UNIVERSITY OF LEEDS

This is a repository copy of The future of evacuation drills: Assessing and enhancing
evacuee performance.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/162110/

Version: Accepted Version

Article:

Gwynne, S, Amos, M, Kinateder, M et al. (4 more authors) (2020) The future of evacuation
drills: Assessing and enhancing evacuee performance. Safety Science, 129. 104767. p.
104767. ISSN 0925-7535

https://doi.org/10.1016/j.ssci.2020.104767

Crown Copyright © 2020 Published by Elsevier Ltd. This manuscript version is made
available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-
nd/4.0/.

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/




The Future of Evacuation Drills: Assessing and
Enhancing Evacuee Performance

Steve Gwynne?®, Martyn Amos”*, Max Kinateder®, Noureddine Bénichou®,
Karen Boyce?, C. Natalie van der Wal®, Enrico Ronchif

¢ Movement Strategies, UK.

b Northumbria University, UK.
¢National Research Council, Canada.
dUniversity of Ulster, UK.
¢ University of Leeds, UK.
TLund University, Sweden.

Abstract

Evacuation drills are generally the main mechanism for improving or measur-
ing occupant performance in emergency situations, but their effectiveness is
often hard to measure, and there is limited evidence for sustained training ben-
efits. However, innovations in technology (e.g., augmented/virtual reality, novel
sensors and wearable tech) offer (when combined with new approaches to de-
signing and delivering drills) significant opportunities for a “next generation” of
evidence-based evacuation drills. In this paper, we present the findings of a re-
cent trans-national research project; we establish the main limitations of existing
drills, propose a framework for the assessment of both training and evaluation
aspects of drills, make a number of recommendations, and suggest a programme
of work for their implementation. The paper, therefore, provides a conceptual
foundation for future work which will focus on (1) establishing an evidence-based
methodology for assessing evacuation drills (and alternatives), (2) harnessing
novel objective and automatable approaches to data capture/analytics in order
to better characterize performance, (3), developing alternatives to the current
drill model, based on emerging technologies, and (4) developing guidance for

regulatory bodies on the costs and benefits of each approach for different sce-
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narios.
Keywords: Evacuation drill; protocol; training; assessment; AR/VR;

simulation.

1. Introduction

An evacuation drill (ED) is a pre-planned simulation of an emergency evac-
uation given a specific scenario. This is conducted to assess the evacuation
procedure, and to directly or indirectly improve the performance of occupants
and staff involved; training benefits derived from participation or observation
may also lead to procedural enhancements. Although EDs are informed by a
range of safety legislation and building codes, their merits are still not well-
understood (given limitations in how they are conducted and how they are ob-
served), and their impact on evacuation performance is not well-characterized
[1, 2, 3, 4, 5]. However, they are still seen by many parties as a key component
of safety planning/building certification.

The availability of new approaches and technologies such as augmented/ vir-
tual reality [6, 7, 8], computational simulation [9, 10], smart sensors/building in-
telligence [11] and video analytics [12] means that we now have an unprecedented
opportunity to enhance the way that we plan, deliver, observe and analyze the
results of evacuation drills or complementary activities, and to improve evacua-
tion performance (and the assessment of such). This allows us to disentangle the
training benefits and assessment of drill effectiveness, by following a case-control
approach comparable to research practices in evidence-based medicine. The ul-
timate goal is to move towards a position where evidence-based evacuation drills
are the norm [13, 14].

In this paper, we explore new technologies, methodologies and perspectives
to (1) enhance the training component of evacuation drills; (2) improve the
analysis and interpretation of their results, and (3) reduce both short-term risk
to participants and operational disruption. Working towards these objectives

may bring a range of beneficial outcomes, such as potentially reducing costs,



improving training effectiveness and allowing more fine-grained assessment of
occupant behavior.

The core novel contributions of the paper are (1) a comprehensive review
of the current state-of-the-art in evacuation drills (in terms of both theoretical
research and practical implementation), (2) a robust set of criteria for assess-
ing approaches to evacuation drills, based on a community consultation ex-
ercise, and (3) a new framework for comparing the costs/benefits of different
approaches against these criteria to aid the selection and practical implementa-
tion of such approaches. We base the paper on a roadmap document produced
by our NEED (Networking Activities for Enhanced Evacuation Drills) project
[15].

The paper is organized as follows: in Section 2 we provide the context to
evacuation drills, and highlight some over-arching issues with them. In Section
3 we identify a number of specific challenges presented by EDs, in Section 4 we
present our methodology for obtaining a community-sourced list of assessment
criteria, in Section 5 we give the results of our consultation, and in Section
6 we show how these may be integrated into a new approach for comparing
different approaches to EDs. We conclude with a discussion of the implications
of our findings, and make some recommendations about possible future lines of

research.

2. Background

EDs are a model of an emergency evacuation from a particular building. In
turn, a model is a simplified abstraction of a real-world phenomenon. Evac-
uation drills are one attempt to model emergency evacuation or to reproduce
conditions which could be used to train populations exposed to an emergency
scenario; others include computational simulations, behavioural experiments, or
questionnaires. In reality, a drill may be a model of a range of different emer-
gency procedures, depending on the structure or scenario involved; e.g. not

all emergency drills necessarily reflect evacuation to an external location. As



with all models, EDs are based on a set of simplifications: much of the mod-
els credibility relies on the nature and extent of these simplifications and our
understanding of their impact on the effectiveness of the model.

