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for intelligent egresses, focusing on the development of
innovative technologies that enable safe and efficient egresses
for high-rise buildings occupants with the usage of elevators.
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Abstract | fHE

Implementing real-time, efficient, and intelligent tall building egresses that ensure human
safety in cases of emergencies can be extremely difficult. Most current egress strategies are
pre-designed and based solely on the usage of stairs; therefore, it is desirable to have an
egress system which could utilize elevators and also provide clear guidance. In this paper, we
propose a real-time system that has the capability to monitor fire and smoke sensor statuses
in the building, dispatch elevators automatically for egress and ingress, and also allow for first
responders to push different and dynamic egress routes based on people locations to avoid
congestion. Our proposed real-time, intelligent egress system is the first of its kind — an integrated
solution that combines different building systems and sensors to work together and guide
people to optimal routes for efficient evacuation. Our proposed egress system also allows first
responders to view and manage the building systems’ statuses remotely.

Keywords: Egress, Elevator Evacuation, Integration
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Introduction

Egress systems, including effective and
efficient evacuation and guidance services

in cases of fires and other emergencies in
high-rise buildings, are crucial to the society
due high social and financial consequences.
For example, the fire at the Shanghai Jing'an
Teachers Apartment in 2010 caused 58

deaths and injured 71 people. In 2009, the

fire at the China Center Television Tower’s
wing building caused one death and injured
seven people, and also caused more than
RMB1600 million economic losses. Increased
population density, taller buildings, and
complicated internal building structures cause
evacuation (egress) and rescue (ingress) under
emergency conditions which are longer to
perform and more dangerous.

According to 2014 CTBUH research (Oldfield,
2014), intelligent egresses with elevator
usages are ranked as one of the top five
topics under the category of research and
development for Vertical Transportation and
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Evacuation for future high-rise buildings.

For intelligent egresses, the top priority
research topics include real-time evacuation
management strategies and technologies,
such as people flow, occupant navigation, and
way finding.

In terms of real-world egress cases, elevators
play critical roles in evacuation. For example:

In the New York City World Trade Center
(WTC) 9/11 disaster, elevators played a critical
role in WTC Tower 2 evacuation (NIST, 2008).

In Tower 2, 18 percent of the survivors were
saved using elevators. Without elevators, more
than 3,000 people would have remained in
WTC Tower 2 when it collapsed, with over
2,000 trapped above the 78th floor.

For the Burj Khalifa (with 162 floors and a
height of 828 meters), a simulation study of
the total evacuation time from using stairs
alone versus using a combination of stairs and
elevators was performed. In this simulation,
there is an estimated 45 percent reduction
in total evacuation time (from 160 to 90
minutes) when using both the stairs and
elevators. A similar study was performed for
the Taipei 101 tower (508 meters), with an
estimated 53 percent reduction in the total
evacuation time (CTBUH, 2010).

In case of fire, the two sightseeing elevators
(products of Otis Elevators) in the Shanghai
World Financial Center (492 meters) are
modified to stop at each of the refuge floors
to act as shuttle cars and be used for occupant
egress. Compared to egress without elevators,
the reduction in total egress time with
elevators as shuttle cars is estimated to be on
the order of 25 percent (Bukowski, 2007).

On the other hand, in December 2015, a fire
occurred in a 63-floor residential building in
Dubai, causing at least 60 people to be hurt

by many crushing injuries during egress, and
also a heart attack, according to officials. A
news report (DailyMail, 2015) read that, “People
were shoving each other down the stairs and
climbing over each other”and also, “One Briton
was forced to carry his disabled mother on

his back!'This fire event in Dubai shows that
high-rise building evacuation is challenging,
and it is difficult to evacuate people safely

and efficiently without access to intelligent
egresses and the usage of elevators.

