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Urban Light Environment Profile Information Collection and 3D
Space Syntax Visualization Interface Development
Chia-Hsing Chen1; Ko-Chiu Wu2

ABSTRACT

This study used a four-axis unmanned aerial vehicle (UAV) to measure light trespass data in a

low altitude environment in Taipei City. The use of a UAV also removed the height limitations on

measuring urban microclimate environments. We incorporated space syntax to develop an interface for

the visualization of 3D spatial information, establish probe modules for urban physical environments

and 3D models of urban microclimates.

Our UAV incorporated an illuminance sensor, an atmospheric pressure sensor, a GPS positioning

module, and a single-chip microcontroller to measure illuminance in a 3D space in Taipei City. The

measurement data included the illuminance on affected vertical surfaces and the source brightness of

light trespass. We then developed an interface using space syntax to display the data in justified graphs,

spatial integration, and axial integration, and then examined the mutual relationships between spatial

environmental data and urban space. The information visualization interface uses the straight line

between the brightest point on the illuminated surface of a building and the source of light trespass as

the axial line to present the direction of light movement. The integration value of each source of light

trespass was calculated using the number of buildings affected by the source and the number of

reflections, where a greater integration value indicates that the source affects the space to a greater

extent. A total of 162 individuals used the interface and then completed a questionnaire regarding the

operation of the interface.

The participants gave our interface positive ratings on the whole as the questionnaire results of

5-point scale presented a reliability value of 0.881 and a mean score of 3.671. Using factor analysis, we

derived that the usage dimensions of the information visualization interface include path space

knowledge, aerial view space knowledge, spatial memory, positive motivation, interface usability,

spatial understanding, and color association.

This study used the unique topic of light to develop a new 3D model with space syntax,

improving on 2D frameworks commonly used in the past, by merging and processing data input to the

entire data appropriate space syntax model to subsequently create a visualization interface. It is

predicted that in the future, a comprehensive urban environment probe module can be developed and

integrated with spatial topology visualization models.
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1 INTRODUCTION
Light pollution was described by Mizon (2012) as the inappropriate use of light caused by human

factors. Light pollution includes skyglow, light trespass, and glare. The main cause of skyglow is the

upward projection of light caused by poor design. Light trespass is a type of obtrusive lighting, such as

floodlighting from a bedroom window of a neighbor or the light from a street light preventing one from

falling asleep. Glare is considered irritating brightness that can result in discomfort or disturbances

because overly bright or poorly directed light can dazzle people or distract their attention.

Rabaza et al. (2014) stated that light pollution exerts a severe impact on the environment,

affecting not only plants and animals but also influencing human health. These impacts have been

mentioned and proven time and time again (Jedidi, Depierreux, & Beckers, 2015).

The International Commission on Illumination (CIE) set a measurement standard for light

trespass as vertical illuminance levels at 1.5 m above the ground on the boundary line. The purpose of

preventing light trespass is to reduce the amount of light that enters a window and thus the

measurement surface for vertical illuminance should be the surface of the window. While measuring

window surfaces used to be difficult because of altitude and privacy issues, now it can be achieved due

to the maturity of technologies, such as unmanned aerial vehicles (UAVs), miniature sensing modules,

and microprocessing devices.

A dedicated UAV automatic data collection system was created using the UAV loiter mode and

preset flight plans in conjunction with environmental data collection devices, such as cameras and

sensors, solving the problem of the past of reaching specific locations (i.e., height) for data collection

and measurement.

We used a four-axis UAV to collect light pollution data from an urban area and then visualized the

data on a 3D light pollution map. For each vertical measurement point, light pollution data from

different observation points at a fixed time could be obtained. Previously, graphs displaying light

pollution data were planar and analog with professionalized display methods. For instance, heat maps,

Surfer® models, and DIALux models display information related to vertical space with less readability

and precision. Our aim was to develop an interface that can present and map 3D information and other

charts to help users obtain information quickly and easily. This interface can meet the needs of experts

(illuminance/light pollution experts or government policy makers) and general users (the general public

or policy reviewers).