In the best case, an ED would be based on (1) a representative occupant
population, (2) the procedural resources expected to be available during an
emergency (safety staff, technology and plans), and (3) a building design that
reflects route availability during the incident(s) being examined. The potential
for “ real-world” similarity is one of the strengths of the ED model; that is, it
typically uses good proxies for the intended application domain. Where these
elements are in place, the drill model might approximate real-world conditions
for the scenario in question, at least while incident development and evacuee ex-
posure to an external hazard is at a minimum. This prompts two key questions:
(1) How frequently do we obtain such a close match between the real-world and
the model, and (2) What are the implications of any shortfall?

Currently, EDs are not conducted consistently, largely due to variability in
regulations, and the application of such regulations within a jurisdiction (e.g.,
[16]). For example, different regulatory bodies, (e.g. National Fire Protec-
tion Association, International Code Council, etc.) have different requirements
for ED implementations regarding their frequency, participation, the scenario
examined, oversight, and the data that needs to be recorded across different oc-
cupancies [14]. Therefore, the specific regulatory code adopted might influence
both the ED requirements and their subsequent performance.

More confounding, still, is that even within a single jurisdiction, different
organisations interpret the regulatory requirements differently, and apply them
with varying degrees of rigour [14]. This leads to a wide variety of practices in
the populations involved, the procedures employed, and building types involved,
potentially undermining the effectiveness of the real-world proxies modelled [16].
Differences in jurisdictional requirements are exaggerated by variation in prac-
tices in oversight and enforcement; i.e. whether the drills are monitored and
enforced to ensure performance levels.

Perhaps most fundamentally challenging is that EDs are conducted according



to different (and potentially competing) objectives, often attempting to both
assess performance and train populations. We contend that an ED can either
be employed to assess or it can be employed to train. However, it cannot do
both simultaneously without significant effort, care and resources (which are
often unavailable or not applied). For example, the resources required to assess
performance might include the deployment of equipment for monitoring human
behaviour (or the availability of observers on site). For a combined training
purpose, resources would also be required to arrange post-ED debriefing sessions
or specific arrangements to enhance the educational goal of an ED. This will
result in a larger number of resources/effort required (possibly both in terms
of people as well as equipment). In addition, little attention is paid to the
effectiveness of the drills at meeting these objectives. For instance, holding drills
more frequently may have a diminishing impact of the response of the target
population and at some point actually have a negative impact on performance,
with people potentially associating the notification system with a drill rather
than a real incident should measures not be taken [17].

Furthermore, although EDs should be observed and documented rigorously,
there is often little attention paid to gathering results on key indicators, and on
interrogating the impact of the EDs on performance. If EDs are documented,
the quality of the data may strongly depend on the efforts performed by the data
collectors in obtaining objective and reliable information. Unfortunately, EDs
are frequently seen as an inconvenience (little more than a troublesome “tick-
box exercise” ), rather than an opportunity to gather and analyse safety-critical
information [18].

These issues undermine the value of what might otherwise be a sophisticated
and important model of evacuation performance, and often leads to them not
being used to their full potential. Several questions, therefore, naturally arise

[14]:

e How may we exploit EDs more effectively to both train and assess perfor-

mance?



e What alternative models are available to both train and assess evacuee

performance?

e How might we use EDs and alternative models together?

In 2018, a joint UK-Canada project was set up to investigate these questions.
The NEED (Networking Activities for Enhanced Evacuation Drills) project was
managed by several of the current authors, and had the over-arching goal of
producing a roadmap document for the next generation of evacuation drills [15].
The project was framed by the questions above, and it involved 30 experts drawn
from 5 different countries. In what follows, we summarise our methodology and
main findings. We begin by considering, in detail, the main challenges presented

by evacuation drills.

3. Main challenges in evacuation drills

The value of an ED is enormously dependent on the specifics of the drill ex-
ecution; it is not derived simply from the fact that a drill has been performed.
This becomes even more evident when we consider what we assessed are the two
primary objectives of EDs: to train the evacuating population in the emergency
procedure and the safety staff in their roles in the procedure during a represen-
tative scenario, and/or to assess the performance of the population, procedure
and staff under the same scenario.

These are both extremely important objectives; however, we should not take
it for granted that they may be achieved, nor is their achievement independent
of each other. It is important to identify issues with EDs, especially those issues
that may affect our ability to meet these objectives. There are significant issues
with EDs, as currently executed [13, 14]: (1) the effectiveness of the ED model
is not well understood; (2) drills carry both an inherent risk to participants and
a significant cost (in terms of both monitoring the drill using technology and/or
human and resources, and temporary loss of building functionality) [14]; (3)

sub-populations are often excluded from drills (e.g., those with medical issues,



or mission-critical staff), which affect the potential for training and assessment,
and self-evacuation procedures are often very different to those for assisted evac-
uation [19]; (4) drills are conducted inconsistently across organizations, building
types and between jurisdictions; (5) drills are employed to train, to assess or
to do both; and (6) repeated drills may actually undermine compliance (the
so-called “Cry wolf effect”) [20, 17].

For an ED to be of practical use, several design questions need to be ad-
dressed. The drill designer needs to ensure that the drill conditions are reflec-
tive of real-world scenarios. This is necessary to ensure that the drill is a good
enough model for the task at hand. Inherent to this is the ability for the ED
designer to configure the drill, and to ensure that it captures key factors of in-
terest. Independently of the scenario being examined, the ED should produce
data in form and content that allows its performance to be assessed (i.e., the
data needs to be objective and reliable). The ED should also operate at the
levels of performance that would be expected during a real incident, enabling
data to be both comprehensive and rich enough to provide insights. We will
examine these last two points in detail, as they are most relevant to the work
outlined in this article.

