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Abstract

Evacuation planning is a critical task in disaster emergency management. Numerous types
of disasters that happened over the decades in various buildings lead to the development of an array
of evacuation planning algorithms. On an event of emergency, traditional evacuation systems notify
the occupants about the threat and request the affected occupants to follow the static evacuation paths.
The evacuation plans generated by the algorithms lack flexibility in changing the evacuation paths
dynamically during evacuation. Occupants are notified to take the static evacuation paths generated,
regardless of whatever has happened or is happening in the building. This may lead the occupants
into serious problems like leading them to the origin of fire, explosions, collapsed ceilings, blocked
exits etc. Moreover, the evacuation plans have no priorities assigned to the occupants. Occupants that
are most affected by the disaster are not distinguished and prioritized from the occupants that are not

affected by the disaster.

To meet these needs, a Priority based Distributed Evacuation Routing (PDER) algorithm is
proposed in the thesis. PDER models the building into different areas, the different areas are obtained
by the different seperations in the building made by the fire-proof doors installed as per the building
regulations. The algorithm generates the evacuation paths parallely for the different areas present in the
building, thus reducing the computational time to a great extent. The algorithm assigns priorities to the
occupants in different areas, thus giving high priority to the ones that are most affected by the disaster.
The current situation in the building is monitored and learned by sensor based monitoring devices and
people movement and people count models are derived, which serves as an input to the algorithm. The
situation in the building for the next few minutes, the direction of fire and smoke spread is obtained
from the Fire Dynamic Simulator (FDS). The algorithm takes into account the simulated information
of FDS and the latest available sensor information from the sensor network and generates dynamic
evacuation paths, considering the real-time changes in the building. PDER produces sub-optimal
evacuation plans with the objective of evacuating the occupants most affected by the disaster at the

earliest possible time.
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1 Introduction

Building evacuation planning is a major concern when disastrous accidents, such as chemical
releases, bomb threats, terrorist attacks, gas leaks and uncontrolled reactions occur in large public and
residential buildings resulting in fire and smoke spreads. In these emergency situations, occupants
desperately look for the exits and in front of any contingency, they should have a possibility to leave the
building rapidly and safely. Very often, serious problems such as trample, huddle and inaccessibility of
exits, etc. are observed. Lack of effective evacuation planning causes congestions in the paths, leading
to general confusion and chaos among the occupants, making it difficult for the occupants to escape
from the danger immediately. There is a need for efficient tools to evacuate affected occupants from
the buildings, which can produce efficient evacuation routes in the event of disasters or unexpected
dangerous events in the buildings. Current buildings are designed more complex than before and the
potential accidents that can occur are also various. Above all, guiding the occupants under a changing
disastrous situation, considering fire and smoke spread and human factors are of critical importance for

a successful evacuation.

1.1 Motivation

Numerous types of disastrous incidents that occured in the recent past in different hotels,
shopping centers, theaters, large residential buildings etc., emphasize the need for effective evacuation
planning methods. For example, on 21st February 2010, 290 people were evacuated from Medina

Grand Hotel in Central Melbourne after fire started in a lift engine-room and smoke started to fill top



1 Introduction

floors [1]. On 26th February 2010, part of the vast Dubai shopping Mall was evacuated after cracks
appeared and water leaked from its giant aquarium. The aquarium is one of the largest tanks in the
world and there are on an average of 750,000 visitors every week to this shopping Mall [2]. On 11th
February 2011, about 1800 people were evacuated from northwest Indiana’s Star Plaza Theatre in
Merrillville after a curtain on the right side of the stage caught fire [3]. On 13th July 2011, 200 people
have been evacuated from a shopping centre in Dubbo in New South Wales when the shopping complex
became heavily smoke-logged. Fire broke out in the buildings airconditioning unit [4]. Such accidents
clearly show the need for efficient evacuation planning algorithms to support the safety personnel in

rescue operations and help the occupants reach the safe places as quickly as possible.

Recent developments on evacuation systems are aiming at providing more efficient means
for alarming and guiding occupants. Todays buildings are provided with fire detectors and it is possible
to alert people in the event of fire outbreak. One such good example is a fire alarm system, but this
gives no clue as how to escape from the building. There exist Directional Sound Evacuation (DSE)
beacons, which can give audible navigation to the nearest exits. Several large public buildings are
installed already with DSE. Automatic detection systems have a sensor network which can detect heat,
smoke or radiation. Upon detection of fire or smoke the alarm system is automatically operated and can
perform signaling functions to evacuate the occupants. Such traditional evacuation systems warn the
occupants over the threat in the building through mass media communication, requesting the affected
occupants to follow the evacuation paths. The problem still with such systems is that they react only on

the outbreak of fire and neglect the situation in the building after the fire alarm is triggered.

Evacuation planning is a critical step in disaster emergency management. For decades,
numerous types of disasters in buildings lead to the development of an array of evacuation planning
algorithms to support evacuation processes with the objective to minimize the evacuation time and to
guide the occupants from their initial places to the available exits as safely as possible. Lot of research
has been done to optimize the total evacuation time and to reduce the computational times of evacuation
algorithms. The current methods of evacuation algorithms can be divided into two categories. Linear

programming approaches and heuristics approaches.
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1.1 Motivation

The algorithms of the linear programming approach model the evacuation problem as a
network flow problem and they produce optimal solutions for evacuation planning. This approach has
some limitations. Firstly, it increases the problem size significantly because it requires a time-expanded
network to produce a solution. Secondly, it requires the user to provide an upper bound of the evacuation
time in order to estimate the evacuation time precisely. Finding a solution will fail, if the evacuation
time is under-estimated. In this case, the user will have to increase the value of the evacuation time,
which is given as input and re-run the algorithm until a solution can be reached. On the other hand an
over-estimated time will result in an over-expanded network and hence lead to unnecessarily waste
storage and run-time. Hamacher and Tjandra [5] gave an extensive literature review of models and

algorithms used for the linear programming methods.

Heuristic algorithms can be used to find sub-optimal evacuation plans with reduced computa-
tional cost. Early heuristic approaches only compute the shortest distance route from a source to its
nearest exit without considering route capacity constraints. These methods cannot produce efficient
plans when the number of occupants is large and the evacuation network is complex. More recently
heuristic approaches were developed to account for the capacity constraints of the evacuation network.
Shekar [6] proposed the Capacity Constrained Route Planner (CCRP). CCRP models capacity as a
time series since the available capacity of nodes and edges would vary during the evacuation. It uses
a generalized shortest path algorithm to account for route capacity constraints. CCRP divides the
total number of occupants from each source into multiple groups. To each group of occupants, it
assigns a route and time schedule to an exit. The time schedule assigned to a group is based on an
order prioritized by each groups destination arrival time. It then reserves route capacities for each
group. The quickest route available for a group is re-calculated in each time step based on the available
capacity of the network. CCRP algorithm produces sub-optimal solutions, but significantly reduces the

computational cost compared to linear programming approaches.

CCREP has certain limitations. CCRP models the whole building as a single network which
results in high computational cost. Moreover priorities are not included in CCRP. Not always the whole
building is in complete danger, but only parts of it. "The evacuees with the quicker path usually have

earlier starting time and occupied the time and capacity resource prior. Then the remainder evacuees

11



1 Introduction

with longer paths to the destinations have to go through longer route and start later." [7] Some parts
of the building can be potentially in great danger compared to other parts of the building. It is quite
important to evacuate first the occupants in the vulnerable areas. As per CCRP, if the occupants who
take longer paths are in potential danger, it is difficult to evacuate them first. Depending on the fire and
smoke spread, evacuation plans need to be changed dynamically. CCRP produces static evacuation

plans and does not consider the direction of fire and smoke spread.

Despite the various evacuation algorithms available, certain factors during the evacuation are
still not taken into account. For example the evacuation plans lack flexibility. Occupants are notified to
take the static predefined evacuation paths regardless whatever has happened or is happening in the
building. This may lead the occupants into serious problems like leading them to the origin of fire,
explosions or chemical releases. Taking static evacuation paths may also result in leading the occupants

to dead ends where destroyed exits, collapsed ceilings, blocked exits etc. exist.

The seriousness of the evacuation problem at the announcement of an emergency, also
depends on the number of occupants present in the building, their distribution in the different rooms
of the building and the occupants that are most affected by the accident etc., such information is
unavailable in most cases. Hence, evacuating the occupants that are most affected by the disaster is
not possible. The areas near to the origin of fire or explosion are in potentially great danger compared
to other areas in the building. Hence, there is a need to clearly distinguish the dangerous areas (most
affected by the disaster) and safe areas (not affected by the disaster) in the building, by taking into
consideration the fire and smoke spreads. This leads to assigning priorities to the available different

areas in the building during evacuation planning.

As per the building regulations, each building need to have fire-proof doors, which reduce the
fire and smoke spreads between two different compartments or areas. Most of the buildings are readily
equipped with such fire-proof doors, which divides the building into different areas. Thus, this aspect
of the division of the buildings into different areas by the fire-proof doors, enables to give priorities to
the divided areas during evacuation planning, making it possible to evacuate the occupants present in

the dangerous areas at the highest priority.

12



1.2 Problem description

1.2 Problem description

Large public buildings and facilities are generally equipped with sensor based monitoring
devices like heat detectors, smoke detectors, motion detectors etc., which monitor the situation in the
building in the event of fire or smoke outbreaks and the people motion inside the building. Event
detection of these sensors, through data mining methods, can be used to get an abstract representation
of the current situation in the building. Through machine learning of the motion sensor monitoring

system people movement models and people count models are derived.

The people movement model contains learned movement of the people inside the building,
where as in a people count model the number of occupants at a certain point of day and time in a
building is learned. By comparing the current situation with the learned people movement and count
models, we can classify a situation as normal, abnormal or notable to be observed. Such a system
is currently in development and will be used in future to visualize fire or other emergencies in the
building, providing decision support to the safety personnel and assisting them in better evacuation

path planning.

The aim of the Master Thesis is the development, implementation and evaluation of an
algorithm for dynamic evacuation path planning in buildings. The algorithm needs to take into account
the learned people count model in the path planning. At the evacuation start time, the number of
occupants present in the building is to be estimated from the model. The Fire Dynamics Simulator
(FDS) which is developed by National Institute of Standards and Technology (NIST), is used to simulate

the spreading of fire and smoke in the building once a fire alarm is received.

The algorithm needs to consider the simulated information of FDS in path planning, which
serves as an input to the algorithm in addition to the latest sensor information available. The evacuation
paths need to be changed dynamically with the changing situation in the building. For example the
evacuation paths need to be changed after the evacuation has started by considering the direction of fire
and smoke spread in the building. The algorithm also needs to show dead ends in the evacuation paths

due to blocked paths and blocked exits.

