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The assessment of feeling comfortable, safe and secure versus feeling not at ease in cities is an important issue when
planning to (re)design urban built environments such as public areas and residential districts. The general feeling of
security in the public space is known to be related to perceived visibility and audibility. Based on digital 3D city
models of existing or planned urban spaces, this paper focusses on determining visibility and audibility. Also, other
potential quantities are introduced: brightness, overview, and person distribution. It presents a tentative analytical
framework and algorithmic approaches expressing the relevant inputs and necessary calculation steps as well as
pseudocode expressions. The paper relates the general concept of calculations involved to existing similar
implementations in the literature. The proposed calculation scheme for the analysis of visibility and audibility is
able to take additional factors into account, for instance exposure of persons, psychological factors, physical
perception and transparency of urban furniture regarding view and sound propagation. It is able to consider
psychophysical facts like decreasing of visibility and audibility with increasing distance or reflection and absorption
of sound waves on urban components. The proposed approach determines visibility and audibility measures
intended to be used for planning processes of safer spaces in cities.
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1. Introduction Urban digital data opens a plethora of
applications, see e.g. Biljecki et al. (2017).

After the introduction, which showed that
digital semantic urban spatial data is used for an
extensive range of applications the paper is
organized as follows. Section 2 announces that
this data is expected to be usable also for urban
safety and security spatial assessment. Section 3
will investigate which approaches are already
available with potential for determining visibility
and audibility. Section 4 provides an overview
concepts as “dance of the street” (Greenberg safety and security quantities based on digital
1995; Tickamyer et al. 2007) and the “broken  yrhan spatial data are used iteratively for
windows theory” (Wilson and Kellmg. 1982; improving scenarios. Section 5 provides (textual)
Euller. anfi Low 2917) a strong tradition .Of algorithms to compute visibility (seeing and being
investigating  the influence of the spatial  geen) Section 6 and section 7 cover overview /
environment and its perception on the actual and  yigible space and audibility respectively. Section
perceived level of individual and group-specific 8 briefly addresses additional and auxiliary

safety and sgcurity. ) ] ) quantities such as brightness and person density.
Inrecent time, an ever increasing effortis made  Qection 9 summarizes and concludes.

to take advantage of the growing accessibility and

qual@ty of semantic digital data to .inyestigate gnd 2. Challenge of
empirically challenge such and similar theories.
Examples for digital formats of digital urban data . . .
that is accessible include Building Information ~ Key aim of the project Urban Security 3D
Modelling (BIM) (Volk et al. 2014), CityGML (German: Stadtsicherheit-3D) is to support the
(Gréger and Pliimer 2012), Open Street Map collaborative and informed increase of safety and
(Haklay and Weber 2008), 3D GIS (Liu et al. security and its perception of people living in
2017) and Google Earth (Gorelick et al. 2017).
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Cities are changing - their populations are
growing and new technologies are providing more
data and connectivity. The rise of people living in
cities, which will lead to structural compaction
and new challenges in urban areas. Challenges
include: How can the city be shaped to make it
safer? How can the subjective perception of
security of citizens be taken into account?

Urban sociology has since such landmark

identifying unsafe and
unsecure urban areas using digital city data
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cities by resorting to semantic digital urban 3D
data, which is increasingly commonly available.

The design of public spaces makes a significant
contribution to ensuring that people in their
environment feel safe and that crime can be
prevented. Such quantities as visibility of persons
in public spaces, audibility, local brightness, and
easy orientation play a decisive role.

"Places of fear" are to be understood as (urban)
spaces in which the citizens do not feel well, for
example because these areas are deserted, rather
dark or dimly lit, such as remote platforms or
underpasses. Also urban parks at night, sparsely
populated areas or industrial areas can be areas of
fear.

Digital semantic models contain additional
information that is important in modeling besides
purely geometric building information like
geometrical shape and height. For instance
additional information about use of a building can
be used to estimate the number of persons present
in buildings.

Generally we believe that spatial factors can be
identified, operationalized and taken into account
in modelling. The procedure can be demonstrated
on the basis of the operationalization of poor
visibility, poor audibility and (percentage of)
areas hidden from view. This paper focusses on
visibility and audibility of persons on public
places.

3. Existing similar implementations in
literature (related work)

3.1 Visibility — related literature

Chmielewski and Tompalski (2017) provide a
good overview on different visibility modeling
methods distinguishing between ray, surface and
voxel based approaches, including combinations.

