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Abstract

Assessing life safety by comparing the available safe egress time (ASET) and
the required safe egress time (RSET) is a prominent task in performance-based
fire safety design. The calculation of a safety margin by subtracting RSET from
ASET is a straightforward concept and is easy to understand. However, when
the concept was developed, fire and evacuation models only provided punctual
information derived from experimental correlations or hand calculations. Nowa-
days, complex computer models for fire and evacuation dynamics have become
state of the art. However, the ASET-RSET concept has not adapted to these
developments. While uncertainties related to the model input and the model
application are widely recognised, uncertainties emerging from analysing the
output only play a subordinate role.

Therefore, we introduce a map representation of ASET and RSET. The
maps are generated by a spatial evaluation of the quantities used to determine
ASET and RSET. Based on that, a difference map is introduced to represent the
safety margin throughout the entire domain. Finally, a method is proposed to
reduce the high information content of the difference maps to one scalar measure
of consequences. This facilitates multivariate or risk-based analysis approaches
and thus is able to reduce the uncertainties in performance-based design.
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1. Introduction

As alternative to the prescriptive fire safety design, the performance-based
design approach has meanwhile established in many engineering standards,
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guidelines and handbooks worldwide [Il 2 [3]. It can be utilised for assess-
ing various protection goals and objectives related to fire safety. A prominent
protection goal is life safety of building occupants in case of fire. According to
[3] this goal can be specified by the objective that all occupants need to reach
a safe place before they may be harmed by any effects of fire. Depending on
the individual project characteristics, the assessment of this objective can be
carried out in several ways.

One approach is to compare the available safe egress time (ASET) with the
required safe egress time (RSET). While ASET is derived from the prediction
of heat and smoke spread caused by a particular fire in a built environment,
RSET is based on the time necessary for the occupants’ movement towards a
place of safety. The difference of both times is referred to as safety margin.

According to Babrauskas et al. [4], the root of the ASET-RSET concept
was a smoke detector study conducted by NIST in the 1970s [5]. In this study,
however, the terms RSET and ASET were not yet explicitly used. Instead,
Babrauskas cites Cooper et al. [6] as the first article using the terminology
ASET-RSET as well as the relationship ASET > RSET in conjunction with
a particular margin of safety. Since Cooper’s major focus was the estimation
of ASET in different enclosure fires, he introduced RSET only on a conceptual
level.

Over the years, a more refined view of the time intervals of both ASET and
RSET has been condensed in the engineering timeline as described in [7]. This
timeline is meanwhile state of the art in fire safety engineering handbooks and
standards worldwide [8], 9} [T}, [10].

At the time when the ASET-RSET concept was developed, fire dynamics
in enclosures were predominantly predicted by experimental correlations, which
formed the basis for plume models such as [I1}[12] [T3]. Later on, single- or multi-
zone models [I4 [15] [T6] expanded the capabilities of fire safety engineering. All
these models, however, have a macroscopic description of the system in common.
This implies that the quantities of interest (e.g. time series of temperature, light
extinction or gas concentrations) are solely evaluated at a few selected points in
the built environment. The same applies to the calculation of egress times using
hydraulic models such as [T, [I§]. These models also describe the egress process
utilizing a macroscopic representation of pedestrian streams. Nowadays, models
for the calculation of ASET and RSET provide a much higher level of complexity.
For fire simulation, modern CFD-models [19] 20, 21] allow to resolve the spread
of heat, smoke or other hazardous fire products with a much higher resolution
in time and space. With regards to evacuation simulation, agent-based models
[22, 23] 24} 25 26] are increasingly used allowing to calculate the trajectories
of individual pedestrians. The methodological frame for the application of the
models has, however, not adapted to the advances mentioned above.

At a glance, ASET-RSET is a straightforward concept and easily compre-
hensible. However, considering the usage of modern engineering tools outlined
above and claiming a well defined and verifiable procedure for the assessment of
the safety of occupants, a closer look reveals several uncertainties and lacking
definitions which could lead to false estimations regarding life safety.



