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Chapter 1: Introduction

The following study is the second part of a three year grant funded by thadlati
Institute of Standards and Technology (NIST) focusing on people movement in high-rise
stairwells during fire drills. Life safety is an important aspethwvithe fire protection
engineering community that is discussed in detail in the Life Safety C&dRA NO1 [1]. The
main objective of life safety during fire situations is to allow for occupwiithin a building to
reach an area of safety before untenable conditions occur. The time thapanbtakes to
exit the building or reach an area of refuge is greatly affected by the mezgress. Chapter 7
of NFPA 101 focuses on the means of egress and defines it as “a continuous and unobstructed
way of travel from any point in a building or structure to a public way consistiryes t
separate and distinct parts: (1) the exit access, (2) the exit, and (3) tthieaharge” [1]. The
current study focuses on the exit of high-rise buildings, namely the &ixiteils.

Throughout the literature regarding emergency human movement, the avsalfable
egress time (ASET) and the required safe egress time (RSET) are nm&sngpanterest for
performance-based designs, so it is beneficial to define and discuss thegésconlce ASET is
“the whole time from fire ignition to the time untenable conditions occur in the ev@atwaute”
[2]. Note that untenable conditions are not only conditions which cause fatality, but &e thos
conditions which cause the inability of the occupant to self-evacuate. The RSEd iime
required for occupants to reach an area of safety” [2]. Therefore, the ASEalwangs be
greater than the RSET to ensure the safety of the occupants. Although these coagasgism
straightforward, the prediction of these times (especially the RSETH)eaery complex. The

current study solely involves the RSET.



Discrete time intervals combine to form the entire RSET. These ilgemamthe time
from ignition to detectiont(), the time from detection to notificatioty,], the time from

notification until evacuation commenceﬁ_g), and the time from the start of evacuation until

safety is reachedy) [3]. The sum of the detection phase, notification phase, pre-evacuation
phase, and evacuation phase make up the total RSET [3]:

RSET=ty+t,+t, . +te @
The detection and notification phases usually depend on a variety of technical facitviag a
building’s detection and alarm systems. The pre-evacuation and evacuation phaseother
hand, are the primary phases that involve human decisions and movement. The adyent st
focuses solely on the evacuation phase of the RSET.

The fire protection community uses the hydraulic model in assessingryerge
movement. The basic hydraulic model is used to give an estimatigmnoéquation (1).
Although the hydraulic model is employed extensively in the field, its estimaf evacuation
time is usually optimistic because of the simplicity of the model [3]. Withe model,
individuals are all the same (i.e. size, gender, speed) and move like water nsdleculgh a
pipe; however, human interaction and experience tells us this is not the case. abhédydr
model does not account for differences in human abilities, let alone differences m huma
behavior [2, 3, 4]. The main purpose of the current study, along with other human behavior
studies, is to improve computer evacuation models by exploring factors not caohandie
hydraulic model. These improvements will hopefully lead to better RSET predictions

The following paper investigates the possible effects that three typesindtdisiman

behavior phenomena have on the overall flow of descending occupants in high-risglstairw



during unannounced fire drills. The three types of human behavior studied are platoon
movement, passing behavior, and merging behavior.

A “platoon” is not explicitly defined within the fire protection literature, the t
concept has been studied in the civil engineering community in regards toftoaffibeory.

In the current study, a platoon is defined as a group of individuals who are spuétisdiyand
descend in the same approximate flow pattern. From the data collected bytNi®bserved
that people tend to travel in platoons, as opposed to being uniformly spaced as they move in
high-rise stairwells. The current study attempts to show that the fomwdtplatoons happens
more often than not, and attempts to determine the effects that these groups haveverstl
egress performance of the population. Platoon descent time analyses whereimgp ocetys

are presented to show patterns in platoon movement, and the differing flow pateristbe

two different buildings analyzed.

Passing and merging behaviors are also explored in the current paper tongetieem
effects that these specific types of phenomena have on the egress perfahtiaackescending
population. The passing and merging behaviors are examined relative to thaexted to
descend the stairwell and gender characteristics. Sections in tiveksavhere no queues are
found to occur are analyzed to determine how descent times are affectediby pasnts, and
how flows are affected by merging events.

The hypotheses on human movement during evacuation within high-rise stairwells
tested in the current study are the following:

1. People do not move as the hydraulic model predicts and human behavior is the

primary cause.



2. Physical movement platoons exist within high-rise stairwell evaanstand display
similar patterns to vehicle transportation platoons.
3. There are demographic trends associated with passing and merging events.
4. The descent times of those occupants closely following a passing event are
negatively impacted by the event.
5. The sum of the inflows associated with a merger does not equal the merger outflow.
These hypotheses are tested by examining the descent times, demodgsaphitisally, gender
and exit lane usage), and flows of the descending populations within four stairweltstdtal
evacuations of two different high-rise buildings. The main purpose of this studgrisvide
computer evacuation models with actual evacuation data trends to better prediquttex] safe

egress time of evacuating populations.



Chapter 2: Background Infor mation

The following chapter reviews the current research available on people movenant dur
emergency situations, as well as research pertaining to platoons. bnm&ettia detailed
discussion of the hydraulic model is presented. In Section 2.2, a discussion of the current
computer evacuation modeling used in the fire protection engineering comnsymrigsented.
Following 2.2, studies within both the fire protection and transportation engineering
communities regarding platoons are given and discussed. Then, a literatuweor® merging
behavior during evacuations is given. Also, sources regarding the validitg dfifl
experiments are presented to help validate the data used in this study.

2.1 TheHydraulic Modél

The model that is often used to predict evacuation times during emergencyenoiem
the hydraulic model. The engineering calculations of the hydraulic modelosiginally
developed by Nelson and MacLenan [5] based on the human movement research contributed by
Predtechenskii and Milinskii [6], Fruin [7], and Pauls [8, 9]. Within the model, thrpertant
parameters are used to describe the movement of people. These three masaendesity,
speed, and flow. The backbone of the model is that speed of movement is a function of the
population density (i.e. crowdedness) [3]. Before a quantification of these parsme
presented, the assumptions of the calculations and the concept of effective j\adh [8
discussed.

The equations of the hydraulic model assume the following:

1. “All persons start to evacuate at the same instant.
2. Occupant flow does not involve interruptions caused by evacuee decisions.

3. The evacuees are free of impairments/ disabilities that impedertbeament” [3].



These assumptions provide the engineer with a relatively simple way to gulamtifensity,
speed, and flow of the population in order to predict the evacuation time. Many &audors
behaviors that can affect the evacuation time are excluded by these amssinsptin practice
the engineer usually adjusts the predicted time by a safety fa@ocdant for the assumptions
made. Some of the factors and behaviors affecting evacuation time anedbtliGwynne and
Rosenbaum [3]:

e Procedural (active fire protection, emergency signage, notificatioensystmergency
training, performance of fire drills, false/inaccurate alarms,/gtaffvarden)

e Organizational (safety culture, normal use of structure, securitguoes,
communication system, existence of social hierarchy, distribution and size of
population, nature of population)

¢ Environmental/Scenario-Based (presence of fire effluent, background pollutidmdig
levels, debris, presence of fatalities, structural damage, loss of routes)

e Architectural/Structural (building type, physical dimensions, geometenoiosure,
number and arrangement of egress routes, complexity of space, visual separation,
lighting and non-emergency signage, extent of passive fire protection)

¢ Individual (cognitive abilities, language/culture, exposure to cues, locationydatig
general health, sensory/cognitive impairment, size, experience, infomhatels,
familiarity, role, responsibility, age, gender, activity, socialiatfon, engagement,
commitment, physical abilities/limitations, proximity to incident, mation, status)

Numerous studies have shown that the width of a component (i.e. stairwell, corridor,
aisle, ramp, doorway) through which people evacuate has a linear effect on thé fleople

through that component. In other words, the flow through a component is linearly dependent on



the width of that component; the greater the width, the greater the flow gapHueé clear width
(total width from wall to wall) of the component, however, is not the width that is usled in t
hydraulic equations. The usable width, or the effective width, is the width thabtied oses.

Jake Pauls first coined the term “effective width” while conducting highbuilding
evacuation experiments in Canada during the 1970s [8]. The effective width isltih¢hat is
actually used by occupants. The effective width can be measured by subtrecbogridary
layer from the clear width of a component. The boundary layer is the space thetijgandc
keeps between themselves and an object within the egress component (i.e. walgshandr
benches, obstacles). Personal space and lateral body sway are factorgtibate to the space
that occupants keep between themselves and objects [3]. The boundary layer concept has bee
investigated by numerous researchers [7-10] who agree that the phenomenon ocayrs durin
evacuations.

Pauls studied 58 cases of total evacuation of high-rise office buildings to ceteheni
boundary layer width commonly used within stairwells [8]. Each case pertained teitone e
stairwell, so each building studied usually contained two exit stairwellaootdses. Pauls’
analysis had two main components. The first involved a statistical regresalgsigof the
mean evacuation flow vs. the measured stair width of the 58 cases [8]. The other component
involved “a graphical analysis of where individuals in a crowd locate themsaluess the
width of a stair used in high flow or capacity conditions” [8] using video footage of such
situations from three stairs.

Pauls used two iterations of the regression analysis, with the second one taking into
account different variables that could have an effect on flow, such as densitiygcleorn, stair

wall roughness, tread dimensions, building height, etc. [8]. He found that the regressigadi



a straight-line function that intercepted the x-axis at 300 mm [8]. The wigdyses of the three
crowded stairs also found that approximately 150 mm were unoccupied at eadhisedstair

[8], leading to a boundary layer width of 150 mm, or 300 mm for both sides, for a staifluel

is the width given by Gwynne and Rosenbaum [3] and employed by the hydraulic madel. Fo
stairwells, the clear width is the measured tread width [3]. Figure 2-tralies the

measurement of the effective width of stairs in relation to the boundarg ldye to walls,
handrails, and seating.

As mentioned before, the three main parameters in assessing emergencgmavéine
hydraulic model are density, speed, and flow. Perhaps the most difficult par@ratetaost
important) to quantify is density. Density is defined as the level of crowdednas evacuation
route [3]. In the hydraulic model, density is the amount of people per unit area Wwihin t
evacuation route. However, there are other ways of measuring density involfengnditinits.
These units include amount of people per unit space, the space available per person, and the

proportion of floor space occupied [6].
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Figure 2-1: Measuring the Effective Width of Stairs[3, p. 3-378]




It has become a challenge for researchers to determine which method wfimgeas
density is the most accurate and will obtain the best results. In her Blasistated that one of
the factors that might have caused the significant amount of variation in speéalanatt
respect to density within the high-rise stairwells that she studiedh{\ahecthe same stairwells
analyzed in this study) was the way that she calculated density [11]. ThbatrB&ir used to
calculate the densities was the area of tread and landing space from onetcaheenext,
which was usually the area between two flights of stairs. Also, Blair ceddulae density of
each occupant by counting the number of individuafsant of that occupant over the area of
the two flights.

Another important parameter within the hydraulic model is speed. Speedhexides
the movement velocity of exiting occupants [3], or the amount of distance an occupansesa
the stair per time it takes that occupant to cover that distance. As stisgl bumerous works
have shown that the speed of a group or an individual within a group is affected by the
population density [6, 7, 8, 9]. The more crowded an exit route is, the slower the individuals
within that route will be able to exit. The following relationships that ard bhgehe hydraulic
model were derived from the work of Fruin [7], Pauls [8, 9], and Predtechenskii andKiflilin
[6]. The model states that if the population density is less than 0.54 paréoif&n these are
considered low-density situations and the occupants will move at their own pace [3]. Hig
density situations in which no movement can occur happen when the population density is
greater than 3.8 persons? [3]. The model states that between the population density limits
given above, the relationship between speed and density is assumed to be the fidieaing
equation [3]:

S =k — akD = k(1 — aD) )



where S is the speed along the line of travel, D is the population density in persons geainit
ais a constant equal to 0.266 when S is in m/s and D is in pendoasd k is a constant
depending on the riser and tread size for stairs and is given in Table 2-1 [3]kNstthe

constant used for English units aadfor metric.

Exit Route Element k] k2
Corridor, Aisle, 275 1.40
Ramp, Doorway

Stairs

Riser (in.) Tread (in.)

7.5 10 196 1.00

7.0 11 212 1.08

6.5 12 229 1.16

6.5 13 242 1.23
1in.=25.4 mm.

Table 2-1: Constant k for SFPE Speed Correlation [3, p. 3-379]

For stairs, the line of travel required for the measurement of S in equatisra(@)g the
line of the treads. This is essentially calculated using the Pythagorearemhevith the line of
travel being the hypotenuse for each stair.

The specific flow can then be calculated in order to determine the calcutatedTthe
specific flow is defined as the flow of evacuees past a point in the exit route pemener
unit effective width. The metric units of specific flow are persons/s/ecie width. The
equation for determining specific flow is simply [3]:

Fs=S#*D (3)
whereFs is the specific flow, S is the speed, and D is the population density. Combining
equations (2) and (3) yields:
Fs = (1 —aD) = kD 4)

This specific flow can then be used to find the calculated flow by the followjunagtien [3]:
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Fc = Fsx W, (5)
whereF. is the calculated flow (predicted flow rate of persons passing a certainrptie exit
route in persons/unit timelg is the specific flow, antV, is the effective width of the route.
SubstitutingFg from equation (4) into equation (5) yields:
Fc = (1 —aD) *x kDW, (6)
This flow rate can then be used to predict the time of passage required for a gseaplefto

traverse an egress Component:
tp == (7)

wheret,, is time for passage, P is the number of evacueed;@isdhe calculated flow rate.
The preceding equations together form the backbone of the hydraulic model ofreyerge
human movement.
Because of the assumptions of the hydraulic model, it can be rather stngisti
consists of the following limitations:
“1. Behaviors that detract from movement are not explicitly considered.
2. The numbers of people in a structural component are considered rather than their
identity and their individual attributes.
3. Movement between egress components is considered (e.g. from room to room), rather
than within them.
4. The results are deterministic and will therefore remain the same unlesgeslae
made to the scenario or the assumptions employed” [3].
Actual evacuations are not only affected by the egress component geometry dedsiky
within that component, but also by the behaviors of the individual occupants and how they

interact with each other and the surrounding environment. For this reason, the tendascy in t
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hydraulic model is to provide “an optimistic estimate of evacuation time”TBe model does
not account for human behavior factors that might increase overall evacuation time.
2.2 Computer Egress Models

There are currently many different computer egress models used inragsassrgency
movement characteristics of evacuating populations. Some models are morecatethigian
others, but there is a push towards creating more sophisticated behavioral@inmudatels to
account for the inherent limitations of the hydraulic model. Yet, because behawaolels are
far more complex, there is a need for more current, sound evacuation data ifithptass
contained in these models are to be based on reality [12]. The current NIST studyidéahe
recordings of the high-rise office building stairwells is part of an onggfilogt to obtain more
raw data on evacuations to hopefully obtain better evacuation models that not onlyquantif
speed, density, and flow, but also incorporate human behavior aspects.

While Section 2.1 deals with a manual engineering approach to modeling (thelicydra
model), this section deals with current computational modeling approaches usddteds s
before, some computer models are more sophisticated than others, “rangingdtatively
crude account of homogeneous occupant flow to autonomous agents moving throughout three-
dimensional space” [13].

A vital part in computer modeling is the selection of an appropriate model. Computer
models must be understood by the user and be selected based on project deliveraiges, timi
funding, etc. Model validation is an important component of the selection process. Computer
egress models are validated using different techniques including “validationtagaies
requirements, validation against fire drills or other people movement experimaists

validation against literature on past evacuation experiments (flow ra)eyvaticlation against
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other models, and third-party validation” [13]. The results and trends shown in the current
study can hopefully be used by both computer model users and developers in validating
computer models in question.
The three different types of modeling methods currently available are:
¢ Movement models: Concentrate on the simulation of occupant movement without a
behavioral component.
e Partial behavior models: Primarily calculate occupant movement, but alglatsm
behavior to some degree.
e Behavioral models: Incorporate occupants performing actions in addition to movement t
a specified goal [13].
The goal of this thesis is to provide trends to aid in the validation and development of behavioral
models. By examining behavioral studies like this thesis, the level of refinef@opulations,
specifically the behaviors of populations can be developed and validated. Currently, the
refinement of the population in computer models either represents the population as ilsdividua
(microscopic level) or as a homogeneous population (macroscopic level) [13]. Behethan
computer egress models “can be defined by the user or model (deterministsgdron
probabilities specified by the user (stochastic)” [13].
The different ways that models simulate behavior include the following methods:
e “Neglect to simulate behavior
e Simulate only occupant characteristics that affect movement
e Simulate behavior conditionally (individuals are affected by conditions within the

building)
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e Allow behavior to emerge adaptively (attempting to simulate the decisiomgaki
process)” [13].
For some of the conditional behavioral models, it is common “that the user can spdeify c
behavioral actions for individuals or sometimes distribute certain probabditizehaviors over
a segment of the population” [13]. Thus, it is of utmost importance that “the conditions under
which the actions are performed, the likelihood of their performance, and the consegfiences
their performance should be based on data” [13], such as the data trends presentedsisthis the
2.3 Social Groupsvs. Physical Platoons
One of the behavioral aspects of evacuating occupants seen in the NISTtldata i
formation and dissipation of platoons (the term was first used by Pushkarev and Zupan [14]
within the overall flow. Pushkarev and Zupan explored the pedestrian travel demand of a
section of the central business district in New York by observing human movement down
several avenues and long streets. They found that “there is a considerabtaviaria
pedestrian flow from instant to instant because of the phenomenon of platooning or bunching,
which is caused to a large extent, by changes in traffic lights” [14]. Pustd@aeZupan
stated that “the short-term fluctuations due to platooning” [14] were a largeeswigror in
their equations relating the presence of pedestrians to building use and ywslaga. This
platooning is directly analogous to the platooning observed in traffic flow theory daéfio t
lights.
These types of platoons are called physical platoons because they araidistohyy
their specific movement characteristics and are physically seddratn one platoon to the
next. Social grouping, on the other hand, involves groups distinguished by the social

interactions of individuals within the group. It is typical for individuals within aas@coup to
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know each other, whereas individuals within a physical platoon may not know one another.
Throughout the limited fire protection engineering literature on group movement during
emergency situations, social grouping is described. Physical platooning, ohethkaotd, is
described by the traffic literature from civil engineering. It is inguarto note that due to the
behavioral limitations of the NIST data, platoons are identified and describgzhysiaal
manner within the high-rise stairwells in this thesis.

2.3.1 Social Groupsin the Fire Protection Literature

Although many publications of emergency and/or drill people movement mention the
phenomenon of social groups, none really explore the subject. The studies (i.e. PaBBUI$5]
and Jones [16]; Kagawa et al. [17]; Jones and Hewitt [18]; Proulx [18)}XPet al. [20]; Bryan
[4]; Latane and Darley [21];and Kratchman [22]) all mention groups evacuatonmgi way or
another.

As mentioned in Section 2.1, Jake Pauls studied high-rise office building stairwell
movement in Ottawa for both total and phased evacuation procedures in the 1970s. He
mentioned that during total evacuation, “very high flows down stairs can be achieyéd onl
very contrived situations involving specially motivated groups of individuals who teripora
disregard the normal need for personal space” [15]. He also stated that “tredter large
single-sex groups in the streams of evacuees (partly as a resultlafitb first’ procedure at
the entries to exits)” [16].

Although phased evacuation somewhat forces the flow into groups of people from
particular floors, total evacuation procedures also seem to contain platoohsavéhinore or
less formed due to the actions of a platoon leader (i.e. someone slower than the otloers due t

disability, age, etc.), and the social interactions between people in a platamwil In
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engineering, traffic flow theory provides calculations concerning platfworeed by traffic
lights (analogous to phased evacuation in high-rise stairwells), as wetlsesformed on a
highway during dense conditions (analogous to total evacuation in high-msebty. During
phased evacuation, groups of floors are evacuated at specific times witHdboselbsest to
the fire evacuating first. Thus, groups of vehicles moving through a gré¢maideganalogous to
the groups of floors allowed to move first during a phased evacuation. On the othertbtald, a
evacuation allows all floors to evacuate the building at the same time. Theadao imore
dense situations and possibly the formation of queues, analogous to traffic jams amag high

In 1985, Kagawa et al. [17] made observations of people movement in two sgirwell
within a 53 story office building in Tokyo during a fire drill evacuation. Kagawad. gplaced
video cameras inside and outside of the doors to the stairwell to observe the flowadhees
in the stairwell and the mixing conditions occurring when multiple floors mergaahwhe
stairwell [17]. There was also a video camera placed on the first floor to obiserfueal
outflow of the evacuees [17]. Several staff members carried video came@sabite tape
recorders while evacuating with the rest of the occupants. The paper mentidtisetfiaw of
evacuating people came out in groups headed by their leaders,” [17] suggesiptaidoaing
occurred. However, Kagawa et al. did not elaborate on the phenomenon, nor suggest why such
an event happened.

Also in 1985, Jones and Hewitt described group formations and the role of leadership
within these groups during a high-rise office building evacuation in Cdt8HaThey
interviewed some 40 occupants who had been involved with an actual fire evacuation that
occurred in a 27 story office building in Ottawa. Four case studies were providedadie ¢Rpl

difference between “imposed” (authoritative) leaders and “emergahiafional) leaders [18].
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Jones and Hewitt stated that “imposed leadership is determined by authorityitu®yf a
person’s position in the organizational hierarchy, whereas the situational appyoeelves of
leadership in terms of the function to be performed rather than in terms of thénzetsasds of
the leader” [18].

Case 1 involved a group of five individuals who followed the directions of their
supervisor to use an elevator, which displayed a clear example of imposedhgad8ome of
the members in the group admitted to knowing that the use of an elevator is not alweegst the
course of action during a fire; however, they followed the supervisor’s instra@nyway, with
one woman saying, “I just did what the boss told me” [18].

Case 2 displayed examples of both imposed and emergent leadership that caused a split
a group. The group was made up of one supervisor who first took charge and led the group to
the nearest exit stairwell. During the descent, the group encountered sithokehe& stairwell
and had to turn back and decide on the best course of action. The supervisor suggested that the
group should ascend the stairs to the roof where they could get some fresh air. Aiaotirer
the group, however, stated that since smoke rises, the best course of action wopldgt batp
clothing across their mouths and descend the remaining nine floors to the ground floor. This
man was an example of an emergent leader, and some followed his advice, wislébttdveed
the advice of the supervisor (the imposed leader).

An imposed leader’s plan that failed was the topic of Case 3. The group from Case 2 tha
proceeded to the roof was met by another group who decided to follow the imposed lpadershi
the supervisor. Once the group arrived at the roof access door, they realizled tloatr was
locked. The group then split up and started to descend the stairs to the ground flooein small

groups. These smaller groups “descended with those with whom they were mbat fEl8].
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Case 4 explored a scenario in which neither imposed nor emergent leadestbip exi
among the evacuees. These individuals were mostly supervisors or those who &gkte “us
making decisions on their own without consultation” [18]. In essence, these individuals did not
have to form into groups with leaders who had to decide on the best course of action.

Jones and Hewitt concluded that “the presence of leadership and the form thatdbtake
affect the evacuation strategy adopted by a particular group” [18]. Theyamaththat
although imposed leadership is usually followed based on the organizational lyiefaio
work place, people will follow such a leader only so far. If the imposed leader doehieoea
the goal of the group, an emergent leader usually steps up to decide on atdiffarse of
action.

More recent findings on social grouping during emergency situations have been
documented by Dr. Guylene Proulx [19]. Her observations are from an expediesegied to
observe evacuation time and occupant movement in four apartment buildings diunendyidl. f
The apartment buildings were characterized as mixed occupancy buildingsated ladour
different cities [19]. The buildings were 6-7 stories tall containing bet®@emd 130
apartments with an average population of 150 occupants [19]. Although the study did not
contain very dense situations such as those seen in a high-rise building, it did providanimpor
observations on platoon movement.