13






2 Principles of evacuation planning

An enclosed building is one which is occupied by a certain number of persons which has one
or more exits to evacuate the occupants to a safe area in case of a danger. A building is considered with

n exits and k occupants which are distributed uniformly.

2.1 Evacuation time

The total evacuation time E; is the time needed to evacuate all the occupants in the
building through the available exits. There could be n evacuation routes for m exits. The evacuation
function 7;(x;) is defined as the total time required by x; occupants to leave out of the exit j. Thus the

total evacuation time E; would be the duration of the longest way in which the last occupant reaches

the safe area. The results are taken from Pursals-Garzon-Garriga [8].

E; = Max[t) (x1),82(x2)5 esfn (X)) ]
x1+x+...+x, =k, where x; >0, x, >0,..., x, >0

Once an emergency is announced, a certain amount of time is needed for the occupants to

recognise the emergency situation and react accordingly. During this time occupants generally delay
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2 Principles of evacuation planning

the evacuation time trying to get information about the situation, gathering personal belongings etc.

This time is denoted as tye/qy, ;-

The evacuation time required by the occupants depends on the length of the evacuation path
to reach the exit. Let 7,4, ; denote the time required by the occupants to reach exit j. If /; is the length

of the evacuation path to reach exit j and v is the speed of the occupants then 7, ; is given as follows -

~

Tpath, j (xj) = VJ

A flow F; exists for each of the exits j = 1,2,...,n, which is defined as the number of people
who cross a unit of width per time unit. F; = f;*w;, where f; is the specific flow obtained by the
people movement model and w; is the width of the exit. Let 7, ; denote the time required by the

occupants to leave exit j.

tflow,j(xj) = }%

Thus the evacuation function depends on delay, time needed to reach an exit and time needed

to leave the exit which is represented as follows -

15(x}) = taetay,j + tparn,j (X;) +tfiow,j (%)
() = taetayj + %+

The goal of an evacuation planning algorithm is to minimize the total evacuation time E; i.e.,

to evacuate the occupants of a building in the least possible time with a minimum of casualities.

16



2.2 Node relation structure of building models

2.2 Node relation structure of building models

The input to the evacuation planner is a 2D or 3D building model which needs to be
transformed into a node-edge relational model. The Node-Relation Structure (NRS) proposed by Lee
[9] represents the topological relationships between the 3D spatial objects in built environments by a
combinatorial data model (CDM). CDM is a node-edge relational model through which the adjacency

and connectivity relationships between various components of buildings can be represented.

However CDM does not provide automatic calculation of actual distances between the nodes,
since the geometrical property of the building is not preserved. In order to implement network-based
analysis such as path finding, the logical network model needs to be complemented by a geometric
network model (GNM) that accurately represents the geometric properties of a building. The two types

of models are described below.

The combinatorial data model of the Node-Relation Structure consists of a set of nodes and
edges that represent the topological relations of a building. Consider the example building object
shown in Figure 2.1. It is a building with 2 floors, where each floor has 4 rooms connected by a corridor

and the two floors are connected by ladders.

In CDM, each building object (such as rooms, corridors, ladders) is represented as node and
the connection between two nodes is represented as an edge. In the Figure 2.1 there are 8 rooms (nodes
ni1,M12,...,M24 in CDM), 2 corridors (nodes ¢ and ¢; in CDM) and two ladders (nodes /; and I, in
CDM). Nodes ny; to ny4 of the first floor are connected to c;. ¢ is in turn connected to /;. Similarly
nodes n;; to ny4 of ground floor are connected to ¢;. ¢; is in turn connected to I,. The two ladders /;

and [, are connected to each other.

17



2 Principles of evacuation planning
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Figure 2.1: Transformation of 3D building model to NRS (from Lee [9])

CDM does not represent the geometric properties (e.g., distances or sizes) of and among
the building units. In order to implement network-based analysis such as path finding in the CDM,
the logical network model needs to be complemented by a geometric network model (GNM) which
can accurately represent these geometric properties. In order to implement 3D spatial queries in the
NRS based upon shortest path operations, the combinatorial network model (logical network) which
represents the connectivity relationships between 3D spatial objects needs to be transformed into the

geometric network model as shown in Figure 2.2.

In order to transform the topological model (NRS) of a building to the geometric network
model including feature coordinates, the nodes c¢; and ¢, representing a hallway within the building
are converted into linear features (edge e; and e;). By connecting the nodes representing rooms
into the edges the NRS is reconstructed as a collection of network features which comprises of a
connected system of edges and nodes. In other words, the nodes ¢ and ¢, in Figure 2.2 are considered
as master nodes, which represent a sub-graph of the new constructed NRS. This geometric model

can be analyzed through the network theory algorithms and can be used to solve the evacuation problem.
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2.2 Node relation structure of building models
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Figure 2.2: Transformation of combinatorial network to geometric network (from Lee [9])

Figure 2.3 shows an example of a 2D building that is reduced to network graph. Each node

has two parameters namely: initial occupants in the room and maximum capacity of the room. Each

edge has two parameters namely: the travel time along the path and maximum flow capacity along the

path per time unit.

1 :=room 1

3 := lobby

2 :=room 2

4 := safety exit

{initial contents, node capacity}
{travel time, arc capacity)

{3,20) (0
v
e

.--"f—

A3

Figure 2.3: Static Network G of a Simple Building Layout (from Hamacher [5])
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3 Existing evacuation planning algorithms

Substantial amount of work has already been done in the development of evacuation planning
algorithms. In general building evacuation algorithms can be categorized into two classes. The first one
is "Linear programming approaches based on network flows" and the second one is "Heuristics based

approaches".

The evacuation algorithms based on linear programming approaches have some limitations.
Firstly, it increases the size of the problem because it requires a time expanded network. Secondly,
this approach requires the user to provide an upper bound of the evacuation time in order to generate
the time expanded network. EVACNET which is proposed by Kisko-Francis [10] produces optimal
solutions using a linear progamming approach but has exponential running time and cannot be applied

to large networks.

The first polynomial solution to the evacuation problem given by Hoppe-Tardos [11] suffers
from high computational complexity and therefore is not practical to implement. Heuristics routing and
scheduling algorithms can be used to find a sub-optimal evacuation plan with reduced computational
cost. In the following sections an overview of the existing evacuation algorithms based on the two

approaches mentioned above is described.
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3 Existing evacuation planning algorithms

3.1 Network flow and linear programming approach

A network is defined by a directed graph G = (N, E), where N is the set of nodes and E is
the set of edges. The node capacity is denoted by x(N;) where N; € N, edge capacity is denoted by ()

and the transit time on an edge is denoted by 7(j) where j € E.

In case of building evacuation, nodes represent the rooms or workplaces and edges represent
the evacuation paths. (N1, N;) denotes the edge between the nodes Ny and N, and (Ny,N,) € E. The
node capacity x(N;) represents the number of occupants in a room. On an edge j = (N1,N,), ¢(j)
represents the flow of occupants between N; and N, and 7(j) represents the transit time from N; to N,.
Each room has a specific number of occupants and each exit has specific outflow of occupants. The
algorithms need to solve the problem of sending exactly the right amount of occupants from each room

into each exit in the minimum overall time.

3.1.1 Shortest path algorithm

The shortest evacuation path can be found using Dijkstra’s Algorithm, presented by Edsger
Dijkstra in 1959. Let G = (N, E) be a directed weighted graph with the set of nodes N and the set
of edges E with non-negative weights. Let Ni, N, € N such that N; and N, are path connected. The
evacuation path P produced by the below algorithm gives us the shortest evacuation path between N,
and N,.
Steps of algorithm:

1. Assign a weight [ to every node where [ denote the length of the path to reach another node, set

I(N1) =0and [(N;) = oo for all other N; € N

2. Each node is marked as “unknown’ and the “current node” N, is set as NV,

22



3.1 Network flow and linear programming approach

. Mark the current vertex N, as known

. LetS={N;eN| (NC,N,-) € E and N; is unknown} be the set of unknown neighbors of N,. For
each N; € S, let [(N;) = min{l(N;),l(N.) +w(N.,N;)}. If the value of /(N;) changes, then set

p(N;) = N.. p(N;) is used to denote the node through which this one was accessed

. Set N. = Ny, where N, € S has the property that [(N,;) = min{l(N;),VN; € N}. If N; = N,, then

proceed to step 6 else return to step 3
. Let P be an ordered set of nodes currently consisting of the single vertex N,, and let N, = N,

. Let S={N; e N| (N;,N;) € E and let N, € S such that for all N; € N, , [(N;) <I(N;). Insert

N, at the front of P

. If N; # Ny, then set N, = Ny and return to step 7. If N; = N then exit the algorithm; P is the

shortest path from N; to N,

A good lower bound on the transit time is achieved through this algorithm but this does not

take into account the node capacities, edge capacities and exit flows.

3.1.2 Maximum dynamic flow algorithm

For a flow network G = (N, E), the maximum flow between source Norigin and sink Noy;; is

found by using Ford-Fulkerson [12] algorithm. Ford and Fulkerson first published the algorithm in the

Canadian Journal of Mathematics in 1956. The main idea is to make note of the different routes from

source, Nyyigin to sink, N,y;. For each edge (N;,N;) let ¢(N;,N;) be the capacity and f(N;,N;) be its

Steps of algorithm:

1. Find any path, p from Nyyigin t0 Neyi;, which has a strictly positive flow remaining. If no such

paths are existing, then exit
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3 Existing evacuation planning algorithms

2. The maximum flow along this path f,.(p) is equal to the smallest flow capacity on any edge in

the path i.e., fia(p) = min{c(N;,N;); (N;,N;) € p}

3. Subtract fiu..(p) from the remaining flow capacity in the forward direction for each edge in the
path. Add fyqc(p) from the remaining flow capacity in the backward direction for each edge in

the path
4. Goto Step 1

On termination, the sum of the flows of all paths found during Step 1 gives the maximum

total flow between source, Nyigin and sink, Ny

The maximum flow problem does not take length of the paths or transit times into account,
but it provides some useful information for exit assignments. We can use the algorithm to find the
bottlenecks and gauge their capacities. For example we can use the areas where a group of evacuees
resides as sources and the safe regions as sinks. By computing a maximum flow based on this we
are able to locate bottlenecks slowing down the evacuation. Furthermore, it provides the number of
occupants that can pass through the bottleneck at the same time, which assists in determining capacities

of exits.

