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Spatial Optimization Methodology for Lighting 

Infrastructure Targeting Criminal Behavior Prevention: 

A Case Study of Closed Non-Gated Residential Areas 

 

Abstract: With the acceleraƟon of urbanizaƟon, the importance of crime prevenƟon in aging 
residenƟal areas has become increasingly prominent, as improper spaƟal distribuƟon of streetlights 
signiĮcantly weakens security eīecƟveness. This study proposes a crime prevenƟon-oriented spaƟal 
opƟmizaƟon method for lighƟng faciliƟes, focusing on enclosed but non-gated residenƟal areas. By 
quanƟtaƟvely modeling the lighƟng matrix, the study innovaƟvely achieves reĮned spaƟal planning. 
First, a crime prevenƟon demand-oriented lighƟng requirement matrix is constructed based on a road 
classiĮcaƟon model. Second, a lighƟng resource allocaƟon matrix is generated through spaƟal 
simulaƟon of the light environment. Finally, a mulƟ-objecƟve opƟmizaƟon model is established to 
minimize illuminaƟon diīerences at the grid level. The geneƟc algorithm results indicate that, compared 
to tradiƟonal layouts, the opƟmized scheme eīecƟvely enhances the coverage of lighƟng with crime 
deterrence eīects while balancing cost eĸciency and crime risk reducƟon. This paradigm provides a 
generalizable methodological framework for urban security governance in lighƟng planning. 
 

Keywords: Closed non-gated residenƟal areas; Crime prevenƟon; LighƟng facility layout; LighƟng 
expectaƟon matrix; LighƟng resource allocaƟon matrix 
  



1 IntroducƟon 

1.1 LighƟng Layout and Crime PrevenƟon 

According to the CPTED (Crime PrevenƟon Through Environmental Design) theory, natural 
surveillance and target hardening measures have signiĮcant eīects on crime prevenƟon [2][3]. The 
theory of natural surveillance aims to enhance natural visual monitoring through environmental 
design, thereby increasing safety and reducing criminal acƟviƟes. The core elements of natural 
surveillance include visual visibility, acƟvity and medium, boundary clarity, community involvement, 
etc. [9]. Target hardening refers to the implementaƟon of protecƟve measures around crime targets, 
making criminal acƟviƟes more diĸcult, dangerous, Ɵme-consuming, or less likely to succeed, thus 
reducing the likelihood of crime [10]. A good lighƟng layout improves the visibility of public areas, 
increasing the likelihood of "witnesses" and making criminals feel more at risk of being watched, 
thereby reducing their criminal intent. AddiƟonally, increased lighƟng eliminates shadows and dark 
corners, reducing the opportuniƟes for criminals to hide and approach targets, and increasing their 
risk of being discovered and caught. For example, Aaron ChalĮn installed varying amounts of lighƟng 
Įxtures in 40 public housing communiƟes in New York and collected crime data for six months aŌer 
the installaƟon. The analysis found that lighƟng can reduce the crime rate in communiƟes [28]. 
Donghyun Kim integrated lighƟng standards and CPTED guidelines in three communiƟes in South 
Korea, installed more safety lights, and adjusted the direcƟon of exisƟng lighƟng to improve the 
lighƟng environment and enhance community safety [29]. Cho Y developed an intelligent security 
lighƟng system based on the CPTED concept, which automaƟcally turns on more lights when 
pedestrians pass by, enhancing the sense of security and deterring potenƟal crimes [30]. In summary, 
a good lighƟng layout plays a crucial role in crime prevenƟon and is an important means of enhancing 
public safety and reducing criminal acƟviƟes. 

 

1.2 Current Research Status on LighƟng Facility Layout OpƟmizaƟon 

According to the above theories, good lighƟng faciliƟes play a posiƟve and eīecƟve role in crime 
prevenƟon. However, there are many issues with the lighƟng faciliƟes in old residenƟal areas in China, 
such as outdated lighƟng equipment, unreasonable layout, unƟmely maintenance, low energy 
eĸciency, and lack of intelligent management [4][19]. ResidenƟal areas without access control 
systems lack passage control to inhibit outsiders from entering the community [20], resulƟng in a 
weak sense of territoriality and a higher suscepƟbility to crime [8]. On one hand, these issues are due 
to the early planning of old residenƟal areas in China, where lighƟng facility planning was simple and 
crude, lacking consideraƟon for environmental crime prevenƟon. On the other hand, as the 
operaƟonal Ɵme of residenƟal areas extends, the inability to Ɵmely follow up with maintenance and 
updates raises spaƟal security risks [3]. Therefore, the opƟmizaƟon and renovaƟon of lighƟng faciliƟes 
in old residenƟal areas are urgently needed [14]. 