During each drill, the data was collected from 12 video cameras that redoededd to
respond to the alarm, the location, time, and frequency of movements, and thaonteract
between occupants [19]. Proulx identified two distinct groups of occupants called the
“limitation” group and “no limitation” group based on their behavior during the evacuati

Within the “limitation” group, people characteristics were “that they walkigldl avcane, were
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slow walkers, were visually impaired, had multiple sclerosis, were ogroyiildren, or were
occupants over 65 years old who had no outward signs of impairment but who were likely to
have some sort of limitation due to their age” [19]. Therefore, the “limitagroup was
comprised of those occupants who could prolong the evacuation time of the population. Proulx
stated that the occupants with limitations were slower on average than themateh group
for the time to start and the time to evacuate, but that these differences wagnificant. The
average time to move (i.e. the time from apartment exit to building exit) wasy@éowe
significantly different between the two groups. Proulx stated that “once pe€igleeir
apartments, the stairs seemed to pose a problem for those with limitationsanesds they
moved significantly slower than others” [19].

Proulx used the video camera footage to observe people movement in the stairivells of
four apartment buildings. Once again, the stairs were never crowded durivgdbaten due
to the relatively low number of occupants. Proulx found that among the occupants peagicipat
in the drills, small children between the ages of 2 and 5 and senior citizens (tho$e @age of
65) were on average the slowest to descend the stairs. The small children wdlydlescend
holding the hand of a parent, while using their other hand to hold onto the handrail. Moving as
such, the parent and small child would occupy the full width of the stairwell, which RadIx
“would have considerably slowed down the evacuation of other descending occupangs if the
had been a crowd on the stairs” [19].

During the evacuations of the four apartment buildings, Proulx stated that people
travelled in groups. These groups were usually “pairs or groups of three” [19 owsprised
of families. The families with small children were found to travel “in a cipeep with the

adult carrying the smallest child” [19]. Proulx found that as children inateasege (age of 6
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and older) the family groups would split slightly with the older child “usually br five steps
ahead racing down the stairs” [19]. Although some senior citizens travelled mlostevere
found to travel in groups of two or three, as well.

Among the four apartment buildings, Proulx calculated that approximately 62% of the
occupants evacuated in groups [19]. She also found that these group formations usuatly delaye
the speed of the group because the “members tended to assume the speed of theestowest
[19] (usually a small child or senior citizen).

Proulx conducted another study with Reid and Cavan in which they mentioned group
formation during evacuation [20]. The human behavior study was based on the responses to a
guestionnaire given to occupants who had experienced an actual fire situatiorgajyettié
Cook County Administration Building fire, which occurred on October 17, 2003 in Chicago, IL.
The fire occurred on the $'4loor within the 36-story unsprinklered office building and resulted
in six fatalities and a dozen injuries [20]. Of the estimated 223 occupants whim\tleze
building at the time of the fire (5 p.m. on a Friday), 89 responded to the questionnaire survey
[20]. Therefore, approximately 40% of the occupants in the building during the fienoex,
which according to the authors was a good response rate.

According to the human behavior study of the Cook County Administration Building fire,
77% of the individuals who were in the building at the time of the fire were in a group wlgen the
started to evacuate [20]. Half of the 89 respondents reported that they waitedriobetoee
they began to evacuate [20]. Of those who left in a group, 28% left in a group of 2 persons, 39%
left in a group of 3-5, 21% left in a group of 6-10, and 11% left in a group of more than 11, with
two respondents reporting that they left in a group of 30 persons [20]. Figure 2-Aeqtés

the breakdown of individuals who began to evacuate in a group during the office buileling fir
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Evacuation
Alone

23%

2 Persons
28%

Evacuation in a Group or Alone Number of persons in the group
Figure 2-2: Social Interactions when Starting Evacuation [20]

Some papers have mentioned that the presence of a social group can in fact inhibit the
overall egress performance of the population. J.L. Bryan stated, “the remoghiambiguous
fire incident cues as indicators of a possible emergency condition appears to bedtyilthe
presence of other persons” [4]. In other words, the presence of a group of individuals can at
times increase the pre-movement time of the individuals (thereby inggehsioverall
evacuation time) due to social interactions primarily regarding thegemey cues given and/or
received. Also, Latane and Darley studied the effects of an emgrgj&umation on college
students and the inhibitions that can arise from the interactions among a sngidl2d |.

One of the more recent papers pertaining to emergency stairwell movemeant whe
platoons were mentioned was Jessica Kratchman’s Master’s Thesis [2&]hriaa
investigated the effects of firefighter counter-flow on occupant descenbistavwells of a six-
story office building. The main finding of the thesis was that the typical pdeasnof speed,
density, and flow for determining people movement were also largely dependent on human
behavior, and not solely on one another. In her thesis, Kratchman recorded whethertsccupa
traveled in social groups and characterized this as an adaptive behavior thabtra

considered to hinder evacuation, but it is important to note how people tended to travel” [22
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Kratchman also reported that “there were even cases where the occupagdisdslom because
they were socializing in the stairwell” [22], which is a clear indicata sécial group that
hindered the overall egress performance.

Kratchman reported a situation in which a group of individuals made not only personal
decisions during the evacuation, but group decisions as well. This led to a sigeiffieantn
the flow rate because the group performed a series of non-adaptive bghawbras the
reentrance of the building during the evacuation [22]. Kratchman went on totregidthis
group actually stopped on the stairwell landing to have a discussion both before iared afte
entry (which blocked the stairwell for others), and as a group, they letaiheddl together”
[22].

2.3.2 Physical Platoonsin Traffic Flow Theory

In the civil engineering literature on traffic flow theory, vehicles analyzed using either
microscopic or macroscopic models to determine highway capacity and jaaffscenarios.
These traffic models are grouped into four distinct families based on the kindh&fmadics
used in each:

1. “Cellular automata (and car-hopping) models: based on a set of simple short range
interaction rules among vehicles.

2. Car-following (and follow-the-leader, and optimal velocity) models: baseddnaoy
differential equations, in a framework close to that of Newtonian mechanics.

3. Kinetic models: start from some pre-assigned set of (generally painntsraction rules
and obtain the system description from a stochastic point of view.

4. Continuous models: similar to those of hydrodynamics, based on the description of

guantities that are of macroscopic nature” [23].
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These traffic flow models are similar to the computer egress modelsusetrgency human
movement in their population and behavioral levels of refinement. As with the coragtess
models, there currently is a push towards a more individualistic representatidmotds/en
traffic flow models. More realistic representations of traffic flowstmot neglect the
differences in vehicle classes and driving attitudes [24, 25], just as maséceapresentations
of emergency human movement must not neglect differences in human behavior.

Microscopic models (kinetic models) are usually more complex than maprossodels
because they explore interactions between individual components and consider diffeeent
behaviors. The kinetic model is based on the Boltzmann equation and treats vehicles as gas
particles [26]. The microscopic state of vehicles is identified by a dimeasgpbsition and
velocity of each vehicle based on defined characteristic variables. Irckimstry, the
“derivation of evolution equations needs the modeling of pair interactions at tlesooipic
level” [26]. Using the Boltzmann equation, localized interactions are distinguidied bvoth
vehicles are at a minimal distance. The microscopic model provides a framework f
determining how different vehicles/drivers (analogous to evacuees/walkecs)tlae flow by
“assuming the specificity of drivers is related to a certain random vawiahl a suitable domain
D, linked to a suitable probability densitysP{ [26]. However, the complexity of the
microscopic model, and the limited amount of sound behavioral data currently in the evacuati
field make kinetic egress modeling infeasible at this time.

The macroscopic model, also known as a hydrodynamical model, in traffic flow theor
similar to the hydraulic model in egress analysis. The same parafnetespeed, density, flow)

studied in people movement are described in the macroscopic model of traffibeélmw.t The
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macroscopic model is a “continuous model based on the description of quantities that are of
macroscopical nature” [23].

Unlike the majority of past stairwell evacuation research, resaactmodels have been
conducted involving platoon traffic flow. One such model is known as the Greenshield’s model
and is used throughout a paper exploring platoon dynamics upstream and downstream from a
traffic light [27]. This paper, along with others, observes the dispersion and ceropres
platoons due to the formation of shockwaves stemming from queues. It is shown that
“compression does not only occur to platoons entering the link in red but also to those entering i
green even in the absence of a downstream signal” [27]. The basic platoon modeling is
macroscopic and based on the shockwaves created by the traffic lights. Theggekuing and
shockwaves at traffic lights are artificially created, similarugjug and shockwaves are created
due to jams in high-rise stairwells during total evacuations.

In traffic flow platoon analyses it is shown that platoons tend to elongate whengnteri
areas of lower density and, conversely, at higher densities thegrapgessed [27]. Platoons in
traffic flow are typically loosely defined as any arbitrarily gped group of vehicles. These
platoons are usually physically separated by a distance, such as a tlheedisfaarating a
platoon of vehicles going through a green traffic light from a platoon stoppecedytraffic
light at the same signal [27]. A similar physical representation of a pletamed to identify
platoons in the current paper. Platoons are distinguished by the distance from one plamon to t
next and differing flow patterns, such as elongation or compression (similatampatbserved
in traffic platoons).

2.4 Merging Behavior in the Fire Protection Literature
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Several papers have been published regarding merging behavior at theastair/
interface on landings within stairwells. Some papers were written in the 488@sovide more
gualitative findings on the phenomenon, while more recent papers have exploredctiseoéffe
merging quantitatively. It has been found that merging occupants entemmgksaat their
floor of origin influence the speed at which both the floor and stair streams can batedan
high-rise buildings [28]. Because merging of stair and floor occupantmisicn during
building evacuations [17, 28-32], a detailed study of the event and how it impacts the exmacuati
flow is critical in assessing evacuation times of occupants within thesknigsil

In 1985, Hukugo et al. conducted three experiments exploring the merging of about 150
occupants within stairwells [29]. The different experiments were categdrased on which
stream of occupants established their movement flow first. The first expéexeamined the
effects of merging when the stair stream started first, whileett@nsl experiment examined
merging effects when the floor stream started first. The third exeet investigated the
merging process when both the stair and the floor streams began evacuagosaate time.
Hukugo et al. reported that when both the floor and stair streams establisheeltiesrat the
same time (experiment 3), the flow rate into the landing merger region vgasl loafavor of the
floor (by an average of 60%) [29]. When either the floor or stair streams leevecto
establish flow first, the authors found that the flow into the merger region Was0sp0
between stair and floor occupants [29].

Takeichi et al. found that landing/door/ stair geometry and density pldg i the flow
rates of the floor stream [30]. When the density within the stairwell ats/edy low, Takeichi
et al. stated that the floor flow rate onto the landing increased [30]. Also, thesafotlnad that

when the door leading into the landing was located adjacent to the incoming stair, tHeviloor
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rate increased [30]. Another key finding that they noted was that the floor floweateased
when the landing door was initially closed [30]. It should be noted, however, that the
experiments of Takeichi, et al., only involved some 27 people, and that the density of the
individuals was atrtificially increased during the test. This led to briedgeiof merging, and
may not reflect what could occur during actual evacuations.

When Pauls did his evacuation analyses of high-rise buildings in Canada duririg the la
1960s and early 1970s, he reported deference behavior between the stair and fiosrastiiea
landing/stair interface [31]. His findings were based on observed occurmrthesnerging
process, but did not offer any quantitative results. Pauls reported that thexé&faidy
consistent” pattern where the stair stream deferred to the floor stresng charging [31]. He
also stated that the merging process can greatly reduce the movement spe extianf
occupants on higher floors in high-rise buildings, and that as the stair load incceasgiete
flow stagnation (queues) of increasing duration for higher floors was bound tq®&ttur

Flow stagnation caused by the merging of multiple floors in a high-riseveslfavas also
reported by Kagawa et al. [17]. Around 30% of the individuals in the study stated that they
slowed down or stopped at least once during their descent [17]. Kagawa eusketisihat the
merging of multiple lower floors was a factor in the queuing of stair occudaat&nding from
the upper floors. The authors stated that “during the mixing of people’s flow on the E&nding
there may arise a standstill on either side to let the others go forward” [17].

One of the most recent papers on merging behavior within stairwells washeahin
early 2011. Boyce et al. [32], observed the merging process in stairwélie@tifferent types
of buildings (two university buildings and one health center) that contained djfferin

stair/door/landing geometries. The authors used merge ratios wher@tmégdcthe number of
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occupants descending from the stair compared with the number of occupants comingle from
floor at the merge region to determine which stream was favored. The nteygevere able to
guantitatively determine which stream was favored during 20 s time period#hedmginning
of sustained merging in the stair [32]. For the analysis, the authors used videascsahelp in
adjacent landings within the stairs to count the stair and floor occupants thal gagsaginary
line that dissected the landing and was perpendicular to the stair flow, whiatatleelythe limit
of the merging region [32]. Once a floor occupant passed this line, they wemecedsd have
merged and were part of the stair flow. The main finding of the paper was thiat stairwells
where there was an extended period of sustained merging, the overallgmatiginvas split
50:50 between the stair and floor occupants despite differing stair/landingtgesmrand
differing stair/door widths [32].

In the two university building stairwells, there were differing landing gasitions, with
one containing a door adjacent to the incoming stair (study 1) and one containing a doibe oppos
the incoming stair (study 2). Figures 2-3 and 2-4 show the landing configuratibritevi
locations of the landing doors for study 1 and study 2, respectively. Although both overall
merging ratios during the entire period of sustained merging were am@ateky 50:50, study 1
contained merge ratios that varied over the duration of the merge, while studyitBenad |
variation over the duration [32]. During the early stages of merging in $tubtg stair stream
took priority, but as time went on, the floor stream began to take priority, espetialgher
stair densities [32]. The authors suggested that this variation in the meygemght be due to
the reduced stair movement just after the merge, but that further researetieid imethis area of

study. In study 2, the authors suggested that because the door was located oppositeitize incom
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stair, this “facilitated a more natural filter of persons from the flo@2] vhich in effect led to
little variation in the merge ratios.
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Figure2-3: Stair and Landing Door Configuration and Dimensions of Study 1 [32]
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Figure 2-4: Stair and Landing Door Configuration and Dimensions of Study 2 [32]

The study 3 (health center) stairwell had little sustained merging, soge matio
analysis was not done. However, Boyce et al. reported two instances in which obvicerscdefe
behavior was exhibited by the stair stream [32]. At one point during the evacuagen, thr
occupants carrying babies were given priority by the stair streamIf82hother instance, a

man descending the stair stopped to let five women enter the stair and begirstiesit before
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him [32]. The authors reported that due to their uniforms, the females were aleeght the
health center, and that the man probably worked for the center as well, and knew the women.
The authors suggested that deference behavior could be linked to gender or rola withik

place, but that further research was needed to assess the validity of thistass[88)].

2.5 Validity of Fire Drill Experiments

One of the main issues that some individuals in the fire protection researntuaity
have regarding emergency people movement is the validity of data thatigtexfrom fire
drills. Some individuals within the emergency egress research comrbehéye that because
the data does not come from actual fire emergencies, the results stenomirsgiéh research
should not be used to make conclusions blindly. While it is true that fire drills do natenvol
actual fire scenarios, research has shown that human behavior during unannolsdged dri
comparable to human behavior during actual fire events, especially in hedhuiidings [2].
During actual fire events in high-rise buildings, the majority of the building popualdoes not
experience direct fire cues, such as actually seeing the fire orrggrsetiioke. Therefore, these
occupants are assumed to act just as they would act during an unannounced fire eriieginc
are not certain whether it is an actual emergency or not. Because theyfetisaioffice
buildings in this study had unannounced fire drills, it is assumed that the occupatets juesic
as they would have had it been an actual fire event.

In Dr. Proulx’s chapter on evacuation time in The SFPE Handb8dkgdBion, she
summarizes some aspects of people movement in tall buildings based on multgrighrese
sources on the subject [33]. She presents the following list:

“1. Panic is very rare even in fires. Normal patterns of behavior, movement routes;hoi

and relationships with others tend to persist during emergency situations.
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2. People’s behavior tends to be altruistic and reasonable, especially in lightiofited

and often ambiguous information available to people at the time of the event.

3. After perceiving a fire cue, such as the fire alarm signal or smealinoke, people

often ignore these initial cues or spend time investigating, seeking atformabout the

nature and seriousness of the situation, which creates a delay time beforg starti

evacuation movement.

4. Faced with ambiguous information and short time for decision making, people are

likely to apply a well-run decision plan when choosing an evacuation route, consequently

moving toward their most familiar way out of the building.

5. Evacuation, and response to fire generally, is often a social response; @ead pdeatct

as a group and to attempt to evacuate with people with whom they have emotional ties.

6. Problems that are encountered during normal building use will tend to persist and

exacerbate situations in emergencies. Included are faulty communicatafgton

hazards, wayfinding problems” [33].

The aspects of people movement during emergencies highlighted above dembostrate
use of unannounced drill data can be a good predictor of how the population will move during
an actual fire event. Although many civilians and even some fire protectioreersgybrelieve
that panic is common during fire, research has shown that this is not the case. ljotite oha
fire events, occupants are shown to be collected as they make their wejsteafaty.

Therefore, there is no reason to assume that the population would react more quicklgmuring

actual emergency compared to an unannounced drill.
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Chapter 3: Building Occupant Egress Data

The following chapter describes the high-rise buildings that the egressatatalected
in for the current study, as well as the egress data and collection methmdgesin First, a
description of each of the buildings from which data is extracted is provided. The number of
stories, stair widths, number of occupants, percentages of occupants that arenmade ofe
unknown, location of cameras, and general location of the buildings are used to destribe ea
building analyzed. Then, the type of data and the method by which this data iedaiec
presented.
3.1 Description of Buildings

NIST collected data from 13 office and residential buildings acroddrtied States
ranging from 6 to 62 stories in height [34]. As of December 2009, NIST releasesl @gfas
from four of the 13 buildings. Each of these four buildings is classified as higitydenigh-
rise office buildings. The four buildings from which data were releageBlding 4,
Building 5, Building 7, and Building 8. The stairwells within Buildings 4 and 5 are the
stairwells that will be analyzed in the current study because the daia thiése buildings
contained significantly different flow patterns. The following table repressan overview of

different aspects of each building used in the study.

s Stair o o o

Building  Floors Width (m) Occupants % Male % Female % Unknown
4 24 1.12 594 52 46
5 10 1.27 793 53 42

Table 3-1: Overview of Different Building Aspects
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3.1.1 Description of Building 4

Building 4 is a 24 story office building located on the west coast of the UnaézsSt
There are two stairwells observed in Building 4 labeled as stairwell 4Atamdell 4B. Stair
4A exits to the P floor lobby where occupants must travel across the lobby to the building exit,
while stair 4B exits directly to the outside on the first floor [34]. Bothhs#dis are 1.12 m
wide (1.02 m between handrails) as measured by NIST [34]. Also, the measeréeight
and tread depth of each step in each stairwell is 0.18 m by 0.28 m [34].

The evacuation drill of Building 4 occurred during the spring months of 2008 before
lunch during normal business hours. There were 605 occupants who took part in the
unannounced full building evacuation drill (249 in 4A and 356 in 4B) [34]. During the drill,
stair 4A experienced counter-flow due to three firefighters travelingauptétirwell to the 13
floor approximately 1.5 min into the drill [34].

NIST set up video cameras in 19 different locations within the two stainwe®igilding
4. For stair 4A, a total of 11 cameras were placed in the stair startingieait floor at floor
2 and then located on every other floor up to floor 22. For stair 4B, a total of 8 camexas we
placed at the exit floor (labeled P1) and floors 4, 6, 10, 14, 16, 18, and 22 [34]. Most of the
camera views for Building 4 show the main landing, as well as 2-3 steps |leatiegmain
landing and 3-4 steps leading away from the main landing [34]. The number of stepg teadi
the main landing and away from the main landing varied slightly on diffemarsftue to
differences in the viewing angles of some cameras. A typical scenewafitheamera angle
view where 3 steps can be seen leading to the main landing and 4 steps leading away is show

in Figure 3-1 [34].
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Figure 3-1: Building 4 Typical Camera View [34]
3.1.2 Description of Building 5

Building 5 is a 10 storgffice building located on the wesoast of the United State:
There are two stairwellsbserved in uilding 5 labeled as stairléA and stairwell B. Both
stairwells exitdirectly to the outside on flool and are 1.27 m wide (22n between tndrails)
as measured by NIST [B4Also, the measured riser height and tread dep#dach step in eh
stairwell is 0.18 m by 0.28 ©34].

The evacuation drill of Building occurred during the spring months of 2008 be
lunch during normal business hours. There \804 occupants who took part in tl
unannounceéull building evacuation drill436 in 5A and 368 in 5B) [34 During the drill,
stair 5B experienced countBow due tc six firefighters traeling up the stairwell to the™
floor approximately 8 to 1inin into the dril [34].

NIST set upvideo cameras in : different locatios within the two stairwells in uilding
5. For both stairs 5A and 5B,cameras were placed every other floor starting fttoenexit
floor at floor 1 up to floor 9 [3§ Most of the camera views for Buildingshow the mait
landing, as well as 3-€teps leading to the main landing #4-6 steps leadmaway from the
main landing [3# The number of steps leading to the main landing away from the ma

landing varied slightlyn different floor due to the different camera d&g of som cameras.
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A typical scenef the wide camera angliew where 4 steps can be seeading to the mai

landing and &teps leading aw: with the exit point is shown in Figure 3-2 |34

Figure 3-2: Building 5 Typical Camera View [34]
3.2 EgressData Collected by NIST

As previously mentioned, NIST collectegress data of highse evacuation drills i
office buildings through use of video cameras atiace floors within the egress stairwellThe
overhead camera placemehigures -1 to 3-2) within the exit stairs gaeeview of the mait
landing as well & steps leading to and away from the main landiftgs placemenrallowed for
those at NIST to determine the times when eachpzsduvas seen entering i exiting the
camera view on eagbarticular floor.

After video footage wasollectec from each stirwell during each building evacuati
drill, NIST recorded specific data from the video® a spreadsheet format in ExcFor each
stair, data were collected for 1) each occupant@ating in that stair and 2) each time dul
the drill that the oagpant was seen at a specific floor in stair (each camera position) ].

The data collected for each occupant ng the evacuation drill includesccupan
number, gender, floor of origin, whether he or slas carrying anything (Yes, No), his cer
body size (less than % the stair, more than Y4ttie er exactly half), whether he or she v
alone or in a group during the drill, whether heslbe was helping someone during the drill,

the floor on which he or she was first s{34].

34



The occupant number assigned to each individual is based on the order in which they
exited the building to aid with tracking purposes. So, occupant 1 is the first persorthe exit
entire stairwell, occupant 2 is the second to exit and so on. It is important to note that the
passing behavior of individuals can be determined using the numbers assigned to ®ccupant
For example, if occupant 5 is behind occupant 9 on Floor 5 of a stairwell, it can be determined
that occupant 5 at some point between Floor 5 and the exit floor passed occupant 9.

The data collected each time an occupant was seen on a specific camdeitio®
following: the time that he or she was seen entering the camera vievménét he or she was
seen exiting the camera view, his or her location on the stair (traveling onitiee mgside, or
the middle of the stair), and his or her handrail usage (using the inside or outsidd,lf@ndra
both of them at the same time) [34]. Because of the transient behavior of bathuhdence
data and the data involving handrail usage, these two sets of data were not usestudyhi
These two sets of data were considered to contain substantial error due to ttevsuigaure
associated with differing NIST staff members extracting the fdaa the video to the
spreadsheet [35]. The exit and enter times of each occupant are, however, usbtcebxie
the study to aid in the identification of platoons, identification of passing andngergents, to
approximate local descent times (inversely proportional to local movemeus3pto

approximate flows, and to approximate local densities of individuals as s€eater 4.
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Chapter 4. Data Analysis

Chapter 4 explains how the data within the spreadsheets produced by NIST [34] are used
to determine key movement parameters (i.e. descent times, movement spesdsnitl
densities), as well as how the data is used to identify groups and merging behasiarth
the data used by Blair [11], the enter times and exit times of each occupant saeh lamaing
are synchronized to the correct time according to when the alarm soundeds didris by
simply subtracting each enter time and exit time by the time when tine sdainded on that
particular floor, so that time t =0 is the time when the alarm sounded. Ad gimen in this
report are with respect to this alarm initiation time.

