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1 Introduction

1.1 Context

Pedestrian Dynamics is a comprehensiveedestrian flow simulation software platform developed by InControl
Enterprise Dynamics, designed for creatingedestrian simulation models in both simple and complex
infrastructures, such agxperience centersstadiums, and transportation hubs. Pedestrian Dynamics is used to
evaluate the performance and safety opedestriansunder normal and emergency conditions, and it enables
continuous evaluation during every phase of an infrastructure life cycle, that is, from design to operation.

Verifying and validating simulation models such as Pedestrian Dynamics is a key step in evacuation and
operation analysis of pedestrian infrastructure to assist in the mitigation of uncertainty, leading to greater
confidence in the model results and a better representation of reality. The following definitions of these
processes are used in the remainder of this document, and were retrieved from the International Standards
Organisation (ISO, 2008):

Verification: ©6the process of determining that a ceé
the devel operf6s conceptual description of the calcl
met hod?®d,;

Validation: ©6the process of determining the degree
representation of the real world from the perspecti

Based on thedefinitions, the verification of Pedestrian Dynamics is performed to demonstrate that the

theoretical background used in the development of the model has been accurately implemented. Validation
tests, on the other hand, are performed qualitatively to illustrate thedvel of realism that can be obtained from
simulation models. Due to the lack of reliable empirical data available, verification and especially validation can
be considered ongoing processes, and efforts are constantly being made to design additional procedes for

the verification and validation of simulation models. Nonetheless, the tests hereby described aim at assuring the
ability of Pedestrian Dynamics when representing aspects of human behavior in a diverse rangesaenarios and
are based on guidelines currently considered benchmarks for the assessment of model capabilities and literature
studies.

1.2 Project Overview

Crowd simulation software is used to evaluate the safety and performance of infrastructure and event areas. This
makes the reliability of the results very important. Hence, the current report documents the tests performed to
verify and validate PedestriarDynamics in accordance with prespecified, internationally recognized guidelines
and literature in pedestrian and crowd dynamics.

There are three main international institutions that define standard tests to assess pedestrian simulation
software tools. These institutions and their most recent guidelines are listed below:

International Maritime Organization (IMO) MSC.1/Circ. 1533
Test DescriptionPedestrian Dynamics Verification & Validation Document
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National Institute of Standards (NIST) Technical Note 1822
Richtlinie fur Mikroskopische EntfluchtungsAnalysen (RIMEA) Version: 3.0.0

This document presents the description of the verification tests prescribed by thguidelines for Pedestrian
Dynamics. The institutions often have the same or very similar objectives and characteristics of the tests
prescribed, which makes several of the tests performed in accordance with one institution also valid for the
other ones. Furthermore sensitivity analyses are carried out for some of the tests, with the aim of better
illustrating the processes behind simulating the interaction between agents and the surrounding environment.
Due to the nature of some of the prescribed tests, it was considered beneficial to use data and information from
literature on evacuation behavior in addition to the predetermined settings from the guidelines above. Hence,
for such tests, the descriptionshereby provided not only illustrate the capability of Pedestrian Dynamics in
simulating the behavior but also serve as a reference source for data and information in evacuation modeling.
Similarly, the behavior validity discussion is also based gredestrian and crowd behavior literature

1.3 Outline

The current document is divided as follows: describes the technical background of Pedestrian
Dynamics, including an explanation on how agents are defined, their characteristics and behavior, as well the
theoretical specifications of the model. The description and results of the verification testsf&edestrian
Dynamics are presented ir . presents a behavior assessment of the model validity when
simulating crowds regarding specific crowd phenomenabserved in real life Finally, provides a
summary of the results obtained from the tests performed and discusses the implications of these for the
development and usage of Pedestrian Dynamics in evacuation analyses.
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2 Pedestrian Dynamics: Technical Background

This section provides a technical description of the main components of Pedestrian Dynamics. Furthermore, a
discussion of some key default parameters embedded in the software is presented, alongside the reference
source for the standard values of such panmaeters.

21 Pedestrian Dynamics0 Background

Pedestrian Dynamics is a comprehensive crowd simulation software application developed yControl
Enterprise Dynamicslt is designed for the creation and execution of large pedestrian simulation models in
complex infrastructures, and it can be used to evaluatperformance, i.e., both the comfort and safety of your
environment in every phase of the life cycle; from design to operations. The pedestrians in the model are
referred to as agents.

Pedestrian Dynamics is developed based on some key concepts:

Quick and automatic build-up of a geometrical model, with the ability to manually add and change the

physical model;

Definition and automatic calculation of agent routing with minimized efforts, with the ability to create

specific routes and locally alter agent routing;

Automatic and realistic pedestrian movements through the walkable space, with the ability to locally
influence the agentds path and behavior to make t he

Pedestrian Dynamics® crowd simulation software offers the following key features:

Validated and verified and in compliance with various international guidelines;

Easy scenario management and output analysis tools to obtain all information regarding environment
crowding, usage patterns, and occupant comfort and safety;

Fast simulation of large crowds. For example, 100,000 agents;

Transform CAD drawings and any supported 3D model such as BIM, and CityGML input data into 2D,
3D and VR virtual environments;

Models intelligent pedestrians with unique properties that route with activitybased routing. The
pedestrians can react to triggers and a dynamically changing environment;

Intelligent dynamic routing;

Microscopic, mesoscopic and macroscopic;

Easy movie playback and recording.

Test DescriptionPedestrian Dynamics Verification & Validation Document
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2.1.1 History
Error! Reference source not founddocuments the PedestrianDynamics development history.

Table 1 Pedestrian Dynamics History

Pedestrian Dynamics Version Release Date
2.0 1203-2014
3.0 01-04-2016
3.1 31:05-2017
3.2 1802-2019
3.3 15012020
4.0 31012021
4.1 1101-2022
4.2 14112022
4.3 1502-2023
4.4 21-112023
4.5 31:102024
4.6 03-122025

This document and the verification and validation tests presented in the following section are currently based on
the Pedestrian Dynamics 4 version.

2.1.2 NIST Standardized features list

A standardized list of features for evacuation models has been provided by the National Institute of Standards
and Technology, Technical Note 1680 (201@®rror! Reference source not foundshows thefeatures of P
edestrian Dynamics according to this list.

Table2: Pedestrian Dynamics Features list based on NIST standards

Feature Pedestrian Dynamics Comments

The model is available to the

Availability to the public )
public for a fee

Modeling method Behavioral model

Vessels, city environment, etc.

Purpose Any building type
can also be modeled

Test DescriptionPedestrian Dynamics Verification & Validation Document
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Grid / Structure Continuous

Perspective of the model occupant = Individual

Artificial intelligence, probabilistic,

Behavior ..
conditional
Model uses improvement on ID
Inter-personal distance, density (reader is referred to later
Movement . o Ny .
correlation, conditional chapt er-bageW¥forsei o n
model 8)
. The model can import fire data
Fire data

from another model
i , Other industry-standard 3D
The model allows importing CAD )
CAD ) models such as BIM, CityGML,
drawings .
etc. can also be imported

Visual 2D and 3D

Code requirements, validation
against literature on past

Validation evacuation experiments (flow rates,
etc.), validation against other
models

Often Newtonian force models are used to modelthe local behavior of agents but such models arestill not fully
consistent with empirical observations andare often hard to calibrate. For this reasonPedestrian Dynamics uses
a vision-based force model.

2.2 Introduction to Pedestrian Dynamics

2.2.1 Modeling Pedestrians

Pedestrians are modeled by elements called agents. Each agent has its unique characteristics and goals.
Examples of agent characteristics are walking speed, size, preferred clearance to the walls, preference for
escalatorgstairs, and personal distance. The parameters that determine the characteristics of the agent can be
set as a fixed value or as a stochastic distribution. All commonly used distributions e.g. normal, uniform,
triangular, and empirical distribution are supported.

2.2.1.1 Agent Profile

The agent profile form is used to define a profile for a group of agents with similar characteristics. The user can
create multiple agent profiles. For instance, commutergopurists, age-based, and persons with restricted

mobility. The parameters in the profile settings will determine thevalking behavior of the agent but they do not
determine its goals. When an agent is created in the model, its characteristics are drawn from the distributions
given in its profile creating randomness within the group of agnts with a specific agent profile.

Test DescriptionPedestrian Dynamics Verification & Validation Document
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Using multiple profiles, a mix of pedestrian types can be defined and generated e.g. 70% commuters, 25%
tourists, and 5% persons of restricted mobility. The mix catve changed over the simulation time by creating
either more or fewer agents with a specific profile.

2.2.1.2 Default Agent Profiles

Pedestrian Dynamics has a default profile availabl@f which the parameters will be further discussed in a later
section of this report However, he user can also save, edit and loadser-defined profiles to be used in different
models and to develop apersonal set of profiles. There are several sets of profiles available that are based on
academic literature. These are shown i&rror! Reference source not found.

Table3: Available default Agent Profiles & literature source

Profile Setting Description Country / Region Reference

Different PRM types
(passenger, restricted
TfL (London Underground) mobility), with different

TfL (2016) Station
United Kingdom (railway = modelling with

) modeling) Legion Best Practice
walking speeds and i
e Guide
distributions
IMO (International Different profiles based on ' International (cruise ship .
. o . ) MSC_Circ_1533
Maritime Organization) age, gender, staff/visitor evacuations) -~
Modeling Passenger
, i Flows in Public
Daamen Walking speed profile Netherlands o
Transport Facilities
(Daamen, 2004)
Walking speeds based on Transporttechnik de
Weidmann (RIMEA) function (commuter, Germany Fussganger
tourist), age, temperature. (Weidmann, 1993)
Calibration and
Different walking speeds ) ) validation of
_ USA, United Kingdom, . .
Berrou for stations, sports, simulation models
i Hong Kong, Monaco i »
evacuation, street. using empirical data
(Berrouet al., 2005)
Toward the

characterization of
building occupancies
for fire safety

Specific profiles and
Boyce walking speeds for disables United Kingdom

people. . .
engineering (Boyce,

1999)
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2.2.1.3 Update Agent Characteristics Dynamically
The software offers triggers with predefined logic to update the characteristics of agents e.g. color, size,
walking speed or route dynamically. A trigger can be executed based on:

time event, e.g. during an evacuation trigger the walking speed and route preference change;

location. The user can define special elements in the model, for examplan action area element, once
agents cross this action area the characteristics can be updated. E.g. when agents exit the building the
walking speed increases.

2.2.2 Physical Environment

The physical environment is built in theModel Layout window, where you see a top view of the 2D model. This
can be done from scratch by drawing elements in the layout or by importing a geometry. Pedestrian Dynamics
allows automatic model building with the import of industry standards such as CAD and CityGML.

The physical environment is created using a series elements that can have different shapes such as a line,
rectangle, or polygon. The most commonly used elements are shown ifError! Reference source not found.

Table4: Common elements of Pedestrian Dynamics to create the physical environment

Element Description

Horizontal geometric plane on which agents can walk. Agent movement is
Height L constrained by the boundaries of the height layer. If agents should be allowed to
ei ayer
g y walk above each other several height layers are needed to create the physical
infrastructure.
An obstacle is used within a height layer to define an area where agents cannot
Obstacle
walk.
A walkable area is an area within a height layer where agents can walk. When
added the complementary space of the height layer will become norwalkable. A
Walkable area . . .
walkable area can be tilted to create ramps and by given a discomfort factor or
walking direction that will influence the route choice.
- ‘ A transfer is a connection between two height layers. By using a transfer, agents
ransfer
can walk from one height layer to another.
A passageway is an area where agents can walk and where the flow (direction)
Passageway
can be controlled.

Stairs, Spiral Stairs, )
These are all infrastructural elements that can be used as a transfer to connect

Escalator, Moving }
two height layers.

walk

Activity Locations Activity locations are areas in the physical environment where agents can
perform an agent activity. When the agents move through the environment they
will always have a goal to walk to a specific point within an activity location. In

Test DescriptionPedestrian Dynamics Verification & Validation Document
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particular, agents can enter with an entry and exit with an exit agent activity that
takes place at specific activity locations in the model.

Anot her exampl e of a gwhichtakasplade atiotatonsi s
where ticket machines are available.

When you create an agent activity you have to state at which type of activity
location the activity can take place. The activity locations play an important role
in how the agents will move through the environment.

2.2.3 Agent Behavior
According to (Hoogendoorn, 2001) pedestriarbehavior can be divided into three behavioral levels namely:

Strategic:

At the strategic leve| a pedestrian decides which activity to perform. This is the process of activity
choice and the result is a collection of activities called the activity set.

Tactical:

At the tactical level two processes take place. Namely, the pedestrian schedules at which location the
activities in the activity set are performed and in which order. This is the process of activity scheduling
and the result is an activity schedule. The second process thatkas place at the tactical level is the
planning of the route to the activity. The process of route choice results in a route the pedestrian
follows from the current location to the next planned activity location.

Operational:

The operational level entails the walking behavior of a pedestrian. It controls both how a pedestrian
follows a planned route (route following) and the avoidance of collisions with objects oother
pedestrians(collision avoidance).

Pedestrian Dynamics offers the user the ability to model the behavior of pedestrians at all three behavioral
levels; strategic, tactical and operational. Models for both the operational behavior (route following and collision
avoidance) and the route choie (tactical level) are already implemented and these processes are thus
influenced by changing the parameters e.g. in the agent profile. The processes of activity choice (strategic level)
and activity scheduling (tactical level) do not have fixed implemeamtions and are thus left to the user to
implement.

2.2.4 Activity Planning

The agents are created in the model by the agent generator at a certain time and are assigned an agent profile
and activity route. The activity route is an ordered list of activities such as shpmg, buying tickets, and checkin.
The agents enter and exit the model at the first and last agent activity in their activity route. It is also possible
that agents skip or redo specific activities in their activity route.

The agent activities can often take place at several locations in the environment. The agent decides at what
location the activity will be performed and will get a goal point within the chosen activity location. When a goal
location is determined a route dhoice algorithm is used to determine a global route and finally a micro
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algorithm handles the actual movement of the agents. The micro algorithm determines the local behavior
determining the a g e rsped&dsand making sure collisions with other agents are avoided.

2.2.5 Route Choice

The route choice algorithm, implemented in Pedestrian Dynamics, uses the concept of an Explicit Corridor Map
(ECM) Geraerts, 2010) in combination with the A* algorithm to determine the global route for a pedestrian. The
ECM is a navigation network that defines the walkable space of an environment. This ECM will be automatically
created in the model based on the geometical element shown inError! Reference source not foundused in the |
ayout to create the physical environment. There are two approaches for computing the global route:

Shortestpath-t he path with the shortest distance;along th
Leasteffort - the cost is the estimated travel time. This estimated travel time can be computed

including the estimated delay caused by an increased density on an edge and including some

discomfort factors.

The method that is used to compute the gl obal route de

2.2.6 Local Behavior

Pedestrian Dynamics uses a cognitive science approach, which is based on vision and behavioral heuristics.
Guided by visual i nformation, such as the distance of
agent adapts its walking speed ad direction.

The speed determined by the algorithm depends on:

Agent profile d properties such as the max desired speed of the agent
Physical surroundingsd the speed can be different on flat or tilted surfaces or infrastructural elements
Other agentsd Agents in the line of sight will affect the speed of the agent

The model predicts the emergence of seHorganization phenomena, such as the spontaneous formation of
unidirectional lanes, stopand-go waves, crowd compression, edge and wake effectand others.

The agents walking speed results in flow rates that are in accordance with known literature. For multiple
projects, the flow rates have been calibrated/validated based on guidelines, building codesind standard
validation verificationtestss uch as | MOd s

2.2.7 Default Components

Behavioral and physical attributes of agents in Pedestrian Dynamics have default values basedpmuestrian
related literature. An example is the default agent profile, where the body radius and maximum desired speed of
agents are defined. These parameters are automatically selected when models are created in the software,
however, they can easily be modified to provié the modeler more flexibility when creating scenarios and
simulating different conditions.

In this section, the basis of the values for the main default parameters of Pedestrian Dynamisgpresented. It is
recommended that when building a model with the software, the modeler should analyze whether such default
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General Settings

values are applicable to the situation at hand. As the parameters are derived based on a particular method or

for specific population characteristics, the references presented alongside thalues inError! Reference source n
otfound.ar e indicated to assist in the suggested analysis.
assessed with respecto reliable data, if available, or with alternative values obtained from trustworthy sources.

