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Abstract

Fire Safety is one of the most relevanttopics in building safety. Well-established regulatory framework
implies 3 X2 A 3 X2 X«° -to- d°zZTXRZXT - KA° - « Thecked Xy d¥ckion KE J
makers. In particular, evacuation-related topic surely represents a fundamental issue, being widely
«® X3 N-««XN°XT C °|] MA BT «z KBIE-A° J«T -NNA®JZNE .
INA3 3 X«©° ~ NX«if @esign@ltethativies) tagks.Dué to the complexity of buildings and their
occupancy, modeing tools are neededto collect and managethese fire safety features and input data, and
then assess regulation compliance using rapid Key Performance Indicators (KPIs). This report aims at
defining simple, regulation-based KPIs for building safety assessmentmainly oriented towards z C|-J Z Z
tasks. KPIs are implemented inBIM to Building Performance Simulation tools (i.e. Building Safety Model -
BSM), and then applied to relevant DigitMan case study. KPIs tracegeometrical issues under alternative
scenarios, quickly supporting decision makers since they are associated with specifibuilding levels, from
micro (space, building component in the mans of egress) to macro (whole building/compartment) scale.
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Introduction

Building safety issues are widely defined in respect to fire safety regulations, which have significant
impacts in the process of design, adaptation and transformation of architectural layout and intended use
[1, 2]. Spatial constrainsabout the types of spaces ard the means of egress exist, also comprising the
occupants as mainreference issues for required basic verifications implying complex analysis of different
scenarios under design alternatives[2]. Providing tools to support decision makers in quick analysis of
critical issuesZ - 3 X J N| °CKI«« XT ~ NX«J3 -7 NJ« M- -Z'Z° °oX|3X °XN©;
Cl|l BX JTT ©° -«J§ «T NJ2o--37 °Ne--ANBBKtheveMPrei z KX J K& | £ X° & ¢
the building, mainly using a usercentered approach[3, 4].

Approaches relying on Building Information Models (BIM) have been defined in this operational
context, to manage safety in buildings, especially in respect to possibldire risk conditions also implying
the activation of evacuation process [588]. In fact, they can support a data-driven approach to risk
assessment, supplying data to facility managers about the current use and status of the spaces, as well as
of equipment and systems, in case they are connected to Building Automation Systems (BAS) ahto
Computerized Maintenance and Management Systems (CMMS)[3]. The features characterization for
sensitive building components (e.g. doors), systems (e.g. alarm, fire suppression), and spaces (e.g. corridors,
staircases, safe areas) as well as for the occupants (in terms of number, position and typology over time),
can ensure the development of integrated emergency evacuation frameworks to support risk assessment
through Building Performance Simulation BPS approaches exploiting deepened simulations[7B9], and
also manage the evacuation process in a quasieal time manner (also by including remote control of
dynamic BIM-based sighage systems]10, 11]. In this sense, data are hence linked tdBuilding Safety Model
(BSM).

Although previous works demonstrated the capabilities of BIM-based tools and methods, current
approaches seems to be still limited in supporting decisiornmakers in simply and rapidly evaluate the
impact of their operation choices (to improve the scenario, ik J « -%24Z C °J«T°- «°9OW J«!
JKBO X3 «JO° [AEX’ « MA KT -«ZZ°23%  ZXN®JZEXOWw R «XN 1BKHE®
spaces and its occupants, and to basic verifications requested by fire regulationg12]. In this sense, the
connection with common BIM -based modeling issuess fundamental to ensure a multi-purpose approach
with other facilities management pillars, as those related to energy efficiency, occupancy optimization,
and maintenance management, which can take advantage of multicriteria analysi$3].

In view of the above, this report aims at:

f Defining Key Performance Indicators (KPIs) forsafety? X K J ° XT J « I°KEZ J« T «z || J-°
scenarios (according to T4.1 activities)

1 And defining the process of input data collection and calculation to derive the KPlIs, to provide
a BIM-to-BSM tools to support decision makers (according to T4.2 and T4.3 activities).

1 Phases and methods

According to the work aims, the current work is organized into two main phases. The first phase
concerns the KPIs definition (Section 1.1), while the second one concerns thedata acquisition and post
processingwithin a BIM -to-BSM tool, and thus involves the related calculation method development and
tool development (Section 1.2).
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1.1 Criteria for Key Performance Definition

KPIs are defined according to the zhow-toZand awhat-ifZ perspectives defined in WP1 activities of
DigitMan project , and take into account their relevance to solve calculation requirements from fire safety
standards[1].

From a general perspective KPIs should follow the SMART assessment approaciil3], which have been
also successfullyadopted by previous works on safety assessment of occupants in the built environment
[14]. KPIsshould be:

1 Specific: Targeting a specific safety issue for the building, mainly focusing on fire safety
regulation, on architectural layout elements and on means of egress affecting the occupant
safety in evacuation;

1 Measurable: Quantifyingfire safety conditions of the building, while being comparable in terms
of output range. For instance, normalization of KPIs should be encouraged tomake them
varying between maximum and minimum safety conditions, or describing the fulfilment of
regulation requirements in the same interval;

9 Assignable: Assigning to one or more riskprone element of the building, mainly considering
those correlated to architectural layout elements in view of the impact of building current
TNX«J3 -0 Fo Ik|T- C3J«  Z-32aJ07Z@ JN°O |EX@2Y X’

1 Realistic: Establishing objectives related to fire safety regulation, mainly comprising those
related to occupantZ behavioural issuesand involving specific actions of the decision makers
on occupancy-related factors (i.e. comprising the intended use of the building and its layout)

1 Time related: Focusing on quick and timely analysis of safety conditionswithout needing
additional advanced calculation steps which can move towards assessment procrastination

Grant number: 2022JMRX2A

In greater detail, safety SMART KPIs related to the Italian Fire Safety Code are correlated with
requirements on £X3 Z NJ° - «fo-" Z9 3~ ZHX[X?IX e the -Caede introduces the
N- « NX°°" -z z3 ~ 1 °3_7 K[NwhcNiXdssociated with daéhtampastmentx
composing the building. Rite is based on occupancy as one of the main leading factors to tailor specific
solutlons by fire safety strategy, fire hazard conditions. In this sense. Then, it is used to establish the

Z«2X«® N3 ©°©X3 JW -th« T°° [ KEZ Ichgvigidenendl odilding Batxes
and other operational conditions. DIGITMAN main focuses on the evacuation strategy (S.4) as the main
goal for evaluation and thus for KPIs definition, since this strategy is one of the most important in
correlation with the occupant number, position and typology, and thus it has direct consequences and
N-33XKJ° -« C ©°| ©°| X -MIZ DN«T ZZBY NX «-J&” --"& 2| -C

KPIs are hence classified byrelevance in respect to the building layout and components themselves (S
1. GEOMTERY)in respect to the space risk (S2. RISK) and to the intended use of spaces (8. USE). Then,
they are associated with the specific type of space and architectural components to which they are
applied, and calculation methods are defined to make themrange between 0 and 1 (introducing a cap for
values higher than1 to consider allthe not z T X X #oX TJ © valued @r to make them Boolean. Priority
of KPIs is then defined according to the general rationale of WP5 microservices preferring the
implementation in BIM to BMS © - - K~ Z-327272C|«Jl® NJ©° -3~ JT| X3 X«?©
requirements.