Zaleckis, Kamicaityte-Virbasiene, and Matijosaitiene (2015) mentioned that space syntax

combined with geographic information systems (GISs) can provide another spatial visualization and

spatial model for urban areas. The space syntax method, which was developed by Bill Hillier, can be

applied to research on spatial viewsheds, circulation, and urban data, such as air pollution detection as

well as city safety and crime. In this study, we used a GIS and space syntax to present light pollution
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information. At the same time, we used the three basic conceptions in space syntax, namely, convex

space, isovist and axial lines, to visualize the elements on the interface. We then calculated the local

integration to determine the relationships between space and sources of light pollution. We also used

justified graphs, spatial integration, and axial integration to examine the interactive relationships

between spatial environment data and urban space.

Accordingly, the objectives of this study were as follows:

A. Construct a four-axis UAV with physical environment probe modules to investigate light

pollution conditions of the study area;

B. Incorporate space syntax to develop an interface for 3D and testing 2D and 3D for the

visualization of light pollution information.

2 DATASETS AND METHODS

2.1 Methods

2.1.1 Hardware framework of light pollution sensors

To achieve our objectives, we collected the coordinates, height, and

illuminance data of certain locations. Considering the precision, performance,

response speed, and cost of the various modules and devices, we constructed the

hardware framework as described in Table 1, and Fig. 1 illustrates the assembled

device.

Table 1 Device hardware items and purposes

Item Model Function Features

Raspberry Pi
Raspberry Pi

3 Model B

Processes and collects

data
Quad-core processor cpu, low cost

Digital light

intensity

detection

module

GY-30

BH1750FVI

Collects illuminance

data

Illuminance detection with

precision of 1 lux

Atmospheric

pressure module

/altimeter

module

BMP085

GY-65

Collects atmospheric

pressure data at

various measurement

points for height

calculation

Minimal absolute precision of

0.03 hPa, response time of 7.5 ms

GPS satellite

positioning

module

Globalsat

BU-353S4

Collects coordinate

information

Swift first-time positioning, high

sensitivity (-163 dBm)

2.1.2 Software framework of light pollution sensors
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The software framework of our device can be divided into three portions, as shown in

Fig. 1.

Fig. 1 Software framework of light pollution sensors

A. Sensors:

For measurement, processing, and transmission needs, the built-in software of

the sensors was divided into three modules: the data collection module, the data

processing module, and the data transmission module.

• The data collection module contains the drivers of the various sensors; it

can request data from the sensors, collect data, and then organize the data

framework.

• For data security, the data processing module will back up the data sent

back from the data collection module in the localhost and then test the

internet connection. If internet access is available, the data will be

synchronized in the cloud real-time database; if not, the data will be

cached, and the data in the cloud real-time database will be synchronized

once internet access is available.

Fig. 2 Framework of light pollution real-time database

B. Cloud real-time database

This study employed the Realtime Database services of Google Firebase,

as shown in Fig. 2. Firebase offers a number of advantages, including

4

 Proceedings of the 12th Space Syntax Symposium 



cross-platform services, easy-to-use API, quick response speeds, and greater

storage space free of charge. We chose this platform as the solution to our

cloud real-time database.

C. Mobile device:

Taking into consideration the costs of mobile devices and the mobile

devices owned by testing personnel, we developed our app on the Android

platform. The app has a mobile hotspot function to share internet with the

sensors for data transmission. It can also regularly poll the sensors to give the

operators an understanding of the data that the sensors have obtained and their

connection status.

Fig. 3 displays the app interface and presents the constructed UAV.

2.1.3 UAV

We purchased the Phantom 4 Advanced four-axis UAV manufactured by

Dà-Jiāng Innovations Science and Technology Co., Ltd. to serve as the aerial vehicle

in this study. It executed our flight plans and facilitated the data collection of the

sensors while in loiter mode. Fig. 3 displays the UAV carrying our sensors. During

the measurement process, the operator’s field of view is limited, thereby preventing

the precise operation of the UAV to the various measurement points for data

collection. As a result, a flight plan was made in advance. With the flight plan

execution function, the UAV could reach the various measurement points for data

collection. Furthermore, in consideration of the different response times of the

various sensor components, the UAV loitered at each measurement point to collect

more data with greater precision.

