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Abstract. In hospitals, the evacuation of those with severe movement impairments
can be highly problematic for the patients, for the staff and for other evacuees. It is

critical to understand the performance of horizontal and vertical evacuation proce-
dures, including the means by which people with reduced mobility can be assisted
during stair descent. Microsimulation modelling provides a useful tool to assess evac-

uation strategies, given the challenges of preparing and transporting patients in need
of on-going care and the unfeasibility of real evacuation drills. However, current sim-
ulation models typically focus on the movement of individual agents, not the staff-pa-

tient interactions and sizable equipment required to carry out assisted evacuation. To
address this, the buildingEXODUS evacuation model has been enhanced to represent
moving objects in addition to moving individual agents. This paper describes the
modelling theory behind this development, where dedicated data has been applied to

enable the explicit specification of evacuation devices, operated by agents (for
instance, representing the vertical travel speeds achieved—with averages ranging
between 0.6 m/s and 0.84 m/s—when employing different movement devices). Algo-

rithms are presented that calculate the movement of devices along corridors, through
doorways and in stairway descent, including a method of geometric decomposition of
the available hospital evacuation routes. This new functionality addresses the key

evacuation components of repeated patient collection and has numerous applications,
both in simulating hospital evacuation and in representing evacuation of other pre-
mises that include people with reduced mobility. Examination of the performance of
this functionality found it predicated performance within 6% of expectation. Once

further testing is completed, the resultant tool can be used to significantly enhance
planning and diagnostic capabilities related to the evacuation of hospital and other
healthcare facilities.
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1. Introduction

Planning for the evacuation of hospitals and healthcare facilities from a fire inci-
dent presents a number of unique challenges. It is common for hospitals to have
large and complex building structures, while wards have different uses and differ-
ent staffing structures. There is high staff turnover; therefore, frequent training is
required [1]. However, staff training can be problematic as live hands-on drills are
often impractical [2]. Areas in healthcare facilities have highly variable occupancy
levels and, importantly, patients may require assistance and continuing care
dependent on their clinical needs. It can be expected that there will be large num-
bers of vulnerable occupants and people with reduced mobility (PRM)—a far
greater proportion than would be expected in other buildings.

In comparison to other building types, patients in hospitals are more likely to
await personal staff instruction on hearing an alarm given their vulnerability and
lack of familiarity with the procedure in place; therefore, staff are vital to the
evacuation strategy employed [3]. To evacuate PRM staff might have to make
many trips, assisting individual patients in turn. This is physically demanding and
requires triage procedures to organise, enhance and monitor the process. Evacuat-
ing patients is particularly challenging when many require assistance: when the
staff to patient ratio is low (e.g. on a night shift), when the structural configura-
tion is complex, and when vertical movement is required. In addition, the size of
movement assist devices (alone and in conjunction with the number and identity
of handlers) and hospital beds can create moving obstacles while transferring
patients, potentially delaying the evacuation of others.

While fire and rescue services are crucial in any hospital fire event, the emphasis
for evacuation planning is on in-house procedures. For example, to meet legal
requirements in the UK, the emergency response must be designed under the
assumption that there will be no evacuation assistance from the fire and rescue
services [4]. Typical procedures avoid full building evacuations as this can place
highly dependent patients (e.g. those with severe medical conditions) at risk and
compromise the functionality of the hospital. The most common strategy is pro-
gressive horizontal evacuation, which is conducted in stages to limit the number of
people impacted and reduce the distress that might be caused to vulnerable
patients. Premises are divided into compartments and sub-compartments, con-
structed to provide required levels of fire safety. In the event of a fire, occupants
are progressively moved into adjacent compartments away from the fire. The con-
cept of horizontal evacuation reduces the number of patients to be moved, as long
as fire compartmentation is effective. This approach is based on a three-stage pro-
cedure [5]. Those in the fire sub-compartment are initially moved to an adjoining
compartment or sub-compartment, using beds or wheelchairs for PRM. If a sec-
ond stage is deemed to be necessary, patients are then moved from the entire fire
compartment to an adjoining compartment. Additional horizontal evacuation may
be required before the third stage: vertical evacuation to a lower floor, or to the
outside. In adopting this approach, those most exposed to the fire incident are
given priority, while attempting to minimize the distress caused to the patients
involved.
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When assessing risk, it is typically expected that horizontal evacuation will be
sufficient and that full hospital evacuation is unlikely to be required. However,
incidents have revealed that it can be also necessary to fully evacuate an entire
hospital [6–8] and while elevators may be used, guidance has highlighted that it is
essential that provision be made for vertical (stairway) evacuation of patients
without the use of lifts [5]. This requires the use of movement assist devices to
transport PRM down stairs; for example, hospital rescue sheets, carry chairs,
evacuation chair, stretcher, etc. The perception that horizontal evacuation is likely
to be sufficient has led to a lack of focus in risk assessments on the vertical com-
ponent [9]. This leaves gaps in planning for large-scale assisted evacuation and in
the provision of training and equipment such as movement assist devices for evac-
uation down stairs.

To address the complexities of planning for evacuation, many countries are now
incorporating performance-based alternatives to increase design flexibility over
previous prescriptive building codes, enabling safety performance levels to be
established [1, 10, 11]. This represents an evidence-based approach of evaluating
evacuation performance, with fire modelling used to estimate the Available Safe
Egress Time (ASET) and evacuation modelling used to estimate the Required Safe
Egress Time (RSET). This approach allows comparison of the performance of dif-
ferent designs in certain scenarios. The goal is to ensure that ASET > RSET
including a safety factor to incorporate a margin of error [12]. Performance-based
design requires fire safety engineering: a method of design that assesses perfor-
mance to demonstrate that it meets regulatory objectives, without necessarily
adhering to detailed prescriptive codes.

Simulation can support this fire safety engineering approach by quantifying per-
formance using stochastic (dynamic) modelling. Commercially-available software
has been developed to simulate the fire development [13] and/or the evacuation
process [14], and are employed internationally as part of performance-based
design efforts. Agent-based models (e.g. STEPS [15] and MassMotion [16]), simu-
late the circulation and evacuation of individuals to gauge a building’s expected
performance during egress. However, the application of these and other models to
the hospital environment has proved challenging [17–22]. Many models represent
ambulatory differences between people and have incorporated mobility distribu-
tions; however, the models that represent PRM have done so by simply modifying
their walking speeds or the size of the ambulant individuals (as opposed to devi-
ces), not by explicitly representing the devices required to transport them. This
only represents one facet of the dynamics of assisted evacuation (i.e. the reduced
travel speed) rather than the many others that might exist for the PRM and to
those around them (e.g. inability to use certain routes, occupying more space,
etc.). For instance, not modelling the movement device might misrepresent the
impact on the space occupied, the navigational impact on other pedestrians, and
the impact on route availability. Some models represent wheelchair users [15, 16,
23–25], but are not able to reflect the shape and increased footprint of these devi-
ces, particularly in vertical movement and the impact they might have on naviga-
tion, manoeuvrability, speed, and on the movement of the adjacent population.
Understanding this impact has been shown to be key in assessing the effectiveness
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of a procedure (or a device) in moving vulnerable populations to safety [26]. The
Pathfinder model has recently been developed to now include functionality to
physically represent the device and its associated impact on performance. The
Pathfinder model is a continuous model, where location and movement are coor-
dinate-based rather than the nodal system described here. As such, the implemen-
tation of the functionality described herein is different—requiring different
geometrical considerations. The work described here is significantly different from
that applied in the Pathfinder model and (as far as the authors are aware) repre-
sents the first peer-reviewed description of an attempt to embed such functionality
within a simulation tool.1