Although they are derived for the Italian context, due to DigitMan national application scenario, the
KPIs are applicable also in other international contexts which essentially adopts the same parameters to
described occupant safety conditions (e.g. NFPA).
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1.2 Data acquisitionand methods implementationn a BIM to BSM
perspectve

Grant number: 2022JMRX2A

1.2.1 Overview

The proposed methodology for data collection in digital models is organized into several phasesand is

«©® X33 XKIJOXT C °| -©°] X3 F;"Z JN° £ ° X:¥Y .« °J3° NA
Topological BIM (addressed inWP1);

BIM-to-BEM (addressed inWP3);

BIM-to-BSM (addressed in thiswP4Z ~ 3 X° - 3 ° 9Y

Multicriteria analysis (to be addressed inWP5).

rwbdpP

The first, conducted in WP1 and briefly summarized below for ease of reading, involves semi
automatically creating the BIM of some case study buildings,enriched with all the information necessary
for energy and safety analyses, also called Topological BIM (TBIM)These models are semiautomatically
generated with the objective of being compliant with BPS and BSM.

The second step comprised the automated BIM-to-BEM (Building Energy Model) conversion (described
in the WP3Z feport 2D3.1 - KPIs and predictive methods for operation tagks

Similarly, the third step consists of the transformation of the BIM into a BSM (Building Safety Model).

In the final phase, simulationswill be run, and the results will be interpreted in an integrated manner
using project-defined KPIs to identify the optimal management strategies regarding space use, energy
needs, and occupant safety.

The first and third phases are presented in this report, while the last, under development, will be the
subject of future reports (WP5).

1.2.2 Topological BIM

The BIM process was conducted leveraging the TBIM process, documented in WP1Z ~ 3 1.1-3 ©
Z7&XZ « ° - «-NXZO°F« N- MNANXS® AJX Z3 J2a XC), whjch allowdd ud\te 3 3 X XKJ
semi-automatically generate a BIM rich with all the information needed for safety verifications. The
process is briefly summarized below.

3D modeling

The initial substep is to model the building's geometry. This is done by creating a closed 3D BRep object
for each building space by retracing the administrators' CAD drawings in a 3D modelling environment.
This volume, representing the gross shape of thespace boundary, is then transformed into a Topologic
ZNXBKZW ~ X3 /E «z J° °| X Z-A«TJ® -«JK ~°J° JK A« © «

Topology modelling

The topology modelling substep establishes the topological relationships between the model's core
elements. Thanks to Topologicpy, the cells are combined into a higherlevel spatial entity known as the
ZNXBK N-2°BXEZW J T z °JK 2-TXK N-« ~° «z -Z ©°-°.
3z2%$- KKEXN° -3 5-TXKZO ©° - ©°3 Jigpoldical éells. Althdugte the- celiX Bio*notN N X 4
contain any data at this point, they are prepared to be populated with information. For this reason, they

J3 X NIBBXT z.«Z-32J° -«JBK $-BBXN°-3"wz ~ X3 A& «z J°~ °
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In this subphase, conditional modelling is used to assign nformation to the elements within the
Collector Model.

* 370w ZA«N° -«JK TJ°J T JTTXT ©°- o X $-BKBKXN° -3~
to them. ILDs are JSON dictionaries, each representing a specific space occupancy type (e.g., office,
classroom, corridor, etc.) and containing relevat operational and safety data (e.g., thermal setpoints,
electricity loads, area per occupant, etc.). To enrich a Collector, a space occupancy type is assigned to it,
choosing between the occupancy types modelled in the ILDs, and the corresponding ILD is tansferred to
O X N-833X"°-«T «z NXKBKBEW X«3 Nlhe relevant data @ddéd fo the $pxces. 2 & Z~
concerning safety evaluations arereported in Table 1.

Grant number: 2022JMRX2A

Information enrichment

Tablel. Safety properties added to the spaces of the topological model in the information enrichment step

Property Name Description Quantity Unit
. Number of people required per area for the activity Occupancy
pr_OccupancyDensitySafety assigned to this space according to fire safety regulatior P€nsity pp/sqm
r OccupancvDensityPeak Number of people estimated to be in an area of the Occupancy Jsam
pr_ pancy y facility in occupancy peak hours. Density Ppisq
Maximal number of people required for the activity People
pr_OccupancyNumberPeak assigned to this space in peak time. Count PP
Indication whether the space is permanently occupied
(TRUE) or not (FALSE) according to energy modeling
pr_IsOccupied purposes. For examples, offices and classrooms are Bool -
permanently occupied, while circulation spaces or storas
spaces not.

Occupancy type for this object. It is defined according t¢ Text i
pr_OccupancyType DigitMan's classification system.

