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Motivating Scenario: European Occurrences from Disasters (Natural and Technological from 1990 - 2020)
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“ Natural

% Count: 92

% Total people affected:
294323

% Total Death: 1249

% Technological
% Count: 68

% Total people affected:
4953

+»» Total Death: 2748

Source: Emergency Events Database
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Outline

% Discussion of State-of-the-Art Pedestrian Emergency Models
% Development of a Network Transformation and Conversion (NTC) model.
% Formulation of Dynamic Cell Transmission Evacuation Planning (DyCTEP) model
% Optimal Route Assignment Algorithm (ORAA).
% Proposal of the Dynamic Earliest Arrival Flow (DEAF)
“ Extension of DyCTEP:
% Extended CTM
% Multiple Cell Sizes

% Priority Multi-Party Capacity Constrained Route Planning (PMP-CCRP)

% Application of models to real-life data



Pedestrian Emergency Evacuation Models: State of the Art

Document type

Article
Proceeding Paper
Review
Meeting Abstract
Editorial Material

TOTAL

252
85
31
15
8

391

28

23

18

13

1982
-2

Intial Growth

1987

1992

1997

Steady Growth

2002

Rapid Growth

2012

2017

2022



Pedestrian Emergency Evacuation Models: State of the Art

Route selection and navigation
decisions
(tactical level)

Local movements Pre-evacuation delay and
(Operational level) activity

(Strategic level)

DESCRIPTIVE

(Observational)

PRESCRIPTIVE
(Interventional)

” ~
N
. . ’
_Architectural design and Mathematical programming and '\ 7 Behavioural modification, training
el s L optimisation of path/departure- ) 1 and instructions !
schedule planning \ /
~ ’
~ - - -




Pedestrian Emergency Evacuation Models: State of the Art

Pedestrian Evacuation Optimisation

Architectural Desisgn and
infastructure adjustments

l. Obstacle optimisation

Il. Exit location Optimisation

lll. Exit configuation Optimisation

IV. Corridor and staircase
conﬁguration

V. Exit sign placement

Mathematical Programming and
Optimisation of paths/schedule
planning

I. Path planning
Il. Departure schedule

lll. Exit Assignment
IV. Tall building strategic
Optimisation

V. Dynamic Network based-
optimsation

Behavioral modification, training
and active instructions

I. Active guidance optimisation

Il. Behaviours at bottlenecks

lll. Mcdification of cooperative tendency

IV. Modification of Imitation tendency

V. Modification of route choice and
navigation strategy

Vi. Influencing locomotion behaviour in
heavy flows

VIl. Modification of Pre-evacuation and
evacuation actions




Network Generation
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Depiction of the various types of cells used in the model
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Transformed network




Depiction of various cells types used in the DyCTEP model

Xij
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Parameters:

T

b Xin < Si; Xjn < Sj; Xjn < Sy Xni < Rij X0y < Ry dXnge < Ry
S

“\ xb + x;n +X5 < R, Xpi + xfzj + Xni < Sn

Ty

v

:;5 < The max ouflow from a cell is constrained by: S; = min{y]-t, Q;}

((:,35 2 < The max inflow to a cell is constrained by: R; = min{Q;,n; — y}}
Becisicn % And x} = min{s;, R}

g es: < Therefore:

“x;; = min{y;, Q;, Q;, (n; — y/)} orx;; = min{y;,c;j, (nj —y})}



Dynamic Cell Transmission Evacuation Planning (DyCTEP) model

Problem: SO-DTA (CTM) :min Y > (1.10a)

teT 1cV\0

yi—y = Y 2l Yl =0, YieV\{SuOhLteT,t>0 (L.10b)

J:71€A JigeA
yf’, — y{f’,_l — Z .'rz(_,l =0, teT,t>0 (1.10c)
7:70€eA
; 41 11 q;, fort—1 o
v, —y, + T, = , Yie S 1.10d
“— % Z j {0, for Vt > 1 (1-10d)
JigeA
Y a2l <Qi VieV\{ShteT (1.10¢)
JieA
Y at <di(ni—yl), VieV\{ShteT  (110f)
1:71€A
Y ali <@, VieV\{0LteT (1.10g)
JuajeA
Y ali—yi<0, VieV\{0hteT (1.10h)
JgeA
0 <zl +a <ej, V(ij)eAteT (1.10i)
W =0, VieV (1.10j)
ry =0, V(i,j)eA (1.10k)



Model with congestion

% To get a more realistic and accuate model, we take into account congestions at the arc capacities, which is
modeled as a concave decreasing function of the cell capacity.