Several movement assist devices are available to transport PRM during an evac-
uation. However, there are only a few data-sets that can be used to quantify the
performance of these devices. In conjunction with the mathematical challenges
involved in simulating the effect of movement devices, the absence of supporting
data also represents an important hurdle to their representation.

The previous discussion highlights several points. The combination of struc-
tural, procedural and occupant issues make planning safety strategies for health-
care facilities particularly challenging. The array of interacting factors means that
analytically (or intuitively) identifying the effectiveness of procedural strategies
becomes highly problematic. Recent international legislation requires equivalent
safety practices for all occupants [27, 28]. When coupled with expected demo-
graphic changes, this means that a growing population of movement-impaired
people need to be supported in evacuation strategies. Historical safety procedures
may not be sufficient given the evidence provided by recent incidents. Recent regu-
latory practices have spawned a generation of engineering tools designed to quan-
tify evacuation performance. These are typically generic in nature. Engineering/
simulation tools that can quantify performance are particularly valuable in a
healthcare environment. However, such tools require dedicated functionality to
represent the peculiarities of the hospital environment (e.g. PRM movement) and
require data on which to build these functionalities. There is a paucity of such
developments and such data.

The work presented here uses experimental data to inform the development of
dedicated functionality within an existing evacuation simulation tool to quantify
PRM evacuation performance. This represents a significant advance on many
fronts: in the understanding of PRM movement in evacuation devices, the quan-
tification of this movement, and the representation of this movement within a sim-
ulated environment. This advance allows fire protection engineers and healthcare
providers to assess the effectiveness of their building designs and procedural
strategies to ensure a hospital population reaches a place of safety in the time
available.

1 During the review of this article the Pathfinder model was updated to include the impact of movement
devices based on the same data as the work described in this article. A description of the Pathfinder
functionality can be found here (https://www.thunderheadeng.com/wp-content/uploads/dlm_uploads/20
11/07/users_guide-7.pdf accessed 12/2019).
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2. Model Requirements

Table 1 provides an overview of the simulation functionality that is required
within modelling software to represent the key components of hospital evacuation.
As identified by a systematic review of the literature [22], the crucial development
needed in simulating hospital evacuation is the explicit representation of the devi-
ces used to evacuate PRM. It requires a geometrical representation that reflects its
movement and the space it occupies, as well as the human factors associated with
its use. The theoretical model developed to address this also advances the ability
to represent other human-manoeuvred objects, such as prams, trolleys and lug-
gage in evacuation scenarios. While this work focuses on the development of sim-

Table 1
Required Model Functionality for Hospital Evacuations According to
Hospital Evacuation Considerations

Hospital evacuation consideration Required model functionality

Population

Hospitals contain a diverse range of people with

varying attributes, conditions and capabilities

Population

The ability to represent a varied population

The ability to represent individual attributes such

as age, height, weight, walking speeds, delays

and stair speeds

Procedural

Hospitals employ complex procedures that are

conditional on the extent of the danger present,

as well as the needs of the occupants. The use

of emergency equipment is critical to the

success of an evacuation

Procedural

The ability to construct scenarios to represent

evacuation procedures, including the time taken

to prepare patients

The ability to represent repeated patient collection

The ability to closely scrutinise scenarios and the

individual actions of agents in order to analyse

and compare the effectiveness of different

procedures

The ability to model the emergency equipment

currently in use during hospital/healthcare

evacuations

Behavioural

As part of an evacuation, staff engage in several

activities including patient preparation and

repeated collection and triage. Patient-staff

interaction and group behaviours are exhibited

Behavioural

The ability to represent individual behaviours

The ability to represent group behaviours

The ability to assign tasks to staff members,

including the time taken to prepare patients for

evacuation

The ability to represent fatigue as staff repeatedly

evacuate patients

Environmental

Hospitals have a complex layout with many beds,

furniture and equipment . An incident may

develop over time prompting full evacuation.

There may be locked doors, and emergency lifts

Environmental

The ability to specify the layout and furniture in

the hospital setting

The ability to represent evolving conditions that

might affect route availability and route

conditions (e.g. the spread of fire effluent)

The inclusion of locked and unlocked doors

The ability to represent the use of evacuation lifts
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ulation tools for movement devices in hospitals, its widely applicable functionality
is developed in general and versatile terms in order to be useful in other applica-
tions. As such, this paper describes functionality that can be generalised as ‘‘ob-
jects’’, and functionality that is specific to movement devices as ‘‘devices’’
throughout this paper.

2.1. Data

There is a clear need to understand the performance of assisted evacuation proce-
dures and efforts have been made in recent years to collect data in experimental
settings. Of topical focus is data describing the evacuation of people with disabili-
ties, with equality legislation highlighting the need to make reasonable adjust-
ments for the evacuation of PRM [27], and considering the ageing population [29,
30].

PRM typically walk at significantly lower speeds than ambulant people when
unassisted, and may require aids (e.g. walking sticks and frames) to evacuate [26].
Some PRM may be able to travel unassisted for a short distance before requiring
assistance, for example elderly people, pregnant women, and those on crutches.
Others will require full assistance for the whole evacuation procedure. While some
PRM may be able to travel along corridors using walking aids, these may not be
effective on stairwells. Table 2 categorises some of the means by which PRM may
be assisted. This list represents those categories which have published data on
their performance in vertical/horizontal evacuation. The average (mean) speeds of
these data sets are presented in Table 3, alphabetically per author, and in the cate-
gories outlined in Table 2.

These data should be compared against the data that represent the movement
of those evacuees without a movement impairment (e.g. those in the SFPE hand-
book [31]); i.e. none of the existing data reflects the specific context for a hospital
or healthcare scenario. From the data-sets available, the reduction in movement
can reach over 50% indicating that simply assuming the movement capabilities of
an unimpaired evacuee may significantly overestimate their performance and
potentially reduce the safety margin of the design (e.g. [26, 32]).