Uncertainties emerge from the input and the model level. It is impossible
to consider all variations regarding occupancy, occupants, fire locations, fire de-
velopments, fuels and so forth. This challenge is addressed by considering a
selection of scenarios and distributions of input quantities in conjunction with
probabilities of particular scenario constellations. Furthermore, the models used
to calculate the fire and egress dynamics will always be associated with limita-
tions and simplifications. Having said that, uncertainties related to the output
level often play a subordinate role. From a global perspective, RSET is nor-
mally related to the time when the last occupant left an enclosure or a building.
In cases where performance-based design methods are applied, there is usually
not one single location where a safety assessment is necessary. Especially when
analysing complex built environments and a selection of different scenarios, the
assessment is always based on a set of locations. Thus, in the understanding of
the authors, ASET and RSET need to be understood as distributed values in
space even in the frame of one single scenario.

As above indicated, the concept lacks specifications how and where to deter-
mine ASET and RSET. Usually, the performance criteria and the corresponding
thresholds are controlled at selected locations in the building. However, the a
priori definition of these locations as well as their comparison within a single
scenario or set of scenarios is prone for incompleteness or misinterpretation. In
concrete terms, it is not assured that the points selected to determine ASET are
positioned at the location where the quantity of interest exceeds the threshold
first. Taking into account a local perspective, it is not assured that the difference
between ASET and RSET is larger than zero at every point in the building. The
comparison of two times at only a few selected points in a large building does
not address the spatial and temporal variations of the quantities of interest. In
contrast , there is a particular demand to characterise the consequences of a
particular scenario combination ideally by one scalar measure i.e. a particular
safety margin.

This problem of a lacking consideration of spatial and temporal variations in
ASET and RSET in large enclosures has already been identified by Poon [27].
He proposes to extend the concept to an ASUT-RSUT concept (Available Safe
Utility Time - Required Safe Utility Time). However, in his publication the
implementation of the new concept is confined to a visual analysis of simulation
snapshots.

An alternative approach to consider spatial and temporal variations ade-
quately is the usage of the FED concept [28],29]. The application of this concept
in the field of fire safety engineering has its origin in forensic analyses assessing
residential fires in the United Kingdom. It is based on individual time/dose
relationships for various fire effects resulting in impairment or prevention of an
occupant’s escape. In brief, this method is designated to evaluate potential ex-
posures of occupants to multiple fire effects to arbitrary extent. In this respect,
Purser rules out potential exposures caused by “sprinklered enclosures due to
downdrag and loss of smoke buoyancy”, or by the fact “that a system may be
rendered inoperable”. Finally, he also emphasises the appropriateness of “esti-
mating the risk of injury and death throughout the life of the building [...] for



a range of scenarios with varying probabilities” [28] p. 2310]. Because of these
characteristics, the acknowledgement and adoption of the concept into building
codes and engineering practice is heterogeneous. Last but not least, FED anal-
yses require a close coupling of the applied fire and evacuation model in order
to conjunct the agents’ trajectories with the field data of the CFD simulations.

With these thoughts in mind, the focus of this paper is set on the extension
of the ASET-RSET concept. In this case, there is no inherent need to couple
the fire and evacuation models during the computation. Instead, the coupling
is solely conducted when analysing the model output. This allows the users
to apply independent fire and evacuation model frameworks. Nonetheless, the
method can be applied to coupled calculations in the same way.

All in all, the paper addresses two major parts. Firstly, the ASET-RSET
analysis itself is extended in a fashion that refrains from evaluating single per-
formance criteria or monitoring selected locations in the computational domain.
Instead, both ASET and RSET are rendered on maps. The subtraction of these
maps yields the difference map, which equals the spatial calculation of the safety
margin throughout the entire domain. This relieves the user from the challenges
of localising the analyses and comparing their particular results. The method
is presented in Section 2] Secondly, in the frame of a compact parameter study,
the spatial representation of the safety margin is used to conduct different types
of analysis, which are presented in Section The idea and reference imple-
mentation of the approach presented in this paper was published in [30]. In
this article, the methodology is extended by a mathematical formalisation and
further considerations regarding map analysis. For that purpose, the method-
ology is introduced based on a simplified demonstration case. Finally, further
considerations regarding limitations and a summary are stated in Sections[4 and

2. Map Generation

2.1. General idea

Instead of evaluating time series of quantities relevant for life safety (e.g.
light extinction, temperature or evacuated occupants) only at a few selected
locations, the full information content of state-of-the-art models for both fire
and evacuation simulation will be utilised.