4.1 Calculation of Descent Times

Local descent times of each occupant are calculated using the exifromesamera to
camera. The locations of these exit points within the stairwells are sholarasltines in
Figures 4-1 and 4-2 for buildings 4 and 5, respectively. These points are sihgob/the
occupant is last seen on camera for that particular floor. To calculatedhddscent times, the
camera exit time from the upper floor is subtracted from the lower caxgtane. For
example, if Occupant 10 exits the camera view on floor 4 at 35 s and exits the ciawera
floor 2 at 50 s, their descent time from floor 4 to floor 2 is simply:

t4.2=50s-355=15s

Using these local descent times, local movement speeds are estimagatieisaculation in

Section 4.2.
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Figure 4-1: Exit Point in Stairsin Building 4

Figure 4-2: Exit Point in Stairsin Building 5

4.2 Calculation of L ocal M ovement Speeds

Local movement speeds of each occupant were ctddifor their travel between tt
exit points of two consecutive camera vi. This was done by using the distance from ¢
camera to the building exiand the exit times at each landing with a cam

NIST measured the distance from each camera etiém to the building exit (assum
to be at the bottom of each stairwell), and prodittes information in each spreadsheBlair
[11] calculated the distanedong the slope of the stafrom cameraexit location to the buildin
exit using stair geometry concepts introduce Predtechenskii and Milinskii ] to determine
whether the measurements provided by NIST wererateu She found thehe stair geometr
calculationsobtained distances thwere in good agreemewith the distances provided |
NIST. Therefore, the distances provided by NISTenssed to determine local movem

speeds.
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To determine the distance from one camera exit to the next, the distanchdrionver
floor exit to the building exit was subtracted from the higher floor exit to the bgikkit. For
instance, if the distance from the exit at floor 22 to the building exit is given as 224l thea
distance from the exit at floor 20 to the building exit is given as 202 m, then the distamc
the exit at landing 22 to the exit at landing 20 (i.e. from camera to camera) is:

224 m-202 m=22m
If an occupant’s descent time is calculated as 20 s, the movement speed frometfaeatdloor

22 to the camera at floor 20 for this occupant is simply:

_ distance traveled _ 22m 11
~ changeintime  20s m/s

4.3 Calculation of Density

Rather than calculate density based on an area of stairs and landings frcamene to
the next (method used by [11]), the local density of each occupant is deternsaddhahe
area of the landing and stairs within camera view. The measuremen&i€tditiding area” in
the NIST spreadsheets are the measured areas of the landing and $iiaithevitamera view
for each particular camera [35]. These measured areas are, therséor#o calculate the local
densities.

The number of occupants in the camera view when a particular occupant enterssand exi
are obtained to calculate the local densities of each occupant. Two cougdinipals are
created in MATLAB to accomplish this (the algorithms are presented inndppd). One
algorithm counts the number of people in the camera view when a particular ocanfeasitand
the other counts the number of people in view when a particular occupant exits. Theenput fil
necessary (entitled “Data” in the codes in Appendix A) contains two columns fomedtexit

times of each occupant at each floor that has a camera. Column one in the codgs eotea
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times and column two contains exit times for each occupant. Using these entdt ames,
MATLAB counts the number of people within the camera view for each occupantausesied
for loop, so as not to double count individuals. Also, the code was written to include the
particular person in the count. For example, if a person enters the cameraheilewaone else
is in view, the number of people counted in the code would be 1, not 0.

Two different densities are calculated for each occupant. One containsrdugeavie
both the enter and exit counts, while the other just involves the enter count. Usingalge ave
number of people when an occupant enters and exits a particular camera provides for a
estimation of density based on the number of people around the occupant, and is the density used
within the SFPE Handbook [3]. Alternatively, using just the number of people in view when an
occupant enters a particular camera provides for an estimation of dexs&ty/dn only those
people in front of the occupant.

Using both the average number of occupants seen on the camera view and therarea give
by NIST, an estimation of the local density surrounding an occupant can be edlculat

_ Average Number of Occupants

Area Seen on Camera

For example, if the view area on the second floor isi#.8and a certain occupant enters the
camera view on the second floor with 3 occupants in view and exits the camera view on the

second floor with 2 occupants in view, then their average local density is:

(34+2)
p=+ 2 J_25_ ;66 2
="3g ~—38 0 persons/m

Using just the enter count to determine density, this same occupant would haviéya dens
of:

3
D= 38 =0.79 persons,/m?
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This calculation assumes that only those in front of the particular occupant heffecaon that
occupant’s speed.
4.4 Calculation of Flow

Since the calculated flow is defined as the flow rate of people passingia paint in
the exit route in persons/unit time [3], flows will be calculated by countinguh#er of
individuals passing either the enter point or the exit point and dividing by the amoung @f tim
takes the individuals to pass that point.

For the flow analysis, both inflow (flow of people entering the camera view) afidvout
(flow of people exiting the camera view) are calculated using the entexiatiches of
occupants. The enter and exit times used to calculate the flows are yébt testhe first
person within the flow. So, the first person in the flow will have an enter and exit tioneitf
the times of the following occupants calculated with respect to that firsgipetsne.

Flows are calculated at specified time intervals based on the exit tiffesrefore, if the
inflow and outflow of occupants from 0 s to 10 s are desired, only occupants who exit the camer
from O to 10 s are considered. The outflow is calculated by taking the number of occupants w
exit the camera between 0 and 10 s and dividing this by the difference betwedhtthreeef
the first occupant and the last occupant in the 0 to 10 s interval. To calculate the irtfieseof
occupants, one must backtrack to the enter times of the specific occupants in questiost The
and last occupants to enter from these individuals are used to calculate the ynflaunting the
number of people entering from the first to the last and dividing by the differetveedmethe
enter time of the first and last occupant.

As an example, consider the inflow and outflow of floor occupants are from the time

interval O to 6 s on floor 1 of a stair. Table 4-1 shows the enter times and egibfithe
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occupants who exit between 0 and 6 s for floor 1. The occupants are arranged in botdenter or

and exit order on the*floor camera. From the times displayed in Table 4-1, the outflow is

Enter Order Enter Time(s) Exit Order  Exit Time (s)

8 0 8 0

9 1.33 9 1.4
10 2.73 10 2.83
15 4.4 15 4.5
23 5.63 22 5.72
22 5.74 23 5.8

Table4-1: Inflow and Outflow Example

calculated as:

F o= 6 persons _ persons
o (5.8-0)s
The inflow is calculated as:
F = 6 persons _ persons
T (5.74-0)s

Again, the enter and exit times in each flow analysis is with respect toghpdison in the
continuous flow. As the preceding example shows, at times, the order of occupactsanmgs
between the enter and exit. Itis important to account for this and calt©idatdlows and
outflows based on the correct enter and exit orders of the occupants in question.

It is also important to note that the specified time intervals used to calthddtews
may be different. This is due to the lack of data containing continuous flows stgrnom
both the stair and the floor. Continuous flow is defined as flow of more than one person from the
stair and more than one person from the floor. Because continuous flows occuriagdiffe
intervals in the camera views within the differing sections of the diffetamtvells, the
specified time intervals may vary.

45 Exit Lane ldentification
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Exit lanes are identified as the inner, outer, and middle lanes within theByahis lane
identification method, Hoskins found that the majority of occupants within the section he
analyzed traveled in the inner or outer lanes, with relatively few travielitige middle lane [36].
Because only lanes of occupants are given at camera locations, Hoskinsacneatiesd to
identify the probable lanes in which the occupants travel between the floors inguésbiskins
classifies occupants as being in the inner, outer, or middle lanes based on thadaadalest
the exit of the upper floor and the entrance of the lower floor as shown in Table 4-2 [36]. The
lane assignment method employed by Hoskins is used in the current studyityp etaspants

as being in the inner, outer, or middle exit lanes.

Upper Floor  Lower Floor Lane Assigned

Outer Outer Outer
Outer Middle Outer
Outer Inner Middle
Middle Outer Outer
Middle Middle Middle
Middle Inner Inner
Inner Outer Middle
Inner Middle Inner
Inner Inner Inner

Table4-2: Lane Assignment Method by Hoskins [36]
4.6 Data I nvolving Queues
Without direct access to the evacuation video footage, two techniques were lesdiatiolis
determine when and where queues occurred within the stairwell. Here, a queaemmeéetto
have occurred when there is a statistically significant slowing of individuatenaplete flow
stagnation. Queues occurred across multiple floors in the stairwells of badmBsi#l and 5
[35]. Many [5, 17, 28, 31] have speculated that the high number of occupants and the merging

process at the stair-floor interface are important factors that lead tosquestairwells of total
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high-rise evacuations. These queues may in part be caused by stop-go phenomenbes des
by Pauls [31] and Kagawa et al. [17] where the stair population defers to the floor jpopulat
often coming to a complete stop to let the floor occupants merge. These queues can have a
significant and unpredictable impact on the local movement speeds, which is wiajfdeted
by queues will not be used in the current data analysis if the intent is to pnedeinent
speeds.
4.6.1 The Density Filter

One of the methods used to predict where and when queues occur in the data, is the
creation of a density filter. The assumption is that above a certainlagitsity, a queue
occurred or one was imminent. A determination of where queues occurred on caahibea a
occupants affected by the queues was established [36]. The calculatge alemsities of these
individuals were then used in a two-sided statistical t-test to determir¥é ad®8idence interval

for the critical density where queuing occurs. Results of the t-test iedittedt the 95%

persons persons

m2 '

confidence interval for the critical density in Building 4 a0 < Diritical < 1.88

m2

persons persons

and in Building 5 wad.23 < Dritical < 1.32 . Therefore, any occupant with a

m2 m2
calculated local average density greater than or equal to 1.40 persam8uilding 4 and 1.23
personsh? in Building 5 were assumed to be affected by a queue at that section of the stair.
Because these critical values will have some false positives, truévesdgat both), the camera
view times and the off camera view times of each occupant were also usedl@ig¢rmination

of occupants affected by queues.

4.6.2 Camera View Times and Off-Camera Times

To help determine the segments of the stairwell where queuing occurred, phats of t

amount of time occupants spent within camera view and off camera were used. dtsese pl
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helped to validate the density filter critical values obtained from the techaépaeibed in

Section 4.5.1. The plots were also used to determine the occupants who stopped or slowed their
descent when the local density was below the critical value found by the Ftesach floor

that contained a camera, each occupant’s enter time was subtracted fraxithiene to

calculate the time they were seen on the landing/stair view area. Tngpéiss is that when

there is a noticeable upward spike in the camera view time data, the padcipant

experienced either slowing of movement or a movement stoppage caused by a queeed-Fi

shows floor 7 from stairwell 5A, where a clear example of this upward spike ianer& time

data can be seen.
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Figure4-3: 5A, Floor 7 Camera View Timevs. Occupant
As Figure 4-3 shows, there is a definite spike in the data occurring betwegraioisc
311 and 333. During this segment of the evacuation on floor 7, the camera view times for the
majority of these occupants (those descending from upper floors) spiked to appetyxizta s.
Thus, being these descending stair occupants were in the camera view foremvarittutes,
they were assumed to have stopped due to a queue. Before the queue reached the occupants on

the seventh floor, the camera view times ranged from 3 to 20 s. Once occupants 311 to 333 were
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affected by the queue, their camera view times increased up to 10 times tligadcfupants
descending before the queue. Directly following queue dissipation, descending@ipants
had camera view times of approximately 30 s, which gradually decrease@ gsdgressed.
Plots of camera view time vs. occupant can be found in Appendix B for all four skairwel
analyzed-

In addition to camera view times, plots of times in which occupants arenoéiraaare
used to determine where occupants slowed or came to a stop in the stairwahleztmeras.
These times are labeled in the graphs as the floor in which the occupant justocam&d,
floor 9 gives the off camera times of occupants between the exit point of floor 9 amtethe e
point of floor 7. Figure 4-4 shows the off camera times of occupants between thairebatf p
floor 9 and floor 7 in stairwell 5A.

The figure shows that occupants 322 and 339 through 396 spent the longest time in
between landing 9 and landing 7. During the evacuation drills, occupants are not seen the
majority of the time; therefore, one expects these times to be greatenelzantera view times
shown in Figure 4-3. From Figure 4-4, occupants 322 and 339 through 396 were afféhted by
same stoppage as occupants 311 through 333 were on camera in Figure 4-3. The difference
between the two groups is hypothesized to be due to their position on the stair whemé¢he que
started. Occupants 311 through 333 were within camera view on floor 7, while occupants 322
and 339 through 396 were behind off camera between floors 9 and 7. Again, graphs of these

times are found in Appendix B for all stairwells.

! Some camera view times are excluded from thess pEtause they were clearly marked as safety cffme the
spreadsheets and were clear outliers in the datd=se example, in stairwell 5A floor 5, the lagtcupant is
recorded as wearing a yellow safety vest in theagsheets. This individual entered the fifth flzording with no
one else on camera and spent 179.9 s in camera Vibevdata point is an obvious outlier and doageftect
typical occupant movement during an evacuation.
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4.7 Platoon Definitions and Assumptions
The hypothesis is that platoons of people descend the stairs differently based on
interactions with others around them. The main assumption of the platoon analysis is that
different platoons display different patterns in flow (therefore, differetté¢pes in descent
times). Platoon identification methods are summarized in the following list:
1. The platoon is spatially separated from the platoon ahead.
2. Platoons involving passing behavior(s) are separated from platoons that do not exhibit
passing behavior(s).
3. Platoons with no passing, but display different descent time patterns (elongation,
compression, equilibrium) are separated.
4. One-person platoons are separated.
A platoon is defined as a group of individuals who are spatially close from one person t
the next and descend in the same approximate flow pattern. The measurement of haw close
person is to another person in the stairwell was determined from the exit time agenbe

individuals. The smaller the exit time gap, the closer the individual is to the péesah a
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In order to identify platoons, the data in the spreadsheets are manipulatedltiecalc
time gaps from one occupant to the next, and to identify passing behavior. Asrs@getian
3.2, occupants are assigned a number in the spreadsheet based on the order they&rat the
stairwell. The occupants within the spreadsheets are reordered for ea¢hdtdad a camera
from first to exit to last to exit, and from first to enter to last to enter.

After the occupants are ordered from first to last on each floor with eraathe exit
time difference from one occupant to the next (exit time gap) and the ergeatitiexence from
one occupant to the next (enter time gap) are calculated. This is done bgtsupthe
exit/enter time of the occupant ahead from the exit/enter time of the occupamtt. bEDr
example, if the third occupant exits floor 4 at 60 s and the fourth occupant exits floor 4 at 63.5 s,
the exit time gap for the fourth occupant is 3.5 s.

This analysis of platoons is limited to sections in the stairwell drgain no queues.
At sections where queuing occurred, the assumption is that adjacent individuals thessiig
point are close to one another, regardless of their enter or exit time ghatfoarmera.
Therefore, the large time gaps at sections affected by queues do netribcieslicate a spatial
separation between occupants, but are assumed to be due solely to the flow stoppage.

Average enter and exit time gaps with standard deviations from one person to the next ar
shown in Table 4-2. Again, averages are taken from data where queuing isrtetdariave
not occurred. Also, data that is not affected by queues, but contains gaps hasatereiqual to
10 s are omitted. This type of data makes up approximately 3.1% of the total data imgBuildi
and approximately 2.0% of the data in Building 5, thus the gaps greater than 10rs ate ra

sections of the stairwell with no queues. Because an estimation of the aepagdicn that
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people travel within continuous flow during the majority of the evacuation is des$iredata is
omitted from the averaging.

Since descent times are calculated in reference to exit timespexgdps are used to
determine when a person is considered far away from another individual. An exgapme
greater than or equal to the average plus two standard deviations (&iattvell) is the

criterion used to classify a person as being in a separate platoon dueaicsspatiation.

Average Enter Time Gap in  Average Exit Time Gap in

Stair s (Standard Deviation) s (Standard Deviation)
4A 1.92 (1.06) 1.93 (0.99)
4B 1.84 (1.20) 1.79 (1.00)
5A 1.41 (0.81) 1.38 (0.75)
5B 1.53(1.03) 1.58 (1.02)
All 4 1.89 (1.12) 1.87 (1.00)
All 5 1.46 (0.91) 1.47 (0.89)

Table 4-3: Average Enter and Exit Time Gapswith Standard Deviations

The frequency distributions of the data points for the exit time gaps presentedartTabl
3 are shown in Figure 4-5. The average exit time gap plus two standard deasiGr&l,
3.79, 2.88, and 3.62 s for stairwells 4A, 4B, 5A, and 5B, respectively. Approximately 4.3%,
2.9%, 3.4%, and 2.8% of the exit gap data points not affected by queues are considered
adequately separated from the person ahead for stairwells 4A, 4B, 5A, and 5&jvelspe

Occupants within flows involving passing behavior were shown to behave differently
than occupants within flows not involving passing behavior by Hoskins [36]. Hoskins showed
that certain occupants evacuating in a stairwell relatively close tonotieea within a
continuous flow over one floor where no merging occurred had significantly diffexsoéick
times that may be attributed to passing behavior and exit lane location [36].

Hoskins identified three different flow types within the overall flow owerdne floor he

analyzed. The flow types identified were (1) one where flow in both exit lammess @nd outer)
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moved in a unified manner where no passing occurred, with the exception of occupants who
moved shoulder-to-shoulder, (2) one where occupants in the inner lane moved faster than the
ones in the outer lane where passing occurred, and (3) one where occupants in theanner |
moved slower than those in the outer lane where passing occurred [36].

Thus, in addition to separating platoons based on spatial separation, platoons are
separated into those where there is passing behavior exhibited by cefitéotuals
distinguished from flows that contain no passing behavior. In the current studgpgdasisavior
is identified as the passing of one (or multiple) occupant(s) by an occupant(®nfeccamera
exit to the next. Therefore, an occupant who exits after the person ahead on the upiper floor

question, but exits before that same person on the lower floor is identified asr& passe

2 Some passing events involve the same two occupassing each other multiple times during the @ofghe
descent. These occupants are identified as dasgesttbulder-to-shoulder, and are not consideréghhpassing
events. Occupants who are found to pass eachattheo or more consecutive cameras are considdmaader-to-
shoulder and are excluded from the analysis.
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Three distinct patterns in the descent times between individuals in the stooe pla
observed. These three patterns are identified as platoon (1) elongation, (Zssiomprand (3)
equilibrium. Platoon elongation occurs when the descent times increase (mospeaeeis
decrease) from one occupant to the next, whereas platoon compression occurs wissethe de
times decrease (movement speeds increase) from one occupant to the nexih eglaitibrium
occurs when occupants descend at the same approximate speed.

It is possible to have a one-person platoon. Two scenarios occur for a one-person
platoon: (1) A one-person platoon is an occupant who descends the entire length afblye stai
themselves, and (2) A one-person platoon is an occupant who does not descend with a group
who is either continually passed by other occupants, or passes other occupants diuentyrthe
descent.

Two sections of two different stairwells are observed for the platoon idetitifica
analysis. Within stairwell 4A, a flow of 177 occupants from the exit at the camdlaor 6 to
the exit at the camera on floor 4 are observed. These occupants exit the lafidorgbat
between 168.91 and 489.23 s after the alarm sounded. During this time period, no occupants
enter the stair on thé"sr 5" floors; thereby excluding any merging effects. In stairwell 5A, a
flow of 181 individuals from the exit on floor 5 to the exit on floor 3 are observed. These
occupants exit the landing at floor 5 between 280.01 and 545.91 s after the alarm sounded.
Again, during this time, no occupants enter the stair on'the &" floors.

Two-sample t-tests are used to compare the mean descent timesibetineduals
within the same platoon and between adjacent platoons. These t-tests use the zamsupie si
standard deviation to compare means from different samples. From the t-teatua |3

calculated to determine whether the difference in the means of the two sawplagoim or
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signifies a difference in performance. The null hypothesis of all the cormpsaisthat the
samples have the same average descent time. Therefore, the alteypatikedis is that the
two samples travel with different descent times. A 95% confidence ihiemwsed to determine
significance. Therefore, p-values less than or equal to 0.05 signify that ithgpuathesis can
be rejected and that the two samples have statistically different deswnt The null
hypothesis fails to be rejected if the p-value between the two samples & fraat0.05, thus
inferring that the two samples have statistically similar desceastim
4.8 Merger Definition and Assumptions
A merger is defined as the situation when occupants from a floor joirothefl
occupants on the stair. Both the enter and exit points are used as referencedimhgn de
mergers. A limitation in the data set is that the enter points of those coming irdodhn|
from the floor and those coming into the landing from the stair above are diffendmiildings
4 and 5, the enter point of occupants coming into the landing from the floor is at the top of the
outgoing stair, whereas the enter point of those coming into the landing fronedh@ng stair
Is the point where they are first seen entering the camera view (i.ee@sdeading to the main
landing depending on the camera view). These differing enter points are shogurées Bi-6
and 4-7 for buildings 4 and 5, respectively. In the analysis, a merger iseassuhave
occurred when a floor occupant enters after a stair occupant, but exitydiréciht of that
same stair occupant.
This type of definition of merger is the most concrete way of defining the auth the
data provided in the spreadsheets. In reality, the merge area occurs on thedaddiifigrs in
shape and size depending on different landing and stair geometries [32]. For lyats, ana

point needs to be defined as the merge point (i.e. after such a point, the floor occupant is
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assumed to have merged with the stair floFor the purpose of this studijs imaginary line
is defined as thexit point of thi occupants.Although the merge area occurs on the lan
somewhere prior tthe exit poin, where the specific point actually occursirdnowr without
reviewing the video footage.

Flooroccupants can mer at two different positions within the stair florhese
individuals can either merd@) directly infront of a person (or platoon) @) between people
in a platoon.The scenario in which a pers from the floormerges directly in front of a pers
descendig the stair occurs when there no other stair occupanéhead of the person wl
allows the merge.

People who come into tistair from a floor and exit after a stair platae not
considered merging individuals. Merging persomsamsumed thave an effect ¢ the stair
flow, therefore, those who exafter a person (cplatoor) in the stair are assumed to hia
negligible effect on the stamatoon:. Only floor individuals who exit directly in frarof stair
individuals are assumed to have an effect on the énd descent times of the people ir

stair.

Figure 4-6: Building 4 Enter Pointsof Floor (Yellow) and Stair Occupants (White)
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Figure4-7: Building 5 Enter Pointsof Floor (Yellow) and Stair Occupants (White)

Depending on the floor that occupants enter the a@ta the location of the vide
camera, mergersan either occur ¢ or off camea. The definitions and assumptions st
above are used for occupants who merge on canms@yver, these definitions and assumpti
lose credibility during situations when people cante the stair off camera. Because there
reliance on the entand exit time in determining mergers, defining a mergércamera is
difficult to do. To accurately handle off camera merger datagrassumptionmust be made in
addition to the on camera merger assump. Thus, in the current study, occupants enter
the stair off camera are nodnsidered merging occupants. Instead, these antsipre
considered a part of the stair flow, having desedralflight of stairs with the other st
occupants when first seen.

It must also be notkthat mergin@nalyses that utilizéhe enter and exit times
individualswill only be done in sections of the stairwells wdh@o queues are determinec
have occurred. Because queuesdramatically alter the enter aedit times from one occupa

to the next, tese values will not be used to determine mergiferts.
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Chapter 5: Resultsand Discussion

5.1 The Role of Density

As stated in Chapter 2, the method most commonly used in determining evaguoedson t
is the hydraulic model. The hydraulic model assumes occupants behave homdgeaedus
flow in the same manner with similar local speeds. These movement speestinaated using
an equation (2) based on the density within the stair and the stair dimensions, readitepth
and riser height. From this speed, a specific flow can be calculated bglynitithe speed by
the density. Then, using this specific flow and the effective width of the sharsalkculated
flow is determined by equation (5). Hence, using this approach, density is ataimpor
contributing factor to the determination of movement speeds on stairwells and o#ssr eg
components.

The SFPE Handbook [3] does not, however, provide a specific way in which the density
within the stair should be determined. It defines density as the level of choagdein the
evacuation route measured in persons per unit area, but exactly what area anddihétials
to count are debatable. The previous chapter provides an explanation of the two different
approaches used to calculate density in the stairwells of buildings 4 and 5. Onesinvolve
counting the number of people in camera view when an occupant enters the view. This assume
that the level of crowdedness in front of the occupant is the only factor in determiovegnent
speed. The other method involves using the average number of people in camera view when a
occupant enters and exits the camera view. This approach examines the lexetletiness
surrounding an individual rather than just in front.