** The data on occupancy types was provided by the building administration and verified throughtennspectlons Subsequently, it was aligned

C °] °] X 82« $XKI°"~ «-°J° -« AAIMXX njdQgw ~ XX F;nzZ  3X°-3° F&(2.E(> #
* The data on the maximum occupancy capacity of the spaces, on the other hand, was derived, occupancy type by occupanapitypbef

guidelines outlined in the Italian fire prevention code. For certain special spaces, such as classrooms, this data stes adjteflect the actual

maximum number of occupants established by tbeners

Next, after adding data to the cells, ILD information is transferred to the adjacent faces, binding the
cell by executing topological queries. For instance, a partition wall is informed of the occupancy types of
°] X T °JINX’ O TXKZZ RXZaGX¥zgVw? XNeXRY) XEXXTIOY IXYzw |
Al X ZINX" °| X« A«TX3z- JTT ©° -«JKB TJIJ°J X«3 NJ|2X«?©
containing construction data about envelope components (e.g., thickness, material, and thermal properties
of walls, floors, roofs and openings). These kewd KAX T N° - «J3 X~ N-«°J « zI
applicable to faces. The conditions specify the property values a face should have for applying the IRS to
it, while the styles define the new data to be assigned to the face if it meets the conditions. The assignment
of IRS data is also carried out through topological queries. Each IRS is applied iteratively to each face
within the Collector Model. The condition values are accessed and compared to the face's properties for
each face. If a match occurs, tle dictionary containing the style data is added to the face; if not, the
iteration proceeds to the next face. The outcome isthe SOoNJ KK XT z?2° EKX 5- TXKZW J A-
containing the ILDs' data (operational data) and IRSs' data (construction da).
Relevant safety properties added to the doors thanks to topological and conditional modeling are
reported in Table 2.

Table2: Safety propertiesautomaticallyadded to the doors of theopologicalmodel
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Property Name Description Quantity Unit

Describes the interface element from a topological

perspective (internal vertical, external vertical, internal  |fcLabel

horizontal, top horizontal, bottom horizontal for surfaces

door, hole, or window for openings)

Indication whether the element is designed for use in the

pr_IsExternal exterior (TRUE) or not (FALSE). If (TRUE) it is an exterr /fcBoolean
element and faces the outside of the building

pr_TopologicalType

IfcPositiveL
pr_Width Total outer width of the window lining. engthMeas
ure
IfcPositiveL
pr_Height Total outer heigth of the window lining engthMeas
ure
BIM modelling

To finalize the BIM, the apertures are created. They include doors, holes, and windows. Doors
represent apertures allowing for horizontal passage between adjacent cells on the same storey, while holes
for vertical passage (e.g., between staircases). Window, instead, links the cells to the external
environment. Such apertures are modelled as face elements in Topologicpy, based on the IRS data
associated with the faces hosting them.

Subsequently, the Style Model is converted into a Topologic graph to perform graph analysis and detect
and correct any errors in the topology modelling process. The outcome is the TBIM, a Topologic cell
complex semiautomatically populated with data relevant to BPS analysis i.e. using BSM The components
in this model (i.e., cells, faces, and apertures) form a network of interconnected objects suitable for direct
transformation into BEM and BSM.

As the last substep of the BIM phase, using pyRevit and aligning Topologic's class hierarchy with Revit's
J«T . *$Z  XKX2X«® NKBI" "X W °| X A-°-K-z N A#.5 To03
minor manual adjustments are made to specific instance objects in Revit and direct IFC export is
°X3Z-3aXTVY *-3 XEJ2°KXW A#.5Z° J°X3°9A3 X" "W ME TXZJAHK
needed, and any errors in construction data assignments to faces and apertures are corrected.

Moreover, the properties that cannot be represented in the ILDs on a functional basis and need to be
assigned space by space are added to spaces (such as for some specific safety attributed)ll these
modifications are synchronized with the Topologic model. The outcome is a streamlined BIM model,
available in Revit, IFC, and Topologic JSON formats, containing all the essential information for energy
and safety analyses.

Relevant data added to the spaces for fire safety evaluations are summarized inTable 3, while
properties added to the doors are reported in Table 4.

Table3: Safety properties manually added to the spaces of the BIM model

Property Name Description Quantity Unit

A qualification of an activity space making up a fire
pr_IsProtected compartment. It is TRUE when the space represents a

specific compartment (e.g. stairways, room, route)

indicating the ability of a compartment to limit the entry

of smoke generated by fire that develops in a
pr_lsSmokeProof communicating compartment. It is TRUE when the spac Boolean

represents a specific compartment (e.g. stairways, roon

route)

Boolean
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Property Name

Description Quantity

Unit

pr_IsFireStaircase

Indicates whether the space is a fire staircase (TRUE) o
not (FALSE). A fire staircase is a stairway belonging to 1 Boolean
evacuation system.

pr_IsFilterSpace

Indicates if the compartiment is a filter space (TRUE) or
not (FALSE). A filter space is a fire compartment in whic
the probability of fire ignition and development is
considered negligible, in particular, due to the absence «
fire ignition points and tahe low specific fire load gf
admitted.

Boolean

pr_IsFireGap

Indicates whether the space is a fire gas space (TRUE)

not (FALSE). A fire gap space is intendend as a

detachment space, appropriately sized for aeration,

ventilation or disposal of combustion products, delimitec ggglean
above by open outdoor space and longitadlly delimited

by perimeter walls (with or without openings) belonging

to the structure served and by embankments or walls

from other structures, having an equal fire resistance.

pr_lsSafeSpace

A place where the risk of fire for the occupants stationec
there or passing through it is permanently negligible; thi:
risk relates to a fire in the activity. It is TRUE when the
whole related area is safe (e.g. outdoor gathering areas
indoor gathering aras; other spaces where users can
remain safe all over the event time)

Boolean

pr_lsTemporarySafeSpace

A place where the risk of fire for the occupants stationec

there or passing through it is temporarily negligible; this

risk relates to a fire in specified areas of the activity othe ggglean
than the area in question. It is TRUE when the area

remains safe during given time span (recommended to

define the temporal extension of the safe status)

pr_IsRefugeArea

Temporary safe area where occupants may wait for

assistance to complete their evacuation to a safe area. |

is TRUE when the area remains safe during a given tim ggolean
span (recommended to define the temporal extension of

the safe status), while users are waijrior rescuers'

arrival (e.g. users with motion disability)

pr_AverageHeight

The weighted mean of the heights hi of a room with the

plan view projection of the portion of floor area Ai of the | enght
floor area at the height hi, according to the equatiof:ii

E oba

pr_Lenght

The distance each occupant must travel along an

evacuation route from the point at which they find

themselves to reach a temporary safe area or a safe are -enght
The evacuation route length is assessed with the straigt

line method without considering furnishirsg

Table4: Safety properties manually added to the doors of the BIM model

Property Name

Description Quantity

Unit

pr_IsFireExit

Indication whether this object is designed to serve as ar
exit in the case of fire (TRUE) or not (FALSE). Here it
defines an exit window in accordance to the national
building code