3.1.3 Universal maximum flow algorithm

The Universal maximum flow problem (UMF) which is introduced by Gale [13] is a variant
of the maximum dynamic flow problem. UMF algorithm solves the problem of finding maximum
dynamic flows reaching the sink at every time period t = 1,...,T. Hence, the optimal solution of UMF is
the solution of the maximum dynamic flow problem, not only for the alloted time horizon T, but also

for any smaller time horizons.
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3.1 Network flow and linear programming approach

The relevance of UMF for the evacuation problem is quite obvious. In every time period the
maximum number of occupants are brought to safety, such that an evacuation modeled by universal
maximum flows is a very safe one. UMF is also known as “the earliest arrival dynamic flow”. This
algorithm guarantees that we have evacuated the maximum number of occupants at every point of time.
This is especially helpful if the amount of time available for the evacuation is not known. Regardless of
the amount of time we actually have, the earliest arrival property guarantees that we have saved as

many occupants as possible.

3.1.4 Quickest path algorithm

The quickest path problem which was introduced by Chen-Chin [14] is a variant of the
shortest path problem. The goal of the algorithm is to send a predetermined number of occupants from
their initial position (i.e., the source node) to exit (i.e., the sink node) as quickly as possible along a
single path. But the notion of “shortest” depends not only on the travel time but also on the number of
occupants that have to be evacuated along the path. Flows are sent continuously over the time. The
quickest path algorithm is suitable to a special evacuation problem where occupants may use only a
single path from their initial position, that will not be interfered by occupants from other places. An
example of this problem is the evacuation of spectators from a sports stadium. In this case, the quickest
path model is applied independently to each network that models the evacuation of each stand in the
stadium.

Steps of algorithm:

1. Forapath P = Ny, Ny, ..., Ny the capacity of the path P, c(P) is defined as ¢(P) = min{c(N;,Ni+1) }

where 1 <k—1
2. The transit time of the path P, tp is defined as tp = ijlf_l t(Ni,Nit1)

3. The total evacuation time to send out x number of evacuees from N; to Nj along path P is given

as Ex’p=tp—|—c(xip)
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3.1.5 Quickest flow algorithm

The quickest flow algorithm uses multiple paths unlike the quickest path problem. It is
a dynamic network flow problem with single source and single sink that clear the network in the
minimum possible time. The objective function of quickest flow problem can be formulated as mini-

mizing the evacuation time horizon E; := E; (k) where k is the initial number of occupants of the building.

3.2 Heuristics approach

The second type of evacuation algorithms are based on heuristics approach. These type of
algorithms are used to find sub-optimal evacuation plans with reduced computational cost. They are
useful for large networks which do not require an optimal plan, but needs evacuation plan within a
limited amount of time. Certain heuristics like taking shortest paths, widest paths or quickest paths etc
are considered during evacuation process. Current heuristic approaches only compute the shortest
distance path from a source to the nearest exit without considering the route capacity constraints. This
cannot produce efficient plans when large number of people needs to be evacuated and the route
network is complex. A new heuristic approach which takes into account the capacity constraints of the
evacuation network is proposed by Shekar [6]. A capacity constrained routing approach reserves route

capacities subject to capacity constraints in an order specified by heuristics.

3.2.1 Capacity constrained routing planner (CCRP) algorithm

In the CCRP algorithm, capacities are modeled as a time series instead of fixed numbers
because the available node and edge capacities may vary during the evacuation. A time series represents
the available capacities for the given nodes and edges at each time instant. It uses a generalized shortest

path search algorithm which considers the route capacity constraints. CCRP divides the occupants in
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the building into multiple groups and assigns a route and time schedule to each group of occupants
based on group’s destination arrival time. It then reserves capacities on the route taken by the group.

CCRP produces sub-optimal solutions for evacuation planning.

CCREP is an iterative approach. An iteration starts with finding the route R with the earliest
destination arrival time from any source nodes to any destination nodes based on current available
capacities. This is achieved by generalizing the Dijkstra’s shortest path algorithm (Section 3.1.1) to
work with time series of node and edge capacities and edge travel time. Next, it computes the actual
amount of occupants that will travel through route R. This amount is affected by the available route
capacity on R and remaining number of occupants. Then, it reserves the node and edge capacities on
route R for those occupants. Route R is the route that starts from a source node and gets to a destination
node in the least amount of time and available capacity on the route which allows at least one person to
travel through route R. In further iterations, the algorithm re-computes the earliest time route R from
any source to any destination taking the previous reservations and possible onroute waiting time into
consideration. The algorithm continues to iterate as long as there are occupants left in the building.
CCRP produces high quality solutions and reduces the computational cost significantly compared to

linear programming approach. The detailed pseudocode and algorithm description are as follows.

Input:

1. G(N,E): a graph G with a set of nodes N and a set of edges E;
Each node n € N has two properities:
Maximum_Node_Capacity(n) : non-negative integer
Initial_Node_Occupancy(n) : non-negative integer
Each edge ¢ € E has two properities:

Maximum_Edge_Capacity(e) : non-negative integer
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Travel_time(e) : non-negative integer

2. S: set of source nodes, S C N;
3. D: set of destination nodes, D C N;

Output: Evacuation paths with schedules of evacuees on each route

Pre-process network: add super source node SO to network, link SO to each source node with an edge
which Maximum_Edge_Capacity() = oo and Travel_time() = 0,

Method:

while any source node s € S has evacuee do

find the route R < ny, ny,... ,n; > with earliest destination arrival time among routes between all

s,d pairs, where s € S, d € D, np = s and n;, = d;

Sflow = min(number of evacuee still at source node s,
Available_Edge_Capacity(all edges on route R),
Available_Node_Capacity(all nodes from n; to n; on R),
);

fori=0—k—1do
{ = t+ Travel_time (epy,, ,,1);
Available_Edge_Capacity (eyn,,,,t) reduced by flow;
Available_Node_Capacity (n;11,t) reduced by flow;
t=t,;

end for
end while

Postprocess results and output evacuation plan;
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3.3 Comparision of evacuation algorithms

Each evacuation algorithm has its own advantages and disadvantages. The shortest path
algorithm produces good lower bound on the transit times. The universal maximum flow algorithm
guarantees the evacuation of maximum number of occupants at every point of time. The maximum
dynamic flow algorithm helps to find bottlenecks in evacuation planning and also assists in determining
the exit flow capacities. However, these algorithms do not consider the node and edge capacities. Due
to this fact, there could be casualities during the evacuation since occupants interfere simultaneously

from different paths.

The quickest path algorithm sends a predetermined number of occupants from their initial
positions to exits over a single path as quickly as possible. This algorithm seems to reduce the accidents
considerably since the occupants take only a single path, but, interference of occupants from other paths
is not desired. The quickest flow algorithm uses multiple paths and clears the network in minimum
possible time. However, this algorithm has the same problem of not considering the node and edge

capacities. Hence a safe evacuation may not be possible at all times.

As per the results produced in an experiment by Shekar [6], the capacity constrained route
planner algorithm (CCRP) produces a solution within 10% of the optimal solution and the computational
time is scalable to number of evacuees, however CCRP does not consider the dynamic changes in the
situation of the building and does not consider the people movements at the time of the emergency

situation.

The idea is to develop an algorithm based on the technique of CCRP considering the node
and edge capacities, which also considers the dynamic changes of the situation in the building through
the information obtained from various fire, smoke and motion sensors. In addition to this, the algorithm
also needs to consider the learned people count model inside a building. Table 3.1 shows a comparison

of different evacuation algorithms.
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Name of the Algo-

rithm

Usage and advantage

Drawback

Shortest path algo-
rithm (Refer 3.1.1)

Good lower bound on transit time is

achieved

Does not consider the
node, edge and exit flow

capacities

Maximum dynamic

flow algorithm (Re-

Helps to find bottlenecks in evacuation

planning and assists in determining exit

Does not consider length

of the paths, transit times,

fer 3.1.2) flow capacities node, edge and exit capac-
ities
Universal max- | This algorithm guarantees that we have | Does not consider length

imum flow al-

evacuated the maximum amount of

of the paths, transit times,

gorithm (Refer | evacuees at every point of time node, edge and exit capac-
3.1.3) ities
Quickest path algo- | Used to send a predetermined number | Interference of evacuees

rithm (Refer 3.1.4)

of evacuees from their initial position to
exit as quickly as possible along a single

path. Best suited to evacuate stadiums

from other paths is not de-

sired

Quickest flow algo-
rithm (Refer 3.1.5)

Uses multiple paths and clears the net-

work in minimum possible time

Does not consider node,

edge and exit flow capaci-

ties
Capacity con- | It produces multiple routes for groups | Computational time
strained route | of people in each source node. Can pro- | is more for larger net-

planner algorithm

(Refer 3.2.1)

duce evacuation plans with sub-optimal
evacuation times and has lesser compu-

tational times

works. No priorities for
occupants in dangerous

areas

Table 3.1: Comparison of evacuation algorithms




4 Proposed algorithm: Priority based distributed

evacuation routing (PDER)

PDER models the building into different areas and generates the evacuation paths parallely
for the different areas present in the building. The different areas in the building are obtained by the
seperations in the building made by the fire-proof doors installed as per the building regulations. The
computational time needed to generate the evacuation paths for the independent areas is less for two
reasons. Firstly, the model to be worked on has few nodes and edges, since each area is represented by
a small network. Secondly, PDER generates the paths parallely for the different available areas. If the
different areas in the building have independent exits then evacuation can be done simultaneously. The
algorithm assigns priorities to the occupants present in different areas, thus giving high priority to the

ones that are most affected by the disaster in the building.

The current situation in the building is monitored and learned by sensor based monitoring
devices and a people count model is derived, which serves as an input to the algorithm. The number
of occupants present in the building at a certain point of time can be obtained from the people count
model. The distribution of the occupants in the building, obtained from the people count model
gives an estimation of the seriousness of the accident and its effect on occupants. The situation in
the building for the next few minutes, the direction of fire and smoke spread is obtained from the
Fire Dynamic Simulator (FDS). PDER takes into account the simulated information of FDS and the
latest available sensor information from the sensor network and generates evacuation paths that can be

changed dynamically depending on the real-time changes in the building.
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4.1 Motivation

The evacuation plans generated by the current evacuation algorithms lack in flexibility in
changing the evacuation paths dynamically during evacuation. Occupants are notified of the threat and
are allowed to take the static evacuation paths generated, regardless of whatever has happened or is
happening in the building. This may lead the occupants into serious problems like leading them to the
origin of fire, explosions, collapsed ceilings, blocked exits etc. Moreover, the evacuation plans have
no priorities assigned to the occupants. Occupants that are in dangerous areas (most affected by the
disaster) are not distinguished and prioritized from the occupants in safe areas (not affected by the

disaster).