The data described in Table 3 represents an important repository. However, it
is insufficient in two important ways. Firstly, the data does not capture the use of
movement devices in physical environments comparable to those used in hospital/
healthcare facilities. Secondly, the data presented is not detailed enough to be
employed within a simulation tool to represent the passage of such devices. For
instance, a device might traverse a chain of horizontal and vertical terrain sepa-
rated by doors that need to be operated. The manner in which doors are operated
and the interaction between the device design and the environment will be sensi-
tive to the number and type of operators; i.e. factors that might influence perfor-
mance. Given this, new trials were required to produce data that complements the
data already presented.

The data used to develop the theoretical model presented in this work is taken
from the University of Ghent hospital evacuation experiment in 2008, designed by
Adams and Galea [33]. Detailed analysis was undertaken to quantify the perfor-
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mance of trained hospital staff in evacuating non-ambulant patients. As depicted
in Table 4, four commonly used movement devices were tested: stretcher, carry
chair, evacuation chair, and rescue sheet. Hospital staff from the manual handling
team of the University of Ghent Hospital served as device operators during the
trials; all were expert in the manual handling of patients and in the use of each of
the devices. The data from these trials therefore quantify the performance capabil-
ities of the devices in expert hands, providing an indication of the best perfor-
mance that can be expected using each of the devices. The staff were allocated to
four handling teams: two teams consisted of four male handlers and two teams of
four female handlers. These 32 trials were specifically conducted both to quantify
the performance of the devices over an 11-storey vertical evacuation and to
develop this theoretical model, providing empirical support for the simulation pro-
cess. Trials were conducted for each device with four handling teams (Male 1,
Male 2, Female 1 and Female 2). Before each trial, the handling team was posi-
tioned behind a starting line on the 11th floor of the hospital building. An audible
signal marked the start of the trial, at which point the handling team collected the
device, entered the room with the PRM, prepared the device and transferred the
PRM to the device, exited the room, moved down a corridor through several

Table 2
Data Categories Used to Describe Performance of Evacuating PRM

Label Description

A PRM was assisted

UA PRM was unassisted

NA No aid was used

VI PRM was visually impaired

CR1 PRM used one crutch

CR2 PRM used two crutches

WC PRM used a manual wheelchair

EWC PRM used an electric wheelchair

WF PRM used a walking frame

WS PRM used a walking stick

F Fire fighters assisted PRM in evacuation

CWC A carried wheelchair was used to transport PRM down stairs

EC An evacuation chair (2 wheeled) was used to transport PRM down stairs

ST A stretcher was used to transport PRM down stairs

CC3/4 The PRM was carried down the stairs in a Carry Chair by three or four handlers

RS A drag sheet was used to transport the PRM down stairs

EC4 An evacuation chair (4 wheeled) was used to transport PRM down stairs

ECL A long track evacuation chair was used to transport PRM down stairs

ECR A rear-facing evacuation chair was used to transport PRM down stairs

ECN A narrow evacuation chair (2 wheeled) was used to transport PRM down stairs

MC The PRM was manually carried down the stairs by two handlers

CC2 The PRM was carried down the stairs in a Carry Chair by two handlers

FS The PRM was carried down the stairs in a Fabric Seat by two handlers

ECC The PRM was carried down the stairs in an Extended Handle Carry Chair by two handlers
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doors, turned several corners, entered the stairwell, descended to the ground floor
and then exited the building. The trials consisted of three main phases: a prepara-
tion phase, a corridor phase and a stairwell phase. A total of 13 video cameras
were positioned in the stairwell; one camera placed in the same position on each
floor, one on the ground floor and an additional camera on the landing between
floor 4 and floor 3. A member of our team operated a roaming camera during
each trial that followed (at a safe distance) the handling team and recording every
phase of the experiment.

The most comprehensive data analysis from this experiment, conducted by
Hunt et al. [43], informs the following theoretical model development by quantify-
ing the key processes of assisted evacuation: the time taken to prepare a patient,
the speeds on the horizontal and vertical, the time taken to go around corners and
through doors, the time taken to rest in the stairwell over an 11-storey journey,
the potential for others to overtake, and the difference between the performance
of male and female operators.

3. Theoretical Model Development

This section presents a synoptic outline of the Object Model (OM) developed to
represent human-operated objects within evacuation software. The model develop-
ments presented here were implemented within buildingEXODUS V6.0 (bEX)
[44], and forms part of a PhD project undertaken by the lead author while at the
Fire Safety Engineering Group of the University of Greenwich [22]. bEX allows

Table 4
The Attributes (Design Material and Dimensions) of Four Commonly
Used Movements Assist Devices

Stretcher “Ferno Stretcher Scoop Model 65” Evacuation Chair “Evac+
AMB”

Lightweight Alloy (8.9 kg) 

Length/Width: 120cm(extending to 166cm)/43cm

Aluminium tubing (10.6kg)

Height/Width/Depth: 138 cm/52cm/77cm

Carry Chair “Ferno model 42 (4204)” Rescue Sheet “GSI Rescue 108088”

Aluminium (7.3 kg)

Height/Width/Depth: 95cm/48cm/61cm

Fabric (13.1 kg)

Length/Width: 200cm/75cm

Chair® 300H
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agents to move around a nodal grid (that represents occupiable space), with the
nature and connectivity of the nodes affecting their movement and performance

To fully integrate within the software, it is important that the objects specified
here can interact with the other sub-models within bEX. Therefore, in addition to
the OM, the full range of existing capability is required, including the group and
leadership behaviours, the wayfinding and signage features, the interaction and
conflict resolution with other occupants, and the potential for pairing with the fire
simulation software SMARTFIRE [45], in order to ensure that the additional
developments represented are able to interact as expected with the existing model
functionality. The methodologies presented here are designed to preserve these
established interactions by integrating with this existing bEX functionality where
possible.

3.1. Object Model Parameters

As discussed in the previous section, the raw data collected by Adams and Galea
[33] and the detailed performance analysis by Hunt et al. [43] is used as a basis for
the model development. Table 5 outlines the parameters required to fully specify
the OM as categorised by delays (d), speeds (s), number (n), and measurements
(m). Each device represented requires the definition of all of these parameters, for
which there are separate distributions for all-male and all-female device operating
teams.

3.2. Object Model Overview

The OM works in pre-simulation and simulation modes. In the first instance,
building structures (e.g. egress pathways) are assessed before simulation com-
mences to pre-determine viable routes. There is then a system under which an
object is specified, including: its dimensions, shape analysis, travel direction, han-
dler positioning, and performance data. During simulation, horizontal and vertical
algorithms then govern movement, including travel through doorways, and the
periodic stopping of on stairwells, as documented in the Ghent trials.

Figure 1 provides an overview of the OM, during pre-simulation and simulation
stages, including the associated movement algorithms, agent itineraries, and model
parameters. In the following sections, each sub-model is then described in turn.