 Currently, most research on crime prevenƟon is based on the CPTED theory, environmental 
psychology theory, and criminology theory [15], focusing on urban residenƟal street environments. In 
designing lighƟng faciliƟes, the focus is on the illuminaƟon requirements of individual lighƟng 
faciliƟes, the coverage area of the lighƟng environment [4], and assessing the impact of diīerent 
lighƟng environments on people's behavior and emoƟons [6][7]. For example, by increasing the 
number and spaƟal arrangement of lighƟng faciliƟes, improving lighƟng quality, controlling light color, 
and Ɵmely maintenance, night-Ɵme criminal behavior can be suppressed [21]-[24]. AlternaƟvely, by 
using low light sources, controlling light beams, avoiding glare, and increasing easy-to-read lighƟng 



faciliƟes, the lighƟng condiƟons can be improved to create a safer lighƟng environment [5]. However, 
these methods only focus on the design opƟmizaƟon of the lighƟng faciliƟes themselves [16], without 
considering the correlaƟon between the enƟre crime process and the opƟmizaƟon of lighƟng facility 
layout. 

 Crime is a process behavior with a trajectory, but in convenƟonal GIS analysis, this process is 
simpliĮed, and only the associaƟon between crime points and lighƟng facility points is analyzed. This 
makes the above methods insuĸcient to fully consider the impact of lighƟng faciliƟes on criminals' 
behavior during the target-searching process [18]. On the other hand, research on opƟmizing lighƟng 
facility layout in China has only proposed strategies for controlling the illuminaƟon area, lacking 
consideraƟon of the logic of criminal behavior. In parƟcular, there is a lack of research on the 
relaƟonship between lighƟng facility layout and crime occurrence and escape path selecƟon. This 
results in lighƟng facility layouts for crime prevenƟon in China remaining within staƟc and isolated 
planning thinking [8].  

In response to this issue, this paper proposes an opƟmized lighƟng facility layout method for 
crime prevenƟon. This method is based on the expected lighƟng resource allocaƟon matrix and the 
lighƟng resource contribuƟon matrix. Combined with a geneƟc algorithm, it quanƟtaƟvely analyzes 
lighƟng resources to more reasonably and eīecƟvely allocate lighƟng faciliƟes, achieving an opƟmized 
lighƟng facility layout. 
1.3 Research Approach of This Paper 

First, to facilitate the construcƟon of matrices and simplify the calculaƟon process, the residenƟal 
area plane is gridded. Then, based on the road classiĮcaƟon results of the residenƟal area, the 
expected lighƟng resource allocaƟon matrix for each residenƟal area is established, and the lighƟng 
resource contribuƟon matrix is established based on the lighƟng facility simulaƟon results. 

Then, based on these two matrices, an iniƟal lighƟng facility opƟmizaƟon model is derived by 
seƫng the minimizaƟon of the diīerence between the expected lighƟng resource allocaƟon matrix 
and the lighƟng resource contribuƟon matrix as the objecƟve funcƟon. The example is subsƟtuted 
into the opƟmizaƟon model and solved using a geneƟc algorithm. 

Next, aŌer determining the layout principles for candidate lighƟng facility points, an opƟmized 
lighƟng facility layout plan for closed non-gated residenƟal areas is constructed based on the 
aforemenƟoned opƟmizaƟon model, aiming to reasonably allocate lighƟng resources in the residenƟal 
area. 

Finally, to verify the eīecƟveness of the opƟmizaƟon model, the opƟmized results are evaluated 
from three aspects: uniformity index - overall illuminaƟon compliance rate of the residenƟal area; 
focus index - illuminaƟon compliance rate of key areas; and economic index - construcƟon of lighƟng 
faciliƟes per unit area of compliant illuminaƟon. The eīecƟveness of the opƟmized lighƟng facility 
layout model for residenƟal areas constructed in this paper is veriĮed. 

Based on the above research approach, the technical route for establishing an opƟmized lighƟng 
facility layout model for crime prevenƟon is shown in the following diagram: 



 

Fig1 Technology Roadmap 

2.Establishment of the LighƟng Facility Layout OpƟmizaƟon Model 
2.1 Grid Processing  

Grid processing of three-dimensional space typically involves dividing the space into a series of 
small, regular cells (usually cubes). These cells form a grid. While the illuminaƟon range of lighƟng 
faciliƟes is complex, converƟng spaƟal problems into planar ones and using grid processing can 
simplify calculaƟons and reduce data complexity. Before establishing the lighƟng resource allocaƟon 
matrix for the residenƟal area, the map needs to be grid-processed. This grid processing uses regular 
grids, where the space is evenly divided into equally sized cubic cells. Incomplete grids are considered 
only if their area exceeds half of a complete grid; otherwise, they are disregarded. In pracƟce, Įrst 
determine the side length a (in meters) of each small grid, and then divide the residenƟal area into 
m×n grids with a side length of a. Each small grid in the i-th row and j-th column is denoted as Aij, and 
the center of the grid is used as the installaƟon point for the lighƟng facility, denoted as Oij. 
2.2 Establishing the Expected LighƟng Resource AllocaƟon Matrix 

2.2.1 Illuminance 

Illuminance refers to the amount of luminous Ňux received per unit area, reŇecƟng the degree to 
which a surface is illuminated. The unit of illuminance is lux, where 1 lux equals 1 lumen per square 
meter of luminous Ňux. In simple terms, illuminance describes the intensity of light on a surface, 
commonly used to assess the quality and eīecƟveness of environmental lighƟng. 