The CCRP algorithm models the complete building into a single network and then generates
the evacuation paths which produces sub-optimal solutions and has faster computational time compared
to linear programming approaches. However, this modeling approach is not going to be efficient for the

following reasons:

Firstly, in case of fire in the building or any other emergency not always the whole building
is in complete danger, some areas are affected more by the disaster and are in danger, whereas the other
areas are not affected by the disaster and are safe. The dangerous areas need to be evacuated with high
priority and the safe areas with a lesser priority. The identification and evacuation of the dangerous
areas with a high priority is difficult if we model the complete building into a single network and CCRP

does not assign priorities to the nodes while evacuating.

Secondly, for large buildings, the corresponding node-edge relational model consists of
thousands of nodes and edges. The computational time required to generate an evacuation plan for
such large networks would also be more since the computation is done on a single large network. In
case of fire and smoke spread in the building, the evacuation plan needs to be changed in real time. To
generate the new paths we need to rerun the CCRP algorithm again which would be a overhead of time

in emergency situations.
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4.1 Motivation

PDER models the building into different areas and the evacuation algorithm is run parallely for
the available areas in the building. This approach has some advantages compared to other conventional
evacuation algorithms. In case of an emergency, depending on the direction of smoke and fire spread,
the occupants in the dangerous areas are identified and evacuated at a higher priority and then the
occupants in safe areas are evacuated. The computational time required to generate the paths for the
different areas in the building is much less since each area of the building would be reduced to a small
network with few nodes and edges. The block diagram shown in Figure 4.1 provides an overview of

the PDER algorithm.

Field sensors, system states and environment data I | Simulation of the building situation

Sensor Network in building
- Heat detectors

- Smoke detectors

- Motion detectors

- Surveillance cameras

Data extraction
and

Simulated info,
Fire dynamic simulator determination of
Transformation,
Origin of fire

Smoke view dangerous and
safe areas

Y 4

People
Movement Actual situation in the building, direction of fire and smoke spread, movement of the people
Model

Priority based distributed evacuation routing algorithm (PDER)

| Output: Dynamic evacuation paths |

Figure 4.1: Overview of PDER algorithm

The evacuation paths for the different areas can be generated parallely and if the areas have
individual exits the evacuation also can be done simultaneously for those areas of the building. If the
different areas of the building have common paths and exits, PDER considers the flow capacity at
these paths and exits while evacuating, however the dangerous areas get the high priority and the flow

capacities are reserved for these dangerous areas till all the occupants are evacuated from these areas.
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The priority decision is made dynamically on the basis of the latest sensor information from
the sensor network installed in the building and the simulated information obtained from FDS. If some
paths are completely blocked due to collapsed ceilings, explosions, extreme fire or smoke the area is

identified as one with extreme danger, where the occupants need the help of a fire brigade.

4.2 Test dataset

The test dataset used is the 3 floor building presented in Evacnet Usersguide [10]. The
2D model of the building is shown in Figure 4.2. The corresponding node-edge relational model for
the building is shown in Figure 4.3. The dataset network consists of 20 nodes with 2 exit nodes and
26 edges and total node capacity of 1066 people. The relation between the nodes in the node-edge

relational model shown in Figure 4.3 and the rooms of 3 floor building shown in Figure 4.2 is shown in

Table 4.1

Node | Floor | Description
N1 3 Room 301
N6 3 Room 302
N7 3 Room 303
N9 2 Room 201
N14 2 Room 202
N18 1 Room 101

Table 4.1: Relation between nodes and rooms

CCRP models the whole building as a complete network as shown in Figure 4.3 and
generates the evacuation plans for the whole building. PDER divides the building into different areas,
as divided by the fire-proof doors in the building floor-wise. It is assumed that for the building shown

in Figure ??, the fire-proof doors seperate each floor from fire and smoke spreads. Thus the whole
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4.2 Test dataset

building is divided into 3 different areas, i.e., 3 floors. Thus PDER models the building into 3 floors, for
each floor a separate node-edge relational model is derived. The node-edge relational models for the
first, second and third floor are shown in the Figures 4.4, 4.5 and 4.6 respectively. PDER then generates

the evacuation plans for the 3 different node-edge relational models parallely.
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Figure 4.2: 3 floor building (from Evacnet Usersguide [10])

35



4 Proposed algorithm: Priority based distributed evacuation routing (PDER)
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Figure 4.3: Node-edge relational model (complete network) of Figure 4.2
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Figure 4.4: Node-edge relational model for first floor of Figure 4.2
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Figure 4.5: Node-edge relational model for second floor of Figure 4.2
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Figure 4.6: Node-edge relational model for third floor of Figure 4.2

4.3 Machine learning and movement models
Machine learning is devoted to the formal study of learning systems. It deals with the develop-

ment of algorithms through which computers can understand and perform specific tasks associated with

artificial intelligence. Such tasks involve recognition, diagnosis, prediction, understanding the behavior
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of systems, etc., based on empirical data such as from sensor data or databases. Learning is understood
as an inductive inference where one observes examples that represent incomplete information about a
statistical phenomenon. Consider a system that receives a sequence of inputs xy,xy, ..., x, where x; is
the input at time ¢. The inputs given could be data received from a sensor, pixels of an image, a sound

wave, words in newspaper, list of items in a super market etc. (Refer paper by Rétsch [15])

Supervised learning takes a set of known input data and set of known responses to the data,
and tries to build a predictor model that generates reasonable predictions for the response to new data.
For example, the machine is also given a sequence of desired outputs yy,y»,...,y, and the objective of
the machine is to learn to produce the correct output when a new input is provided to it. Supervised
learning can be classified into two categories. If the responses can have symbols, such as ’true’ or
“false’ then the task is called a "classification problem". If the responses are real valued labels then the
task is called "regression problem". In supervised learning, a label is associated with each example. It

is supposed to be the answer to a question about that particular example.

In unsupervised learning the machine only receives inputs xp,xy, ...,x, and does not obtain
any supervised outputs and does not get any feedback or assistance from its environment. In this
type of learning the machines objective is to build representations of the input that can be used for
predicting future inputs, decision making, communicating the inputs efficiently to another machine, etc.
It can be thought of as finding patterns in the data above and beyond what would be considered pure
unstructured noise. Thus, with the help of unsupervised learning the hidden regularities (e.g., clusters)

or uncovered anomalies in the data can be detected (Refer paper by Jaikumar et al. [16]).

4.3.1 People movement and count models

Monitoring the movement of people in buildings, of how people normally move in it helps in
understanding peoples tasks and peoples behaviors in different situations. People movement models

contain the movement of the people in a building observed over a period of time. From this data we
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can derive the normal paths people take inside a building and predict the paths they would take under
emergency and stressful situations. Such monitoring also helps to understand the distribution of the
people in the building. A people count model contains the information of people distribution inside
a building, the number of people present in the different rooms of the building. Such models can be
learned through the sensor based monitoring devices installed in the building. In this thesis an artificial
people count model is derived, which serves as an input to the algorithm, in determining the number of

occupants present in nodes.

The information from installed motion sensors in the building can be modeled over time
using machine learning methods. People count models can be created by using the detection events of
the motion sensors and with the help of data mining methods. Through these models, it is possible to
estimate the number of occupants per room, depending on time of day and which day (working day or
weekend) of the week. The information on the estimated number of persons per room and the normal
paths of movement used by the occupants is used as an input to the evacuation planning algorithm. The
number of persons will be used to predict the evacuation time and estimate the danger of the situation

in the building.

An artificial people count model for a typical shopping center is shown in Figure 4.7. The
shopping center contains 6 different shops such as groceries store, clothes store, electronic store, book
store, cinema theatre and a restaurant. The distribution of the people in different shops is learned over a
period of one day. The number of occupants in the morning between 08:00h and 10:00h is minimal
since there would be only sellers doing preparatory tasks in the shops, getting ready to open the shops.

At this point of time the shops in the building are not yet open for the customers.

The customers start to enter the shops from 10:00h onwards and it can be seen that
in mornings between 10:00h and 16:00h the number of customers gradually increase, but the
number is minimal when compared to evenings. The number of occupants in the shops is more
in the evenings between 16:00h and 20:00h compared to other times in the day and the number
of occupants reaches its peak at 18:00h. This is the point of time in the day where there are

highest number of customers shopping in the building. The movement of the people gradually
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decreases and reaches to its minimum, as the shops get closed from 20:00h onwards. In the peo-

ple count model shown in Figure 4.7, the number of the people present in the shops is randomly varying.
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Figure 4.7: People movement model of a public building

Figure 4.8 shows an artificial people count model of a typical office building. The office
building consists of six groups and the distribution of people in those groups is learned over a period
of one day. The number of occupants in the different groups starts increasing from morning 06:00h
when employees start to work. The number of occupants reaches its peak when most of the employees
are present in the office, that is in between 08:00h and 11:30h. In between 11:30h and 13:00h the
occupancy in the rooms is varying since the employees leave for lunch during the time. When the

employees return to work after lunch, i.e, in between 13:00h and 16:30h, the occupancy in the building
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again reaches its maximum. From 16:30h onwards, employees start leaving the office and the number

of occupants in the groups decrease gradually.
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Figure 4.8: People movement model of an office building

There are no occupants in the building between 20:00h and 06:00h since no employees work
during this time in the office. From this information, the seriousness of the situation in case of disaster
can be predicted. For example, if a disaster occurs in between 20:00h and 06:00 there would be no
person loss, whereas if a disaster occurs in between 08:00h and 11:30h the number of occupants that are
affected by the disaster are more. The number of occupants present in the groups is uniform for certain

time periods and not as random as the people count model of the shopping center shown in Figure 4.7.
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4.3.2 Gaussian mixture model

The density function of a mixture distribution is a linear combination of other probability

density functions in which all weights sum to one.

p(x) = wip1(x) +wapa(x) 4 ..+ wapn(x), L=t wi = 1

The individual probability density functions p;(x) which are combined to form the mix-
ture density p(x) are called mixture components and the weights wy,ws,...,w, associated with each

component are called mixture coefficients or mixture weights.

The probability density function of a gaussian distribution is given as follows where u is

mean and o is the standard deviation.

