstream crowd to targeted exits and the forward direction situations due to limited
physical capabilities, while the “long term” scale refers to the long period, concerning the
individual prospective thinking for the evolution of situations along routes over time.

2.3. Route Choice Strategy

Route choice strategy is another essential component in individual evacuation cogni-
tion and reflects the selection criteria for available spatio-temporal evacuation resources.

2.3.1. Spatio-Temporal Metrics

Extensive efforts have been made to design spatio-temporal metrics to evaluate the
utility or cost of alternative routes in normal evacuation scenarios. Typical spatial metrics
include distance to exits, congestion degree near exits, frontal space capacity, and route’s
directness. For some specific scenarios, there is also the coverage of light at night and the
accessibility for mobility-impaired people [32,33]. In the time dimension, besides the travel
time and waiting time, some dynamic factors, such as the evacuation speed near exits and
the length of the waiting queue [34], are also wildly applied to indicate the potential cost
in time.

In addition, increasing attention has been paid to how to represent the comprehen-
sive utility of alternative routes with the combination of various spatio-temporal aspects,
considering the complexity of the multi-metric system. The potential field was proposed
to define the minimal spatial cost of traveling from the lattice to the destination in the
scenario with discrete representation. It can incorporate distance, congestion, and route ca-
pacity [35,36]. Space–time use efficiency is a novel concept that measures the utility of space
and time resources based on historical or estimated crowd trajectories. It has been proven
to identify evacuation bottlenecks and reduce the faster-is-slower effect in the collective
phenomenon [37,38]. Despite the much progress in spatio-temporal comprehensive metrics,
they generally concern partial scales of space and time. They thus cannot fully reflect the
spatio-temporal characteristics of individual cognition. In this study, a comprehensive
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spatio-temporal metric is developed to represent the individual subjective evaluation of
alternative routes.

2.3.2. Principles of Route Choice

The primary principle of individual route choice is to maximize the utility of the
route choice subjectively, given the available information. The fundamental aspects of
the principles have proved that individuals perceive and integrate spatial-temporal infor-
mation and attributes selectively and purposely, which leads to the positive or negative
feedback loops across individuals, and this cognition process is not fixed but varies with
the context [21]. However, the research to date fails to provide a practical tool to construct
a spatio-temporal route choice strategy, especially a lack of cognition representation for
crowd dynamics and subjective route planning. Agent-based models are widely used to
simulate the crowd evacuation process in the physical world [39,40] and can also be applied
in the individual cognition domain. The agent-based crowd evacuation simulation can
reproduce the individual subjectively estimated spatio-temporal positions and trajectories
of the crowd and further support the individual optimal spatio-temporal route planning.
Thus, a novel spatio-temporal route choice strategy combined with the agent-based model
and spatio-temporal route planning algorithm is designed to realize the complete cognition
representation of the route choice.

In summary, to bridge the gap in existing cognitive frameworks for individual route
choice, a novel spatio-temporal cognitive framework is proposed to construct a complete
individual cognitive mechanism in complex outdoor evacuation scenarios and further illus-
trate the spatio-temporal features of self-organizing phenomena in collective movements.

3. Methodology

The schematic structure of the proposed spatio-temporal cognitive framework for
individual route choice is presented in Figure 1. The two core cognition modules for
crowd dynamics estimation and individual route planning in the spatio-temporal cognition
mechanism are described, respectively.
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Figure 1. Overview of the spatio-temporal cognitive framework for individual route choice.

3.1. Architecture of Spatio-Temporal Cognitive Framework

The proposed framework can be represented from three different perspectives. First, it
is constructed to comprehensively describe the iterative interaction between the agent and
the environment. The external environmental stimulation structures the mental representa-
tion of the real world in the human mind, and, in turn, the agent takes physical actions to
adapt himself and further update the environment. Second, the proposed framework is
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designed based on multiple spatio-temporal scales, in which the multiple temporal scales
consist of “instant”, “short term”, and “long term” scales, while multiple spatial scales
include “local”, “global”, and “selective” scales. The integration of multiple spatial and
temporal scales reveals different aspects of mental representations, reproduces the different
levels of spatio-temporal features of cognition processing, and, finally, jointly contributes
to the complete individual cognitive mechanism. Third, as the core component of the
cognitive framework, the spatio-temporal cognitive mechanism consists of information
perception, information integration, and decision making. It reveals how the internal
representation of cognition determines the final route choice decision. In the information
perception stage, the information of static objects, such as obstacles and facilities, and
dynamic objects, such as events and crowds, are collected. Then, during the information
integration, individuals generally utilize and process information to form spatio-temporal
knowledge and generate corresponding exit and route choice strategies. Lastly, when it
comes to decision making, individuals seek to find the optimal route to the targeted exits
with various evacuation behaviors, such as wayfinding and navigation. Furthermore, two
critical cognition modules are designed based on the aforementioned three perspectives to
extend the proposed framework into real-life outdoor evacuation scenarios and to provide
a realistic evacuation simulation. They are described in the following sections separately.