3.3. Route Assessment

This sub-model constitutes a pre-simulation analysis of the hospital geometry,
employed in advance of the computational simulation. After it has assessed a
building structure for object manoeuvrability, it prescribes the routes available to
objects, enabling them to navigate during evacuation simulations on the existing
fine node mesh as an individual agent does; albeit occupying numerous nodes at
once. It is therefore designed to align with, and to directly interact with, the estab-
lished pedestrian and evacuation dynamics in the fine node model bEX.

In bEX, structural designs such as CAD drawings, are discretized into nodes
that represent the position of individuals within the geometry. For the OM route
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assessment, a Generalized Voronoi Diagram (GVD) is constructed as per the fol-
lowing definition [46]: let a set of geometric objects be denoted s1; s2; . . . sn. For
each site si, define a distance function di xð Þ ¼ dist si; xð Þ. The Voronoi region of si
is the set Vi ¼ fxjdi xð Þ � dj8j 6¼ ig. The collection of regions V1; V2; . . . Vn is called

the GVD.
Considering the map of a hospital as a shape within which routes will be deter-

mined, the points on the Medial Axis (MA) of a map are a subset of those in the
GVD [47]: they are the set of Voronoi points that are interior to the shape. To
numerically approximate the MA, a Proximity Field Generator (PFG) specifically
developed within the SMARTFIRE [45] tool is used in the OM. This PFG evalu-
ates a 2D geometry by imposing onto it a regular mesh of m � m squares. Sequen-
tially, the loci of points equidistant from the contours of the shape in the map
approximate an MA, as depicted by the additional black lines in Fig. 2.

The MA can now be interrogated, when considered as the locus of centres of
maximal circles [48] and along with its Radius Function (RF), to describe the
space within a shape. The MA and the RF together constitute the Medial Axis
Transform (MAT) [49]. Figure 2 depicts the MA, with the heat map representing

Table 5
Object Model Parameters That Affect Performance

Parameter (units) Description

dp Preparation time (s) Range of average preparation time

dd1 Door transition time 1 (s) Average time recorded to open left, then right door lea-

vesa

dd2 Door transition time 2 (s) Average time recorded to open right, then left door lea-

vesa

ds Stoppage duration (s) Average stopping duration on stairs

dr Device retrieval time (s) Nominated delay for readying device for evacuation

sh Horizontal speed (m/s) Distribution of average horizontal speeds

sv Interpolated vertical speed (m/s) Average interpolated speed when stoppages are removed

sc ‘‘Carry empty device upstairs’’ speed

(m/s)

Nominated speed for ascending stairs while carrying

device

ns Stopping frequency (no.) Average number of stops. per 10 flights of stairs

np Number of agents for preparation

(no.)

The number of people in ‘‘essential’’ preparation role.

nh Number of agents for horizontal travel

(no.)

The number of people in ‘‘essential’’ horizontal travel

role

nv Number of agents for vertical travel

(no.)

The number of people in ‘‘essential’’ vertical travel role

nl Stair lanes occupied (no.) The number of lanes occupied on the stairs

ms Distance between stoppages (m) Average distance between device stoppages on stairs

ml Device length (m) The length of a device: parallel to direction of move-

mentb

mw Device width (m) The width of the device: perpendicular to direction of

movement

aThe direction of operation differs according to door type with the associated delays being applied
bThe length and width of the device is important in establishing viable egress routes
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Pre-Simulation Stage: Route Assessment

The building geometry is assessed to determine whether the device of length metres 

and width metres will fit along evacuation routes.

Simulation Stage 1: Preparation

bEX Agent Movement 
Algorithms
Agent Itineraries:

� Delay
� Target Node
� Pick up object
� Coordinated 

Delay
The device is retrieved (with a delay of seconds) and carried to PRM (at speed 

m/s). A group is formed until  agents are at the device, and preparation 

commences (with a delay of seconds).

Simulation Stage 2: Horizontal Movement

Horizontal Movement 
Algorithm
Agent Itineraries:

� Target Node
� Form Group
� Leave Group

If , members leave/join the group until agents are at the device. The device ≠

is transported horizontally (at speed m/s). If a door (of type 1 or 2) is encountered, the 

speed of the device is reduced (to speed m/s) until the whole device 

has traversed the doorway.

Simulation Stage 3: Vertical Movement

Vertical Movement 
Algorithm
Agent Itineraries:

� Target Node
� Form Group
� Drop off object
� Coordinated 

Delay
If , members leave/join the group until agents are at the device. The device ≠

is transported vertically (at speed m/s) and occupies lanes. During its descent, the 

device will stop periodically (  times per ten flights of stairs, with a delay of 

seconds). These stops will be at a maximum of metres apart, but may also occur 

more frequently, based on the population density preceding the device.

Figure 1. Object model overview according to simulation stage.
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distances to the nearest boundaries, and two possible routes of the MAT as
approximated with a mesh. The routes are not intended to prescribe the path that
an object would take, but instead assess the geometric conditions along the route
prescribed.

In these examples, the mesh is constructed of 0.1 m squares; therefore the theo-
retical error is: e � 0:071 m. However, the method used for proximity calcula-
tions means that the approximate distance will always be less than or equal to the
true distance; i.e. points will always be considered too close to a boundary instead
of too far away. To improve this approximation, the mesh size could be reduced
or adaptive meshing included for curves in the geometry [50].

Once defined, the paths themselves are scrutinised to assess whether any 90�
corners (with entrance and exit widths of a and b), are present on the route. These
are also noted on Fig. 2, where the labels represent the automatic corner detec-
tion. Whether devices (of width w and length l), can fit around these corners, can
also be established [51]:

maxL ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 1

x2

� �

aþ xb� w
ffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ 1
p

� �2
� �

s

where x is a real root, in the interval 0;
ffiffi

a
b

3
p

� �

, of:

bx3 � a
� �2�w2 x2 � 1

� �2
x2 þ 1
� �

¼ 0

This automated MAT functionality was tested for various configurations of 90�
turns, including hospital dimensions that accord with UK guidance [5]. 24 compo-
nent test cases confirmed that the algorithm performs as expected by identifying
the routes in which objects can operate. Given the positive results to these tests,
this approach is then adopted within the overall model.

Figure 2. Central paths along the medial axis to describe routes (a)
and (b). Red indicates relatively close proximity to a boundary; blue
indicates relative distance.
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3.4. Agent-Object Interactions

In the OM, cartesian coordinates are used to represent the birds-eye shape and
area of objects. It is therefore technically permissible to define non-rectangular
quadrilaterals and other polygons. However, irregular shapes may not be appro-
priate for the pre-simulation route assessment described in the previous section as
this model is based on strictly rectangular geometric calculations. Therefore,
assumptions are required in order to represent complex shapes, and it is the user’s
responsibility to consider the modelling implications of their methodology. For
example, if a patient is to be moved from intensive care, equipment such as
portable ventilators, suction equipment, and defibrillators may be attached to the
front, back or sides of the wheeled bed. In this case, the bed shape will be highly
irregular. It would therefore be appropriate to approximate the evacuating shape
by the smallest best-fit rectangle, encompassing the bed and equipment as a
whole, instead of representing the complex plan-view, under the assumption that
the space required is slightly larger than the object itself.

