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Time Estimation and Hotspot Detection in the
Evacuation of a Complex of Buildings:
A Mesoscopic Approach and Case Study

Jony A. Zambrano, Jorge A. Huertas, Ethel Segura-Durdn, and Andrés L. Medaglia

Abstract—Evacuation drills are critical to ensure safety and
to evaluate emerpency preparedness. However, drills are overly
expensive in terms of the involved resources. Before conducting
drills, it is possible to test the infrastructore under stress using
computer simulation (combined with optimization) to identify
critical points (hotspots) that could improve the flow dynamics
during a real evacuation or emergency. This article proposes a
mesoscopic (optimization-simulation) framework that models the
evacuation dynamics from a strategic perspective considering the
infrastructure of the evacnated area and the effect of congestion on
the evacuation times. The mesoscopic framework iteratively inter-
weaves two models: (i) a8 macroscopic network-oriented optimiza-
tion model that finds flows of evacuees toward the safe zones, and
(ii) a microscopic discrete-event simulation model that evaluates the
effect of conpestion. To illustrate the applicability of the proposed
framework, the article presents a case study that recreates a real
evacuation drill that took place in a university campus. The results
of the case study support infrastructure investment decisions that
enhance the evacuation dynamics.

Index Terms—Congpestion, discrete-event simulation, evacua-
tion, network optimization, simulation optimization.

[. INTRODUCTION

N FEBRUARY 2 of 2016, the smoke of an escaped wild-
O fire in the Eastern Hills of Bogotd (Colombia) triggered a
yvellow alert in the historic city center [ 1]. Fig. 1 shows the smoke
over the historic city center the day of the fire. On a city with
over 8 million inhabitants, the result was a massive evacuation of
approximately 300 000 people from several government facil-
ities, office buildings, and education institutions in the historic
city center, located at the base of the surrounding hills in the
Andes mountain range [2]. One of the facilities evacuated on
the day of the fire was Universidad de los Andes (Uniandes),

Manuscript received February 28, 2019; revised October 7, 2019; accepted
November 28, 2019, This work was supported in part by the Research Office
at Universidad de los Andes. Review of this manuscnpt was amranged by
Department Editor A, Solis. ( Corresponding author: Andrés L. Medaglia. }

1A Zambrano, J. A Huertas, and A. L. Medaglha are with the Departamento
de Inpenieria Industrial, Centro para la Optimizacion v Probabilidad Apli-
cada (COPA), Universidad de los Andes, Bogotd 111711, Colombia {e-mal:
jaceambrano22 1 0@ unandes . edu.co; huertas ja@umandes. edu.co; amedag|@
umiandes.edu.co).
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which holds up to 23 (000 people among students, faculty, and
staff, and over 82 newly built and renovated old structures that
spread over 154 160 square meters [3].

Fig, 2 shows a 3-D view of Uniandes” campus (buildings in
blue and red; safe zone in gray). Pedestrian evacuation flows in
the campus are somewhat challenging due to: (i) a topography
with varying slopes, (ii) a narrow pedestrian network, (iii) the
complexity of connections between old and new buildings, and
(iv) the location of the meeting points along public spaces [5].
On the day of the fire, the evacuation times were severely af-
fected by these factors. Moreover, although campus and building
administrators often conduct evacuation drills for emergency
preparedness due to metropolitan regulations [6], on the day of
the fire, severe congestions delayed the evacuation for several
hours [7]. Thus, campus administrators identified the need for
a tool to help them understand the effect of the currently built
environment on the safety of students, faculty, and staff during
an emergency. Moreover, they needed to prioritize infrastructure
interventions supported with evidence.

Evacuation managers could use planning tools to help them
estimate times and identify critical points when an emergency
unfolds. On the one hand, these tools must consider infrastruc-
ture and built environment aspects; and on the other, human and
social behavior. Campus administrators pay special attention
to the former, as controlled infrastructure interventions may
improve or worsen the flow of evacuees, having a direct effect
on the formation of congestion hotspots, and ultimately on the
evacuation times. Understanding evacuation dynamics from a
strategic perspective through modeling and data-driven what-if
analyses before a critical event happens can help administra-
tors to gain insight, prioritize possible infrastructure adequacy
interventions, and, at the end, save lives.