3.2. Spatio-Temporal Cognition for Crowd Dynamics

This section describes how individuals perceive and integrate the information of
external crowd distribution to identify the downstream crowd and estimate their spatio-
temporal trajectories.

3.2.1. Potential Field-Based Downstream Crowd Identification

An individual generally prefers to observe and predict the movement of the down-
stream crowd to support the personal route choice. In the evacuation scenario with the
discrete representation, the downstream crowd of a lattice occupied by an individual can be
defined as the smallest group that independently determines the individual’s subjectively
estimated crowd dynamics on his way to the targeted exit when route planning. This study
introduces the potential field to represent the subjectively estimated cost to the targeted exit
and further identify the corresponding downstream crowd. As shown in Algorithm 1, the
potential field of a lattice is denoted by pi,j, which refers to the cost to the ith (i = 1, . . . , N)

exit from the jth (j = 1, . . . , M) lattice. Lattices are iteratively computed starting from the
lattices occupied by the exit, while considering the distance, the crowdedness, and the
route capacity. Accordingly, three intensity parameters α, β, and λ are used to reflect the
individual preference of exit and route choice [36]. In detail, the crowdedness intensity
parameter α(≥ 0) scales the effect of local crowdedness on the potential and indicates that
the increase rate of the potential of a lattice occupied by an individual is not less than
that of an unoccupied lattice. The neighboring intensity parameter β(ε[0, 1]) scales the
increase rate of the potential of a neighboring lattice in the diagonal direction and indicates
that the increase rate of the potential of a neighboring lattice in a diagonal direction is not
less than that of a neighboring lattice in the vertical or horizontal directions. The capacity
intensity parameter λ(≥ 0) scales the effect of the frontal route capacity on the potential
and indicates that the increase rate of the potential of a lattice occupied by a pedestrian is
not less than that of an unoccupied lattice. In this way, the potential field map representing
the individual subjectively estimated cost for the specific evacuation situations can be
obtained, and the flowchart of Algorithm 1 introduced from [36] is displayed in Figure A1.
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Algorithm 1: Potential field map calculation

Input: Lattice set L, exit set E, crowdedness intensity parameter α, neighboring intensity
parameter β, and capacity intensity parameter λ

Output: Potential field map set PFMS(L, E)//The set of individuals’ potential field maps to exits
1 For each exit ei (i = 1, . . . , N) in the exit set E
2 Set Nei = 0;//Nei denotes the the number of lattices occupied by exit ei
3 For each lattice lj (j = 1, . . . , M) in the lattice set L
4 If lj is occupied by an obstacle

5
Set pi,j = +∞ in potential field map PFM(L, ei), and lj is marked as

“determined”;//pi,j denotes the potential field of lattice lj to exit ei
6 Else if lj is occupied by exit ei
7 Set pi,j = 0 in PFM(L, ei), and lj is marked as “determined”;

8
For lk with a neighboring lattice lkn occupied by exit ei in the horizontal or vertical

directions

9
Set pi,k = 1 in PFM(L, ei). lk is marked as “determined”, and lk is added to

Lc;//Lc denotes the lattice set that needs to be checked

10
Set Nei = Nei + Nc

ei
;//Nc

ei
denotes the number of lattices not occupied by individuals

in Lc;
11 Set δ = 1;
12 While exist “undetermined” lattice in PFM(L, ei)
13 For each lattice ls in Lc

14 If δ ≤ pi,s < δ + 1

15
Check its neighboring lattices lsn in the horizontal or vertical

directions and remove ls from Lc:
16 If the potential field pi,sn of lattice lsn has not been determined