2.1.4 Sampling and measurement in urban space of Taipei City

On the night of December 26, 2017, we deployed our UAV light pollution

measurement system to measure the illuminance at different vertical heights at a

measurement point (latitude: 25.042804, longitude: 121.533882) between the

7-Eleven store and the Fourth Teaching Building at National Taipei University of
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Technology. On account of the different response times of the sensors, which is the

time needed for a circuit component to receive control signals and then output

processed results, we had the UAV loiter at the heights of 1 m, 2 m, 3 m, and 4 m for

10 sec each to obtain more precise data. Table 2 presents the measurement results.

Fig. 4 Map of measurement Fig. 5 Photo of measurement point environment

Fig. 6 UAV preparation for take-off and sampling Fig. 7 UAV and sensors

abl
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ght

dat

a of UAV in front of 7-Eleven at National Taipei University of Technology

2.1.5 Interface for visualization of 3D light pollution information

We designed two modalities and added height, direction, and intensity

parameters so that a user could switch data type and query data at any time. Fig. 8

and Fig. 9 present the first modality. We used various conceptions and elements of

space, such as axial lines, convex space, depth, and integration values, to present

light pollution sources and the relationships between space and affected buildings.

Axial lines were originally defined as the movement of people; however, on this

interface, we defined them as the movement of light. Due to the fact that light

Measurement

height (m)

Starting time of

arrival

End time of

arrival

Illuminance

(Lux)

Note

1 19:28:38 19:28:45 3

2 19:28:54 19:29:04 3

3 19:29:09 19:29:17 1 Height of 7-Eleven

roof

4 19:29:22 19:29:30 1
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pollution involves the disturbance of light to people and the environment, we

employed maximum illuminance, which is most representative of the numerical

definition of axial lines, instead of mean illuminance. As light travels in straight lines,

spaces affected by light are mutually viewable. We therefore considered light sources

and affected building clusters to be in the same convex space. The degree to which

the illuminated surface light is refracted serves as the depth, which is used to

calculate the integration value of the light source and to present the degree to which

the light source affects the surrounding environment.

Fig. 8 Relationship between pollution sources and affected buildings

Fig. 9 3D rotation

The formulas are as follows:

• Mean depth (MD) = total depth (TD) / (total space(K)-1)

• Relative asymmetry (RA) = 2(MD-1) / (K-2)

• RA of Diamond shape (referred to as Dk) = 2(k(log((k+2)/3)-1)+1)/(k-1)(k-2)

• Real relative asymmetry (RRA) = RA/Dk
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• Integration value (reciprocal of RRA) = 1/RRA

Fig. 10 Code for calculation of global integration values

The JavaScript code is shown in Fig. 10. A greater integration value represents

a higher degree of integration. The lower left corner of the interface provides

selection tools for the axial lines and ranges of light sources so that users can filter

out specific light sources and examine their impact on the environment. The interface

enables motion and rotation to different angles so that users can explore freely (Fig.

9).

Fig. 11 Distribution of irradiation on affected buildings

The second modality displays the distributions of illuminated surface

irradiation on each building, as shown in Fig. 11 and Fig. 12 With the UAV

sequentially obtaining samples from the building surfaces, we can obtain the

distribution of irradiation on the buildings. In the past, this could not be achieved,
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and only calibrated camera photos could be used to calculate brightness. The lower

right corner of the interface provides selection tool for irradiation range, thereby

enabling users to filter out light sources in certain ranges to examine their impact on

buildings, as shown in Fig. 13

Fig. 12 3D rotation

Fig. 13 Filtering out light sources in a certain range (0~42 Lux)

2.1.6 Questionnaire design

Regarding the parameters and analysis methods needed in investigations of

light pollution, we interviewed Professor Chao from the School of Architecture in

Feng Chia University on October 16, 2017, who indicated that the light pollution

interface should be developed for experts to use. She stated that the general public

are only interested in directional light and the brightness of the environment, whereas

experts focus on light brightness and the affected range. Brightness and illuminance

must be distinguished clearly. In addition, the investigation standards are defined in

the CIE, one of which states that when light pollution data is collected vertically

along walls using UAVs, privacy and safety issues must be taken into consideration.