Coordinates are used to associate agents to objects by designating target attach-
ment points for handlers as presented in Table 6.

For simulation, the footprint of the agents attached to objects is represented as
depicted in Table 6, once all handlers are present at the attachment points.
Agents’ speeds and behaviours, e.g. conflict resolution between agents competing
for space, group dynamics, wayfinding, were developed in bEX over years of
research [44]. In the OM, these algorithms are still in use, so apply to agents when
they are not operating a device. However, agents who are operating a device are
allocated a pre-determined itinerary of tasks. The attachment points provide the
target locations for these itineraries.

In the OM, only one object or agent can be positioned on a node at any given
time. The number of nodes an object occupies depends on it position. This is
demonstrated in Fig. 3, where a device is placed within a nodal grid and a radial
function detects whether the device is on each node.

This provides a means for agents and devices to be specified alongside each
other and interact in accordance with the nodal spaces available, i.e. as other
agents will occupy the surrounding nodes available as required. For a 0:5 m �
0:5 m nodal grid, a 0.2 m radial function was sufficient for the OM as indicated
by iterative testing, but this can be modified within the model to represent agent-
device dynamics for other objects.

Simulated handlers follow the set of tasks specified in Fig. 1, to pick up and
drop off the devices, adopting appropriate speeds and delays times according to
the Ghent data. This utilizes existing bEX itinerary functionality along with newly
developed agent capabilities to allow this handler role to be specified and adopted.
The gender of the handling team informs the preparation times and movement
speeds adopted; if any member of the team is female, they will adopt an all-female
preparation time and speed. Once moving with a device, the handlers are rigidly
attached to the device in their handling locations.
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3.5. Horizontal Travel

Simulated objects use a version of the bEX potential map which assigns a poten-
tial value to each node (PxÞ, based on its shortest distance to a target. The node
with the Lowest Node Potential LNPð Þ ¼ min P0; P1; P2; P3; P4; P5; P6; P7f g repre-
sents the direction of preferred movement; i.e. the closest step to the agent’s next
target.

Table 6
Coordinates for Dimensions and Attachment Positions for Device
Objects in Horizontal and Vertical Handling Positions

Stretcher: Horizontal/ Vertical Evacuation Chair: Horizontal/ Vertical 
DIMENSIONS 

0.00,0.00

0.00,1.66

0.43,1.66

0.43,0.00

ATTACHMENT
0.00,1.66

0.43,1.66

0.00,0.00

0.43,0.00

DIMENSIONS 

0.00,0.00

0.00,0.77

0.52, 0.77

0.52,0.00

ATTACHMENT
0.26,0.00

Carry Chair (M/F): Horizontal Carry Chair (M): Vertical
DIMENSIONS 

0.00,0.00

0.00,0.61

0.48,0.61

0.48,0.00

ATTACHMENT
0.24,0.00

DIMENSIONS 

0.00,0.00

0.00,0.61

0.48,0.61

0.48,0.00

ATTACHMENT
* 

0.24,0.61

0.24,0.00

Carry Chair (F): Vertical Rescue Sheet: Horizontal
DIMENSIONS 

0.00,0.00

0.00,0.61

0.48,0.61

0.48,0.00

ATTACHMENT
0.00,0.61

0.48,0.61

0.00,0.00

0.48,0.00

DIMENSIONS 

0.00,0.00

0.00,2.00

0.75,2.00

0.75,0.00

ATTACHMENT
0.00,2.00

0.75,2.00

Rescue Sheet: Vertical * THE THIRD HANDLER FOR THE CARRY CHAIR 
SWAPS INTO POSITION B AT REST PERIODS, 
SO A THIRD ATTACHMENT POINT IS NOT 
REQUIRED. 

DIMENSIONS 

0.00,0.00

0.00,2.00

0.75,2.00

0.75,0.00

ATTACHMENT
0.28,0.00

0.28,2.00
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The location of an object is defined by its occupation of a single node. In the
OM, this point is the centre of its foremost edge (i.e. the leading face of the object
in its direction of travel). Objects avoid boundaries and the edges of doorways
where possible by de-prioritising them in their potential calculation. Object speeds
are represented by the time spent on each successive node, recalibrated in bEX
every 6th of a second. The underlying speed is determined by the appropriate
Ghent data, unless the device interacts with evacuees, where the existing bX move-
ment algorithms are employed to resolve spatial conflicts, local navigation, etc.

In the OM, objects can be orientated at one of 16 regular angles: eight of which
correspond to the surrounding nodal options (Px). Bisecting these, a further eight
angles is considered to increase the scope of object movement: Mi;j, where i and j
are the two nodes bisected. P values are the potential values of the surrounding
nodes, M values are the mean value of the two adjacent P values. aP and aM val-
ues are then all of the associated angles, as specified in Fig. 4. In this way, the
algorithm considers a second degree of nodal locations in the determination of the
device movement in order to make its path more naturalistic.

The calculation taken to determine a devices’ angle at a given point is based on
the P values surrounding the next point on its path; therefore, any upcoming
turns are anticipated in advance. Figure 5 depicts this angle selection, with the
eight P values as input and angles of orientation Pchoice or Mchoiceð Þ as output.

Figure 3. A demonstration of nodal occupation criteria, based on
dimensions and rotational position of device.

Figure 4. Object orientation parameters and corresponding potential
field, relating node options with rotational angle.
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As depicted in Fig. 5, M values are initially calculated as the mean of successive
P values, and a comparison is made to detect whether any are within 0.207 of the
LNP , indicating a directional bias towards the M value’s associated angle. The
value 0.207 is used for the range in this comparison of potential values as it is the

Does there exist

  such that

 and≥ ―  .207;

 ?≤ + .207

Does there exist

  such that

( + 1) ( + 1) ≥ ―  .207 ;

 ;( + 1) ( + 1) ≤ + .207

 and≥ ―  .207;

 ?≤ + .207

Orientate object 

at angle a .