17
If ls is occupied by an individual and is in the horizontal or

vertical directions
18 Set β = 0;

19
Else if ls is not occupied by an individual and is in the

horizontal or vertical directions
20 Set α = 0, β = 0;

21
Else if ls is not occupied by an individual and is in a diagonal

direction
22 Set α = 0;
23 Compute the potential field pi,sn by the following equation:

24
pi,sn = pi,s + (1 + α)(1 + β + λ/Nei ), update PFM(L, ei), lsn

is marked as “determined”, and added to Lc;
25 Set Nei = Nei + Nc

ei
;

26 Set δ = δ + 1;
27 PFM(L, ei) is added into PFMS(L, E);
28 Return PFMS(L, E).

On the basis of the potential field map calculated by Algorithm 1, the downstream
crowd is calculated iteratively to determine the group that can independently impact the
observed individual’s route planning in Algorithm 2. First, for a specific exit, the people
whose potential field is less than the observed individual’s are identified and added to
the downstream crowd. Second, the downstream crowd is extended iteratively until all
the people who may impact the movement of each member of the downstream crowd are
also added to this group. In a sense, an individual’s downstream crowd is the minimum
group that may impact his subjective estimation of the crowd dynamics. Furthermore, to
apply the preference of the different individuals, the potential field intensity parameter
ε(≥ 0) is introduced to adjust its threshold value, and a larger ε extends the group of the
downstream crowd. In this way, the individual route planning can only depend on the
subjectively estimated spatio-temporal movement of the downstream crowd. The flowchart
of Algorithm 2 is shown in Figure A2.
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Algorithm 2: Individual’s downstream crowd identification based on potential field map

Input: Lattice set L occupied by the crowd, exit set E, potential filed map set PFMS(L, E), and
potential field intensity parameter ε

Output: Downstream crowd set DCS(L, E)//The set of individuals’ downstream crowd to exits
1 For each exit ei (i = 1, . . . , N) in the exit set E
2 For each lattice lj (j = 1, . . . , M) occupied by the crowd
3 For each lattice lk 6=j (k = 1, . . . , M) occupied by the crowd
4 If pi,k ≤ (1 + ε)pi,j

5
lk is added into dc(lj, ei), and marked as “unchecked”;//dc(lj, ei) denotes

the downstream crowd of lattice lj to exit ei
6 If exist “unchecked” lattice ls (s = 1, . . . , U) in dc(lj, ei)

7 For each “unchecked” lattice ls (s = 1, . . . , U) in dc(lj, ei)

8
Compute subjectively estimated optimal exit eopt of lattice ls by the

following equation:
9 eopt = {ev|pv,s = Min(pu,s|u ∈ N)};
10 For each lattice lr 6=s (r = 1, . . . , M) in the crowd
11 If the popt,r ≤ (1 + ε)popt,s, and lr /∈ dc(lj, ei)

12
lr is added into dc(lj, ei), marked as “unchecked”, and ls is

marked as “checked”;
13 dc(lj, ei) is added into DCS(L, E);
14 Return DCS(L, E).

3.2.2. Estimation of Downstream Crowd Spatio-Temporal Trajectories

The spatio-temporal trajectories of the downstream crowd are vital for individual
spatio-temporal optimal route planning. In this study, the subjective estimation of the down-
stream crowd’s movement is implemented by the agent-based model with the potential
field. As shown in Algorithm 3, individuals in the downstream crowd constantly update
their current potential field map and choose the targeted position from their available neigh-
boring lattices according to the probability before reaching the exit. As a result, individuals
can obtain a reasonable estimation of the spatio-temporal trajectories of their downstream
crowd to support the personal optimal spatio-temporal route planning. Figure A3 illus-
trates the flowchart of Algorithm 3.

3.3. Spatio-Temporal Cognition for Individual Route Planning

This section describes how individuals construct the internal representation for alterna-
tive spatio-temporal routes based on the subjectively estimated spatio-temporal trajectories
of the downstream crowd in Section 3.2.