A mixture model is a probabilistic model in which the underlying data belongs to a mixture
distribution. The most common mixture distribution is the Gaussian mixture distribution in which
each of the mixture components are Gaussian distributions, each with their own mean and variance

parameters.

p(x) =wiN(x | p1,01) +waoN(x | U2, 62) + ... + WalN (x | thn, Cn)

The people count models shown in Figures 4.7 and 4.8 are a result of learning the movement
of the people for a period of one day. Gaussian mixture models for the above two example buildings
(public building, office building) can be created by learning the number of the people present in the
different rooms of the building, over some weeks of time. Using this model, the number of people
in various rooms of the building can be estimated at a particular time in a day and at a particular day
in a week. The exactness of the estimated value depends on the duration of the learning time. The
more the movement is learned from the sensors, more exact would be estimated value of the number of

occupants in the building.
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4.4 Simulation of fire and smoke spread

The fire and smoke spread simulation in a building is done by using Fire Dynamics Simulator
(FDS) [17] and its accompanying visualization tool Smokeview (SMV) [17] is used to view the
simulation. FDS is used in the thesis since it is an advanced simulation tool and is most commonly used
by fire engineers worldwide. The FDS and SMV software are open source development environments
and the software is verified and validated, which provides users with a standard data set to verify the
own FDS installations and compare the results of FDS to the published data. These both tools are

explained briefly in the following sections.

4.4.1 Fire dynamics simulator

The Fire Dynamics Simulator (FDS) is a software designed to model the fire and smoke
spread. It is a computational fluid dynamics (CFD) model of fire-driven fluid flow. FDS is the most
widely used fire modeling program, written in Fortran, developed by McGrattan et al. [18], National
Institute of Standards and Technology (NIST) of the United States Department of Commerce, in
cooperation with VIT Technical Research Centre of Finland. FDS solves a form of the Navier-Stokes

equations that describes the evolution of fire with an emphasis on smoke and heat transport from fires.

FDS does not have a menu-driven interface. It reads parameters from an input text file,
computes a numerical solution and writes user-specified data to output files. The operation of FDS is
based on the single input file which contains different parameters organized into "namelist" groups. The
input file provides FDS with all the necessary information to describe the scenario in the building. The
input file is named with a name such as "‘evacnet_building.fds" where "evacnet_building" is a character
string which helps in identification of simulation. The output files associated with the calculation will

have the same name as the input file, if specified as file-ID in the input file.
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The 2D building model presented in Evacnet Usersguide [10] is modeled in FDS as the 3D
building model with the dimensions given in the Evacnet Usersguide, other than the room and door
heights which are set to 3m and 2m respectively. The 3D model of Figure 4.2 modeled in FDS is
shown in Figure 4.9. The model shows the smoke spread due to a fire outbreak in a room of 3rd floor.
Every room is equipped with sensors at a distance of 8m. A total of 54 fire detectors were used in
the simulation. Each fire detector consists of a heat detector and smoke detector. Table 4.2 shows the

distribution of the heat and smoke detectors in the building.

—

Figure 4.9: FDS 3D model of Figure 4.2

Area Heat detectors | Smoke detectors
3rd floor rooms 8 8
3rd floor corridors and stairs 8 8
2nd floor rooms 8 8
2nd floor corridors and stairs 8 8
1st floor rooms 8 8
1st floor corridors and stairs 14 14

Table 4.2: Distribution of heat and smoke detectors
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Five different simulations for each room of 3rd floor and five different simulations for each
room of 2nd floor have been simulated in FDS. In each case, a fire with an area of a square meter is

started, with a heat release rates of 250 ¥ 500 ¥ 750 ' 1000 ¥ and 1500 V.
m m m m m

4.4.2 Smokeview

Smokeview is a visualization program developed by Forney [19], used to display the output
of a FDS simulation. It has a menu-driven interface as shown in Figure 4.10. Smokeview basically
reads FDS output files and produces animations on the computer screen. It is used to visualize the
time-varying fire and smoke spreading. Smokeview is used in a post-processing step to visualize FDS

data after a numerical calculation has been completed by FDS.

B FYACNET4_Building_Corridor3

Smokeview 5.6 - Oct 23 2010

Load/Unload

ShawjHice:
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Plot3d File » HRRPLV (RLE)
Options Unoad

>
»
yoo-
Dizlogs » Corfigurationfiles » |
Tous > Soipkoptions b
View »  Compression »
Help > Show File Names

Quit Reload >
About smkeviewr,., Unload Al

Frame: 439

me-3ss1 I ]

Figure 4.10: Smokeview user interface
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Smokeview performs this visualization by displaying time dependent particle flow, animated
contours of computed gas variables and surface data. Smokeview is implemented in C and Fortran. The
C part of the Smokeview visualizes the data, while the Fortran part reads the data generated by FDS.
Smokeview uses the 3D graphics library OpenGL [20] and OpenGL Graphics Library Utility Toolkit
(GLUT) [20]. Smokeview visualizes data that is both dynamic and static. Dynamic data is visualized
by animating particle flow where as the static data is visualized by drawing 2D contours and 3D level

surfaces.

The user can analyze the simulated data by changing its appearance for easy identification of
features and behaviours found in the simulated data. The user can click on the time bar and change the

simulation time displayed and observe the smoke spread at the stopped simulation time.

4.5 ldentification of dangerous states and safe states

Most of the buildings are equipped with fire detectors. A fire detector is made up of heat
detector, smoke detector and carbonmonoxide (CO) detector. A brief description of these detectors is

given below.

A Heat detector is a device that detects increase in temperature indicating existence of fire.
Heat dectectors can be classified into two types depending on their operation, "fixed temperature"
and "rate-of-rise". Fixed temperature heat detectors operate on the principle that the heat sensitive
eutectic alloy reaches its eutectic point changing its state from solid to liquid. The most common fixed
temperature for this kind of heat detectors is 58°C. On the other hand Rate-of-Rise heat detectors
operate on the principle of rapid rise in temperature. The typical temperature rise detected in this type
of detectors is 6.7°C to 8.3°C per minute, irrespective of the starting temperature. Once they detect

fire, an alarm is sent to the fire alarm system.

A Smoke detector is a device that detects smoke particles, giving an indication of the origin

of fire. Generally commercial and industrial smoke detectors issue a signal to a fire alarm system where
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as household detectors also known as smoke alarms issue an audible and/or visual alarm from the smoke
detector itself. As smoke spreads in a room, the visibility in the room reduces. This effect is called
obscuration. Higher concentrations of smoke particles result in higher obscuration levels, lowering
visibility in the room. Obscuration is a unit to measure the smoke detector sensitivity. Example: 3-5%

obs/m.

A Carbonmonoxide (CO) detector is used to detect the presence of carbonmonoxide gas in
air. Higher concentrations of CO in air can be dangerous to humans. CO detectors detect the CO levels
in an environment and give an alarm, when they sense dangerous levels of CO in air. The alarm type is
not based on amount of gas level in air (as in smoke detector) but is a concentration-time function. At
lower concentrations of CO (e.g., 100 parts per million) the detector gives an alarm after many tens of

minutes, where as at 400 parts per million the alarm will sound in few minutes.

A building is divided into different areas, based on the seperations made by the fire-proof
doors installed as per the building regulations. The 3 floor building presented in Evacnet Usersguide
[10] shown in Figure 4.2 is divided into 3 different areas. Each area in this regard is a floor of the
building. The number of areas in which the building is sub-divided into depends on how large the
building is and the number of seperations made by the fire-proof doors in the building. The situation
in the building is monitored using the motion detectors, heat and smoke detectors. Once an alarm is
received from the detector located in a particular area, the entire area is alarmed and is regarded as
a dangerous area and the remaining areas which are not vulnerable are declared as safe areas. The
situation for the next few minutes, fire and smoke spreads is obtained from the simulation information
of FDS. Other areas in the building can be further declared as dangerous areas or not, by monitoring
the simulation information and the actual sensor information. Even the nodes and arcs can be declared
as usable/not usable depending on the simulation information. This helps in changing the evacuation

paths dynamically in real-time.

Consider a case where fire has originated in the 3rd floor of the building shown in Figure 4.2.
The information about the smoke spread is detected by the smoke detector and an alarm is sent to the

3rd floor. Thus the entire 3rd floor is considered as dangerous area and is alarmed.
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A smoke detector in room 301 is observed for different fires, specified by different heat
release rates (Refer Figure 4.11). It is observed that the more the heat release rate, the higher the
obscuration levels in the room and more vulnerable is the situation in the room. The different smoke
detectors in the building are continuously monitored for the changes in obscuration levels and after a
certain level of obscuration (e.g. 3-5%m) a room or corridor is declared to be dangerous for occupants
to move through them. Depending on the information of other smoke detectors in the floor, some nodes
and/or arcs are declared to be vulnerable depending on the obscuration levels measured by the smoke
detectors in that nodes. Figure 4.11 shows the different obscuration levels of a smoke detector, obtained

from simulating fire with different heat release rates.
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Figure 4.11: Smoke detector sensitivity graph showing obscuration level at different heat release rates

A heat detector in room 301 is observed for different heat release rates per square meter

(Refer Figure 4.12). It is observed that the more the heat release rate, the higher the temperature
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increase in the room and more vulnerable is the room. The different heat detectors in the floor are
continuously monitored for the changes in temperature levels and after a certain temperature level
(e.g. 58°C) aroom or corridor is declared to be dangerous for occupants to move. Depending on the
information from other heat detectors in the floor, some nodes and/or arcs are delcared to be vulnerable
depending on the temperature levels measured by the heat detectors in that nodes. Figure 4.12 shows

the heat detector sensitivity for different heat release rates per square meter.
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Figure 4.12: Heat detector sensitivity graph showing temperature level at different heat release rates

4.6 Integration of simulation information with an example

The simulation information obtained from FDS, is given as an input to PDER. A situation
in the building with the origin of fire at certain place is simulated in FDS. The corresponding fire and

smoke spreads in the building for that simulation is noted down. Many such simulations with the origin
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of fire at different places are simulated and the information is stored offline. At an outbreak of fire, the
simulation information that matches closely to the current situation is selected and used. PDER uses
this information in changing the evacuation paths dynamically during real-time. For example, consider
the origin of fire is in the 3rd floor of the building shown in Figure 4.2. An alarm is given to the 3rd
floor. It has 3 rooms N1, N6 and N7. Exits are N21 and N22. Figure 4.13 shows an illustration of the

network.

Table 4.3 shows the simulation information obtained from FDS. This information is obtained
in the following way. Heat detectors and smoke detectors are used in the FDS building model. By
observing the heat detectors and smoke detectors sensitivities, we can extract the times at which the

sensors would give alarm and declare certain area to be dangerous.