N

N

N

N

Y

Y

Y

Y

For  such that

( + 1) ( + 1) ≥ ―  .207 ;

 ;( + 1) ( + 1) ≤ + .207

 and≥ ―  .207;
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=

Of all , such that

( + 1) ( + 1) ≥ ―  .207 ;

 ;( + 1) ( + 1) ≤ + .207

 and≥ ―  .207;

, choose one at random.≤ + .207

=

Of all  such that,

, ≥ ―  .207;

, choose one at , ≤ +.207

random: h

Orientate object 

at angle .

  such that=
Mi,j ≥ LNP ―  .207;and

 ?Mi,j ≤ LNP + .207

Does there exist 

more than one  such that
Mi,j ≥ LNP ―  .207;and

 ?Mi,j ≤ LNP + .207

Of all , choose one at =

random: 

Does there exist 

more than one   such that

( + 1) ( + 1) ≥ ―  .207 ;

 ;( + 1) ( + 1) ≤ + .207

 and≥ ―  .207 ;

 ?≤ + .207

= min ( 0, 1, 2, 3, 4, 5, 6, 7)

= (
+ ( + 1)

2
)

Figure 5. Horizontal object orientation flowchart, defining the
process by which rotational position of object is established.
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typical difference between horizontal and diagonal arc lengths based on a 0:5 m �
0:5 m nodal grid, i.e. 0:707� 0:5. If there are no M values that satisfy this condi-
tion, the LNP or random equivalent node is selected. Where there is only one M
value that satisfies this condition, this variable is selected. Where there is more
than one M value that satisfies the condition, the algorithm checks whether these
form any adjacent pairs; i.e. in the case that they share a M value in their initial
mean calculation; i ¼ j. If there are no pairs, one M value is randomly selected as
the output variable, with a preference for maintaining the current angle. If there is
more than one pair, then one is selected at random, with a preference for main-
taining the current angle. In this case, where consecutive M values fall within
range of the LNP , their common P value is the output variable. The resulting
angle will correspond to the directional aim of the object, while aligning with its
navigation and spatial objectives, to ensure a smooth path through the nodal grid.

3.6. Door Transition

In hospitals, double swing doors are most appropriate for movement of devices
such as beds and doors, ideally opening outwards in the direction of the evacua-
tion route, as they are more likely to provide sufficient width and ease of use than
a single leaf door. This directionality is not always possible as progressive hori-
zontal evacuation will often require movement in both directions. Therefore, two
different door types are introduced in the OM: Door Type 1 in which the double
leaves open towards the object, and Door Type 2 in which the double leaves open
away from the object.

In bEX, doors have size attributes, signage indicators, and can be open or
closed. In the OM, when an object is positioned in a doorway a new speed is
adopted based on the available data. Door transition times are: dd1 seconds for
the Door Type 1, and dd2 seconds for the Door Type 2. The speed associated with
this delay is dependent on the length of the device (ml), as the distance travelled at
the reduced speed will be greater for longer devices. Therefore, the following
directive is employed: if an object’s next step will result in any part of the object
being positioned on a door node of door type i, it will adopt speed: DSpeed ¼ ml

ddi

(m/s) for ddi seconds.

3.7. Vertical Travel

In vertical travel, it was found that the number/location of places at which objects
stopped on the stairwell was typically a primary determinant in the speed attained
per floor, and allowed overtaking by other evacuees [22]; therefore the process of
stopping is modelled explicitly (rather than using a lower average travel speed).
To simulate the devices periodically stopping within the OM, speed variables are
interpolated to represent each travel speed excluding stoppages, enabling the stops
to be represented (i.e. explicitly simulated) as intermittent delays. Interpolated ver-
tical speeds (svÞ, are presented in Table 7, where the speeds associated with the
floors in which stoppages occurred are removed, and the data are interpolated as
an average from the surrounding data points.
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Table 7
Interpolated Vertical Speeds (m/s) with Stopping Influence Removed
for Male, Female and All Handling Teams
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Objects typically form lanes in stairs reflecting the nature of the path adopted
and the occupancy of a unit of the stair width in relation to the dimensions of the
device itself. Depicted in Fig. 6 are the approximate measurements of the lane
entry points onto each main and sub landing. This split is based on the Ghent
observations, the midpoints and quartiles of the stair width, as well as the device
dimensions.

Objects are categorised according to their lane occupancy, with the path trav-
elled on each landing approximated by a segment of an elliptic shape. For a
clockwise dog-leg staircase, parametric equations model this curve as bounded by
the variables: entrance position (E), landing position (LP ), landing width (LW ), and
landing depth (LD). To represent this in a discrete event simulation engine, their
paths are discretised into several steps. The data indicate that, on average, the
longest time a device will spend on a landing is 10.3 s [22]. Therefore, to align the
object’s movement with bEX time-steps of 1/6th of a second, a maximum of 62
discrete steps is used when any device is moving (10.3/6); i.e. n ¼ 0; 1; . . . :61.

The position of the device at step n is xn; ynð Þ, where:

xn ¼
LW
2

� E
� �

cos p� snð Þ þ 1ð Þ

yn ¼ LD � LPð Þ sin p� snð Þ

sn ¼
p n
61

The object’s angle in degrees at position xn; ynð Þ is:

Figure 6. Entry and landing positions in two-lane staircases for (i)
main landing of effective depth 1.9 m and (ii) sub-landing of effective
depth 1.4 m.
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h� ¼ 90� 180

p
tan�1 � LD � LPð Þ2 xn � LW

2 þ E
� �

LW
2 � E
� �2

yn

 !

The time at which the object enters the landing is recorded as Tn (when n ¼ 0).
Then the time at each subsequent step Tn (when n> 0) is simply the distance trav-
elled divided by the interpolated vertical speed (sv):

Tn ¼ Tn�1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xn � xn�1ð Þ2þ yn � yn�1ð Þ2
q

sv

As each successive time-step elapses in bEX, the object moves to the step with the
highest Tn value below the time on the simulation clock, and is orientated accord-
ing to the equations above.

= 0

Adopt  and travel at 

vertical speed: 

Is

?≥

Is the 

next step a transfer from a 

transit node to a landing 

node?

Is

?≥

Is

?≥

Adopt  and delay for 
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Y
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N

Figure 7. Object vertical stoppage model flow chart identifying the
need and extent of movement delay.
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3.8. Vertical Stopping Algorithm

An overview of the vertical stopping algorithm is presented in the flowchart in
Fig. 7, in terms of the stair lane occupied (SL) and the landing land occupied
(LL), where ds is the stopping duration (in seconds) and ms is the stopping fre-
quency (in metres travelled).

This process ensures that stops will be at a maximum of ms metres apart, but
may also occur more frequently, based on the population density preceding the
device; i.e. the other evacuees using a stairway may interfere with the passage of
the device forcing it to stop.

4. Model Testing

There are currently no definitive standards for the testing of building evacuation
simulations. We now adopt the most comprehensive tests available (i.e. ISO/TR
16730-5:2013 [52] and NIST [53]) and a battery of new tests to quantify the move-
ment of beds and movement devices, in both horizontal and vertical evacuations.