The methodology will be introduced based on a deliberately simple demon-
stration case. The individual steps of the approach are formally described in
detail in the following subsections. Although this demonstration case could be
assessed with a traditional ASET-RSET analysis or even by consideration, it
provides a straightforward setup for understanding the methodology and high-
lights its benefits and shortcomings.

A more complex example is provided in [30]. In this work, the above-
mentioned methods were developed in order to conduct multivariate life safety
analyses in an existing underground station. The station has in total three levels
and a gross floor area of 7000 m2. The study covers a deterministic, multivariate



analysis of approximately 100 fire scenarios in combination with approximately
80 evacuation scenarios. The results show highly variable fire dynamics due
to multiple fire locations, design fires and the complex built environment. In
conjunction with that, the pedestrian dynamics are affected by different popu-
lation sizes, pre-movement times and route choice assumptions. The proposed
map analysis was conducted for over 8000 scenario combinations and the scalar
measure of consequences was utilised for clustering techniques.

In this article, however, the simplified demonstration case is set up the fol-
lowing way, see Figure a) for an outline of the geometry:

e a single compartment, 10m x 30m x 3m (floor area x height),
e 1o openings, but a door, which is the exit for the evacuation,

e a fire located in the opposite corner to the exit, as the fire properties are
of no importance for this work, we deliberately leave out details,

the room is occupied by 100 pedestrians by default and

the pedestrians’ movement towards the exit starts instantaneously.

The first step is the choice of a set of criteria for the ASET and RSET
determination. For this purpose, the relevant performance criteria are conjunct
with particular thresholds.

In contrast do the classical approach, these criteria will be evaluated at mul-
tiple locations. Therefore, a discretisation of the domain of interest is needed.
Here, a spatial discretisation, in form of a map, is defined. In the following, a
map is a set of points, i.e. map elements, that represent (parts of) the ground
plan of the compartment, see Figure b). These points may either represent
disjoint areas, where their total union is the ground plan, or the points’ neigh-
bourhoods. In both cases the local ASET-RSET criteria are evaluated in the
corresponding areas.

As these criteria are based on temporal data like light extinction or the
position of agents, they are evaluated at each point of a map for each stored
data set during the computation. For every map element, the resulting maps are
combined to the minimal values of the local ASET and to the maximal values
of the local RSET. Finally, the ASET and RSET maps are related to each other
by creating a difference map, which allows to identify locations, where e.g. the
local RSET values are higher than the local ASET values.

Although the resulting difference map allows a detailed spatial analysis, a
direct comparison, i.e. a ranking, of scenarios is not readily possible. For that
purpose, Section [3| provides different approaches to derive single scalar measures
from the difference maps. As within the classical understanding of ASET-RSET
analyses, this renders quantitative comparison of multiple scenarios possible.

The following sections provide a detailed definition of the ASET maps (Sec-
tion [2.2]), the RSET maps (Section as well as the difference maps (Sec-
tion . The simulation input files, the simulation output data as well as a
basic implementation of the presented analysis methods are publicly available
[31].
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Figure 1: Setup of the demonstration case, including a single exit for evacuation and a fire
location. The top figure (a) indicates the classical approach of ASET-RSET analysis where
one selected point of interest, indicated by the grey square, is used. The lower figure (b)
sketches the data structure representing measurements of the quantities of interest over the
whole area. A grid is introduced to decompose the room into measurement areas. This data
structure allows for the generation of ASET and RSET maps.

2.2. ASET maps

2.2.1. Performance Criteria

In the following it is assumed, that performance criteria are based on physical
quantities ¢ = q(z, v, 2, t) like light extinction, air temperature or gas concentra-
tions of CO, O9 or other effluents. Thus, an ASET criterion K; for a quantity
g; can be expressed as a simple relation to a threshold g; ;4. Depending on the
physical quantity, this may result in one of the following inequalities

Ki=q; > qwm or K;=q <qiw - (1)

The above inequalities are presented for a single quantity , but are applicable
to the full scalar field leading to K; = K;(x,y, 2,t).