Existing Enabling Elevator and Fire
Systems

Egresses with elevators in buildings has been
studied since the beginning of the 1930s,

but the 9/11 WTC event pushed researchers
and engineers to make full use of occupant
elevators in a systematic way for more
effective and reliable egresses (Kinateder,
2014). Now, the traditional concept that
occupant elevators cannot be used during
any emergency has been overcome to

some extent. In their 2009 editions, both the
International Building Code and NFPA Building
Construction and Safety Code (NFPA 5000)
permit the use of occupant elevators meeting
certain requirements to be designated for
self-evacuation in fires. The International
Building Code (ICC, 2012) has defined the
rules for egress involving the use of Occupant
Evacuation Elevators (OEEs). Buildings over
420 feet are required to have an extra exit
stairway unless the building has occupant
evacuation elevators. ISO/TR 25743 studied
the use of evacuation elevators and ISO/TR
18870 proposed requirements on elevators
used to assist in building evacuation. The
American Society for Mechanical Engineers
(ASME) committee that is responsible

for elevator code also investigated the
feasibility of the use of occupant elevators
during egress, and developed the occupant
evacuation operation (OEO) protocols for
occupant elevators. In a recent CTBUH paper
(Stranieni, 2014), the current status of egresses
with occupant elevators was reviewed and an
objective-based approach was proposed to
enhance egress efficiency compared to the
cases where only stairways and OEO are used.

As for intelligent egress products, one of
United Technologies Corporation (UTC)'s
Business Units, Gulf Security Technology
(GST) has developed the intelligent egress
system (IES) with components of egress sign
indicators, egress control panels, lighting
systems, and also emergency power systems
(Figure 1) along with fire detection and alarm
systems. These systems are now targeted at
high-rise buildings or large-scale areas for
emergency evacuation purposes.

As described above, intelligent egress
has become an active topic for high-rise
buildings from real-world lifesaving needs,
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Figure 1. Introduction of UTC's GST's Fire Alarm System (Source: UTRC)
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Figure 2. Proposed intelligent egress system architecture (Source: UTRC)
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international code, and also industry product
perspectives. In this paper, UTC presents its
recent research results to provide more insight
on the development of integrated building
technology for intelligent egresses. This paper
also tries to increase the awareness of egress
problems and the OEO code for the high-rise
building industry, and hopes to set the stage to
encourage more people to join in the research
and development of new technologies for
intelligent egress technology solutions.

Proposed Architecture for Integrated
Solution

Nowadays, high-rise buildings typically have
two exit stairways as the primary egress
routines for use under emergencies; however,
the egress capacity of the stairways largely
depends on their widths. Consequently, the
egress capacity with only stairways is constant
and thus the required egress time will be
unacceptably long for high-rise buildings

with a large number of floors and occupants.
Furthermore, mobility impaired occupants
may experience severe difficulties using exit
stairways during egresses, including not
being able to traverse the stairways at all
(Kinateder, 2014). Capacity is further reduced
when firefighters have to use exit stairways for
ingresses, causing considerable congestion.
All of these facts demonstrate that only

using stairways may greatly limit the egress
efficiency and reliability.

In addition, considering the tragic loss of life

in the 2001 terrorist attack of the WTC, a large
amount of effort has been focused on the
design of efficient egress systems to evacuate
occupants from high-rise buildings, especially
for occupants who cannot use exit stairways
by themselves. In addition, a coordination
control between fire and smoke alarm systems
and the egress guidance system is not
considered in current solutions. The location

where fire occurs can be sensed from the fire
alarm system, while existing egress guidance
systems can only use pre-determined egress
routines, unable adapt to real-time fire and
smoke statuses or occupant flow information.
Besides, to understand the whole emergency
situation in the building, first responders need
a reliable tool to observe where the fire occurs,
how occupants are evacuating, and the
movement of every elevator. Such information
is critical for them to make often life-saving
decisions for efficient egresses and ingresses.

Based on previous discussions and prior work
(Stranieni, 2014), UTC proposes the following
system architecture to address the technology
challenges for intelligent egress operation
(Figure 2).

Firstly sensor data, building layout
information, and expert knowledge are
input to the intelligent egress operation
system. In this system, we define three-layer
architecture as below:

The first layer has modules such as people
flow sensing, threat propagation modeling,
building information parsing, and a human
expert knowledge module to process and
analyze input information.