3.3.1. Spatio-Temporal A* Algorithm for Global Route Planning

Route planning is the most representative evacuation behavior and indicates how
individuals make use of evacuation resources. To construct individual decision-making
cognitive processes during wayfinding, the spatio-temporal potential field that extends the
conventional potential field from the spatial position into the spatio-temporal trajectory is
proposed to evaluate the overall subjectively estimated cost along alternative routes. It is
defined by Equation (1), where p

(
lj, ei, t

)
denotes the potential field to exit ei from lattice

lj at time t, and T refers to the time interval [ts, te] from departure time ts to estimated
evacuation time te.

pST
(
lj, ei, T

)
= ∑

tεT
p
(
lj, ei, t

)
(1)

In addition, a spatio-temporal A* algorithm is developed based on the spatio-temporal
potential field to pursue the optimal spatio-temporal route in the discretized evacuation
scenarios. Individuals are assumed to pursue minimizing the spatio-temporal potential
field to realize their global route planning. As illustrated in Figure 2, in terms of agent 1,
represented by a red dot, agent 3, represented by a blue dot, is in his downstream crowd be-
cause of the smaller potential field at departure time t = t0. Agent 1 would like to make his



ISPRS Int. J. Geo-Inf. 2022, 11, 605 9 of 25

optimal route planning, represented by red cubes, with the spatio-temporal potential field
maps and avoid the estimated spatio-temporal positions occupied by agent 3, represented
by blue cubes. On the contrary, agent 2 does not participate in this wayfinding process.

Algorithm 3: Agent-based spatio-temporal trajectory estimation for downstream crowd

Input: Lattice set L occupied by the crowd, exit set E, and downstream crowd set DCS(L, E)
Output: Spatio-temporal trajectories of downstream crowd set STTr(T, L, E)//The set of
spatio-temporal trajectories of individual’s downstream crowd to exits

1 For each exit ei (i = 1, . . . , N) in the exit set E
2 For each lattice lj (j = 1, . . . , M) occupied by the crowd
3 Select its downstream crowd dc(lj, ei) from downstream crowd set DCS(L, E);

4
Set t = 0, record positions of downstream crowd STP(t, lj, ei) = ds(lj, ei), and

STP(t, lj, ei) is added into STTr(T, lj, ei);//STTr(T, lj, ei) denotes the spatio-temporal
trajectories of individual’s downstream crowd at lattice lj to exit ei

5 While exist lattice lk (k = 1, . . . , U) “occupied” by individuals in STP(t, lj, ei)

6 For each “occupied” lattice lk (k = 1, . . . , U) in STP(t, lj, ei)

7 If lk is occupied by exit ei
8 Update state of lattice lk as “unoccupied” in STP(t, lj, ei);
9 Else

10
Compute the minimum potential field pmin

kn
of its each neighboring

lattice lkn in the horizontal or vertical directions by the following equation, and lkn is not
occupied by an individual or obstacles;

11 pmin
kn

=
{

pv,kn

∣∣pv,kn = Min(pu,kn

∣∣u ∈ N)
}

;

12
Compute the probability Pkn of each lattice lkn being selected as

the targeted position in terms of the following equation:
13 Pkn =

exp(pmin
kn )

∑n exp(pmin
kn )

;

14
Select its neighboring lattice lkn according to the probability Pkn .

Update state of lattice lk as “unoccupied” and lkn as “occupied” in STP(t, lj, ei);
15 STP(t, lj, ei) is added into STTr(T, lj, ei);

16
Run Algorithm 1 to calculate the potential field map set based on

STP(t, lj, ei);//To obtain the potential field map set for the next time step
17 t = t + 1;
18 STTr(T, lj, ei) is added into STTr(T, L, E);
19 Return STTr(T, L, E).
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evacuation scenarios. This strategy integrates the spatio-temporal A* algorithm in the
spatio-temporal space and the conventional A* algorithm in the spatial space by identify-
ing the type of search space. If the observed individual’s spatio-temporal position in the
route planning is within the minimum bounding cube of the subjectively estimated spatio-
temporal trajectories of the downstream crowd, the spatio-temporal A* algorithm is applied
to search for the optimal route. Otherwise, the conventional A* algorithm with the potential
field is used in the spatial space. In this way, the individual optimal spatio-temporal routes
from the current position to each available exit can be obtained efficiently.