After calculating local densities and local movement speeds for each oGaamEmt

speed is paired with the density of the lower floor. Therefore, looking at@jselscal speed
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from the camera exit on floor 2 to the camera exit on floor 1, the density of tHbrss

paired with this local speed. This assumes that the greatest factor in thardsten of the
speed from one camera to the next is the level of crowdedness of the landing downSpeath
vs. density graphs of all of the data from the stairwells in buildings 4 and So#esiplith a
linear trendline to compare the differing methods used, and to compare the dadatagebFPE
curve. The data are a complete range of densities varying from indszidusblation to
queues. These graphs are located in Appendix C arRf tvelues of each stairwell, as well as

theR? values of data from both stairwells combined are given in Table 5-1 below.

Stairwell Enter Density  Average Density
4A 0.25 0.29
4B 0.38 0.45
4A & 4B 0.28 0.33
5A 0.13 0.14
5B 0.10 0.10
5A & 5B 0.10 0.10

Table5-1: Speed vs. Density R Values

TheR? values from Building 4 stairwells range from 0.25 to 0.45. In both stairwells, the
enter density method results in loviR¥rvalues compared with the average density method.
Combining all the data from Building 4, tRé values are 0.28 and 0.33 for the enter density and
average density method, respectively. RAaalues for Building 4 indicate that approximately
28% of the variation in movement speeds are explained by the enter density on tti&ower
and that approximately 33% of the variation are explained by the averagg dertsie¢ lower
floor.

From the speed vs. average density plot of the Building 4 stairwells in Appenttig
slope of the linear trendline of the stairwell data is -0.27, which is almostgbéoathe SFPE

Handbook line which has a slope of -0.29. However, the slope of the line generated from the
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enter density method is -0.23 and not parallel to the curve predicted by the SFPE Handbook.
Also, the SFPE curve generally predicts greater speeds at the same denfliteedata from the
stairwells in Building 4. The SFPE equation allows for densities bounded by 3.75 pefsas/
which point the crowd is assumed to be so dense that movement is no longer possible. The
highest densities calculated from the enter and average density methods nyRkudde
approximately 2.65 and 2.12 persand/ respectively. The landing and stair areas from the
camera view used to calculate the density may account for these diffenetive maximum
density. It is noted, however, that for more dense situation®{j.g.> 1.57 personst? and
Daverage=1.18 personsh?) the SFPE curve predicts greater speeds than are actually observed.

Table 5-1 also provides values for the building 5 stairwell data. Stairwell 5A asd 5B
R? values ranged from 0.10 to 0.14. Both density methods resulted in approximately the same
R? values for the individual stairwells, as well as with the combined data set. Thedrdata
set from both stairwell 5A and 5B resulted inRfrnvalue of 0.10 using both density methods. It
is apparent that density is not as accurate of a predictor of movement spesdoasuilding 4.

Only about 10% of the movement speeds in building 5 can be explained by the local density of
the lower floor.

When comparing the Building 5 results to the SFPE curve, most of the speeds in the data
are well below the SFPE curve predictions for the same densities. Alsahd&wilding 4, the
maximum densities are less than the 3.75 persBnatlue. The maximum enter and average
densities for the Building 5 stairwells are both 1.78 persohsiThese densities are smaller than
the Building 4 maximum densities because the landing areas in the Buildingveksaare
larger than the landing areas in the Building 4 stairwells. Also, the sloples lofear trendlines

of the Building 5 data are -0.21 and -0.20 for the average and enter density methods,
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respectively, thus showing a greater disparity between these slopes dogdhed the SFPE
curve than is seen with the Building 4 data.

While density appears to play an important role in the determination of movepsaus
down stairs, it is not the only factor that should be considered when assessingadgiess s
demonstrated by the loR? values. Thus, there must be other factors contributing to the
variation in the local speeds. One hypothesis is that platoon interactions arebdepiatiar in
determining the speed at which occupants can move. A platoon analysis witichei®d in
sections of the stairwells where no merging occurs to show how different [gatmwe within
the overall flow. Also, passing and merging scenarios are examined togatesiow these
phenomena affect descent times and outflows of individuals.
5.2 Platoon Analysiswith No Merging

An analysis of how platoons travel within the overall flow is conducted foilossdh the
stairwell where no merging (on or off camera) occurs to gain an understandiog platoons
operate without other influencing factors. Platoons are identified using thedotgy
described in Section 4.7. The hypothesis is that different platoons in closmipygke. within
the average exit time gap plus two standard deviations) within continuous fl@hfarster,
slower, or at similar speeds from one platoon to the next. Continuous flow is defthedeas
being at least one occupant on the lower and upper landing, with the exception of thedast per
descending the stair.
5.2.1 Stairwell 4A

In stairwell 4A, no passing behavior was observed during the descent of the 177

occupants from the"Bto the &' floors, with the exception of those occupants who descended the
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stair shoulder-to-shoulder. Platoons are identified based on the exit psbajaveen
individuals, and sub-platoons are identified based on descent time patterns.

Figure 5-1 shows the descent times of the occupants within this section of 44 vs. t
number of occupants on th¥ floor landing when they entered the camera view. The associated
R? value for the data points associated with this subpopulation is 0.25, which is consistent wit

theR? of all the data points in 4A shown in Section 5.1.
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Figure5-1: 4A Descent Timevs. Enter Number of Occupantson the 4™ Floor

The results of the platoon analysis of the occupants descending in stair 4thdréfto
the 4" floor when no merging occurs are shown in Table 5-2, and graphically represented in
Figure 5-2. Table 5-2 shows the platoons with their average descent tinstaradatd
deviations. A total of 5 platoons are identified in this section of stair 4A based dimexgap.
Each of these platoons is then subdivided into sub-platoons based on descent time pattern. A

plot of the descent times of all 5 platoons is provided in Appendix D.
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Number of Occupants  Average Descent Time (s)

Platoon

Inner, Middle, Outer with Standard Deviation
1 2,1,9 31.70 (1.06)
2 0,3,13 35.53 (1.15)
3 12,3,65 41.75 (2.01)
4 6,6,41 42.29 (0.68)
5 3,2,11 44.84 (0.63)

Table5-2: 4A Platoon Average Descent Times with Standard Deviations
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Figure 5-2: 4A Platoon Average Descent Times (error barsindicate S.D.)

Average Descent Time (s)

Platoon 1 is made up of 12 occupants with two in the inner, one in the middle, and nine in
the outer lanes. The average descent time and standard deviation of all the occygbaiatsr
1 are shown in Table 5-2, and are 31.70 s (1.06). The 12 occupants in this platoon are then
subdivided into sub-platoons A and B based on the differing descent time patterns observed. 1A
consists of the first four members of platoon 1 who travel in platoon equilibrium. Althaabgh e
member in 1A travels with a greater descent time than the person difrezly, ahis change is
determined to be insignificant (the greatest increase in descent timerieoperson to the next

is 0.13 s). The last eight occupants in platoon 1 comprise sub-platoon B. As a whole, 1B travels
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in compression, with the last occupant having a lower descent time thanttbedugant. The
descent times decrease then increase by approximately 1 s everyg etenyttwo occupants
with descent times gradually decreasing within the sub-platoon as a wi®lkE{s-3).

In platoon 1, the occupants in the inner lane have an average descent time of 31.17 s
(S.D. 0.64) and those in the outer lane have an average descent time of 31.98 s (1.02). The
occupant in the middle lane is the tenth occupant in the platoon, and travels thenfadaeson
1 with a descent time of 30.18 s. A t-test for the inner and outer lanes in platoon 1 gives a p
value of 0.27, so the null hypothesis that those in the inner and outer lanes have the sagae aver
descent time fails to be rejected.

T-tests are then used to compare the averages of the sub-platoons. 1A and 1B have
average descent times of 32.96 s (0.1) and 31.07 s (0.64), respectively. A t-test hétand
1B results in a p-value of 5.0E-5. Thus, the null hypothesis is rejected, meaning-petsabs

are traveling at statistically different speeds. 1B travels at a lavezage descent time than 1A.
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Figure5-3: Platoon 1 Descent Timeswith Sub-Platoons
The next 16 occupants are identified as the second platoon. The average descent tim

and standard deviation of all the occupants in platoon 2 are shown in Table 5-2, and are 35.53 s
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(1.15). The first occupant in platoon 2 is spatially separated from the last petkerfirst
platoon by an exit time gap of 6.77 s at floor 4.

This platoon travels in both platoon equilibrium and elongation. The first 10 occupants
in platoon 2 are sub-platoon A and travel in platoon equilibrium with slight fluctuations in the
descent times from one person to the next. Sub-platoon B makes up the last six sedupant
travel in elongation with each occupant slower than the person ahead. Figure 5-thehows
descent times of the sub-platoons in platoon 2.

The three occupants who travel in the middle lane in platoon 2 have an average descent
time of 35.86 s (1.29), with the average time of the 13 occupants who travel in the outer lane
being 35.45 s (1.16). The p-value between these two lanes is calculated as 0O.@5e hieecf

occupants in both lanes travel with the same average descent times.
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Figure5-4: Platoon 2 Descent Timeswith Sub-Platoons
The equilibrium sub-platoon (A) has an average descent time of 34.74 s (0.32), whereas
the elongation sub-platoon (B) has an average descent time of 36.84 s (0.68). A tytasingom

these two sub-platoons results in a p-value of 2.8E-4, meaning the two sub-platoons have
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significantly different descent times. The elongation sub-platoon at thef gtatoon 2 travels
significantly slower than the front portion of platoon 2, which travels in equilibrium.

Platoon 3 contains the largest amount of individuals in the analysis with the most sub-
platoons, as well. The average descent time and standard deviation of all occupatsm3pl
are shown in Table 5-2, and are 41.75 s (2.01). The first occupant in platoon 3 has an exit time
gap of 3.94 s at the landing on floor 4. 80 occupants make up platoon 3 with 12 in the inner, 3 in
the middle, and 65 occupants in the outer lanes. The average descent times are 42.44 s (1.91),
39.91 s (2.44), and 41.71 s (1.98) for the inner, middle, and outer lanes, respectively. A t-test
between occupants in the inner and outer lanes results in a p-value of 0.24, so theswéhnes t
with the same average descent times. A t-test between the middle Iahe amdrage of the
rest of the platoon results in a p-value of 0.31. Thus, all the lanes in platoon 3 travel with the
same average descent times.

The descent time patterns are more complex in platoon 3 compared to platoons 1 and 2.
Nine distinct sub-platoons are identified and labeled A through I, with desocenpatterns
shown in Figure 5-5. From Figure 5-5, the majority of the time, the subepkain platoon 3
alternate between equilibrium and elongation from one sub-platoon to the next.

As with platoons 1 and 2, platoon 3 begins with a sub-platoon traveling in equilibrium.
The equilibrium in 3A is achieved through fluctuations between alternating élupgad
compressing sections that may be attributed to lane switchers. Thecagesagnt time of 3A is
38.56 s (0.61), which is the lowest average descent time in platoon 3.

Following A is an elongating sub-platoon (B) which has an average descermf .19
s (0.72). A t-test between 3A and 3B results in a p-value of 1.8E-7, indicating teabthe

platoons are traveling at significantly different descent times, 38t moving slower than 3A.
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Sub-platoon C contains nine individuals also traveling in elongation, but at a different
elongation rate compared with 3B. It is interesting to note that the individuztz all traveled
in the outer lane from theé"@o the &' floor; however, 3B has four individuals who switched
from the middle to another lane or vice-versa during the descent. Theseileheswmay have
caused 3B to have the fluctuations in descent times from one occupant to the next ggea in F
5-5, due to differing lengths traveled in the two different lanes. The lane switchidseraa
cause of the different elongation rates between 3B and 3C, but more reseagecleisarethis
subject. The average descent time of 3C is 42.06 s (0.35). A t-test comparing 3¢ictiodSB
p-value of 0.0069. So, the null hypothesis is rejected, and 3C travels slower on average than 3

even though both travel in elongation.
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Figure5-5: Platoon 3 Descent Timeswith Sub-Platoons
The next seven occupants are 3D. As Figure 5-5 shows, these individualsitravel i
platoon equilibrium with an average descent time of 41.15 s (0.11). A t-test betwaed 3D

produces a p-value of 2.8E-5. Thus, 3D travels faster on average than 3C. A thstuised
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to compare the average descent times of 3B and 3D. This t-test resultsatua pf 0.89,
indicating that sub-platoons 3B and 3D travel statistically faster than 8Qyidnthe same
approximate average descent times.

The next ten individuals make up sub-platoon E. Like 3D, 3E travels in equiliboom f
the 6" to the &' floor. The descent times of the occupants in E alternate between deseent ti
increases and decreases fluctuating around the average. This fluctuatiagamaye attributed
to lane switchers. In 3E, the fifth, sixth, and seventh occupants switched betweétdirean
another lane and vice-versa sometime during the descent froffl thehg &' floor. Again,
more research is needed on the possible effects of lane switchers on d®sceBELs average
time to descend is 42.18 s (0.36). A t-test between 3D and 3E results in a p-value of 3E-6, so 3E
travels significantly slower than 3D. A t-test is then performed to contpar@erage descent
times of 3E and 3C. This produces a p-value of 0.46, indicating that both sub-platoons travel
with the same approximate average descent time, which is significaowigrahan the average
of sub-platoons 3B and 3D.

Following 3E, sub-platoon 3F shows platoon elongation. The average descesft3ifme
is 43.77 s (0.59). A t-test between 3F and 3E gives a p-value of 8.8E-6, so the two sub-platoons
have significantly different descent times with 3F having the greateage/er

The next nine occupants comprise sub-platoon 3G. These occupants travel in equilibrium
with individual descent times fluctuating around the average of 44.03 s (0.34). Agsaen, thr
occupants in 3G switch lanes during the descent, which may account for the deseent ti
fluctuations. The first, third, and last occupants in 3G switch between the ramttiter lanes
at one point during descent. A p-value of 0.28 results from a t-test comparison &faeeh

3G, indicating that the null hypothesis fails to be rejected. Thus, the two sabrslare
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assumed to travel with the same average descent times, even though 3Ftaa&®n
elongation and 3G travels in equilibrium.

Sub-platoon 3H follows 3G, and travels in elongation. 3H’s average descent time and
standard deviation are 43.74 s (0.82). From a t-test between 3H and 3G, a p-value of 0.37
indicates that the two sub-platoons travel with statistically similaiageedescent times, just as
3F and 3G travel with similar descent times.

Finally, sub-platoon 3l is the last in platoon 3. 3l contains two occupants who have a
lower average descent time than all three sub-platoons preceding it (3B{3-Hverage
descent time is 42.6 s (0.18). A t-test between 3H and 3l yields a p-value of 0.00&8inadic
that 3l travels statistically faster than 3H. A t-test betweear8E3l is performed to examine
any similarity between the average descent times. A p-value of 0.096 @sdicat these two
have statistically similar average descent times. So, whateves@iuselatoons 3F, 3G, and
3H to travel slower dissipates with 3l.

Platoon 4 consists of 53 occupants with 6 in the inner, 6 in the middle, and 41in the outer
lanes. The average descent time and standard deviation of all the occupants irdpatoon
shown in Table 5-2, and are 42.29 s (0.68). The occupants have average descent times and
standard deviations of 42.19 (0.59), 42.62 (0.99), and 42.25 s (0.65) for the inner, middle, and
outer lanes, respectively. A t-test between the inner and outer lanes givetua of 0.83, so
these two lanes travel with the same average descent times. A t-testiogrtimoccupants in
the middle lane to the average of the rest of the group yields a p-value of 0.38forEher
occupants in all lanes travel with statistically similar descentstime

Four sub-platoons divide platoon 4 based on the different descent time patternsdobserve

These patterns are shown in Figure 5-6. The first occupant in platoon 4 hastiameeyap of
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4.37 s at the landing on floor 4. This occupant has a descent time of 42.56 s, which is similar to
the descent time average of sub-platoon 31. So, based on descent time alone, this cmalgbant
be placed in 3I; however, to stay consistent with the exit time gap identificztthe groups,
this occupant is included in platoon 4.
The majority of occupants in sub-platoon 4A travel in platoon compression, with the

exception of the first occupant. The average descent time of 4A is 42.91 s (0.62).
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Figure 5-6: Platoon 4 Descent Timeswith Sub-Platoons
The next eight occupants are 4B. These occupants travel in platoon equilibrium with a
average descent time of 41.28 s (0.12). A t-test between 4A and 4B produces a p-value of 3.4E
6, indicating that the two sub-platoons move with different average desuest tirhe
equilibrium sub-platoon (4B) travels faster than the compression sub-platopn (4A
Sub-platoon 4C consists of the next 15 occupants who move in platoon elongation. Their

average descent time is 42.28 s (0.57). A t-test comparing 4B to 4C gives a p-éafiie ®.
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Therefore, the elongation of 4C travels on average statistically stbarethe equilibrium of 4B.

A t-test comparing the sub-platoons on both sides of the equilibrium sub-platoon impdrfor

for 4A and 4C. This produces a p-value of 0.015, so the elongation sub-platoon (4C) following
the equilibrium sub-platoon travels faster than the compression sub-platoon€4édipg the
equilibrium sub-platoon.

4D is the last sub-platoon in platoon 4, and contains 19 individuals who travel in
equilibrium with an average descent time of 42.36 s (0.43). Once again, the seemuhgty ra
fluctuations between some of the descent times of members in the sub-platoo® asagciated
with differing path lengths associated with lane switchers. In 4D, thg s@venth, tenth,
fifteenth, and sixteenth occupants switch lanes at some point during the desoethief8' to
the 4" floor.

A t-test performed for 4C and 4D produces a p-value of 0.64, indicating that the two sub-
platoons move with the same average descent times. Comparing the avenage o sub-
platoons with the average descent time of 4A produces a p-value of 0.013, indicatingdhdt 4C
4D combined travels statistically faster than 4A.

The last platoon observed in stairwell 4A is platoon 5. Platoon 5 contains 16 occupants
with 3, 2, and 11 occupants in the inner, middle, and outer lanes, respectively. The average and
standard deviation of the descent time for platoon 5 are shown in Table 5-2, and are 44.84 s
(0.63). Occupants in the inner, middle, and outer lanes have average descent times of 45.23 s
(0.49), 44.36 s (0.71), and 44.82 s (0.64), respectively. A t-test between the inner and outer lanes
produces a p-value of 0.3, and a t-test between the middle lane and the averagesbbftibe
group yields a p-value of 0.46. Therefore, the individuals in differing lanes wihahe same

average descent times.
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Three sub-platoons divide platoon 5 based on differing descent time patterns, shown in

Figure 5-7. The first occupant of platoon 5 has an exit time gap of 4.3 s &tftherdanding.
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Figure5-7: Platoon 5 Descent Timeswith Sub-Platoons

Sub-platoon 5A has five occupants traveling in platoon elongation. The average descent
time of 5A is 44.27 s (0.64).

5B consists of the next four occupants who travel in platoon equilibrium. The average
descent time of 5B is 44.69 s (0.066). A t-test between 5A and 5B results in a p-value of 0.22.
Thus, the elongating sub-platoon (5A) and the equilibrium sub-platoon (5B) move witimihe sa
average descent times.

The last sub-platoon in 5 is 5C, and contains seven occupants. This sub-platoon contains
fluctuations with increases and decreases in descent times as with 3B, 3E, 3G, andl®D, whi
may be attributed to lane switchers. The first, second, and fifth occupantswitéiCisetween
the middle and another lane sometime during the descent betwed&hathe 4' floors. As a

whole, 5C travels in platoon elongation. The average time to descend of 5C is 45.34 s (0.37). A
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t-test between 5B and 5C results in a p-value of 0.0031. Thus, the null hypothesisad egjdc
the two sub-platoons have different average descent times with 5C traveistgcatly slower
than 5B, and, thus slower than 5A.

5.2.2 Stairwell 5A

Stairwell 5A contains some individuals who pass others from'tieér exit to the %
floor exit, unlike stairwell 4A, which has no passing over the two floors analyzegred®usly
mentioned, Hoskins showed that platoons can be identified based on passing behavior [36].
Thus, platoons in this section of stairwell 5A are not only identified based omexigép and
descent time patterns, but also on whether individuals within the platoon pass other ifividua
during the descent from th& %o the & floor. This results in identifying 13 platoons in 5A, with
one being a one-person platoon who did not stay with a single platoon, but passes multiple
individuals from the % to the &' floor.

Figure 5-8 shows the descent times of the occupants within this section aftha vs
number of occupants on th& 8oor landing when they entered the camera view. As with the
stair 4A platoon analysis, the associakédalue for the data points associated with this
subpopulation is 0.14, which is consistent withRAef all the data points in 5A shown in
Section 5.1.

Results from the platoon analysis for stair 5A are shown in Table 5-3, and graphically
Figure 5-9. Table 5-3 shows the platoons with their average descent timésraladds
deviations. As mentioned, a total of 13 platoons are identified in this section of 5A based on exi
time gap and passing behavior. A plot of the descent times of all 13 platoons is lecated i

Appendix D.
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Figure 5-8: 5A Descent Timevs. Enter Number of Occupants on the 3" Floor

The first platoon in the analysis consists of 11 occupants who have an average descent
time and standard deviation of 45.57 s (1.34). Platoon 1 contains 3, 2, and 6 people in the inner,
middle, and outer lanes, respectively. The average descent times of the inner,andidiger
lanes are 44.46 (1.95), 46.25 (0.14), and 45.90 s (1.01). A t-test between the inner and outer
lanes produces a p-value of 0.33, and a t-test between the middle lane and the ateeagstof
of the platoon produces a p-value of 0.13. Thus, the descent times of the lanes are not
significantly different.

Platoon 1 contains passing behavior exhibited by three occupants. Two individuals pass
one person during the descent, while another passes three people. The first perquatoothe
travels in the outer lane and passes a person traveling in the inner lane, the foonthr pests
in the inner lane and passes three individuals, two of whom switch between the outeeand i
lanes and one who travels in the outer lane, and the ninth person travels in the inner lane and
passes someone who descends in the outer lane. Thus, passing behavior is not common to just
one lane.

An analysis of variation in descent times between those who pass otherssjptusss

passed (passed), and those who did not pass others nor are passed by others (others) is done for
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each platoon that contains passing behavior. Figure 5-10 shows the descentttm@asders,

passed, and others for platoon 1.

Platoon Number of Occupants Average Descent Time (s)
Inner, Middle, Outer with Standard Deviations
1 3,2,6 45.57 (1.34)
2 1,1,25 45.47 (1.14)
3 1,0,0 29.83 (-)
4 1,2,5 47.56 (1.28)
5 2,0,2 48.03 (0.24)
6 1,1,18 45.84 (0.85)
7 2,0,2 45.51 (0.07)
8 3,1,8 45.87 (1.46)
9 3,0,5 46.86 (0.61)
10 3,04 46.60 (1.44)
11 11,0,28 48.39 (1.20)
12 1,0,34 45.54 (1.41)
13 0,14 45.91 (0.37)

Table5-3: 5A Platoon Average Descent Timeswith Standard Deviations
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Figure 5-9: 5A Platoon Average Descent Times (error barsindicate S.D.)
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Figure 5-10: Platoon 1 Descent Times

The passers, passed, and others have average descent times of 44.19 (1.50), 46.37 (0.41),
and 45.61 (1.40), respectively. A t-test between the passer and passed produces af p-value
0.12, and a t-test between the others and the average of the rest of the platoon prodakes a p
of 0.96. Thus, by just examining the passers, passed, and others, there are not significant
differences in their descent times.