The full testing process employed to examine the implementation and impact of
the developments described in this article is available in the author’s thesis [22],
including: Component Testing, where individual components of the implemented
model are tested to ensure they function as intended; and Functional Verification,
where the model’s ability to perform simulations of hospital evacuation is anal-
ysed; i.e. to verify the collective performance of the different model components.
This test compares the predictive capability of the new functionality with results
produced by manually configuring the simulation tool (that act as a proxy for
real-world expectation). For each test, qualitative and/or quantitative verification
was conducted to compare the simulation model against experimental data pre-
sented in this paper, as briefly outlined here.

It should be noted that genuine validation data are not available. There is no
extant data-set that sufficiently documents a full-scale case, including the individ-
ual devices used, the scenario, the procedure and the overall evacuation perfor-
mance for an instructive validation test to be performed. The approach adopted
here is designed to test the new modelling functionality, to ensure that the theoret-
ical model functions as designed, and replicates the benchmark data from the
Ghent trials individually and in a hypothetical test case employing user-driven
model results derived from the experimental observations as a proxy for a real-
world benchmark. This last test is particularly important as it shows that the
model might operate equivalently to an expert user manually approximating the
experimental data.

4.1. Route Assessment-Component Testing

The route assessment functionality was tested for several 90� turns using realistic
hospital dimensions that accord with UK codes [5]. The following tests were
undertaken, representing the typical geometrical configurations to be analysed in a
hospital:
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� Tests 1–2 Identifying one corner
� Tests 3–5 Identifying two corners in a dog-leg configuration
� Tests 6–9 Identifying two corners in a snake configuration
� Test 10 Not identifying any corner in an intersecting snake configuration
� Tests 11 (i), (ii), and (iii) Identifying three corners
� Tests 12 (i), (ii), and (iii) Identifying two corners in a three-corner configuration

with one intersecting corner

Of the 32 test cases investigated, 28 detected all of the right-angled corners with
errors as expected between 0.00 m and 0.20 m. The four cases in which corners
were not identified indicate that on paths where there were wider passageways
connecting to smaller passageways (i.e. by a factor greater than two), then the
wider turn was not recognised as a right angle. However, as the smaller turn was
identified, it was found that the path was still satisfactorily analysed.

4.2. Object Specification-Component Testing: The objects generated were
as intended

The following tests were conducted on the model to verify the physical representa-
tion and agent interactions, for all devices and for male and female handling
teams:

� Test 13 Representation of device size—comparison between dimensions of
object and expectation

� Test 14 Representation of device area—comparison between footprint of object
and expectation

� Test 15 Agent preparation and collection of device—comparison between per-
formance delays and expectation

It was found that the model precisely represents the correct device dimensions
with respect to the surrounding boundaries. The devices also occupied the correct
area, as specified by their shape and successfully displaced the correct number of
agents (i.e. other agents do not overlap with the device). Agent-device interactions
were tested and it was found that the specified preparation delay was incurred for
all devices and teams of all genders. The attachment algorithm worked as pre-
scribed as associated agents picked up, moved with, and dropped off the devices
using the correct horizontal and vertical positioning.

4.3. Horizontal Travel-Component Testing: The generated object travelled
horizontally as expected

The following tests were conducted to test the horizontal movement algorithms,
for all devices and for male and female handling teams:

� Test 16 Speed of device in a corridor—comparison between achieved travel
speed and expectation
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� Test 17 Representation of path blockage by a device—ensure device could not
pass through perceived route blockage

� Test 18 Device navigation around corners—ensure no parts of device passed
through boundary

� Test 19 Device navigation through doors—ensure no parts of device passed
through exit boundary

The speed of each device was tested on the horizontal and it was found that all
devices travelled at the prescribed speed within the model, with only minor errors
noted: e � 0:8 s, likely due to minor differences in the path adopted. It was also
found that paths were appropriately blocked by devices, where agents could not
pass, and that agents only moved around the devices where there was room in the
geometry i.e. vacant nodes adjacent to the device. Devices successfully navigated
the corridor geometry, including corners and doorways. The test cases demon-
strated that the correct time elapses when each of the devices are pushed and car-
ried through doorways within the model with minor errors noted: e � 0:4 s.

4.4. Vertical Travel-Component Testing: The generated object travelled
vertically as expected

The following tests were conducted using a stairwell geometry based on the emer-
gency stairwell layout in the Ghent trials, for all devices and for male and female
handling teams:

� Test 20 Speed of device descending stairs—comparison between achieved travel
speed and expectation

� Test 21 Stopping frequency in stairwells—comparison between predicted num-
ber of staff stops predicted by stopping algorithm and expectation

� Test 22 Ability to overtake device in stairwells—identification of other evacuees
passing device where opportunity arises.

It was found that all devices travelled at the prescribed speed per floor within
the model, with only minor errors noted: e � 0:8 s, likely due to minor differ-
ences in the path adopted. Furthermore, the stopping algorithm indicated that the
correct number and duration of stops incurred in the model. The ability for other
agents to overtake each device was tested, and it was found that the devices that
left a stair lane open (i.e. the evacuation chair and the carry chair with male
teams) successfully permitted other agents to pass on the stairs. For those devices
that fully occupied the stairs, agents could only pass when the device had stopped
on the landing.

All cases show qualitatively and quantitatively acceptable outputs, and verify
the random element to horizontal movement (i.e. stochastic decisions are made
where two or more optimal routes are presented). The tests indicated that the
model is effective in reproducing the hospital evacuation behaviour observed in
the Ghent trials.
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4.5. Repeated Patient Collection-Functional Verification: Model predictions
equivalent to user-driven model predictions (i.e. when model configured
by expert)

A user-driven simulation was conducted by Hunt et al. [43], based on the Ghent
hospital layout that implicitly represented devices as groups of evacuating agents;
i.e. an expert user configured the model manually to represent the assembling and
disbanding to represent repeated collection, and travelling at device speeds using
the model functionality available at the time. In this section, the same scenarios
are predicted using the explicit object model in bEX. The results are then com-
pared to simulations produced by the user driving the model; i.e. the newly expan-
ded model functionality is used to represent the same procedure without user
intervention. This test was designed to verify the collective performance of the dif-
ferent model components to determine that they function as expected when inter-
acting; i.e. that they function in concert with each other, and that they then

Figure 8. Functional verification geometry in bEX, involving
horizontal plane and stair configuration.

Table 8
Functional Demonstration Results Derived from Numerical
Calculations and Simulation Output

Device

Numerical simulation results BEX simulation results

Male teams Female teams Male teams Female teams

Day

(h)

Night

(h)

Day

(h)

Night

(h)

Day

(h)

Night

(h)

Day

(h)

Night

(h)

Stretcher 3.3 3.8 3.9 4.7 3.3 3.8 4.0 4.5

Evacuation

chair

0.5 0.9 0.6 1.1 0.5 0.9 0.6 1.0

Carry chair 1.6 3.1 3.2 3.5 1.7 3.3 3.2 3.5

Rescue sheet 1.1 1.6 1.5 2.1 1.2 1.5 1.6 2.0

2234 Fire Technology 2020



produce credible output when compared to the manually configured simulation
performed earlier.