3.3.2. Preferred Spatio-Temporal Neighbors for Local Navigation

The optimal route planning algorithm generally can generate only one route with the
least cost for the given start position and end position. However, if the targeted position
along the optimal route at the next moment is occupied by other individuals before his
movement, existing optimal route planning fails to provide flexible local movement. In
addition, from the viewpoint of the cognition process, individuals prefer to integrate local
navigation and global route planning before their movement. To fill this gap, an alternative
optimal route set based on the preferred spatio-temporal neighbors is supplemented.
First, the valid spatio-temporal neighbors at the next moment are identified if they are
not occupied by obstacles and selected as the preferred start positions for global route
planning. Second, the spatio-temporal A* algorithm is applied to generate alternative
optimal routes from each preferred start position to each targeted exit and corresponding
spatio-temporal potential field. Third, the probability of being selected for each alternative
route can be calculated by Equation (2). Lastly, individuals are updated randomly and
realize their movement.

Pk,i =
exp(pk

ST
(
lj, ei, T

)
)

∑K
k=1 exp

(
pk

ST
(
lj, ei, T

)) (2)

where Pk,i denotes the probability of an alternative route from the kth (k = 1, . . . , K) valid
spatio-temporal neighbor at the next moment to the ith(i = 1, . . . , N) targeted exit.

As illustrated in Figure 3, there are four alternative optimal routes to the targeted
exit starting from the preferred start positions numbered 1′, 2′, 4′, and 5′, and the spatio-
temporal cube numbered 3′ is invalid for the global spatio-temporal route planning due
to the occupation by obstacles. If it is assumed that the potential field of spatio-temporal
cubes at the same time is equal; it can be observed that the alternative route starting from
spatio-temporal cube 1′ represented by a blue vector has the least spatio-temporal potential
field and the maximum probability of being selected as the final route decision.
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3.3.3. Adaptive Choice for Spatio-Temporal Optimal Route

The inertia of human cognition and the “short term” effect in decision making has
been well recognized in evacuation behaviors, and individuals are likely to be impacted by
their previous exit and route choice. To balance the influence of the previous decisions in
the past and current options, a tolerance parameter of route choice is designed to formulate
the complex adaptive exit and route choices. As displayed in Equation (3), if an alternative
route satisfies the desired decrease compared with the currently optimal route to the exit
previously chosen, the individual is assumed to consider this route and add it to the
alternative route set.

pST
(
lt, et) < (1− θ)pST(lt, et−1) (3)

where θ denotes the tolerance parameter of route choice, pST(lt, et) denotes the spatio-
temporal potential field of a current alternative route from lattice lt to an exit et at time
t, and pST(lt, et−1) denotes the spatio-temporal potential field of the currently optimal
alternative route to the exit et−1, which is chosen at time t− 1. Thus, if there is no significant
decrease in the estimated evacuation cost, the individual prefers to insist on their previous
exit and plan routes.

In summary, the proposed cognitive framework for individual route choice presents a
complete spatio-temporal cognitive mechanism based on multiple spatio-temporal scales.
This framework can provide realistic individual evacuation decision simulation and further
reproduce the collective movement and evolution pattern in real-life evacuation situations.

4. Case Study

This section introduces the data of crowd distributions in the study area and dis-
cusses the crowd evacuation simulation results derived from the proposed spatio-temporal
cognition framework.

4.1. Experimental Data

Our study area is the core exhibition area of Emperor Qinshihuang’s Mausoleum Site
Museum, an outdoor scenario located in Xi’an, China. It is one of China’s most visited
tourist attractions and draws up to 40,000 people daily. The great number of visitors
and the complex environment with buildings of various sizes and routes with different
capacities present a significant challenge to analyzing the crowd dynamics and its evolu-
tion patterns to support evacuation guidance and management after large-scale collective
activities. As displayed in Figure 4, the evacuation scenario has dimensions in the range of
400 m × 610 m, with six temporary exits, represented by orange rectangles. The historical
crowd heatmap and visitor number data in a collective activity were collected, and the
crowd distribution at evacuation time was simulated. There are 2233 individuals repre-
sented by green points. The evacuation scenario is divided into regular lattices with a
resolution of 1 m, considering the general occupation of an individual. In addition, individ-
uals are assumed to be rational and have access to relatively complete external information,
such as the distribution of static obstacles and dynamic crowds, from observation and
guidance when making evacuation decisions.

In this study, the individual route choice is implemented with C++ on Microsoft
Visual Studio 2019. All the experiments are conducted using the environment with Intel(R)
Core(TM) i9-9900k CPU @3.60 GHz and 64 G memory. In addition, OpenMP is applied to
implement the parallel execution for running acceleration. The parameters of Algorithm 1
and Algorithm 2 of the proposed framework are shown in Table 1.
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Table 1. Parameters of the spatio-temporal cognitive framework.

