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Abstract 

 
We propose a static uncapacitated multi-commodity flow model along with a time-based scheduling tool for solving 
evacuation scheduling problems with capacity constraints. The paper addresses the problem of modeling evacuation 
scheduling out of an affected area, there are a pre-defined set of exit points out of the target affected area and a set of 
source points for the evacuees. The proposed approach ignores the capacity constraints and finds routes; next it 
schedules the routes that have been determined to satisfy the node and arc capacity constraints. A recent efficient 
heuristic algorithm for evacuation planning is selected as a reference for comparison. The results came from the 
developed uncapacitated network model for route finding and capacitated scheduling algorithm for evacuation time 
show that the proposed approach is competitive with heuristic methods in terms of the resulting evacuation time and 
evacuation routes and schedules. 
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1. Introduction 
 Emergency evacuation modeling is critical for disaster emergency management and homeland defense 
preparation. As one aspect of emergency response, evacuation can be defined as the removal of residents as quickly 
as possible and with utmost reliability from a given area that has been considered a danger zone to safe locations 
[16]. Although the basic requirements for disaster response and evacuation are essentially the same in all types of 
incident scenarios, specific disasters do have unique characteristics (e.g., the amount of warning available, responder 
risks, chances for secondary events, recovery operations required, and the scope and scale of the damage). Based on 
the amount of warning available, evacuation scenarios can be classified into two categories: precautionary and life-
saving operations. Under precautionary evacuation, the estimation of the evacuation time compared to the hazard 
propagation time and the estimation of the risk can be done a priori. Hence, time and potential risks are the key 
components of this type of evacuation. Under life-saving operations, insufficient warning prevents the organizers 
from conducting pre-emergency evacuation planning. Therefore, the life-saving evacuation focuses on route 
clearance and the rescue of injured people in and around the damaged area.  
 
Emergency evacuation preplanning is critical to the safe evacuation of occupants. For preplanning, efficient tools are 
needed to produce evacuation models that identify routes and schedules to evacuate affected populations to safety in 
the event of natural disasters or terrorist attacks. This paper addresses the general emergency evacuation routing 
problem for regional/hot-zones, and investigates whether a static uncapacitated multi-commodity flow model can be 
used in evacuation scheduling. The remainder of the paper is organized as follows. In Section 2, we briefly review 
the relevant literature related to evacuation planning models. Section 3 proposes an uncapacitated network model for 
route finding and a capacitated scheduling algorithm for evacuation time. In Section 4, we examine the solvability of 
the proposed approach using the evacuation network example reported in Lu et al. [10]. Finally, in Section 5, we 
provide some conclusions. 
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2.  A Review of Evacuation Modeling 
Microscopic, and macroscopic planning are the two categories of emergency evacuation planning [7]. Microscopic 
planning is used to model the objects (such as people and vehicles, movements, and interactions) during the 
evacuation period, and to design strategic evacuation plans that do not account for the individual behavior and 
interactions. Macroscopic planning can produce tight lower bounds on the expected evacuation time and upper 
bounds on the number of people successfully evacuated. These bounds can provide an effective tool to analyze and 
modify the evacuation network configuration to accommodate evacuation needs [9]. The research proposed here 
falls under the category of microscopic planning. 
 
Previous researches that addressed the emergency evacuation have proposed models applied to one of two distinct 
problems: building evacuation [4, 5, 12, 13, 18, 19, 23], and large area/regional evacuation [2, 3, 11, 14, 20, 22, 24]. 
The approaches adopted by these researches can be classified as mathematical models, network flow models, 
simulation models, and heuristics [17, 25]. Currently available approaches for addressing evacuation are based on 
proactive planning [15, 21]. This involves developing and examining different plans in advance for different 
scenarios and finding among the available plans the most suitable one to be used whenever an incident occurs. Most 
of these approaches have shown positive results in addressing evacuation planning. These approaches provide a 
starting point to improve evacuation planning particularly in minimizing time to destination and maximizing 
evacuees to destination.  
 
Certain evacuation planning models employ mathematical programming. Chiu et al. formulated the traffic 
assignment and evacuation departure schedule decisions as a single-destination cell-transmission-model-based linear 
programming model [3]. Chiu and Zheng presented a dynamic traffic assignment modeling technique based on the 
LP formulation of the cell transmission model to solve for the optimal decisions for traffic assignment, and 
departure schedule for multi-priority groups in response to a no-notice disaster response [2]. Yi-Chang et al. 
proposed a network transformation and traffic assignment modeling technique to solve the joint evacuation 
destination route flow departure problem and formulated the illustration of modeling procedure and solution 
properties in LP [22]. Yuan and Wang studied the disaster area transportation problem by building a multi-objective 
path selection model for emergency evacuation [24].  
 