From Figure 5-10, the first passer in the outer lane and the individual who they ipasse
the inner lane do not have significantly different descent times; however, thgassers in the
inner lane have relatively large differences in descent times with thios they passed.
Therefore, a comparison of the average descent time of the inner lans,pakszris 43.35 s
(0.47), is done to the average descent time of all others in the platoon, which is 46.06 s (0.85). A
t-test between these two samples produces a p-value of 0.01, thus inferrihg thaet lane
passers require significantly less time to descend than all othersgrothg including the outer

lane passer.
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Platoon 2 consists of 27 individuals with one person in the inner lane, one person in the
middle lane, and 25 people in the outer lane. The descent time of the individual in the inner lane
is 45.28 s, the descent time of the person in the middle lane is 46.72 s, and the average descent
time of those in the outer lane is 45.48 s (1.16). Occupants in platoon 2 did not display any
passing behavior, so the transition from platoon 1 to 2 stems from those in platoon 2 not feeling
the need to pass, as is the case in platoon 1.

Platoon 2 is divided into two sub-platoons, A and B. 2A consists of the first five
occupants who display platoon compression, and 2B consists of the next 22 occupants who
display platoon elongation. The average descent time of 2A is 44.17 s (0.79) and the avera
descent time of 2B is 45.76 s (0.99). A t-test between 2A and 2B results in a p-value of 0.006, so
the average descent times between the two sub-platoons are signifidféertint with 2B
requiring more time to descend.

T-tests between the occupants in 2A and the platoon 1 inner lane passers, aenl betwe
2A and all others in platoon 1 are performed. A p-value of 0.17 results between 2A and the inner
lane passers of platoon 1, while a p-value of 0.002 results between 2A and alinopitesison 1.

Thus, 2A requires less time to descend than non-inner lane passers, but Byatesiitees the
same amount of time to descend as the platoon 1 inner lane passers.

T-tests between 2B occupants and the platoon 1 inner lane passers and platoon 1 non-
inner lane passers are also performed. A p-value of 0.026 results between 2B aner tamé
passers of platoon 1, while a p-value of 0.41 results between 2B and all others in platoon 1.
Thus, 2B requires the same amount of time to descend as the non-inner lane passegusdsut re
more time to descend than the platoon 1 inner lane passers. Thus, the compression sub-platoon

(2A) travels with the same average descent time as the platoon 1 inner kers,pakile the
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elongation sub-platoon (2B) travels with the same average descent time asoihe pladn-
inner lane passers.

There is an occupant who exits tHefor landing between occupants 18 and 19 of
platoon 2 who is identified as a one-person platoon. During the descent frofhtthn® &'
floor in stair 5A, this occupant does not stay with one platoon and passes a total of 13 people
while in the inner lane. The descent time of this occupant is 29.83 s, significanththaweall
other platoons in the analysis. This one-person platoon is platoon 3.

The next platoon, platoon 4, is a passing platoon in which the first occupant, traveling in
the inner lane, passes two occupants in the outer lane during the descent. Platoons4 contai
eight individuals.

Platoon 4 has an average descent time of 47.56 s (1.28). Platoon 4 consists of one person
(the passer) in the inner, two people in the middle, and five people in the outer lanes. The
descent time of the inner lane passer is 44.41 s, while the average descentttimesiaddle
and outer lanes are 47.95 s (0.14) and 48.04 s (0.1) respectively. A t-test between thanahiddle
outer lanes gives a p-value of 0.53. Thus, the middle and outer lanes in platoon 4 require the
same amount of time to descend.

Again, an analysis of passers, passed, and others is done to compare destettEm
descent times of the passers, passed, and others in platoon 4 are shown in Figure\wihl. As
platoon 1, the passer in the inner lane has a significantly lower descent time trest thi¢he

platoon.
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Figure 5-11: Platoon 4 Descent Times
The average descent times of those passed and others are 47.98 s (0.1) and 48.03 s (0.12)
respectively. A t-test between those passed and others produces a p-value of 0.6%e Thus, t
passed occupants and the others in platoon 4 have statistically similar desegnflthe
average time to descend of those following the passer in platoon 4 (both those passestgnd oth
is 48.01 s (0.11).

Platoon 5 consists of the next four occupants, and is distinguished from platoon 4
because the occupants in the inner lane in platoon 5 did not pass occupants. The aeaape de
time of all occupants in platoon 5 is 48.03 s (0.24), and contains two occupants in the inner and
two occupants in the outer lanes. Occupants in platoon 5 travel with the inner lane occupants
(the first and last in the platoon) taking approximately 0.4 s longer to descend thalaoeit
occupants. The average descent time of the two inner lane occupants is 48.24 s (0.02) and the
average descent time of the two outer lane occupants is 47.82 s (0.04). A t-test betineen the
lane and outer lane occupants in platoon 5 results in a p-value of 0.018. Thus, occupants in the
inner and outer lanes travel with different average descent times.s&iteshen performed

between occupants in platoon 5 and occupants in platoon 4 following the passer. A t-test
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between inner lane occupants in platoon 5 and those following the passer in platoon #hrasults
p-value of 0.0015 and a t-test between outer lane platoon 5 occupants and those following the
passer in platoon 4 results in a p-value of 0.012. Thus, the inner lane occupants in platoon 5
require more and the outer lane occupants require less time to descend than thaseg thikow
passer in platoon 4.

The next 20 individuals are the sixth platoon. The average descent time of platoon 6 is
45.84 s (0.85). This platoon contains one instance of passing behavior with an occupant in the
inner lane (first occupant in the platoon) passing an occupant in the outer lane. Platoones has
occupant in the inner lane, one occupant in the middle lane, and 18 occupants in the outer lane.
The descent times of the inner lane and middle lane occupants are 45.85 s and 44.88 s, and the
average descent time of the outer lane occupants is 45.90 s (0.87). A plot of the desceht times
platoon 6 is shown in Figure 5-12.

The descent time of the person who is passed in platoon 6 is 48.89 s, and the average
descent time of the others in platoon 6 not directly involved with a passing event is 45.67 s
(0.48). Performing t-tests between the others in platoon 6 and the inner and outer lanes of
platoon 5 yield p-values of 2.4E-14 and 4.5E-13, respectively. Thus, the others (andehe pass
in platoon 6 require significantly less time to descend than both the inner and outer lane

occupants in platoon 5.
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Figure 5-12: Platoon 6 Descent Times

Although both platoons 4 and 6 contain individuals who pass others, the patterns of the
descent times of those following the initial pass are quite different. As FBgl2eshows, the
others (blue diamonds) following the individual who is passed begin to compress withimgcreas
speed (decreasing descent time) until equilibrium is reached at a lowent&se than the
passer. This is different from what is seen with platoon 4 and the middle portioroohplat
where people following those passed travel in equilibrium with a descensitimiar to that of
the passed occupants (see Fig. 5-10, 5-11). The compressing followers of theasxih pin
the other hand, maintain descent times similar to the descent time of the Jdssdifferences
in the descent time patterns could be due to the number of people passed. In the middle porti
of platoon 1, one individual passes three people, and in platoon 4, the first individual passes two
people, thereby possibly disrupting the descent of multiple individuals. This pasanudfipfe
people may have more of an effect on the descent times of those following comiplartbe:
one individual passing seen in platoon 6.

The next four occupants make up the seventh platoon. The average descent time of

platoon 7 is 45.51 s (0.07). Within platoon 7, no passing occurs. The first and third occupants
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travel in the inner lane and the second and fourth occupant travel in the outer lamen Plat
travels in equilibrium. The average descent times of the inner and outer d&s5& s (0.05)
and 45.47 s (0.06), respectively. A t-test comparing the inner and outer lanes produaksea p-
of 0.26, thus the two lanes travel with the same average descent time.

A t-test between all the members of platoon 7 and the others in platoon 6 yieldiia p-
of 0.19. Thus, the platoon 7 occupants traveling in equilibrium descend with the same average
time as the others in platoon 6.

The next 12 occupants make up platoon 8. The average descent time of the eighth
platoon is 45.87 s (1.46). Platoon 8 has three instances of passing behavior. All passng event
are occupants in the inner lane passing people in the outer lane. One passing evenginvolves
person (occupant 6 in Fig. 5-13) passing two people, while the other two (occ. 1, 3) involve one-
person passing.

Platoon 8 has three individuals in the inner, one individual in the middle, and eight
individuals in the outer lanes. The descent time of the occupant in the middle lane is 46d79 s, a
the averages of the inner and outer lanes are 43.73 s (1.47) and 46.56 s (0.33). A t-test between
occupants in the inner and outer lanes produces a p-value of 0.077, so the occupants in these
lanes travel with the same average descent time. As with platoons 1, 4, and 6ysas ahal
variation in the descent times of the passers, those passed, and the others in the pbatoon w
neither pass nor are passed is done. Figure 5-13 provides the descent times obims me
platoon 8.

Since all passers travel in the inner lane, their average descent tirenignghe

previous paragraph and is 43.73 s (1.47). Those passed by another occupant have an average
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descent time of 46.58 s (0.40). The other people in platoon 8 who neither pass anyone nor are
passed by anyone have an average descent time of 46.58 s (0.28).

A t-test comparing those passed to others results in a p-value of 0.12, thus éhese tw
samples travel with the same average descent time. A t-test is themeelfor passers vs.
non-passers in platoon 8, resulting in a p-value of 0.076. This p-value indicates that#éne pa
and non-passers in platoon 8 travel with the same average descent time, but this\agrer p
is most likely due to the large variance in the single-person and two-persors’pdasesnt
times. The single-person passers have an average descent time of 44.58 s (0.1®vand the
person passer has a descent time of 42.04 s. A t-test between the single-psessrapdshe
non-passers in platoon 8 results in a p-value of 2.0E-6, indicating that the sirsgle-passers
(thus, the two-person passer) require less time to descend than the non-passthgisdi

T-tests are then performed between members of platoon 8 with the occupaatisan pl
7. A p-value of 0.017 is calculated between the platoon 8 single-person passers and platoon 7,
while a p-value of 3.0E-6 is calculated between the platoon 8 non-passers and platoon 7. Thus,
platoon 8 passers require less time to descend than platoon 7, while platoon 8 non-passers re

more time to descend than platoon 7.
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Figure 5-13: Platoon 8 Descent Times
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As Figure 5-13 shows, all of the occupants marked as others in platoon 8 travel in
equilibrium with approximately the same descent time as those passeds Sihigar to the
descent time patterns seen in platoon 4 (Fig. 5-11) and the middle portion of platoon 1 (Fig. 5-
10). This type of behavior seems to be consistent when multiple people are passearg the s
individual.

Platoon 9 contains eight individuals where no passing is observed. The average time to
descend for the entire platoon is 46.86 s (0.61). This platoon has three people in the inner lane
and five people in the outer lane descending in equilibrium. The average time to destead f
inner lane is 47.2 s (0.91) and the average descent time for occupants in the outditl&tesis
(0.33). A t-test comparing the inner and outer lanes results in a p-value of 0.41, so tmes$wo la
travel with the same average descent time.

All of the occupants in platoon 9 are then compared with occupants in platoon 8. A t-test
comparing platoon 9 to the single-person passers in platoon 8 yields a p-value &f &ndka t-
test comparing platoon 9 to the non-passers of platoon 8 produces a p-value of 0.27. Thus,
platoon 9 requires more time on average to descend than the passers of platoon 8, but requires
the same average descent time as the non-passing members in platoon 8.

Platoon 10 has seven occupants with three in the inner and four in the outer lanes. The
average descent time of platoon 10 is 46.6 s (1.44). Similar to platoon 1, platoon 10 contains
passing individuals in both the inner and outer lanes. The first two occupants are in the outer
lane and pass an inner lane occupant, while the fifth occupant is in the inner lane es@pass
outer lane occupant.

The average descent time of the inner lane is 46.81 s (1.85) and the averagdinescent

of the occupants in the outer lane is 46.44 s (1.34). A t-test comparing occupants in the inner
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lane to occupants in the outer lane produces a p-value of 0.79. Thus, both lanes travel with the
same average descent time.

Figure 5-14 shows the descent times of platoon 10. The passers have an ageege de
time of 45.27 s (0.18), while those passed and the others have average descent times of 48.39 s
(0.62) and 46.8 s (0.54), respectively. A t-test between those passed and others yaldse a p-
of 0.11, indicating that the two samples travel with the same average deseent tiemaverage
descent time of those passed and the others is 47.59 s (1.03). A t-test between platoon 10 passers
and non-passers yields a p-value of 0.018, indicating that the passers reqtimeelésslescend
than the rest of platoon 10.

T-tests between platoon 10 and 9 yield p-values of 1.0E-4 and 0.26 for platoon 10 passer
to platoon 9 and platoon 10 non-passer to platoon 9, respectively. Thus, the non-passing
members of platoon 10 require the same average descent time as platoon 9, whitethe pas

require less time to descend than platoon 9.
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Figure 5-14: Platoon 10 Descent Times
The next 39 occupants are platoon 11. Within platoon 11, no passing occurs. There are

11 people who descend in the inner lane and 28 people who descend in the outer lane. The
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average descent times of the inner and outer lane occupants are 49.04 s (1.11) and 48.14 s (1.15),
respectively. A t-test between occupants in the inner and outer lanes yieldsia pf¥a037,
indicating that the inner lane occupants require more time to descend than theneuter la
occupants.

T-tests comparing platoon 11 to platoon 10 are done, and yield p-values of 0.059 and
0.38 between platoon 11 inner lane occupants and non-passers in platoon 10 and platoon 11 outer
lane occupants and non-passers in platoon 10, respectively. Therefore, althoughdaheswo |
move at different descent times in platoon 11, the two lanes both move at similar desent t
to the non-passing individuals in platoon 10.

Platoon 11 is then divided into sub-platoons A and B based on differing descent time
patterns. The first 29 members of platoon 11 consist 11A and travel in platoon elongation, while
the last 10 occupants consist 11B and travel in platoon compression. Figure 5-15 shows platoon

11 descent times.

51
50.5 90

50 Y 3 &
49.5 G

49 * 0
48.5 o *

A
48 o = ¢
475 € oo o mB

465
46 L

45-5 T T T T 1
0 10 20 30 40 50

Figure5-15: Platoon 11 Descent Timeswith Sub-Platoons
The average time to descend of 11A is 48.85 s (1.02), while the average descent time of

11B is 47.08 s (0.51). A t-test between 11A and 11B yields a p-value of 4.9E-8, inferting tha
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the 11A requires more time to descend than 11B. T-tests between 11A and 11B are also done
with the non-passing occupants in platoon 10. P-values of 0.087 and 0.4 are calculated between
11A and 10 non-passers and between 11B and 10 non-passers, indicating that 11A and 11B
travel with the same average descent time as the platoon 10 non-passers.

The next 35 occupants are platoon 12. While no passing occurs just as in platoon 11, the
first occupant in platoon 12 has an exit time gap of 2.94 s af%fed landing, which is
greater than the average plus two standard deviations for stair 5A (2.88 s). Tloos, pkats
considered to be adequately spaced from platoon 11.

Platoon 12 has an average descent time of 45.54 s (1.41) with one occupant in the inner
lane and 34 occupants in the outer lane. The inner lane occupant has a descent time of 46.12 s,
and the average descent time of the outer lane occupants is 45.52 s (1.43). The 35 occupants in
platoon 12 are divided into five sub-platoons based on descent time pattern, as shown in Figure
5-16.

12A travels in platoon equilibrium with an average descent time of 46.73 s (0.13), and is
the slowest moving sub-platoon in platoon 12.

12B also travels in equilibrium, but at a lower average descent time than 12A. The
average descent time of 12B is 46.22 s (0.05). A t-test between 12A and 12B yieldseagd-val

9.1E-8, thus 12B takes significantly less time to descend than 12A.
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Figure 5-16: Platoon 12 Descent Timeswith Sub-Platoons

12C travels in equilibrium as well, but with a higher average descent time than A@B. T
average descent time of 12C is 46.46 s (0.06). A t-test between 12B and 12C produces a p-value
of 1.1E-4, inferring 12C takes statistically more time to descend. Aistdstn used to
compare the equilibrium sections of 12A and 12C. This results in a p-value of 1.1E-4.
Therefore, 12C travels in between the descent times of 12A and 12B; travatisiically faster
than 12A, but slower than 12B.

12D is the first sub-platoon in 12 to travel differently than equilibrium. 12D desdends t
stair in platoon compression with an average descent time of 45.57 s (0.47). A t-test gpmparin
12C to 12D results in a p-value of 5.3E-3, showing that 12D travels significandy tiash 12C.

The final sub-platoon, 12E, travels with the front portion in compression, and the rear i
elongation. This is indicative of a sub-platoon where the faster occupantsrtridnesfront and
the slower occupants travel in the back of the platoon. The average descentli2fiesothe

lowest in platoon 12 at 43.31 s (0.42). A t-test between 12D and 12E results in a p-value of
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2.6E-6, thus 12E is moving significantly faster than 12D. As a whole, platoon 12 travels in
platoon compression.

Platoon 13 is the final platoon in the stair 5A platoon analysis without merginge iShe
no passing behavior observed in platoon 13; however, 13 is separated from platoon 12 because
the exit time gap on thé®loor of the first person in 13 is 2.94 s. Platoon 13 has an average
descent time of 45.91 s (0.37) and consists of one occupant in the middle lane and four occupants
in the outer lane. The middle lane occupant has a descent time of 46.15 s, and the average
descent time of the four outer lane occupants is 45.85 s (0.40). Platoon 13 travels in platoon
elongation with descent times increasing from occupant to occupant.
5.2.3 Discussion

The results of the platoon analyses with no merging show that there can ge afran
descent times of individuals that descend close to one another within the stalitwek. distinct
platoon descent time patterns are observed within the high-rise stainkatheinpl) elongation,
2) compression, and 3) equilibrium. For the stair 4A platoon identification, there issnogpas
by the occupants, thus platoons are separated solely based on spatial separstiombA,
however, passing is observed by individuals, thus platoons are separated based on both spatial
separation and passing behavior. Some patterns in elongation/compression/equilibrium
sequences and passing sequences are observed for the platoon identification imells.stai

The average descent times of the five platoons identified in 4A increasehidirst
platoon identified to the last (as seen in Figure 5-2). The largest incrahseawverage descent
time occurs between platoons 2 and 3. Table 5-4 shows the descent time patternseof the fiv

platoons identified in stair 4A.
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Platoon Descent Time Pattern

1 Equil - Comp

2 Equil - Elong

3 Equil - Elong - Equil - Elong - Equil - Elong - Equil
4 Comp - Equil - Elong - Equil

5 Elong - Equil - Elong

Table 5-4: Descent Time Patterns of Platoonsin Stair 4A
As seen in Table 5-4, there is a descent time pulsation that alternates beat@an pl
equilibrium and platoon elongation/compression. For each platoon in stair 4A, the average
descent times of the lanes used by the occupants are statisticdly.slowever, for the
majority (73%) of adjacent sub-platoons (separated by descent time patteras)erage
descent times are statistically different.
Solely examining adjacent sub-platoons in stair 4A, six descent time patteanigsare
observed. These six scenarios are:
1. Equilibrium followed by Compression
2. Compression followed by Equilibrium
3. Equilibrium followed by Elongation
4. Elongation followed by Equilibrium
5. Elongation (w/ lane switchers) followed by Elongation (w/out lane switthers
6. Equilibrium (w/out lane switchers) followed by Equilibrium (w/ lane switchers
For each of the preceding six scenarios, the following sub-platoon travels atatdigse that is
either statistically slower/faster than the preceding sub-platoon, tatisgisally similar to the
preceding sub-platoon.
For scenario 1, the compression sub-platoon travels statistically fastethe preceding
equilibrium sub-platoon. For scenario 2, however, the equilibrium sub-platoon travels

statistically faster than the preceding compression sub-platoon. Sincaréerdy two
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instances of compression sub-platoons found in stair 4A, this trend must be validateld throug
future research to help determine whether this is a common trend for compresdibrilequi
and equilibrium/compression patterns.

For scenario 3, the elongating sub-platoon travels statistically slower thareteseling
equilibrium sub-platoon five times, while it travels at a statisticafhylar descent time once.
For scenatrio 4, the equilibrium sub-platoon travels significantly faster thamebeding
elongation sub-platoon twice, while it travels at a statistically sirdgacent time three times.
From this small sample for scenario 3, the elongating sub-platoon typicallls tséaeer than
the preceding equilibrium sub-platoon. For scenario 4, the equilibrium sub-platoonlyypical
travels similar to or faster than the preceding elongating sub-platoonn, Agatie research is
needed to validate the trends observed in the small sample.

Only one instance occurs for both scenarios 5 and 6. For scenario 5, the elongating sub-
platoon with no lane switchers travels statistically slower than thedgingcelongating sub-
platoon with lane switchers. For scenario 6, the equilibrium sub-platoon with laobeswi
travels statistically slower than the preceding equilibrium sub-platodnneitane switchers.
No definitive conclusions can be determined because of the small sample sizeanbsdeand
6, thus future research is needed to validate the trends observed.

The average descent time values of the platoons in stair 5A contain more of annmdulati
pattern than the solely increasing average descent times of the plato@as4A ¢see Figure 5-
9). Platoons 1 through 11 in stair 5A contain an increasing/decreasing averagg tlesc
pattern that seems to be based on the passing/non-passing sub-platoons. Platoons 12 and 13 do
not contain any passing events, but are separated from the other platoons based on spatial

separation. Table 5-5 shows the descent time patterns and whether theregshysdesrior
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observed in the 13 distinct platoons identified in stairwell 5A. Note that for the plat@ins t
contain passing behavior (distinguished by a P in Table 5-5), the descent tene giaen is the
pattern of the others (occupants not directly involved in the passing event).

Platoon Descent Time Pattern  Passing Behavior

1 Equil P
2 Comp - Elong -
3 One Person -
4 Equil P
5 Equil -
6 Comp - Equil P
7 Equil -
8 Equil P
9 Equil -
10 Equil P
11 Elong - Comp -
12 Equil - Comp - Elong -

13 Elong -
Table 5-5: Descent Time Pattern and Passing Behavior of Platoonsin Stair 5A

As seen in Table 5-5, platoons 1 through 11 (with the exception of the one-person
platoon) display an alternating pattern between passing platoons and non-passimg plalso,
the majority of platoons 1 through 11 (64%), travel in equilibrium (not including the
passers/those passed). Within stair 5A, the inner lane passers alwdysdrafieantly faster
than the other occupants in the platoon, while this is not always the case for tharauter |
passers.

Two of the platoons (1 and 10) involve passing that is not specific to just one lane, while
the other passing platoons (4, 6, and 8) involve people in the inner lane passing people in the
outer lane. The non-passing platoons 2 and 11 following the platoons where both the inner and
outer lanes involve passers (platoons 1, 10), both contain an elongating portion thatitavel

an average descent time statistically similar to the non-inner laserpas the preceding
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platoon and a compressing portion that travels with an average descent tstieadbatsimilar
to the inner lane passers of the preceding platoon.

In platoons 1, 4, 6, and 8, the others following passing events either had average descent
times similar to the passer or similar to those passed. The pattern seerdsperiment on
whether just one or multiple occupants are passed. When multiple people are pasesdgtite
times of those following the passing event are similar to those passed, whilgusthene
person is passed, the others following the event seem to take the passer’'sidescent t
sometime in between the descent times of the passer and passed. This trdmet isxjplidred
in section 5.3.

5.3 Passing Behavior and Effects

The stair 5A platoon analysis shows that passing individuals may have an amplaet
local speeds of those whom they pass, and possibly people following those who ate lmasse
the analysis, occupants following individuals who are passed may take thespassed, the
speed of those who are passed, or a speed in between. The following section will peovide t
demographics of those directly involved with passing behavior to explore if any trends a
present. Then, a descent time analysis for passing events is presented.

5.3.1 Passing Demographics

For both buildings examined, a list of those individuals directly involved with a passing
event are observed and recorded. Those directly involved with a passing evehtaie eit
passer or a person who is passed from one camera exit to the next in the resjoaotioks.
Again, only those individuals who pass others or are passed by others from oneecantera
the next are considered, regardless of where the pass occurs. Therefores aqressdared the

same type of event whether the pass occurs on camera or not. The datadoiresanes
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passes that occur during both continuous, free flowing conditions, and during queues. The
demographics presented for each stairwell are gender and exit lane usage.