IfcBoolean

pr_IsStoreyFireExit

Indication whether this object is designed to serve as ar

exit in the case of fire (TRUE) or not (FALSE). Defines il |fcBoolean
the opening (door) is an emergency exit for the floor it is

located on.
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The BIM-t0o-BSM process was then applied on the TBIM to generate the models needed for safety
verifications. The process, depicted n Flgure 1, isfurther explamed in paragraph2.2 with direct application
-« 9 X °3-@mXN°Z” NJ X ~°ATE

Grant number: 2022JMRX2A

1.2.3 BIMto-BSM
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Figurel. BIM-to-BSM workflow.

2 Results

2.1 Key Performance Definition

Figure 2 summarizes the main developed KPIs, by stressing their correlation with the Fire Safety Code,

J«T °3-F T «z M-A«TIZE Z-3 J°°K°NZA°J«F ZEZECTN-NJITK WA K J«
particular, three main categories of KPIs could be providedreferring to: geometry, which are essentially

based on Codebased verification on width, length and number of escape routes (including door features);

risk, which relates to differences in fire loads; use, which directly relates to occupant number and

typologies. In particular, considering input data sources shown inFigure 2, risk and use KPIs could be

directly derived from emergency plans and procedures and fire evaluation/control documents.

According to criteria shown in Section 1.1, for each category, numerical and Boolean KPIs are
considered. Numerical ones are calculated as ratio, thus allowing to obtain values >0. Finathecks by KPls
are threshold-based, essentially evaluating the final value of each KPIs and preferring lowest (tending to
zero) values in a conservative manner. In fact, it is assumed that 1 is the safety maximum threshold: when
the KPI>1, values are unacceptabé according to their definition, representing critical conditio ns for
occupant safety. Boolean KPIs are indeed acceptable when they are true.

Moreover, since geometry KPIs relies on Fire Safety Code basic calculation about evacuation strategy
J2YO0ew °| XE JK - JKKL-C ©°- ac° K N-t8-KEC ° XBEZ 320 33 IX7X\A4 ]
way, decision makers could avoid perform fire safety engineerirg analysis using the BIMbased data. As
remarked by the application schematization in Figure 2, three levels of calculation could be performed:

1 Spacelevel calculation (section 2.1.1),
9 Storey-level calculation (section 2.1.2),
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1 Compartment/building -level calculation (section 2.1.3).

Grant number: 2022JMRX2A

kp | reference application goal  calculation check
(Flre space interface
Safety
Code _
corridor/
Chapter) room floor| compartment | building | staircase door HT | WI
ratio between "Deemed"
S-1.1_width |S.4.8.8;TabS.4- \value and currentor
ratio 27;TabS.4.28 |s X X |designed value <1;lowest is better
ratio between "Deemed"
Tab S.4-18; Tab \value and currentor
E S.4-20;Tab S.4- designed value
% S-1.2_length [25;S.4.10(Tab
8 ratio S.4-38) s X X X X X <1;lowest is better
© 513
'J.; indipendent number of exits &
exits & Tab s.4.14; Tab redundancyverification [>1when needed, or
redundancy [S.4-15;5.4.8.6 x X X X X (boolean) true
opening type/verse in
'S-1.4_door correctVS needed
opening Tab s.4-6 s X |conditions true
> difference in fire load [MJ
2 or %)] or ratio between
QJ‘ S-2.1_fire "Deemed" value and almostthe same or
P lload rate S.2.9 S S S X X current or designed value (%<0 for risk reduction
ratio between occupancy
S-3.1_ current or designed value
w |occupancy and maximum or previousis1 ; lowest forrisk
8 rate S.4.6.2 S X X value reductionis better
q:‘ ratio between occupancy
@ s current or designed value
:3.2vulnerabl and maximum or previousi<1 ; lowest for risk
e users' rate |n.a. S s s S K X value reductionis better

Figure2. Main assumed DIGITMAN KPIs for safety pillar, organized with respect to basic classes, and correlated with the Fire
2JZX°E $-TX ~XN° -« W o] X J°°X NJ° -« ~°JINX’ « O | Xirpdses® - X- z
dz|t+-ZM |, FW ZZQ®| F°. qW J«T MJI~ N Z-3 NIXNAXI® -« J«

2.1.1 Spacelevel calculation

Basic verifications at the space level, that is considering specific rooms composing the fire
compartment, refer to the minimum number of independent exits and width. References to the Fire Safety
code section are provided in Figure 2. Therefore, the verification on each space first consider each room
and its horizontal means of egress (i.e. space door/exits).

Two door/ exits are independent if, in the room, points exist where the view angle between straight
3. Ao X" AOO0P J«Tb-3 ° JreXigantkRients (& feabt IH39)XHE miMiBumznunbet of
independent door/ exits depends on Rie and on the crowd size, as shown bythe Figure 3.

The minimum width of each exit, to prevent localized overcrowding effects of doors as bottleneck, is
derived by the occupancy assessment in number of persons in the given spaces shown by Figure 4,
according to Fire Safety code This value iscompared with the effective width of a given exit coming from
the BIM model, for each door/ exit of space If all the exits provide positive validation of this comparison,
being larger than required, the minimum width by overall room occupancy is then calculated. Minimum
required width of all the exits of the room is calculatedasthe number of occupants in the room multiplied
by the unity width per person , depending onRit. Then,the sum of the effective width of each exit coming
from the BIM model is compared with this minimum required width of all the exits to create S1.1 as
shown by the general rationale of Figure 4.

The workflow in Figure 4 should be also applied in edundancy conditions. Redundancycheck aims at
verifying the minimum width compatibility by considering an exit unavailable at a time.
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Additional verifications on the door handling typology and opening direction, asking for UNI EN
1125/UNI EN 179 opening devices and opening direction in the direction of evacuation depending on
occupancy >5 persons and any specific risk in the room. Finakw 2 « 2 A2 | X z|° -Z X’
must be also verified.

o s

Ruire Crowd size in the area served M'mlmum numbe.r - CHECK
independent exits
Any > 500 occupants If effective
3
Bl [11562 [13133 [1] > 150 occupants number >
Other cases 2 minimum
- — - — number:
If dead-end corridors are permitted in accordance with the provisions of paragraph S.4.8.2 1 S-1.3=true
[1] Areas with an occupant densiq@A p/m?