There are several voxel based visibility
modeling methods (Baer et al. 2005; Morello and
Ratti 2009; Hagstrom and Messinger 2011;
Fisher-Gewirtzman 2012; Chmielewski and
Tompalski 2017) . Some papers define a measure
for the volume of visible space (Yang et al. 2007;
Pyysalo et al. 2009; Morello and Ratti 2009;
Fisher-Gewirtzman  2012).  Other  work
determines the visible building fagade surface
(Baer et al. 2005; Bartie et al. 2010; Hagstrom and
Messinger 2011; Fisher-Gewirtzman 2012;
Koltsova et al. 2013; Suleiman et al. 2013; Feng
et al. 2015; Bartie and Mackaness 2016). Only
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some of the listed papers regard visibility through
vegetation (Llobera 2003; Baer et al. 2005;
Pyysalo et al. 2009; Bartie et al. 2010; Hagstrom
and Messinger 2011; Fisher-Gewirtzman 2012;
Feng et al. 2015; Bartie and Mackaness 2016).

For the current project, the most interesting
literature is identified as:

e Turner et al. (2001) describes a methodology
how to get from Isovists to visibility graphs
(visible areas from given views) and
illustrates it by the example of the Tate
Gallery in London.

e Batty (2001) extends the work of Turner et al.
(2001) with mathematical formulas as well as
different visualizations of the visibility.

e  Fisher-Gewirtzman (2012) defines a Spatial
Openness Index (SOI) for the volume of
visible space seen from different viewpoints
in the built environment.

e  Suleiman et al. (2013) show a new algorithm
for 3D Isovists, which might be interesting
for the current project.

e Koltsova et al. (2013) propose different
measures for calculating visibility. They
define weighted visibility measures taking
into account additional factors like distance,
angle and walking direction.

e Bartie and Mackaness (2016) determine the
visual magnitude for the example of
Edinburgh. They present an algorithm which
is able to calculate visible exposure of
landmark buildings.

3.2 Audibility — related literature

So far 3D data is used to model how citizens are
harassed by noise in cities (Kluijver and Stoter
2003; Pamanikabud and Tansatcha 2009; Lu et al.
2016) and how to mitigate this noise pollution
using noise barriers ( Law et al. 2011; Ranjbar et
al. 2012). 2D GIS models are often used (Kluijver
and Stoter 2003).

Additional 3D geo information has an
advantage, because based on refraction there are
different sound levels in different heights (Kubiak
and Lawniczak 2015). The results can be
visualized cartographically in 3D noise maps
(Law et al. 2006; Stoter et al. 2008).

Semantic information is often not considered
but it can lead to better results knowing object
type and material type of walls (Czerwinski et al.
2006; Kurakula 2007).
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Many of the mentioned models are considered
in parts useful for the calculation of audibility in
the current project. All of them analyze sound
propagation. However, this project is interested if
someone is being heard at different places, for
instance when crying for help. Accurate models
for the sound propagation are computation-
intensive and time-intensive and therefore a
compromise between accuracy and speed has to
be found.

Essentials for analyzing sound propagation are
given in the literature on the subject of reflection,
refraction and diffraction of sound waves
(Mackawa 1968; Boye and Herrmann 1989;
Reiterer et al. 2009; Lutz 2013), for example at
building facades or vegetation walls.

Furthermore damping effects caused by the
absorption of air, by vegetation and by
meteorological influences are relevant (Boye and
Herrmann 1989; Willems et al. 2016).

In the light of the documented state of the art,
the work of Maekawa (1968), Lutz (2013) and
Willems (2016) are most promising for the
intended work. Since they use approved methods
and are structured clearly.

4. Process and methods overview

Within the approach, spatial factors will be
identified and operationalized, which aim at
determining a wide variety of (in)security
perceptions among citizens in urban areas. Based
on experience in best practice examples (from
Berlin, Germany and worldwide) and on-site
measurements in three case study areas, the
identified factors are incorporated into algorithms
that serve as the heart of a software-based
planning aid.

The approach is intended to be applied to
existing three-dimensional non-propriety city
models, like models based on the CityGML
standard. The focus is on the identification of
places that are subjectively perceived as dark, or
to exhibit a poor visibility and poor audibility.

Fig 1 gives an overview of the steps of the
process of assessing security of urban spaces.
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(1) Context analysis

.

(2) Digital semantic 3D data provision

.

(3) Data refinement if necessary

.

(4) Sever-based computation e.g.
*  Visibility analysis
*  Visible space analysis
*  Audibility analysis
« Additional factors, identified
input factors

'

(5) Presentation of analysis results

.

(6) Comparison of results with risk
criteria, best-practice values

.