Table5: Pedestrian Dynamics default parameters & literature discussion

Recommended Additional

Parameter Default Values Reference ]
Reading
It is known that the human body
dimensions vary for different
population compositions, thus
when modelling pedestrians this
Average has to be considered carefully.
Agent Area 0.18 Weidmann (1993) The reader is referred to
(m? Buchmueller & Weidmann (2006)
for a discussion on the average
human body sizes for several
countries.
Other authors used linear or
exponential formulas to describe
speed-density relation. The reader
is referred to Fruin (1971), Older
(1968), Sarkar & Janardhan (1997
Tanariboon et al. (1986) & Virkler
The attributes presented in this & Elayadath (1994) for more
section are used in the least effort information on these.
path planning and also used to Fruin (1971) has presented
s determine local walking speed distributions of speeds up and
oo p e o from the current densities. The down staircases for different
Density stasbawn 2 o8 .02 a4 values used as input are based on angles of stairs, and also
Formulas _E(;_D} ) Weidmann (1993), and are also discussed differences for cases
Y= Vmax [1 —e 0 Pem ] considered when computing the = where the staircaseis indoors or
percentage of the maximum outdoors. Both IMO and NIST
desired speed agents will have determine reference values for
when walking up or down agents walking speeds on
staircases. staircases in both directions and

for different population groups.
Lastly, studies have shown that
upward speeds on long stairs are
often lower than in short stairs,
with values between 0.4 and 0.5
m/s (Kretz et al. 2008).
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Default Profile

Density
Norms (LOS)

Body Radius
(m)

Max Desired
Speed (m/s)

Fruin (1971) also discusses that
different ranges should be

The values which define the considered whenanalyzingthe
different Levels of Service are LOS of other elements but

m— oy Jepton based on Frui no: walkways.Forinstance, the LOS

: P e walkways, and are used to draw for staircasediffers given the
— 2 o busy the density maps in the output = greater safety hazards and energy

I - > 215 files and to color agents used in locomotion. Also, for
according to their experienced  agents in waiting areas or queues,

densities. the LOS ranges change due to

safety and/or other additional

requirements.

This parameter directly impacts
the Average Agent Area, which is
calculated in Pedestrian Dynamics
byd “i ,given thatthe agent

is represented by a circle.
However, this might change as for
instance in high densities
pedestrians are observed to
rotate their bodies which then
impacts their average size. The
reader is referred to Sparnaaij
(2017) for body radis in different
flows characteristics.

0.239 Weidmann (1993)

When determining the walking
speed distribution of pedestrians,

several studies have highlighted
the influence of external attributes

The distribution set in this
attribute defines the maximum

desired speed of agents, that is,
of the agents and/or the

the speed agents will aim to walk )
environment on these speeds. For

when these are not impeded by

instance, Buchmueller &
i o other agents or obstacles. The _ )
Triangular Distribution ) Weidmann (2006) discuss the
mean value is based on Daamen

Mean: 1.35, Min: 0.8, Max: 1.75 ) influence of different factors in
(2004), where the average walking i ,
) walking speeds of pedestrians.
spedl is calculated from several . .
i ) These can be physical conditions
literature sources from different
) . of agents such as age, gender and
countries. Thus, this value can be
culture, or other factors such as
travel purpose, temperature of

the environment or weather.

seen as the average walking
speed of an average population.
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By default, ageil
computed based on a cost which
is given in terms of travel time.
Hence, the estimated delay cause
by increased densities is taken
into account every time step and
the global route of the agents is
updated. In evacuationanalysis,
Least Effort routing agents based on Least
Effort method is considered more

Routing
Method

realistic than in shortest 2D
distances. Similar methods are
referred to in several literature
sources, with cost functions
comparable to that used in PD
(Daamen, 2004; Stubenschrotet
al., 2016).

In the course of this report, additional references are presented for other components embedded in Pedestrian
Dynamics.InControl is continuously performing and sponsoring research into pedestrian movements to extend
the set of validatedattributes and values, as well as t@rovide those in update version of the software.

2.3 Theoretical Model Specifications

This chapter describes the theoretical model and theory that is used to develop Pedestrian Dynamics. To
develop our algorithms, we have cooperated with the University of Utrecht. To further improve our algorithms,
we continuously support and perform reseach and cooperate with multiple universities.

To get a good understanding of the Explicit Corridor Map (ECM) framework that is usethControl recommends
the reader to watch the Pedestrian Dynamics video tutorial in the following link

| This video shows the ECM elements, how they are used for the routing and what modeling mistakes can
be made that can cause routing errors during a simulation run.

2.3.1 Explicit Corridor Map

In order to navigate and move the agents, Pedestrian Dynamics uses a-@alled Explicit Corridor Map (ECM).
The ECM is a navigation mesh that defines the walkable spaceam environment. This ECM will be automatically
created in the model based on the physical environment, se&rror! Reference source not found.The physicalke
nvironment is built using geometrical elements such as height layers, obstacles and infrastructural elements like
stairsand escalators. These elements can be imported from drawings based on different industry standards and
or manually added to the model.
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(a) Environment (b) Medial axis (c) Explicit Corridor Map
Figurel Figure 1- (a) A simple environment with two obstacles, shown in dark gray. (b) The medial axis, shown in pink, runs
through the middle of the walkable space. (c) Closgsbint annotations, shown in yellow, turn the medial axis into the ECM
navigation

This ECM also supports multilayered environments and so enables Pedestrian Dynamics to navigate agents
through buildings with multiple levels. This ECM technology ideveloped in close cooperation with the
University of Utrecht. More information can be found in the published articles of Geraerts (2010), and van Toll
(2011).

2.3.2 Route Finding & Navigation

When planning a path to some goal position, an agent t
the medial axis), by using a modified A* algorithm. When thdeast effort method is used the cost is the

estimated travel time. This estimated travel time can be computed including thestimated delay caused by an

increased density on an edge and including some discomfort factors. The cost function is show Hrror! R

eference source not found.

totalCost = normal time + weighted density delay + normal time + Eg;o+ W

Where,
ltime= —— 2
normal time = S EemtEps
D
weighted density delay = (m— normal time) = [,

D = Distance * (1 4 random(0.05))

S = Maximum speed of an agent

Eem = Speed multiplier of an edge

Efs = Fixed speed of an edge

S, = Local speed depending on the density at the edge and used formula
D, = Delay weight of an agent

Egyis = Discomfort factor of anedge

Whis = Discomfort weight of an agent

Figure2: Least effort formula
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Thanks t o t heoirEdantatonscthe oesudtisgtroute is actually a corridor: a set of polygons and
circle segments, describing the free space that the agent can use around the route. Agents can move flexibly
and efficiently through a corridor, and they can use the free space to avoid otheagents. Error! Reference s
ource not found. showsan example of a corridor.

Figure3: Planning a route between two points (shown in red) in the ECM returns a corridor, shown in blue. The agent can
follow any kind of path inside this corridor, e.g. the shortest path (red), a path that stays to the right (green) or artraridy
shaped

Once an agent has planned a global route to its goal position (i.e. it has found a corridor), the agent should look
for a way to move through its corridor. For instance, the agent cahoose to stay on the left or right side of the
corridor or to follow the shortest possible path with somepreferred clearanceto obstacles.Error! Reference s
ource not found. showssome of these pathoptions.

The socalled Indicative Route Method (IRM)(Karamouzas, 2009) is a general framework that smoothly steers an
agent through a corridor while following an indicated path (the indicativeroute). In each step of the simulation,
the agent computes adesired velocitythat will send the agent further along its indicative route. The agent may
deviate from this desired velocity, e.g. when walking around other agents, as long as it does not leave its
corridor.

2.3.3 Micro -Algorithm for Local Collision Avoidance

As mentioned, path planning in corridors gives the simulated agents a lot of flexibility. Next to the described

variety of indicative routes, a corridor also supportollision avoidancebetween agents. Collision avoidance can
beatime-consuming task, but it increases the simulation®s
Each agent uses vision to detect which obstacles, both dynamic and static, it has to avoid. The vision is modeled

as a coneshaped field of view (FoV), sederror! Reference source not found.Thecollision-avoidance algorithm i

n the ECM crowd simulator lets each agent choasa velocity that is close to its desired velocity, but that

prevents them from colliding with others. Similarly, the agents can be blocked by local obstaclesjch as

temporarily closed doors. The collision avoidance algorithm is based on the visiebased model developed by

Moussaid, Helbing and Theraulaz (2011).
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Figure4: Field of view collision avoidance (Moussaid, Helbing and Theraulaz, 2011)

Newtonian force models are still not fully consistent with empirical observations and are often hard to calibrate.
Therefore, Pedestrian Dynamics uses a cognitive science approach, which is based on vision and behavioral
heuristics. Guided by visual inforration, namely the distance of obstructions in candidate lines of sight,
pedestrians apply two simple cognitive procedures to adapt their walking speeds and directions. For more
detailed information see Moussaid, Helbing and Theraulaz (201IJhe model predcts the emergence of sek
organization phenomena, such as the spontaneous formation of unidirectional lanes, stepnd-go waves, crowd
compression, edge and wake effects and others.

Further fine-tuning of the algorithms is implemented to prevent specific deadlock situations. More information
can be found in the article of van Goethem (2012).

2.4 Additional Comments & Commonly Asked Questions

2.4.1 Flow & Capacities

2.4.1.1 How are the following parameters captured within Pedestrian Dynamics?

a. Flow rates
In the model the flow rate is a result of several parameters/circumstances:

Dimensions (width) of walkway, door, passageway;
Surface (flat, slope or stepped, e.g. stairs/escalators);
Agent settings (speed, size);

Demand,;

Lane formation;

= =4 =4 -4 A
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1  Preferred clearance;
i  Direction(s) of flow.

If the user wants the flow rates to be fixed in the model there are two options:

i It can be calibrated by altering the agent parameters. In order to calibrate and validate the flow rates
the software enables the user to analyze the speed, density and flow rates in a highly detailed manner.

i1 By defining an activity area on the flow location. On this activity area a fixed flow capacity can be set to
cap the maximum flow rate.

The flow rate can be measured at any point in the model.

For multiple projects the flow rates have been calibrated/validated based on guidelines, building codeand
validation verification tests.

Error! Reference source not foundshowsthe flow rate of a 5-meter-wide corridor with a one-directional flow. T
he average flow rate is 82 persons/meter/minute, which is in line with Fruin (197dnd guideline documents e.g.
building codes and Green guide.

Flow counter per 1:00

FlowCounter 1 ((per meter))

Total Left to Right: 4179
Total Right to Left: 0

v [l Left to Right

I~ O Right to Left

[ — Sum

80

70

60}

50

Nr of agents

40
30

20}

0:10 0:11 0:12 013 014 015 0:16 0:17 0:18 0:19 0:20
Time (homm)

Figure5: Flow counter

b. Speed flow curves
A complete speed flow curve requires running simulations with different densities. For unidirectional flow
single gateway is not sufficient because if you are measuring above the maximum capacity agents in front will
have free space thatmakesthem speed up which will lower the total density. To create the curve, we created an
octagon with a width of 5m within a 75m bounding box. The octagon is randomly filled according to a given
density, from 0.25p/m2 until 4p/m2, and agents will all start wiking in the same direction. This ensures that the
total density remains constant and that agents in front cannot sped up. The agents use their default walking
speed; triangular(1.35, 0.8, 1.75).

Test DescriptionPedestrian Dynamics Verification & Validation Document
InControl Enterprise Dynamics

10012026 Page190f120 | S



Using the formula Flow = Speed * Density we can create all relevant charts. In the experimerttse density is
fixed. The flowis captured using flow counters, the speed can be retrieved from the activity route output

average journey time and distance values. The latter is used and computed the flow using the formula. In the
charts we added Weidmann (1993) and Fruin (1971) for cparison. The charts below show the results.

Flow vs speed

—8—Fruin

1.6

Weidmann —@=—PD

14

12

0.8

Spped (m/s)

0.6
0.4
0.2

0 10 20 30 40 50
Flow (p/m/min)

60

70 80 90

Figure6: Flow vs. Speed for usilirectional flows

The curves for the equally balanced bdirectional flows are a bit more challenging. The problem is that lane
formation is required in order to achieve maximum capacity. Normally this emerges from the collision avoidance

algorithm. However, if we randomlyf i | | areas at

high

densities this doesr

the same. So we set up a different experiment using & meter wide gateway with a length of 200 meters.

Agents are generated at random at either side of the gateway and walk tthe other side at a given flow rate.
For dense situations, 2 lanes are expected to be formeand for lower densities multiple lanes. As before agents
use the default walking speed. The first 2 minutes are considered a warnp period so that the 2 flows can sel
organize. Note that initially they spread over the whole width until they reach the opposé flow. Using the
activity route we measure the journey time and distance for each agent to calculate the average speed.

We can only show the speed up until the maximum capacity (around 70 p/m/min). If we generate more agents

than that, agents then wonodt

fi

t

abe golverl rAehigladertsities andag e st i o

flow rate of 70, it is experienced that the two flows start to collide into each other.

To prevent deadlocks, the algorithms contain an aggressiveness parameter. If theg e rspeédsfalls below its

current maximum speed, multiplied by this parameter, agents r&eompute their desired walking direction using

a reduced radius, which can be seen as a person turning his shoulder and squeezing through. If this is not

sufficient, thenthe modeler can either locally adjust the aggressiveness factor or use the flow shifter or flow

splitter to improve the lane formation/spread of the agents.

The figure below shows the speed flow relation for bidirectional flows compared with unidirectional flows. The

required data is obtained using the analysis tool of the software.
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Flow vs speed
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Figure7: Flow vs. Speed for hilirectional flows

c. Capacities

The capacities can be measured by using the flow counterg gateway with a bottleneck of 10 meters length

and different widths (from 1 to 5 meterg is simulated Agents are generated with a flow rate of 9Q/m/min,

which isabove the theoretical bottleneck capacityin order to ensure that a queue occurs before the bottleneck.
The agents use the default walking speedtriangular (1.35, 0.8, 1.7p)The flow rates are measured from 5 until 10

minutes to take into accountthe warm-up period.

Capacity vs corridor with
—8—PD
90
so —® ¢ * . o o—>0
—~70
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E
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> 40
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O 20
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0
1 15 2 25 3 35 4 45 5
Corridor with (m)

Figure8: Gangway capacities

d. Ratio of flow to capacity

The chart below is generated with the results of the experiment described in sectidn) and show the flow for
different densities. The capacity of the bottleneck is a little bit higher because from the bottleneck onwards
agents can walk unrestricted while in the experiment agents walik circles (to keep the density at a fixed level)

Therefore they always have other agents in front of them.
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Density vs Flow rate
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Figure9: Density vs. Flow for undirectional flows

2.4.2 Stairs, Escalators & Elevators

2.4.2.1 How are the following objects modeled?

a. Stairs
Astairismodeledas an entity that connects two | evels, Oheight
different heightsin one layer. The stair is defined by a simple drawing of a rectangular shape or generated
based on a CAD drawing.
The user selects which height layers are connected by the stair and based on the length, width and height
difference between the two levels, the stair will have a certain slope. The ECM network will notice that the stair is
the connecting entity between the two levels.
Each stair has specific settings:

Direction;

Preferred clearance (the edge effect);
Handrail position, width, high;
Minimum tread depth.

There is also a special element for spiral stairs.

The stair has a delay factor which influences the agen
can be set by the user. Based on the slope of the stair and the applied behavioral (academic) parameters this

delay factor can be defined fa upward flows and downwards flows. Default value for the delay is based on the

research of Weidmann (1993).
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i

Figure1Q Stairs shape example (2D view)

Figure 11l Stairs shape example (3D view)

b. Escalators

The escalator and travellators are modelled the same way as the stairs. The user can define a rectangular shape
or can automatically generate a shape based on the CAD drawing.
The escalator/ travellator has specific settings:

i Direction (up, down);
i Fixed Speed;
1  (Additional) delay factor walking speed upwards;
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(Additional) delay factor walking speed downwards;
Handrail width;
Min tread depth.

It is possible via agent settings to select if an agent walks or is standing still on the escalator.
The flow rate of the escalator/travellator is determined by several factors:

Speed,;

Effective width;

% people standing still vs % people walking;
Agent radius;

Preferred clearance agent.

Therefore, the appropriate model settings need to be calibrated based on validation tests.

c. Elevators

Elevatorsare modeled as an activity that contairelevator]l ogi ¢s and settings in additi
|l ocationd6 settings. Lifts use the ability to move the
|l eavingd6 setting of an activity location.

The process of utilizing a lift ismodeled by using a combination oftheq u e u e , Oindicative corri

locations, and optional passageways. Elements known as activity locations are drawn on the height layenere
lifts stop for passenger use.