Evacuation problems can be modeled as flow problems on dynamic networks [8]. Most evacuation models are based 
on dynamic network flow. The common idea of these models is to represent a building or a region and the attributes 
of the building's components in a static network G. The modeling of evacuation over time is then done in a dynamic 
network GT which is the time expanded version of G and in which the network flows correspond to evacuation 
processes [1]. Multi-commodity flow models the transportation of several distinct types of flow through a single 
network. The resulting problems are typically much harder than their single-commodity counterparts. The only 
known polynomial-time algorithms for static multi-commodity flow computations require general linear 
programming (LP) techniques. Hall et al. proved that the dynamic multi-commodity flow over time problem with 
simple flow paths and without storage of flow at intermediate nodes is strongly NP-hard. As a result, the static 
multi-commodity flow models with a time-based scheduling tool may still be viable for solving flow problems on 
dynamic networks and providing competitive results [6]. Thus, solving the emergency evacuation problem as a static 
multicommodity flow problem with capacity-constrained evaluation that considers time-driven capacity constraints 
can be investigated. 
 
3. Proposed Approach 
The paper describes the application of static uncapacitated multi-commodity flow models to dynamic capacity-
constrained evacuation path networks. The problem of emergency evacuation addressed in this paper can be defined 
generally as moving people and materials from buildings and out of a region or hot-zone by assigning one from 
among a limited set of routes and gateways to various evacuees in real-time, while maximizing some measure of 
success for the entire evacuation mission; gateways are designated entry and exit points for a hot-zone. The 
gateways outside the affected area can be considered as the final destination of evacuees' movement. In this paper 
we propose a network of directed arcs represented by the graph A(M, N), where N is a set of nodes, and M is a set of 
arcs where arc j is a directed link from node s∈N to node r∈N.  
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For solving this evacuation problem, first, a set of routes is determined for individual object/evacuee, using un-
capacitated integer multi-commodity routing model. Prior to presenting formulation of the proposed mathematical 
programming model, we introduce the notations in Table 1. 
 

Table 1 Notations 
Notation Description Type/Use 
aij ijth entry in the N-node-arc incidence matrix, which indicate whether node i is 

the source node or terminal node of arc j 
IP 

bij ijth entry in the G -node-arc incidence matrix, which indicate whether node i is 
the source node or terminal node of arc j  

IP 

E Uncapacitated evacuation time  DV 
ek Evacuation time for object k DV 
G Set of gateway nodes, G⊂N IP 
gki Is 1 if object k uses gateway node i∈G, otherwise it is 0 DV 
K Set of objects IP 
k Object index, k∈K IP 
lki Is 1 if object k at source node i∉G, otherwise it is 0 IP 
tj Travel time on arc j IP 
ucj Unit capacity of arc j IP 
vi Unit capacity of node i ∈G IP 
xki Binary is 1 if object k uses arc j, otherwise it is 0 DV 

IP = Input Parameter  DV = Decision variable 
 
Based on the evacuation problem defined earlier and the notations stated above, the formulation of the optimization 
model can be described as follows: 
 

Objective Function: 
Min   E            (1) 

 
Subject to: 
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Eek ≤       ∀ k           (6) 
10 orxkj =     ∀ k          (7) 

10 org ki =     ∀ k           (8) 
0≥ke      ∀ k           (9) 

 
The objective function (1) minimizes the maximum evacuation time among the individual objects. Constraint sets 
(2) and (3) impose the conservation of flow constraints at nodes. Constraint (4) specifies that every object must have 
a gateway. Constraint (5) specifies the evacuation time for individual objects. Constraint (6) ensures that the 
evacuation time of each object isat most equal to the maximum evacuation time. Constraints (7) and (8) declare that 
the decision variables xkj and gkj are binary. Constraint (9) declares that the decision variables ek is non-negative. For 
this model, the number of constraints is [|K| (7+|N|+|G|)] and the number of variables is [|K| (|M|+|G|+1)], where |•| 
represents the cardinality of a set. For instance, for |N|=12, |G|=2, |K|=30, |M|=17, the number of constraints and 
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variables are 630 and 600 respectively.  
 
To overcome the combinatorial complexity of the use of dynamic multi-commodity network, and the limitation of 
the use of static integer multi-commodity networks to solve the scheduling problem in emergency evacuation, we 
develop the capacity-constrained evacuation scheduling algorithm to compute the total evacuation time and largest 
start time, and determine the evacuation schedule of |K| objects through |M| arcs given the routes obtained from the 
un-capacitated integer multi-commodity routing model. The algorithm maintains available capacity information for 
nodes and arcs using a time slot data structure. It adopts the First-in, first-out (FIFO) rule of the network edge stated 
in CCRP algorithm (Lu and Shekhar, 2005). This rule assumes that objects will leave their starting node at a time 
such that they will not stop at any node or arc due to capacity constraints. The algorithm implements the arc and 
capacity limitations in a manner similar to that in (Lu and Shekhar, 2005) without any routing decisions.  
 
This algorithm requires a predetermined upper bound on the number of evacuees (that can traverse every pathway) 
per unit time, and the time needed to travel along each pathway. It assumes staging of the departure of individual 
objects from their source points, but with no delay at the intermediate nodes along the path; the largest of these 
departure times is termed “largest start time”. 
 