Based on our literature review and expert interview, we designed a questionnaire

with 25 question items, which are shown in Table 3, and includes 3 question items
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with reverse wording. We used reverse scoring for these question items when

compiling the statistics.

3 RESULTS

3.1 Overview of participants

Among the 162 participants that filled out the questionnaire, 84 participants were

visual designers (51.85%) and 78 participants were programmers (48.15%); 85 participants

were male and 77 were female, thus the male-to-female ratio was approximately 1:0.91. In

years of experience, the largest group of participants had 1 to 3 years of experience and

contained 48 individuals, which accounted for 29.63% of the total. In terms of age, most of

the participants (106 individuals; 65.43%) were between the ages of 21 and 30 (Table 3).

Table 3 Participant information

Variable Number of participants Percentage

Occupation
Visual designer 84 51.85

Programmer 78 48.15

Gender
Female 77 47.53

Male 85 52.47

Years of experience

Less than 1 year 32 19.75

1~3 years 48 29.63

3~5 years 33 20.37

5~10 years 26 16.05

More than 10 years 23 14.20

Age

20 years old and under 5 3.09

21~30 years old 106 65.43

31~40 years old 39 24.07

41~50 years old 9 5.56

50 years old and over 3 1.85

3.2 Mean score

According the questionnaire results of 5-point scale, high scores mean agree, the total

mean score was 3.671. The mean score of the visual designers was 3.638, whereas the

mean score given by the programmers was 3.707.

3.3 Reliability test

We conducted a reliability analysis of the questionnaire on the interface for the

visualization of urban 3D light pollution information. The results presented a Cronbach’s

alpha of 0.881 for internal consistency, which indicates fairly good reliability (DeVellis,

1993).

3.4 Independent t tests and analysis

Table 4 displays the results of independent t tests, which show no significant

differences in the responses given by the visual designers and the programmers expect for
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the two question items below:

A. I think that using this 3D interface to search for information is interesting (Table 4,

Question item 2).

B. I think that a “You are here” marker should be provided in the aerial view of the map

to indicate the coordinates and direction (Table 4, Question item 25).

Programmers agreed with “I think that using this 3D interface to search for

information is interesting” (M=4.10, SD=0.89) significantly more than visual designers

(M=3.82, SD=0.85), whereas visual designers agreed with “I think that a ‘You are here’

marker should be provided in the aerial view of the map to indicate the coordinates and

direction” (M=4.37, SD=0.62) significantly more than programmers (M=4.06, SD=0.90).

Table 4 Results of independent t tests

No. Question item

Mean (S.D.)

Degree of

freedom
t pProgrammers

(N=78)

Visual

designers

(N=84)

1

I think that this 3D

interface piques my

interest in searching for

light pollution information

and makes me think and

use it voluntarily.

3.84(.80) 3.85(.82) 160 0.752 0.453

2

I think that using this 3D

interface to search for

information is interesting.

4.10(.89) 3.82(.85) 160 2.052 0.042*

3

I think that color coding

the light pollution

information in the 3D

interface based on intensity

can help me quickly

identify the statuses and

sources of light pollution.

4.03(.90) 3.96(.87) 160 0.442 0.659

4

I do not think this 3D

interface provides clear

operation instructions, so I

do not know how to use it.

2.71(.98) 2.40(1.05) 160 1.948 0.053

5

I am confused by what the

colors in the 3D interface

represent.

3.09(1.03) 3.00(0.99) 160 0.563 0.574
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6

I think that using this 3D

interface to search for

information is boring.

3.59(.92) 3.32(.88) 160 1.899 0.059

7

I can tell which ways are

up, down, left, and right

when using this 3D map

interface.

3.88(.85) 3.96(.86) 160 -5.93 0.554

8

I can use the mouse to

accurately get the location

and angle I want when

using this 3D interface.