The lift cycle is modeled using the ability to create an availability schedule on an activity location. The schedule
switches the availability of the activity location. Agents are allowed to enter when the location is available. The
schedule triggers agens to leave the lift after lifttraveling time and triggers the waiting agents to enter.
Typically, indicative corridors are drawn to create queue lanes for lift use. Using passageway elements, it is
possible to modelad watlhkr oughd | i ft renlorerside aadgxtort tie othen. t e

Activity Locations contain specific settings for elevator use:

Activity Time & Wait until triggered, agents stay in the lift until they are triggered to exit;
Availability Repeat Timed Used to define the lift cycle time;

Availability Trigger on Startd Used to trigger waiting agents to enter the lift, the setting allows
specifyinga maximum capacity;

Availability Trigger on Endd This will trigger the agents to leave the lift after a specified liftraveling
time.
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3 Pedestrian Dynamics: Verification Tests

This section presents the description and results obtained from performing the tests described in Annex 3 of
IMO MSC.1/Circ1533, Section 3 of NIST Technical Note 1822, and Annex 1 of @eideline for Microscopic
Evacuation Analysisversion 3.0.0 by RIMEAThe full range of testsdescribed by these guidelines and referred to

in the current section of this reportare illustrated inError! Reference source not found.

Table6: Verification Tests and Status

ltem  Test Guideline
Tests from Annex 3 of IMO MSC.1/Circ. 1533
3.1 IMO 1: Maintaining set walking speed in corridor IMO 1
3.2 IMO 2: Maintaining set walking speed up staircase IMO 2
3.3 IMO 3: Maintaining set walking speed down staircase IMO 3
3.4 IMO 4: Exit flow rate IMO 4
35 IMO 5: Response duration IMO 5
3.6 IMO 6: Rounding Corners IMO 6
3.7 IMO 7: Assignment of population demographics parameters IMO 7
3.8 IMO 8: Counterflowd two rooms connected via a corridor IMO 8
3.9 IMO 9: Crowd dissipation from a large public room IMO 9
3.10 | IMO 10: Exit route allocation IMO 10
3.11 IMO 11: Staircase IMO 11
3.12 IMO 12: Flow density relation IMO 12
Tests from Section 3 of NIST Technical Note 1822
3.13 NIST 1.1: Prevacuation time distributions NIST 1.1
3.14 | NIST 2.1: Speed in a corridor NIST 2.1
3.15 NIST 2.2: Speed on stairs NIST 2.2
3.16 NIST 2.3: Movement around a corner NIST 2.3
3.17 NIST 2.4: Assigned demographics NIST 2.4
3.18 NIST 2.5: Reduced visibility vs. walking speed NIST 2.5
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3.19 NIST 2.6: Occupant incapacitation

3.20 | NIST 2.7: Elevator usage

3.21 NIST 2.8: Horizontal counteiflows (rooms)

3.22 NIST 2.9: Group behaviors

3.23 NIST 2.10: People with movement disabilities

3.24 NIST 3.1: Exit route allocation

3.25 NIST 3.2: Social influence

3.26 NIST 3.3: Affiliation

3.27 NIST 4.1: Dynamic availability of exit

3.28 NIST 5.1: Congestion

3.29 NIST 5.2: Maximum flow rates

NIST 2.6

NIST 2.7

NIST 2.8

NIST 2.9

NIST 2.10

NIST 3.1

NIST 3.2

NIST 3.3

NIST 4.1

NIST 5.1

NIST 5.2

Not performed
Pass
Pass
Not performed
Pass
Pass
Pass
Pass
Pass
Pass

Pass

Tests from Annex 1 of Guideline for Microscopic Evacuation Analygisersion 3.0.0 by RIMEA

3.30 RIMEA 1: Maintaining the specified walking speed in a corridor

3.31 RIMEA 2: Maintaining the specified walking speed up stairs

3.32 RIMEA 3: Maintaining the specified walking speed down stairs

3.33 RIMEA 4: Measurement of the fundamental diagram

3.34 RIMEA 5: Premovement time

3.35 RIMEA 6: Movement around a corner

3.36 RIMEA 7: Allocation of demographic parameters

3.37 RIMEA 8: Allocation of demographic parameters

3.38 RIMEA 9: Crowd of people leaving a large public space

3.39 RIMEA 10: Allocation of escape routes

3.40 RIMEA 11: Choice of escape route

341 RIMEA 12: Effect of bottleneck

3.42 RIMEA 13: Congestion in front of a flight of stairs
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RIMEA 14  Pass

RIMEA 15 Pass

Verification of simulation software is to be performed in four different forms as set out in ISO/TR 1338 1999,
which are further explained below (IMO, 2016).

1. Component testing: relates to the verification of the various components of the software to assess
whether these are performing as intended,;

2. Functional verification: relates to the verification of model regarding its ability to provide the modeler
with the range of capabilities required to perform the intended simulation. Hence, this verification is
task specific and is supported by a technicaldocumentation with information regarding the
capabilities and inherent assumptions of the simulation software tool at hand,;

3. Qualitative verification: relates to the nature of predicted human behavior of the model, that is,
whether the model is able to reproduce realistic behavior;

4. Quantitative verification: relates to the comparison of the model predictions with reliable data from
evacuation situations.

The majority of the tests described in the current section are categorized under forms 1 and 3, given that
functional verification is task specific, and that reliable data for a thorough quantitative verification is still
insufficient. Among the tests speified by NIST, the following were not performed in this version of the report as
the version of Pedestrian Dynamics used for developing this document (i.e. PD 3.2) has no direct component
which explicitly represents the determined requirements of these tds, namely:

Test 2.5: Reduced visibility vs. walking speed
Test 2.6: Occupant incapacitation

Test 2.7: Elevator Usage

Test 2.9: Group behavior

Although Pedestrian Dynamics 3.2loes not have the direct component to represent the behavior of groups, by
writing scripts in the 4DScript fields within the models developed in PD, agents can be forced to behave as a
group by a leader-follower approach. However, little is known, up to his moment, about the behavior changes
of pedestrians when in groups. Hence, more literature and advanced studies have to be performed in order to
improve the representation of these.
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3.1 IMO 1: Maintaining set walking speed in corridor
3.1.1 Description

This test describes that an agent with a set walking speed of 1 m/s must walk across a corridor 2 m wide and 40
m long. The expected result is that the agent will cover the distance from one side to the other of the corridor in
40 seconds. Hence, the tesis a component testing which quantitatively verifies whether the model results meet
the pre-determined requirements.

Although this test is specified by IMO, NIST and RIMEA, the defined settings do not change between the three
institutions.

3.1.2 Verification Standards
This test is in accordance with IMO 1533 Tedt,NIST 1822 Test 24nd RIMEA Test.1

3.1.3 Aim of Test

The purpose of this test is to show that an agent can maintain a constant speed when walking along a corridor
without any obstructions, as the speed of the agents plays an important role in the analysis of evacuation time.

3.1.4 Simulation Setup

The layout of the model stown in Error! Reference source not foundis built with three elements: a walkable a

rea with size 2 m x 40 m to represent the corridor, and two entry/exit areas, positioned in opposite ends of the
corridor, which are the origin and destinati akngof t he
speeds of the agent are set to 1 m/s. To determine that the route of the agent would havexactly 40 m, the

agent is set to be generated on the line bordering the entry location and the corridor. Similarly, it is considered

that the agent arrived atits destination once the line bordering the exit location and the corridor is reached.

40.0000 m

w0000

Figurel12 IMO 1: Model layout

3.1.5 Test Results

The resulting travel time of the agent along the corridor wast0 seconds as it is illustrated irError! Reference s
ource not found.. This result is consistent with the predefined walking speed of 1 m/s.
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Figure13 IMO 1: Simulated travel time

00:00:10 00:00:30

Figure14 IMO 1: Agent moving along the corridor

3.1.6 Conclusion

IMO Test 1, NIST Test 2.1 and RIMEA Test 1 were performed in the Pedestrian Dynamics environment. The
modelled results comply with expectations and thus indicate that in Pedestrian Dynamics an agent can maintain
a constant speed when walking along the catidor.

Pedestrian Dynamics is therefore verified for IMO Test 1, NIST Test 2.1 and RIMEA Test 1.

3.2 IMO 2: Maintaining set walking speed up staircase
3.2.1 Description

This test prescribes an agent with a set walking speed of 1 m/s must walk up a staircase 2 m wide and 10 m long,
measured along the incline. The expected result is that the agent will reach the upstairs floor in 10 seconds.
Hence, the test is a component ¢sting which quantitatively verifies whether the model results meet the pre
determined requirements. The speed of 1 m/s should be considered along the incline for the expected results to
be met.
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The main difference between the specifications set by IMCRIMEAand NIST is the length of the staircase, as the
latter determines a 100 m long staircase, also measured along the incline. In this section, both layouts are tested
and the results presented.

3.2.2 Verification Standards

This test is in accordance with IMO 1533 Test 2, NIST 1822 Test 2.2 and RIMEA Test 2.

3.2.3 Aim of the test

The purpose of this test is to show the ability of the
constant walking speed. Also, the description below illustrates how Pedestrian Dynamics considers the input
desired walking speeds when determiing the speed of agents walking up staircases.

3.2.4 Simulation Setup

The layout of the models for IMO Test 2 and NIST Test 2.2 are presentedHmror! Reference source not found.a
nd they consist of two entry/exit areas, and a staircase connecting these. The agent is generated in the entry
location on the bottom floor and follows the route to the end destination on the upper floor.

Figurel15 IMO 2: Model layout IMO 2 (left) and NIST 2.2 (right)

Buchmueller & Weidmann (2006) determine that typical angles of inclination of stairs are between 3and 45 .
However, as the staircase prescribed by NIST is a long staircase, the angle chosen is half of the one used for
IMO, and thus the following dimensions are used for the staircases modelled in this test:

Table7: IMO 2: Dimensions of staircases modelled

Length Along Incline

Test Angle (m) Height (m) Horizontal Length (m)
m
IMO 2 30x 10 5 8.7
NIST 2.2 15¢ 100 25.9 96.6

In Pedestrian Dynamics, the speed of an agent when ascending a staircase is by default obtained by applying a
percentage to the maximum desired walking speed set in the Agent Profile. Such percentage is based on
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Wei dmannds (dénSity relationsfqr wadkaways, adapted to a fundamental diagram for stairways,

which is defined by the equation below, and illustrated inFigure 16
08

Vg TeP Q° 7B
Where,
U  : horizontal speed in upward

up
= = = down

Horizontal Walking Speed [m/s]

direction (m/s)
‘Q pedestrian density (P/n)

00 1.0 20 30 40 5.0 6.0
Pedestrian Density
[Pim?]

Figure16- IMO 2: Weidmann's definition for speed up staircases

Wei dmannds definition considers that the maxi mum speed
derived for a maximum desired walking speed on flat surfaces of 1.34 m/s, and thus it limits the usage of the

equation above as it is described for tle considered values (Buchmueller & Weidmann, 2006). As the maximum

desired walking speed might change for different population characteristics, and to provide flexibility in

modelling speeds on staircases, the equation above was modified when included ireBestrian Dynamics. The
proportionality between the maximum speed up staircases and the desired walking speed used by Weidmann in

the derivation of the equation is maintained, and it is then used to compute a reduction factor for any maximum

desired speed(b ) set by the modeller.Hence, the default equation in PD is as follows:

O & Tginﬁ) Jp 8% ~ @
Or
0r  YRQQQOOAD £ I0YRQ ® T E
Where,
YR QQ 'Q"om%%é‘{m ®

The maximum desired walking speed set in the Agent Profila)( ) is thus decreased to almost 46% of its input
value, and further reduced as densities increase. This minimum reduction is in accordance with literature on
speed on stairs (Weidmann, 1993). The implication of this consideration for the tests simulated mst section is
that the maximum desired terrain (horizontal) walking speed of the agent set by thenodeler is then higher than
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1 m/s for the value of 1 m/s speed to be achieved. For the agent to have a walking speed upward the staircase
of 1 m/s Q j ), the desired walking speed used as input would then be 2.20 m/$)( ).

However, the angle of the staircase also has to be taken into account, as the speed set in the agent profile is the
terrain (horizontal) walking speed, and as such it considers the horizontal length of the stairs and not the length
along the inclined. If the speed of 2.20 m/s is used, the correspondent speed of 1 m/s upward the staircase is
considered on the horizontal axis and thus the travel time of for instance IMO Test 2 results in 8.7 sec. Therefore,
this speed has to be multiplied by the cosine of theangle of the staircase, leading to the following formulation

to compute the maximum desired speed based on the speed along the inclined(; ) to be used as input:

Al G j
YR QQQOOMMO €1 YN
Given the above equation, the speeds set for both tests and the parameters used in the calculation are
presented in Table8.

Table8 - IMO 2: Speeds assigned in Pedestrian DynamiesIMO 2 and NIST 2.2 (up)

Test Angle (») o p LM/s) SpeedFactorUp O 4 o(M/s)
IMO 2 30x 1 46% 1.90
NIST 2.2 15 1 46% 2.12

3.2.5 Test Results

The resulting travel times of the agentwere 10 sedor IMO 2 and 100 sec for NIST 2.2, as it is illustrated ifrror! R
eference source not found. The results obtained are consistent with the tests objective, as it proves that the
agent walked at the predefined ascending walking speed of 1 m/s on the staircase.

00:00:10 00:01:40

Figure1l7 IMO 2: Resulting travel times for IMO 2 and NIST 2.2 (up)
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3.2.6 Conclusion

IMO Test 2, NIST Test 2.2 and RIMEA Test 2 were performed in the Pedestrian Dynamics environment. The
modelled results comply with expectations and thus indicate that in Pedestrian Dynamics an agent can maintain
a constant speed when ascending a staircase.

Pedestrian Dynamics is therefore verified for IMO Test 2, NIST Test 2.2 and RIMEA Test 2.
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3.3 IMO 3: Maintaining set walking speed down staircase
3.3.1 Description

This test prescribes an agent with a set walking speed of 1 m/s must walk down a staircase 2 m wide and 10 m
long, measured along the incline. The expected result is that the agent will reach the downstairs floor in 10
seconds. Hence, the test is a compond testing which quantitatively verifies whether the model results meet the
pre-determined requirements. The speed of 1 m/s should be considered along the incline for the expected
results to be met.

The main difference between the specifications set by IMCRIMEA andNIST is the length of the staircase, as the
latter determines a 100 m long staircase, also measured along the incline. In this section, both layouts are tested
and the results presented.

3.3.2 Verification Standards
This test is in accordance with IMO 1533 Test 3, NIST 1822 Test 2.2 and RIMEA Test 3.

3.3.3 Aim of the test

The purpose of this test is to show the ability of
constant walking speed. Also, the description below illustrates how Pedestrian Dynamics considers the input
desired walking speeds when deternmiing the speed of agents walking down staircases.

3.3.4 Simulation Setup

The layout of the models forthis testare the same as for IMO Test 2, which were presented mrror! Reference s
ource not found.. Similarly, the staircases modelled in the current test have the same dimensions as described in
Error! Reference source not found.However, the agent is now generated in the entry location on the upper

floor, and follows the route to the end destination on the bottom floor.

As described in Section 3.2.4, in Pedestrian Dynamics the speed of an agent when walking on a staircase is by
default obtained by applying a percentage to the maximum desired walking speed set in the Agent Profile. Such
percentage i s b as93) speeddemity irethtinaformwélkawaysladapted to a fundamental
diagram for stairways. For descending movement on stairs the speed is defined by the equation below:
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[k}

bp TP Q° T7F

- = - down

Where,
U :horizontal speed in

Horizontal Walking Speed [mis]

upward direction (m/s)
‘Q pedestrian density (P/n)

0.0 10 20 3.0 40 50 6.0

Pedestrian Density
[Pim?]

Figure1l8 Weidmann's definition for speed down staircases

Wei dmannds definition considers that the maxi mum speed
derived for a maximum desired walking speed on flat surfaces of 1.34 m/s, and thus it limits the usage of the

equation above as it is described foithe considered values (Buchmueller & Weidmann, 2006). As done
previously for determining the speed up staircases, We
as to maintain the proportionality between the speeds used in the derivation of Weidman 6 s e (Hengd, i o n .

the default equation in PD is as follows:

. T WT_ ~ 8 - —
A e))} 0 Q )
U q o0& T P
Or
O YR QQQOHGMOD I CBpy & T B
Where,

ORI | . I (Vi
YN QQQO0wwo s—&%&gmﬁ)c

The maximum desired walking speed set in the Agent Profile)( ) is thus decreased to at least 52% of its input
value, and further reduced as densities increase. This minimum reduction is in accordance with literature on
speed on stairs (Weidmann, 1993). The implication of this consideration for the tests simulatedtfiis section is
that the maximum desired terrain (horizontal) walking speed of the agent set by thenodeler is then higher than
1 m/s for the value of 1 m/s speed to be achieved. For the agent to have a walking speed downward the
staircase of 1 m/sy§ ; ), the desired walking speed used as input would then be 1.93 m/s ( ).