Congestion curve for arc capacity constraints

Linearizing the concavity one can replace constraint (1.10i) with the
following:

Syi Tt =ui v rwiThand xf = o+ x +Hy (%)

Subject to the following non-negative upper bounds

Sul7t<nl, vt <nl —njandw! ' <n; —nl’ (¥
!/
o0 < ¢tij < Cij — Cij;/'Cij ]t_l )
C, i//
S0 < Xitj <c'j; nl']’— :’. v]t 1 ~— (*%%)
144 !
*0 <y <cjj— - _”n;, wi? )

Consistency of the ¢, x and { variables with the x flow variables
requires x = 0 (Y = 0) if ¢ (if x) does not saturate its capacity.
This is ensured, at optimality, by the properties of basic solutions.



Optimal Route Assignment Algorithm (ORAA):

/7

% Since the solution of the dynamic optimization procedure described previously, gives an estimate of the
lower bound on the total egress time.

/7

< Proposal of a path generating procedure is paramount to aid stakeholders plan accordingly.

Algorithm 1: Greedy Heuristic for Evacuation Route Planning

Input: Dynamic network G = (N, Ay), with the set of source and sink nodes, S C V
and 0 C V respectively and DT = book-keeping (using time-series dictionary) of
all the network dynamics obtained after the implementation of the dynamic
optimization model in scctions 4.3.1 and 4.3.2.

Output: Evacuation route plans for all evacuces.

1 Count the number w;; of occurrences of (7, ) in DT.

2 Generate a weighted static graph G = (N, A, w) where w gives the arc frequencies
calculated above.

Sort the arcs in ¢ from the highest to the lowest frequency.

Initialize 7). := (N, F) with E' = () (empty forest)

while (7} is not yet connected) do

- W

[y

Take an arc (2, j) with the largest frequency w;; and check whether it forms or not a
cycle with some arcs in F

7 If not, £ := EU{(i,7)}.

8 Return a spanning tree 7). of maximum weight.
9 Re-run the dynamic optimisation model of Sections 4.3.1 and 4.3.2 on 7.







Complexity Analysis:

/7

% Givenagraph G = (N,A): |N| = nand |A| = m. The time complexity is computed as:

1 Count the number w;; of occurrences of (4, j) in DT.

2 Generate a weighted static graph G = (N, A, w) where w gives the are frequencies
calculated above.

3 Sort the arcs in 7 from the highest to the lowest frequency.

4 Initialize T := (N, E) with E = () (cmpty forest)

=5 while (T, is not yet connected) do

6 Take an arc (4, j) with the largest frequency w;; and check whether it forms or not a

cycle with some arcs in F

7 | Ifnot, E:= FEU{(i,))}

=8 Return a spanning tree T, of maximum weight.
9 Re-run the dynamic optimisation model of Sections 4.3.1 and 4.3.2 on T;..

i

% Time Complexity: O(Tmlogm + mlogn + mlogm + 1 + mlogm)

Max arcs for complete graph: @ = 0(n?)

Min arcs for connected graph: n — 1 = 0(n)
Worse case: O(Tmlogm)
Best case: O(Tmlogn)

K/
000

K/ K/ K/
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Sample Example
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Results Optimal distribution of flow units for source cell connectors

Time-step | Connectors / Arc

| (1,6) (1,10) (2,15) (2,13) (3,19) (3,22) (4,26) (4,29) (5 32) (5,35)
Base Total Total egress time 0 . 0 0 0 0 0 0 0 9 9