Table 94: Minimum number of independent exits from a room or open-air space

Figure3. Minimum number ofindependent exits and correlation with KP+E3. Red circlesemarkmain limitations for the
application in the context of educational buildings as relevant application context for DigitiVi&iaboration from[1].
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Overallwidth - Fire safety code Single element - Fire safety code BIM MODEL
Rute Unitwidth | Atguess Rute Unit width Atguese Width Criterion
Al 3.40 3305 BI.CLEI 3.60 3105 >1200mm | Crowd size in the setting (space) served > | 000 occupants Le!em
| BLCLEL
A2 380 | 200s [ B2,€2,DLE2 __E-t) 2705 > 1000 mm Crowd size in the sefting (space) served > 300 oceupants
A3 460 2405 B3, C3.DLTT 520 1805 M Crowd size in the setting (space) served < 300 occupants
i 1230 | s i - B - :.».am‘m‘.m.f Iu4wcupanf\ufll‘|:mn‘b:lly;)ldx : with elem=
‘The unit width values are expressed in mm/person and ensure a queucing time, for occupants using that escape route, of no o Doonvays of setting (areas) served wit occupants .
Tonger than At =700 mm Doorways of setting (areas) served with < 10 occupants d()()rJ exit,
= (c.g. individual ofices, hotel rooms, domestic rooms, apartments, cic.)
Table 106: Unit widths for horizontal escape routes Seiting (Area) served where only specially trained personnel are present or where a limited C Qn’,’dol“
2 600 mm numbr of occupants is occasionally present for a bricf period
(e plant or service rooms, small storage rooms, etc.). staircase
The crowd size in the setting area) served corresponds 1o the total number of occupants using cach of the eseape routes that
leaves said arca.

Table 107: Minimun widths for horizontal escape routes

. Total numbcr of storeys served by the vertical escape route . Width Criterion
ET N s [ s [ 7 [ 8 ] % [0 | >1200mm | Crowd size in the setting (space) served > 1 000 occupants
Al 400 [ 360 | 325 | 300 | 275 | 255 [ 240 | 225 | 200 | 200 | 3305 > 1000 mm Crowd size in the setting (space) served > 300 occupants
BI.CLEL | 425 | 380 | 340 | 30 | 285 | 265 [ 245 | 230 | 2as [ 205 [ 310s >900 mm Crowd size in the sciting (space) served < 300 occupants
Az 455 | 400 | 360 | 325 | 300 | 275 | 255 | 240 | 225 | 200 | 2005 Setting (Area) served where only specially trained personnel are present or where a limited
<TErcaiEa | 4% | 430 | 380 | sas | 315 | 290 | 265 | zs0 | 2w [ IEmams 600 mm number of occupants is occasionally present for a brief period
ELCLDLE - ! . s = . (¢.¢. plant or service rooms, small storage rooms, ete.).
3 S50 | 475 | 430 | 398 | 338 | 300 | 285 | 260 | 245 | 230 | 2408
A The crowd size in the area served corresponds 1o the total number of aceupants using cach of the escape routes that leaves
B3,C3,D2,E3 | 730 | 640 | S70 | 515 | 470 | 430 | 400 | 370 | 345 | 325 | 180s said area.
A4 1460 [ 1140 | 935 | 795 | 650 | 610 | 545 | 495 | 450 | 415 | 90s

Table 111: Minimum widths for vertical escape routes
The unit width values are expressed in mm/person and ensure a queucing time, for occupants using that escape route, of no
Tonger than Atguee.

The unit width values must be increased for stairs according to the indications of Table 109, or for ramps according to the

indications of Table.

Lo, occ = Unit width by R, x num. occupants L in,etem

& <

[F) Also used in the phased evacuation

Table 108: Unit widths for vertical escape routes

=%
[
‘6 o Iftrue, check... _ )
] 2 S-1.1 tem = L /L = Lg 0cC =1 m—— i 1elem,min_ "f"-elem> Lmin, elem
rE elem  melt m00%e S tem Letem |L>1 critical S-1.7 gtom,min =FALSE otherwise -
82
=X
%)
5489 Calculating the minimum width of fire exits

1. The minimum width of the fire exit L, which allows the steady evacuation of the
occupants coming from horizontal or vertical escape routes, is calculated as

follows: Applying S-1.1,,,,analysis on

Lr:; Lu..+Z‘LL\aJ 7 the joint width of evacuation
paths

where:

Lr  minimum width of the final exit [mm]

Loi width of the ith horizontal escape route that leads to the fire exit, as
calculated with equation 15. [mm]

Compartment/building

Lv; width of the jth vertical escape route that leads to the fire exit, as calculate¢ —
with equations 16 or 17, respectively in the case of a simultaneous £ Horizontal escape route for n, . occupants
evacuation or a phased evacuation [mm] % - L} n g
. . ; ) g - > g
2. The width Lr may be subdivided between multiple routes. The width of each route S NG ;Zﬁa"d %2 5) g g
must meet the criteria of Table 107. 5 ¢ W 2 Dg
) g
3. The convergence of the flows of occupants from the horizontal and vertica R L é;.;
escape routes to the fire exit must not be obstructed (e.g. by fixed or mobile é ' L g Y
furniture, ete.). 4 L, L
. . . B Planview T 4
For this purpose, when at least two of the merging escape routes leading to the H Horizontal escape route n,  occupants
>

same fire exit are each used by more than 50 occupants, the distance measurec=—=
on the plan between the fire exit and the point at which all of the escape routes

leading to the fire exit merge must be > 2 m, as shown in illustration. Image 11: Example of merging flows leading to the fire exit

—

Figure4. Width analysis and correlation with KPI-$.1. Red circlesemarkmain limitations for the application in the context
of educational buildings as relevant application context for DigitMan. Elaboration fi{din The scheme can be applied to the
spacektoreylevel as well as to the compartment/building level

2.1.2 Storeylevel calculation

Verifications at the storey level are based on the ones of the space level, thus requiring minimum width
and number of horizontal escape routes (i.e. rooms, corridors and doors placed along them, until the
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staircases), as well as minimum height. Since occupants can enter the escape routes from different initial
3. .a’” W °] X -NNA°J«NE ©OXAEIBAIOXT J° - NNA° J«o’ ' 7
and final storey exits are present, redundancy deck must be performed according to the same rationale
of space-level calculation.

For dead-end route section, maximum length must be verified depending on Rite and maximum crowd
size, as shown byFigure 5-A. Dead-end route sections could be omitted in the verification in case their
length is under given threshold and additional fire safety-increasing characteristics are present.