As depicted in Fig. 8, the model is of a ward situated on the 11th floor of a
hospital building, based on the Ghent University Hospital Dermatology/Pain
Clinic ward. There are two emergency staircases, each constructed in a dog-leg
configuration. The effective width of the staircase is 1.5 m; there are 12 risers on
each stair; and each landing has dimensions 3.4 m by 2.4 m.

It was assumed that the ward is fully occupied with 28 patients and that all
patients had reduced mobility, requiring full assistance to evacuate, and that only
members of ward staff were available to assist in the evacuation. In accordance
with Ghent Hospital rotas, the simulations were configured to represent their nor-
mal day shift (seven) and night shift (four) staff members The four movement
devices would normally be used in turn to evacuate the entire ward. 16 scenarios
were simulated including: each of the four devices; all-male and all-female teams;
and day and night staff availability. The staff were tasked with collecting a patient
and then transporting them via the device to a place of safety at the bottom of
the stairs before returning for another patient. The impact of these factors upon
the overall performance can then be examined.

As presented in Table 8, the results indicate that the evacuation duration for
the explicit simulation in bEX replicate the times recorded during the expert-dri-
ven numerical simulation (that encapsulated expected performance levels from the
experimental observations). This demonstrates that the implemented functionality
performs as expected, and that the model is at least as effective as the user-driven
solution that might act as a proxy for a real-world comparison in this case. It
achieves this by explicitly representing the device, staff interaction with the device
and the resultant performance based on the number and nature of the staff avail-
able and the device employed.

This test satisfies the conditions set with each case demonstrating that a credible
evacuation time is predicted when explicitly simulating the repeated collection of
patients in bEX (with error: e � 6%Þ. While small variations are expected due to
the stochastic nature of the simulation, the explicit modelling sufficiently predicts
the numerical calculation. These tests are therefore indicative of the model’s abil-
ity to simulate the horizontal and vertical hospital evacuation outlined in this sce-
nario.

The tests demonstrate that the new model functionality represents the observed
experimental performance when applied to an expanded scenario. The expert-con-
figured model effectively has the experimental behaviours hard-wired into the
model to reflect the device/handler performance; the newly modified model pre-
dicts these outcomes without the user intervention.

5. Discussion and Future Research Pathways

This work represents an attempt to simulate the movement of PRM during an
evacuation given the use of movement devices. It does this by representing the
presence and movement of the device itself (given the building geometry), the pro-
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cedural requirements of the devices (i.e. the number and identity of staff), the ver-
tical and horizontal movement rates achievable by the device when being moved,
and the interruptions of this movement due to staff stopping through fatigue. The
combination of these elements was previously not satisfactorily represented in
evacuation simulation tools, which had previously only represented the reduction
in travel speed and/or the physical presence of a device independent of geometri-
cal or procedural elements. The capacity to simulate this process in a more repre-
sentative manner is more likely to capture the movement of PRM (and associated
staff) during an emergency evacuation procedure and also the impact of this
movement on other evacuees. This should help ensure that the simulation process
(although still a simplification) excludes fewer factors that inhibit evacuation per-
formance and is less likely to produce unduly optimistic predictions.

It is acknowledged that, although this effort represents an important step in the
simulation of PRM movement, more work is required. The process of develop-
ment has also highlighted other model developments that may be considered to
further enhance the functionality: the representation of patient preparation from
varying initial positions (e.g. lying down) and the attachment of medical equip-
ment; the adjustment of speeds in light of new performance factors such as levels
of training, device weight, handler fatigue, and the different physical capabilities
within a handling team; and the behaviours of evacuees travelling alongside and
overtaking devices in a dense flow. Better information about device acceleration,
momentum and braking would also support an improved model of device move-
ment.

A worthwhile development would be adaptable agent itineraries to enable the
simulation of agents who are not staff (e.g. visitors and other hospital staff) to aid
in the assistance of PRM. Furthermore, itineraries that are conditional on a devel-
oping situation, or based on communication between agents would greater repre-
sent the reality of hospital procedures, particularly the communication and
interaction between hospital staff and emergency responders.

As noted previously, the advances made during this work can also be extended
to non-healthcare environments to address the presence of luggage, prams, mobil-
ity scooters, etc. This work is ongoing.

6. Conclusion

Hospitals are complex spatial environments, and evacuations require moving vul-
nerable occupants to a place of safety. It is critical to understand the performance
of vertical evacuation strategies, particularly the means by which people with
reduced mobility can be assisted in stair descent. This paper outlined the algo-
rithms implemented to explicitly represent the dynamics of evacuation devices
within evacuation software.

The model developed in this work specified movement devices in terms of the
parameters identified in the experimental data. Devices are specified using rectan-
gular vertices, sufficient for approximating wheelchairs, beds, stair movement devi-
ces, and other medical equipment. Experimental data were also associated with
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the object to indicate the speed at which it travels, associated preparation times,
as well as the size and space it occupies and the number of handlers required.
Algorithms were presented that enable devices to move within a fine-node system,
to navigate alongside other agents on a flat surface and on stairs, and to manoeu-
vre corners and doorways during the simulation in accordance with the data col-
lected. The gender of the handlers informed the speeds applied. A stopping model
is also presented, to represent the devices stopping periodically within the stair-
well, as indicated by the experimental results. Numerous quantitative and qualita-
tive testing was conducted. This demonstrated that the model developed as part of
this work is effective in reproducing the hospital evacuation behaviour observed in
the data collected during this work (e.g. during the Ghent trials) and that it is
suitable for application within broader hospital scenarios.

Prior to the data collected during the Ghent trials, there were insufficient data
to understand and quantify the performance of evacuation devices. Although fur-
ther work is still required, the data collected has significantly enhanced under-
standing and capacity to quantify the performance of a number of different
devices. Importantly, it also enabled the explicit simulation of this performance
within an evacuation model. This is a significant and novel development, given the
functionality that had to be introduced to cope with the procedural, navigational
and geometric aspects of the use of the device. This has now been achieved and
demonstrated to adequately represent the real-world behaviour being simulated.

This enhancement now allows practitioners and interested parties to test the use
of evacuation devices as part of different hospital evacuation procedures and their
impact (positive or negative) on overall performance—and to quantify the factors
that influence this performance. This significantly enhances planning and diagnos-
tic capabilities of the model within hospital and other healthcare facilities. This
forecasting capacity enables insight to be gained prior to the implementation of a
new procedure, a new building design or the use of new devices. As such, it
should help ensure that the adoption of new designs is better informed and that
risk assessments and evidence-based analyses are better supported in the future.
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