Network Network 5 r: 5 5 5 5 ;
clearance A (o
time (T) 5 0 0 0 0 5 0
DyCTEP 35 11422 (3 hr 10 min 22secs) A T
1 5 0 0 H H 0 0 0 0
DyCTEP- 52 14473 (4 hr 1 min 12secs) o O R < R
Congestion 11 0 5 5 ) 0 5 0 0 0
12 ] 5 5 ] H 0 0 0 H
ORAA 54 14605 (4 hr 3 min 13 0 0 0 0 5 0 5 0 5
14 () (0 0 0 0 0 0 0 5
Shortest 72 19859 (5 hr 3 15 5 50 0 0 0 5 0 0
Path 16 0 5 5 0 5 H 0 0 H
17 0 H 0 0 0 0 5 0 0
I8 0 0 0 ] 5 0 D H 5
] (0 4] 0 0 H 0 0 0 5
Optimal staging of flow units ##source cells - DyCTEP 9] 3 :: 0 3 3 3 :; 3 0 o
Time ('I') 0 | 3 4 H " S 9 10 11 12 13 14 15 16 17 18 19 20
1| 100 88 76 64 57 /”/ 38 26 20 15 15 10 ) D H () () 0 () () ()
21 100 90 80 70 60 5H5H 5HO 5HO 45 40 35 30 25 25 20 10 D D D (0
Node 1 100 90 80 60 60 55 5HO 40 30 25 25 20 15 15 15 10 10 D () (0
41 100 90 ™ 70 60 55 5H0 5HO 40 30 25 25 20 20 15 10 D 0 (0 ()
D100 9 80 70 70 65 60 5H5 HDH HOH HO HO 45 40 3H 35 30 30 20 15 D




Optimal stagging at origin for DyCTEM vs DyCTEM-Congestion
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Comparison of the model performance
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Optimal Routes generated by ORAA

Optimal destinations:

03 >
L ~ e 2 “+ The optimal distribution of flows at the
3\ 31 48 o5 . .
VAN ANA [\ 7 A destinations are as follows:
8 v A 4 S 50 p~ A\ 89 T,
- 3 ° ‘\ . . .
7 A - =" "+ Destination 15 (cell 100) received 135 flow-
26 ' 90 \ .
: | TS o : units (25% of the total demand).
27
! 28 /34 % - S =
. > A X + % Destination 16 (cell 104) received 285 flow-
% Y A B ’ s units (57% of the total demand).

12 20 36 69 X 82 101 '0"

19 37 68 n L0t L] [ ] L]
- < ~ T % Destination 17 (cell 105) received 80 flow-
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Optimal route assignment by Heuristic Algorithm



Alternative Formulations

*» The DyCTEP discussed has a major weakness.

* The use of cells with fixed single size may lead to a too large number of cells, unnecessary to meet the
required level of network and operation accuracy.

* So many cells imply an excessive number of constraints and variables in the optimization model, which
may turn out to be unpractical for real use.

*» Three different approaches are proposed to cope with this inconvenience.

% Dynamic Earliest Arrival Flow (DEAF)

* Extended CTM

% Multiple Cell-Sizes



Dynamic Earliest Arrival Flow (DEAF)
< Given a network G = (N, A), let G; = (N, A7) be the TEG over horizon T, where N; := {i*| i € N;t € T} and

Ar = Ay U Ay suchthat 4y, = {(i%,j)|(i,j)) EAt' =t + A, t € T} and AH = {@ i D]ieV;t=01,.. T —1}

i&&@

{3, 5} {initial contents, node capacity}

(travel time, arc capacity)

{0, INF}
(1,2

“ Proposition: If n := |[N| and m := |A| then n(T + 1) and (n + m)T + m — X(; jea Aij are the upper bounds for the

number of nodes and arcs in G without the super-source and super-sink nodes, respectively



Parameters and formulation:

% Additional Parameters:
* Ajj = Aji : The travel time, i.e the time needed to travel from node i to node j.
% qg;: The initial occupancy of cell i
< zI*1: Flows from node i at time t to the same node with travel time };; = 1

7
Problem (EAF): min Zz;sz”

t=1:€D
2 2t j{: Jﬁ?Aﬁ*¥ j{: ot =0, VieV\{Su0}t=01,---,T
jiji€A JujEA
2t == Y aly=0, Vt=0,---,T
j:0ED
.
L
IS
t=0ieD j€ES
Z ;1_.'3-1- 't *1’ <mng;, VieV\{0hteT
J:jieA
0 <xzf; <y, VY(ij) € At={0,1,---,T — \jj}
.'1:& =qi, YVielS

=0, VieV

z

22—=0, VieDVteT

“1



Multiple cell sizes approach

% To represent a given network with the CTM, it is necessary to choose a cell size that adequately matches the
length of the network arcs.