Parameter Value Explanation

α 0.2 Crowdedness intensity parameter
β 0.2 Neighboring intensity parameter
λ 0.5 Capacity intensity parameter
ε 0 Potential field intensity parameter
θ 0.3 Tolerance parameter of route choice

4.2. Experimental Results

One of the most remarkable characteristics of crowd movement is how people be-
have in forming collective phenomena. The existing research proved that the crowd
evacuation process generally exhibits significant spatio-temporal movement patterns,
including stochastic motion, collection, spillback, and dissipation [35,41]. The collec-
tive phenomena have also been further observed, such as herding, leader–follower, the
faster-is-slower effect, and the stop-and-go wave [42]. The snapshots of the crowd evac-
uation process in this study are presented in Figure 5. The four representative crowd
evacuation stages with different evacuation situations and individual route planning
(t = 40 s, t = 100 s, t = 200 s, and t = 400 s) are compared. First, at the beginning of
the evacuation process in Figure 5a(1), more individual-level free-flow movement can be
observed, and fewer spatio-temporal collisions exist. Second, as shown in Figure 5b(1),
spatio-temporal competition becomes increasingly significant over time, and a growing
number of individuals gather and move along the queues to the targeted exits, producing
various self-organizing crowd phenomena, such as the herding near the exits. Third, as
displayed in Figure 5c(1), the individuals who stand at the end of the queues in the previous
state have to move out of the queues and forward to the available positions close to the
exits, and the corresponding queues gradually disappear. As a result, individuals from the
mixed flow gather around the exit, and an irregular succession of arch-like crowds emerges.
In this stage, when a large number of individuals seek to pass through the exits, spillback
occurs because of the bottleneck of the evacuation efficiency. Lastly, the crowd remains
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arch-like and unchanged for some time in Figure 5d(1), and the congestion on the edge of
the crowd eases, and the radius of the arch decreases as time elapses before the complete
dissipation.
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In addition, the individuals’ spatio-temporal route planning, presented by broken red
lines in Figure 5a(2)–d(2), not only reveals the long-term effect of route choice on individual
cognition but also suggests the subjectively estimated spatio-temporal evolution pattern
of collective movement in the human mind. The slope of the route segments in the given
time intervals reflects the individual average evacuation speed. The smaller slope indicates
the higher speed, the larger slope presents the slower movement, and the vertical line
indicates the waiting. Furthermore, the regular waiting–moving patterns derived from
the spatio-temporal routes in individual cognition are discernible. More details can be
investigated in Figure 6. Regarding the crowd near exit 2 at the time t = 400 s, individuals
tend to wait at the current positions for the spaces occupied by the downstream crowd.
The waiting pattern indicated by vertical line segments can be categorized into compelled
waiting because of the local congestion, such as the individuals inside the crowd, and
voluntary waiting for the least potential cost, such as the individuals on the edge of the
crowd. Individuals try to constantly optimize their movement patterns for the subjectively
optimal spatio-temporal route.
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The proposed cognitive framework based on multiple spatio-temporal scales can
reproduce the complex spatio-temporal cognition process for individual route choice and is
used to predict the spatio-temporal propagation and evolution pattern of crowd movement
for realistic crowd guidance and control.

Regarding the above-mentioned evacuation scenario, the maximum individual evacu-
ation time is 10.08 min, the average individual evacuation time is 3.81 min, and the average
evacuation distance is 145.01 m. Moreover, for evaluating individual subjectively estimated
cost in cognition, the average individual actual potential field at some point, represented
by ptavg , is defined in Equation (4).

ptavg =
∑i∈N pt

N
(4)

where pt denotes the actual potential field to the targeted exit at time t, and N denotes
the count of the individuals in the crowd. As illustrated in Figure 7, during the crowd
evacuation process, the average individual cognitive potential field decreases when indi-
viduals approach and leave the targeted exits. It is because the distance is one of the most
significant factors impacting evacuation costs. When the crowd comes into the spillback
stage at t = 400 s, spatio-temporal competition and collision increase, which leads to
the relatively obvious oscillations of the cost curve. Furthermore, the trend of the cost
curve also delineates that the dynamic evacuation situations generally get better from the
viewpoint of the individual subjective cognition.
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4.3. Experiment Analysis

This section describes the results of the extended analyses concerning the performance
of the proposed cognitive framework that implements the spatio-temporal route choice
strategy and the conventional one that typically implements the potential field model. All
the results are the average of the 30 independent experiments in the same configurations.