EDs may address performance at a number of different organizational and
procedural levels. This is necessary, given that any emergency procedure is an
amalgam of resources, roles, tasks, actions and objectives [21, 22]. These include
recording the effectiveness of individual actions (e.g., can a specific floor war-
den operate a fire extinguisher?), individual roles (e.g., can a floor warden, in
general, fulfil their obligations?), groups (of roles) defined within the procedure
(e.g., do floor sweepers search a particular location as expected?), interactions
between different groups (e.g., do security staff, wardens and buddies perform in
conjunction with each other?), planned procedures (e.g., does the phased evac-
uation operate as expected?), interaction between different procedures (e.g., do
security measures impede the evacuation plan?), interactions between external
agencies (e.g., do the attending fire and paramedic services coordinate effec-

tively?), and involvement of multiple buildings and locations (e.g., how do we



manage the arrival of multiple populations at shared assembly points?)

Although the focus of this discussion is on drills conducted in buildings, we
acknowledge that similar questions might be posed of other structures and other
scenarios (e.g. community evacuation). Given these twin objectives of EDs, it
is imperative that that both training and assessment address (in some way)
these different organizational and procedural levels. In order to do so, evacuee
performance needs to be understood and measured at these various levels. Sim-
ilarly, different aspects of the evacuee response may be measured/influenced in
a number of ways, irrespective of the scenario being examined. These perfor-
mance aspects again prompt several questions: how long does it take for people
to establish the reality of a situation, recall the procedural response, determine
an appropriate action, identify an appropriate objective, and identify the (tech-
nological, procedural and human) resources available and the appropriate use
of such resources?

Since an ED typically involves a population engaging in a procedure, it is
a significant challenging to organise a drill in response to a credible scenario
that allows for both training and assessment across the breadth and depth of
the various performance elements we have identified. However, the availability
of new approaches and technologies offers the potential for us to disentangle
the training benefits and assessment of drill effectiveness, and to potentially
augment EDs; in order to ensure more consistent, comprehensive (and, therefore,
valuable) drill coverage. In the next Sections, we describe the methodology and
main findings of the NEED project, which focused on (1) obtaining a wide-
ranging picture of the current state of EDs (as delivered in practice), (2) a
discussion of the limitations of current EDs, and (3) a comprehensive survey of

alternative evacuation models in order to explore their strengths and weaknesses.

4. Community consultation methodology

The project was structured around a number of in-person workshops (held

between late 2018 and early 2019, two in Canada and two in the UK), with



the aim of addressing the core questions described in Section 2 [14]. Whilst
acknowledging the difficulty of obtaining comprehensive coverage in terms of
expertise and geographical location, we sought a range of international exper-
tise that covered fire safety, human behavior, regulatory structures, training
technologies and simulation tools, as well as training and learning analytics.
A list of potential experts from academia, industry, regulatory organizations,
and end users (e.g., airport authorities, city councils) was drawn up; ultimately,
30 experts from 20 different organizations and five countries participated in
the workshops. These experts came from a range of different backgrounds:
36% of workshop participants were affiliated with universities, 30% with gov-
ernment bodies, 17% with industry, 10% with end users, and 7% with regula-
tors. The full list of participants is supplied in [15], and we provide a copy at
https://doi.org/10.6084/m9.figshare.c.4876116.v1

Given the variety of expertise, contributions addressed issues of both theory
and practice. This was important, as (a) a stronger theoretical basis to our
understanding of ED dynamics is critical to enhance practice, and (b) current
practical limitations must be understood in order to both identify opportunities
and to help to generate a stronger case for the need to improve the theoretical
understanding of EDs.

The first two workshops set up the project infrastructure and established

our three main areas of focus:

1. Training aspects of evacuation drills; how are they used to prepare indi-
viduals?

2. Assessment aspects of evacuation drills; how might we evaluate the per-
formance of drills (and of individuals)?

3. Other ways of training and assessing; What are the alternative approaches

to existing evacuation drills?

The third workshop formed the main core of the community consultation
process (the final workshop mainly involved a presentation of our findings to

relevant stakeholders and interested parties, with appropriate feedback taken



for incorporation into the final version of the project roadmap).

Our enquiry was informed by a prior framework for the assessment of egress
drills and possible alternative models/methodologies [14]. In particular, we were
interested in the “considerations” listed in the paper, which may be interpreted
as evaluation criteria. One of the key goals of the third NEED workshop was
to obtain a set of evaluation criteria for both training and assessment methods,
without biasing the discussion by presenting, a priori, the original criteria from
[14]. We then assessed the closeness of fit between the original criteria and those
we obtained from participants.

In order to explore these issues, during the third workshop, we asked partic-

ipants to specifically consider the following main questions:

e (Q1) what are the training and assessment methods currently used, and

what are their main positive and negative aspects?

e (Q2) What are the evaluation criteria for training and assessment, and

how do we measure these criteria?
We also asked a number of supplementary questions:

e What are the most important criteria? Can we rank them in order of

importance?
e What alternative methods for training and assessment might exist?

At the beginning of the third workshop, participants were introduced to
the background of the project, agreed to sessions being (audio) recorded, gave
informed consent for their input to be used, and were then divided into four
mixed (in terms of background) breakout groups (each containing approximately
four people) to discuss the questions listed above. At the beginning of the
breakout session, each group was asked to assume that there are no restrictions
on the number/type of methods available to train/assess occupants participating
in EDs. Separate breakout sessions were held for training and assessment, in

order to disentangle these two aspects (that is, each set of groups worked first

10



on training, and then on assessment). Each group self-nominated a chair (with
responsibility for keeping the discussion focussed on the main questions) and a
rapporteur. In order to trial the data visualisation technique used in Section 6,
Group 4 was asked to use the “radar diagram” method to record its findings.