When pedestrians walk at night, it is Įrst necessary to ensure the visibility of the road surface to 
ensure traĸc safety. The average horizontal illuminance of the road surface and the minimum 
horizontal illuminance of the road surface represent the visibility of the road surface. In addiƟon, to 
quickly idenƟfy oncoming pedestrians, the pedestrian's face (approximately 1.5m height) needs 
suĸcient verƟcal illuminance and semi-cylindrical illuminance. Since pedestrians' walking speed is 
much lower than that of vehicles, they have more adaptaƟon Ɵme to brightness changes, and glare 
has less impact on pedestrians. However, uncomfortable glare can sƟll cause interference. Field 



surveys have found that residenƟal lighƟng is generally insuĸcient, and uncomfortable glare rarely 
occurs, so the glare index is not used as an evaluaƟon indicator. In summary, this paper selects the 
average horizontal illuminance of the road surface, the minimum horizontal illuminance of the road 
surface, verƟcal illuminance, and semi-cylindrical illuminance as simulaƟon and measurement 
parameters. The meanings and calculaƟon methods of these parameters are as follows: 

The schemaƟc diagram of the lamp illuminance calculaƟon is as follows: 

 

Fig2.1 Illuminance 

Horizontal illuminance calculaƟon formula: 

 

Where: 
Eh— Horizontal illuminance at point P on the horizontal plane H produced by point light source 

S, in lux (lx); 
Iθ — Luminous intensity of the point light source in the direcƟon of illuminaƟon, in candela (cd); 

R — Distance from the point light source to the calculaƟon point on the illuminated surface, in 
meters (m); 

cosθ — Cosine of the angle between the normal to the illuminated surface through point light 
source S and the incident light ray. 

 

VerƟcal illuminance formula: 

 

Where: 
Ev — VerƟcal illuminance at point P on the verƟcal plane V produced by point light source S, its 

direcƟon parallel to the horizontal plane H, in lux (lx); 
Iθ— Luminous intensity of the point light source in the direcƟon of illuminaƟon, in candela (cd); 
R — Distance from the point light source to the calculaƟon point on the illuminated surface, in 

meters (m); 
sinθ — Sine of the angle between the normal to the illuminated surface through point light 

source S and the incident light ray. 
 

Semi-columned illuminance formula: 



 

Where: 
Esc — Maintained semi-cylindrical illuminance at a point in space, in lux (lx); 
Σ — Sum of contribuƟons of all light Įxtures to the semi-cylindrical illuminance at the calculaƟon 

point; 
I(c,γ) — Luminous intensity in the direcƟon of the calculaƟon point, in candela per kilolumen 

(cd/klm); 
αsc — Angle between the verƟcal plane containing the intensity vector and the verƟcal plane 

perpendicular to the semi-cylindrical plane; 
ε — Angle of incidence of the light; 
H — MounƟng height of the light Įxture; 
Φ — IniƟal luminous Ňux of the light source, in kilolumen (klm); 
MF — Maintenance factor of the light Įxture. 
 

Average horizontal illuminaƟon: 
The average horizontal illuminance of the road surface is the average value of the illuminance at 

various points on the road surface, measured or calculated according to the provisions of the 
InternaƟonal Commission on IlluminaƟon (CIE). Currently, large area lighƟng measurements primarily 
use two methods: the center method and the four-point method. The center method places the 
illuminance meter at the center point of the measurement grid. The four-point method takes 
measurements at the four corner points of the measurement grid, as illustrated below: 

 

Fig2.2 Average horizontal illuminaƟon 

(a) Center approach; (b) Four-point approach 

The average illuminance is calculated as follows: 

(a) The center method: 

 

Where: 
ΣEi——Sum of illuminance at each grid center point, Ix; 
N——Number of center measurement points; 
Eav——Average illuminance, lx. 

(b) The four-point method: 



 

Where: 
Eav——Average illuminance, lx; 
M, N——Number of measurement points along the length and width of the enƟre measured 

plane (generally, the measured area is arranged in a square or rectangular shape); 
ΣEa——Sum of illuminance at the four corners of the enƟre measurement area; 
4ΣEs——Sum of illuminance at the measurement points on the four sides of the enƟre 

measurement area (excluding the four corner points); 
2ΣEn——Sum of illuminance at the remaining measurement points in the enƟre measurement 

area. 
2.2.2 IlluminaƟon expectaƟon matrix 

The illuminance expectaƟon matrix refers to the matrix representaƟon of the ideal or expected 
illuminance levels for diīerent areas within a speciĮc environment or space. This matrix lists the 
required illuminance values for diīerent areas at diīerent Ɵmes or usage scenarios, used to guide 
lighƟng design and layout. It ensures that the illuminance of each area meets the expected 
requirements, thereby opƟmizing lighƟng eīects and energy eĸciency. 
2.2.3 Road grading model 