% As one easily understand, this leads to a trade-off between the cell number (which greatly affects the
number of side constraints and variables) and the accuracy of the network representation.

20m

20m

% The DyCTEP is then extended using of multiple cell sizes, with larger cell sizes being integer multiples of a
reference unit size (this is necessary to comply with the discrete nature of the DyCTEP approach).



Extended CTM: Approach 1

% The basic idea of this approach is to divide a cell into subcells, where the number of subcells corresponds to the

cell size of the cell (1, ...,n).

periods.

* A pedestrian needs at least one period to pass a subcell so that n subcells lead to a minimum travel time of n

% The DyCTEP with multiple cell sizes using this approach can be formulated by replacing Eqns 1.10b by 3.2a, and

1.10d by 3.2b and adding 4 more constraints (3.2c - 3.2f)

o, t t—1 —
°oY =y, —ZHLEA i +2]U€A =0;Vie(C,teT,t>0 (3.2a)
o t qll t = 1
IS/ yl + Z] l]EAx + ZkEK xl(k k+1) — {O V> 1’ VI E S (3- Zb)
o, t t—1 —
A R _ZJJLEA ]l +Z] l]EAxl] k 1xl(kk+1)+ k 1xl(kk+1) =0neKn=22i€ly t= {2 T} (3.2C)
t t—1 — . fF —
0:0 l(k+1 k+2) = l(kk+1)’n E KTl 2 3,k —_— 1,2,...,71— 2,l E Cn,t — {2,..., } (3 Zd) Problem: SO-DTA (CTM) : min Zz, (1.10a)
0 — - . . . D vyt = Y Z 0, Vie V\{SUO}teT,t>0 (1.10b)
%* Z]I,JEA xl] —_— xl(k_l,k), k E K- k 2 2, l e Cn, t — {2, ) T} (3. 26) J';“’_'l — Z E——— o
t . 2064 —
‘:’ Xl(k'k_l_l) 2 O; k e K ; l e V, t E T (3. Zf) Y=yt '+Nzﬂ;\,,~’u‘ {;’]‘ i_::vl le vieS (1.10d)
S ali<Qi VieV\{ShteT (1.10¢)
Z zh <8i(ni—yf), VieV\{ShteT (1.10f)
”Z xh < Qi VieV\{0hteT (1.10g)
Zl,:,f Yyl <0, VieV\{0hteT (1.10h)
lt:;‘l»iv:-f, +1 V(ij) e A,teT (1.101)
' 0, VieV (1.10)

0, V(ij)eA

(1.10k)




Multiple Cell Sizes - Approach 2

&

D)

L)

>  The concept of the second approach to capture multiple cell sizes is to limit traffic outflow with respect to
traffic inflow of a cell so that a minimum travel time of n periods for a cell of size n can be ensured.

&

)

L)

> Because of constraint 7.70b this assumption automatically holds for cells with size 1.

% For cells of size k > 2, we introduce constraint 3.3a to ensure a minimum travel time of k; periods for a cell i
of size k;.

&

D)

L)

> The DyCTEP with multiple cell sizes using the 2nd approach can be formulated by adding the following
constraint to the model formulation 7.70b - 1.70k.

k:
. t—k;1 max(t—"1/,+1,1 ]
@ Xjijea Y =0 xZ:] < Xjjiea Z?:af( )xﬁ' + ZT=1( i )yir?l EVik;=22;t={2,..T} (3.3a)



Experimentation and Results

R/

% Using the sample network from the previous example:

R/

< Analysis of the various formulations was carried

O—=
% The unit time slot of 6 = 7 secs was assumed and the analysis was performed for 7 = {1, ..., 60}

Model size comparison Comparison of performance

Network Total Egress Time
Clearance Time
(Time steps)