3.79(.86) 3.64(.98) 160 1.049 0.296

9

I can use the mouse to

easily get the location and

angle I want when using

this 3D interface.

3.69(.90) 3.43(1.02) 160 1.737 0.084

10

I can quickly find the

function buttons I need in

this 3D interface.

3.29(.97) 3.01(.98) 160 1.851 0.066

11

I can identify the sources

and directions of light

pollution in this 3D

interface.

3.73(.98) 3.64(.95) 160 0.58 0.563

12

I can tell how severe the

light pollution is for

buildings in this 3D

interface.

3.68(.97) 3.67(1.00) 160 0.082 0.935

13

I can be certain of where I

am when querying

information in the 3D

interface.

3.71(1.01) 3.61(.98) 160 6.27 0.532

14

I can recall the icons or

symbols that I clicked on

in the 3D interface and the

order in which I clicked

them.

3.15(.99) 3.15(.99) 160 -0.06 0.995
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I can immediately find my

current geographic location

when using this 3D

interface.

3.55(1.11) 3.40(1.14) 160 8.26 0.41

16

I try to find a building or

landmark to serve as my

reference point when I

query data in the 3D

interface.

3.73(.92) 3.52(.91) 160 1.437 0.153

17

I would like to know the

functions of the buttons

and icons that are used

during information queries

in this 3D interface in

advance.

4.05(.90) 4.21(.76) 155.29 -1.251 0.213

18

I can remember what

image rotations I made

(left, right, up, down)

while querying data.

3.40(1.11) 3.25(1.10) 160 0.851 0.396

19

I think large amounts of

numerical data should be

presented using distinct

picture elements.

4.04(.86) 4.02(.84) 160 0.11 0.813

20

I think using saturated

colors is better for small

icons, thin lines, and small

areas.

3.68(.78) 3.62(1.00) 160 0.429 0.668

21

I think suitable depth cues

should be provided to show

the size of 3D objects in

computer scene.

3.96(.69) 3.93(.82) 160 2.76 0.783

22

I think that presenting a

vivid sense of existence in

3D data space requires a

wide viewshed, smooth

motions, and observable

visual details.

4.09(.78) 4.01(.91) 160 0.583 0.561
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23

I think that the layout of

objects can clearly present

the connections between

objects.

3.90(.85) 4.11(.69) 160 -1.73 0.088

24

I think that when I am

moving objects on the

screen with the design

interface, the objects move

in the same direction as my

finger.

3.91(.94) 4.12(.67) 160 -1.638 0.103

25

I think that a “You are

here” marker should be

provided in the aerial view

of the map to indicate the

coordinates and direction

4.06(.90) 4.37(.62) 160 -2.527 0.012*

3.5 Factor analysis

Bartlett's test of sphericity indicated that the variables were related (χ2 = 1476.861, df

= 300, p < 0.001), and the KMO measure was 0.822, which means that factor analysis is

suitable for the study data. Based on the rule that eigenvalues are greater than 1, 7 factors

should be extracted. Extracting 7 factors using common factor analysis and then

performing orthogonal rotation using the varimax method resulted in the factor loading

matrix presented in Table 4.

As shown in Table 4, the first factor contains 7 question items that are mostly related

to path space; therefore, we named this factor path space knowledge.

The second factor contains 5 question items that are mostly related to aerial view

space; therefore, we named this factor aerial view space knowledge.

The third factor contains 3 question items that are mostly related to spatial memory;

therefore, we named this factor spatial memory.

The fourth factor contains 3 question items that are mostly related to positive

motivation; therefore, we named this factor positive motivation.

The fifth factor contains 2 question items that are mostly related to interface usability;

therefore, we named this factor interface usability.

The sixth factor contains 3 question items that are mostly related to spatial

understanding; therefore, we named this factor spatial understanding.

The seventh factor contains 2 question items that are mostly related to color

association; therefore, we named this factor color association.

These 7 factors can explain 62.501% of the variance, among which path space

knowledge, aerial view space knowledge, spatial memory, positive motivation, interface
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usability, spatial understanding, and color association can explain 27.08%, 9.007%,

7.017%, 5.832%, 4.829%, 4.69%, and 4.045% of the variance, respectively.