Considering that crime is a complete process involving three stages: the travel stage from the 
residenƟal area entrance to the crime target, the stay and crime execuƟon stage at the crime target, 
and the escape stage from the crime target to the residenƟal area entrance, a residenƟal road 
importance grading model is established based on the crime behavior process. Firstly, based on 
geographical spaƟal eīects, an analysis model of the residenƟal area spaƟal structure is established. 
With the help of spaƟal syntax, the spaƟal characterisƟcs of each unit space are quanƟĮed. By 
comparing and analyzing the crime distribuƟon density map, the spaƟal characterisƟcs of high and 
low crime density roads in each residenƟal area are determined. Secondly, based on raƟonal choice 
theory, a crime path simulaƟon idea is proposed to simulate the paths of criminals corresponding to 
each crime point in the residenƟal area. Based on the evaluaƟon of the road spaƟal importance model 
and the crime path road importance model, it is determined whether each road is a crime path. 
Finally, based on the process of target search-crime execuƟon-crime escape and corresponding to the 
four levels of pedestrian roads in the design standard, a road importance grading model is established. 
Based on the road grading model and the urban road lighƟng design standard, an expected 
illuminance distribuƟon matrix is established, as shown in the Įgure. 



 
Fig2.3 Road grading model diagram 

This study invesƟgates the relaƟonship between lighƟng and criminal acƟvity by introducing a 
hierarchical road model to analyze the associaƟon between diīerent road classiĮcaƟons and crime 
incidents. The results demonstrate staƟsƟcally signiĮcant correlaƟons between speciĮc road types and 
criminal acƟviƟes, indicaƟng that road infrastructure plays a criƟcal role in the spaƟal distribuƟon of 
crime-prone areas. Based on these Įndings, implemenƟng targeted lighƟng opƟmizaƟon in high-
correlaƟon road networks—through raƟonal adjustments to lighƟng intensity and coverage—can 
eīecƟvely enhance nighƫme visibility and exert deterrent eīects on potenƟal criminal behavior. 
2.2.4 Three illuminance expectaƟon matrices: 

In SecƟon 2.2.3, we established a grading calculaƟon model for residenƟal roads based on crime 
prevenƟon. The calculaƟon results correspond to the four pedestrian road levels divided in the "Urban 
Road LighƟng Design Standard." Therefore, this secƟon will establish a residenƟal area expected 
lighƟng resource allocaƟon matrix according to the parameter standards in the standard. According to 
the minimum horizontal illuminance, minimum verƟcal illuminance, and minimum semi-cylindrical 
illuminance speciĮed in the standard, an expected lighƟng resource allocaƟon matrix for the 
residenƟal area is established. 
(1) Horizontal IlluminaƟon ExpectaƟon Matrix 

Establish the road horizontal illuminance expectaƟon matrix Ah based on road grade: 

 

Among them: 

𝐴௜௝ = {  
  3          The road within the grid is a Level 1 road2          The road within the grid is a Level 2 road1.5       The road within the grid is a Level 3 road1          The road within the grid is a Level 4 road0           The grid location is not within a road area 

 

(2) VerƟcal illuminance expectaƟon matrix 

Establish the road verƟcal illuminance expectaƟon matrix Bv based on road grade: 



 

Among them: 
 

௜௝ܤ = {  
  5          The road within the grid is a Level 1 road3          The road within the grid is a Level 2 road2.5       The road within the grid is a Level 3 road1.5      The road within the grid is a Level 4 road0          The grid location is not within a road area 

 

(3) Half-column illuminaƟon expectaƟon matrix 

Establish the road semi-cylindrical illuminance expectaƟon matrix Csc based on road grade: 

 

Among them: 
 

௜௝ܥ = {  
  3          The road within the grid is a Level 1 road2          The road within the grid is a Level 2 road1.5       The road within the grid is a Level 3 road1          The road within the grid is a Level 4 road0           The grid location is not within a road area 

 

It can be observed that the semi-cylindrical illuminance expectaƟon matrix is consistent with the 
horizontal illuminance expectaƟon matrix. 

 

2.3 Establishment of the lighƟng resource contribuƟon matrix 

2.3.1 LighƟng resource contribuƟon matrix 

The LighƟng Resource ContribuƟon Matrix (LRCM) plays a crucial role in the layout of lighƟng 
faciliƟes. By systemaƟcally evaluaƟng and opƟmizing the mulƟ-dimensional impacts of lighƟng 
systems, the LRCM guides the design of lighƟng layouts to achieve the best balance in terms of energy 
eĸciency, environmental impact, human health, and visual eīects. SpeciĮcally, the LRCM helps to 
evaluate the energy performance of diīerent layout schemes, opƟmizing the arrangement of 
luminaires to ensure maximum use of natural light and reduce energy consumpƟon. AddiƟonally, the 
LRCM can assess the environmental impact of layout schemes, selecƟng layouts with low 
environmental impact to minimize the negaƟve eīects of the lighƟng system on the environment. 