For Q1, participants were first asked to describe their understanding of the
current state-of-the-art in ED, and to describe positive and negative aspects.
For Q2, participants were first primed with two example evaluation criteria
(e.g., “cost”), and then were tasked to identify (and, where possible, rank ac-
cording to their importance) additional potential criteria. Each breakout group
received different primes in order to avoid biases in the criterion selection; these
primes were either “Ethical and financial”, “Methodological and supervisory”,
or “Statistical and pedagogical”; and one group did not receive any primes. The
“Ethical prime recognised there may be a need to consider the risks associated
with the drills, compared to the benefits; “Financial recognised that there may
be various monetary costs associated with the drill; “Methodological recognised
that there may be challenges in ensuring that accurate data can be collected
at the required level of precision for a particular scenario; “Supervisory recog-
nised the desire to independently monitor the outcomes of the approach (and
the difficulty of doing so); “Statistical recognised the desire for the outcomes of
the drill to have statistical validity, and “Pedagogical recognised the desire to
ensure that attention can be focussed on all tasks at the desired level of scrutiny.

The priming example criteria were selected based on [14]. Participants then
followed a structured discussion in which they addressed each of the questions.
The results of these breakout sessions were recorded, summarized and reported
back to the participants at the end of the workshop. A final discussion session
was then used to agree on a consensus set of evaluation criteria, and to (where
possible) rank them in order of importance.

The summary notes taken by each group are available at https://doi.org/

10.6084/m9.figshare.c.4876116.v1
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5. Consultation results

For reasons of space and clarity, we omit the full description of our results
(which may be found in [15]). Here, we simply summarise the main findings
concerning question Q1 (What training/assessment methods are currently used,
and what are their pros and cons?), and (for Q2) describe the close alignment
between the original set of evaluation criteria [14] and the criteria identified
during our workshops. We first discuss the Q1 “state of the art” findings of
the “training” session, followed by the findings of the “assessment” session,
and then summarise the combined Q2 evaluation criteria discussions. Here,
we emphasise that these are sometimes subjective opinions expressed by work-
shop participants, but we have tried, wherever possible, to represent only those
themes and opinions that were sufficiently well-supported (either by evidence

or consensus).

5.1. Current training methods, and their limitations

We partitioned existing methods into two categories: (1) “traditional drills,
and (2) teaching-based approaches. While both categories are inherently artifi-
cial, the first is more experiential in nature, while the second tends to emphasise
theory and pedagogy. All of these methods essentially explore “What if? scenar-
ios, in order to establish the individual capacity to adapt and to make decisions
under different conditions. However, there is the potential for different scenar-
ios to be overlooked/excluded, or to be conflated. The performance of specific
actions is related to individual roles within an evacuation procedure, and may
be sensitive to specific factors related to the role, organization, procedure or oc-
cupancy. Existing methods are often applied at different levels (task-oriented,
individual acts, procedural enactment) and to different groups [14]. They are
often scheduled at different frequencies, depending on assessed risk, occupancy
type, and the role(s) of the population under consideration.

EDs are often seen as the “standard method, with Fire Evacuation Officers

(FEOs) assisting occupants to reach a place of safety. Participants reported on a

12



combination of announced (warning provided ahead of time) and unannounced
drills. Partial information is often provided, indicating that something will
occur, but not precisely when. We may also see partial drills, based on zonal
evacuation. Recording of drills provides opportunities to support subsequent
debriefing and / or simulation studies, and may allow for comparison between
individual actions and strategic objectives. EDs allow us to test whether or
not processes are actionable. Drills also are used to provide knowledge of a
building by forcing occupants to experience areas of the building that they
were not previously aware of. We also see “FEO-only drills, involving only
key personnel. Our workshop participants identified a number of limitations of
traditional EDs with regard to training purposes, based on their personal and

professional expertise and knowledge:

e Full-scale EDs pose serious safety challenges (e.g., the risk of crush injuries
occurring in bottlenecks [23]). Methods are often selected based on risk

of injury, rather than on the training benefits provided.

e Different occupancies have different population / procedures / staff/ risks,
even within the same occupancy class. Concern was expressed regarding
the physical/emotional consequences of including/excluding certain sub-
populations (e.g., those with mobility impairments). Implications range
from a perception of being patronised to degrading / uncomfortable /

dangerous experiences.

e When releasing partial information ahead of a drill (e.g., to marshals), it is
difficult to ensure that information does not propagate beyond a specified

set of individuals.

e Loss of building functionality during a drill can incur direct overheads,
and also incur reputational damage (if, for example, a large retail store
is emptied of customers, the loss of revenue could be significant). Also,
organizational /logistical costs may accrue in terms of loss of functionality

and downtime, business continuity may be impacted, and an organization

13



may suffer significant reputational damage.

e If drills last for longer than 20 minutes then participants may lose focus,
and either mentally or physically disengage somewhat undermining the
purpose of the event. (While the figure of 20 minutes was reported by
a participant and may be challenged, the principle that prolonged events
lead to a loss of interest seems a reasonable assumption.) There are also
considerations of discomfort and impact on health (physical and emo-

tional) this precludes consideration of a number of realistic scenarios.