In general, these relations can be more complex, but shall be defined as true,
if the quantity value reached a critical region.



2.2.2. Discretisation

As stated above, the evaluation of ASET at a given map element M at
(Tm,ym) is based on local quantities. These quantities are four-dimensional
scalar fields, i.e. created by a computational fluid dynamics (CFD) model. As
we assume, that this data is the result of a numerical simulation, the spatial and
temporal dimensions are discretised and represented by data points. Now each
map element is assigned a set X, of all data points which are located at a given
elevation above the compartment’s floor. The choice of map elements is not
bound to the numerical mesh of the simulation model. Thus, if the extension of
a map element is larger than the size of the numerical mesh, it will contain the
accordingly greater number of points in X,,, compared to other map elements.
In general, this may lead to an uneven distribution of the simulation data points
but allows a flexible choice of the analysis domain.

2.2.3. Creation

The final goal is to find the first point in time at each map element, when
any of the monitored quantities has reached a critical value.

With the above definitions, a set of time points 75, ;, when the threshold of
a performance criterion ¢ is reached or exceeded at any data point of the set
Xm, is given as

Tpi = {t | Ki(@ ) VTE X} . (2)

The union of all T}, ;, i.e. all performance criteria at a map element, con-
tains all points in time when any of the quantities have reached critical values.
Therefore, the first time point t,, at which any criterion was met in the data
set X, assigned to a map element M is

ASET,, = ASET (2, Yym) = t;, = min (U Tmﬂ) (3)
This procedure for a single map element is used to construct all map elements
ASET),, and their combination leads to the multi-criteria ASET map.

2.2.4. Example

With the previous definitions, the large data amount of of CFD simulations
is utilised to render ASET on a map. In the demonstration case, the only
performance criterion is the light extinction coefficient. In accordance with [32],
the corresponding threshold is chosen as 0.23m~". In order to roughly represent
a human’s height, the data evaluation is based on the data slices at an elevation
of hg = 2m above floor level. Therefore, the map elements’ data sets X, are
restricted to data points at a fixed height hg.

In the next step, the map’s spatial resolution needs to be specified. For this
purpose, the spatial discretisation of the fire simulation domain can be adopted.
However, the required resolutions for accurate CFD simulations are usually
higher than necessary for ASET analyses. Therefore, it is arguable to coarsen



the resolution. In this paper, the spatial discretisation of the CFD domain is
Az = 0.2m. Comparative studies showed that an ASET map resolution of
0.6 m is sufficient for engineering purposes.

In the next step, the temporal resolution of the analyses is addressed. De-
pending on the specified output frequency, CFD simulations can provide enor-
mous amounts of output data. However, for engineering questions and the un-
derlying uncertainties, time scales of half-minute intervals should be sufficient
for assessing life safety. This is motivated by the fact that fire and pedestrian
dynamics in built environments can be adequately described with this granular-
ity of the output data. Note that this is not equivalent to the required temporal
discretisation of numerical models. For the demonstration case, a time interval
of At = 10s is chosen because of its spatial and temporal compactness.

In the last initialisation step, the ASET map is entirely filled with the max-
imum ASET as shown in the first row of figure 2} In the demonstration case,
the maximum ASET is chosen as t.,q = 120s.

According to the routine formally introduced above, the ASET map gen-
eration is an iterative process starting from ts4q+ = Os and terminating at
teng = 120s. Four intermediate time steps of this analysis are shown in Fig-
ure 2] In the demonstration case, it turns out that the intermediate ASET
maps remain unchanged from row 3 to row 4. This implies that the threshold
of 0.23m™! is exceeded in every map element after at least 80 seconds. The
final output of the analysis is one single ASET map as shown in the last row of
Figure [2] Tt illustrates the spatial distribution of the available safe egress times
and can be understood as the fingerprint of the underlying fire scenario.
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Figure 2: Process of ASET map generation in time. The left column shows evolution of the
light extinction coefficient due to a fire starting in the bottom left corner of the room. The
extinction is visualised as two-dimensional time series (slice) 2.00m above the floor. Based
on a threshold of 0.23m™1, the right column illustrates the development of the corresponding
ASET map.