This article presents a mesoscopic framework to model evac-
uations from a strategic perspective considering the underlying
infrastructure of the evacuated area (i.e., the connection of mul-
tple buildings, intersecting corridors, and meeting points with
different capacities over a complex topography with changes
in slope) and the effect of congestion on the egress times of
a moving crowd. The proposed computational framework is
composed of two models that iteratively communicate and ex-
change information: (i) a network-oriented optimization model
that finds flows of evacuees toward the safe zones; and (ii) a
discrete-event simulation (DES) model that evaluates the effect
of congestion in the evacuation flows. Although simplified and

0018-9391 & 2019 [EEE. Personal use 15 permitted, but republication/redistrbution requires [EEE permission.
See hitp:lf'www.ieee org/pubhications_standards/publications/nghis/index. htm] for more information.
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Urban Transformations and Health:
Methods for TrUST—a Natural

Experiment Evaluating the Impacts of
a Mass Transit Cable Car in Bogota,
Colombia

Olga L. Sarmiento ™, Diana Higuera-Mendieta', Maria A. Wilches-Mogollon ™2,
Luis A. Guzman?, Daniel A. Rodriguez?, Ricardo Morales?, Daniela Méndez?,
Claudia Bedoya "5, Mario Linares-Vasquez®, Maria Isabel Arévalo?,

Eliana Martinez-Herrera®, Felipe Montes?, Jose D. Meisel’, Andrés F. Useche?,

Elizabeth Garcia™®, Camilo A. Triana’, Andrés L. Medaglia®, Philipp Hessel®,
Julian Arellana ', Carlos Moncada'', Abby C. King =" and Ana V. Diez Roux ™

" School of Medicine, Universidad de Los Andes, Bogotd, Colombia, © Department of industrial Engineering, School of
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Engineering, Universidad de Los Andes, Bogotd, Colombia, * College of Environmaeantal Design and Institute for Transport
Studias, University of California, Berkeley, Berkeley, CA, United States,  Systems Engineenng and Computing Department,
School of Enginesring, Universidad de Los Andes, Bogotd, Colombia, ® National School of Public Health, Research Group of
Epidermiology, Universidad de Antioguia, Medelin, Colombia, * Faculiad de Ingenieria, Universidad de lbagué, lbagué,
Cotomnbia, © Fundacidn Santa Fe de Bogotd, Bogota, Colombia, ® School of Government, Universidad de Los Andes, Bogots,
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School of Public Health, Drexel University, Phiadelphia, B4, United States, " Department of Epidemiology and Biostatistics,
Domsife School of Public Health, Drexe! University, Phiadelphia, B4, United States

Background: Cable cars provide urban mobility benefits for vulnerable populations.
However, no evaluation has assessed cable cars’ impact from a health perspective.
TransMiCable in Bogota, Colombia, provides a unique opportunity to (1) assess the
effects of its implementation on the environmental and social determinants of health
(microenvironment pollution, transport accessibility, physical environment, employment,
social capital, and leisure time), physical activity, and health outcomes (health-related
quality of life, respiratory diseases, and homicides); and (2) use citizen science methods
to identify, prioritize, and communicate the most salient negative and positive features
impacting health and quality of life in TransMiCable’s area, as well as facilitate a consensus
and advocacy-building change process among community members, policymakers, and
academic researchers.

Methods: TrUST (In Spanish: Transformaciones Urbanas y Salud: el caso de
TransMiCable en Bogota) is a quasi-experimental study using a mixed-methods
approach. The intervention group includes adults from Ciudad Bolivar, the area of
influence of TransMiCable. The control group includes adults from San Cristébal, an area
of future expansion for TransMiCable. A conceptual framework was developed through
group-model building. Outcomes related to environmental and social determinants of
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