
Contents lists available at ScienceDirect

Transportation Research Part A

journal homepage: www.elsevier.com/locate/tra

Modeling multimodal transportation network emergency
evacuation considering evacuees’ cooperative behavior

Xia Yanga, Xuegang (Jeff) Banb,c,⁎, John Mitchelld

aDepartment of Civil and Environmental Engineering, Rensselaer Polytechnic Institute, 110 Eighth Street, Room JEC 5107, Troy, NY 12180, USA
bDepartment of Civil and Environmental Engineering, University of Washington, Room 121G, More Hall, Seattle, WA 98195, USA
c College of Transport and Communications, Shanghai Maritime University, 1550 Haigang Avenue, Pudong, Shanghai 201306, China
dDepartment of Mathematical Sciences, Rensselaer Polytechnic Institute, 110 Eighth Street, Room Amos Eaton 325, Troy, NY 12180, USA

A R T I C L E I N F O

Keywords:
Emergency evacuation
Multimodal emergency evacuation modeling
Interactions of intermodal travels
Cooperative travel behavior
MSA-based sequential optimization
Large-scale evacuation
Double queue model
Point queue model
Dynamic system optimum

A B S T R A C T

Modeling emergency evacuation could help reduce losses and damages from disasters. In this
paper, based on the system optimum principle, we develop a multimodal evacuation model that
considers multiple transportation modes and their interactions, and captures the proper traffic
dynamics including the congestion effects, the cooperative behavior of evacuees, and the capa-
cities of the transportation system and the shelters. We further develop a Method of Successive
Average (MSA)-based sequential optimization algorithm for large-scale evacuation problems.
Both the proposed model and the solution algorithm are tested and validated through a set of
numerical tests on a small network, and a detailed case study on the Lower Manhattan network.
The results of the paper can provide insight on modeling flow interactions of different trans-
portation modes and useful guidance on developing evacuation strategies to reduce the system
evacuation time and losses from disasters.

1. Introduction

Disasters, either man-made (such as terrorist attacks and chemical leakages) or natural disasters (such as earthquakes, floods, and
hurricanes), could result in devastating losses of lives and properties. According to Swiss Re (2016), there were 155 man-made
disasters and 198 natural catastrophes in 2015, leaving about 26,000 fatalities and a total economic loss of USD 92 billion. Modeling
emergency evacuation, the immediate and urgent movements of people and their properties from disaster-impacted areas to safe
ones, can provide guidance on how to reduce the system evacuation time (SET) and mitigate the consequences of disasters by
identifying the network operational capacities, bottleneck locations, and the utilization of the transit system, and obtaining the
minimum time needed for evacuations (Abdelgawad et al., 2010; Yuan and Puchalsky, 2014).

Numerous emergency evacuation models have been developed in the past; an in-depth review can be found in Murray-Tuite and
Wolshon (2013). Several issues are evident in those models. First, those models vary in the assumptions made on evacuees’ choices of
whether to evacuate or not (Murray-Tuite & Wolshon, 2013), the departure times (US Army Corps of Engineers,1999; Lindell, 2008;
Pel et al., 2012), the evacuation modes (Renne et al., 2009; Miller et al., 2008; Murray-Tuite & Wolshon, 2013; Yuan & Puchalsky,
2014), the evacuation destinations (Chen, 2004; Cheng & Wilmot, 2009; Yuan et al., 2006), and the evacuation routes (Pel et al.,
2012). With the prevalence of advanced social media (such as Facebook, Twitter, among others), and emerging connected and
automated vehicles, drivers will be more and more connected and cooperative. This will enable evacuation planners and operators to
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dynamically guide the evacuation (e.g., by possibly influencing the evacuees’ travel choice behavior) for the benefit of the entire
system, e.g., based on the dynamic system optimum (DSO) principle. In this paper we propose modeling evacuations considering the
evacuees’ cooperative behavior, which, to be specific, refers to the full cooperation among all evacuees, and between the evacuees
and the evacuation management agencies and the infrastructure in order to achieve the desirable system optimum. We note that how
to achieve such full cooperation is not trivial, which needs to be investigated in future study. However, as shown before (e.g.,
Ziliaskopoulos, 2000; Liu et al., 2006), the DSO based evacuation modeling methods can indeed provide useful insights on evacuation
planning and strategies. Second, the microscopic and mesoscopic models often use predefined parameters which are hard to validate,
and meanwhile produce computational challenges for large-scale evacuation problems (Murray-Tuite & Wolshon, 2013). On the
other hand, most macroscopic models cannot capture real traffic dynamics such as queue spillbacks. Though the cell transmission
model (CTM) has the capability of capturing queue spillbacks, leading to its wide applications in emergency evacuation
(Ziliaskopoulos, 2000; Chiu et al., 2007; Liu et al., 2006), it has to decompose the problem over time and space, creating compu-
tational difficulties for large-scale evacuation problems (Zheng & Chiu, 2011). Recently, a macroscopic evacuation model was de-
veloped based on the double queue concept (Osorio et al., 2011; Osorio & Flotterod, 2015), which could capture queue spillbacks
while at the same time was much easier to compute (Ma et al., 2014a). The model was later applied for modeling the flooding
evacuation caused by Hurricane Irene in Troy, NY in 2011 (Ma et al., 2014b). However, so far only autos were considered as the only
transportation mode. In practice, it is essential to efficiently utilize the mass transit (including bus, subway, etc.) as an important
means to reduce the SET and losses (Renne et al., 2008; Renne et al., 2009; Yuan & Puchalsky, 2014; Hossam, 2010).