A complementary widespread approach is based on more pedagogical meth-
ods, using presentations, videos, online training (e.g., 15 minute module, taken
annually, with as many attempts as required for a pass). It may be the case that
a relatively “low tech playback of a video (showing consequences of decisions,
etc.) is sufficient to inform / practice decision making and provide feedback to
participants. Such methods are generally seen as flexible and convenient, rela-
tively low cost, and easy to use. They also allow for easy individual recording
of completion of mandatory training (by keeping a register or online log of who
has completed it). In addition to these methods (which are mainly concerned
with imparting knowledge), it is also possible to generate relatively realistic
time-induced pressure on decision making using table-top or simulation-based
approaches. Our workshop participants identified the following limitations of

teaching-based approaches (also discussed here [14]):

e Mostly knowledge-based they do not provide the physical experience of
an actual evacuation, and may therefore be seen by participants as less
“realistic. It is therefore unclear how well the training transfers to real

situations in the physical world.

e Often based on solitary completion, and do not require any interaction
with others. This may be significant in a real-world scenario, as inter-

personal interactions will play a role.

14



e Frequently viewed by participants as an unmotivating “box ticking exer-

cise, which may diminish engagement and therefore the impact of training.

e May not require consistent and meaningful engagement with the material,
and may be possible for participants to “pass without active learning. In
other words, it can be unclear how much information trainees are retaining

and applying to their own personal situation.

5.2. Current assessment methods, and their limitations

According to feedback from workshop participants, the most common method
for assessing procedures is the traditional ED, and this often focuses on final
outcomes (i.e., the final evacuation time - were occupants evacuated from the
building safely and within a specified time limit?), without considering the in-
ternal dynamics of the exercise. However, analysis of exercises does sometimes
consider qualitative aspects (such as “orderliness), as well as other quantitative
aspects such as pedestrian flow and/or exit usage, speed of movement, etc.

EDs are useful in that they require participants to physically enact proce-
dures. This has two main benefits: (1) they create observable behaviour (gener-
ating usable data), and (2) they are capable of generating uncertainty /randomness
that may not be captured or encoded in simulations or non-embodied methods.
They also have the potential for the greatest possible level of ecological validity
(for a range of scenarios) [14, 24].

Other methods that are used (usually in specialist applications or situations
of particular concern) include computational simulation (often in conjunction
with a traditional drill) [10], or micro-level assessment of specific components
of evacuation (such as the evacuation of people with mobility impairments), as
well as treatment of hypothetical situations using mechanisms such as table-
top exercises, walk-throughs, laboratory experiments, and virtual/augmented
reality experiments. When a traditional ED is used, a variety of data capture
methods may be employed to record information about its execution. These
include CCTV /video capture [25], head counts, marshal feedback, regulatory

body observers, surveys (e.g., questionnaires [26]), post-event interviews and

15



debriefing [27] (for a comprehensive survey of data collection methods, see [28]).
The data collected varies according to the method employed.
The workshop participants identified a number of specific limitations of tra-

ditional EDs with regard to assessment:

e Existing methods for assessing evacuation procedures can be very outcome-
driven, in that they tend to treat the activity as a “black box. If undue
focus is placed on “bottom line metrics (and consideration is not made of
“internal” features of the activity, such as congestion points, etc.), then

this may lead to an implicit / explicit bias in the design of the exercise.

e There is always the issue that a drill may fulfil (sometimes by accident) a
specific criterion without participants necessarily adhering to procedures.
For example, occupants might safely reach assembly points in time but
not follow the shortest or safest egress route. In essence, it would then
not be clear whether the outcome (successful or otherwise) was achieved
through the use of the intended procedure, or simply coincidentally, given

other non-procedural factors.

e Drills do not interrogate all procedures, operational environments or sce-
narios, because of the exclusion of certain populations or execution in
favourable conditions, announced versus unannounced status, and so on,
so data collection is inherently partial. We must also consider the extreme

cost of examining all possible factors that might affect performance.

e Because of the nature of drills, it is very difficult to establish longitudinal
reliability, as they are effectively “one off events. Indeed, the authors are

unaware of any documented attempts to do so.

5.8. BEvaluation criteria for both training and assessment

When we summarised the group discussions, we observed a very close match
between the criteria we generated during the workshops and the original criteria

in [14]. In Table 1 we show the alignment between the original criteria and

16



those subsequently obtained through our workshop discussions. Of course, more
criteria than the ones identified here are conceivable and some might only apply
to training aspects and some only to assessment. For an expanded discussion of
the criteria, including examples of questions that they might provoke, we refer
the reader to the NEED roadmap [15].

For training criteria, during the third workshop we were able to rank the cri-
teria in descending order of perceived significance (so “Adherence to regulatory
requirements” is the most important), according to the aggregated view of our
participants. The ranking was generated by consensus in individual break-out
groups, and then agreed in a whole-group debriefing session. We emphasise that
this is only an approximate ranking, and that the specific ordering of criteria
will differ according to the organization, building type, population(s), etc. For
example, if we consider a nuclear power plant, then risk (to health and safety in
case of emergencies), will be more highly-weighted than cost (we would hope),
whereas a stock exchange building might carry relatively low risk but incur
hugely significant financial costs if impacted by a drill. For assessment, we
found it more difficult to agree on a definitive consensus rank ordering, so we
do not number these.

Given that the set of criteria obtained via workshop criteria closely (and
independently) match those of [14], we conclude that we have generated a robust
set of criteria against which both training and assessment methods may be
assessed. For clarity, in what follows we use the original set of criteria from
[14], noting that these serve as “shorthand” definitions that may be expanded
upon by incorporating the criteria (and their descriptions) that we subsequently

generated.