Finally, in case of vulnerable occupants,an areaof rescue assistance in accordance with ISO 21542
should be provided.
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Sectionview

Ground floor with two
independent exits

stairs

o
ey 0
Section view
Filtered staircases: Fiter staire LSl
. . L
staircases can be omitted P Sioray 3

only if under Lom threshold
and maximum crowd
conditions; verify for each
story

+ Different compartments
on the storey: staircases
and connecting corridor can
be omitted only if under the
average sum of Lom
threshold and maximum
crowd conditions; verify for
each compartment

External escape route
(including vertical - table
84, section $.5.3.3) or
corridor leading to fire exit:
path omitted only if under
Lom threshold and maximum
crowd conditions

B Presence of indenpendent exits

Combining maximum path
and checking the eventual
presence of dead-end
corridors

| Ve Lsle
| . Sisreys
T

YT/ —t

Section view

DEAD-END CORRIDOR VERIFICATION from Fire Safety Code
5-1.2: Logscenario / MaX L (UP 10 1) OF Logsconario < Max Lo, (Doolean)

Rirc Max crowdsize | Mas length Lo | | Maxcrowdsize | Max lemeth L

Al =45m £25m

a2 < 100 occupants <om som D

A3 <l5m <I5m

<50 oceupants

Ad =10m £20m

DI <50 occupants <20m <i5m

D2 <15m <10m
The reference values of the maximum dead-end comidor kengths Le can be increased in relation 1o the additfonal fire
protection requiremiens, according o the methods of paragraph S.4.10.

Tabie 97: Conditions for dead-end corridors

Max amitted Additional
Characteristics of the omitted section length Las [1] providens
; <45 m None
With fller characieristics (exarnple in Table 100)
<90 m 21
=120m None
With filier and smokeproof characteristics
Unlimited 2
Also unprotected, ending directly at the fire exit or in a place of ultimate safety s
(example in Table 102) S15m None
From the fire exit to the place of ultimate safety, in an external escape route
(example in Table 103) Unlimited None

The setings (ancas) scrved must have an oceupant density of < 0.4 p/m’ and, if open o the public, a total of = 300 oceupants,
otherwise  total crowd size of 5 In hazandous
substances or mixtures, or of hazandous works witl itted. Each room in which occupants may sleep
must be protected and have doors of at least E 3¢

(1)1 compesed of section T the max omitted length Lo is Galculated s the
weighted average, withou taking into account the sections with an wnlimited Lo (example in Table 101). The protection
ics must direction of

[2) The areas served are equipped with a performance level I fire detection and alarm sysiem (chapier $.7.) and have 3
performance level I fire safety management plan (chapter S.5).

Table 99: Conditions for omitting a section of a dead-end corridor

Upper storeys/whole building or

tment two i p 1t exits
Single-storey companments
Protected (™, L - " Frotected
piasiogs INTETIN STCTINETVIR FITTI hors

LcL.\/ M e | \tete
<+ < Uncovered

Uncovered
space : ; spaco
- Leln  Leln Lol
ak A P PR j.
‘Section view

ESCAPE PATH VERIFICATION from Fire Safety Code
5-1.2: Logcenario / Las (UP 10 1) OF Leg soonario < Max L (DOOLE@N)

| Rw Max travel distance L Rue Max travel distance Lo
Al <70m BLEL | <6im
A2 <60m 2R B
A3 <45m B3, E3 <40m
Ad <30m Ciil, Ciiil <40m
DI <30m ciiz, Ciii2 | <30m
D2 <0m cii3, Ciii3 | <20m

i increased in relation to the additional fire protection requirements,
according to the methods of paragraph $.4.10

Table 104: Maximum travel distances

Figure5. Lenghtanalysis and correlation with KP$.2 for: A-dead-end corridors; Boverall path length (including thus
independent extis)Red circles remarthe mainlimitations for the application in the context of educational buildings as relevant
application context for DigitMan. Elaboration frorfi].
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In case staircases are present, verification on the minimum widthis performed using the same rational
of horizontal escape routes and doors, and also applying redundancy check in case of more than one
staircase. In this sense, the operational workflow is the one of Figure 4. Nevertheless, unit width per
person depends on evacuation method, which varies the maximum number of occupants simultaneously

N- «” TX3XT « °| X “°9J 3NJ XY A| X AEIBAX O X2AJHK ©°-
route, coming fromal -2z °| X ~°-3XE’~ X3 /MEXTZ Z-3 = 2AK°OJ«X-A"
occupants using the vertical escape route, coming from two of the storeys served, taking into account the

two storeys, including if they are not adjacent, with a larger crowdZ « NJ X -2Z °|J3J XT

Additional correction coefficients depending on staircases slope are included. Indeed, the minimum width
calculation for staircases doors follow the horizontal routes verification described above, as well as the
final evacuation exit width and number.

Finally, overall verifications on the whole maximum evacuation route length, comprising all the
horizontal and vertical lengths of composing section, and the deadend ones, must be performed
comparing values with occupancy-based and Rie-based thresholds. The general workflow is the same
reported in Figure 5. Maximum values could be also increased by a ratio depending on the geometric
features of the building (i.e. average net height of escape routes) and technological systems (i.e. fire
detection, alarm, smoke and heat control).

Finally, since a building could be composed of one or more compartments, such verifications are
referred to the compartment level too. In fact, exits refer to exits from each comportment, or toward
open-air spaces/public road (in this case, calculation onminimum area by occupant typology are also
included), or outdoor staircases. In this case, verifications must be performed for each composing
compartment.

2.2 BIM toBSMimplementation: algorithms and methods

The conversion of the BIM into a BSM is achieved through a Python algorithm, which employs an
approach similar to the BIM-BEM conversion (see WP3 report) MA°  J K z «” A XKXa ]
properties with those of Topologic and the Italian fire prevention code.

The BIM-to-BSM algorithm was tested on the two case study buildings belonging to POLIMI, i.e. the
#A BT «z «YUZ J«T z#A BT «z «YAaAZW C| -~ X #.5 2a.-TXH

2.2.1 Ontology for BSM

Since neither Topologic nor the Italian fire safety code has an explicit ontology, the first step in the
BIM-to-BSM conversion was to create a projectspecific ontology, aligned as closely as possible with the
definitions of the fire safety code and the To pologic class hierarchy[15].