Processed information from the first layer
modules, such as people location, threat
propagation trends, building layout, and
equipment statuses, are passed to the egress
path-planning, elevator-dispatching, and
threat-mitigation modules to form the second
layer of the system and to create actionable
egress operations.

With the actions defined, the third layer
modules will act like actuators to take actions
such as providing decision support for first
responders or controlling building equipment.

Finally, output is generated to achieve
intelligent egress operation.
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New Technologies Developed to Enable
Safe Egress

In order to implement the proposed
architecture above, the egress system needs
to collect different kinds of real-time sensor
data, such as fire and people location, to
provide optimal paths for evacuation and to
send control commands to building systems.
Furthermore, in order to aid building owners
and first responders in understanding the
emergency status and make quick decisions,
the egress system should have a user-friendly
interface. Several technologies developed to
achieve these goals are presented below.

BIM, Building 3-D Visualization, and
Remote Control

According to interviews with first responders,
it will be convenient for them to observe
information, such as fire and people location
and elevator statuses in a 3-D building

layout before entering a building for rescue.
Building Information Models (BIM) can be
used to visualize building layouts in 3-D.

BIM are digital representations of physical
and functional characteristics of buildings.
Normally, BIM files are hard for first responders
to view and understand if they don't have
professional CAD tools. UTC has developed a
software tool that parses building structure
information out of the BIM, visualizes it in 3-D,
and then connects building equipment to
visualize system statuses on top of building
structures, and also enables egress remote
control functions to support first responders
for egress decision making.

Figure 3 shows one of UTC's results for
building 3-D visualization (Figure 3). The fire
alarm, occupancy, elevator statuses, and
egress signs can be shown in this 3-D layout.
Users, such as building owners and first
responders, can use this 3-D visualization tool
to quickly understand the emergency status
and make better-informed decisions. This tool
also allows users to draw and change egress
paths and remotely control egress systems
such as the directions of egress signage.

Indoor Localization and Mobile Guidance

Indoor people localization is extremely
important for egresses. With indoor
localization, the egress system can know the
location of people and whether congestion
will occur. Based on people location and risk
information (such as fire location), the egress
system can generate an optimal path to guide
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Figure 3. Building information 3-D visualization tool (Source: UTRC)
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Figure 4. Two types of localization approaches (Source: UTRC)
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people located in different areas of a building,
which can be life-saving for people in an un-
familiar tower.

There are two basic approaches for people
localization: triangulation and fingerprint
(Figure 4). The triangulation approach is quite
straightforward. It determines location based
on distances to the three nearest sensors. In
comparison, the fingerprint approach needs
to create a signal map based on RSSI (Return
Signal Strength Indicator) data from installed
sensors (or background measurements) in an
area during commissioning. Then during real-
time localization, mobile devices can receive
live RSSI signals from nearby sensors and
match them with the signal map to determine
current location.

In UTC's POC implementation, UTC used
iBeacon as the sensor to localize people, and
developed both triangulation and fingerprint
approaches. iBeacon is one of the available
sensor solutions for indoor localization. Other
approaches, like a WIFI based solution, can
also be applied, especially for large spaces
that do not need to install many iBeacon
sensors (Stojanovic¢, 2014).

Based on people localization, mobile
guidance applications can be developed.
UTC created an egress application that can
be installed and run on mobile phones. The
application collects nearby iBeacon sensor
data, obtains a customized egress path from
the path planning server, and then shows
all the information through a graphical user
interface (Figure 5).

Video Analytics

In addition to indoor localization, which
enables personalized guidance during
egress, video surveillance provides another
way for the egress system to monitor
people flow and occupancy. For egresses
with elevators, controlling the elevator
efficiently reduces evacuation time. In the
implemented egress Proof of Concept
demonstration, a multi-camera video
analytics system was developed to estimate
the crowd level in each elevator lobby.
Based on crowd information, elevators can
be controlled automatically to achieve high
efficiency. For example, the egress system
can send commands to control the elevator

Figure 5. Mobile guidance system based on indoor localization (Source: UTRC)
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Figure 6. Multi-camera surveillance system for POC (Source: UTRC)

E6. MEWIPERFNSBRENEERG CBR: BKERAHRHL)

Figure 7. People flow and egress strategy simulation with Anylogic (Source: UTRC)

E7. &£FAnyLogicIARRENSHEGRISNE (KR BRERATTRAL)

to“go” when no waiting occupants are
detected in the elevator lobby.