The demographics presented are separated between single-person pastsmane
multi-person passing events. Single-person passing events are: (1) an evera pdsser
passes one occupant from camera to camera, and (2) an event where a perseanh by pass
occupant from camera to camera. Multi-person passing events are: (1) anlearend wasser
passes more than one occupant from camera to camera, and (2) an event wheresajaessech i
by more than one occupant from camera to camera.
5.3.1.1 Building 4 Stairs

The stairwells in Building 4 contain much less passing compared to those in B&ilding
Overall a total of 43 passing events are observed in Building 4 with 21 events @coud
and 22 events occurring in 4B.

The majority of the passes in both stairwells involve single-persompassth this type
of passing event occurring 71% of the time in 4A and 77% of the time in 4B. In 4A, during
multi-person passing situations, the number of people passed ranges from two to seeen peopl
while in 4B, the number of people passed ranges from two to three people.

Table 5-6 shows Building 4 single-person passer and passed separaaddry Jhe
normalized percentages displayed in the table are with respect to the tdverswimales and
females in the building. There are slightly more female single-persoerpdisan there are male
single-person passers, comprising 53% of the data. The genders of those passedl®dy a
person are relatively split 51-49, male to female.

Table 5-7 shows Building 4 multi-person passer and passed separated by gendar. Withi

Building 4 stairs, 63% of passers who passed multiple people are female, while $2%eof t
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passed by multiple people are male. Thus, the numbers of male passed and festkrpass
relatively equal regardless of whether the pass is single-person operslbh. However,

females are found to be more likely to pass multiple people than males aredin@4dibtairs.

Gender 4A 4B %of Total | Normalized %

Male Passer 7 9 50 47
Female Passer 8 8 50 53
Total 15 17
Male Passed 10 9 54 51
Female Passed 7 9 46 49
Total 17 18

Table 5-6: Building 4 Single-Per son Passer and Passed by Gender

Gender 4A 4B % of Total | Normalized %

Male Passer 3 1 40 37
Female Passer 2 4 60 63
Total 5 5
Male Passed 4 2 55 52
Female Passed 4 1 45 48
Total 8 3

Table 5-7: Building 4 Multi-Per son Passer and Passed by Gender
The exit lanes where passers and passed descend are also reviewed tamxplenels
with exit lane usage and passing behavior. Tables 5-8 and 5-9 show the resultsafdlysss
for single-person and multi-person passing, respectively. The method lainexdesignation

used in the analyses is given in Section 4.5.

Exit Lane 4A 4B % of Total
Inner Passer 4 6 46
Middle Passer 5 3 36
Outer Passer 3 1 18
Total 12 10
Inner Passed 4 1 18
Middle Passed 3 2 18
Outer Passed 6 12 64
Total 13 15

Table 5-8: Building 4 Single-Person Passer and Passed by Exit Lane
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Exit Lane 4A 4B % of Total

Inner Passer 0 1 10
Middle Passer 0 3 30
Outer Passer 5 1 60
Total 5 5
Inner Passed 1 0 11
Middle Passed 4 0 44
Outer Passed 1 3 44
Total 6 3

Table 5-9: Building 4 Multi-Per son Passer and Passed by Exit Lane

The majority of single-person passers in Building 4 stairs travel in theandemiddle
lanes, comprising 82% of the observances. The majority of those passed by aessugle p
travel in the outer lane, comprising 64% of the observances. For multi-persomgpeistially
all passers travel in the outer and middle lanes, comprising 90% of the observdrees. T
majority of those passed by multiple people travel in the outer and middle lamgsjsing 88%
of the observances.

Next, an analysis of which gender passes which is done for stairs 4A andkiBs F-a
10 and 5-11 show the results of the single-person passing analyses.

Examining only single-person passers, 62% involve a male or female passahg, a
while 38% involve a male or female passing a female. Male passing arsgigland female
passing a single male both occur 31% of the time, while male passing &single and female
passing a single female both occur 19% of the time.

Examining only those passed by a single person, female being passed by malags
the least likely to occur at 15%. The event that occurs the most is male beirhlpaasengle
female at 30%, with male being passed by a single male and female kssad pg a single

female both at 27% of the total.
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Gender 4A 4B Total % of Total

M pass M 5 5 10 31
M pass F 2 4 6 19
F pass M 5 5 10 31
F pass F 3 3 6 19

Table5-10: Building 4 Single-Per son Passer: Gender Scenarios

Gender 4A 4B Total % of Total
M passed by M 5 4 9 27
M passed by F 5 5 10 31
F passed by M 1 4 5 15
F passed by F 4 5 9 27

Table 5-11: Building 4 Those Passed by Single Person: Gender Scenarios

Tables 5-12 and 5-13 show the results of the multi-person passing analyses. Six
scenarios are presented in the analysis of who passes who for multi-person pds=sseg. T
include whether a male or female pass (or are passed by) a single-g@ngeor a mixed-
gender group of people.

Approximately 55% of the people who pass multiple people pass a single-genger g
while about 44% pass a mixed-gender group. Approximately 63% of the people passed by
multiple people are passed by a single-gender group, while about 36% are passeictdx)-
gender group.

Out of the multi-person passers, the events that occur the most are splinbetiee
passing all male, female passing all male, male passing mixedrganddemale passing
mixed-gender, which all occur approximately 22% of the time. The everddbats the least is
male passing all females, which does not occur at all in this sample.

The events that occur the most out of those passed by multiple people are spéhbetw
female passed by all male and male passed by mixed-gender, which both occur #bolthH&s
time. The events that occur the least are split between male passeféimakdland female

passed by mixed-gender group, which do not occur at all. It is important to najeridar is
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just one factor in the data presented in Tables 5-12 and 5-13. Other factors neayofdan the

results presented, such as social group formation and queuing. The tables presaisted in t

section are available in graphical form in Appendix E.

Gender
M pass All M
M pass All F
F pass All M
F pass All F
M pass Mix

F pass Mix

4A

N O = O -

1

4B

O R Kk O R

1

Total

2

0
2
1
2
2

% of Total

Table 5-12: Building 4 M ulti-Person Passers: Gender Sequences

Gender
M passed by All M
M passed by All F
F passed by All M
F passed by All F
M passed by Mix
F passed by Mix

4A

N O B ON

0

4B

N, O O O

0

Total

2
0
4
1
4

0

% of Total

Table 5-13: Building 4 Multi-Person Passed: Gender Sequences

5.3.1.2 Building 5 Stairs

The stairwells in Building 5 contain more passing situations compared taildeng 4

stairwells. Overall, Building 5 has a total of 231 passing events with 128 cammgfair 5A

and 103 from stair 5B.

The majority of the passes in both stairwells involve single-person passgimghiw type

of passing event occurring 65% of the time in both 5A and 5B.

In 5A, during multi-person

passing situations, virtually all of the number of people passed ranges from twp¢ogie,

while in 5B, virtually all of the number of people passed ranges from two to sever.peopl

% One-person platoon data are not included in tissipg demographic analyses. Two instances of gerson
platoon passing multiple people occur, one in 54 ane in 5B.
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Table 5-14 shows Building 5 single-person passer and passed separatecehy feeck
are slightly more male single-person passers, comprising 54% of theTlo&ae are more
females passed by a single person than there are males passed by arsioglepmprising
57% of the total.

Table 5-15 shows Building 5 multi-person passer and passed separated by Gaeder
are more females who pass multiple people than there are males who pass pedfijde
comprising 56% of the data. There are slightly more males passed by npdtple than there

are females passed by multiple people at 53% of the total data.

Gender 5A 5B %ofTotal | Normalized %

Male Passer 41 42 59 54
Female Passer 33 24 41 46
Total 74 66
Male Passed 40 34 49 43
Female Passed 46 31 51 57
Total 86 65

Table 5-14: Building 5 Single-Per son Passer and Passed by Gender

Gender 5A 5B %ofTotal | Normalized %

Male Passer 20 20 49 44
Female Passer 25 16 51 56
Total 45 36
Male Passed 21 24 58 53
Female Passed 20 12 42 47
Total 41 36

Table 5-15: Building 5 Multi-Per son Passer and Passed by Gender
The exit lanes where passers and passed descend are also reviewed tamxpenels
with exit lane usage and passing behavior. Tables 5-16 and 5-17 show the resudes of the
analyses for single-person and multi-person passing, respectively. Tdréyrtdjpassers
(either single-person or multi-person passers) travel in the inner lane. &lglefperson

passers and 81% of multi-person passers travel in the inner lane. The majoriylefgassed
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(either by a single person, or by multiple people) travel in the outer lane. 8h%sefpassed by

a single person and 91% of those passed by multiple people travel in the outer lane.

Exit Lane 5A 5B % of Total
Inner Passer 56 42 71
Middle Passer 7 0 5
Outer Passer 14 19 24
Total 77 61
Inner Passed 9 12 14
Middle Passed 1 1 1
Outer Passed 79 47 85
Total 89 60

Table 5-16: Building 5 Single-Per son Passer and Passed by Exit Lane

Exit Lane 5A 5B % of Total
Inner Passer 36 26 81
Middle Passer 7 0 9
Outer Passer 1 7 10
Total 44 33
Inner Passed 2 4
Middle Passed 0 1 1
Outer Passed 44 25 91
Total 46 30

Table5-17: Building 5 Multi-Person Passer and Passed by Exit Lane

As with Building 4 stairs, an analysis of which gender passes which is donerf®bstai
and 5B. Tables 5-18 and 5-19 show the results of the single-person passing analyses.

Examining only single-person passers, 36% involve a male passing anotherimale, w
24% and 23% involve a male passing a female and female passing a maleyedgpéddie
event that occurs the least out of the single-person passers involves a fessialg g@other
female at 17% of the total.

Examining only those passed by a single person, female being passed by malags

the most likely to occur at 30%, followed by male being passed by a siatgeand male being
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passed by a single female at 25% and 24%, respectively. The least liketytasdemale

being passed by a single female at 21%.

Gender 5A 5B Total % of Total

MpassM 19 30 49 36
M pass F 21 12 33 24
F pass M 18 14 32 23
F pass F 13 10 23 17

Table 5-18: Building 5 Single-Per son Passer: Gender Scenarios

Gender 5A 5B Total % of Total
M passedbyM 21 16 37 25
M passed by F 17 18 35 24
F passed by M 25 19 44 30
F passed by F 19 12 31 21

Table 5-19: Building 5 Those Passed by Single Person: Gender Scenarios

Tables 5-20 and 5-21 show the results of the multi-person passing analysesh the
Building 4 stairs, six scenarios are presented in the analysis of who passts multi-person
passing.

In Building 5 stairs, approximately 41% of the people who pass multiple people pass a
single-gender group, while about 58% pass a mixed-gender group. Approximately 54% of the
people passed by multiple people are passed by a single-gender group, while about 46% are
passed by a mixed-gender group.

Out of the multi-person passers, the events that occur the most are splindetwale
passing mixed-gender and male passing mixed-gender, which occur 32% and 26% @f,the tim
respectively. The event that occurs the least is female passing @k fevhich occurs 6% of
the time.

The event that occurs the most out of those passed by multiple people is fesede pas
by mixed-gender, which occurs 25% of the time. Male passed by all nthleale passed by

mixed-gender are the events that are the next most likely to occur at 22% gneésidetively.
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The event that occurs the least is female passed by all female, which@¢cofshe time.
Again, gender is just one factor in the data presented in Tables 5-20 and 5-21. As with Building
4 stairs, the tables presented in this section are available in graphicah fAppendix E.

Gender 5A 5B Total % of Total

M pass All M 2 7 9 13
M pass All F 4 4 8 12
F pass All M 4 3 7 10
F pass All F 2 2 4 6
M pass Mix 10 8 18 27

F pass Mix 11 11 22 32
Table 5-20: Building 5 M ulti-Person Passers: Gender Sequences

Gender 5A 5B Total % of Total
M passed by All M 4 12 16 22
M passed by All F 7 4 11 15
F passed by All M 5 2 7 10
F passed by All F 1 4 5 7
M passed by Mix 8 7 15 21

F passed by Mix 12 6 18 25
Table 5-21: Building 5 Multi-Person Passed: Gender Sequences

5.3.1.3 Discussion

Before discussing the similar trends in gender and lane demographics of the
passers/passed in the stairs in Buildings 4 and 5, it is important to note an int@&ssing
trend that occurs in the Building 5 stairwells related to the merging of atsupslany
occupants who merge into the stair flow on their floor of entry are passed by thoakomhihe
merge by the time they reach the next camera view. Of the 128 observed passmqes,
51 occupants pass an individual who merges in front of them by the next cameraitzi€linisx
type of passing behavior accounts for approximately 40% of the observed passiagos. Of
the total 139 occupants passed in stair 5A, 52 are passed sometime between tliioeatry
the next camera view exit by at least one individual who allows them to merge. Thus

approximately 37% of those observed to have been passed are passed between tthear entry
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and the next camera view exit. Itis important to note that this number is likel\htghse with
cameras at every floor because passing and merging situations are bound tcuvagd off-
camera, but are not reflected in the current analysis.

In stair 5B, of the 103 passing events observed, 40 occupants pass an individual who
merges in front of them by the next camera view exit. This accounts for apptely 39% of
the observed passing scenarios; similar to the 40% of passers found in stair 5A. Of the 102
occupants passed in stair 5B, 33 are passed sometime between their entry floor attd the ne
camera view exit by at least one individual who allows them to merge. Thus, appebxima
32% of those observed to have been passed are passed between their entry floor &hd the ne
camera view exit.

A comparison between the results of the passing demographic analysesamiret! st
of Building 4 and Building 5 is presented to determine any trends that are seniss e two
buildings. Because the sample size is so small (only for two buildings)nthar srends
presented must be verified through more research in other high-rise office betilmeells.

Within both the Building 4 and Building 5 stairwells, the majority of single-person
passers travel in the inner lane, while the majority of those passed by gsirsgle travel in the
outer lane. Also, within both buildings’ stairwells, the single-person passngrse that occurs
most often is a single male passing male, and the single-person passargdbat occurs least
often is a single female passing female.

When examining multi-person passing, within both buildings’ stairwells #rerenore
females who pass multiple people than males who pass multiple people. Also, within bot

buildings’ stairwells, there are slightly more males who are passed tiplmpkeople than
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females who are passed by multiple people. Within both buildings, the majority efhsesed
by multiple people travel in the outer lane.

Although there are some similar trends between which lane is typicatlyoyse
passers/passed, it is important to note that the majority of people descended irr haeuaad
that all stairwells in Buildings 4 and 5 are sinistral-descending staisnistral-descending
stairs, the outer lane is on the right side of the stair, while the inner lanéhis left side of the
stair (from the point of view of someone descending). Thus, it is important to note that the
passing lane may have been the inner lane because it is on the left side of tiBectaise
these two buildings are located in the US, there may be a tendency to staygbtttmpposed
to other countries where it may be custom to stay to the left. Stairwells Wwithdings in other
countries where people typically travel on the left and dextral-descendingefitashould be
examined to determine whether the passing lane is based on the inner/outeriarstaf or
the right/left side of the stair.

5.3.2 Passing Behavior and Effects on Descent Times

While examining stairwells in Building 5, a trend in the descent times of thde®ihg
passing events was discovered. The occupants classified as “others nalyisesavho follow a
passing event either had descent times similar to the passer or sittilase passed. An
analysis of specific observed passing events in all four stairwele divb buildings is
presented to explore the descent time trends of those following a passing event.

All the passing events presented in the following section occur over a sadten i
stairwell where no queues are present. Queues may affect descent timaspredictable

manner; therefore, passing events over sections that experience queuesiat/ped.
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Passing events involving individuals (passer, passed, or other) who also allogesome
either floor observed are not presented in the following section. Individuals onlyeexjeg a
passing event are presented to avoid possible effects on descent times timgf maygrause.

As with the passing demographic analysis, those occupants who descendwied stai
shoulder-to-shoulder are not included in the analysis.
5.3.2.1 Building 4 Stairs

Six instances of passing behavior involving occupants not affected by mergers and/or
sections of queuing are observed in both stairwells 4A and 4B. Tables 5-22 and 5-28z2mma
the passing events for stairs 4A and 4B, respectfvdlzie numbers of passers, those passed, and
others are given for each passing event. If there is more than one paseéffpasr, the
descent times of the passer/passed/others are given as the avdrag@naddrd deviation in
parentheses. Otherwise, the single passer/passed/other descent e is gi

For passing events involving only one passer and/or one passed, similarityismése
average plus or minus two standard deviations. Thus, if a passer or someone passed has a
descent time that lies within two S.D.’s of the average descent time oh#rs,dhen the two
are assumed to be statistically similar. Those descent times that dowittihewo S.D.’s of
the average descent time of the others are assumed to be statistiteabyndif

Two sample t-tests are performed for those samples with more than one person t
compare average descent times. P-values are calculated from #rstseatitl are provided in

the descent time tables below.

* Appendix F contains the data presented in thesaibl graphical form.
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Passer Des. Passed Des. Other Des.

Pass Event  Description # of Others Time (s) Time (s) Time (s) p-value
1 1pass1 5 45.38 51.75 45.35 (1.26)
2 1pass1 5 24.72 32.46 27.99 (0.86)
3 1 pass 1 11 37.74 39.87 38.88 (0.35)
4 1 pass 2 2 39.14 44.7 (0.59) 39.51 (0.33) 0.02
5 1 pass 1 4 41.57 44.31 41.94 (0.87)
6 1passl 3 42.97 45.17 44.08 (0.11)

Table 5-22: Descent Times of Passing Eventsin Stair 4A

Passer Des. Passed Des. Other Des.

Pass Event  Description # of Others Time (s) Time (s) Time (s) p-value
1 4 pass 1 4 28.58 (1.24) 37.65 29.4 (0.41) 0.28
2 1 pass1 11 97.76 100.8 98.17 (0.41)
3 1 pass 1 4 45,51 48.55 45.88 (0.43)
4 1passi 6 58.56 60.23 57.5(0.45)
5 1 pass 1 12 65 67.17 65.25 (0.46)
6 2 pass 1 6 61.78 (0.07) 66.14 61.65 (0.52) 0.58

Table 5-23: Descent Times of Passing Eventsin Stair 4B

As shown in Tables 5-22 and 5-23, the majority of the passing events occurring in the
Building 4 stairwells involve single-person passing. Thus, p-values are oaltoaix
calculated for three of the twelve passing events (event 4 in 4A, 1, 6 in 4B). \Waihi/st
five out of the six passing events examined involve single-person passing. Thevetiter
involves a person passing two people. Within stair 4B, four out of six passing evenitsegkam
involve single-person passing. The other two events involve four people passing one person and
two people passing one person.

Within stair 4A, the others travel with descent times similar to the pasisscent time
in three of the six cases. These three cases are events 1, 4, and 5. In evest Betwien the
average descent times of those passed and the others results in a p-value of 0@ tivaerr

the null hypothesis is rejected and that the two samples require differentdicescend. In

102



event 4, the passer’s descent time is within two S.D.’s of the average desesriftithe others.
In passing events 1 and 5, the passer’s descent times are within one S.Dverfabe descent
times of the others. However, the descent times of those passed are not withiD.tsvof$he
average descent times of the others in cases 1 and 5.

Passing events 2, 3, and 6 in stair 4A involve the others having average dessent tim
falling between the descent times of the passer and passed. In passir®y theedescent times
of the passer and the passed are not within three S.D.’s of the average descerihérothefs.

In passing event 3, the descent times of the passer and passed are not within tved thé.’s
average descent time of the others. In passing event 6, the descent times ahpgsassed are
not within nine S.D.’s of the average descent time of the others.

Within stair 4B, five of the six events involve others requiring similar aegoees as
the passers. These events are events 1, 2, 3, 5, and 6. The p-values between therpgsser a
descent time and the other average descent time are 0.28 and 0.58 for events 1 and 6,
respectively. Thus, the two samples travel with the same average deseerintewent 1, the
descent time of the occupant who is passed is not within 20 S.D.’s of the averagettasaant
the others, and in event 6, the descent time of the passed occupant is not within eiglof S.D.’
the average descent time of the others. For events 2, 3, and 5, the passer desaaet witien
one S.D. of the average descent times of the others. The descent times of those pasgad, how
are not within six S.D.’s for events 2 and 3, and not within four S.D.’s for event 5.

Event 4 in stair 4B contains others who travel with a significantly diffenearage
descent than both the passer and passed. The others in event 4 travel with a lower descent tim
than the passer. The passer’s descent time is not within two S.D.’s of the ae=agde ime

of the others, and the descent time of those passed is not within six S.D.’s. théienty
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passing event that is observed in the analysis where the others have a lovggr deecant time
than the passer.
5.3.2.2 Building 5 Stairs

There are a total of 24 passing events analyzed in the Building 5 stairdglevents are
analyzed from stair 5A and 9 events are analyzed from 5B. The Buildingveetitaiassing
descent time data is shown in Tables 5-24 and 5-25 for stairs 5A and 5B, respeéts/elyh
the Building 4 data, similarity between the average descent time of the atitethe descent
times of individual passer and passed is based on the average plus or minus two standard
deviations. For samples containing more than one individual, t-tests are used toecpicula
values to determine similarity in average descent times.

Within stair 5A, 11 of the 15 observed passing events involve single-person passing.
Two events (5 and 15) involve two single-person passes that occur one afterthdlottse in
both cases, the first and third occupants pass the second and fourth occupants sometime during
the descent between adjacent camera views.

Three events (3, 6, 12) involve an occupant passing multiple individuals ranging from
two to four people. Event 7 involves two individuals passing one person.

Within stair 5B, five of the nine events involve single-person passing. These aneents
1,5,7,8,and 9.

The other four events involve not only multiple people passing one person, but multiple
people being passed by a single person. Event 2 involves one person passing two people directl
followed by a person passing the second person passed by the first p@ssat.3 involves a
person passing two people directly followed by another person passing two pduplErstT

occupant passes the second and fourth occupants, and the third occupant passes the fourth and

® For clarification, refer to Appendix F for a gragdl representation of the data.
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Pass Description  # of Others Pas.ser Des. Pas.sed Des. Otr\er Des.
Event Time (s) Time (s) Time (s)
1 1passl 4 52.78 55.78 52.88 (0.4)
2 lpassl 27 50.82 52.45 52.25(0.39)
3 1 pass 2 9 4441 47.98 (0.1) 48.03 (0.17) 0.65
4 lpassl 45.85 48.89 46.1 (0.36)
5 1 pass 1 x2 1 44.58 (0.1) 46.28 (0) 46.38 0.03
6 1 pass 2 12 42.04 46.89 (0.33) 46.79 (0.52) 0.76
7 2 pass 1 1 45.32 (0.23) 48.82 46.42
8 lpassl 13 45.18 47.95 47.85 (0.35)
9 1passi 3 43.94 45.11 43.78 (0.54)
10 lpassl 7 37.5 38.5 37.43 (0.29)
11 lpassl 11 37.07 39.7 37.51 (0.57)
12 1pass4 4 25.86 37.44 (0.45) 37.06 (0.22) 0.2
13 1passl 2 36.76 37.84 37.24 (0.23)
14 1 pass 1 3 36.47 37.54 37.55 (0.2)
15 1 pass 1x2 4 42.11(0.42)  44.04(0.38)  41.54(0.39) Oo_bzls(g’af‘szf::z)
Table 5-24: Descent Times of Passing Eventsin Stair 5A
Pass .. Passer Des. Passed Des. Other Des.
Event Description # of Others Time (s) Time (s) Time (s) p-value
1 1passl 3 41.64 43.42 42.72 (0.23)
1 pass 2, 0.27 (pass:oth)
2 1ppass . 3 27.25(0.92)  30.84(0.05) 2859(03) o (Sass Groth)
3 1 pass 2 x2 4 38.56 (0.21) 43.15(1.24)  40.73 (0.42) gggl(é‘a’::;gi:;
4 1 pass 2 5 39.51 42.05 (0.37) 41.56 (0.4) 0.27
5 1passl 2 41.55 42.54 42.53 (0.02)
6 2 passl 6 37.11 (0.48) 39.47 38.3(0.4) 0.13
7 1passl 7 40.54 42.98 42.15 (0.68)
8 lpassl 2 41.85 43.61 43.22 (0.28)
9 1passi 2 43.98 45.88 44.5 (0.33)

Table 5-25: Descent Times of Passing Eventsin Stair 5B
fifth occupants. Event 4 involves one person passing two people, and event 6 involves two
people passing one person.
In stair 5A, there are six events where the descent times of the othamsikarets the

descent time of the passer. These events are 1, 4, 9, 10, 11, and 15. During passing events 1, 4,

105



9, 10, and 11, the passer’s descent time is within one S.D. of the average descent times of the

others. For events 1 and 4, the descent times of those passed are not within sevenos.D.’s. F

event 9, the descent time of those passed is not within two S.D.’s. During events 10 and 11, the

descent time of those passed is not within three S.D.’s. Event 15 involves multipts,passe

passed, and others, thus t-tests are performed. P-values of 0.26 and 0.01 are caloutsgted bet

passer and other and passed and other, respectively. This infers that the aqiiivertheesame

amount of time to descend as the passers, and require less time to descend thasstthse pa
Unlike the passing events in Building 4 stairs, there are events in BuildiagHvehere

the others require the same amount of time to descend as those passed. Within gte@n5A, s

events involve the others requiring the same amount of time to descend as thoseTjessed.

events are 2, 3, 5, 6, 8, 12, and 14. For event 2, the descent time of the person passed is within

one S.D. of the average descent time of the 27 others, while the descent time ofethis pass

within three S.D.’s. For event 3, the p-value between the two passed and the nins 6t6&xs i

thus inferring the same descent time, while the descent time of the passtenithin 21 S.D.’s

of the average descent time of the others. For event 5, the descent time of ttreenatherthin

17 S.D.’s of the average descent time of the passers, while the differeneerb#tey other’'s

descent time and the average of the two passed is 0.1 s. For event 6, the p-valuethetwee

others and those passed is 0.76, inferring the same descent time, while the desadrihg

passer is not within nine S.D.’s of the average of the others. During event 8, &t tiese of

the person passed is within one S.D. of the others, while the passer’'s descemaimattan

seven S.D.’s of the others. During event 12, the p-value between the four passed and the four

others is 0.2, inferring the same descent time, while the passer’s deseestriohwithin 50

106



S.D.’s of the others. Finally, for event 14, the descent time of the person passatisnat
S.D. of the others, while the passer’s descent time is not within five S.D.’s athérs.