6. Criteria-based framework for comparing approaches

Several alternatives to traditional EDs for both training and assessment
have been identified [14], including simulations, laboratory experiments, im-

mersive (Virtual/Augmented Reality) technologies, table-top exercises, mental
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Original criteria [14] Our training criteria Our assessment criteria
Financial/organizational. | Cost/opportunity cost (4). Cost.

Convenience / accessibility (7).
Performance / reliability /
availability of procedural
infrastructure (8).

Ethical. Risk (physical / emotional/ dignity), Safety.
safety, and ethical concerns (5).
Perceived credibility. User satisfaction with procedure.
Scope. Scenario coverage / transferability / | Robustness, adaptability and
adaptability (3). scope of procedures.
Reach / inclusion of populations
(6).
Potential insights. Data collection and subsequent Consistency, accuracy and
actions (9). predictability of results Actual

versus expected performance.

Third party scrutiny. Adherence to regulatory Adherence to protocol.
requirements (1).

Statistical. Data collection and subsequent Data collection.
actions (9).

Pedagogical. Achievability of training
objective(s) (2).

Table 1: Alignment between Gwynne, et al. [14] criteria and those identified in our workshop.
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rehearsals, walkaround sessions, briefings and scripted exercises. Each of these
approaches has their relative merits, so here we demonstrate how they may
be easily compared with one another, using our list of criteria combined with
workshop participant responses to Q4, concerning alternative approaches. In
order to illustrate our approach, we compare the following alternatives to the
drill model: (1) Simulation, (2) Immersive technology (virtual and augmented
reality), and (3) and Table-top approaches (for full results of all approaches
discussed please see [15]).

In order to systematically visualize the comparisons, each method was rated
by the workshop participants on an arbitrary 7-point Likert scale ranging from
0 (“low”) to 3 (“high”) in 0.5 increments. Alignment with points on each scale
was assessed against individual criteria; so, for example, for the “Ethical” cri-
terion, a “low” level of alignment meant that a method had potential negative
ethical issues, whereas a “high” level of alignment meant that the method was
rated by participants as ethically sound. Similarly, for “Potential insights”, a
low level of alignment meant that participants believed that a method had a
relatively low potential for generating useful insights, and so on. The alignment
across criteria was then plotted in radar diagrams, with each spoke denoting
an evaluation criterion from the set (Financial, Ethical, Credibility, Scope, In-
sights, Scrutiny, Statistical, Pedagogical); see previous Section. Note that the
order in which the criteria are presented is completely arbitrary, and the weight
of each criterion may vary across circumstances. Further, the directions of the
scales are not uniform across criteria (e.g., for the ”financial” criterion, higher
costs are associated with a lower score; for the ”credibility” criterion, higher
credibility indicates better alignment). In addition, the ratings themselves rep-
resent consensus expert opinions, and have similar limitations as other forms of
subjective assessments. Despite these limitations, the visualization provides a
possible framework for a systematic comparison of different methods. We now
give three examples of such comparisons, based on assessments obtained from

participants in our workshop.
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6.1. Drill versus simulation

Computational simulation tools are frequently used as part of a performance-
based assessment to quantify evacuation performance (along with prediction of
the fire conditions) [14, 29]. They are used to calculate the time for populations
to reach a place of safety, the performance elements that contributed to this (e.g.
time to travel, congestion levels, etc.) and the conditions experienced. They
are therefore becoming more familiar tools to fire safety practitioners and also
shaping expectations as to the refinement of results and the range of scenarios
that might be examined [9, 30, 31]. The primary application of simulation
tools is to calculate estimates for the required and available safe egress times
[32]; however, they are increasingly being used to provide benchmarks as to
potential evacuation times given the use of different procedures and different
scenarios [33, 34]. Such output, provided in a suitable format might support
training efforts and may also provide a benchmark against which evacuation
performance might be compared. Figure 1 compares the perceived performance

of simulation tools with evacuation drills.

1. Financial: EDs were estimated by participants as having a smaller fi-
nancial burden than simulation tools. We surmise that this assessment
addresses the labour cost involved in configuring, executing and analysing
the results produced [14]. It may also include the purchase of the simu-
lation tool (if it is not freely available), should the analysis be completed
in-house. In comparison, the resources involved in completing an ED
would likely be relatively small, if the loss of functionality of the building
(and associated services) during the drill is not included (however, as we
have noted earlier, these costs may be significant, so it may not be realistic
to discount them).

2. Ethical: EDs were rated by participants as having a lower ethical rating;
i.e. that they pose more significant concerns for safety and well-being.
This appears logical, given that the simulation tools do not involve active

participants and are not necessarily shared with human subjects [13]. As
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Financial
3

Insights

Figure 1: Radar diagram plotting alignment of EDs and simulation tools with eight evaluation
criteria. Data are presented on an arbitrary 7-point Likert scale ranging from 0 (no alignment

with criterion) to 3 (perfect alignment with criterion).

scenarios become more realistic and include more representative condi-
tions (e.g. route loss, a sense of urgency, etc.), so the risks posed to the
participants would increase.