4.3.1. Route Choice Strategy

As the most representative contribution of this study, the spatio-temporal route choice
strategy in the proposed cognitive framework integrates more cognitive characteristics than
the conventional potential field model. To compare the actual performance of route choice
strategies of these two models, the conventional potential field model is extended with the
adaptive route choice mechanism in Section 3.3.3. The evaluation metrics are defined by
Equations (5)–(9) and can be classified into two categories. One is the objective metrics,
including the average individual evacuation time tavg, the maximum individual evacuation
time tmax, the average individual evacuation distance davg, and the cumulative count of
individuals not evacuated NT . The other is the subjective performance in the human mind
concerning the average individual actual evacuation cost in cognition pavg.

tavg =
∑N

i=1 ti

N
(5)

tmax = {ti|ti > tk } (6)

davg =
∑N

i=1 di

N
(7)

NT = ∑
t∈T

nt (8)

pavg =
∑t∈T ∑i∈N pi,t

N
(9)

where ti denotes the individual evacuation time, di denotes the individual evacuation
distance, nt denotes the count of individuals not evacuated at time t, and pi,t denotes the
individual actual potential field to the targeted exit at time t.

As illustrated in Table 2, the proposed spatio-temporal cognitive framework outper-
forms the potential field model in all evaluation metrics. The average individual evacuation
time and the maximum individual evacuation time decrease by over 10%, and the average
distance decreases up to 42%. The reason is that the conventional potential field model
essentially depends on the instant spatial state of evacuation situations and ignores the
long-term sensibility for evacuation dynamics. In contrast, the spatio-temporal route choice
strategy of the proposed framework considers the complete spatio-temporal cognitive
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mechanism and provides more intelligence for individual evacuation planning. In addition,
the improvement of the cumulative count of individuals not evacuated and the average
of the individual actual potential field also indicates that the spatio-temporal cognition in
route choice can reflect the individual subjective initiative and further contribute to the
optimization of the crowd evacuation performance.

Table 2. The performance of route choice strategies of two route choice models.

Evaluation
Matric Potential Field Model Spatio-Temporal

Cognitive Framework Improvement (%)

tavg (min) 4.24 3.81 10.14
tmax (min) 11.31 10.08 10.88
davg (m) 253.17 145.01 42.72

NT 565,337.50 508,125.35 10.12
pavg 2017.49 1661.45 17.65

Further analyses are accomplished to investigate the performance during the evac-
uation process. Figure 8 displays the evolutionary process of the cumulative count of
the crowd not evacuated and the proportion of the crowd not evacuated with the two
route choice models. The cumulative count of the crowd not evacuated can indicate the
exposure degree of the crowd in specific situations, and the more people evacuated early,
the smaller the value. It can be observed that the crowd with the spatio-temporal cogni-
tive framework realizes the faster evacuation, and the gap in the curves between the two
models widens along with the evacuation process. Therefore, the spatio-temporal route
choice strategy of the proposed framework can encourage individuals to be aware of the
crowd dynamics, utilize the spatio-temporal evacuation resources and, in turn, update the
evacuation situations. Regarding the subjective viewpoint, Figure 9 illustrates the trend of
the individual subjectively estimated cost and the cumulative cost of the crowd with the
two models. It is obvious that, at the early stage of the evacuation process (t < 10 s), the
potential field model performs better due to the least instant cost in the free flow. As the
spatio-temporal competition increases over time, the advantages of the spatio-temporal
cognitive framework gradually emerge. The curve of cumulative cost of the crowd with
the proposed framework comes into convergence at t = 300 s, while the curve with the
potential field model converges at t = 450 s. In addition, the average individual actual
cost with the two models shows a significant difference from t = 75 s. These results
indicate that spatio-temporal cognition in route choice can guarantee individuals’ more
high-level capabilities to integrate spatio-temporal information and aggressively schedule
route planning in the long term.