As shown in Figure 6, the egress server
computer can acquire video stream from each
camera through PoE (Power over Ethernet) and
an Access Point (AP) router, and run a multi-
camera video analytics program to estimate
the occupancy in each elevator lobby (Figure
6). Three-level crowd information — no people,
light crowd, and heavy crowd — was defined
and automatically estimated in the current
system. Similar video analytics programs are
already used in commercial HVAC and elevator
scheduling applications (Romano, 2015).

People Flow and Egress Strategy
Simulation

Normally, it can be difficult to run experiments
with human subjects to evaluate egress

strategies; therefore, it is necessary to develop
a simulation platform that can simulate
people flow and test different kinds of

egress strategies. UTC developed an egress
simulation platform based on the software
AnylLogic (Khaled, 2012). In this software
platform (Figure 7), social force models are
used to simulate people movement and their
interactions with each other and with walls,
corridors, stairs, and elevators. Later, different
kinds of egress strategies including guidance,
and the usage of elevators and stairs can be
defined. In the simulation, egress time and
the number of people evacuated through
different strategies can be estimated.

Proof of Concepts for Intelligent Egress

In order to integrate and evaluate the
above technologies, UTC is developing
multiple Proof of Concepts (POCs); two of
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these are described herein to demonstrate
the proposed capability. UTC's proposed
intelligent egress is a novel approach to
improve evacuation effectiveness and
efficiency by means of integrated and
intelligent systems that exploit real-time
information gathered from building sensors.
In POC 1, the proposed system works with the
following steps (Figure 8):

1. Under normal conditions people are
working in their office;

2. Afire occurs at some location in the
office;

3.The Fire Alarm System (from UTC's GST)
detects smoke and triggers a fire alarm;

4.The Egress Signage Control System (also
from UTC's GST) lights egress signs based
on pre-configured paths depending on
the detected fire position;

5. People follow the egress signs for
evacuation, and at the same time they
can trigger the mobile application to
start an Indoor Localization System. Then,
based on their location, a customized
egress path will be displayed on the
mobile application;

6. Meanwhile, the Elevator Control
System (from UTC's Otis elevator)
dispatches elevators to the affected
floor for evacuation;

7.The Intelligent Video System (from
UTC's Interlogix) will monitor people
occupancy in the elevator lobby, and
once all people have entered the
elevator, it will send a“Go” command

Figure 8. POC 1 concept of operations (Source: UTRC)
El8. POCTRERLS (CRR: BXETARRHL)

to the elevator to let it travel to the
discharge floor.

For the POC 1 mentioned above, a
demonstration was conducted at UTC
Climate Controls and Security (CCS) Shanghai
Research and Development Center (SRDC)'s
engineering building, which has three

floors with a total area of ~600m?2. Four
typical strategies (as mentioned below)

were tested at SRDC and evacuation times
were recorded:

Strategy 1: No guidance, no elevator, with
stair one

Strategy 2: No guidance, with elevator
and stair two

Strategy 3: With guidance, with elevator
and stair three

Strategy 4: With guidance, with elevator
and stair four

Here, in strategies 1 and 2, in order to
simulate an unknown environment to

the people joining the test (and thereby
addressing the possible learning effect in
the tests), two stairs were randomly picked
and people needed to find the stairs by
themselves. In strategies 3 and 4, another
two stairs were picked, but guidance was
provided for people to find the stairs.