However, the angle of the staircase also has to be taken into account, as the speed set in the agent profile is the
terrain (horizontal) walking speed, and as such it considers the horizontal length of the stairs and not the length
along the inclined. Hene, as it was derived in the previous test, the maximum desired speed to be used as input
computed based on the desired speed along the inclinel{ ; ) should be calculated by the following

equation:
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Given the above equation, the speeds set for both tests and the parameters used in the calculation are
presented in Table9.

Table9 - IMO 3: Speeds assigned in Pedestrian Dynamics for IMO 3 and NIST 2.2 (down)

Test Angle () opm. . {m/s) SpeedFactobown O 4 o(M/S)
IMO 2 30x 1 52% 1.67
NIST 2.2 15 1 52% 1.87

3.3.5 Test Results

The resultingtravel times of the agent were 10 sec for IMO 3 and 100 sec for NIST 2.2, as it is illustrate#&igure
19 The results obtained are consistent with the tests objective, as it proves that the agent walked at the
predefined descending walking speed of 1 m/s on the staircase.

Travel times
EneryTokstt-Aguegste

Travel times

00:00:10 00:01:40

Figure19- IMO 3: Resulting travel times for IMO 3 and NIST 2.2 (down)

3.3.6 Conclusion

IMO Test 3, NIST Test 2.2 and RIMEA Test 3 were performed in the Pedestrian Dynamics environment. The
modelled results comply with expectations and thus indicate that in Pedestrian Dynamics an agent can maintain
a constant speed when descending a staircase

Pedestrian Dynamics is therefore verified for IMO Test 3, NIST Test 2.2 and RIMEA Test 3.
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3.4 IMO 4: Exit flow rate
3.4.1 Description

This test prescribes that a population of 100 agents should be place in a room of size 8 m by 5 m, with a 1 m exit
located in the center of the 5 m wall. These agents must leave the room through the exit, and it is expected that
the flow rate over the entire simulation period should not exceed 1.33 P/m/s. Hence, the test as described by
IMO is acomponent testing which quantitatively verifies whether the simulated flows do not surpass the

admitted maximum rate.

Although this test is specified by both IMO and NIST, the defined settings do not significantly change between
the two guidelines.

3.4.2 Verification Standards

This test is in accordance with IMO 1533 Test 4 and NIST 1822 Test 5.2. No RIMEA equivalent could be found for
this test.

3.4.3 Aim of the test

The purpose of this test is to demonstrate that the flow through the exit, which can be considered as a simple
door, can be set to a maximum admitted flow rate.

3.4.4 Simulation Setup

The layout of the model shown in Figure 20 is built with four elements: a waiting area to generate the agents in
the 8 m x 5 m room, an entry/exit location to serve as final destination of the agents leaving the room, a
walkable area of size 1 m x 1 m and an access conteoka. The latter is used tceset the flow limit through the
door, and its dimensions are set to 1 m x 00Lm. At the start of the simulation, 100 agents are generated in the
large room, and assigned the route Waiting area (entry portal)> Access Control (door)-> Entry/Exit (exit
portal).

|
|

E

~ 8.0000m
S6m(3) 11T

W 0000°S

Figure20 - IMO 4: Model layout

In the Access Control editing window, the settings of the server queues are adjusted as to determine the
maximum flow through the door. The main parameter under the server queues tab to be modified for this is the
service time, which takes the value of 05 sec, as this is consistent with a maximum flow of 1.33 P/s. To further
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illustrate the value assigned: if one person takes 0.75 sec to cross the door, then per second 1.33 persons are
allowed through this door. However, the speed of the agents also influences the flow through the door given
that it defines the time each agenttakes to cross the width of the door (0.1 m). Hence, the service time under
the server queues tab is determined per agent based on the following formulation, where is the speed of
agent i

o ™)L 0O
3.4.5 Additional Settings

Flows in Pedestrian Dynamics are meant to be an emergent output of the model, and although the maximum
flow can be set, as it was described above, by default flow rates are a result of several parameters and
circumstances. Hence, a second scenario is simatid in this test which does not cap the flow through the door
but retrieves it from the output instead. The two scenarios considered are therefore:

1 Scenario 1: flow through door capped at 1.33 P/m/s
i1 Scenario 2: flow through door not capped

In Scenario 2, the simulation setup is as in Scenario 1, except that the route taken by agents consists of only two
activities Waiting area (entry portal}> Entry/Exit (exit portal), which are connected by a walkable area of size 1
m x 1 m, placed centrd} on the 5 m wall of the initial room. All agent settings such as maximum desired speed,
body radius and preferred clearance are as per PD default valueBor each scenario, 50 replications were
simulated and the resulting flows through the door are presated in the sub-section below.

3.4.6 Test Results

The following sub-topics present the results obtained for each scenario considered.
A Scenario 1

Figure 21 (left) illustratesthe flow through the door per 10 seconds for one replication, which is retrieved from
the flow counter placed by the doorway (positioned indicated on the figure on the right). The figure on the right
presents the maximum densities averaged over 10 sec f&8cenario 1, where the extent of the congested areas is
highlighted.

Density (4/m2)
3

Flow Through Door per 0:10 sec |

FlowCaunter 1 (per meter) I

14 Total Left to Right: 100
i Total Right to Left 0 Flow Counter
B Let to Right T
'@ rightto Lok E 218
- wn
2 ' o
)
: o
z o
1076
o .
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Figure21- IMO 4: Resulting flows through door (left) and density maps (right) for Scenario 1
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It can be seen in the figure on the left that the maximum number of agents through the door per 10 seconds is
13, which corresponds to a maximum flow of 1.3 P/m/s. The flow rate over the entire period, calculated by
dividing the total number of agents by the total evacuation time, generated a distribution over the 50 simulation
runs. The mean and standard deviation of such distribution were 1.09 P/m/s and 0.02 P/m/s, respectively. The
results obtained are consistent with the tests objective, as it proves & maximum flow rate of 1.33 P/m/s was
not exceeded.

A Scenario 2

Similar to Scenario 1Figure 22 (left) illustrates the flow through the door per 10 seconds for one replication. The
figure on the right presents the maximumdensities averaged over 10 sec for Scenario 2.

Flow Through Door per 0:10 sec

AowCounter 1 [per meter)
1% Total Left to Right 100
Total Right to Lefe: 0
B Leftto Right
¥ @ right to Lek

-

Sum

Nr of agents

_w0000's

00000 000710 00020 0:00:30 00040 00050 00100 001:10 00120 00130 00140 G050 00200
Time (hmm:ss)

Figure22- IMO 4: Resulting flows through door (left) and density maps (right) for Scenario 2

It can be seen in the figure on the left that the maximum number of agents through the door per 10 seconds is
around 15, which corresponds to a maximum predicted flow of 1.5 P/m/s. Also, although the densities shown in
Figure 22 (right) are very high, given that congestion is still existent, it is possible to observe that the extent of
congestion for this scenario is not as high as in Scenario Eigure 21). The reason for this being the higher flow
allowed through the door.

The flow rate over the entire period, calculated by dividing the total number of agents by the total evacuation
time, generated a distribution over the 50 simulation runs. The mean and standard deviation of such distribution
were 1.45 P/m/s and 0.05 P/m/stespectively. Values of maximum flow rates between 1.4 P/m/s and 1.5 P/m/s
are commonly found in literature (ruin, 1971; Sarkar & Janardhan, 1997; Tanariboon et al., 1986), derived from
speed-density-relations. Also, recent studies from van den Berg (2®), when analyzing theeffect of an open

door fixed at an angle 9, show that average flows just upstream of the doorway are between 1.4 P/m/s (with
an open door present) and 1.7 P/m/s (with no open door)Error! Reference source not foundcomparesthe a
verage flow rate distribution between the two scenarios over the different replications.
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Figure23 IMO 4: Average flow rate per replication

3.4.7 Conclusion

IMO Test 4 and NIST Test 5.2 were performed in the Pedestrian Dynamics environment. The modelled results
comply with expectations and thus indicate that in Pedestrian Dynamics flows rates through openings can be
successfully set to a maximum admitted value

Pedestrian Dynamics is therefore verified for IMO Test 4 and NIST Test 5.2.
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3.5 IMO 5: Response duration
3.5.1 Description

This test prescribes that a population of 10 agents should be place in a room of size 8 m by 5 m, with a 1 m exit
located in the center of the 5 m wall. These agents are assigned response times based on a uniform distribution
in the range between 10 and 10 sec. The expected result is that agents will start moving in the appropriate time,
following the distribution used as input. Hence, the test is a component testing which quantitatively verifies
whether the model results meet the predetermined requiremernts.

Although IMO and RIMEA specify this test the same way, that is different than tiéIST specification. The former
two only prescribes that the test should be done for uniform distribution with the previously mentioned
parameters, whereas the latter determines that the test should be repeated for each distribution of pre
evacuation times embedded in the simulationtool. It hi s s e c &indn RI| ivE@d@iens are used, but
literature on pre-evacuation distributions for egress simulations is also presited.

3.5.2 Verification Standards
This test is in accordance with IMO 1533 Test 5, NIST 1822 Test 1.1 and RIMEA Test 5.

3.5.3 Aim of the test

The purpose of this test is to demonstrate that the simulation software has the ability to reproduced imposed
pre-evacuation times. Hence, the time agents start moving must be consistent with the distribution of response
times employed.

3.5.4 Simulation Setup

The layout of the model shown inFigure 24 is built with three elements: an waiting area of size 8 m x 5 m which
is the room where agents are generated, an entry/exit location to serve as destination for the agents, and a
walkable area of size 1 m x 1 m, placed centrally on the 5wall, which connects the two locations forming the
route. All agents are assigned the default profile of Pedestrian Dynamics, and the generator is set to create 10
agents at the start of the simulation.

8.0000 m

InitialRoom(1)

' B

W 0000°S

Figure24 - IMO 5: Model layout
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I n the waiting area (initial room) editing window, two
is set to the distribution under consideration (uniform (10,100)). Also, the start routing trigger is activated to store

the time agents begin to respond to the emergency situation, that is, the time they start moving towards the

exit. Fifty replications were simulated and the resulting preevacuation time distribution is presented in the sub

section below.

Literature on pre-evacuation time distributions often refers to four types of distribution namelygamma,
lognormal, loglogistic and Weibull (Lovreglio et al., 2019; Purser & Bensilum, 20p2All these distributions are
embeddedinPedestr i an DyFoaparantetrs to beconsideredfor these, more specifically for
cruise ships or different types of environment, the reader is referred to the study frorhovreglio et al. (2019.

3.5.5 Test Results

The resulting distribution of response times for IMO Test 6 is illustrated iRigure 25 alongside the summary data
of the response times obtained.

IMO 5 - Uniform Distribution
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Figure25- IMO 5: Resulting uniform distribution of response times

As the results are consistent with the i mposed respons
objectives have been met as it is proved that Pedestrian Dynamics is capable of reproducing assigned pre
evacuation times.

It is highlighted that, in real evacuation conditions, the time people take to cease their normal activities and
begin to respond to an emergency situation depends on several factors including type of environment,
population characteristics, provision of varnings, amongst others. Therefore, when modelling emergency egress,
the selectedmethod / distribution for response times can vary greatly. The distributionproposed by Lovreglio

et al. (2019 are selected because they do not allow for negative values gire-evacuation time, given that the x
random variable is defined only for positive values, and also because they have a skewed shape typical of-pre
evacuation data Hence, it was considered appropriate to mention these for the purpose of this test, and to

serve as a reference for the development of future models.

3.5.6 Conclusion

IMO Test 5, NIST Test 1.1 and RIMEA Test 5 were performed in the Pedestrian Dynamics environment. The
modelled results comply with expectations and thus indicate that Pedestrian Dynamics is able to reproduce
imposed pre-evacuation times.

Pedestrian Dynamics is therefore verified for IMO Test 5, NIST Test 1.1 and RIMEA Test 5.
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3.6 IMO 6: Rounding Corners
3.6.1 Description

This test prescribes a population of 20 persons, uniformly distributed, moving through a corridor with a left
hand corner with the dimensions shown inFigure 26. It is expectedthat agents will successfully navigate the
corner without penetrating the boundaries. Hence, the test is a component testing which qualitatively verifies
whether the model results meet the predetermined requirements.

10m

20 persons, uniformly distributed

4m |

[ / direction of movement
1

i 10m Lom_

Figure26 - IMO 6: Prescribed layout

2m

Although this test is specified by IMO, RIMEA and NIST, the defined settings do not significantly change
between the institutions. For instance, while NIST determines that the speed of the agents should be 1 m/s, IMO
does not give any recommendations of véues for this parameter. Therefore, the default speed distribution of
Pedestrian Dynamics is used to perform this test.

3.6.2 Verification Standards
This test is in accordance with IMO 1533 Te6t NIST 1822 Test 3.and RIMEA Test 6

3.6.3 Aim of the test

The purpose of this test is to verify whether the model is able to correctly simulate the interaction between the
agents and the boundaries of the environment, that is, that evacuees do not penetrate these boundaries when
turning, especially when also havig to consider the interaction with other agents nearby due to higher
densities.
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3.6.4 Simulation Setup

The layout of the model presented inFigure 27 is built with three types of elements: two entry/exit portals
positioned in opposite ends of the corridor, two walkable areas to connect these locations and form the corner,
and obstacles around these elements to represent the walls. The entry portal, wieeagents are generated, is the
one on the bottom left corner of Figure 27, and the exit portal is thus located on the top right. The dimensions
of these areas are shown in the figure. The generator was set to create agents uniformly in the first second of
simulation. All other parameters were default in PD.
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Figure27- IMO 6: Model layout

3.6.5 Test Results

The movement of the agents when navigating through the environment at key times during the simulation are
shown in the figures below. The results obtained are consistent with the tests objectives as it proves that the

agents did not penetrate the boundaries of the environment.
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00:00:01 00:00:01

Simulation time: 1 sec
All agents have been
generated on the 4 m x
2 m entry portal and
some already start their
movement through the
corridor

00:00:05 00:00:05

Simulation time: 5 sec
First agent starts
performing the
movement around the
corner and completes it
successfully

00:00:08 00:00:08

Simulation time: 8 sec
High density area
occuring in the corner.
One 3D avatar seems to
have his feet crossing the
wall (see note below)

00:00:09 00:00:09
Simulation time: 9 sec

Corner gets slightly
congested. Agents have
to consider the
interaction not only with
the boundaries but also °
with the other agents

nearby. *
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Simulation time: 13 sec
Last group of agents
enters the corner. It can
be seen that now
densities are lower and ®e
agents keep more
distance from the corner. " ®

Simulation time: 15 sec
Last agent exits the
corner avoiding the
boundaries. Most agents
are still walking along "
the corridor to reach the | o o
destination. o®

Figure28: IMO 6: Agents navigating the corner

Note: it is highlighted that Pedestrian Dynamics computes the movement of the agents in a-dimensional grid,
based on the calculated (x,y) coordinates of the agents per timestep. Hence, it is possible that some extremities
of the 3-dimensional avatars midnt occasionally appear to penetrate the physical environment as observable in
the figure above (at 8 sec). However, this is simply due to visualization processes as it can be seen that the
center body of the agent never trespass the obstacles.

The frequencymap shown in Figure 29 (left) presents the maximum number of agents which passed through
the different areas of the corridor during the simulation. It can beseen how most agents are attracted to the
center of the corridor, being pushed away from the boundaries / walls. The figure on the right shows the
coordinate positions of the agents which also demonstrate how they do not penetrate the walls.
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Figure29 - IMO 6: Frequency map (left) and coordinate position of agergtgyht)

3.6.6 Conclusion

IMO Test 6, NIST Test 2.3 and RIMEA Test 6 were performed in the Pedestrian Dynamics environment. The
modelled results comply with expectations and thus indicate that in Pedestrian Dynamics agents are able to
successfully navigate a corner without penetrang the boundaries of the environment.

Pedestrian Dynamics is therefore verified for IMO Test 6, NIST Test 2.3 and RIMEA Test 6.

Test DescriptionPedestrian Dynamics Verification & Validation Document
InControl Enterprise Dynamics .
100322026 Page47 of 120 | @



3.7 IMO 7: Assignment of population demographics parameters

3.7.1 Description

This test prescribes a population of 50 people, consisting of males 350 years old, with walking speeds

uniformly distributed ranging from the minimum and maximum valuesspecified inTable 10 retrieved from IMO
MSC.1/Circ.1538 REVISED GUIDELINES ON EVACUATION ANALYSIS FORANEVEXISTING PASSENGER

SHIP$S (2016) .