The ontology for modeling aspects related to safety is shown in Figure 4. This is part of a larger ontology
used in the DIGITMAN project to map digital objects within graph datab ases(see WP1Z feport D1.1). In
summary, within the ontology the building's evacuation system is defined as 'dgm:EvacuationSystem'. The
system consists of a network composed of a set of edges and nodes that form one or more
z2Tza9g( BINAJ® - «>-A°XZY A| X «-TX NJ« MX ~°JNX" 3AM-
('dgm:OpenAirSpace)'. The edges are parts of the path that connect each node. The set of edges and nodes
related to a single path within the evacuation network forms a route (for example, the path that leads from
one space to another space), identified as 'dgnroute’. The set of multiple routes thus forms the evacuation
network .
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Evacuation Module
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sk

o | dgm:EvacuationSystem <€ eko:KPI

KPI Module

@ eko:DatumSource
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& Y ) Y + S| ‘
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eko:KPIValue
|
& :
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L d
egen : Energy Management KPI Ontology
: Brick Schema top: Topologic
: Building Topology Ontology DigitMan's ontology

Figure6.& . +. A5 672 - «©°-X-zE d  JZX°E 2a-TAXXQY

Once the ontology was defined, three distinct Topologic graphs were automatically generated for each

building to perform the checks required by the fire safety code on IFC models. Then, graphs of adjacent

MA BT «z' ~|J3% «z °| X XAEINAJ° -« «X°C-3! CX3X 2aXxs3zX
The three types of graphs, each serving different purposes,are:

1. ZPassag&graph;
2. ZsovistZgraph;
3. ZSkeleton Zgraph.

Topologic Graphs are graph structures composed of nodes and edges, which can represent various
objects (e.g., spaces and openings) and the relationships between them. Furthermore, semantic
information (e.g., class membership in the ontology) and attributes(e.g., the number of people in a space
or the width of a door) can be assigned to nodes and edges.

The three graphs, enriched with all necessary information, are used to perform the checks described
MXK-CW C| N| N-2a°3 ~ X MJ° N Z 3X ~JZX°E AEX3 Z -NJ° -«
to-~ J° ° Z E Z[1].Nevérihéless, tke same rationale could be easily extended to other national and
international contexts encompassing the space occupancy and typology (e.g. see
https://codes.iccsafe.org/content/IBC2021P2/chapter -10-means-of-egress).

In particular, verifications depend on the risk profile concerning human life safety Rlife [-] assigned to
each compartment/building, since it implies different levels of Assignment criteria for evacuation routes
°X3Z-323J«NXW J«T ©OfofJo " °HKIWNZ Z° NKETXX&XT TT ©° -«J¥K £
occupancy rate and presence and rate of vulnerable users (e.g. with motion/sensory disabilities), as well
as the fire load rate, could be also overlapped to vary Rlife, and thus evaluate the eectiveness of solutions
under building alternative use conditions without layout variation. Finally, it is worth noting that the Fire
Safety Code relies on considering a unique fire ignition point, thus excluding arsons with multiple ignition
points.
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2.2.2 Passage graph

Al X z; 3 13X "+333 z3J°| ©°]J°o ajge’ o] X 3XKJ° -« |
make up the building Figure 7, Figure 8).

Al X z;J37 7 JzX +23J° |hipsdf gassage Bejween thexvridifs spaces in the building ().
.0 T J« zJzX-2aX°3 NZ z3J°|] C| X3X «-TX  3X°3X X«°
T--3"W Z-KK-C «z -dogr-X°IXNXEX«NX 2z~ °JINX

To construct the graph, IfcSpaces are converted into Topologic cells using IfcOpenShell and
Topologicpy. Then, adjacency relationships between the IfcDoors and the Topologic cells are computed
by executing geometrical and topological operations in Python.

Figure7. Passage graph @uilding 10(POLIMI).

Figure8. Passage graph duilding 09(POLIMI).
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Al X z. -/&F ~° +3J°| 72 | XK°  TX°oX3a «X °| X ~|-830X" 0 -
the nearest emergency exits on the storey Figure99Y . ©° " O NJIBBXT z. - /& ~°Z MXN
is the isovist algorithm [16], C | N | N-33 X" °- «T§ @X%Z 03 XC |z-"T° 33X 2z °3 XT M
Safety Code for calculating evacuation route lengths (without considering furnishings, but fixed seatings
if present).

* -3 XJIN| z.ZN#A BT «z?°-38XEZ « O] X .*$W °| X =
every emergency door. The process continues until a direct line connecting the occupied door to the
emergency door is found, or until a polyline passingthrough the occupied door (the emergency door) and
all intermediate points of concavity is identified. The resulting lines are grouped in a new Topologic graph
that, once constructed, can be processed by the shortest path algorithm to find the shortest route between
° X -NNA° XT T--3 J«T °| X XaX3zX«NE T--3 J«T Z°-3X
door-route-T - - 3 Z Y

Grant number: 2022JMRX2A

2.2.3 Isovist graph

Figure9. Combinedsovistgraph ofBuilding 09and Building 10(POLIMI)shortest routes (first floor)

The graphs resultingfrom©° | X J°°K NJ° -« -2Z °] X - /&E T ° z3 ]| J
are depicted from Figure 10 to Figure 15.
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Figurel3. Isovist graph oBuilding 09(POLIMI), first floor (elevation 5.17 m)

Page 19|37



@ Occupant-based DIGITal predictive MANagement
to improve the built environment

Grant number: 2022JMRX2A

Figurel5. Isovist graph oBuilding 09(POLIMI), underground floor (elevatief.95 m).

2.2.4 Skeleton graph

Al X z?2! XBEX0 -« +3J°| Z " Z «JBKE AT XT ©°- aje o| X ZHK.
and to perform necessary checks Figure 16), such as verifying corridor widths based on the number of
people using them. Like before, this graph is named according to its underlying algorithm: the skeleton
algorithm [17].

This graph is generated for each circulation space in the IFC model. The process involves converting
the circulation space into a Topologic cell, extracting the lower face of the cell, and applying the skeleton
algorithm to it to generate the skeleton wire the skeleton wire undergoes further processing: 1) non-ridge
wires (not on the skeleton's ridge line) are removed, 2) the ends of the skeleton are extended to reach the
boundaries of the IfcSpace, 3) internal and emergency doors are connected to the nearst vertex of the
skeleton wire (assuming a shortest path approach in path identification) At the end of this process, all
resulting edges are grouped into a Topologic graph for each circulation space. These spaekevel graphs
are then merged storey by storey, and finally, connections between floors are added through staircases.
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Figure16. Combined skeleton graph &uilding 09and Building 10(POLIMI)shortest routes (ground floor)

Al X z3J°|] 38X AK° «z z3%-2a ©°o| X J°°K NJ° -« -Z °|X
are depicted from Figure 17 to Figure 25.