4. Solving an Example Using the Proposed Approach 
Capacity Constrained Route Planning (CCRP) is a well-known heuristic approach that makes use of well known 
shortest path algorithms and extends them by incorporating capacity constraints [10]. It models capacity as a time 
series to account for the time dependent nature of the networks. It uses only the original evacuation network instead 
of the time-expanded network used by the LP based approach and thus requires less memory. This algorithm may 
provide generally good results, however; heuristic solutions are usually near optimal solutions. 
 
The CCRP evacuation network example reported in Lu et al. [10] (we referred to this as CCRP example) and shown 
here in Figure 1. In this evacuation network, each node is shown by an ellipse. Each node has two attributes: 
maximum node capacity and initial node occupancy. For example, at node N1, the maximum capacity is 50, which 
means this node can hold at most 50 objects at each time point, while the initial occupancy is 10 which means there 
are initially 10 objects at this node. Each edge, shown as an arrow, has two attributes: maximum edge capacity and 
travel time. For example, at edge N4-N6, the maximum edge capacity is 5, which means at each time point, at most 
5 objects can start to travel from node N4 to N6 through this link. The travel time of this edge is 4, which means it 
takes 4 time units to travel from node N4 to N6. 
 
 

 
Figure 1: CCRP Example Problem Network (Lu et al. [2b][10]) 

 
We apply the proposed approach on the evacuation network of CCRP example problem with 14 nodes, 17 edges, 
and 30 objects shown in Figure 1. The evacuation route solutions for CCRP example reported in Lu et al. [10] using 
the approach proposed in this paper and CCRP algorithm are shown in Tables 2 and 3. 
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The evacuation time and route schedules obtained using the two approaches are in close agreement. While the 
CCRP algorithm is reported to be the best approach in terms of both solution quality (evacuation time) and 
computational efficiency, it is only a heuristic and cannot yield an optimal solution. The proposed approach in 
comparison uses an integer optimization model that provides an optimal solution. Furthermore, the proposed 
approach determines routes for individual object/evacuee unlike the CCRP algorithm that provides routes for a 
group of evacuees.  
 

Table 2: Individual Evacuation Schedules for the Example Using Proposed Approach 
Object 

No. 
Route 
No. 

Route  
Description 

Start 
Time 

 Object 
No. 

Route 
No. 

Route  
Description 

Start 
Time 

1 1 N1-N3-N4-N6-N10-N13 2  16 5 N8-N10-N13 2 
2 2 N1-N3-N5-N7-N11-N14 0  17 5 N8-N10-N13 2 
3 1 N1-N3-N4-N6-N10-N13 2  18 5 N8-N10-N13 2 
4 1 N1-N3-N4-N6-N10-N13 2  19 6 N8-N11-N14 0 
5 1 N1-N3-N4-N6-N10-N13 1  20 6 N8-N11-N14 0 
6 1 N1-N3-N4-N6-N10-N13 1  21 6 N8-N11-N14 0 
7 1 N1-N3-N4-N6-N10-N13 0  22 6 N8-N11-N14 1 
8 2 N1-N3-N5-N7-N11-N14 0  23 6 N8-N11-N14 1 
9 1 N1-N3-N4-N6-N10-N13 0  24 6 N8-N11-N14 1 

10 2 N1-N3-N5-N7-N11-N14 0  25 6 N8-N11-N14 2 
11 3 N2-N3-N4-N6-N10-N13 0  26 6 N8-N11-N14 2 
12 4 N2-N3-N5-N7-N11-N14 1  27 5 N8-N10-N13 0 
13 4 N2-N3-N5-N7-N11-N14 1  28 5 N8-N10-N13 0 
14 4 N2-N3-N5-N7-N11-N14 1  29 5 N8-N10-N13 0 
15 3 N2-N3-N4-N6-N10-N13 1  30 6 N8-N11-N14 2 

 
Table 3: Group Evacuation Plan for the Example Using CCRP Approach 

Group of Evacuees Route Dest. Time Group ID Source No. of evacuees 
A N8 6 N8-N10-N13 4 
B N8 6 N8-N10-N13 5 
C N8 3 N8-N11-N14 5 
D N1 3 N1-N3-N4-N6-N10-N13 14 
E N1 3 N1-N3-N4-N6-N10-N13 15 
F N1 1 N1-N3-N5-N7-N11-N14 15 
G N2 2 N2-N3-N5-N7-N11-N14 15 
H N2 3 N2-N3-N4-N6-N10-N13 16 
I N1 3 N1-N3-N5-N7-N11-N14 16 

 
5. Conclusions 
This paper considers the problem of modeling evacuation route schedules out of an affected area using a pre-defined 
set of exit points out of the target area. The proposed approach that consists of a static uncapacitated integer 
multicommodity network model to find the routes for individual objects and a computational algorithm that imposes 
flow capacity restrictions to schedule departure times of objects from start nodes, provides competitive results for 
the evacuation scheduling problem. It indicates that the static uncapacitated multi-commodity flow model along with 
a time-based scheduling tool can provide a solution for evacuation scheduling problem on dynamic capacity-
constrained networks. 
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