The expected

model results meets the predetermined requirements.
Table10- IMO 7: Walking speed distribution parameters (Source: IMO MSC.1/CIRC.1533)

resul t

i s that

Table 3.4 — Walking speed on flat terrain (e.g. corridors)

Population groups - passengers

(e.g. col

Walking speed on flat terrain

rridors)

Minimum (m/s) Maximum (m/s)
Females younger than 30 years 0.93 1.55
Females 30-50 years old 0.71 1.19
Females older than 50 years 0.56 0.94
Females older than 50, mobility impaired (1) 0.43 0.71
Females older than 50, mobility impaired (2) 0.37 0.61
Males younger than 30 years 1.11 1.85
[ TMales 30-50 years old 0.97 162 ]
Males older than 50 years 0.84 1.4
Males older than 50, mobility impaired (1) 0.64 1.06
Males older than 50, mobility impaired (2) 0.55 0.91

Population groups - crew

(e.g. col

Walking speed on flat terrain

rridors)

Minimum (m/s) Maximum (m/s)
Crew females 0.93 1.55
Crew males 1.11 1.85

the agents
distribution used as input. Hence, this test is a component testing which quantitatively verifies whether the

The defined settings for this test are different for IMO, RIMEA and NIST. The population specified by NIST
consists of 100 agents instead of 50, with walking speeds distributed in accordance with the expected
characteristics of the building being studiedIn the test described in this section, the number of agents and

walking speed distribution prescribed by IMO and RIMEA are utilized. The geometry of the model built for this
test is as per described by NIST, as IMO and RIMEA do not recommend any speciigdut.

3.7.2 Verification Standards

This test is in accordance with IMO 1533 Tegt NIST 1822 Test 2.and RIMEA Test 7

3.7.3 Aim of the test

The purpose of this test is to check whether the model can assign characteristics for the occupants. In this case,

the walking speeds of the agents should be consistent with the distribution of walking speeds used as input.

3.7.4 Simulation Setup

The layout of the model used for this test isshown in Figure 30. A squaredroom of size 100 m x 100 m was

created, and two entry/exit portals were positioned in opposite sides of this room. All agents are generated in

one of these portals and have the opposite portal as a destination, thus having to cross the room to reach it.
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The agent generator was set to create 50 agents at the beginning of the simulation, and the maximum desired
speed set in the agent profile was defined as uniformly distributed between 0.97 m/s and 1.62 m/s.

"'ifl’:ﬂljlw‘IIII"Z;CIIjljlf‘f‘::fffi""flI'I

Figure30- IMO 7: Model layout

Fifty replications were simulated and the maximum desired speed of each agent was retrieved from the output

files and stored.
3.7.5 Test Results

The resulting distribution of walking speed for the 2500 data points obtained from the 50 batches described
above is shown inFigure 31 The resultsare consistent with the tests objectives as it proves that the agents
followed the pre-defined uniform distribution of walking speed assigned by the modeler.

IMO 7 - Walking Speed Distribution

Statistics

Mean: 1.29 m/s
Minimum: 0.97 m/s
Maximum: 1.62 m/s
10 U L St. Deviation: 0.19 m/s

Frequency

0.97 107 1.17 1.27 1.37 1.47 1.87 1.67
Walking Speed (m/s)

Figure31- IMO 7: Resulting walking speed distribution
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Figure32- IMO 7: Agents walking through the environment

3.7.6 Conclusion

IMO Test 7, NIST Test 2.4 and RIMEA Test 7 were performed in the Pedestrian Dynamics environment. The
modelled results comply with expectations and thus indicate that Pedestrian Dynamics is able to assign
population demographic parameters.

Pedestrian Dynamics is therefore verified for IMO Test 7, NIST Test 2.4 and RIMEA Test 7.
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3.8 IMO 8: Counterflow 0o two rooms connected via a corridor
3.8.1 Description

This test prescribes an initial population of 100 persons consisting of males 8®0 years old, with walking
speeds uniformly distributed ranging from the minimum and maximum valuespecified inTable 1Q The layout
consists of two square rooms connected via a corridor, of which the dimensions can be seenhigure 33.
Agents should have instant response times, and walk from room 1, where they are generated in an area with
maximum possible density, to room 2. The time the last agent from room 1 enters room 2 is recorded.

10m

. c
direction of movement =

ROOM1 ROOM?2

10m | 10m 10m
+

Figure33- IMO 8: Prescribed layout

Four scenarios are simulated in this test:

Scenario 1: No counterflow from room 2 to room 1,

Scenario 2: 10 agents in counterflow from room 2 to room 1,
Scenario 3: 50 agents in counterflow from room 2 to room 1;
Scenario 4: 100 agents in counterflow from room 2 to room 1.

The agents in the counter flow in scenarios 2 to 4 should have the same population characteristics as the ones in
room 1, and both subgroup of agents should move simultaneously to the opposite room. It is expected that the
time the last agent from room lenters room 2 rises as the number of people in counterflow increases. Hence,
this test is a qualitative verification that checks whether the model is able to produce realistic human behavior if
compared to informed expectations.

Although this test is specified by IMO, RIMEA and NIST, the defined settings do not significantly change
between the institutions. For instance, NIST stipulates that the walking speeds distribution should be in
accordance with the expected characteristicef the building being studied. In the test described in this section,
the walking speed distribution prescribed by IMO is utilized.

3.8.2 Verification Standards

This test is in accordance with IMO 1533 Te8t NIST 1822 Test 8.and RIMEA Test 12
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3.8.3 Aim of the test

The purpose of this test is to verify the ability of the simulation tool in modeling counterflows and the impact of
these on evacuation times.

3.8.4 Simulation Setup

The layout of model built for this test in Pedestrian Dynamics ipresented in Figure 34. Two squarerooms of
size 10 m x 10 m were created and connected via a corridor of size 10 m x 2 m.

25000 m

T il ROOM Z[37 71 T
= =
S S
o N =)
g | W = - ™ (S
3 S 3

3
10.0000 m 10.0000 m 10.0000 m

Figure34 - IMO 8: Model layout

Entry/exit portals were inserted in both rooms with size 2.5 m x 10 m, remotely from the corridor. The size of the
entry/exit locations was defined as to create a density of 4 P/fin room 1, which is around the maximum
possible density for the default agent body radius of Pedestrian Dynamic of 0.239 m.

As per stipulated by IMO, the maximum desired speed specified in the agent profile was set to uniformly
distributed between 0.97 m/s and 1.62 m/s, and the generator was fixed to always create 100 agents in the
portal in room 1, and from 0 to 100 agents imroom 2, according to the scenario modelled. An action area was
created by the corridor in room 2 to store the time the last agent from room 1 enters room 2.

3.8.5 Test Results

The time taken for the last agent from room 1 to room 2 for each scenario modelled ipresented in Table 11
alongside an illustration of the simulation results. T
proves that in Pedestrian Dynamics delay is experienced by agents due to counterflows being introduced, and

that this delay increases \ith the number of people assigned to this counterflows.
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Tablel11- IMO 8: Total evacuation time of Room 1 for each scenario considered

Scenario 1: No counterflow
Time Last Agent = 51 sec

00:00:16

Scenario 2: 10 agents in counterflow
Time Last Agent = 77 sec

00:00:16

Scenario 3: 50 agents in counterflow
Time Last Agent = 120 sec

00:00:22

Scenario 4: 100 agents in counterflow
Time Last Agent = 135 sec

00:00:26
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3.8.6 Conclusion

IMO Test 8, NIST Test 2.8 and RIMEA Test 12 were performed in the Pedestrian Dynamics environment. The
modelled results comply with expectations and thus indicate that Pedestrian Dynamics reproduce the behavior
of agents in the presence of counterflow.

Pedestrian Dynamics is therefore verified for IMO Test 8, NIST Test 2.8 and RIMEA Test 12.

3.9 IMO 9: Crowd dissipation from a large public room
3.9.1 Description

This test prescribes that a public room with the dimensionshown in Figure 35 should be populated with 1000

agents, uniformly distributed in the room. The room has 4 exits and agents are assigned to their nearest exit.

The wal king speeds are distributed unifor mlTgbleiOforaaccor d
panel consisting of males 3 50 years old with instant response times. The time the last person leaves the

room through any of the doors is recorded.

| 4m i1|'J:|i 20m i].r|:|i 4m
__ S .
doar 1 door 2

2im

2m

doar 3 daar 4

¥ >
am i 20m ligl.  am

Figure35- IMO 9: Prescribed layout

Two scenarios are simulated in this test:

Scenario 1: All four doors are available;
Scenario 2: Only doors 3 and 4 are available.

It is expected that the time the last agentexits the room is approximate doubled in scenario 2 if compared to
scenario 1Hence, this test is a qualitative verification that checks whether the model is able to produce realistic
human behavior if compared to informed expectations.
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3.9.2 Verification Standards

This test is in accordance with IMO 1533 TeS8tand RIMEA Test 9No NIST equivalent could be found for this
test.

3.9.3 Aim of the test

The purpose of this test to evaluate the capability of the simulation tool to simulate the effect of a reduction in
the available exits in the simulation results, that is, to analyze how agents will behave in such situation and what
impact this has on thetotal evacuation time.

3.9.4 Simulation Setup

The layout of the model used for this test is shown irFigure 36. A large room was created of size 30 m x 20 m,
surrounded by walls, with four passageways of 1 m to represent the doors, two in each side of the 30 m wall,
positioned 20 m apart. The agents are generated by an entry/exit portal of size 26 m x 16 m locategntrally in
the room, and their final destination is the exit located on the right.

=il P

. 1.0000m 1.00p0 m m 0
4.0000 m 20.0000 m 4.0000 m 4.0 m ] 20.0000 m \ 4.0000 m

Public Room({1) Public Room({1)

w 0000°0Z
w 0000°0Z

20000 m l‘ a4 2.0000 m l] E )

SCENARIO 1 SCENARIC2

Figure36 6 IMO 9: Model layout (Scenario dleft; Scenario 2 right)

Four access control portals were created and each one was inserted centrally in one of the passageways / doors
and the exit trigger of all these portals was set to store the time the agents cross it. The route assigned to all
agents consists of three actiities: Public Room-> Access Control (doors)> Exit. The assignment of agents to

one of the four access control activities was defined based on the closest 2D distance from their initial position,
that is, from the random location where they are generatedwithin the Public Room to the nearest access

control. Also, the assignment was set to consider only the available locations given that in scenario 2 the two
access controls and corresponding passageways on the top &figure 36 are set to unavailable.

As per stipulated by IMO, the maximum desired speed specified in the agent profile was set to uniformly
distributed between 0.97 m/s and 1.62 m/s, and the generator was fixed to always create 1000 agents. Fifty
replications were undertaken for each of thescenarios.

3.9.5 Test Results

The time taken for the last agent to exit the Public Room in each scenario is shown Trable 12 averagedover
the 50 draws. Also, illustrations of typical queue formations for the exits are shown in the figures below. The
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resulting average times are consistent with the testds
delays due to queueing for the exits are almost double when the number of available exits is halved.
Table12- IMO 9: Total evacuation time of large public room for each scenario considered

Scenario 1: All doors available
Time Last Agent = 207 sec

00:00:10 00:02:00

Scenario 2: Only doors 3 and 4 available
Time Last Agent = 404 sec

00:00:10 00:02:00

Theresults of the evacuation time over the 50 draws are summarized and compared for the two scenarios in
Figure 37. While in Scenario 1 the results are around 200 sec, in Scenario 2 the predicted values are near 400
sec

IMO 9 - Total Evacuation Times

® Scenario 1 @ Scenario 2

. 500
L 450 °
4mo'o..'o....o°. ©e0°%% ,0%0%00,0%0000,0°, ,°
350
300
250
2000000000000000e0,00°,00000000g000009%,
150
100
50
0
10 15 20 25 30 35 40 45 50

Total evacuation time

Replication

Figure37- IMO 9: Total evacuation time for the 50 replications
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3.9.6 Conclusion

IMO Test 9 and RIMEA Test 9 were performed in the Pedestrian Dynamics environment. The modelled results
comply with expectations and thus indicate that Pedestrian Dynamics reproduces the effect that the reduction in
number of available exits is expected tdhave on the total evacuation time.

Pedestrian Dynamics is therefore verified for IMO Test 9 and RIMEA Test 9.
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3.10IMO 10 Exit route allocation
3.10.1Description

This test prescribes a cabin corridor section with theimensions shown inFigure 38. The number of agents in
each cabin should correspond to the specifications presented in the same figure, and these agents should have
wal king speeds wuniformly distributed iTabledOfocaparmtlanc e
consisting of males 3008 50 years old.

main exit
12m _1.8m
2 persons 2 persons % 2 persons 2 persons 2 persons
=S
- €
catin 1 catin 2 cab. 3 cobin 4 cabin § cabin 6 | oy
?,9 m
oc:v_ —— secondary exit
E
cakin 7 cabin 8 cabin 9 cabin 10 cabin 11 cabin 12 | &
2 persans 2 persons 2 persons 2 persons 2 persons 2 persons
J0m

Figure38- IMO 10: Cabin corridor

The population should be assigned to the exits deterministically, based on their cabins of origin. The people in

cabins 1, 2, 3, 4, 7, 8, 9 and 10 are allocated to the main exit, while the remaining passengers are assigned to the

secondary exit. Agents shald have instant response times and are expected to move to their allocated exits.
Hence, this test is a qualitative verification that assesses whether the model has the ability to represent exit route
allocation.

Although this test is specified by IMO, RIMEA and NIST, the defined settings do not significantly change
between the institutions. For instance, NIST defines different dimensions for the cabins and corridor, and
different walking speed distributions, whichshould be in accordance with the expected characteristics of the
building being studied. In the test described in this section, the dimensions of the cabins and walking speed
distribution prescribed by IMO are utilized.

3.10.Xerification Standards

This test is in accordance with IMO 1533 Te40,NIST 1822 Tes3.1 and RIMEA Test 10

3.10.3AIim of the test

The purpose of this test is to check whether the simulation tool is able to reproduce exit allocation in a
deterministic way.
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3.10.4Simulation Setup

The layout of the model built for this test is presented inFigure 39. The cabins are outlined by the obstacles
created to represent the walls, and the agents are generated in random locations inside the waiting areas placed
in the cabins. Passageways of size 0.9 m x 0.1 m are inserted to represent the doors and are |locatedtrally on
the walls leading to the corridor. Two entry/exit portals are built, one for the main exit and the other for the
secondary exit.

1.2000 m
3.0000 m 2 1.8000 m
Gabinia) | |[cabin 2(2) s [Cabin 4(4) || ||Cabin 5(5) || ||cabin 1l
wn
S
Selg|lc|lels &
) 3
g a |
8_ Cabin7(7) | |[Cabin B8] | ||Cabino(a] | ||Cabin 10(10) |[Cabin 11(11] ||Cabin12(12) |
w 3
3%
Selelels]e) ¢
3

Figure39- IMO 10: Model layout

Three scenarios are created, and they only differ in the method used by the agents to select their exit:

Scenario 1: Deterministic location distribution (as per specified by IMO);
Scenario 2: Location distribution set to Uniform (PD default assignment);
Scenario 3: Location distribution set to LeastEffort (evacuation conditions).

As per stipulated by IMO, the maximum desired speed specified in the agent profile was set to uniformly
distributed between 0.97 m/s and 1.62 m/s, and the generator was fixed to always create 23 agents. Agents that
follow the route to the main exit are cobred orange while agents who take the route to the secondary exit are
colored aqua.
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3.10.5Test Results

Table 13summarizes the number of agents assigned to each exit from their respective initial cabins in all the
scenarios modelled. Also, the figures shown below illustrate the agents moving to their corresponding exits, and
the main differences between the locatim distributions considered in each scenario are briefly discussed.

Table13- IMO 10: Number of agents from each cabin assigned to the two exits

No of Agents Assigned by Pedestrian Dynamics

Cabin Scenario 1: Deterministic Scenario 2: Uniforn Scenario 3: Least Effo#t

No Agents Main Secondary Main Secondary Main Secondary
1 2 2 - 1 1 2 -

2 2 2 - 1 1 2 -

3 1 1 - - 1 1 -

4 2 2 - 1 1 - 2

5 2 - 2 1 1 - 2

6 2 - 2 1 1 - 2

7 2 2 - 1 1 2 -

8 2 2 - 1 1 2 -

9 2 2 - 1 1 2 -

10 2 2 - 1 1 - 2

11 2 - 2 1 1 - 2

12 2 - 1 1 - 2

L For Scenario 2: the results selected to be shown are the most common allocation of the 50 replications
2 For Scenario 3: the results selected to be shown are the most common allocation of the 50 replications
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Scenario 1: Deterministic
Agents from cabins 10 4 & 7 & 10 follow route to main exit (orange) and other agents to secondary exit (aqua)

00:00:00 00:00:06

Scenario 2: Uniform
Half of the total amount of agents follow route to main exit (orange) and other half to secondary exit (aqua). In
most of the 50 replications, one agent from each cabin is assigned to each exit.