0

Figure18. Skeleton graph oBuilding 10(POLIMI), ground floor (elevation 0.05 m)
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Figure19. Skeleton graph oBuilding 10(POLIMI), 3D view.
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Figure20. Skeleton graph oBuilding 09(POLIMI), second floor (elevation 10.29 m)
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Figure21. Skeleton graph oBuilding 09(POLIMI), first floor (elevation 5.17 m)
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Figure23. Skeleton graph oBuilding 09(POLIMI), underground floor (elevatief.95 m).

Figure24. Skeleton graph oBuilding 09(POLIMI), 3D view.
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Figure25. Combined skeleton graph &uilding 09and Building 10(POLIMI), overall 3D views.

In the following paragraphs the results of applying the previously presented methodology to the
project's case study are reported. The application aimed to calculate the Safety KPlIs, as indicated in
Section 2.1, to perform safety assessments at the spacestorey, and compartment/building levels. To
facilitate readability, the assessments are presented separately as checks on the width of elements and
checks on the length of evacuation routes. However, all assessments are conducted using the same models
in an integrated manner.

2.2.5 Application to the room

The first verification algorithm was applied to automatically verify the compliance of individual
occupied spaces (e.g.classooms) inthe pilot buildings. For each building, byprocessingthe passage graph,
the algorithms checked whether each space m@ ©° | X Z 3 X critedazin¢ltiding thie- widdh Zatio
and length ratio of the travel distance, the number of independent exits of the space, and door opening
specifications including the opening device type and the opening direction, as reported in paragraph 2.1.1.
The process generates visual reportsto aid in identifying potential safety issues (see example inError! R
eference source not found.).

WP4:GEOMETRY-APPLICATION TO THE ROOM: Cell14
TO WIDTH RATIO

TO WITDH RATIO

pr_OccupancyType: EducationandTrainingSpaces:LectureHa
pr_OccupancyDensitySafety: 1.2

pr_NetArea: 213.95

pr_OccupancyNumberPeak: 256

L_0 (Table 106): 104.96 cm

L_0_min (Table 106): 90.0 cm

VERIFIED: True

TO LENGHT RATIO:

Maximum travel distance - Les: 50 m
Average height: 3.8 m

Maximum travel distance - Les,d: 21.78 m
Space travel distance- Les,d: 20.74 m
VERIFIED: True

TO INDIPENDENT EXITS:

Minimum number of indipendent exits: 3
Actual number of indipendent exits: 1
VERIFIED: False

TO OPENING:

Unverified doors' UIDs: []
VERIFIED: True
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Figure26. Roontlevel verifications conducted on Building 10 (POLIMI). On the left, 3D view: Green spaces are verified, red
spaces are not verified. Green doors are verified, while red doors are not verified. The black lines in the spaces rémesent
with maximumtravel distance for each space. On the right, report of the most significant parameters considered in the
evaluation for a space.
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2.2.6 Width ratioverifications

The width assessments were carried out following the methodological workflow proposed in Figure 4.
To apply the workflow, two preliminary steps were required for the preparation of the BSM:

1. Conversion of the Topologic graphs into NetworkX graph . This step wasnecessary to speed up
shortest path calculations since NetworkX proved to be about faster than Topologicpy;

2. ldentification of the shortest paths in the skeleton graph , identified as the shortest routes
leading from each door adjacent to an occupied space (e.g., classrooms) tthe closest storey
exit, using the lines of the isovist graph;

3. Distribution of the number of evacuees from occupied spaces along the shortest routes in the
skeleton graph, as determined in the previous step.

2.2.6l1dentifyinghe $ortestoutesalong the skeleton graph

To identify the shortest routes on the skeleton graph, the following procedure was applied:

a. Selection of start doors: All doors adjacent to both an occupied space and a corridor (start doors)
were identified by executing topological queries on the skeleton graph.

b. Identification of end doors : For each start door, the closest storey fire exit (end door) was
determined by applying the shortest path algorithm on the isovist graph.

c. Calculation of evacuation routes : For each start door, the shortest path to the corresponding end
door (evacuation route) was identified within the skeleton graph by applying the shortest path
algorithm.

The results for the POLIMI case study are displayed in the following figures (Figure 27-Figure 31Figure
32).

Figure27. Combined skeleton graph of Building 09 and Building 10 (POLIMI) with shortest routes highlighted.
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Figure28. Combined skeleton graph of Building 09 and Building 10 (POLIMI) with shortest routes highlighted. (elevation
10.29 m).
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Figure29. Combined skeleton graph of Building 09 and Building 10 (POLIMI) with shortest routes highlighted. (elevation 5.17
m).

Figure30. Combined skeleton graph of Building 09 and Building 10 (POLIMI) with shortest routes highlighted. (ele@adion
m).
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Figure31. Combined skeleton graph of Building 09 and Building 10 (POLIMI) with shortest routes highligfetedation-

5.95 m).

2.2.& Distributing the number of people alegthwation network

Then, evacuees were distributed along the shortest path within the evacuation network, represented
here by the skeleton graph. The algorithm followed these steps:

a.

Determination of evacuee numbers per start door : For each start door, the number of evacuees
passing through was determined by taking the peak occupancy of the adjacent occupied space
J«T T ~°3 MA° «z ° XAX«KE J2a-«z °| X ~°JINXZ’
Selection of evacuation routes: The evacuation route from each start door to its corresponding
end door in the skeleton graph was identified.

Identification of ground -level evacuation paths: At the ground level, for each door adjacent to the
stairs, the shortest path from this door to the closest storey exit door was determined, following
the same methodology as in the previous step.

Assignment of evacuees to evacuation routes: For each evacuation route, at each node along the
route, the number of evacuees exiting from the start door was assigned to the corresponding node
in the evacuation network. The edges of the skeleton graph were subdivided to allow assessments
at every meter and at each intersection between different edges.

Distribution of evacuees on the ground floor : On the ground floor, evacuees descending from
upper floors via staircases were distributed along the shortest routes intersecting the evacuation
paths leading from the staircases to the nearest storey exit.

The results of this process for the POLIMI case study are displayed in the following figures Figure 32-
Figure 36).
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Figure32. Combined skeleton graph of Building 09 and Building 10 (POLIMih number of people distributed along the
routes.

Figure33. Combined skeleton graph of Building 09 and Building 10 (POLIMI) with number of people distributed along the
routes. (elevatior10.29 m).
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