3.6 Summary

Although the independent t tests revealed significant differences in the responses to

two question items, the mean values of the test results were all greater than the mid-point

value, which shows that these design principles were recognized by the visual designers

and the programmers. The latter had not encountered interfaces for information

visualization as much as the former had and thus felt that using this 3D interface to search

for information was more interesting (M=4.10, SD=0.89). Furthermore, the former felt that

distinct depth cues were of greater necessity to the understanding of objects in the space

than did the latter (M=4.37, SD=0.62).

In interface design, we first considered the fact that the path space knowledge of

users is being utilized. Path space knowledge is the order in which a user can execute a

task correctly or the knowledge memory needed to execute a task (Chase & Chi, 1985).

The understanding and reference of space thus become crucial. For the buildings, we

therefore introduced the Taipei City Automated 3D Approximate Building Model as the

source of the 3D building models to ensure the accuracy of height and location data. In

conjunction with the street names and labeled feature points on the map and in accordance

with the dual-coding theory, users can more easily establish what the subsequent actions

are. This is also why path space knowledge could explain 27.08% of the variance, which

was the highest in the factor analysis. “Where one is” is the first thing that a user needs to

know when querying data.

4 CONCLUSIONS

4.1 Conclusion

This study achieved the following tasks and results:

A. Constructed a four-axis UAV with physical environment probe modules to

investigate the light pollution conditions of the study area

This study used an illuminance sensor, an atmospheric pressure sensor, a GPS

positioning module, Raspberry Pi, and a four-axis UAV to create an urban 3D light

pollution information device that takes real-time measurements surface by surface.

Combined with a cloud real-time database, the real-time measurement data can be used for

monitoring and visualizing information. The device also solves the problem of reaching a

location due to height for data collection and measurement. Moreover, it advances from

estimation based on indirect data to direct data measurement.

B. Incorporated space syntax to develop an interface for 3D and testing 2D and 3D

light pollution information visualization

With a human-centered design to meet urban probing needs, this study developed a

new interface for map to visualize information in 3D and an information visualization
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model that are acceptable to users. Using the overall mean score of our questionnaire to

look at the factor analysis results, we can see that the interface developed in this study

meets the requirements of users for the visualization of light pollution information.

Conventional light pollution maps have compressed data, fuzzy boundaries, and non-life

experience characteristics. However, we used the illuminance distribution on building

surfaces, different colors to represent illuminance intensity, indications of light direction,

coordinates, and height data to help users accurately query and understand 3D map

information regardless of their experience. The collected data can be converted into a

model with nodes and paths to map and analyze the movement of people in space syntax

and analyze spatial characteristics to examine the flow of light, its distributions, and its

relation to space.

4.2 Suggestions

A. Explore information visualization methods more in line with physiological

perceptions

Discussion on information visualization generally progresses from knowledge to

interface to perceptions. The next step is to conduct an in-depth discussion on its mutual

relationship with research and expand from cognition to the user’s perception of the

environment and the information visualization interface.

B. Use exploratory factor analysis to identify the potential factors influencing the

relationship between environmental data and the streets

Aside from the methods for measuring light pollution as well as interfaces that have

already been developed, researchers can also use exploratory factor analysis to discuss the

interactive relationships in other urban environmental data, such as air quality, temperature,

humidity, and noise, which generally receive less attention or are merely compressed into

planar map information. The potential factors in these relationships may become the focus

of information visualization.

C. Visualization simulation

Using visualization simulations can facilitate the exploration of a suggested model

that is constructed on space syntax and can imitate urban probing for the discussion of

developing interfaces for 3D information visualization for more environmental data. After

modeling, an in-depth investigation can be conducted on the means of combining them

with the perception models of users of information visualization.

D. Discuss the relationship between the light sources

This study uses the concept of integration value in Space Syntax to explore the

degree of influence of the light source itself on the region but has not discussed the

relationship between the light sources(nodes). Subsequent research can continue to

examine the relationship between the nodes and find relationship pattern between light

pollution sources and city to develop the information visualization.
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