In this research, we aim to develop a macroscopic multimodal transportation network emergency evacuation model, which
considers different transportation modes and their interactions, the proper traffic dynamics (including the congestion effects of autos,
buses, and subway trains), the evacuees’ cooperative behavior, and the capacities of the transportation system (including roadways,
buses, and subway trains) and the shelters based on the DSO principle. Its objective is to minimize the SET including the total travel
time on the networks and the total waiting time at origins, bus stops, and subway stations of all evacuees. The constraints are
formulated on the intermodal interactions, system traffic dynamics, the initial conditions, flow conservations, and boundary con-
ditions. To capture the interactions among different modes, we model evacuees’ dynamics and interactions among different modes at
the origins, transferring points (e.g., bus stops or train stations), and shelters. We first apply the point queue model to describe the
dynamics of “person queues” formed by the evacuees at bus stops and subway stations. Intermodal travel is then captured through
modeling the interactions of the person queues with different modes; see Section 2.2 for more details. We then apply the double queue
model to describe the system dynamics of all the vehicle-based flows (e.g., the auto-based flow and the bus-based flow). The in-
teractions of person queues and vehicle queues are captured at the origins and transferring points via properly modeling vehicle
occupancies and flow conservations. In the end, we formulate the evacuation problem as a multimodal DSO (MM_DSO) model. We
believe that, although the DSO-based evacuation model assumes perfect collaboration, the modeling results can serve as a benchmark
of the best achievable performance of the evacuation system, and thus provide guidance on how to develop real world evacuation
strategies.

We further develop a heuristic solution algorithm for large-scale evacuation problems, called the MSA-based sequential opti-
mization algorithm. It is an iterative algorithm that uses the least marginal travel time paths as the searching directions for computing
the next iterates. We conduct a set of numerical experiments on a small network and a detailed case study on Lower Manhattan, NY.
For the small network, sensitivity analysis is conducted for evacuation performance with respect to model parameters, such as bus
capacities and headways, and shelter capacities. The results show the interactions among different transportation modes, which are
crucial for evacuation planning and operations. The detailed case study on Lower Manhattan, NY presents a real-world evacuation
modeling framework, which not only validates the evacuation model and the solution algorithm, but also provides some useful
guidance for evacuation planning. The case study results are followed by recommendations on how to enhance Lower Manhattan
evacuation performance by coordinating operations of different modes.

In summary, the major contributions of this research are listed as below:

• We propose a new modeling approach to capture the interactions of multimodal traffic on a transportation network. The approach
applies the point queue model for describing the person queues at bus stops and subway stations as well as the intermodal
interactions at transferring points, and the double queue model for vehicular dynamics/interactions. The intermodal interactions
are further modeled via constraints on road link inflow and exit flow capacities, flow conservation at origins, and shelter capa-
cities. The proposed approach is concise and tractable, and can capture detailed flow dynamics, which may be applied to other
multimodal transportation network modeling applications, in addition to evacuation modeling.

• We develop a heuristic solution algorithm for large-scale evacuation problems. The solution method, together with the modeling
approach for multimodal traffic interactions, help achieve a proper balance between modeling physical realm/details and model
tractability/computational efficiency.

• The numerical results of the small network show the major factors that influence the evacuation performance and the interactions
among different transportation modes, which can provide useful insight on how to plan and coordinate different evacuation
modes. The case study on Lower Manhattan can provide not only constructive guidance for future evacuation planning in Lower
Manhattan but also valuable insights on evacuation planning in real world.
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