From the testing, strategy 3 has the best
performance since people could use both
the elevator and the stairs with guidance.
Compared to strategy 1, strategy 3 has a
reduction of around 40 percent in total egress
time. Strategy 4 has similar performance to
strategy 3, while with strategy 4, more people
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Figure 9. Otis Shibayama Testing Tower in Japan (39

stories, 154 meters) (Source: UTRC)

E9. AAREHEIShibayamalidtE (39, 154:K)
CRR: BRERAHRAL)

used the elevator regardless of the guidance,

which consequently increased elevator

waiting time and total evacuation time.

For POC 2, UTC is conducting tests at Otis
Japan’s Shibayama Testing Tower (STT)
(Figure 9). The objectives of this POC include
demonstrating an integrated intelligent
egress system for multiple floors at STT.

The current egress system includes one
elevator (including elevator controllers),
egress indicators, smoke sensors, and five
surveillance cameras. As same as POC 1, all
these systems are products from UTC. Another
objective is to evaluate OEO rules at STT for
multiple floor evacuations.

UTC has set up the intelligent egress
system (with products from GST, Otis and
Interlogix) at STT. Next, based on OEO rules,
the egress system at STT can automatically
implement elevator dispatching control
and elevator motion control in real-time,
such as determining the egress priority

for affected floors and controlling the
elevator doors opening and closing in

Figure 10. Smoke propagation modeling (Source: UTRC)
E10. REY AR CBR: BXERAHRAL)

according to the loading. Furthermore,
the intelligent egress system will integrate
lobby occupancy detected by cameras to
support automatic implementation of the
OEQ rules.

As for future POCs, UTC plans to set up an
intelligent egress system at Otis' Xizi Otis
factory in Hangzhou, which has a three-floor
office building with larger areas and multiple
elevators to further evaluate the proposed
system in a greater scale.

Emerging and Future Enabling
Technologies

In addition to the capabilities listed above,
UTC sees the benefit from development in the
areas below:

Threat propagation modeling: Threat
propagation modeling can support
intelligent egress, especially for egress path
planning. In order to help people avoid

risks during evacuation, it is important to
understand the evolution of threats, such as
smoke and fire propagation (Figure 10). With
such knowledge, an intelligent egress system
can then better optimize an egress path

in real-time to guide people to safe areas
(Tomastik, 2008).

Egress path planning: As mentioned
previously, an egress path is usually pre-
defined when people configure the egress
system for the building; however, a pre-
defined path does not consider real-time
risks such as fire, smoke positions, people
congestion, and so on. Real-time and
dynamically updated egress paths are
important. Normally, path planning is a
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Figure 11. Example of indoor path planning for egresses (Source: Lin, 2013)

E11. ERBEARINGIF RIR: Lin, 2013)

multi-objective optimization problem. A
dynamic egress path planning will need to
minimize evacuation time and risk exposure
to humans, while at the same time consider
constraints, such as building layouts, egress
path throughputs, and so on (Figure 11).

Building layouts creation: As discussed
previously, using BIM can aid visualization
of an egress system; however, creating

BIM is currently a time consuming task
which also requires professional CAD tools.
Meanwhile, it is not easy to parse building
layout information from BIM files to a path-
planning module. New methods, such as
using intelligent sensors to automatically
capture building layouts and structures, or
Creating easy-to-use software tools to support
BIM creation and data parsing, are also an
interesting area to pursue.

Mobile platform: In previous sections,

we have discussed a mobile platform for
indoor localization and a mobile app for
egress guidance. In the future, UTC hopes to
enhance the mobile platform’s functionalities
(Figure 12) to let users be more connected
with buildings, and to exchange information
with building systems and other occupants.

Semantics for intelligent egress: Based

on current usage of egress systems, a lot of
semantic information can be extracted to
improve the egress operation to be more
efficient and effective. Industry needs to
develop common standard semantic tagging
to enable interoperability, and plug and play
between systems.

UTC hopes that these new ideas can

bring more fresh thoughts to Industrial

and academic communities to advance
technology development for intelligent
egress; however, for advancing intelligent
egress, technology development is just
one element. Other elements, such as
international code compliance, product
certification, training for building occupants
in following rules and guidance during
emergencies, and so on, should all be
carefully studied before UTC launches more
advanced intelligent egress products for
high-rise buildings.
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