Since the resulting ASET map refers to only one performance criterion,
i.e. extinction, the entire process can be repeated for arbitrary performance
criteria. This would lead to the last step, which would cover the element-
wise computation of the minimum of all ASET maps per criterion. The final
result, i.e. the multi-criteria ASET map, which also covers the gas temperature
(threshold at 45 °C) is illustrated in Figure [4] (top) later-on.

2.3. RSET maps

2.3.1. Creation
For the sake of simplicity, the creation of the RSET maps assumes a similar
floor decomposition as outlined in Section Different map definitions are



possible, while the operations on them have to be adequately addressed.

The basic idea of the analysis is to evaluate every single agent’s evacuation
path, i.e. the i-th trajectory p;(t) = p;(z,y,t). The exclusion of the z dimension
requires the definition of an elevation hg, which is used to assess the acceptance
criteria. This allows the reduction of the data to be processed to only the
investigated level of the building. In order to assign parts of the trajectory to a
map element at (2., Ym ), the distance between both is computed. If cubic map
elements with a width of w are assumed, this results in the following set of time
points T}, ; at which the trajectory was within a distance w/2 to the centre of
the map element

T = {t | Ipi(t) = @)oo < 5 } - (@)

It should be noted, that here the maximum norm is used to represent the
cubic shape of an element. This formula can be generalised to any appropriate
distance norm. In the similar fashion as in Equation [3] the value of the RSET
map element RSET,, is given by the maximal time of the union of all trajectories
passing the element.

RSET,, = RSET(xm, Ym) = t,n, = max (U Tm7i> (5)

In this step, it is also possible to directly incorporate multiple repetitions of
an evacuation simulation by compiling all trajectories into a single set.

2.8.2. Example

The initialisation of the RSET map is similar to the routine described in
Section[2.2] However, some additional considerations are required for the spatial
and temporal discretisation of the analysis.

In the first instance, the spatial discretisation needs to represent or at least
be able to capture characteristic features of the built environment, e.g. narrow
exits, aisles or stairs adequately. Also here, comparative studies showed that an
RSET map resolution of 0.6 m is sufficient for engineering purposes.

With regards to the temporal resolution, the analysis has to comply with
the condition that no information on the movement of a single agent is lost.
Therefore, the time step At should be chosen in a way that the maximum
walking distance of an agent in this time is not larger than the width w of a
map element. Given a maximum velocity v,,., the time discretisation At is
given by

At< 2 (6)

Umazx

With the default values of w = 0.6m and vpe; = 1.2ms™! this results in
a temporal discretisation smaller than 0.5s. In the last preparative step, the
RSET map is initialised with non-valid number values in order to represent
elements of the RSET map which have not been occupied yet.

10



To update the RSET map based on the calculated pedestrian dynamics, the
simulated agents’ trajectories are analysed. For that purpose, the trajectories
need to comprise at least the following information: time, agent ID, x-position,
y-position, and z-position. If RSET maps are required for multiple floors, the z-
position is required to filter the trajectories accordingly. The trajectories can be
structured in multiple ways, e.g. time-wise or agent-wise and may be handled
with different file formats, e.g. csv, txt, or xml. In the frame of this work,
the trajectories are structured time-wise using an xml-schema. This allows for
convenient data processing techniques, which is preferable since trajectories may
obtain remarkable file sizes.

Figure 3| provides an overview of the analysis with four exemplary interme-
diate states of the RSET map. The final RSET map can be found in the last
row. It is representing not an individual but a space-related interpretation of
the required safe egress time.

11
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Figure 3: Process of RSET map generation. The left column shows the pedestrian’s po-
sitions derived from the trajectories. The right column illustrates the development of the
corresponding RSET map.

So far, the RSET map only represents one realisation of a particular evac-
uation scenario. With regards to the randomised initialisation of microscopic
evacuation simulations, it is preferable to incorporate multiple realisations into
the analysis.