Node | Usable until next(sec) | Usable until next(Timeperiods)
N3 400 80
N4 250 50
N8 300 60
N1 350 70
N6 350 70
N7 350 70
N2 400 80
N5 400 80

Table 4.3: Simulation information obtained from FDS

For example, by observing the obscuration levels of smoke detectors in different rooms,
corridors etc., it can be estimated at what point of time a room/node is not usable or is dangerous for
the occupants to stay. Table 4.3 shows which node can be used until what time. For example node
N4 can be used by the occupants to reach the exits for the next 250 seconds. After that it is not safe

to go through node N4. The time obtained from FDS simulation is in seconds. It is then converted to
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timeperiods. "A time period is the duration of time chosen by the user to represent a time unit. All the
time data inputted to the model must be in integer multiples of duration selected." [10]. For example, if
the user chooses a time period equal to 5 seconds, and it takes 30 seconds to walk down the hallway, it
means that it would take 6 time periods to walk down the hallway. Figure 4.13 shows how different
nodes in the network are affected, at different points of time periods. The nodes indicated with red

color are in danger. The origin of fire is in node N3.
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Figure 4.13: Illustration of dynamic evacuation paths
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At time t=0, the evacuation paths generated are shown in Table 4.4

Path number Evacuation path
1 N1-N3-N2-N5-N10-N13-N17-N21-—>Safe area
2 N1-N3-N4-N8-N12-N15-N19-N22—>Safe area
3 N6-N3-N2-N5-N10-N13-N17-N21-—>Safe area
4 N6-N3-N4-N8-N12-N15-N19-N22—>Safe area
5 N7-N3-N2-N5-N10-N13-N17-N21—->Safe area
6 N7-N3-N4-N8-N12-N15-N19-N22—>Safe area

Table 4.4: Evacuation paths generated at t=0

In between t=0 and t=250 seconds there are 6 evacuation paths available. Depending on the
current sensor information and the simulation information the evacuation paths can be changed in real
time. At time t=50, the evacuation paths generated are shown in Table 4.5. The paths 2, 4 and 6 which
are marked red, are not safe paths for the occupants to use. Similarly after 400 seconds the entire 3rd
floor would be filled with smoke and there would be no evacuation path available. If some occupants

still remain in the 3rd floor, then they need external help to come out of the 3rd floor.

Path number Evacuation path
1 N1-N3-N2-N5-N10-N13-N17-N21—>Safe area
2 N1-N3-N4-N8-N12-N15-N19-N22—>Safe area
3 N6-N3-N2-N5-N10-N13-N17-N21—->Safe area
4 N6-N3-N4-N8-N12-N15-N19-N22—>Safe area
5 N7-N3-N2-N5-N10-N13-N17-N21->Safe area
6 N7-N3-N4-N8-N12-N15-N19-N22—>Safe area

Table 4.5: Evacuation paths generated at t=50
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After the evacuation of 3rd floor, PDER evacuates either 2nd floor or 1st floor depending
on the priority decision based on the latest sensor information and FDS simulation information. In
the present example, the 2nd floor is the next area which is nearest to the origin of fire, where smoke
spread can be witnessed by the occupants. Hence, 2nd floor is given priority after the evacuation of
occupants in the 3rd floor. Occupants in the 1st floor are evacuated after the evacuation of 2nd floor is

completed.

The node-edge relational models of 2nd floor and 1st floor are shown in Figures 4.5 and 4.4
respectively, which are used for generating the evacuation paths. The generated evacuation paths for the
2nd floor and 1st floor are as shown in the Table 4.6. Evacuation paths 1 to 4 belong to the occupants of

2nd floor, whereas the paths 5 and 6 belong to the occupants of 1st floor.

Path number Evacuation path
1 N9-N11-N10-N13-N17-N21—->Safe area
2 NO-N11-N12-N15-N19-N22—>Safe area
3 N14-N11-N10-N13-N17-N21->Safe area
4 N14-N11-N12-N15-N19-N22—>Safe area
5 N18-N17-N21—>Safe area
6 N18-N19-N22—>Safe area

Table 4.6: Evacuation paths for 2nd floor and 1st floor

PDER evacuates the occupants in the dangerous areas first, thus making the evacuation
planning safer. But, there is a disadvantage when we consider the total evacuation time. PDER
evacuates the occupants of the different areas in the building by assigning priorities to them, thus
making the evacuation planning a sequential process, which has impact on the total evacuation time.
Evacuation time is relatively more compared to other evacuation algorithms, which is a drawback of
PDER. Two methods were developed to reduce the total evacuation time in PDER, which are discussed

in the following section.
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4.7 Methods to reduce evacuation time

The PDER algorithm uses a sequential evacuation process which results in longer evacuation

times. The following two methods are proposed to reduce the evacuation times.

4.7.1 Estimation of flow in shared nodes

Shared nodes are the ones which are used by different areas during the evacuation process.
Estimation of flow in the shared nodes would help in better planning of the evacuation, by reducing the
evacuation time. Evacuation time can be reduced by estimating the flow in shared nodes. The following

are the steps that are followed in this method to reduce the evacuation time.

1.Flow estimation in shared nodes from vicinity nodes.

2.Parallel calculation of evacuation paths of individual floors by taking into account the results

from estimating the flow of shared nodes.

3.Sequential evacuation.

Consider the graph shown in Figure 4.14. In this example, N10 is the shared node, since it is
used by both 2nd floor and 3rd floor. Nodes N5 and N11 are the vicinity nodes to the shared node N10.

In this method, the usage of a shared node is ensured to be used to its maximum capacity.

The maximum flow capacity through N10 is 4 and it has a maximum capacity of 25. The
maximum flow capacities from N5 and N11 are 4 and 3 respectively. If the maximum flow through
N10 is less than 4 from N5, then some number of occupants can be sent through N11 until the flow
reaches its maximum capacity. For example, if 4 occupants from N5 travel through N10, no occupants
can be sent from N11 since the flow through N10 reached its maximum capacity. Sending occupants
from N11 would interfere the occupants coming from N5. If 2 occupants travel through N5, then 2
occupants can be sent from N11 so that the flow capacity reaches its maximum, in this case 4 and there

would still be no interference among the occupants.
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Figure 4.14: Shared node N10

Consider a situation where the 3rd floor of the building shown in Figure 4.2 is in emergency
(having high priority) and needs to be evacuated. Refer the node-edge relational model shown in Figure
4.3. It takes minimum of 12 time periods for the occupants of 3rd floor to reach N10 which is the shared
node that can be used by both 2nd and 3rd floors. This time can be utilized for evacuating the occupants
in 2nd Floor. That means 3 * 12 people can be sent from 2nd floor through the shared node N10 since
the maximum capacity at N10 is zero until 12 timeperiods. Table 4.7 shows the estimations of the
flow through shared nodes. Since the capacity of N10 is reserved for 3rd floor after 12 timeperiods
and the node reaches maximum capacity, it cannot be used by the 2nd floor. Depending on the number
of occupants that are present in the 3rd floor, after certain timeperiods. Once node N10 capacity falls
below the maximum capacity, the occupants from the 2nd floor are evacuated through N10. This helps

in reducing the evacuation time by certain timeperiods.

For example, if there are 200 occupants each floor. Assuming sequential evacuation, by using
CCRP algorithm it takes 61 time periods to evacuate 3rd floor, 53 time periods to evacuate 2nd floor
and 26 timeperiods to evacuate 1st floor. N10, N12, N17and N19 are the shared nodes. By estimating

the flow in the shared nodes N10 and N12 this time can be reduced as shown in the Table 4.7.
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Time periods Flow from N5 to N10 Flow from N11 to N10
0<r<11 0 3 per time period

12 <r <51 3 per time period 0

52 <t <80 0 3 per time period

Table 4.7: Estimation of flow in node N10

Figure 4.15 shows the different shared nodes present in Figure 4.3. Node N12 is used by 2nd

floor and 3rd floor. Nodes N17, N19 are used by all the floors.
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Figure 4.15: All Shared nodes

If we estimate the flow in all the shared nodes, the number of timeperiods required to

evacuate the occupants would be reduced from 140 to 103 timeperiods. The evacuation time is reduced

substantially. However, using this method in real-time could cause panic among the occupants, since

ongoing evacuation from 2nd floor has to be stopped for 39 timeperiods till all the occupants from the

3rd floor are evacuated and then the evacuation of 2nd floor is resumed. This would be difficult to put

in practice.
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4.7.2 Using CCRP algorithm for the safe areas

Once the dangerous areas have been evacuated with their assigned priorities, all the
remaining areas which are not vulnerable to any danger can be modeled into a single network and
CCRP algorithm can be applied to the obtained network to evacuate the occupants. By using this
method the evacuation time can be reduced considerably in comparison to sequential evacuation
of all the areas. This method also results in sub-optimal solutions of evacuation time. This
method is relatively better when compared to shared nodes estimation described in Section 4.7.1 and

is practically possible during the evacuation process, since the evacuation is not stopped once it is started.

4.8 Pseudocode of PDER algorithm

The 2D or 3D building model is converted to a network of nodes and edges based on

node-edge relational model. The detailed pseudocode of PDER algorithm is as follows.

Input:

1. G(N,E): a graph G with a set of nodes N and a set of edges E;
Each node n € N has two properties:
Maximum_Node_Capacity(n) : non-negative integer
Initial_Node_Occupancy(n) : non-negative integer
Each edge ¢ € E has two properties:
Maximum_Edge_Capacity(e) : non-negative integer

Travel_time(e) : non-negative integer

58
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2. S: set of source nodes, S C N; (Rooms containing people)
3. D: set of destination nodes, D C N; (Exits)

4. Sensor information: Current sensor information of heat detectors, smoke detectors, motion

SENsors;

5. Simulation information: Simulations of different origins of fire, along with their corresponding

fire and smoke spreads;
6. People count model: Gaussian mixture model of people movement in building;
Output: Dynamic evacuation routes with schedules of evacuees on each route

Pre-process network: The graph G(N, E) obtained is divided into "k’ small graphs < Gy, G, ..., Gy >
such that each divided graph G; has path(s) to exit(s).