Within stair 5A, there are two instances of the others descending with a timevéebe
the descent times of the passer and those passed. During event 7, the other'irdessamit
within four S.D.’s of the two passers, and is 2.4 s lower than the descent time of the person
passed. For event 13, both the passer’s descent time and the descent time of thagsadon p
are not within two S.D.’s of the average of the others.

Within stair 5B, there are three instances where the others require thasaunt of
time to descend as the passer. These events are 2, 6, and 9. During event 2, p-valuesdof 0.27 a
0.004 are calculated between passer and other and between passed and other, yespeusyel
the others require the same amount of time to descend as the passers, but retjmeettess
descend than those passed. For event 6, a p-value between two passers andisix others
calculated as 0.13, inferring the same descent time. However, the descafithienperson
passed in event 6 is not within two S.D.’s of the average of the others. During event 9, the
descent time of the passer is within two S.D.’s of the average of the otheesthehilescent
time of the person passed is not within four S.D.’s of the average of the others.

Like stair 5A, stair 5B also contains passing events where the other® ribgusame
amount of time to descend as those passed. This type of passing situationwetungsiin
stair 5B: events 3, 4, 5, 7, and 8. For event 3, the p-values are 0.07 between others and those
passed and 0.001 between others and passers. Thus, the others travel with a desaceilatime si
to the descent time of those passed, but require more time to descend than the pasgsent
4, the p-value is 0.27 between the others and those passed, inferring the same descent time

However, the passer’s descent time in event 4 is not within five S.D.’s of the avetiage o
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others. During event 5, the passer’s descent time is not within 48 S.D.’s of the others, but
descent time of the person passed is within one S.D. of the others. For event 7, theiaescent
of the person passed is within two S.D.’s of the others, but the passer’s descenhtitveitisin
two S.D.’s of the others. For event 8, the descent time of the person passed is withiD .tw/

of the others, but the passer’s descent time is not within four S.D.’s of the others.

Event 1 is the only passing event in stair 5B where the others travel witbemti@se in
between that of the passer and passed. The passer’s descent time is not withih'foaf the
average descent time of the others, and the descent time of the person passedis tiotegit
S.D.’s of the others.
5.3.2.3 Discussion

Within Building 4 stairwells, the others directly following a passing exentire descent
times similar to or less than the passer’s descent time in 75% of the passitsgoégerved. In
25% of the observed passing events from Building 4 stairs, the others requirecadaseand
that fell in between the descent times of the passer and those passed.

Of the passing events that involve the others requiring descent times ginoitdess
than the passer’s descent time, 67% involves single-person passing, 11% involves a pers
passing two people, and 22% involves multiple people passing a single person. Of tige passin
events where the others require a descent time that falls in between #reapdgsassed descent
times, all of the events involve single-person passing.

In Building 5 stairwells, others directly following a passing event regigscent times
similar to the passer’s descent time in approximately 37% of the passing elsatved. In
50% of the observed passing events in Building 5 stairs, the others require@adesednd that

is similar to the descent time of those passed. And, in 13% of the observed passinghevents
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others require a time to descend that falls in between the descent times oféneapdshose
passed.

Of the passing events in which the others’ descent times are similampaster’s
descent time, 67% involves single-person passing, 11% involves two people passing 1 person,
and 22% involves multiple passing events occurring in a row. Of the events whereetke oth
require the same amount of time to descend as those passed, 50% involves singlpasssg,
33% involves one person passing multiple people, and 17% involves multiple passing events
occurring in a row. Of the passing events where the others require atdaseghat falls in
between the passer and passed descent times, 67% involves single-person pgaksB®ff/ow
involves two people passing one person.

Comparisons between the descent times of the others directly followasgiag event
and the passer/passed descent times result in relatively different tidndghe different
building stairwells. While no passing event observed in Building 4 involves the othersngquir
the same amount of time to descend as those passed, the majority of the everdsim Buil
stairs do.
5.4 Merging Behavior and Effects
5.4.1 Merger Demographics

As with the passing behavior demographic analysis, an examination of who merges and
who allows merging is done for the four stairwells. The genders and lanes oftmsed
with merging situations on-camera are presented. Only genders operslbin mergers are
presented because single-person mergers are assumed to only be based beynergé and
not based on gender. Pie charts showing the results of the merging behavior deg®graphi

presented in this section are located in Appendix G.
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Before presenting the results, it is important to note that the gender @gtmagrwithin
this section should be used for information purposes only and not for establishing definitive
conclusions from the data provided. The results could solely be due to the position of occupants
in the stair when the merging occurs and may not be due directly to the gentleseahtvolved
with the merger phenomenon. Deference behavior associated with gendgridstlaat needs
further research, but with the data provided, it is not analyzed here.

Definitive conclusions can, however, result from an examination of exit lane hgag
those who merge and those who allow the merge to establish where people are within the
stairwell before and after a merger. The effects that exit lane as#gese involved with a
merger has on the descent of the population following the phenomenon is a topic for further
research.
5.4.1.1 Building 4 Stairs

The results of the single-person merging gender analysis for staidieand 4B are
presented in Tables 5-26 and 5-27. Table 5-26 shows the genders of those who allovged a mer

while Table 5-27 shows which genders merged with which.

Gender 4A 4B % of Total | Normalized %

Male Allowed Merge 12 14 50 47
Female Allowed Merge 15 11 50 53
Total 27 25

Table 5-26: Building 4 Single-Person M erges by Gender
In stair 4A, there are more females who allow a merge than there a®wind allow a
merge; however, in stair 4B, there are more males who allow a merge thaaréhienmales who
allow a merge. Looking at both stairs in Building 4 for single-person merging,aheslightly

more females who allow a merge than there are males who allow a merge.
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Gender 4A 4B Total % of Total

M merge w/ M 9 9 18 35
M merge w/ F 9 4 13 25
F merge w/ M 3 5 8 15
F mergew/F 6 7 13 25

Table 5-27: Building 4 Single-Person Merges: Gender Scenarios

Table 5-27 shows the breakdown of who merges in front of who in stairs 4A and 4B.
Examining all of the Building 4 single-person merges, the merger situatioocthas the most
is male merging in front of male, which occurs 35% of the time. The next most pitesiatfe-
person merger scenario is split between male merging in front of fenthferaale merging in
front of female, which both occurs 25% of the time. The least prevalent sergl@rpmerger
situation in Building 4 is female merging in front of male, which occurs 15% of tlee tim

The results of the exit lane analysis of the single-person mergingldirgu4 are
presented in Table 5-28. In both stairs 4A and 4B, there are more people mergirguierthe
lane than the inner or middle lanes, as well as more people in the outer lane allevgeg m
than people allowing a merge in the inner or middle lanes. In both stairs, there aopleap
the inner lane who merge. Out of the total single-person mergers occurring emaam
Building 4, 91% of those who merge do so in the outer lane, while 9% of those who merge are in
the middle lane. Out of those individuals allowing a single-person merge, 13%inrthes|

inner lane, 23% travel in the middle lane, and 64% travel in the outer lane.

Exit Lane 4A 4B % of Total

Inner Merger 0 0 0

Middle Merger 4 1 9

Outer Merger 24 24 91
Total 28 25

Inner Allowed Merge 2 5 13

Middle Allowed Merge 8 4 23

Outer Allowed Merge 18 16 64
Total 28 25

Table 5-28: Building 4 Single-Person Merges by Exit Lane
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The results of the multiple-person merging gender analysis for sfaidieand 4B are
presented in Tables 5-29 and 5-30. Table 5-29 shows the genders of those who merged and
those who allowed a merge, while Table 5-30 shows which genders merged with \nkéy.
the number of individuals who merged during a multi-person merger ranges from gveno s
In 4B, the number of occupants who merged during a multi-person merger ranges from two to

four.

Gender 4A 4B % of Total | Normalized %

Male Merger 22 20 40 37

Female Merger 37 26 60 63
Total 59 46

Male Allowed Merge 10 10 51 48

Female Allowed Merge 11 8 49 52
Total 21 18

Table 5-29: Building 4 M ulti-Person Merges by Gender
For multi-person mergers in Building 4 stairwells, there are more fenealgens than
male mergers. As with the single-person merger analysis, there is apgelyithe same

number of males who allow a merger as there are females who allow a.merge

Gender 4A 4B Total % of Total
All M merge w/ M 1 3 4 11
All M merge w/ F 0 2 2 5
All F merge w/ M 2 3 5 14
All Fmergew/ F 3 3 6 16
Mix merge w/ M 6 4 10 27

Mix merge w/ F 7 3 10 27
Table 5-30: Building 4 Multi-Person Merges. Gender Sequences

Table 5-30 shows the breakdown of gender sequences for multi-person merges in stai
4A and 4B. The groups of people merging are separated into single-gendersraedymixed-
gender mergers. Examining all of the Building 4 multi-person merges, tigensguation that
occurs the most is split between mixed-gender groups merging in frontes arad mixed-

gender groups merging in front of females, each occurring 27% of the time. xkheast

112



prevalent multi-person merger scenario is all females merging in frorieofade, which occurs
16% of the time. After that, the most prevalent scenarios are females mergog iof inale
(14%), males merging in front of male (11%), and males merging in front ofef¢&%).

Combining the mixed-gender merger numbers, and the single-gender merger numbers,
mixed-gender merger groups account for approximately 54% of the mulbirp@esrging
scenarios, while all-female merger groups account for 30% and all-majenqngroups account
for 16%.

The results of the exit lane analysis of the multi-person merging in Buildireg 4 ar
presented in Table 5-31. As with the single-person merging analysis, indocghist and 4B,
there are more people merging in the outer lane than the inner or middle landsaaswoee
people in the outer lane allowing merges than people allowing a merge in therinmddle
lanes. Unlike the single-person merging analysis, there are somagnadjviduals who are in
the inner lane.

Out of the total multi-person mergers occurring on-camera in Buildingrd, 84% of
those who merge do so in the outer lane, while 13% of those who merge are in the middle lane
and 6% of those who merge are in the inner lane. Out of those individuals allowing a multi-
person merge, 5% travel in the inner lane, 28% travel in the middle lane, and 67%tiasel

outer lane.
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Exit Lane 4A 4B % of Total

Inner Merger 4 2 6
Middle Merger 10 4 13
Outer Merger 47 37 81
Total 61 43
Inner Allowed Merge 2 0 5
Middle Allowed Merge 6 5 28
Outer Allowed Merge 14 13 67
Total 22 18

Table 5-31: Building 4 Multi-Person Merges by Exit Lane

5.4.1.2 Building 5 Stairs

The results of the single-person merging gender analysis for staib#eand 5B are

presented in Tables 5-32 and 5-33. Table 5-32 shows the genders of those who allogled a sin

person to merge, while Table 5-33 shows which genders merged with which.

Gender 5A° 5B %ofTotal | Normalized %

Male Allowed Merge 24 21 54 48
Female Allowed Merge 21 17 46 52
Total 45 38

Table 5-32: Building 5 Single-Person M erges by Gender

In the Building 5 stairs, there are slightly more females who allow &espggson merge

than there are males who allow a single-person merge.

Gender 5A 5B Total % of Total
M Merge w/ M 9 18 27 36
M Merge w/F 11 11 22 30
F Merge w/ M 10 3 13 17
F Merge w/ F 7 6 13 17

Table 5-33: Building 5 Single-Person Merges: Gender Scenarios
Table 5-33 shows the breakdown of who merges in front of who in stairs 5A and 5B.
Examining all of the Building 5 single-person merges, the merger situatioocthas the most
is male merging in front of male, which occurs 36% of the time. The next most ptesiatfe-

person merger scenario is male merging in front of female, which occdref3be time. The
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least prevalent single-person merger situation in Building 5 is split beti@e®le merging in
front of male and female merging in front of female, which each occurs 17%tohthe

The results of the exit lane analysis of the single-person merging ohrgud are
presented in Table 5-34. In both stairs 5A and 5B, there are more people mergagutet
lane than the inner or middle lanes, and more people in the inner lane allowing merges tha
people allowing a merge in the outer or middle lanes. Out of the total singteipeergers
occurring on-camera in Building 5, 95% of those who merge do so in the outer lane, with 4% of
those who merge being in the middle lane and 1% of those who merge being in the inner lane.
Out of those individuals allowing a single-person merge, 63% travel in the innet 1&6dravel

in the middle lane, and 26% travel in the outer lane.

Exit Lane 5A 5B % of Total

Inner Merger 0 1 1

Middle Merger 3 0 4

Outer Merger 43 37 95
Total 46 38

Inner Allowed Merge 30 24 63

Middle Allowed Merge 7 2 11

Outer Allowed Merge 10 12 26
Total 47 38

Table 5-34: Building 5 Single-Person M erges by Exit Lane
The results of the multi-person merging gender analysis for stiarBA and 5B are
presented in Tables 5-35 and 5-36. Table 5-35 shows the genders of those who merge and those
who allow a merge, while Table 5-36 shows which genders merge with which. In 5A, the
number of individuals who merge during a multi-person merger ranges from two ta SR,

the number of occupants who merge during a multi-person merger ranges fromadwo to f
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Gender 5A 5B %ofTotal Normalized %

Male Merger 38 35 50 45

Female Merger 40 32 50 55
Total 78 67

Male Allow Merge 16 15 53 48

Female Allow Merge 15 12 47 52
Total 31 27

Table 5-35: Building 5 Multi-Person Merges by Gender
For multi-person mergers in the Building 5 stairwells, there are morédenesgers than
male mergers. As with the single-person merger analysis, thergatly shore females who

allow a merge than there are males who allow a merge.

Gender 5A 5B Total % of Total
All M merge w/ M 2 4 6 12
All M merge w/ F 3 5 8 15
All F merge w/ M 2 6 8 15
All F mergew/ F 2 1 3 6
Mix merge w/ M 9 5 14 27

Mix merge w/ F 7 6 13 25
Table 5-36: Building 5 Multi-Person Merges. Gender Sequences

Table 5-36 shows the breakdown of who merges in front of who for multi-person merges
in stairs 5A and 5B. As with the Building 4 analysis, groups of people mergisg@aeated
into single-gender mergers and mixed-gender mergers.
Examining all of the Building 5 multi-person merges, the merger situation thatsabe
most is mixed-gender groups merging in front of males, which occurs 27% ahtheThe next
most prevalent multi-person merger scenario is mixed-gender groups maergimgy iof
females, which occurs 25% of the time. The next most prevalent scemarggdiabetween all-
male groups merging in front of a female and all-female groups merginoninof a male,
which both occur 15% of the time. The least prevalent multi-person merger sit@agsisgle-

gender groups merging in front of the same gender. All-male groups mergiogtioffa male
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occurs 12% of the time, and all-female groups merging in front of a females &&¢unf the
time.

Combining the mixed-gender mergers and the single-gender mergers,gandst-
merger groups account for approximately 52% of the multi-person mergingissendnile all-
female merger groups account for 21% and all-male merger groups account for 27%.

The results of the exit lane analysis of the multi-person merging in Buildirg 5 a
presented in Table 5-37. As with the single-person merging analysigsnbgtaand 5B, there
are more people merging in the outer lane than the inner or middle lanes. However, the lanes of
people who allow multi-person mergers are different from those of the singlanpeergers.
From the single-person merging analysis, the majority of those who atlimevge descend in the
inner lane. However, with the multi-person merging, the majority of those who atioevge
are split between the inner and outer lanes. There are 28 instances of an occhpanner t
lane allowing a multi-person merge and 27 instances of an occupant in the outer laing allow
multi-person merge.

Out of the total multi-person mergers occurring on-camera in building 5, 77% ef thos
who merge do so in the outer lane, while 9% of those who merge are in the middle lane and 14%
of those who merge are in the inner lane. Out of those individuals allowing a multi-person
merge, 47% travel in the inner lane, 8% travel in the middle lane, and 45% travel in the oute

lane.
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Exit Lane 5A 5B % of Total

Inner Merger 9 12 14

Middle Merger 8 6 9

Outer Merger 68 49 77
Total 85 67

Inner Allow Merge 15 13 47

Middle Allow Merge 3 2 8

Outer Allow Merge 15 12 45
Total 33 27

Table 5-37: Building 5 Multi-Person Merges by Exit Lane
5.4.1.3 Discussion

A comparison between the results of the merging demographic analysestairtiells
of Building 4 and Building 5 is presented to determine any trends that are senilss e two
buildings. Because the sample size is so small (only for two buildings)nitarsrends
presented must be verified through more research in other high-rise office betilmeells.

Within both the Building 4 and Building 5 stairwells, the majority of single-person
mergers merge in the outer lane. Also, there are slightly more femaleslawh@ aingle person
to merge than there are males who allow a single person to merge. Also, within lwhittg&ui
stairwells, the single-person merging scenario that occurs most ofteingdeansale merging in
front of a male, and the single-person merging scenario that occurs leassdaftsingle female
merging in front of a male.

When examining multi-person merging, within both buildings’ stairwells thexenore
females who merge with multiple people than there are males who mergautiible people.
Also, within both buildings’ stairwells, there are slightly more femalee allow multiple
people to merge than males who allow multiple people to merge. Within both buildings, the

majority of mergers who merge with multiple people do so in the outer lane. Alsouitire m
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person merging scenario that occurs the most in both buildings is when a mixedggeugder
merges in front of a male.
5.4.2 Merging Effectson Flows

To explore the possible effects on occupants descending the stair that mengessise,
a flow analysis is done for sections of stairs 4A, 4B, 5A, and 5B where therensrauious flow
and sustained merging. First, a flow test is performed on sections of thevbiaiesthere is no
merging with only continuous flow emanating from either the stair orldoe o act as a control
for the analysis. Then, possible merging effects are examined by cogieiinflows of two
merging streams emanating from the stair and floor with the outflow obthbined stair and
floor streams. Because the flows are calculated based on enter and exdaftiheeoccupants,
no sections of the stairwell are analyzed where queuing effects aretprese
5.4.2.1 Non-Merging Flows

To act as a control for the merging flow analysis, sections of the atilagre no merging
takes place are analyzed and presented in the following section. Non-meygimgdinprise
either occupants solely coming from the stairs, or occupants solely cbomm¢he floor. Non-
merging flows are found to occur towards the latter portions of the evacuation onehne low
floors where the flow is mostly comprised of stair occupants descending froer fimprs.
During early portions of the evacuation, non-merging flows are found on most floorsublly us
have fewer occupants than the latter non-merging stair flow. Early@c non-merging
flows are comprised of either stair or floor occupants depending on which gtabjsbes the
flow first on each particular camera.

The flow of occupants both at the enter point and exit point of the floors is calcolated t

compare the two values. The theory is that non-merging individuals act as flictepan a
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pipe, thus the flow ims expecteto equal the flow out. Thiaflows and outflow of people

coming from the stair and people coming fromr floor are shown in Figures 57 and -18.

Figure 5-17: Inflow and Outflow of Stair Occupants

‘_.

4

Figure 5-18: Inflow and Outflow of Floor Occupants

The following table shows trenter and exit order of a flow of I®or occupants on th
9" floor in stair 5A. To examine the inflows and outflows of the occupasftovn in Table 5-38,
flows are calculated at 5 s time intervals (with #@xception of te last time period). Table-39
shows the results offiils analysis with the ratio of outflow toflow givenin the last column
Figure 5-19s the plot of the inflows and outflows at the Bnge intervals The flows shown it

Figure 5-19 correspond the number of people passing the enter and exitt pothe precedin

5 s time period.
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Enter Order Enter Time(s) ExitOrder Exit Time (s)
300 0 300 0
299 1.43 299 1.24
297 4.84 297 4.78
313 6.1 313 5.38
306 9.71 306 9.15
307 11.08 307 10.45
309 12.01 309 11.85
308 13.14 308 12.62
311 13.98 311 13.78
333 15.71 333 15.72
320 17.28 320 17.42
322 18.58 322 18.92
339 19.92 339 20.09
341 21.32 341 21.69
340 23.05 340 23.09
342 24.82 342 25.56

Table5-38: Enter and Exit Order of Floor Occupants on 9" Floor of 5A

Outflow : Inflow

Inflow Outflow
Time Period (s) #Enter (persons/s) #Exit (persons/s) Ratio
Oto5 3 0.62 3 0.63 1.02
5to 10 2 0.55 2 0.53 0.96
10to 15 4 1.38 4 1.20 0.87
15to0 20 3 1.05 3 0.94 0.90
20 to 26 4 0.82 4 0.73 0.89

Table5-39: Inflows and Outflows of Floor Occupants on 9" Floor of 5A
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Table 5-39 and Figure 5-19 show that the inflows and outflows of the floor occapants
the 9" floor in 5A are similar. The inflows and outflows are relatively equal, edpecia
considering the data used in the analysis. A slight pause or slight increpeed from one step
to another by an occupant(s) could cause small changes in the values calouiafenivis and
outflows.

Next, a flow of 16 stair occupants on tHefbor in stair 4B is analyzed. Table 5-40
shows the enter and exit order of these occupants as they descended Jafvthe®mera.
Again, inflows and outflows are calculated every 5 s with respect to the fitgtadc(with the
exception of the last time period). Table 5-41 and Figure 5-20 show the resultfl@ivthe

analysis.

Enter Order Enter Time(s) Exit Order  Exit Time (s)

280 0 280 0

281 2.07 281 2.4

282 4.67 282 4.41
283 6.84 283 7.01
285 8.67 284 8.88
284 8.84 285 8.94
286 11.21 286 10.68
287 12.91 287 12.48
288 14.61 288 14.75
289 16.08 289 16.25
290 17.88 290 18.29
291 19.45 291 19.89
292 21.89 292 21.86
293 24.42 293 23.73
294 26.02 294 25.59
295 26.86 295 26.33

Table 5-40: Enter and Exit Order of Stair Occupantson 6™ Floor of 4B
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Inflow Outflow | Outflow : Inflow
Time Period (s) #Enter (persons/s) #Exit (persons/s) Ratio

Oto5 3 0.64 3 0.68 1.06
5to 10 3 1.50 3 1.55 1.03
10 to 15 3 0.88 3 0.74 0.84
15to 20 3 0.89 3 0.82 0.92
20 to 27 4 0.80 4 0.89 111

Table 5-41: Inflows and Outflows of Stair Occupantson 6" Floor of 4B
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Figure 5-20: Inflows and Outflows of Stair Occupantson 6" Floor of 4B

As with the flow of floor occupants on floor 9 of stair 5A, the inflows and outflows of the
stair occupants on floor 6 of stair 4B are similar. Again, the slight diffeseinetween the two
calculated values are attributable to the data used.
5.4.2.2 Merging Flows

In Section 5.4.2.1, when non-merging occupants descend the stairs, the flow coming into
the camera view is approximately equal to the flow leaving the caneava ¥in analysis of the
effects that mergers may cause on the outflows of occupants involved is presehie section.

