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a b s t r a c t

Efficiency is a fundamental requirement in evacuation planning and operations. The “faster-is-slower”
phenomenon in pedestrian evacuation has been observed and deemed a significant obstacle to evacu-
ation efficiency. This paper thus focuses on two aspects of evacuation planning in the case of stadium
evacuation. The first is to define a spaceetime use efficiency measure for evaluating the utility of both
space and time resources. The second is to propose a pedestrian waiting-time model for directing
evacuees to alleviate evacuation bottlenecks. An agent-based simulation approach was employed to test
the proposed model in stadium evacuation scenarios. The results demonstrate that compelled, or
mandatory, waiting time strategy generated by this model is helpful in improving the spaceetime use
efficiency of network links in the evacuation process by virtue of the strategically timed movingewaiting
erestarting movement pattern of evacuees. The analysis of spaceetime evacuation paths in this study
provides a practical and insightful alternative for measuring evacuation effectiveness. Results of this
study compared reasonably against an existing cellular automaton based simulation both in microscopic
and macroscopic perspectives. A number of future research directions were presented.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The evacuation performance of large building complexes
received increased interest by researchers in recent years [28,39,45].
Studies on this subject led to the development of several simulation-
based models designed to investigate bottlenecks induced by panic
behaviour [22], pedestrian movements [7,41], and waiting time in
crowded areas [9,10]. These studies employed techniques including
cellular automata models, lattice gas models, social force models,
fluid-dynamicmodels, agent-basedmodels, game theorymodels, as
well as models based on animal experiments (reviewed by Zheng
et al., 2009 [58]) as the basis for evacuation scenario simulations
[55]. Results of a significant number of these evacuation simulations
demonstrated a “faster-is-slower” effect [22,36], which is described
as “. trying to move faster can cause a smaller average speed of

leaving.” by Helbing et al. about the bottleneck mechanism. This
effect implies that the utilization, in terms of both space and time, of
evacuation routes has room for improvement.

Efficient use of evacuation routes (space) and evacuation dura-
tion (time) is a major challenge in evacuation planning and
management. To this end, one of the objectives of this paper is to
introduce a spaceetime utilization efficiency index for evaluating
the resource usage, in terms of space and time, of alternative
evacuation routes and plans. The other objective of this paper is to
establish a pedestrianwaiting-time model, which is essential if one
wants to improve evacuation efficiency by minimizing pedestrian
waiting time.

This paper is organized as follows. Section 2 discusses earlier
work related to evacuation measures as well as space and time
resources in evacuation. Section 3 presents a spaceetime use effi-
ciency index to model the usage of space and time resources in an
evacuation process. Section 4 introduces a pedestrian waiting-time
model to avoid the faster-is-slower effect in evacuation operations.
Section 5 introduces an agent-based simulation methodology that
includes the route choices and waiting behaviours of evacuees.
Section 6 analyses the results of computational experiments.
Finally, Section 7 draws conclusions and discusses directions for
future research.

Abbreviations: MOEs, Measures of effectiveness; FIFO, First-in-first-out.
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