(7) Participative evaluation

.

(8) Decision on scenario changes or
acceptance
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Fig. 1. Assessment process for security in urban areas
with focus on visibility and audibility using semantic
spatial data.

5. Visibility

This section describes an algorithm for
determining the visibility of a person located on
the street, i.e. how many persons can see the
person (“being seen”) and how many persons can
be seen from this person (“seeing”). The aim is to
obtain measures for assessing the feeling of
security of this person.

5.1 Average number of persons seeing a person
on the street

For a person at a given position on the street the
average number of persons seeing this person can
be defined as:
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being seen __ ,;being seen being seen 1
Ntot - Nbuilding + Nstreet ( )

In Eq. (1) N2 is the average number of

persons seeing a person on the street at a given

.. being seen .
position, N . .; is the average number of

persons on urban street and sidewalk surface

elements seeing the person on the street and

Nbeingseen
building

buildings seeing the person.

is the average number of persons in

5.1.1 Seen from indoors

N;)jiilrégirf;en of Eq. (1) can be determined by the

following eleven-step algorithm:
(1) Loop over all buildings.
(2) Loop over all building surface elements.
(2.1) Surface elements has window?

(2.2) Line of sight from person to surface
element?

(2.3) Determine number of persons being
close to the window.

(2.4) Add (in the sense of take into account)
probability that a person close to the
window looks towards the person on the
street.

(2.5) Add transparency factor of the line of
sight.

(2.6) Add probability of being able to
physiologically resolve person at given
distance when looking in the correct
direction (depends on distance and light

conditions).

(2.7) (Optional) Add probability of being able
to recognize dissocial behavior or
dangerous event.

(2.8) (Optional) Add probability that person
reacts (calls out of window, leaves
building to help or calls police).

(2.9) Add received value to the overall value
of “seeing persons”.

Measures for the number of persons seeing the
person on the street or reacting in case of a
dangerous event are obtained.
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5.1.2 Seen from outdoors

Nslifier;‘%seen of Eq. (1) can be determined in a

similar way using a ten-step algorithm:
(1) Loop over all urban surface elements.
(2) Loop over all urban subsurface elements.

(2.1) Line of sight from person to urban
subsurface element?

(2.2) Determine number of persons on urban
subsurface element.

(2.3) Add probability that a person on the
urban subsurface element looks towards
the person on the street.

(2.4) Add transparency factor of the line of
sight.

(2.5) Add probability of being able to
physiologically resolve person at given
distance when looking in the correct
direction (depends on distance and light

conditions).

(2.6) (Optional) Add probability of being
able to recognize dissocial behavior or
dangerous event.

(2.7) (Optional) Add probability that person
reacts (calls on street, goes towards the
person calling or calls police).

(2.8) Add received value to the overall value
of “seeing persons”.

Fig 2 illustrates the algorithm for two street
elements with one person and a given position 7.
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Fig. 2. Illustration of the seen area for two different
persons on two urban sub-surface elements. The given
position 7 is only seen by person p;.

5.2 Average number of persons that can be seen
by a person on the street at given daytime

In a similar way to 5.1, the average number of
persons that can be seen by a person on the street
at a given daytime can be defined as:

Nseeing — Nseeir\g + Nseeing (2)

tot building street *

5.2.1 Seeing persons that are indoors
Nouiding
algorithm as in section 5.1.1 without steps (2.4),
(2.6) and (2.7). Step (2.4) is removed because
Eq. (2) is the number of persons which can be
seen by the person looking around. Note that even

Nbsﬁﬁlcﬁig is expected to be

different to le;il';‘?;ge " because of the relative light

conditions as incorporated in (2.6).

of Eq. (2) can be determined by the same

without these changes

5.2.2 Seeing persons that are outdoors

N of Eq. (2) can be determined by the
same algorithm as in section 5.1.2 without steps

(2.3), (2.6) and (2.7).

6. Visible space

As practical application, often the visible space is
of interest. The visible space Ayisiple can be
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determined similar to section 5.1.2 without using
the number of persons on the urban subsurface
elements (see steps (2.2) and (2.3)) but including
critical distances and/or weighting factors for the
distance.

Furthermore the total existing space within a
certain distance A, can be determined. The ratio
of the visible area A;gipje relative to the existing
area Ay, provides a measure that affects the
feeling of security. It is possible to calculate
several of these ratios for example for a near, a
middle and a far distance.

7. Audibility

This section describes an algorithm how to
determine the audibility of a person. The
algorithm proposed determines how many person
hear a shouting person. The aim is to obtain a
measure for assessing the feeling of security of
this person due to perceived audibility, assuming
that people realistically assess whether they can
be heard.