Method:

for all the 'k’ graphs < G1,G», ..., Gi > do
Initial number of occupants = Get_Number_Of_Occupants(Movement model);
Get_Evacuation_Path (G;) //The evacuation paths are generated in parallel for all the graphs;
end for
Priority Areas = Get_Priorities(Sensor information);
while G; has high priority do
Start evacuating occupants in Gj;

Once all the occupants from the dangerous area G; are evacuated, the different areas in the

building are modeled into a single network and evacuated as per CCRP algorithm;

Initial number of occupants = Get_Number_Of_Occupants(Movement model);
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Affected nodes and edges due to fire and smoke spread = Get_Affected_Nodes_And_Edges

(Simulation information);
Generate dynamic evacuation paths = Get_Evacuation_path(G;);
Blocked occupants = Get_Evacuation_path(G;)

end while

Postprocess results and output evacuation plan;

Function: Ger_Evacuation_Path(G;)

while any source node s € S has evacuee do

find the route R < ng, ny,... ,n; > with earliest destination arrival time among routes between

all s,d pairs, where s € S, d € D, np = s and ny, = d;

Sflow = min(number of evacuee still at source node s,
Available_Edge_Capacity(all edges on route R),
Available_Node_Capacity(all nodes from n; to n; on R),
);

fori=0—k—1do
t =1+ Travel_time (eyp,, ,,1);
Available_Edge_Capacity (eny,, ,t) reduced by flow;
Available_Node_Capacity (niy1,t) reduced by flow;
t=t;

end for

end while
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Visual analytics is the science that supports analytical reasoning with the aid of highly
interactive visual interfaces, building synergies between humans and computers. According to
Thomas J.J et al. “Visual analytics strives to facilitate the analytical reasoning process by creating
software that maximizes human capacity to perceive, understand, and reason about complex and

dynamic data and situations.” [21]

5.1 Introduction to visual analytics

In everyday life as well as business, people are faced with large amounts of information
and complex data which needs to be analyzed and interpreted. The combination of visual,
computational and interactive techniques help people to analyze large amounts of complex data
effectively. The basic idea of visual analytics is the integration of the high processing power of
computers and the outstanding capabilities of human perceptual system to spot visual patterns, to

form a powerful knowledge discovery environment.

Visual analytics is very helpful in time-critical applications, where decision making is a
challenge. It is a multi-disciplinary field which ranges from cognitive psychology to data mining
and is used in all areas from science and engineering to business and government. Its scope is
shown in Figure 5.1. The main goals of visual analytics is to enable knowledge discovery and to
make complex information structures more understandable. The visual as well as the analytical

methods are combined together to support the process of knowledge discovery.
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Figure 5.1: Visual analytics as a highly interdisciplinary field of research (taken from Keim [22])

In an emergency evacuation, continuous monitoring of the situation in the building is of
a critical importance. There is a need for an effective visualization of the situation in the building,
through which the safety personnel could observe the progress of evacuation in the building,
avoiding problems and ensuring a smooth evacuation. The node-edge relational model shown in
Figure 4.3 gives the information of the number of nodes and edges present in the Network. It also
provides the information of the number of occupants in the source nodes and the capacities of
nodes and edges. However, through the analysis of node-edge relational model shown in Figure

4.3, it is difficult to obtain the progress of evacuation.

For large buildings, the node-edge relational model would be larger and it is even more
difficult to analyze the evacuation problem from the huge numerical data available. It is difficult
for the safety personnel to find bottle-necks and problems in the evacuation planning and to take
decisions based on mere numerical data without the support of visual interfaces, since the large
numerical data that is available cannot be analyzed effectively. A human planner needs visual

support in such time-critical conditions in order to plan better and make better decisions.
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5.2 Visualization of situation

To support evacuation planning under time critical situations, the node-edge relational
model shown in Figure 4.3 is visualized to see the movement of people inside various nodes, the
maximum capacites of nodes and edges. It is shown in Figure 5.2. The nodes are represented
as graphs. The horizontal axis shows the number of time periods and vertical axis shows the
number of occupants. Each graph contain information of the initial number of occupants and the
maximum capacity of the node. The movement of the occupants in the node with respect to time,
occupants coming in and going out is found in the graph. Color coding and varying thicknesses
are used to represent time-varying data, in a similar way to the method described in paper by

Burch [23].

Different colors diverging from red to green are used to represent the different travel
times. Red indicates that it takes longer time to travel through the arc and the green indicates that
the occupants can travel through the arc quicker. The thickness of the arc indicates the maximum
flow capacities through the arcs. The thickest arc indicates high flow capacity, whereas the

thinnest arc indicates low flow capacity.

The movement of the people with respect to time through different nodes during
evacuation is visualized in Figure 5.2. For example, the information about the number of
occupants present in the source nodes at a particular time period can be known. The flow of

occupants through the nodes during the evacuation can be observed over certain time periods.

It helps in the identification of bottle-necks, for example the critical nodes whose
capacities reach to maximum level during the evacuation can be observed. The problems in the
evacuation planning, in case, if the occupants are blocked in a particular node, can be identified.
The source nodes in which the evacuation is delayed, the nodes in which the occupant capacities

reached its maximum and the nodes which are not used by the occupants can be observed.
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Figure 5.2: Visualization of the node-edge relational model shown in Figure 4.3



5.2 Visualization of situation

In the Figure 5.2, the nodes that have constant and continous movement of people
can be interpreted as smooth evacuation of occupants, for example the nodes N1 and N9 have
a continous movement of people over certain time periods. The nodes that are empty in the
beginning, how the nodes are filled with people and how they become empty during the evacuation
can be observed. For example, nodes N2, N4, N5 and N8 were empty in the beginning and
are filled with occupants during the evacuation and becomes empty again as the evacuation

progresses.

It can be interpreted that the nodes which become empty very quickly are the nodes that
are in the dangerous areas, i.e., the nodes that are most affected by the disaster. In this example,
the origin of fire is in 3rd floor, hence N1 is evacuated quickly compared to other nodes. The
reason for this is the occupants in the dangerous areas are evacuated at a higher priority compared
to the occupants in safe areas. Node N18 became empty in the first few timeperiods since the
occupants are very close to the exits. The nodes where there is no change in the movement of the
people for a certain period of time, although they contain occupants can be interpreted as the
nodes in safe areas. For example the evacuation in node N14 starts only after 40 time periods
since it is in safe area. Evacuation in the safe nodes starts after the occupants from the dangerous
nodes are evacuated. The nodes where the occupants accumulate with out further movement
indicates the blockage in the evacuation paths. In such case, decisions can be taken to guide the

occupants in the paths where there is no blockage.

The behavior of the nodes near the exits, if they have a continous flow of occupants to
the exits can be seen. For example N17 and N19 are the nodes that are close to the exits and it can
be observed that for the first few time periods the flow of occupants was high and later on it is
relatively less and continuous, which shows that there is no blockage at the exits. If the occupants
are getting accumulated near the exits, it indicates that the exits are getting blocked and decisions

can be made to guide the occupants to other exits which are not blocked.
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5 Visual analytics for evacuation path planning

5.3 Visual analytics method for evacuation problem

In time critical situations, software tools which can support the safety personnel and
which can suggest solutions to problems are of great benefit. Visualization combined with the
computational techniques plays a great role in analyzing large amounts of data efficiently. A visual
analytics approach shown in Figure 5.3 is proposed. It enables the verification of the evacuation

schedules and can assist a human expert in analyzing the evacuation problem efficiently.

Visualization

Automatic processing

Change number of
people, fire conditions,
building design etc.

Figure 5.3: Visual analytics approach to solve evacuation problem

The numerical data that is processed by the algorithm is visualized as shown in Figure
5.3. The user views the output of the data from PDER algorithm and can see the movement of the
people, bottle-necks and problems in the evacuation for a particular dataset that is provided to
PDER. The user can change some parameters involved in the process and view the effect of them
on evacuation. For example, the user can change the number of occupants present in the rooms or
change the heat release rates of fire or change the building design etc. and analyse their effect on

the evacuation.
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5.3 Visual analytics method for evacuation problem

The bottle-necks in evacuation planning can be analyzed, for example if the number of
occupants are increased, the blockage in the evacuation paths due to interference of the occupants
can be analyzed. Depending on the analysis, the building design can be changed, for example, the
width of the exits and the evacuation paths could be made wider. The parameters involved in the
evacuation process can be changed and their effect on the total evacuation time can be analyzed.
This could help in the addition of exits in the building or changing the position of exits so that the

total evacuation time would remain minimal.

In Figure 5.2 each node is represented by a graph containing data from a single simula-
tion. It can be replaced to contain data from different simulations, for example, the simulations
can differ in data depending on the different heat release rates per square meter used to simulate
fire outbreak. The movement of the occupants for the different simulations can be analyzed
simultaneously. Such analysis helps the safety personnel to manage the disaster in effective
way. The initial number of occupants can be varied from minimum to maximum capacities

of the building and the effect of the number of occupants on the evacuation process can be analyzed.

Analyzing the evacuation problem with the proposed approach shown in Figure 5.3,
has certainly advantages over the automatic generation of evacuation paths, since the emergency
situation is visualized and a human expert is involved in analyzing and interpreting the various
scenarios of evacuation in the building. This analysis helps in the improvement of evacuation

algorithms, thus assisting to solve the evacuation problem in a better way.
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6 Evaluation of PDER and comparision with

other algorithms

The test dataset used in the thesis is the 3 floor building presented in Evacnet Usersguide
[10]. The 2D building model and the corresponding node-edge models and are shown in Section
4.2. CCRP and PDER algorithms were implemented in MATLAB on a workstation with Intel
Pentium 4, 3.4GHz CPU, 1GB RAM and Microsoft Windows XP Professional operating system.
The computational times would be relatively smaller or higher depending on the programming

language in which the algorithms are implemented.

6.1 Computational and evacuation times of CCRP algorithm

The CCRP algorithm described in Section 3.2.1 is implemented and tested in MATLAB
for different number of occupants in the building. The results produced in the thesis were verified
with the results produced in CCRP paper by Shekar et al. [6] and are found matching. The
experiment is done with five test groups. Each group had a fixed network size of 20 nodes and the

number of occupants were varied from 100 to 800.

Figure 6.1 shows the computational times of CCRP. It can be observed that the computa-
tional time of the algorithm increases linearly as the number of occupants increases. In the current
dataset there are 6 source nodes (rooms with occupants). If the number of source nodes increases,

it means that the occupants are distributed over the building largely, in this case the computational
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time may increase since the number of generated paths would be more. The computational time

also depends on the size and complexity of the network.