Besides the metrics of evacuation performance, computation efficiency is also an impor-
tant aspect of concern in practical applications. The average running time of the proposed
spatio-temporal cognitive framework is 13.17 min, while the time consumption of the con-
ventional potential field model is 1.02 min. The complete multiple spatio-temporal scales
in cognition provide a realistic evacuation performance at the cost of higher complexity
and computation.
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4.3.2. Distribution of the Crowd

Individuals have different responses to different evacuation situations and are even-
tually likely to make different route choices. The proposed spatio-temporal cognitive
framework is applied to two experimental evacuation scenarios with different crowd distri-
butions shown in Figure 10. These two scenarios have the same configurations in terms
of size, exits, and crowd number as the evacuation scenario in Figure 4, but the crowd
distribution in Figure 10a is more concentrated in several areas, while that in Figure 10b is
more uniform.
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The performance of the crowd evacuation in different crowd distributions is displayed
in Table 3 and Figures 11 and 12. It is evident that the crowd evolution in both cases follows
a similar pattern with the evacuation process. Individual actual and subjectively estimated
evacuation costs decrease along with time, and general evacuation situations gradually get
better with the corresponding drop in the count of individuals left. Furthermore, the spatio-
temporal cognitive framework outperforms the potential field model in all evaluation
metrics, including objective and subjective aspects. It proves that considering multiple
spatio-temporal aspects in route choice strategy is beneficial for improving evacuation
performance in various situations. In a word, the proposed spatio-temporal cognitive
framework has outstanding adaptability and robustness to produce realistic evacuation
planning in the real world.

Table 3. The performance of crowd evacuation simulation with different crowd distributions.

Evaluation
Metric

Experimental Evacuation Scenario 1 Experimental Evacuation Scenario 2

Potential Field
Model

Spatio-
Temporal
Cognitive

Framework

Improvement
(%)

Potential Field
Model

Spatio-
Temporal
Cognitive

Framework

Improvement
(%)

tavg (min) 4.49 4.16 7.35 3.84 3.27 14.84
tmax (min) 10.46 9.60 8.22 9.28 8.60 7.33
davg (m) 268.11 118.22 55.91 230.29 138.40 39.90

NT 595,201 547,695 7.98 514,235.58 475,510 7.53
pavg 1935.48 1452.92 24.93 1824.73 1527.93 16.27
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5. Conclusions and Future Work

This paper proposes an innovative spatio-temporal cognitive framework for individual
route choice. This framework constructs a complete spatio-temporal cognitive mechanism
integrated with multiple spatio-temporal scales to depict the individual evacuation cog-
nition process. Furthermore, a spatio-temporal route choice strategy that emerges from
agent-based simulation and extends into the spatio-temporal potential field is designed to
represent the overall time-varying cost along the route in individual subjective estimation.
Finally, a spatio-temporal A* algorithm is developed for individual optimal route planning
in complex outdoor evacuation scenarios. The case study demonstrates that the proposed
framework can represent the spatio-temporal evacuation cognition in the human mind and
further reproduce the spatio-temporal evolution pattern of collective movements. Extended
experiments for different route choice strategies and crowd distribution also prove that
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the proposed framework possesses a robust, outstanding evacuation performance in both
objective crowd evaluation metrics and individual subjectively estimated evacuation cost
in cognition.

This study provides managers with a practical and reliable tool to design effective
evacuation control and guidance planning for real-life collective activities, especially for
large-scale, complex outdoor scenarios in normal situations. In addition, this proposed
framework can also be extended to various scenarios when introducing specific environ-
mental and individual characteristics, such as the light coverage in the dark.

The limitations of this study are as follows: (1) The parameters of the proposed
framework come from previous simulated experiments and lack valid calibration in real
evacuation scenarios; (2) The complexity of cognition representation introduces high com-
putational burdens and may impact its practicability in real life; (3) Individuals are assumed
to be relatively rational and make evacuation decisions independently, which only applies
to the normal evacuation situations. Given the above problems, issues worthy of investiga-
tion in future research are aimed at the following aspects: (1) Adopting actual evacuation
behavior data, such as trajectories extracted from surveillance video, to calibrate the param-
eters; (2) Introducing advanced parallel techniques and optimization strategies, such as
CUDA and improved heuristic functions, to improve the time efficiency; (3) Introducing
individual personality and social influences and extending the normal evacuation scenarios
into emergencies.
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