3. Credibility: The experts clearly rated EDs as having far superior credi-
bility levels in comparison to simulation tools. One potential explanation
for this is user familiarity with EDs (and relative lack of familiarity with
simulation tools)!. Another potential explanation could be the fact that
the ED “model” of evacuations includes actual human participants (and

associated decision-making), as opposed to computer-based agents (and

IMany simulation tools are based on data collected from drills and so it is suggested that

by proxy, simulation tools risk importing some of the issues raised.
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associated design decision-making) in simulation tools. The fact that the
drill is only a model (an approximation) of a real event is often not con-
sidered [2], nor is the fact that simulations, in turn, are often developed
and calibrated using drill data, thus embedding ED-specific uncertainty
into the modelling method.

. Scope: Experts assessed the simulation tool to be capable of representing a
wider range of scenarios than an ED. This is likely due both to experience
with the limited set of scenarios typically represented by EDs (e.g. all
exits available, etc.) and the understanding that simulation tools rate high
ethically (given the lack of risk they pose to participants) enabling them
to subject the simulated evacuees to an array of conditions not accessible
in real-life situations [14].

. Insights: Experts rated simulation tools as being better able to provide
insights - this is likely due to the fact that simulation tools might directly
provide insights at the agent-level and summary aggregate levels, and
that the output from the simulation is a direct reflection of the conditions
experienced by the agents and the agent actions. In an ED, such metrics
and relationships often have to be inferred and interpreted from expert
observation or through surveys which involves some degree of participant
reporting [14].

. Scrutiny: Simulation tools were considered by participants to be less open
to scrutiny by third party observers, compared to an ED [13]. Some ex-
perts pointed out that this was particularly the case for commercial soft-
ware products, but less relevant to open-source tools. EDs can certainly
be directly observed, allowing adherence to regulatory requirements to be
established. This likely influenced this rating. However, what is less clear
is how frequently such opportunities are taken; i.e. how frequently drills
are independently observed.

. Statistical: Our experts rated simulation tools as being able to conduct
repeat trials more frequently than an ED approach. This implies that

simulations can be repeated, producing more confidence in the results pro-
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duced. EDs (even if deemed less expensive, as noted above) cannot easily
be repeated given disruption to the building and due to the population
learning from previous drill events [13].

8. Pedagogical: Experts clearly identified EDs as having a higher instructive
and training potential. EDs involve human subjects (typically occupants
of the structure in question) who experience the events of the ED directly.
This allows them to be cognizant of the drill, their actions in and the out-
comes. Simulation tools do not enable such experience - except through
observing the results of the simulation to observe the implications of spe-
cific actions and procedures [13]. In addition, they provide indirect means
of training or assessment; i.e. the output from the simulation might be
used to demonstrate the consequences of certain actions / performance-
levels enhancing training, or might provide benchmark performance levels

against which the results of a drill might be compared.

6.2. Drill versus immersive technology

Emerging immersive technologies such as virtual reality (VR) and even more
recently augmented reality (AR) have become increasingly popular for training
and assessment tools (see, for example, [24, 35]). Two expectations are driving
this trend: first, VR and AR promise effective, flexible and affordable training
platforms. Second, VR and AR balance ecological validity and experimental
control [7]. Much has been written about VR (for recent publications, see for
instance, [36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48]). AR, however, has
only recently been identified as a training and research tool [49, 50, 51]. Here,
our comparison focusses primarily on VR using Head Mounted Display (HMD)
technology, where users wear trackable headsets which can display virtual con-
tent in a first person perspective.

How do immersive technologies compare to traditional EDs? Figure 2 com-
pares immersive technologies to EDs. We now describe, in detail, the rationale
for our assessments against each criterion, which were obtained during NEED

workshop discussions.
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Figure 2: Radar diagram plotting alignment of EDs and VR and AR training tools. Data are

plotted in the same way as in Figure 1.

1. Financial: EDs were estimated to have a lower financial burden than VR
and AR training tools. Resources need to be dedicated to developing
and evaluating the immersive training content, as well as updating it to
changes in procedures. However, VR training tools become cost-effective
when they are deployed at scale. Then the promise is that users can
complete the training in small groups or individually, without disturbing
the productivity of a building/organization as a whole.

2. Ethical: VR training was rated as having fewer ethical limitations com-
pared to EDs. Traditional drills involve risks for trainees and often exclude
vulnerable populations (e.g., mobility impaired occupants). However, VR
has potential side effects (e.g., simulator sickness), and some users may

not be able to participate (e.g., visually impaired trainees).
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. Credibility: The experts clearly rated EDs as having superior credibility
over immersive technology. EDs have been established, and, despite their
limitations, (see discussion for example in [14]), they are still considered to
be the “gold standard” for training and assessing occupants. Alternative
approaches need to show that they allow comparable assessments as drills,
and that training translates from the virtual into the real world. Although
some progress has been made on the former issue [8, 52, 53], and significant
evidence has been found for the latter [54, 55], future research is clearly
necessary in this area.

. Scope was identified as a relative weakness of both methods, the general
limitation being that the scope of a specific drill or VR training might be
too narrow to prepare occupants for or assess occupants over a wide range
of possible scenarios.

. Insights: VR training has greater potential to generate insights compared
to EDs. EDs can provide valuable insights, given accurate observation
and documentation. Typically, VR training can provide more granular
insights (e.g., at the level of the individual trainees as opposed to more
global observations, such as the total evacuation time of a building).

. Scrutiny: This was seen as a relative weakness of VR training compared
to EDs. In theory, adherence to regulatory requirements and protocols is
directly observable in EDs, whereas this is not possible in VR.

. Statistical: VR studies allow for more systematic, fine grained and autom-
atized data collection methods compare to drills. However, future devel-
opments in automatized data collection methods may facilitate improved
data quality in traditional drills.