DyCTEP 14760 39474
DEAF 3416 (-76.9%) 8667 (-78.0%) DyCTEP 34 11422 (3 hr 10 min 22 secs)
APPROACH1 6776 (-54.1%) 12206 (-69.1%) DEAF 59 14473 (4 hr 1 min 13 secs)
APPROACH 2 5700 (-61.4%) 10954 (-72.3%) APPROACH1 46 13354 (3 hr 42 min 34 secs)
_ APPROACH 2 49 14006 (3 hr 53 min 26 secs)
DyCTEP 59040 (+300%) 70175 (+77.8%) | SERICESSN

DyCTEP 53 14605 (4 hr 3 min 25 secs)
DEAF ) 2 (o) DEAF 94 33060 (9 hr 11 min 1 secs)
AEPRORERT 18278 (+23.8%) 24758 (-37.3%) APPROACH1 64 17896 (4 hr 58 min 16 secs)

APPROACH 2 22800 (+54.5%) 26820 (-32.1%) APPROACH 2 69 18971 (5 hr 13 min 11 secs)



Results: Comparative analysis of egress times for different models
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Real Life case application: LAquila

% For our case study, we considered Piazza del Duomo
(LAquila) and took a 750m radii network along the
streets

< Resulting in a network with total street length of
47353.602 meters.

% Using 06 = 7 secs, the transformed cell network is
composed of 6492 cells and 7772 connectors.

<+ Atotal of 77 source nodes chosen s.t deg(i) = 3.

% Initial source occupancy = 50 evacuees each, making
a total of N =3850 people to be safely evacuated
from the danger zone to the safe locations

/7

% Destination nodes consist of 18 nodes (nodes 2, 4,
14,19, 23,34,57,58,71,84,101,116, 135, 144,
278,279,381, and 642 ) connected to the virtual
super-sink node 0.




Results

Network Clearance | Total Egress Time

Time (Time steps) (Time Units)

DyCTEP 173 127203 = 35 hours 20 minutes and 3 seconds

DEAF 205 144885 = 40 hours 14 minutes and 30 seconds

% An extra 5 hours needed to evacuate all the evacuees in DEAF as compared to DyCTEP



Comparison of Optimal destination flow distribution for models DyCTEP and DEAF

Total flow received
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DyCTEP

Nodes 2,19, 23, 34,57, 144, 279 % Only 279 received no flow

and 381 received no flows
Node 14 received 35.909%
Nodes 4, 278, 135 received

16.051%, 9.87% and 9.455%

888

** Node 19: received 23% of evacuees
*» Nodes 14, 135 and 278 received
10.181%, 10% and 9.272%

357

385
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. 252
189
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. | | |
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Destination Nodes

105

Node 642



Routes generated by ORAA on DyCTEP solution

ISD,| = 1216 m n?\ /\>/\/<\

ISD,| = 1118 m



Routes assignment comparison betwen DyCTEP and DEAF (in green)
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Priority Multi-Party Capacity Constrained Route Planning
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Algorithm: PMP-CCRP

% The Priority Multi-party Capacity Constrained Route Planning is an extension of the Capacity Constrained Route
Planning (CCRP) of Shekhar et al.

Algorithm 2: Priority Multi-Party Capacity Constraint Route Planning (PMP-CCRP)
Input: spatial network G = (N, E), with the set of source and sink nodes, S € N and

D C N respectively and book-keeping of available capacities of (¢ using time-series
dictionary

Output: Evacuation plan: Routes with schedules of evacuees on each path
1 Generate party specific pseudo sub-sources (Eg and R;) and pseudo sub-sinks (Ep and R)))
connected to the respective source and sink nodes with 0 travel times and oo capacities.
2 Add super-source (Sg) and super-sink (Dg) connected by edges of () travel times and oo
capacities to the respective sub-sources and sub-sinks.
3 Categorize each source node based on priority
4 while (any source has evacuees) do
5 Find the shortest path I? between the two super nodes (Sg and Dg) using the
generalized Dijkstra’s algorithm with edge travel times and node priorities as the
weight criteria
Calculate the maximum flow 2,4, along this path PP
7 Reserve the node and arc capacities
8 Update the book keeping dictionary

9 Output evacuation plan




getStage applyCCRP
route : dict source : list
party : dict time : int
flow : dict
time : int
MPCCRP