For the demonstration case, a total number of ten realisations has been
used to derive the RSET map as finally shown in Figure 4| (middle). Here,
the global maximum of all underlying RSET maps (per realisation) has been
computed. However, it is also possible to conduct further statistical processing,
e.g. the calculation of percentiles regarding RSET. Furthermore, it is a promising
approach to utilize a set of RSET maps (multiple realisations) to conduct a
convergence analysis as proposed in [33]. Further reading on that topic can be

found in [30].

12



2.4. Difference maps

After the completion of generating maps for both ASET and RSET, it is
possible to calculate the difference map DIFF of both quantities. If the map
elements were chosen equally for both maps, this is conducted by subtracting
RSET from ASET element-wise as shown in Equation [7]

DIFF,, = ASET,, — RSET,, (7)

This map represents the spatial distribution of the so-called safety margin.
As long as the difference is greater or equal zero, the ASET-RSET constraint
is satisfied. With regards to the demonstration case, the underlying ASET
and RSET maps as well as the corresponding difference map are illustrated in
Figure {4| (bottom).

13
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Figure 4: Top: ASET map derived from the light extinction coefficient and temperature.
Despite the small compartment size, ASET spreads remarkably from almost 0 to 80 seconds.
Centre: RSET map incorporating multiple numerical realisations. White elements show areas
that were not traversed by any pedestrian despite multiple realisations. Bottom: Difference
map representing the spatial distribution of ASET minus RSET. Here, the system is close to
the limiting state of ASET — RSET = 0 in proximity to the seat of fire and towards the exit.
Thus, the safety margin is locally less than zero.

One of the main features of the difference map is the visualisation of the
area(s) where the ASET-RSET condition is violated. Areas with negative val-
ues represent places where the evacuees were exposed to unacceptable fire con-
ditions. The value indicates how long this critical state lasts. However, we note
that the exposure time of individuals cannot be concluded from this value. This
value allows the identification of the critical locations during the evacuation
process as well as an evaluation of the duration of these critical states. Further
analyses on the basis of difference maps are highlighted in the following section
based on a simple parameter study.

14



3. Map Analysis

The spatial representation of the safety margin in the difference map should
already represent an advancement for data visualisation in engineering practice.
However, especially when analysing scenario ensembles or when conducting risk
analyses, there is a particular need to characterise a scenario combination by a
single number. In this section, different approaches for analysing the difference
maps are discussed.

The map analysis is conducted based on a simple parameter study using the
following variations of the fire and evacuation scenarios:

e maximum heat release rate HRR,,,4.: 30kW, 60 kW, 90 kW and 120 kW,
e number of occupants N: 25, 50, 75 and 100.

This section shows how the difference map can be used to estimate the
consequences of a particular scenario combination.

As discussed at the end of the last section, negative values in the difference
maps indicate areas with critical states. These critical states have a temporal
and spatial dimension. Both dimensions may be separately used to estimate
the consequences. In addition, a combined analyses using a measure in the
dimension of space-time is proposed.

3.1. Temporal and spatial extent of consequences

At a glance, the difference map indicates if and to what temporal extend the
limiting state has been exceeded. This information is provided by the minimum
time in the difference map, i.e. the safety margin. This approach is equivalent
to the classical interpretation of the ASET-RSET concept.

Let’s carry out the following experiment in mind: We double the occupancy
of the demonstration case and we add a second exit. Although many differ-
ent aspects affect the decision making process, the route choice towards both
exits is assumed based on the shortest path. It turns out that the temporal
extent, i.e. the safety margin, remains more or less unchanged. A comparison
of both scenarios based on the safety margin would yield the conclusion that
the consequences are similar, although the modified demonstration case com-
prises two times more occupants who may exceed the limiting state. Thus, the
consequences associated with the modified demonstration case should be higher.

The reason for this is that the temporal measure lacks any information about
the spatial extent of the area where the safety margin is negative. Therefore,
another measure of consequences is the overall area where the limiting state has
been exceeded. Based on the map’s spatial discretisation every map element
represents a floor area. In the demonstration case, the map element area is
(0.6m)? = 0.36 m?. Hence, multiplying this area by the number of map elements
with a difference value of less than zero yields the overall area where the limiting
state has been exceeded. In analogy to the first measure, there is no information
included about the duration of the violation.