Computational timesof CCRP

20
18

18 —
12 —

10 -

] P

re
b

Computational ime (sec)

(=T o I ]

100 200 400 600 800

Numberof occupants

Figure 6.1: Computational times of CCRP

Evacuation times of CCRP are shown in Figure 6.2. Evacuation time depends on the
distribution of the occupants inside a building. If the occupants are located far away from the exits,

the total evacuation time is increased. Table A.3 gives the computational and evacuation times of

the CCRP algorithm.
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Figure 6.2: Evacuation times of CCRP
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6.2 Computational and evacuation times of PDER algorithm

6.2 Computational and evacuation times of PDER algorithm

The PDER algorithm that is described in Section 4.8 is implemented in MATLAB. The
evacuation experiment is conducted on the dataset described in Section 4.2 for different number of
occupants varying from 100 to 800 in the building. The computational times are shown in Figure

6.3. The evacuation times are shown in Figure 6.4.
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Figure 6.3: Computational times of PDER
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Figure 6.4: Evacuation times of PDER
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PDER computes the evacuation paths parallely for the different areas in the building.
The computational time increases linearly as the number of occupants increases. PDER uses a
sequential evacuation process. The occupants that are present in the dangerous areas are evacuated
first and then the occupants that are present in the safe areas. The computational and evacuation
times slightly differs, depending on the method used in reducing the evacuation times which are
described in Sections 4.7.1 and 4.7.2. Employing the method in Section 4.7.2, i.e., using CCRP
for the safe areas results in slightly lesser computational and evacuation times than the method
used by estimating the shared nodes. Table A.4 gives the computational and evacuation times of

PDER algorithm.

6.3 Comparison of computational times between CCRP and PDER

The CCRP and PDER algorithms were implemented for the dataset described in
Section 4.2. The number of occupants in the building were varied ranging from 100 to 800.
Figure 6.5 shows the comparision between the computational times for CCRP and PDER. It
can be observed that the computational cost of PDER is lesser when compared to CCRP. The
reason for this is that PDER models the complete network into several sub-networks (number

of nodes and edges are reduced for each sub-network) and generates the evacuation paths parallelly.

For example the node-edge relational model shown in Figure 4.3 is the complete network
of the building shown in Figure 4.2. PDER divides this building into 3 different areas and models
the building into 3 networks shown in Figures 4.4, 4.5 and 4.6 and computes the evacuation paths
parallelly. On the other hand CCRP models the building into a complete network, hence it has a
high computational cost. When the size and complexity of the network increases, the difference
between the computational times of CCRP and PDER would increase since PDER computes the
paths for a small part of the entire network, which has few nodes and arcs. Table A.1 shows the

comparision of the computational times between CCRP and PDER.



6.4 Comparison of evacuation times between CCRP and PDER

Computational times comparison between CCRP and PDER
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Figure 6.5: Comparison of computational times between CCRP and PDER

6.4 Comparison of evacuation times between CCRP and PDER

Evacuation problem for the building shown in Figure 4.2 is solved using CCRP and
PDER algorithms. The number of occupants in the building was varied ranging from 100 to 800.
Figure 6.6 shows a comparison between evacuation times of CCRP and PDER. It can be noticed
that evacuation times of PDER are relatively longer compared to CCRP. This is because of the

sequential evacuation methodology used.

At the outbreak of fire/explosion, priorities are assigned to the different areas in the
building and these areas are evacuated sequentially depending on the priorities alloted. First,
the occupants present in the dangerous areas are evacuated, then the occupants in the safe areas.
PDER algorithm was implemented using the two methods described in 4.7.1 and 4.7.2. Employing
the method described in 4.7.2, i.e., using CCRP for the safe areas results in slightly lesser
computational and evacuation times than the method used by estimating the shared nodes (Section

4.7.1).
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Evacuation times comparison between CCRP and PDER
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Figure 6.6: Comparison of evacuation times between CCRP and PDER

Even though the total evacuation time is longer than CCRP, the advantage of using

PDER is that it regards the safety of the occupants present in the dangerous areas and evacuates

them first.
Evacuation times comparison for dangerous areas
120
=
B 100 4
=
-
5 /
g o
=
= / o ——CCRP
g 60 —=
2 / - —=—FDER
E = —
0 T T T T
100 200 400 600 800
Humberof cccupants

Figure 6.7: Comparison of evacuation times of dangerous areas between CCRP and PDER
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6.5 Comparison between EVACNET and PDER

A simulation was run assuming fire outbreak in the 3rd floor of the building in Figure
4.2. CCRP and PDER algorithms were started to evacuate the occupants for the given situation.
The times when the occupants of the 3rd floor reached the exits were noted down in both cases.
Figure 6.7 shows a comparision of evacuation times of occupants present in dangerous areas. It
can be observed here that PDER evacuates the occupants in the dangerous areas earlier compared
to CCRP. This is because, PDER assigns high priority to dangerous areas in the building during

evacuation.

6.5 Comparison between EVACNET and PDER

EVACNET [24] is a computer program based on the linear programming approach
which produces optimal solutions to evacuation problems. It is useful to evacuate moderate size
buildings. In Appendix C of the Evacnet Usersguide [10], 212 occupants were evacuated using
EVACNET. It took 34 time periods to evacuate 212 occupants. The same dataset is taken and
PDER is used to evacuate the occupants. It took 39 time periods. The total evacuation time is
approximately 15% more compared to EVACNET. If the number of occupants are increased, the

evacuation times produced by PDER would be about 30% to 40% more than EVACNET.

6.6 Critical review of PDER algorithm

PDER is an attempt to produce dynamic evacuation paths, unlike the conventional
evacuation algorithms which produce static evacuation paths. The actual situation in the building
is monitored by the sensor network and the situation in the near future (next minutes) is predicted
by FDS simulations. PDER gets the latest information of the situation in the building from
sensor networks and FDS simulation and generates dynamic evacuation paths. The initial number
of occupants is obtained from a people count model which is given as input to PDER. PDER
generates the evacuation paths parallelly for the different areas in the building, the different areas

obtained from the seperations made in the building by the fire-proof doors.
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The computational time of PDER is 2 to 3 times faster than the CCRP algorithm. The
computational time of CCRP is less compared to the conventional evacuation algorithms. The
computational times of PDER is much less compared to CCRP, because of the parallel generation
of evacuation paths for different areas in the building. Evacuation planning is based on priorities.
The occupants present in the dangerous areas gets high priority and are evacuated first, thus

generating safer evacuation planning.

The evacuation process in PDER is sequential i.e., the occupants in safe areas are
evacuated only after the occupants in the dangerous areas are evacuated. This results in longer
evacuation times compared to conventional algorithms. The total evacuation time of PDER is 0%
to 25% more compared to CCRP and 30% to 40% more compared to optimal evacuation programs
like EVACNET. PDER produces comparable results to CCRP, i.e., sub-optimal evacuation times
for small and medium sized networks and for large sized networks with minimal number of

occupants.

The difference in total evacuation time between PDER and other algorithms increases
with the size and complexity of the network and with the increase in the number of occupants.
The increase in the total evacuation time in PDER is due to sequential evacuation planning. The
evacuation planning in PDER can be done parallelly if the different areas of the building has
individual exits, in such cases the results produced would be comparable to the optimal evacuation

times.



7 Conclusion and future scope

Lot of efforts have been made in the development of building evacuation algorithms.
Each algorithm has some advantages and limitations over the other. Linear programming
approaches generate optimal evacuation plans by using time-expanded networks and they require
a user-provided upper bound on the evacuation time. They suffer from high computational costs
and are not suited for large evacuation networks. Heuristic approaches generate sub-optimal
evacuation plans, but reduce the computational cost drastically compared to linear programming
approaches. One of the classical example of heuristics approach is Capacity Constrained Route
Planner (CCRP). CCRP models the whole building into a single network and does not differentiate
unsafe nodes from safe nodes. Conventional evacuation algorithms have certain limitations. The
algorithms allow the occupants to take static evacuation paths, regardless of what has happened or
is happening in the building which may result in leading occupants to dead ends, blocked exits etc.
Not always the whole building is in danger, some areas are dangerous compared to other areas and

it is important to evacuate occupants in those dangerous areas.

A Priority based Distributed Evacuation Routing (PDER) algorithm has been proposed
which generates dynamic evacuation paths. PDER models the building into different areas, the
different areas are obtained by the seperations made by the fire-proof doors installed as per the
building regulations. Information on the actual situation in the building is obtained from the
sensor network (heat detectors, smoke detectors, motion detectors etc.) installed in the building.
The information of origin of fire is obtained from the sensor network. The situation in the building
for the next minutes, the fire and smoke spread is simulated using Fire Dynamic Simulator (FDS).

A simple people count model is integrated into PDER from which the number of occupants at the
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time of evacuation can be estimated.

Priority allocation for the different areas depends on the current sensor information and
FDS simulation information. The evacuation paths are generated parallelly for the different areas.
Evacuation is based on priorities and is a sequential process. The occupants that are present in the
dangerous area get high priority and are evacuated first. After that the occupants present in the
safe areas are evacuated. The computational time of PDER is much less compared to conventional
algorithms due to parallel computation of evacuation paths. The total evacuation time is more
since the evacuation process is sequential, but the evacuation planning is safer since the oc-

cupants present in the dangerous areas are given priority and evacuated at the earliest possible time.

The evacuation paths generated by PDER for the different areas in the building were
visualized. The node capacities and the flow capacities through the nodes were visualized. The
visualization of nodes and edges in the building and the processed data obtained from PDER helps
the user to analzye the evacuation problem effectively. The visualization of evacuation paths
and the movement of the people inside the building support the safety personnel to take better

decisions at the event of evacuation.

Future work includes further optimization of evacuation time in PDER. Specialized
evacuation algorithms need to be developed to evacuate patients in hospitals, children in kinder-
garten, handicapped and blind people. This can be done by using different movement models by
increasing the time of a single time period. For example, making one time period equal to 30
seconds. Methods need to be developed to evacuate blocked occupants due to obstructions on
paths. New evacuation algorithms need to be developed for high rise buildings. Blocked stairs
would make it inefficient in evacuating large number of occupants from high rise buildings. A tool
can be developed to simulate and visualize the progress of evacuation, where the effect of the fire
and smoke spread on the occupants can be observed. Integration of the psychological factors and

their behavior under stressful situations can be integrated into the evacuation algorithms.



A Appendix

No. of occupants | Computational time | Computational time | Computational time
with CCRP using Method 4.7.1 | using Method 4.7.2
100 6.04 2.12 2.04
200 7.19 2.8 2.63
400 10.45 4.31 4
600 14.01 5.83 5.42
800 17.94 7.19 6.79

Table A.1: Comparison of computational times between CCRP and PDER

No. of occupants | Evacuation time | Evacuation time Evacuation time
with CCRP using Method 4.7.1 | using Method 4.7.2
100 29 29 29
200 39 39 39
400 60 71 71
600 82 104 100
800 104 135 128

Table A.2: Comparison of evacuation times between CCRP and PDER
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No. of occupants

Computational time

Evacuation time

Evacuation time

(seconds) (Time periods) | (minutes:seconds)
100 6.04 29 02:25
200 7.19 39 03:15
400 10.45 60 05:00
600 14.01 82 06:50
800 17.94 104 08:40

Table A.3: Computational and evacuation times of CCRP algorithm
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