7.1 Fast algorithm for determining sound level
at all positions based on an initial shout

The following algorithm can be used to determine
the sound level reaching a person on a volume
element after an initial shout:

(1) Set sound source position (shouting person)
with an initial sound level.

(2) Determine sound spherical launching grid
with given directional resolution.

(3) Follow each path taking into account
reflections, absorption and damping till
sound level is below critical value (non-
hearing threshold also taking superposition
into account).

(4) Determine for given volume resolution
whether for each reachable volume sound
rays are present that determine the loudness.

(5) If not, refine launching grid in step (2) and
repeat step (3) and (4).

(6) (Optional) Test convergence by further
increasing launching grid refinement.

(7) (Optional) Test critical value of sound
perception.

(8) (Optional) Test sensitivity with respect to
parameters in used in step (3).

(9) Extract loudness at all volume elements as
superposition of the reaching reflected audio
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paths and the loudness due to sound
diffraction within a given echo perception
time threshold.

Fig 3 illustrates some sound rays starting at the
source (red). Two of the rays reach the receiver
(black). There is a direct ray and a ray with
reflection. The loudness is influenced by

e the length of the paths

e the length of the paths through vegetation
(illustrated as green rectangles)

e decrement because of the reflection of the
second path

Black: direct rays
Blue reflected rays

® Source

® Receiver (hearing)

Fig. 3. Illustration of sound rays with a given resolution.
Two of the rays reach the receiver.

Most calculation of the proposed algorithm is
done in (3). Several inputs are used to determine
the sound level at each point on the path.
Decreasing of the sound level on the basis of the
distance depends on pitch level, temperature of air
and humidity of air.

Reflections of a path also lead on to a damping
factor which is based on component material at
the position of reflection. Decreasing of the sound
level on the basis of traversing urban furniture
depends on damping factors for different urban
furniture and on the length of the paths within the
urban furniture. This is similar to the transparency
factor of the visibility algorithm.

For the receiver it is also of interest to
understand the initial shout. So the echo
perception threshold should be used to determine
if reflected sound rays are perceived as one unit
and not as echo.

7.2 Average number of persons that can hear a
person on the street
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For calculating how many persons can hear a
person on the street a similar algorithm as in
section 5.1.2 is employed using the results of
section 7.1:

(1) Loop over all urban surface elements.
(2) Loop over all urban subsurface elements.

(2.1) Get sound level on urban subsurface
element as calculated in section 7.1.

(2.2) Determine number of persons on urban
subsurface element.

(2.3) Add probability of physiological
perception of the audio signals at person
position on urban subsurface element
taking account sound level (2.1) and
background noise.

(2.4) (Optional) Add probability of being able
to recognize dissocial behavior or
dangerous event (understanding shout,
interpret shout as appeal for help).

(2.5) Add received value to the overall value
of “hearing persons”.

Please note the conformity of the algorithms for
visibility and audibility, given the local loudness
is available.

8. Additional factors, identified input factors

8.1 Brightness

As input for the algorithms of the visibility
brightness maps can be rendered.

The brightness plays an important part for
determining the visibility measures of section 5.
E.g. Dwimirnani et al. (2017) measure the impact
of public lightning on visibility in urban parks.
The relative brightness of a defined place affects
what a person at another place can realize (e.g.
mimic of persons or only silhouettes).

8.2 Person distributions and liveliness of urban
places

Another important input for the visibility of
section 5 are person distributions due to different
daytimes. The more people are on a specific place,
the more people can potentially see a dangerous
or critical situation.
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9. Conclusions, innovation and perspectives

For the first time, a software tool based on digital
data will be developed, with the help of which
safety  assessments can be  performed
systematically and empirically based on urban
digital semantic 3D data, which will be available
on an ever higher resolution.

The tool thus helps urban planners and security
experts in designing for more security in urban
areas. Although the planning aid does not depict
all the reality on the ground, it will provide a
supporting framework and approach for the
design of squares, residential areas and inner-city
quarters for improving perceived safety and
security.

The provided sample algorithm is expected to
be feasible to be implemented resorting to and
significantly extending state of the art.

Main challenges that are expected for the
refinement of the process approach and the
implementation of the algorithms are

e Process design that enables participation
and avoids negative discriminations and

attributions (or even self-fulfilling
prophecies)
e Limited  application  time and

computation resources

e Need of fast algorithms to get an
applicable software

e Need of sufficient input for “soft”
psychological model parts and factors
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