15



With regards to the input variations introduced in this section, the response
of the above-mentioned measures is illustrated in Figure
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Figure 5: Scatter plots illustrating the response of minimum difference of ASET and RSET
(left) and the corresponding area where the limiting state is exceeded (right). Input variations
are four different heat release rates and four varying numbers of occupants. The response of
both measures reveals similar patterns.

The analysis shows the obvious result that ASET-RSET is increasingly vio-
lated at a higher number of occupants in conjunction with higher heat release

rates. In this respect, both time and area reveal similar responses to the pa-
rameter variations.

3.2. Spatio-temporal extent of consequences

So far, the two introduced measures of consequences either account for the
temporal or the spatial exceedance of the limiting state. However, with regards
to comparing or ranking a set of scenario combinations, it may be inadequate
to solely make use of these two measures. In anticipation of Figure [7] the
difference maps can be transformed to histograms, whose negative fraction is of
most interest.

On the basis of two hypothetical scenarios A and B, Figure [6] shows simi-

lar characteristics in terms of the temporal and the spatial exceedance of the
limiting state.

16
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Figure 6: Difference map histograms of two hypothetical scenarios A and B. Both scenarios
would yield the same time difference i.e. safety margin and area where the limiting state was
exceeded. However scenario B includes more elements with larger ASET-RSET differences.

Nonetheless, the shape of the histograms is apparently different since sce-
nario B yields a higher number of observations more distant from the limiting
state than scenario A. Such characteristics can especially be induced by consid-
ering additional complexity on the input level, e.g. time-dependent design fire
curves or pre-movement time distributions.

Having said that, the third measure of consequences conjuncts the spatial
and temporal extend to one scalar measure. For that purpose, a histogram
representing the distribution of ASET-RSET values in the difference map is
computed. Figure[7]shows the histogram derived from the difference map of the
demonstration case (see Figure E[)
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Figure 7: Left column: Histogram derived from the difference map in Figure@ The limiting
state of ASET — RSET = 0 is marked by a vertical, dashed, red line. The red bins left
from that side represent a violation of ASET-RSET. The number of map elements and the
corresponding area A in the domain are related by the area of a particular map element (here
A = 0.36m?). Right column: Transformation of difference map histogram to the reference
state for the EMD calculation.
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On the basis of the histogram, a metric calculation inspired by the so-called
"Earth Mover’s Distance” (EMD) is introduced. The mathematical basis of
EMD is the Wasserstein metric [34], which is used to describe the distance be-
tween two distributions. In the proposed method, the first distribution is derived
from the difference map of a particular scenario combination. The second distri-
bution is created by the following transformation: the entire negative fraction of
the first distribution is shifted back to the limiting state ASET-RSET = 0. This
process can be depicted as moving a particular amount of earth on a certain
way back to the limiting state, which explains the naming of this metric.

As stated above, only the bins with negative ASET-RSET values are con-
sidered. The norm uses the histogram’s bin centres t; and the corresponding
accumulated area of the elements ay. If the elements have the same area A, the
accumulated area is given by the product of the number of elements nj and the
element area. The result, i.e. the consequences C, is the sum of the product of
both

C:Ztk~ak:Ztk-nk~A. (8)

kltk<0 k‘tk<0

It is notable that the original definition of EMD requires normalised dis-
tributions. In the context of this work, however, the absolute frequencies of
the distributions i.e. areas are incorporated. With regard to the hypothetical
scenarios introduced in Figure[6] the measure of consequences C' would account
to —19800m? s for scenario A and to —32040m?s for scenario B respectively.
Contrary to the temporal and/or spatial extent, C' renders scenario B more
severe.

Moreover, for more complex built environments, e.g. multi-storey buildings,
the consequences of every single difference map per level can be summed up
to one total measure of consequences. Regardless of that, the outcome of this
method is one scalar measure C' which covers the consequences of a scenario
combination in terms of ASET-RSET in an extended complexity and robustness.
However, the price of these advantages is that the interpretation of this measure
is not trivial as it is basically a time weighted sum of areas where the ASET-
RSET constraint has been violated.