In terms of enhancing human health and comfort, the LRCM analyzes light distribuƟon, color 
temperature, and brightness to design lighƟng environments that meet health standards and provide 
comfort. AddiƟonally, the LRCM aids designers in choosing lighƟng layouts that best highlight 
architectural features and landscape aestheƟcs, enhancing both aestheƟcs and visual eīects. In roads 
and public areas, the LRCM improves public safety by seƫng appropriate light distribuƟon and 



brightness, reducing dark areas and accident rates. 
2.3.2 SimulaƟon of individual lighƟng Įxtures 

Diīerent types and installaƟon heights of lighƟng Įxtures will have diīerent impacts on lighƟng 
resources. Therefore, when establishing the LighƟng Resource ContribuƟon Matrix (LRCM), these 
factors need to be considered and corresponding calculaƟons adjusted. In this study, aŌer 
determining the type and installaƟon height of the lamps using Dialux soŌware, a suĸciently large 
rectangular calculaƟon element is drawn. The residenƟal area is divided into small grids, and the 
lamps are installed at the center of the calculaƟon surface. The horizontal, verƟcal, and semi-
cylindrical illuminance values at the center points of each grid can then be calculated. Based on these 
data, the horizontal illuminance contribuƟon matrix Gh, verƟcal illuminance contribuƟon matrix Gv, 
and semi-cylindrical illuminance contribuƟon matrix Gsc of a single lighƟng Įxture can be obtained. 

Taking the horizontal illuminance contribuƟon matrix as an example, select the IP66 product 
from WE-EF company with an installaƟon height of 4m, and describe in detail the process of 
establishing the horizontal illuminance contribuƟon matrix for a single luminaire. 

DeĮne the horizontal illuminance contribuƟon matrix Gh of a single luminaire as: 

 

Among them, 
Gij represents the contribuƟon value of a single luminaire to the horizontal illuminance in area Aij

, which needs to be determined based on simulaƟon results. The simulaƟon results of the horizontal 
illuminance for a single luminaire of this type are shown in the Įgure (unit: lx), with the center grid 
being the luminaire installaƟon locaƟon. For grids with horizontal illuminance below 0.1 lx, the 
contribuƟon value of their horizontal illuminance is counted as 0: 

 

Fig2.4 SimulaƟon of individual lighƟng Įxtures 

2.3.3 LighƟng Resource ContribuƟon Matrix for Individual LighƟng Fixtures 
ManhaƩan Distance, also known as City Block Distance or L1 Distance, is a method for calculaƟng 

the distance between two points. Its calculaƟon method is based on the total distance moved along 
the axis direcƟons in a rectangular coordinate system. 

In a two-dimensional plane, given two points (X1, Y1) and (X2, Y2), the formula for calculaƟng the 
ManhaƩan distance d is:  

d = | X1 - X2 | +  | Y1 - Y2 | 

In a three-dimensional space, given two points (X1, Y1, Z1) and (X2, Y2, Z2), the formula for 



calculaƟng the ManhaƩan distance d is: 
d =| X1 - X2 | +  | Y1 - Y2 | + | Z1 - Z2 | 

In higher dimensional spaces, this formula can be generalized as:  

 

Among them: (X1, X2, ..., Xn) and (Y1, Y2, ..., Yn) are the coordinates of two points. 
For residenƟal area roads, the maximum value of the minimum horizontal illuminance speciĮed 

by naƟonal lighƟng standards is 3 lx. To reduce computaƟonal load, the grid cells in the simulaƟon 
results with values greater than or equal to 3 lx are processed and modiĮed to 3 lx. The results are 
shown in the Įgure, with the ManhaƩan distances from each grid cell to the grid cell where the light 
Įxture is installed (i.e., the center grid) also labeled. 

 

Fig2.5 ManhaƩan distance 

It can be found that the horizontal illuminance values of each grid are closely related to the 
ManhaƩan distance. Therefore, the Gij can be calculated using the two-dimensional ManhaƩan 
distance funcƟon: 

 

Among them, is the ManhaƩan distance from grid Aij to the grid Oab where the 

lighƟng facility is installed. It can be found that, except for individual grids, the single lamp horizontal 
illuminance contribuƟon matrix Gh can beƩer restore the simulaƟon results. When there are mulƟple 
lighƟng faciliƟes in the residenƟal area, some areas may be aīected by the radiaƟon of mulƟple 



lighƟng faciliƟes. The linear discrete superposiƟon method is used to calculate this part. That is, when 
the grid Aij is radiated by q lighƟng faciliƟes, the lighƟng resource of the grid is the sum of the 
resources provided by q lighƟng faciliƟes. 

 

The establishment methods for the verƟcal illuminance contribuƟon matrix Gv and the semi-
cylindrical illuminance contribuƟon matrix Gsc for a single lighƟng facility are similar. 
3. Establishment and SoluƟon of the LighƟng Resource Layout OpƟmizaƟon Model 
3.1 Candidate Point SelecƟon 

When opƟmizing the layout of lighƟng faciliƟes, the distribuƟon of candidate points for lighƟng 
faciliƟes should be restricted to meet basic funcƟonal design principles, facilitaƟng subsequent model 
calculaƟon and soluƟon. The main areas within the residenƟal area include road areas, building areas, 
and green areas. When opƟmizing the layout of lighƟng faciliƟes, the following principles should be 
noted: 

First, lighƟng faciliƟes should not be installed in building areas. 
Second, green areas, generally located between roads and buildings, should be avoided for 

lighƟng facility installaƟon. On one hand, being close to residenƟal buildings, strong lighƟng might 
aīect residents' sleep; on the other hand, vegetaƟon can block light, leading to wasted lighƟng 
resources. 