In the merging flow analysis, there are two inflows; one stemming froniaine and one

from the floor. These flows then converge in the merger region (usually located andimg)
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and continue the descerdwin the stairs as one unified outflolUsing the fluid mechanic

analogythe sum of the two inflows is expecte( equal the outflow.

Figure 5-21shows the general locations of the two inflows gredoutflow within the
stairwells. The red arrow is the outflow of the merger andtihe blue arrows are the inflows
the merger. The hydraulic model of the SFPE HaoHlassumes a laminar flow of peo
down the stair. The model assumes that the ezffieetive width of the stair utilized by
occupants during their descent. A merger, theeefitould not affect the inflows of the si

and floor occupants because two lanes can be usags, according to theory, the sum of

Figure 5-21: Inflows (Blue Arrows) and Outflow (Red Arrow) of Merging Flows

inflows should equal the outflc if no queue forms within the camera view.

The results ofmexample of the merging flow analysis is shdn Table 542 and Figure
5-22 for stair 5B on floos. Only those merger events toccur on camera are consied for
the merging flow analyses presented in this se.

From the resultpresented in Table-42 and Figure 5-22t is apparent that the outflov
of the merging occupants do not equal the sumedf thflows. In fact for two time period:
(20-30 s, 535 s) the outflow is slightly less than one of itigows; in one case, slightly le:

than the floor inflow, in the other, slightly leggan the stair inflow.During each time perio«
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the outflow of the merging streams is less than the sum of the two mergingsinfltne average

of the ratios given in Table 5-42 is 0.70 plus or minus 0.06 (error given as sample S.B.). Thi

indicates that the observed outflow of this section in stair 5B is on average 70%otékthe t

inflow of the two merging streams. Thus, the outflow is 30% less than the sum of theldwo inf

Streams.
Time Floor Inflow Stair Inflow Total Inflow Outflow Outflow : Inflow
Period (s) (persons/s) (persons/s) (persons/s) (persons/s) Ratio
Oto 10 0.63 0.84 1.47 1.00 0.68
10to 20 0.57 0.90 1.47 0.94 0.64
20to 30 1.02 0.58 1.59 1.01 0.64
30to 40 0.56 1.03 1.59 1.22 0.77
40 to 50 0.49 0.63 1.12 0.86 0.77
50to 65 0.38 0.94 1.32 0.91 0.69

1.20
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0.60

Flow (persons/s)
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Table5-42: Merging Flow Analysison Floor 5 of Stair 5B
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Figure5-22: Merging Flow Analysison Floor 5 of Stair 5B

The same type of merging analysis is done for every floor in stairs 45A4Bnd 5B

where sustained merging occurs during non-queuing situations. Sustained nmetigegngurrent
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analysis occurs when each time period used to calculate the respectivedidaias more than
one stair occupant and more than one floor occupant in the outflow.

The results of the merging flows analyses are shown in Tables 5-43 to S5adlGofdahe
on-camera merging situations observed in stairs 4A, 4B, 5A, and 5B, respeclilieke tables
include the total inflow, which flow theory predicts to be the ideal outflow, and tioeofa
outflow to inflow. The bar graphs of these results with the specific time persedsare

presented in Appendix H.

Floor Inflow | Stair Inflow Total Inflow Outflow Outflow : Inflow
(persons/s) | (persons/s) (persons/s) (persons/s) Ratio

0.76 0.52 1.28 0.75 0.58
0.88 0.99 1.87 0.46 0.25
1.39 0.68 2.07 0.60 0.29
0.38 0.36 0.73 0.63 0.86
0.50 0.58 1.07 0.58 0.54
0.31 0.30 0.61 0.58 0.94
0.92 0.79 1.71 0.68 0.40
0.47 0.50 0.97 0.77 0.79
0.52 0.67 1.19 0.75 0.63
0.70 1.16 1.85 0.74 0.40
0.86 0.42 1.28 0.78 0.61
0.37 0.48 0.86 0.57 0.67
0.38 0.63 1.00 0.81 0.81
0.21 0.40 0.62 0.61 0.99
0.31 0.75 1.06 0.73 0.69
0.44 0.53 0.98 0.92 0.94
1.13 0.56 1.69 0.62 0.37

Table5-43: Merging Flows of Stair 4A
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Floor Inflow Stair Inflow Total Inflow Outflow Outflow : Inflow

(persons/s) (persons/s) (persons/s) (persons/s) Ratio
0.50 0.32 0.82 0.62 0.76
0.93 1.54 2.47 0.45 0.18
0.92 0.54 1.46 0.87 0.60
0.57 0.43 1.00 0.77 0.77
0.53 0.92 1.45 0.78 0.54
0.51 0.77 1.28 0.75 0.59
0.48 0.51 0.98 0.80 0.81
0.75 0.62 1.37 0.73 0.53
0.74 0.62 1.36 0.66 0.49
1.32 0.86 2.18 0.85 0.39
1.05 1.46 2.51 0.82 0.33

Table 5-44: Merging Flows of Stair 4B

Floor Inflow Stair Inflow Total Inflow Outflow Outflow : Inflow

(persons/s) (persons/s) (persons/s) (persons/s) Ratio
0.77 1.27 2.04 0.94 0.46
0.82 0.89 1.71 1.28 0.75
1.25 0.88 2.13 1.70 0.80
1.30 0.78 2.08 1.28 0.61
0.82 1.80 2.62 1.08 0.41
0.70 0.77 1.47 1.14 0.77
1.43 1.18 2.61 1.36 0.52
2.00 1.18 3.18 1.53 0.48
1.57 4.00 5.57 1.36 0.24
0.84 1.60 2.45 1.30 0.53
0.76 1.07 1.82 1.40 0.77
0.69 6.06 6.75 0.91 0.14
0.38 1.49 1.87 0.81 0.43
0.65 0.62 1.27 0.95 0.75
0.71 1.58 2.28 1.06 0.46
0.52 0.79 1.31 1.07 0.82
0.60 1.06 1.67 1.30 0.78

Table 5-45: Merging Flows of Stair 5A
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Floor Inflow Stair Inflow Total Inflow Outflow Outflow : Inflow

(persons/s) (persons/s) (persons/s) (persons/s) Ratio
0.44 0.45 0.88 0.67 0.76
2.50 0.67 3.17 0.71 0.22
0.46 0.92 1.38 1.25 0.90
1.36 0.94 2.30 0.99 0.43
0.63 0.84 1.47 1.00 0.68
0.57 0.90 1.47 0.94 0.64
1.02 0.58 1.59 1.01 0.63
0.56 1.03 1.59 1.22 0.77
0.49 0.63 1.12 0.86 0.76
0.38 0.94 1.32 0.91 0.69
0.59 1.58 2.16 0.83 0.38
0.74 0.83 1.58 0.88 0.56
0.78 0.95 1.72 1.27 0.74
0.67 0.59 1.26 1.15 0.91
0.63 0.80 1.43 0.94 0.65
0.71 1.30 2.01 1.13 0.56
0.76 0.34 1.10 0.85 0.77

Table 5-46: Merging Flows of Stair 5B

5.4.2.3 Discussion

From the preceding tables, it is evident that the ideal outflow that is poedicteow
theory is greater than the actual outflows observed in stairs 4A, 4B, 5A, and 5B. ©6Rof a
merging events observed on-camera in the four stairs, every observed mitéssithan the
sum of the stair and floor inflows.

The average of the ratios for stair 4A given in Table 5-43 is 0.63 plus or minus 0.24. The
average of the ratios for stair 4B given in Table 5-44 is 0.54 plus or minus 0.20. Exarhining a
of the merging flows in Building 4, the average ratio of outflow to total inflow is 06§ qu
minus 0.22.

The average of the ratios for stair 5A given in Table 5-45 is 0.57 plus or minus 0.21. The

average of the ratios for stair 5B given in Table 5-46 is 0.65 plus or minus 0.18. Exarhining a
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of the merging flows in Building 5, the average ratio of outflow to total inflow is 064 qu
minus 0.19.

From the results of the merging flows analysis, it is clear that thevellseutflows
downstream of a merger are typically less than the sum of the two incomirsg fidthough
there are some instances where the total inflow is close to the observed obdlavajaority of
the observed outflows are less than the total inflow.

The outflow to total inflow ratios show that the flow after a merger is lhessthe sum of
the two flows going into the merger. Thus, it seems that those interacting thig stair due to
a merger move slower directly after the merger compared to before thermBespite there
being enough room to move with two lanes, lower flows are experienced afterex.mEng
may be due to people on the stair slowing down or completely stopping to let meErgupants

go before them.
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Chapter 6. Conclusionsand Future Research

6.1 The Role of Density

Using two methods to calculate density, speed vs. density graphs are créatbe data
from the stairwells of buildings 4 and 5. One method utilizes the average number ofgreople
the landing, while the other utilizes the number of occupants on the landing when someone
enters the landing. The average count of people assumes the level of crowdednasgisgr
an individual has an impact on local movement speed, while the enter count assumes only the
level of crowdedness in front of an individual has an effect on local movement speed.

The differing density calculation methods seem to have more of an impact otethe da
within the stairwells in Building 4 as opposed to the data from stairs in Building 5.vérege
count density method resulted in a speed vs. deRsitf 0.33, while the enter count density
method resulted in a speed vs. denRftyf 0.28 for the Building 4 stair data. For the Building 5
stair data, both density calculation methods resulted in a speed vs. 8érity.10. Thes®?
values not only show that differing density calculation methods can produce diffexdt re
within stairwells in the same building, but that people movement in stairs afrdiffeuildings
can result in drastically different speed vs. density results even whemgttlhhe same density
calculation methods.

The hydraulic model used in fire protection engineering regards desgiig anain
contributor to the local movement speeds of individuals during an evacuation. Other than stair
geometry, density is the only factor used in predicting the amount of time it takes atiooptol
egress. Therefore, why are the speed vs. deRsitalues of the Building 4 and Building 5

egress data not only low, but drastically different?
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One hypothesis is that human behavior phenomena are probable explanations for the low
values. The hydraulic model fails to take into account the variability of humanahemsking
and the effects certain human interactions may have on local movement speedsatireya
populations. Although it is impossible to create a model that considers the twitétie
variability of human behavior, understanding the trends associated with certain phawathe
aid in the creation of better egress models.

Density is an important parameter in determining movement speed, but ithe ooly
factor that can affect the time it takes for a population to evacuate. ThisfoEuses on three
types of human behavior phenomena and the people movement trends observed for each one.
6.2 Platoon M ovement

Platoons are defined as groups of individuals moving close to one another with the same
type of flow pattern. Three types of platoon movement are identified atrsecfi the stairwell
where no merging or queues occur: platoon elongation, compression, and equilibrium. Platoon
elongation occurs when the descent times of the majority of members withiatirenpihcrease
from first person to last. Platoon compression occurs when the descent times qbttig aia
members within the platoon decrease from first person to last. Platoon equilibruns wben
the majority of members within the platoon travel with the same descent time.

Platoons are separated based on exit time gaps in stair 4A, and sub-platoeparateds
based on elongation, compression, and equilibrium descent time patterns. Averagetiohess
of the platoons in 4A increase from platoon to platoon as shown in Figure 5-2. Siemitky &re
seen in the sub-platoons and their position in the overall platoon. Within each platoore@lentif
for stair 4A, an alternating pattern between equilibrium and either elongatbomg@ression is

observed.

131



A fairly consistent trend is observed with the platoons in stair 4A involving where
differing and similar average descent times are seen. Typically, whelorgating/compressing
sub-platoon follows an equilibrium sub-platoon, the average descent times of thatsob<l
are significantly different. However, when an equilibrium sub-platoon follows a
elongating/compressing sub-platoon, the average descent times of the sub-platbgrisadly
statistically similar.

The non-merging platoon analysis of stairwell 5A involves an ideatidic of more
platoons because platoons are separated not only by exit time gap, but also bassdgn pas
behavior as is done by Hoskins [36]. Sub-platoons within platoons containing no passing
behavior are separated based on descent time pattern as is done in the stair 4Analbtsien a
However, for platoons containing passing behavior, sub-platoons are separated bas¢kdeyn whe
someone is a passer, is passed, or is not directly involved with a passing eveifie(cks
“other”).

Average descent times of the platoons in 5A display a pulsating pattern between
increases and decreases that may be associated with passing behaworeath passing
platoon, the average descent times of the passers are significanthynditferethe average
descent times of those passed.

Platoons in stair 5A display an alternating trend between passing platoons and non-
passing platoons. Platoons 1, 4, 6, 8, and 10 contain passing behavior, while platoons 2, 5, 7, 9,
11, 12, and 13 do not contain passing. Platoons 1 through 11 are determined to be spatially close
based on the exit time gap at ti&f®or landing. Platoon 3 is separated because it is identified

as a one-person platoon.
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Passing platoons 1 and 10 contain passers in both the inner and outer lanes, while the
other passing platoons only contain passers in the inner lane. Other than platoons 2 and 11, non-
passing platoons spatially close and adjacent to two passing platoons typawailyrt
equilibrium at a descent time similar to the others of the preceding passiogpl

A trend of “others” within a passing platoon having similar descent timeser #ite
passer or those passed is observed. Within passing platoons where multiplenegudsed
(i.e. the middle portion of platoon 1, platoons 4 and 8), the average descent time of the others
directly following this pass is similar to the average of those passed. Howen passing
platoons where only one person is passed (i.e. platoon 6), the others require the same amount of
time to descend as the passer.

6.3 Passing Behavior

The Building 4 stairwells contain little passing compared to the Buildingidvells. A
total of 43 passing events are observed in the Building 4 stairs, compared to a total of 231
passing events in Building 5 stairs. This difference in the frequency of pgégngmena may
explain the different speed vs. dendtfyvalues observed in the different building stairwells.
Perhaps less passing results in a more laminar flow of people which the lryar@del can
reasonably predict. However, because only two buildings are studied, futurehesesreded
to explore this hypothesis.

An exploration of gender and exit lane demographics were used to show which occupants
are more likely to be single or multi-person passers, as well as which occagamtsre likely
to be passed by a single person or multiple people.

In stairwells in both buildings, single-person passers typically travel imtiee and

middle lanes, while those passed by a single person typically travel in éndamg. Also, there
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are more females who pass multiple people than there are males who pass padpfdeand
slightly more males passed by multiple people than there are females passdtde people
in both building’s stairwells. In both buildings, those passed by multiple people typreat|
in the middle or outer lane. No definitive similarities or conclusions could be desgarding

who passes who during single-person and multi-person passing scenarios.

An interesting trend in passing behavior is observed in the Building 5 data whare man
occupants who merge into the stair flow are passed by those who allow the mergerbg the
they reach the next camera view. In both stairs in Building 5, approximatelyf38&massers
had allowed a person (or people) to merge in the preceding camera view beifogephased
the merger(s) by the next camera view. In both stairs in Building 5, appreki3&és of those
passed had merged in the preceding camera view before having been passeéXyctmera
view. Future research is needed to determine whether this type of passing bstsemnmon
occurrence within high-rise stairwell evacuations.

While the majority of the others in Building 4 passing events require sitimias to
descend as the passer, the majority of the others in Building 5 passing evengssiaular
times to descend as those passed. This may be a reason for the low speed vR? dethsédy
seen in the Building 5 stairwells. The majority of those following a passing ievBatlding 5
are not able to close the gap that forms between those passed and those fdipassing
event once the passer completes the pass. In Building 5 stairs, no instance cdanpassing
multiple people results in the others requiring the same amount of time to desden@asser.

A definitive reason as to why certain occupants following a passimg exauire the
same amount of time to descend as those passed, while others following an eventheequire

same amount of time to descend as the passer cannot be determined based onstasieall
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size of the data in the analysis. Future research should explore this observationsiighiave
whether density plays a role in the determination of the local movement speleoiseof t
following such passing events.

6.4 Merging Behavior

Although merger gender demographics are given in Chapter 5, the results should not be
used to make definitive conclusions on the phenomenon. Gender and its role in deference
behavior is an important area to explore; however, deference behavior wasloctcedpe to
the data limitations. Regardless, an important gender trend within the menggsrievae
Building 4 and Building 5 stairs was identified. Within stairs in both buildings, #jerity of
people who merge with multiple people are female. This suggests that moresfeegih
evacuation with other people. This observation must be analyzed further through &earelre
before a definitive claim is made; however, the observation could have an impact on pre
evacuation statistics regarding gender.

In the stairs in both buildings, there are slightly more females who allowla pergon
to merge than there are males who allow a single person to merge. Also,dlsighédlly more
females who allow multiple people to merge than there are males whonalithiple people to
merge.

Position within the stairwell seems to be more important than gender forrreeeggs
[28-30, 32]. An exit lane analysis of merger events found that the majority of occupathts (
within single-person and multi-person mergers) merge in the outer lane dditheXstcupants
tend to merge in an area that does not cut off the stair flow to a great extent. Alsb, in bot
buildings, there are more inner lane mergers who merge with multiple people asddppose

merging individually. Virtually no single-person mergers enter the fidairin the inner lane.
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A flow analysis explored the effects that merging can have on those involvethevi
event. Using the fluid mechanics analogy, the sum of the stair inflow and thenfloar should
equal the observed outflow. However, the outflow to total inflow ratios showed that tleevoutfl
post-merger was approximately 60% of the sum of the stair and floor inflowdlowhafter the
merger event is less than the sum of the two incoming flows, which may be due to pelogle i
stair slowing down or completely stopping to let others merge in front of them.

6.5 Suggestions and Future Resear ch
6.5.1 Suggestionsfor NIST

Egress and human behavior research should have a clear goal beforagabectiata.
Rather than collecting video data from multiple stairwells in multiple lmgkiat every other to
every four floors, data can be collected at every landing over smaller secttbesstdirwells.

A smaller more in-depth view of human movement is beneficial because an andexgtof the
movement dynamics is more easily observed. When video data is only colleated,aitker

to every four floors, many assumptions must be made over those sections whesenbiese i
camera. The majority of certain types of movement phenomena, such as sudden stoppages
lane-switching, are not able to be viewed which may have significant imgrathte results.

Video cameras should not only be placed in the stairwell, but within the officermiocor
leading into the stairwell on certain floors. People movement into the stasyl ias
important as people movement within the stairwell with regards to the mergicespr Also,
pre-evacuation times and social groups before the stairwell desceanparéant areas of future
research where data can be collected by video cameras that are plaickedobtite stair

towards the landing door.
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It is extremely important that the spreadsheet data taken from the rawfoatige be
collected by the same individuals, or persons who are given a clear rubriova fdlhere are
some instances in the spreadsheets where clear errors in the loggingantifdtenter times are
found. Also, some data points are missing cells such as exit lane usage, and contain unknown
gender cells (up to 5% of data in Building 5 is unknown gender). This only adds to the errors
and uncertainty that is already inherent in human behavior field studies, so mistdlees
logging of the spreadsheet data from the raw video footage should be avoided at all costs.

Spreadsheets could also state whether certain occupants experiencezla qaeh
camera view. Although sections of queuing were determined based on the diéarsapndi
camera/off-camera times a cell stating the occurrence of a quele seve analysis time. The
methods used to determine queuing in the data still contain false positives and trves)eggat
a queue cell in the spreadsheets would minimize statistical uncertainty.

Questionnaire surveys are very powerful tools, especially concerning humarobehavi
data. Surveys should be given to every drill participant after the evacuatiotetd adtitional
data that cannot be shown using just the spreadsheet data. Questionnaire suaidysa can
collecting data on social platooning, as well as passing and merging scemarae ot
captured on the video cameras.

6.5.2 Future Research

Additional research on the calculation of density is needed to better definesthiagly
abstract concept. What happens to speed vs. d®&isitglues when density is calculated
differently? Why ar&? values for different stairwells significantly different when the same
density calculation is used? Is one method of calculating density sigtiifibatter than others?

The specific density calculation methods employed should be a primary fioitiisre density
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studies. Few reports in the fire protection literature explicitly defamsitly and present the
methods used to calculate it. Future studies on density and its impact on egress hisist do t
aid in obtaining the most effective way to define and calculate this import@ssquarameter.
Because there is not a plethora of human behavior research and its impact ahavacu
and people movement, future evacuation studies should focus on human behavior aspects such as
platoon movement, passing behavior, and merging behavior. Although this study analyzed
platoon movement with respect to passing behavior, the potential effects thaignhagyon
platoons are not covered. Future research should aim to analyze how these threenzhenome
interact and how the dynamics of the platoon changes during passing anmyrsétgitions.
Because a platoon analysis is only done over two floors in two different stares, m
analyses must be done to determine whether the results are unique to tiease cestairs, or
whether the platoon movement patterns are typical in high-rise stainaelaions. An
examination of platoon dynamics during the entire descent is an area ofmabaarvould
benefit the fire protection community, as well. How do platoons change duringutse of a
high-rise descent? What are the effects involved with platoons that gaeerease in size?
Do merging individuals add to the size of a stair platoon, or do they typically sglit a s
platoon? These questions must be addressed in future studies on platoon movement.
Platoons and mergers are defined specifically in Chapter 4, but how do the resgjés chan
with differing definitions? Platoon research, especially, is a relgthnev concept in the fire
protection egress field, so additional studies on how to define and identify platoons ate neede
Rather than identifying platoons based on the movement within the stair, platoons can be
identified based on social groups, which is very much related to pre-evacuation sRidiesn

research that focuses on social interactions within the workplace, or frienanaihd f
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interactions in apartment/hotel settings can be coupled with pre-evacsatdies to examine
the effects that one area has on the other.

The majority of the analyses conducted in this study focused on sections afrtliellst
where there are no queues. Queuing within stairs has been shown to be quite common during
total high-rise evacuations [5, 17, 28, 31]. Because of the limitations of the data and the
unpredictable results that stems from flow stagnation, analyses that invobeethidimes (thus,
local movement speeds) within this study involved no queues. Future research couldatevestig
ways to analyze sections of stairs where there are queues to obtain aaguassgeesults.

Studies on the impacts that queues have on platoon dynamics, or passing and meagiog be

would be beneficial to the egress research community.
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Appendix A: MATLAB Codes

See Section 4.2 for a detailed explanation of the code and the calculation of density.

1. Number of People in Camera View when Occupant Enters

A=Dat a;
P=195;
A(i snan(A))=0;
enter=A(:, 1)
exit=A(:, 2)
for i = (1:P)

for j = (1:P)

if enter(j)<=enter(i)&enter(i)<=exit(j)
out put (i, j)=1;

el se out put (i,j)=0;

end

if enter(j)==
out put (i, j)=0;

end

end
end

resul t =sum( out put, 2)

2. Number of People in Camera View when Occupant EXxits

A=Dat a;
P=195;
A(isnan(A))=0;
enter=A(:, 1)
exit=A(:, 2)
for i= (1:P)

for j= (1:P)

if enter(j)<=exit(i)&exit(i)<=exit(j)
out put (i,j)=1;

el se out put (i,j)=0;

end

if enter(j)==0
out put (i, j)=0;

end

end
end

resul t =sum( out put, 2)
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Appendix B: Camera and Off Camera Times
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Stair 4B
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Stair 5A
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Stair 5B
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Appendix C: Speed vs. Density Graphs
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Appendix D: Descent Time Plots of Platoons with Merging
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Appendix E: Passing Behavior Demographic Pie Charts
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Appendix F: Descent Times of Passing Events
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Descent Time (s)
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Stair 4B
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Stair 5A
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Stair 5B
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Appendix G: Merging Behavior Demographic Pie Charts
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Appendix H: Merging Flow Graphs
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Stair 4B
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Stair 5A
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