. Pedagogical: Both methods strengths lies in their pedagogical value. Per-
formance before and after training are easily observable, and feedback can

be provided with relative ease to trainees (given accurate observation).
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6.3. Drill versus table-top exercises

Tabletop exercises refer to forms of training in which participants collabo-
ratively work through hypothetical scenarios in a classroom setting and assume
and discuss roles and tasks [56, 57]. Often, a facilitator may guide the session,
assign roles, and scenario development.

How are table-top exercises evaluated compared to EDs? 3 compares table-
top exercises to EDs. Below, we describe, in detail, the rationale for our as-

sessments against each criterion, which were obtained during NEED workshop

discussions.
—e—Egress Drill  --e--Table Top
Financial
25
Pedagogical =5 T «gEthical
Statistical

Scrutiny' o

Insights

Figure 3: Radar diagram plotting alignment of EDs and tabletop exercises. Data are plotted

in the same way as in Figure 1.

1. Financial: Participants rated EDs to be better aligned with this criterion

than tabletop exercises. For instance, costs for tabletop exercises may
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occur for planning and facilitation. However, they typically require fewer
staff involvement and less building downtime.

. Ethical: Similar to immersive technologies, tabletop exercises were rated
as having fewer ethical limitations compared to EDs.

. Credibility: Tabletop exercises were seen as less credible than EDs for
similar reasons as immersive technologies (less realism and not a true test
of operational capability).

. Scope: The ability to clearly define and dynamically adjust scope was
rated as a strength of tabletop exercises in comparison to EDs.

. Insights: Tabletop exercises and EDs were both rated by participants to be
moderately aligned with this criterion. However, the type of insights that
may emerge from the two types of training might differ. In tabletop exer-
cises, insights can be gained, for example, regarding the decision-making
processes in teams.

. Scrutiny: Both forms of training appear to be moderately aligned with
this criterion; Although some insights can be gained into, for instance,
procedural knowledge, tabletop exercises do not allow for a true test of
adherence to protocols.

. Statistical: The controlled setting of tabletop exercises allow for relatively
easy data collection compared to EDs. However, this data is typically not
behavioral and consequently limited in ecological validity.

. Pedagogical: While this is a clear strength of EDs, the participants found

tabletop exercises to be only moderately aligned with this criterion.

7. Conclusions and Recommendations

We conclude by summarising the main problems with traditional EDs that

we have identified, and propose one possible way forward that might begin to

address these. EDs are pre-planned simulations of emergency evacuations for

specific scenarios, with the aim of improving and assessing the performance of

individuals involved. Although drills are informed by safety legislation and code,
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their merits are still not well-understood, and their impact on evacuation per-
formance is not well-characterized [14]. The benefits of such drills are unclear,

given that:

1. Drills carry inherent risks to participants and significant costs (e.g., tem-
porary loss of building functionality, added liability).

2. They are inconsistently performed and not fully exploited to meet their
twin objectives of training and performance assessment. For example, sub-
populations are often not included in drills such as mobility impaired occu-
pants, or mission-critical staff, affecting the potential for realistic training
/ assessment.

3. The nature of potential emergency scenarios is constantly evolving (e.g.,
climate change extreme events, terrorism, active shooter incidents), as are
population demographics [33].

4. Data is usually collected manually and often based on subjective assess-

ments (e.g., manual timing; qualitative performance ratings)

Nonetheless, EDs are still seen as key components of safety planning / build-
ing certification. Given this reliance, it is vital to understand whether EDs, as
currently performed, are fit for purpose, and if they need to be enhanced (or
even replaced) in a cost-effective manner. The implication on practice is that
emerging immersive / simulation technologies offer potential alternatives to the
existing drill model, and could potentially mitigate the challenges mentioned
above. In terms of future research focus, the effectiveness, credibility and valid-
ity of these new approaches needs to be assessed against the existing approach.
The findings from our NEED workshops have highlighted the limitations of the
current approach and the significant opportunities offered by emerging technolo-
gies to improve the safety of building occupants, while reducing the negative
side-effects of drills. A particular strength of our approach is that we gathered
multidisciplinary and multinational perspectives, by including experts from five
countries and different types of organisations (safety practitioners, regulatory

bodies, academia, etc.) We also identified a number of criteria against which
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different methodologies might be assessed (e.g., cost, realism, or credibility).

We propose that future work should include the following objectives:

1. Establish an evidence-based methodology (case-control approach) for as-
sessing evacuation drills and alternatives; i.e. to measure the effectiveness
of different approaches in a methodical manner.

2. Harness novel objective and automatable approaches to data capture and
analytics to better characterize performance (using smart sensors, artificial
intelligence, computer vision, and machine learning).

3. Develop alternatives to the current drill model, based on emerging im-
mersive / simulation technologies (e.g., virtual / augmented reality) that
specifically target the limitations of traditional EDs, and compare its per-
formance to the status quo.

4. Develop guidance for regulatory bodies on the application and cost-benefits
of each approach (e.g., relative performance gain, loss of individual / build-

ing time) for different scenarios.

It should be noted that these suggestions would make use of existing un-
derstanding and technologies, primarily requiring the integration of such ap-
proaches, rather than new developments. The primary challenges will then be
in updating regulations and guidance such that these approaches are adopted,
educating potential users to ensure they are suitably applied, and managing
their effectiveness once employed.

Given the importance of EDs to life safety, it is critical that we better un-
derstand their effectiveness and identify alternative approaches if limitations
cannot be addressed in practice. The future work highlighted above, suggested
by our analysis of the compiled feedback of workshop participants, will go some

way towards achieving these goals.
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