Third, lighƟng faciliƟes should preferably be arranged on one side of the road to facilitate 
underground cable construcƟon and reduce project costs. 
3.2 ObjecƟve funcƟon 

In earlier secƟons, based on road levels, the expected lighƟng resource allocaƟon matrices for 
each road in the residenƟal area were established. Simultaneously, lighƟng resource contribuƟon 
matrices were developed based on simulaƟon results. To align as closely as possible with pracƟcal 
requirements, the objecƟve is to minimize the diīerence between the opƟmized actual horizontal 
lighƟng distribuƟon matrix Ph, verƟcal lighƟng distribuƟon matrix Pv, and semi-cylindrical lighƟng 
distribuƟon matrix Psc, and their corresponding expected matrices Ah, Bv, and Csc. Therefore, the goal 
is to minimize the diīerence between the actual lighƟng resource allocaƟon matrices and the 
expected lighƟng resource allocaƟon matrices as the objecƟve funcƟon: 

 

 

 

Ph is the actual horizontal illuminance contribuƟon matrix of lighƟng faciliƟes in the residenƟal 



area. M is the number of candidate points. Sr is a logical variable: it equals 1 if lighƟng faciliƟes are 
installed at the r-th candidate point, and 0 otherwise. Gh,r is the horizontal illuminance contribuƟon 
matrix formed when lighƟng faciliƟes are installed at the r-th candidate point. Ah is the expected 
horizontal illuminance matrix for the residenƟal area. Similarly, Pv and Psc are the actual verƟcal 
illuminance contribuƟon matrix and semi-cylindrical illuminance contribuƟon matrix of lighƟng 
faciliƟes in the residenƟal area, respecƟvely. Gv,r and Gsc,r are the verƟcal illuminance contribuƟon 
matrix and semi-cylindrical illuminance contribuƟon matrix formed when lighƟng faciliƟes are 
installed at the r-th candidate point. 
3.3 Decision variables 

The lighƟng facility layout opƟmizaƟon model studied in this paper mainly selects the installaƟon 
posiƟons of lighƟng faciliƟes. Therefore, there is only one decision variable, which is Sr. Sr represents 
whether lighƟng faciliƟes are installed at the r-th candidate point, with values of 0 or 1. 

Constraints:  
1. There are two possible states for the installaƟon of lighƟng faciliƟes at each candidate point: Sr 

can only be 0 or 1.  
2. Cost constraint: The number of lighƟng faciliƟes installed in the residenƟal area is limited by a 

budget constraint and cannot exceed a certain value. 

 

 

In the formula: IM represents the set of candidate grids for lighƟng faciliƟes within the 
residenƟal area, and k denotes the maximum number of lighƟng faciliƟes that can be installed in the 
residenƟal area. 
3.4 GeneƟc algorithm to solve the opƟmizaƟon model 

GeneƟc algorithms are an opƟmizaƟon method that simulates the process of biological 
evoluƟon by mimicking mechanisms such as natural selecƟon, crossover, and mutaƟon to search for 
the opƟmal soluƟon in the soluƟon space. GeneƟc algorithms typically include steps such as 
iniƟalizing the populaƟon, evaluaƟng Įtness, selecƟon, crossover, and mutaƟon. By iteraƟvely 
applying these steps, geneƟc algorithms can search for beƩer soluƟons in the soluƟon space. This 
method is parƟcularly eīecƟve in handling complex opƟmizaƟon problems when the soluƟon space 
is large or lacks a clear mathemaƟcal form[17]. This paper uses geneƟc algorithms to solve the 
lighƟng facility opƟmizaƟon model, which has signiĮcant advantages, including strong global search 
capabiliƟes, suitability for complex and nonlinear problems, high Ňexibility and adaptability, parallel 
processing capability, robustness, adaptability to dynamic changes, and ease of integraƟon with 
other opƟmizaƟon techniques[11]. These advantages enable geneƟc algorithms to eīecƟvely solve 
lighƟng facility opƟmizaƟon problems in pracƟcal applicaƟons, achieving the goals of opƟmizing 
lighƟng eīects, reducing energy consumpƟon, and improving economic eĸciency.  
4. Example VeriĮcaƟon 

A closed non-gated residenƟal area refers to a residenƟal zone with overall enclosed 
characterisƟcs but lacking tradiƟonal access control management. Such communiƟes typically feature 
physical boundaries like perimeter walls or vegetaƟve barriers, creaƟng spaƟal separaƟon from 
surrounding environments without implemenƟng strict access control systems (e.g., card entry, 
household registraƟon checks, or guarded gates) to restrict entry/exit. These areas possess pracƟcal 
research value for crime reducƟon studies due to their insuĸcient security measures. To verify 
whether the computaƟonal results of the proposed opƟmizaƟon model align with expected 



objecƟves, we selected closed non-gated residenƟal area I as a case study for validaƟon. Covering 
12.22 hectares, Community I features complex road networks with interconnected routes, making it 
an appropriate candidate for tesƟng model eīecƟveness. The veriĮcaƟon procedure comprises the 
following steps: 

First, we gridded the residenƟal area and assigned values to each grid to form the expected 
lighƟng resource distribuƟon matrix for the residenƟal area. SpeciĮcally, by dividing the area into 
several small grids, we can precisely deĮne the lighƟng needs of each region, thereby establishing a 
detailed model of expected lighƟng resource distribuƟon. 