Although the authors do not yet have a direct physical interpretation of C|
the main objective is to create one scalar measure in order to compare a set
of scenario combinations. In other words, there is no primary need that this
measure is readily interpretable.

Having said that, the analysis of the parameter study conducted above will
be finally extended by the introduced measure of consequences C. In the same
fashion as for the previous analyses of the spatial and temporal extent, Figure
shows the response of C' to the parameters number of occupants and maximum
heat release rate. For comparison, the temporal extent is provided once again.
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Figure 8: Scatter plots comparing the response of EMD-inspired measure of consequences C'
(left) compared to the time differences of ASET and RSET (right). Input variations are four
different heat release rates and four varying numbers of occupants. The response of both
measures reveals similar patterns.

As already concluded in Figure [5] ASET-RSET is increasingly violated in
case of a higher number of occupants in conjunction with higher heat release
rates. The key finding, however, is that the EMD-inspired measure of conse-
quences C' yields a similar pattern as the analysis of the temporal extent does
(see Figure . The result of this comparative analysis is an indication that
C' is an appropriate measure to assess a set of scenario combinations regarding
ASET-RSET.

But what is the engineering benefit of an additional measure of consequences
with limited interpretability? The application of the proposed method to the
simplified demonstration case was supposed to demonstrate the appropriateness
of the introduced measure. However, its power and the surplus will emerge in
scenario combinations with increased complexity. Characteristics of the latter
could be multiple fire and evacuation scenarios with in-stationary conditions
in multi-storey buildings inducing multiple hot spots where ASET-RSET is
violated.

In these cases, the measure C' will overcome the limitations of solely evaluat-
ing the temporal extent of ASET-RSET), i.e. the safety margin, locally. Instead,
the method relives the user from the definition of locations for analysis and the
calculated measure C' will reliably guide to the most severe scenario combina-
tions regarding the comparison of ASET and RSET. Back to the engineering
context, these combinations could than be assessed by further and more detailed
analyses.

4. Limitations

The limitations of the introduced method are equivalent to the assumptions
and shortcomings of the classical ASET-RSET concept itself. From a local per-
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spective, it identifies locations where certain performance criterion has exceeded
a predefined threshold while occupants are still present. The approach identifies
the limiting state while no further information about the corresponding conse-
quences for individual occupants can be derived. Moreover, the calculated safety
margin is conceptually not reversible. For instance, a particular ASET can not
be updated when conditions improve, e.g. when activating a venting system. In
these cases, it can be beneficial to supplement the analysis by the FED concept.

One benefit of the map implementation is that, in principal, independent
fire and evacuation models can be combined during the analysis. However, this
may imply limitations on both model levels. For instance, fire dynamics can
be influenced by pedestrian behaviour, e.g. opening doors or activating certain
fire protection systems manually. In the same way, pedestrian dynamics, e.g.
route choice or walking speed, may be affected by the spread of smoke, heat and
toxic gases. At least the last-mentioned aspects should play a subordinate role
as long as the safety margin is sufficiently greater than the limiting state.

5. Summary

In this article, an advancement of the ASET-RSET concept has been intro-
duced. The aim was to adopt the concept to the increased information content
of state-of-the-art computer models. With the formal definition of multi-criteria
ASET maps and RSET maps, it is possible to calculate difference maps con-
taining a spatial and temporal representation of the safety margin. Moreover,
a method is proposed to reduce the complexity of the difference maps to one
scalar measure of consequences.

The general formulation is geometry and model independent, i.e. not lim-
ited to specific software frameworks or data formats. Additionally, it relieves
the user from an a-priori choice of locations that are incorporated in the data
analysis. Note that this does not refer to the need that the scenario selection
should rely on multiple fire locations. As the analysis is based on areal values,
the differences of ASET and RSET can be used to identify critical regions with
respect to life safety. The complexity reduction from extensive simulation data
over difference maps up to one scalar measure allows to characterise the conse-
quences of a scenario (set) in a more robust way. This facilitates multivariate
and quantitative risk analysis concerning ASET-RSET and in turn, counters
uncertainties in performance-based design.

Finally, an implementation of the map representation in common simulation
tools will allow engineers to use it for daily application.
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