00:00:00 00:00:06

SANOAGS

Scenario 3: Least Effort

Same distribution as Scenario 1, except for agents in cabins 4 to 10. Most of the time agents from these cabins ¢
assigned the secondary exit. In some replications, either one or two of these agents are then rerouted to main ex
due to the cost function embedded in PD (for more information see manual

00:00:00 00:00:06

Figure40 - IMO 10: Agents moving to their corresponding exits in each scenario considered

3.10.6Conclusion

IMO Test 10NIST TesB.1 and RIMEA Test 10 were performed in the Pedestrian Dynamics environment. The
modelled results comply with expectations and thus indicate that in Pedestrian Dynamics exits can be assigned
deterministically.

Pedestrian Dynamics is therefore verified for IMO Test 10, NIST Test 3.1 and RIMEA Test 10.
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3.11IMO 11 Staircase

3.11.1Description

This test specifies aorridor connected to a staircase with the dimensions shown ifrigure 41 All agents are
generated in the large room on the bottom floor and are assigned the escape route upward the staircase
towards their destination on the top floor. A total of 150 agents are generated, creating an initial density of 3.75
P/m?and being assigned instant response times and walking speeds uniformly distributed in accordance with

| MOG6s gui del i dablel(Qforagpanel canssting of males 3® 50 years old.

™

Staire up

120m

3 DT G

2

EOm
Figure41- IMO 11: Prescribed layout

Reom 3: 150 Peraons
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It is expected that congestion will appear at the exit of the room and at the base of the stairs. Hence, this test is
a qualitative verification that assesses whether the model has the ability to represent the locations where
congestion is expected to happen.

The test is specified by IMO, RIMEA and NIST, and although the settings between IMO and RIMEA do not
significantly change, for NIST the defined settings are distinct. NIST determines that the staircase should be
going down instead of up, and the number of agents generated in the room should be 100 agents, thus the
initial density is lower. Also, the distribution of walking speeds is suggested to be in accordance with the
expected characteristics of the building being studied. In the test described in thisstion, the number of agents
and walking speed distribution prescribed by IMO and RIMEA are utilized. Regarding the layout, both directions
of the stairs are tested.
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3.11.2Verification Standards

This test is in accordance with IMO 1533 Te&tl NIST 1822 Tesh.1 and RIMEA Test 13.

3.11.3Aim of the test

The purpose of this test is to verify the capabilities of the simulation tool of reproducing congestion in the

expected locations.
3.11.4Simulation Setup

The layout built in the Pedestrian Dynamics environment to perform this test ishown in Figure 42. A waiting

area is created to generate the agents of size 8 m x 5 m. To connect the room with the staircase, a 2 m wide and
12 m long walkable area is drawn. The staircase is also 2 m wide, its horizontal length is 6 m, and enables agents
to move between the two levels, which are 3 m apart. An entry/exit portal is created to serve as the destination

of the agents.
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Figure42- IMO 11: Model layout

Two layouts are considered which differ only in the staircase direction:
Layout 1: Stair up as per prescribed by IMO;
Layout 2: Stair down as per prescribed by NIST.

As per stipulated by IMO, the maximum desired speed specified in the agent profile was set to uniformly
distributed between 0.97 m/s and 1.62 m/s, and the number of agents to be generated is set to 150. All other

parameters are as per default in PedestriaDynamics.
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3.11.5Test Results

The density maps presented below for each layout show the locations where congestiarccurs, that is, when
densities, averaged over 30 seconds, are highest. It can be seen that in both layouts modelled, congestion
appears in the large room due to the agents queueing to enter the corridor, and on the area where agents are
tryingtoaccesshe staircase. These results are consistent
expected locations.

Density (#/m2)

Stair up Stairdown

2153

1076

0.718

0.431

osusl
o

Figure43- IMO 11: Resulting density maps for both layouts modelled

Agents often come to full stop prior to accessing the staircase, which creates the smlled stop-and-go waves
leading congestion to propagate upstream the corridor. To further illustrate such waves, the movement of the
agents at key times during the simuhtion are also shown below. In these figures, agents are colored according
to their experienced densities, thus purple agents are experiencing the highest possible densities.
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Figure44 - IMO 11: Experienced densities by agents at different simulation times

3.11.68Conclusion

IMO Test 11INIST 1822 Tedh.1 and RIMEA Test 13 were performed in the Pedestrian Dynamics environment. The
modelled results comply with expectations and thus indicate that in Pedestrian Dynamics congestion appears in
the expected locations.

Pedestrian Dynamics is therefore verified for IMO Test 11, NIST Test 5.1 and RIMEA Test 13.
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3.12IMO 12 Flow density relation
3.12.1Description

This test prescribes that, on a corridor with no obstructions, the flow of agents through this corridor is smaller as
population densities become higher. No further specification of dimensions of the corridor or population
characteristics are given. Thisest is a qualitative verification that assesses whether the model has the ability to
represent the expected relation between flows and densities.

3.12.2/erification Standards
This test is in accordance with IMO 1533 Te&2 No NIST or RIMEA equivalent could be found for this test.

3.12.3AIim of the test

The purpose of this test is to verify the capabilities of the simulation tool in modeling different density levels and
their corresponding impact on flows.

3.12.4Simulation Setup

A corridor is built which is composed by a walkable area and two entry/exit portals positioned in opposite ends
of the corridor. The total length of the corridor to be covered by the agents is 50 m, and the dimension of the
portals is 1 m x 3 m. An actiorine is built in the middle of the corridor and its purpose if explained below. The
layout described can be seen irFigure 45, and agentscan walk freely on the area as there are no obstacles
along their route.

£
o
=]
=]
(=]
Li

50.0000 m
Figure45- IMO 12: Model layout

Given the fundamental relationship between densities, flows and speeds (Daamenal., 2005), it is known that

flows only get smaller for densities abovethesec al | ed &cr i ti cal densityd6, which
where congestion sets in Figure46). Thisoccursh ecause when those values of dens
walk on their desired speeds anymore, and thus their performed speeds are lower, either because they have to

adapt to the speed of the slower agents, or due to the chance of colliding with otler agents.
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Figure46 - Fundamental diagrams found in literature (Source: Daamen et al., 2005)

As there are no obstacles in the corridor, one way of achieving aboveritical values of densities is by generating
agents at critical values of densities (around 2 P/f), and then slowing down a percentage of these agents. A
common factor that can cause agents to reduce their speeds is the use of mobile phones while walking. Studies
have shown thatdistracted pedestrians reduced their walking speed and step length when for instance texting

or using social media (Licenceet al., 2015Alsalehet al., 2018) The slower agents then disturb the following ones
which then try to overtake them, as they want to walk faster. As these agents eng walking closer to each

other, after some time, the faster agents cannot overtake the slower ones anymore as there is no space for them
to walk through.

In order to simulate the effects of the number of agents assumed as distracted in the flows and densities in the
corridor, four scenarios are created for this test. The difference between these is highlighted below:

Scenario 1: no agent is slowed down;

Scenario 2: 25% of the agents are slowed down;
Scenario 3: 50% of the agents are slowed down;
Scenario 4: 75% of the agents are slowed down.

In all scenarios, the initial density in the entry portal is set to a constant value of 2 PAnand the agents that are
slowed down are assigned a maximum speed of 0.5 m/s. Also, a total of 200 agents are generated per scenario,
which are assigned the distribution of desired maximum speed recommended by IMO for a panel consisting of
males 3008 50 years old (Table 10. Scenarios 2, 3 and 4 are created to perform a sensitivity analysis of the
impact on the total flow through the corridor of increasing the number of slower agents. The total flow is
calculated by dividing the total number of agentsby the total evacuation time, that is, the time the last agent
reaches the destination.
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3.12.5Test Results

The density maps presented below show the maximum average densities in the corridor for the different
scenarios, which are calculated by averaging the measured densities every 10 sec. The time taken for the last
agent to exit the corridor is also presentedbelow and, as expected, the total evacuation time is lower when
densities are lower if compared to the scenarios with increased densities.
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Figure47 - IMO 12: Resulting density maps for all scenarios modelled

As a total of 200 agents were generated in all four scenarios, by dividing this by the total evacuation time, i.e.
time last agent, and width of the corridor (3 m), the average flow in P/m/s over the entire period can be
calculated. The resulting flows ar@resented inTablel4 Theser e sul t s are consistent
when densities increase, the flow is proved to decrease.
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Table14- IMO 12: Resulting flows for the four scenarios modeled

Scenario No of Agents (P) Time Last Agent (s) Flow (P/m/s)
1 200 115 0.58
2 200 144 0.46
3 200 149 0.45
4 200 151 0.44

It is considered important to highlight in this section that the results are conditional to the settings defined by
the modeler. For instance, other results could be obtained if agents where slowed down even further, to speeds
even lower than 0.5 m/s or speed higher than 0.5 m/s.

3.12.6Conclusion

IMO Test 12 was performed in the Pedestrian Dynamics environment. The modelled results comply with
expectations and thus indicate that in Pedestrian Dynamics different levels of density, under certain conditions,
have the expected effecton flows.

Pedestrian Dynamics is therefore conditionally verifietbr IMO Test 12.
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3.13NIST 1.1: Preevacuation time distributions

This test aims to verify the same component of the software as IMO Test 5. Hence, the reader is directed to the
test description and results found in on page 41 of this document.

3.14NIST 2.1: Speed in a corridor

This test aims to verify the same component of the software as IMO Test 1. Hence, the reader is directed to the
test description and results found in om page 28 of this
document.

3.15NIST 2.2: Speed on stairs

This test aims to verify the same component of the software as IMO Test 2 and IMO Test 3. Hence, the reader is
directed to the test description and results found in enpage 29,
and engpage 34 of this document.

3.16NIST 2.3: Movement around a corner

This test aims to verify the same component of the software as IMO Test 6. Hence, the reader is directed to the
test description and results found in on page 43 of this document.

3.17NIST 2.4: Assigned demographics

This test aims to verify the same component of the software as IMO Test 7. Hence, the reader is directed to the
test description and results found in o page 48 of this
document.

3.18NIST 2.5: Reduced visibility vs. walking speed

This test is not performed as the version of Pedestrian Dynamics used for performing the tests hereby described
does not have a direct component to simulate the specified conditions of the test.

3.19NIST 2.6: Occupant incapacitation

This test is not performed as the version of Pedestrian Dynamics used for performing the tests hereby described
does not have a direct component to simulate the specified conditions of the test.

3.20NIST 2.7: Elevator usage

3.20.1Description

Recent building codes have begun to incorporate elevators as a viable component of egress [International Code
Council, 2012] and as an integral element in various evacuation strategies [Ronchi et al., 2013b]. Accordingly, it is
recommended that evacuationmodels be tested for their ability to simulate elevatorassisted evacuations.

Notably, the integration of elevators into evacuation models is still emerging; 10 out of the 26 models reviewed

by Kuligowski et al. [2010] included such functionality.
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3.20.2 Verification standards

This test is in accordance withthe NIST2.7 Elevator usage test.

3.20.3 Aim of the test

The purpose of the test is to verifythe capability of evacuation models to accurately simulate elevateassisted
evacuation scenarios, in accordance with emerging building code requirements and evolving egress strategies.

3.20.4 Simulation setup

The simulation environment consists of two room& Room 1 and Room # positioned at different vertical levels
with a floor-to-floor distance of 3.5 meters. An elevator is installed to connect the two rooms in accordance with
the specified geometry. A single gent is placed in Room 2 with an unimpeded walking speed of 1 m/s and an
instantaneous response time. The elevator serves as the sole means of egress in this scenario. At the start of the
simulation, the elevator is positioned in Room 1, goes to the heightaiyer 2 to pick up the agent and returns to
height layer 1 Room 1 to complete the evacuation.

The following are the elevatorods kinematic parameters:

Elevator properties Values

Capacity 5

Door opening time (s) 3

Door closing time (s) 3

Minimum waiting time (s) | 10

Speed (m/s) 1

Door height (m) 2.5

Wall width (m) 0.1

These parameters are explicitly defined to ensure repeatability and accurate performance evaluation of the
evacuation model.

Level 1 with Room 1 Level 2 with Room 2
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3D visualization

3.20.5 Test results

The single agent starts from Room 2 on level 2, reaches the elevator waiting. The elevator from level 1 goes up
to level 2, picks the agent, reaches level 1. The agetiten walks to room 1. The time taken for the agent from
room 2 to room 1 is 57 seconds. This also includes the waiting time fone elevator (including doors open and
close).This test is a qualitative verification of model assignment, i.e. the ability of the model to simulate
evacuation using elevators

3.20.6 Conclusion

NIST Test 2.7 was performed in the Pedestrian Dynamics environment. The modelled results comply with
expectations and thus indicate that a model in Pedestrian Dynamics has the ability to simulate evacuation using
elevators.

Pedestrian Dynamics is therefore verified for NIST Test 2.7.

3.21NIST 2.8: Horizontal counter -flows (rooms)

This test aims to verify the same component of the software as IMO Test 8. Hence, the reader is directed to the
test description and results found inlMO 8: Counterflove two rooms connected via a corridon page 51 of this
document.

3.22NIST 2.9: Group behaviors

This test is not performed as the version of Pedestrian Dynamics used for performing the tests hereby described
does not have a direct component to simulate the specified conditions of the test.
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3.23NIST 2.10 People with movement disabilities

3.23.1Description

This test prescribes two rooms connected by a ramp. Room 1 is positioned at 1 m above ground level, while
room 2 is at ground level and has a 1 rhexit located at the end of it. Two scenarios are considered in this test:

Scenario 1: 25 agents are generated, of which 24 are standard occupants and 1 is a disable occupant;

Scenario 2: 25 agents are generated, and all are standard occupants.

Standard occupants have unimpeded walking speeds of 1.25 m/s, and the default body radius of Pedestrian
Dynamics. The disable occupant, on the other hand, is assumed to have an unimpeded walking speed of 0.8 m/s
on horizontal surfaces, and 0.4 m/s on the ramp. Also, the body radius of this agent is assumed to be larger

than 0.75 m, which is half of the width of the ramp. The location where these agents are generated and the

route they take are illustrated inFigure 48, sois the layout of the rooms described above.

Scenario 1 Scenario 2
Zone 1 Im Zone 1 im
A <> & <~
e’ /’Zonez . c.-. Zone 2
..‘.-. — ) e o o Z
4m ofel® I:L.S m Exit 4m 0%’ Il_S m Exit
o @ e 8
LN ] o o o |
) [
& 5
5m \ 2m 5m 5m \ 2m 5m
\ \
v Room 1 v Room 2
Room 1 Disabled Room 2 Standard
Occupant Occupant

Figure48 - NIST 2.10: Prescribed layout

It is expected that thetime taken by the occupants in zone 1 to reach the exit is larger in scenario 1 if compared
to scenario 2.Hence, this test is a qualitative verificatiof emergent behavior, whichchecks whether the model
is able to simulate the impact of disable populations in evacuation times

3.23.2 Verification Standards

This test is in accordance witiNIST 1822 Tes2.10. No IMO or RIMEA equivalent currently exists for this test.

3.23.3 Aim of the test

The purpose of this test is to verify whether the simulation tool is capable of simulating emerging behaviors of
people with reduced mobility, such as decreased travel speeds and increased space requirements, as well as of
representing the interactions ofthese individuals and the rest of the population.

3.23.4 Simulation Setup

In Pedestrian Dynamics, this test is modelled with three walkable areas, which represent both rooms and the
ramp, and three entry/exit portals: one for zone 1, where the standard agents are generated, another for zone 2,
which generates the impaired occupat in scenario 1, and the final exit. In addition, aaction is inserted on top

of the ramp to reduce the speed of the disable agent to 0.4 m/s during the time the agent is inside of itKigure
49).
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Figure49 - NIST 2.10: Model layout
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is assigned maximum desired speeds of 1.25 m/s, and all other parameters are as per default in PD. A maximum
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The time taken for the last agent to reach the exit at the end of room 2 is recorded in both scenarios modeled.

3.23.5 Test Results

Table 15presents the results obtained for the two scenarios considered, and the images highlight how the
interaction betweenthe agents change when the disable occupant is present. For instance, at 10 sec of
simulation time, the queue to leave the initial room and access the ramp is much larger in Scenario 1 if
compared to Scenario 2. The results obtained are consistent with éhtests objectives as it proves that the
evacuation time is higher in the scenario with an impaired occupant.