Meanwhile, according to the principles for selecƟng candidate points for lighƟng faciliƟes, we 
determined the candidate point matrix for lighƟng faciliƟes in District I. The principles for selecƟng 
candidate points comprehensively consider the locaƟon of exisƟng faciliƟes, regional populaƟon 
density, and potenƟal safety hazards, ensuring that the candidate points can opƟmally meet the 
lighƟng needs of the residenƟal area. 

Finally, we imported the processed relevant data into the opƟmizaƟon algorithm for solving. 
Through the iteraƟve calculaƟons of the geneƟc algorithm, we obtained the opƟmal layout scheme for 
lighƟng faciliƟes, ensuring the raƟonal distribuƟon and eĸcient uƟlizaƟon of lighƟng resources. 
4.1 Gridding the ResidenƟal Area Plan 

The plan of ResidenƟal Area I has an irregular shape, so it was completed into a rectangle with a 
length of 468m and a width of 280m. For ease of calculaƟon, the direcƟon of the plan was adjusted 
during gridding, and it was ulƟmately divided into 117*70 small grids, each with a side length of 4m. 
The division results are shown in the Įgure. 

 

Fig4.1. Gridding the ResidenƟal Area Plan 

4.2 ResidenƟal Area Expected LighƟng Resource AllocaƟon Matrix 

In the previous secƟon, we proposed a grading calculaƟon model for residenƟal roads based on 
the spaƟal distribuƟon of crimes and analysis of criminal travel paths. Using the I residenƟal area as an 
example, we performed a calculaƟon analysis and graded the roads within the I residenƟal area. 
Based on these grading results and following the method for establishing the expected lighƟng 
resource allocaƟon matrix described in the paper, we established the expected lighƟng resource 



allocaƟon matrix for the I residenƟal area. 

 

Fig4.2 Horizontal IlluminaƟon ExpectaƟon Matrix 

 

Fig4.3 VerƟcal IlluminaƟon ExpectaƟon Matrix 



 

Fig4.4 Half-column illuminance expectaƟon matrix 

4.3 ResidenƟal LighƟng Facility Candidate Point Matrix 

According to the principles of selecƟng lighƟng facility candidate points, the matrix of lighƟng 
facility candidate points for residenƟal area I has been determined, as shown in the Įgure. 

 

 

Fig4.5 LighƟng Candidate Point Matrix 

4.4 OpƟmizaƟon of the layout of lighƟng faciliƟes in seƩlements 

Using a geneƟc algorithm to solve the lighƟng facility layout opƟmizaƟon model for Area I, the 
parameter seƫngs are as follows: 
(1) Chromosome encoding: Area I has a total of 1000 lighƟng facility candidate points, so the 

chromosome is set as a 1000-bit binary string. 
(2) Parameter seƫngs: The populaƟon size is set to M=100, the maximum number of iteraƟons is 

200, the crossover probability Pc=0.6, and the mutaƟon probability Pm=0.06. The iniƟal 
populaƟon is generated using the random number method. 



(3) CalculaƟon and result generaƟon: AŌer seƫng the parameters, calculaƟon and solving can be 
performed. When the terminaƟon criteria are met, the opƟmal soluƟon is output as the layout 
plan. 
The Įnal opƟmized lighƟng facility layout plan for Area I is shown in the Įgure, with a total of 120 

lighƟng faciliƟes: 

 

Fig4.6 OpƟmizaƟon plan for the layout of lighƟng faciliƟes 

4.5 EvaluaƟon indicators 

To verify the eīecƟveness of the opƟmizaƟon model, we use two standards: reducing crime rates 
and achieving economic eĸciency. SpeciĮcally, the opƟmizaƟon results are evaluated from three 
aspects. First, the uniformity indicator—the overall illuminaƟon qualiĮcaƟon rate of the residenƟal 
area; second, the focus indicator—the illuminaƟon qualiĮcaƟon rate of key areas; third, the economic 
indicator—the cost of construcƟng lighƟng faciliƟes per qualiĮed illuminaƟon area. Uniformity and 
focus aim to enhance natural surveillance and target hardening to achieve crime prevenƟon, while 
economic eĸciency considers construcƟon costs to improve the feasibility of the opƟmizaƟon 
scheme. The meaning and calculaƟon methods of each indicator are as follows: 
(1) Overall illuminaƟon qualiĮcaƟon rate of the residenƟal area: 