+ DrawGraph: obj
+ Party: obj=dict=
+ Population: ogj =dict=

+ Route: obj <dict=

4

DrawGraph Poputlation Route Party
+ nodes: list + source: list + graph: dict + party: dict
+ edges: list + popN: dict + nodes: list + popN: dict
+ popN: dict +timeE: int + weight: int + party_info: list
+ CapN: dict
+ timeE: int
+ capE: dict
A -
setNodePop getNodePop party_dijstra getRoute getPartyN = removePartySuper ' addPartySuper
node : list node : list graph : dict node : list popN : dict party : dict capE : int
party : dict party : dict source : list party : dict party : dict
popN : dict time : int target : sir edges : list timeE : int
time : int weight : int
| | | | I I I I
get SD gen grid2D makeCCEdges makeCCNodes makeCCGraph IgetEdgeTime getResE getResN getPathFoﬂ
type : sir shape: list capE : int capN :int graph_type: route : dict route : dict route : dict route : dict
shape : list timeE : int timeE : int str edges : list time : int time : int party : dict
edges : list nodes : list time : int




Simulations

Endangered Capacity Constraint Graph

Evacuated Capacity Constraint Graph




Experiments and Results

)

L)

7/ 7/ 7/ 7/ 7/ 7/
0’0 0’0 0’0 0’0 0’0 0’0

responder

s For test trial, generate a 9-by-9 Manhattan grid
network

Run simulate 1000 times on network
Max node capacity: 5 - 10
Max Arc Capacity: 3 - 5
Travel times : 3 -7
Initial Pop: 3 to max node capacity

Each node has 50% chance of including

175

| | | |
[ CCRP Evacuees
s PMPCCRP Total |
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Research Contribution

The cell transmission model which was limited to only small networks was improved by developing network conversion
model (NTC), to convert any size node-arc network into cell network.

We proposed and applied the dynamic cell-transmission evacuation planning (DyCTEP) model to large scale networks to
give better global solutions.

We then incorporated arc-congestion, which is a situation where the speed at which the system empties is a decreasing
function of cell/node occupancy y/ into the model formulation, to mimic the bottlenecks on the streets in the real-life
evacuation processes.

We proposed a Heuristic Algorithm for optimal route assignment taking into consideration all network optimal flow
dynamics captured in time.

We proposed and implemented three new approaches, namely Dynamic Earliest Arrival Flow, Extended CTM and the
Multiple Cells Approaches to cope with the inconveniences associated with DyCTER

Finally, we proposed the priority multi-party capacity constrained route planning a heuristic algorithm and an extension of
the CCRP by Shekhar et al. The proposed PMP-CCRP is equipped with the ability to plan for the evacuation of multiple
parties with different objectives. That is, evacuees may begin their journey from an endangered source and travel to a safe
destination, while inversely emergency responders may begin their journey from anywhere and travel to a dangerous
location. It ensures that during the evacuation process, priority is given to high-risk areas, that is, evacuees in highly

endangered zone are evacuated first before those in less risky areas.



Future Research

The future work will be the incorporation of the methods, algorithms and procedures described in this thesis in a novel
smart city service that is able to guide evacuees and rescuers after a disaster to bring to safety as many people as possible
out the risky and endangered places.

The service must be fed by real-time information (which roads are safe enough, which are damaged by the disaster, how
many people are in a specific area, and so on).

Starting from our proposed algorithms, we plan to be able to specify, design and implement a smart city infrastructure and
connected mobile app able to collect all the needed data. These together with the proposed algorithms will realize the
rescue and evacuation service for smart cities of the future.

We are studying to incorporate additional risk factors into the model, like those associated with each node and/or each
arc/street.

We also want to research on the development of a hybrid approach for evacuation planning by performing a mesoscopic
study, where we try to factor the human behaviour in order to understand some individual interactions between
pedestrians during evacuation.

In the case of the multi-party capacity constrained route planning discussed, we are researching to include an examination
on N number of party's interaction and route planning times.

Another feature valuable for real-life emergency coordinators would be an ability to apply weighted priorities to better
address the non-uniform urgency and importance each party brings regarding the larger scheme of things.
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