Table15- NIST 2.10: Impact of people with reduced mobility on evacuation time

Scenario 1: Mobility impared
Evacuation time: 23 sec

00:00:03

00:00:10

Test DescriptionPedestrian Dynamics Verification & Validation Document

InControl Enterprise Dynamics
100322026

Page750f120 | S



Scenario 2: Standard occupants
Evacuation time: 18 sec

00:00:03 00:00:10

AN TN

3.23.6 Conclusion

NIST TesP.10 was performed in the Pedestrian Dynamics environment. The modelled results comply with
expectations and thus indicate that Pedestrian Dynamics is able to reproduce emerging behaviors of people
with reduced mobility, and the impact of these on the evaaation times.

Pedestrian Dynamics is therefore verified for NIST Test 2.10.
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3.24NIST 3.1: Exit route allocation

This test aims to verify the same component of the software as IMO Test 8. Hence, the reader is directed to the
test description and results found in on page 58 of this document.
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3.25NIST 3.2 Social influence

3.25.1Description

This test prescribes a room of size 10 m x 15 m, with two 1 m wide exits located at the tepd of the 15 m wall,
equally distant from the 10 m wall Figure 50). An agent (occupant 1) is located equidistantly to both exits at the

bottom -end of the room, and it should be generated in the exact same position over different runs. The
maximum desired speed of the agent is constant and equal to 1 m/s, and its respoasime is 0 sec. Two

scenarios are modeled:

Scenario 1: agent has no preferred exit;

Scenario 2: an additional agent is generated (occupant 2) on the location indicated igure 50 (left) and

deterministically assigned to exit 2. Its maximum desired speed and response time are the same as for

occupant 1.
Scenario 1 Scenario 2
Exit 1r] E]Exit 2 Exit 1r] DEXR 2
5 =
e Exit 1 = g‘n g g lén
3 3
Initial location
ofthe agents ~ T———_
T
Initial location — | | [ ]
ofthe agent T °® iim 2Zm .Tf im
10m

10m

Figure50 - NIST 3.2: Prescribed layout

In both scenarios, the test should be run several times, until a stable percentage of exit usage for both exits is
obtained, that is, that the exit usage does not vary more than 1% with an additional run. It is expected that in

scenario 2, the usage of exi2 by occupant 1 is higher than in scenario Hence, this test is eguantitative

verification of the model results in terms of exit usage

3.25.2 Verification Standards

This test is in accordance witiNIST 1822 Tes3.2. No IMO or RIMEA equivalent currently exists for this test.

3.25.3 Aim of the test

The purpose of this test is to qualitatively verify the model ability to simulate the impact of social influence on

exit choice.
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3.25.4 Simulation Setup

The layout built for this test in the Pedestrian Dynamics environment is shown figure 51 Fiveelements are

created: two entry/exit portals to generate the agents, one inserted 1 m away from the 10 m wall on the bottom

of the 10 m x 15 m walkable area and the other 2 m away, and two additional entry/exit portals which

correspond to exits 1 and 2. fie exits are positioned on the 15 m wall, equally distant from the entry portal at

the end of room. In all four entry/exit portals, the 6
the location, so the agents are always generated on theasne location over different runs, and this location is

equidistant to the attraction points of both exits.

Ww 0000°¢T
15.0000 m

&
Occupant24— o
Occupant1 ‘_ ﬁ
o
i ‘

I 1

10.0000 m

Figure51- NIST 3.2: Model layout

The default profile of Pedestrian Dynamics was used, only modifying the maximum desired speed to a constant
value of 1 m/s. Three scenarios are created, which differ on the method used to assign the agent to one of the
exits:

Scenario 1: no social influence is modelled. Location distribution set to equally distribute agent between
the exits;
Scenario 2: occupant 1 is influenced by occupant 2, which is deterministically always assigned to exit 2;

Scenario 3: same as Scenario 2, but with a random component is added to the exit selection algorithm

which takes a maximum value of 2.

In order to simulate the influence of occupant 2 in occupant 1, one of the predefined codes embedded in the
location assignment of Pedestrian Dynamics is used. By setting the location assignment of occupant X*tMost

number of agents in + approaching activity**} and al so enabling the &6store appt
both exits, this occupant is assigned to the O6most com
one second before occupant 1 is generated, and due to its 0 sec respomsime, it starts routing to exit 2 right

away, which then makes exit 2 the &dmost commonly selec

occupant 1 is generated and thus this occupant is also routed to this exit. Scenario 3 is created to perform a
sensitivity analysis of the exit selection algorithm used in this test. The random component added to the score of
the activities is set to a maximum value of 2.
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In order to get a stable percentage of exit usage, that is, until the frequency of usage of the two exits does not
vary more than 1% with an additional run, dotal of 500 draws per scenario are simulated, and the exit chosen
by the agent is stored for each draw.

3.25.5 Test Results

Table 16 presents the frequency of usage of each exit for the three scenarios modeled. The results obtained are
consistent withthe tests objectives as it proves that exit 2 is more frequently used in scenarios 2 and 3, where
occupant 1 is influenced by the exit selection of occupant 2, than in scenario 1.

Table16- NIST 3.2: Frequency of exit usage for the three scenarios modeled

Exit Scenario 1 Scenario 2 Scenario 3
1 52% 0% 7%
2 48% 100% 93%

3.25.6 Conclusion

NIST TesB.2 was performed in the Pedestrian Dynamics environment. The modelled results comply with
expectations and thus indicate that Pedestrian Dynamics is able to simulate the effect of social influence in exit
choice.

Pedestrian Dynamics is therefore verified for NIST Test 3.2.
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3.26NIST 3.3 Affiliation

3.26.1Description

This test prescribes a room of size 10 m x 15 m, with two 1 m wide exits located on the 15 m wall, equally distant
from the 10 m wall at the top-end of the room (Figure 52). An agent is located equidistantly to both exits at the
bottom -end of the room, and it should be generated in the exactsame position over different runs. The

maximum desired speed of the agent is constant and equal to 1 m/s, and its response time is 0 sec.
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Figure52- NIST 3.3: Prescribed layout

Two scenarios are modeled:

Scenario 1: agent is unfamiliar with the exits;

Scenario 2: agent is affiliated with exit 2, that is, exit 2 is favored by the occupant.

In both scenarios, the test should be run several times, until a stable percentage of exit usage for both exits is
obtained, that is, that the exit usage does not vary more than 1% with an additional run. It is expected that in
scenario 2, the usage of exi2 is higher than in scenario 1Hence, this test is aquantitative verification of the
model results in terms of exit usage

3.26.2 Verification Standards

This test is in accordance witiNIST 1822 Tes3.3. No IMO or RIMEA equivalent currently exists for this test.

3.26.3 Aim of the test

The purpose of this test is to verify whether the
familiarity with an exit.

3.26.4 Simulation Setup
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The layout built for this test in the Pedestrian Dynamics environment is skivn in Figure 53. Fourelements are

created: an entry/exit portal, which is inserted 1 m away from the 10 m wall at the bottom of the 10 m x 15 m

walkable area, and two additional entry/exit portals which correspond to exits 1 and 2. The exits are positioned

on the 15 m wall, gually distant from the entry portal at the end of room. In all three entry/exit portals, the
6Location Approachingd property was set to the center
the same location over different runs, and thisdcation is equidistant to the attraction points of both exits.

W 0000°CT
15.0000 m

1.0000 m

| |
| 10.0000 m |
Figure53- NIST 3.3: Model layout

The default profile of Pedestrian Dynamics was used, only modifying the maximum desired speed to a constant
value of 1 m/s. Three scenarios are created, which differ on the method used to assign the agent to one of the
exits:

Scenario 1: no affiliation is modelled.ocation distribution set to equally distribute agent between the

exits;
Scenario 2: agent is affiliated to exit 2. Weight given to exit 2 is 0.75, while exit 1 receives 0.25;
Scenario 3: same as Scenario 2, but a random component is added to the weight which takes a

maximum value of 1.

Weights are given to the exits by attaching a label to these activities. For more information about labels and
their usage, thereader is referred to Pedestrian Dynamics User Manual, or scripting tutorial of Pedestrian
Dynamics. One of the predefined codes in Pedestrian Dynamics for the assignment of locations is tff&Highest
user-defined score**}, which determines the location based on a certain score determined by the modeler. This
code is used in Scenarios 2 and 3, where in the latter the score is calated by adding a random component to
the pre-determined weights of 0.75 (exit 2) and 0.25 (exit 1).

In order to get a stable percentage of exit usage, that is, until the frequency of usage of the two exits does not
vary more than 1% with an additional run, a total of 500 draws per scenario are simulated, and the exit chosen
by the agent is stored for eat draw.
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3.26.5 Test Results

Table 17presents the frequency of usage of each exit for the three scenarios modeled. The results obtained are

consistent withthe tests objectives as it proves that exit 2 is more frequently used in scenarios 2 and 3, where
the agent is affiliated with that exit, than in scenario 1.

Tablel17- NIST 3.3: Frequency of exit usage for the three scenarios modeled

Exit Scenario 1 Scenario 2 Scenario 3
1 51% 0% 14%
2 49% 100% 86%

3.26.6 Conclusion

NIST TesB.3 was performed in the Pedestrian Dynamics environment. The modelled results comply with
expectations and thus indicate that Pedestrian Dynamics is able to simulate the affiliation of agents to an exit.
Pedestrian Dynamics is therefore verified for NIST Test 3.3.
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3.27NIST 4.1 Dynamic availability of exit

3.27.1Description

This test prescribes a room of size 10 m x 15 m, with two 1 m wide exits located on the 15 m wall, equally distant
from the 10 m wall at the top-end of the room (Figure 54). An agentis generated equidistantly to both exits at
the bottom -end of the room. The maximum desired speed of the agent is constant and equal to 1 m/s, and its

response time is O sec.
Exit IM [jExitZ

wer

Initial location

of the agent \\

10m
Figure54 - NIST 4.1: Prescribed layout

After 1 sec of simulation time Exit 1 becomes unavailable, thus it is expected that this exit is not used by the
agent. Hence, this test is equantitative verification of the model results in terms of exit usage

3.27.2 Verification Standards

This test is in accordance witiNIST 1822 Test.1. No IMO or RIMEA equivalent currently exists for this test.

3.27.3 Aim of the test

The purpose of this test is to qualitatively evaluate whether the model is able to represent dynamic availability of
exits.

3.27.4 Simulation Setup

In Pedestrian Dynamics, this test is modelled with one walkable area, which represents the 10 m x 15 m room,

and three entry/exit portals: one for generating the agent located centrally to the 10 m wall at the bottorrend

of the walkable area, and the othertwo for the exits. To connect Exit 1 to the large room where the agent is

generated, a passageway of size 0.2 m x 1 m is inserted and, as per default, its direction is defined as
O6bidirectional 8. On the other hafthdagenEbyaQ.2n2xlimwaladen nect e
area, as this exit is always available. In addition, an action timer is created, which is used to dynamically update

the direction of the passageway by Exit 1escenaribsiareav ai | a
considered in this test:

Scenario 1: both exits are available;

Scenario 2: Exit 1 becomes unavailable after 1 sec of simulation time;
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Scenario 3: Exit 1 becomes unavailable after 5 sec of simulation time;

Scenario 4: Exit 1 becomes unavailable from 1 to 3 sec of simulation time.

Scenarios 3 and 4 are created to illustrate the flexibility in modelling dynamic availability of exits in Pedestrian
Dynamics, as well as to perform a sensitivity analysis of the impact of changing this availability at different times
during the simulation. A total of 50 draws per scenario are simulated, and the exit chosen by the agent is stored
for each draw. In order to model scenario 4, a second action timer is built which sets thdirection of the

passageway by Exit 1 b accoksimulationdiime. The layeut describedalbode isstiotvre r
in Figure 55.
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Figure55- NIST 4.1: Model layout

The default profile of Pedestrian Dynamics was used, only modifying the maximum desired speed to a constant

value of 1 m/s. Still in the agent input window, the

and the generator is updaed to generate a single angle at time 0. To generate the agent equidistantly from its
destination in either exit, the location approaching of all entry/exit portals is set to the center point of the
activity.

3.27.5 Test Results

Table 18 presentsthe frequency of usage of each exit for the four scenarios modeled. The results obtained are
consistent with the tests objectives as it proves that Exit 2 is the only exit used in scenarios 2 and 3, where Exit 1
is unavailable. Also, it is possible to sethat, in Scenario 4, agents still use Exit 1, even though it was unavailable
for the first 3 seconds of simulation time.

Table18- NIST 4.1: Frequency of exit usage for the three scenarios modeled

Exit Scenario 1 Scenario 2 Scenario 3 Scenario 4
1 52% 0% 0% 56%
2 48% 100% 100% 44%
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3.27.6 Conclusion

NIST Tes#.1 was performed in the Pedestrian Dynamics environment. The modelled results comply with
expectations and thus indicate that Pedestrian Dynamics is able to simulate dynamically availability of exits.
Pedestrian Dynamics is therefore verified for NIST Test 4.1.

3.28NIST 5.1: Congestion

This test aims to verify the same component of the software as IMO Test 11. Hence, the reader is directed to the
test description and results found in en page 62 of this document.

3.29NIST 5.2: Maximum flow rates

This test aims to verify the same component of the software as IMO Test 4. Hence, the reader is directed to the
test description and results found in on page 37 of this document.

3.30RIMEA 1: Maintaining the specified walking speed in a corridor

This test aims to verify the same component of the software as IMO Test 1. Hence, the reader is directed to the
test description and results found in on page 28 of this
document.

3.31RIMEA 2: Maintaining the specified walking speed up stairs

This test aims to verify the same component of the software as IMO Test 2. Hence, the reader is directed to the
test description and results found in en page 29 of this
document.

3.32RIMEA 3: Maintaining the specified walking speed down stairs

This test aims to verify the same component of the software as IMO Test 3. Hence, the reader is directed to the
test description and results found in on page 34 of this
document.
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3.33RIMEA 4. Measurement of the fundamental diagram

3.33.1Description

This test prescribes the modelling a 1000 m long and 10 m wide corridor, which is to be filled with different
densities of persons with as equal as possible free walking speeds. Six scenarios are to be considered in this test,
which vary based on the dendies:

Scenario 1: density of 0.5 P/
Scenario 2: density of 1 P/rh
Scenario 3: density of 2 P/m
Scenario 4: density of 3 P/m
Scenario 5: density of 4 P/m
Scenario 6: density of 5 P/m
Scenario 7: density of 6 P/rh

Three measuring points of size 2 x 2 m are to be placed in this corridor, positioned according to the layout
shown in Figure 56. The main measurement point is the dotted square in the middle of the corridor, whereas
the other two points serve as control points.

Laufrichtung / Direction of travel I

For each scenario, the average speed of the agents over a period of 60 seconds is to be determined for the
specified densities at each of the measuring points. From these speed and density measurements, the
corresponding fundamental diagrams are drawn wheg the flow is calculated based on the fundamental
equation:

Qae v NQQQQE T Q0 w
It is expected that the resulting fundamental diagrams areomparable to the standard fundamental diagrams
found in pedestrian and crowd literature. Such diagrams have been shown iRigure 46. Furthermore, to ensure
the fundamental diagram can also be obtained in case of a line movement, that is, in case agents only move
behind one another and no overtaking occurs, the width of the corridor is tobe reduced and the speed, density
and flow relation verified.

3.33.2 Verification Standards

This test is in accordance with RIMEA 4. No IMO or NIST equivalent currently exists for this test.
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3.33.3 Aim of the test

The purpose of this test is to verify the capabilities of the simulation tool in representing the relationship
between different density levels with the averaged speeds and flows of pedestrians, which is defined by the
pattern observed in the pedestrian fundamental diagram.

3.33.4 Simulation Setup

In Pedestrian Dynamics, this test is modelled with a 1000 m x 10 m walkable area, which represents the corridor,
one entry and one exit activities where the agents start from and end their route, and three action areas of 2 x 2
m to serve as the measuringpoints, positioned according to Figure 56. The dimensions of the entry activity are
700 m x 10 m, so that when agents are generated the occupy the space on the corridor according to the pre
defined density of the scenario. This layout in the simulation environment is illustrated iRigure 57 and Figure

58.

V=

1000 m

Figure57- RIMEA 4: Simulated layout

Figure58- RIMEA 4: Zoomed in section where measuring points are located

From the prescribed scenarios, the following are simulated in Pedestrian Dynamics:

Scenario 1: density of 0.5 P/f
Scenario 2: density of 1 P/fh
Scenario 3: density of 2 P/m
Scenario 4: density of 3 P/m
Scenario 5: density of 4 P/m
Scenario 6: density of 5 P/m

Densities above 5 P/m as prescribed in scenario 7 are not simulated in Pedestrian Dynamics. As agents are
represented by a circle in PD, when these are generated in densities above 5 P/they are placed almost on
top of one another, and thus no realistic movement / measurements can be obtained.

The speed of the agents is set to uniformly distributed between 1.2 and 1.4 m/nd most of the other
demographic parameters are maintained as per default, except for the personal distance. By default, the
personal distance of the agents is set to 0.5 m, that is, agents aim to keep 0.5 m distance from one another.
However, in the scaarios when densities are >= 4 P/n3, pedestrians in real life do not maintain such distance
anymore and therefore, to avoid that in the simulation they do not move forward because they are trying to
maintain this distance, for scenarios 5 and 6 their perswl distance is set to zero.
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The number of agents to be generated is different per scenario. As the scenarios are differentiated based on the
densities, the number of agents generated per scenario is calculated in the software by multiplying the area of
the entry activity by the desied density. All agents are generated at the same time, at the start of the simulation,
and have an immediate response time, thus they start moving to the exit as soon as the simulation starts.

The average speed of the agents inside each measuring point and the corresponding density in the point are
then measured every 0.5 second for a total of 60 seconds, thus 120 observations are obtained per measuring
point. The current speed of each agent istored in a label in the agent calledpd____curspeedand the density is
measured by dividing the number of agents inside the measuring point by the area of the measuring point.
Finally, the test also prescribed that the width of the corridor is reduced to a width in which agents cannot
overtake, thus creating a line movement, and that the fundamental diagram is also obtained for this case. For
this condition, the width of the corridor and the entry and exit activities are adjusted to 0.4 m, while the length

of these elements is maintained. The measurement points are also adjusted so that the measurement area of 4
m? is maintained, but the area only covers the corridor. This mearthat the width of this area is also adjusted to

0.4 m, while the length is then set to 10 m. This narrower layout is presented Figure 59. Furthermore, only the
main measurement point is considered for the narrower corridor.

CR

Figure59 - RIMEA 4: Simulated layout (narrower corridor)

3.33.5 Test Results

The results of this test are discussed upon based on the fundamental diagrams obtained from the simulation of
the different scenarios.Figure 60 and Figure 61show the resulting fundamental diagrams based on the
measurements at the main measurement point. It can be seen that the shape obtained is comparable to the
fundamental diagrams found in literature (see~igure 46), where for the speed and density relation the overall
pattern is that, as densities rise speeds drop, and for the flow x density relation the capacity value determines
the relation. It is also possible to observe that the variation between the observatis of each scenario decrease
as the densities rise.
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Figure61- RIMEA 4: Flow x Density FD | Main measurement point

The speed x density fundamental diagrams obtained for the control measurement points are also shown in
Figure 62 and Figure 63 below, where it can be seen that these are also comparable with the one from the main

measurement point.
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Figure63- RIMEA 4: Speed x Density FD | Measurement point 2

The fundamental diagram is also derived for the line movement through the narrower corridor in the same way
as done in the wider corridor. The resulting speed x density fundamental diagram for this case is shown in
Figure 64, and it is also in line with expectations based on the existing pedestrian fundamental diagrams found

in literature.
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Figure64 - RIMEA 4: Speed x Density FD | Main measurement pdiritine movement

3.33.6 Conclusion

RIMEA Test 4 was performed in the Pedestrian Dynamics environment. The resulting fundamental diagrams are
in line with expectations and thus indicate that Pedestrian Dynamics is able to reprodudke relationship

between different density levels with the averaged speeds and flows of pedestriandowever, this is conditional

to specific settings defined by the modeler (e.g. personal distance) and up to the density level of 5 Pfm

Pedestrian Dynamics is therefore conditionally verified for RIMEA Test 4.
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3.34RIMEA 5: Premovement time

This test aims to verify the same component of the software as IMO Test 5. Hence, the reader is directed to the
test description and results found in on page 41 of this document.

3.35RIMEA 6: Movement around a corner

This test aims to verify the same component of the software as IMO Test 6. Hence, the reader is directed to the
test description and results found in on page 43 of this document.

3.36 RIMEA 7: Allocation of demographic parameters

This test aims to verify the sameomponent of the software as IMO Test 7. Hence, the reader is directed to the
test description and results found in on page 48 of
this document.
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3.37RIMEA 8: Allocation of demographic parameters

3.37.1Description

This test prescribes the modelling a threestorey building according to the layout and number of persons per
room shown in Figure 65. The building is to be evacuated and the total evacuation time measured and
compared across different scenarios, where in each scenario a distinct agent parameter is changed while the
others are maintained as fixed values. The parameters tested should lige same for all persons, so a unique
value is assumed instead of a distribution.

[
[
[
[
L
[
[
[
[

Erdgeschoss 1. und 2. Stock
Ground floor Ausgang / Exit am . 1m 1stand 2™ floor
L,
4&441“44&41 s |4 ff & | 4 4 s | s s )]s s

‘ A UL A A
BEREEREEEEENE St atat et et al et N

4 4 4 4 4 4 4 4

4 4 B 4 - 4 - 4 4 4 4 B von oben B 4 4 4 4 4 4 4 A nach unten 2
| 4 _‘/ L _/' _/ | _/ _/ from upstairs 7 _’/" _‘/'l_/'ll Ve _/" _/’ _'/lﬂ m:,“m“ "l m
»
- — . o > im
NN g pNaN pN pd N pS oS oS B ol ol pN e e el ul ol gl pl nl
S I I I I N IR I I I A R O I 7 I R I A A A B EL

Figure65- RIMEA 8: Prescribed layout

In this report, three demographic parameters are considered for this test, namely:
Maximum speed (m/s): this is the maximum desired speed an agent will walk on, and it will try to walk at

this speed whenever possible (i.e. whenever it is not impeded by other agents or obstacles). Higher
average values for this parameter often represent qunger groups of pedestrians or pedestrians in
commuting trips, while lower maximum speeds represent elderly groups or pedestrians in leisure
activities.

Body radius (m): this is theadius or space occupied by eachagent. In Pedestrian Dynamicsagents are
represented by disks. Hence, theibody radius ® directly determines their area A, through the equation
A = pi * R?, A radius of 0.239 m corresponds to an area of about 0.18 nwhich is a commonly used value
for the average size of a pedestrianHigher values for this parameter can be used to simulate pedestrians
carrying luggage, for instance in airports, or wheelchair users. Lower body radius on thetar hand can
be used to simulate for instance children.

Personal distance (m): this is thelesired personal distanceahead between agents (>=0). A larger value
means that the agent wants to stay farther away from others. When the best angle is found in the micro

simulation step the distance the agent can travel, when there is an expected collision with another agent

Test DescriptionPedestrian Dynamics Verification & Validation Document
InControl Enterprise Dynamics

16032026 Page94 of 120 @



traveling in the same direction, is the minimumbetween the distance to collision- personal distanceor

the current distance between the two agents.

3.37.2 Verification Standards

This test is in accordance with RIMEB&. No IMO or NIST equivalent currently exists for this test.

3.37.3 Aim of the test

The purpose of this test is to assess the effect of changing individual demographic parameters in the behavior of
the agents by analyzing the impact of these parameters in the total evacuation time.

3.37.4 Simulation Setup

In Pedestrian Dynamics, this test is modelled witthree 22 x 14 m walkable areas, each placed in a different
height layer, which represent the floors of the building to be evacuated. These layers are connected through the
staircases, where two staircase elements are used to connect each floor as theraignding in between these
floors. There are 112 rooms in total which are modelled with waiting activities. Four visitors are generated inside
each room, thus in total 448 agents are simulated in all scemas, and they are all given the same final
destination, which is the exit activity on the ground floor. The layout described is shown iRigure 66, where the
area pointed with the red arrow indicates the final destination of the agents.
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Figure66 - RIMEA 8: Model layout of the ground floor (left) and first floaniddle) and in 3D (right)

For eachof the three demographic parameters considered, three variations of its value are simulated: the
default value, a 25% increase in this value and finally also a 25% decrease. The scenarios and their

corresponding values for each parameter are shown iffable 19
Table19- RIMEA 8: Scenarios and values of the different demographic parameteretest

Demographic parameter

Scenario Values
tested
Variation Default +25% -25%
1 Average speed 15 1.875 1.125
2 Body radius 0.239 0.30 0.18
3 Personal distance 0.5 0.625 0.375

For all the parameters tested, it is expected that the total evacuation times of the variation where the default
values of the parameter are used, would be in between the evacuation times of the +25% an@5% variations.
For the average speed, the +25% vaation is expected to yield the lowest evacuation time of all the variations
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for that parameter. However, for both the body radius and personal distance, the lowest evacuation times are
expected to be for the -25% variation.

3.37.5 Test Results

Table 20 presents the resulting evacuation times of the three variations of each of the parameters tested. As
expected, the evacuation time of all the scenarios with their default values is in between the +25% an@a5%
variations. Furthermore, only the average spad variation yields the +25% variation the lowest evacuation times
of the scenario, for the body radius and personal distance scenarios, that variation yields the highest evacuation
times. It is also possible to see from the results that the simulation imuch more sensitive to the body radius
parameters that the other two, as the same percentage change in the parameter value used as input results in
larger variations in the evacuation time output.

Table20 - RIMEA 8: Resulting evacuation times of the distinct scenarios and variations tested

Scenario & Parameter Variation Total Evacuation Time (mins)
Default 3:24
1. Average speed +25% 3:04
-25% 4:02
Default 3:24
2. Body radius +25% 4:40
-25% 2:18
Default 3:24
3. Personal distance +25% 3:27
-25% 3:16

3.37.6 Conclusion

RIMEA Test 8 was performed in the Pedestrian Dynamics environment. The results indicate that the effect of
changing individual demographic parameters on the total evacuation time are in line with expectations, for the
three parameters tested, namely averag speeds, body radius and personal distance. Hence, this test considered
conditionally verified as the components verify are the chosen parameters. For other parameters the verification
is not performed.

Pedestrian Dynamics is therefore conditionally verified for RIMEA Te&t
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3.38RIMEA 9: Crowd of people leaving a large public space

This test aims to verify the same component of the software as IMO Test 9. Hence, the reader is directed to the
test description and results found inIMO 9: Crowd dissipation from a large public roomon page 54 of this
document.

3.39RIMEA 10: Allocation of escape routes

This test aims to verify the same component of the software as IMO Test 10. Hence, the reader is directed to the
test description and results found in on page 58 of this document.
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3.40RIMEA 11: Choice of escape route

3.40.1Description

This test prescribes that 1000 agents are to be generated inside a public space, with immediate response times,
which are to evacuate the space via two exits positioned on the right hand side. The dimensions of the space
and positioning of the exits must be according to the layout shown inFigure 67.
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The public space is to be occupied with maximum density at the start of the simulation, and agents are left to
choose the exit to evacuate the room based on their routing and collision avoidance algorithms. The expected
result is that agents prefer to useExit 1 instead of Exit 2, and congestion occurs in that area. However, individual
agents will also use Exit 2Hence, this test is a qualitative verification that checks whether the model is able to
produce realisticchoice behavior if compared to informed expectationsregarding their choice of escape route.

3.40.2 Verification Standards

This test is in accordance with RIMEAL No IMO or NIST equivalent currently exists for this test.

3.40.3 Aim of the test

The purpose of this test is to verify the capability of the simulation tool in simulating realistic choice behavior of
pedestrians.

3.40.4 Simulation Setup

This test is modelled with a 30 x 20 m walkable area and two activity locations: a waiting activity where agents
are generated inside, which represents the public space, and an exit activity positioned after the exits, where
agents have to evacuate to. Twmpening elements are used to create the 1 m wide exits on the right hand side
of the room (see Figure 68). A total of 1000 agents are generated in the public space activity, which are given an
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immediate response time, as the activity time of the public space is set to zero, and a speed which follows a
triangular distribution with mean 1.5 m/s, minimum of 1.08 m/s and maximum of 1.85 m/s, in accordance to the
RIMEA e.V. profiles for people in the0 - 40 age category. All other parameters were maintained as default in
PD.
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Figure68 - RIMEA 11: Model layout

3.40.5 Test Results

Table 21 presents the results obtained from the simulation in terms of the share of agents which choose each of
the available exits. It can be seen that, as expected, almost twice as many agents choose exit 1 if compared to
exit 2. Furthermore, as shown irfFigure 69, congestion occurs by exit 1 while exit 2 is uncongested most of the
time during the simulation. The results obtained are consistent with the tests objectives as it proves thakit 1 is
the preferred exit for most agents and thus congestion occurs by that exit, while individual agents also choose
exit 2 without causing congestion by that area

Table21- RIMEA 11: Nr of visitors that choose each exit to evacuate from the room

Exit Nr of agents Share of total (%)
Exit 1- Closer to the public space 639 64%
Exit 2- Further away from the public space 361 36%
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Figure69 - RIMEA 11: Congesti@ppearsby Exit Iwhile Exit 2 is mostly free

3.40.6 Conclusion

RIMEA Test 11 was performed in the Pedestrian Dynamics environment. The modelled results are in accordance
with expectations and thus indicate that Pedestrian Dynamics is able to reproduce exit choice behavior and the
appearance of congestion where it is gpected.

Pedestrian Dynamics is therefore verified for RIMEA Test 11.
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3.41RIMEA 12: Effect of bottleneck

This test aims to verify the same component of the software as IMO Test 8. Hence, the reader is directed to the
test description and results found in on page 51of
this document.

3.42RIMEA 13: Congestion in front of a flight of stairs

This test aims to verify the same component of the software as IMO Test 11. Hence, the reader is directed to the
test description and results found in on page 62 of this document.
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3.43RIMEA 14: Choice of route

3.43.1Description

This test prescribes two routes between a start and a target destination which are illustrated Figure 70. The
first and shorter route is via the two flights of stairs (dark grey elements) which connect the upper floor and the
ground floor, while the corridor on the upper floor is the second and longer route available between the start
and target. No dimensions or number of agents are provided for this infrastructure.
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Figure70 - RIMEA 14: Prescribed layout

The test assesses whether pedestrians choose the shorter route via the ground floor or if they stay on the longer
route via the upper floor. No expected results are defined for this test. Instead, it is requested that the choice of
pedestrians and the condtions of the scenario in which those choices are made are documentedience, this

test is a qualitative verificationon how the agents in the model choose their route, and exemplifies the factors
and parameters that can affect their choice in the simulabin environment.

3.43.2 Verification Standards
This test is in accordance with RIMEA4. No IMO or NIST equivalent currently exists for this test.

3.43.3 Aim of the test

The purpose of this test is to assess how agents behave in the model in regards to their route choice and how
that is affected by specific modelling settings.
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3.43.4 Simulation Setup

This test is modelled with one Ushaped walkable area to form the upper floor, which is 5 m wide and 50 m long
in each of the three directions, and one additional walkable area for the ground floor which is 5 m wide and 30
m long. Two stair elements are aded to connect each side of the ground floor walkable space with the upper
floor, which are 10 m long (horizontal length) and 3.5 m wide. The start and target locations are modelled with
entry/exit activities, where all agents are generated on the activitgn the right-hand side and have the one on
the left-hand side as their final destination. This layout can be seen Figure 71below.

woo000s

As previously mentioned, the chosen route of the agents in the simulation of this infrastructure is influenced by
different factors, which can be both parameters of the simulation or settings defined by the modeler. Three
factors are chosen to demonstratethe effect on the route choice behavior of agents through this test, which are
further explained below:
Number of agents: in Pedestrian Dynamics, by default, agents use the least effort method to choose the
route between their start and target positions. This method is based on a cost function in terms of travel
time which is formed by different parametersThe agent sd goal is to minimize
of the factors which influence agents®f6 route choi ¢
calculated based on the density observed on the route (see subections2.2 and 2.3 of this document for
further information). Hence, the number of agents generated per time influences the densities observed
along each route and thus also the choice between route options.
Stair discomfort factor: another factor in the same cost function used for routing in Pedestrian Dynamics
is the discomfort factor of an edge. In transfer el
factor upd and 0 diashiglenor lowercost odtatesing the network edges in those
areas can be defined. Hence, the values of these parameters can influence the chosen route by the agents,
as although the route through the staircases is shorter, less agents might prefer itegpending on the
discomfort assigned to the stair element.
Route assignment: in Pedestrian Dynamics, it is also possible to configure the share of agents that uses
each route. For the purpose of this test, this is done by adding intermediate activities to the route, and
assigning a share of agents to each of theséntermediate activities. The location of these intermediate
activities isthenthe hafiway mar k of each route, and in the o0Star
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