For residenƟal areas, residents have the need to travel or engage in acƟviƟes at night. Good 
horizontal illuminance can ensure ground visibility, improving traĸc safety and acƟvity comfort. At the 
same Ɵme, good verƟcal illuminance and semi-cylindrical illuminance can ensure pedestrians 
promptly idenƟfy the idenƟty and intenƟons of others, allowing them to prepare accordingly. 
Therefore, based on the qualiĮcaƟon rates of horizontal illuminance, verƟcal illuminance, and semi-
cylindrical illuminance, the overall illuminaƟon qualiĮcaƟon rate indicator for residenƟal areas is 
established. Its calculaƟon formula is as follows: 

 

In the formula: Nr is the total number of grids in the road area of the residenƟal area, n1 is the 
number of grids in the road area that meet the standard horizontal illuminance requirements, n2 is the 
number of grids in the road area that meet the standard verƟcal illuminance requirements, and n3 is 



the number of grids in the road area that meet the standard semi-cylindrical illuminance 
requirements. 
(2) IlluminaƟon qualiĮcaƟon rate of key areas 

The lighƟng facility layout opƟmizaƟon model proposed in this study aims to reduce crime and 
improve the safety of residenƟal areas. Therefore, the illuminaƟon qualiĮcaƟon rate of key areas is 
proposed as a safety indicator, calculaƟng the illuminaƟon qualiĮcaƟon rate of crime-prone road 
spaces in the residenƟal area to verify the safety of the opƟmized lighƟng environment. The 
calculaƟon formula is as follows: 

 

In the formula: Nkr is the total number of grids in the Įrst-level road area of the residenƟal area, 
nk1  is the number of grids in the Įrst-level road area that meet the standard horizontal illuminance 
requirements, nk2  is the number of grids in the Įrst-level road area that meet the standard verƟcal 
illuminance requirements, and nk3  is the number of grids in the Įrst-level road area that meet the 
standard semi-cylindrical illuminance requirements. 
(3) ConstrucƟon cost of lighƟng faciliƟes per unit qualiĮed illuminaƟon area 

Economic beneĮts are essenƟal factors to consider in opƟmizing the layout of lighƟng faciliƟes. 
Pursuing safety without regard to cost is obviously impracƟcal. Therefore, this paper proposes the 
construcƟon cost of lighƟng faciliƟes per unit qualiĮed illuminaƟon area as an economic indicator to 
verify the economic viability of the opƟmizaƟon results. The calculaƟon formula is as follows: 

 

In the formula: C is the total construcƟon cost of the lighƟng faciliƟes, n1 is the number of grids in 
the road area that meet the standard horizontal illuminance requirements, n2 is the number of grids in 
the road area that meet the standard verƟcal illuminance requirements, and n3 is the number of grids 
in the road area that meet the standard semi-cylindrical illuminance requirements. 
4.6 Analysis of the results of the opƟmizaƟon of the layout of the lighƟng faciliƟes - the 
example of seƩlement I 

The opƟmized lighƟng facility layout points were input into Dialux for simulaƟon. The overall 
lighƟng simulaƟon of I residenƟal area, along with the results and pseudo-color maps of horizontal 
illuminance, verƟcal illuminance, and semi-cylindrical illuminance, are shown in the Įgure. 



 

Fig4.7 OpƟmized simulaƟon results 

Comparison of the calculated results of the lighƟng parameters before and aŌer opƟmizaƟon of 
seƩlement I is shown in the table. 

Comparison table before and aŌer opƟmizaƟon of seƩlement I 

 LighƟng pass rate Focus region pass rate 
ConstrucƟon cost of 

lighƟng Įxtures per unit of 
lighƟng-eligible area（¥） 

pre-
opƟmizaƟon 

36.7% 11.1% 65  
post-

opƟmizaƟon 
76.0% 60.7% 47 

Tab4 

As shown in the table, the opƟmized lighƟng environment of the residenƟal area has been 
greatly improved: Firstly, the lighƟng compliance rate has more than doubled, reaching 76.0%, 
signiĮcantly improving the lighƟng environment of the residenƟal roads. Secondly, the compliance 
rate in key areas has increased more than Įvefold, reaching 60.7%, signiĮcantly enhancing the safety 
of key areas. Thirdly, the cost of construcƟng lighƟng faciliƟes per compliant area has been somewhat 
reduced. Through the raƟonal opƟmizaƟon of the lighƟng layout, the uƟlizaƟon rate of lighƟng 
resources has signiĮcantly increased. It can also be observed that both the overall compliance rate of 
the residenƟal area and the compliance rate in key areas are sƟll some distance from 100%. This is due 
to the dual constraints of comfort and cost: excessive lighƟng faciliƟes require higher costs, and an 
overly bright nighƫme environment is not conducive to residents' rest, compromising their nighƫme 
comfort. 

 

5. Conclusion 

5.1 concluding remarks 

This paper aims at crime prevenƟon in old residenƟal areas, addressing the poor lighƟng 
environment and improper layout planning in old communiƟes in China, and proposes an opƟmized 



lighƟng layout method for crime prevenƟon. SpeciĮcally, based on the expected lighƟng resource 
matrix and lighƟng resource distribuƟon matrix, a lighƟng layout opƟmizaƟon model is established, 
and I residenƟal area is used as an example for validaƟon, achieving the purpose of crime prevenƟon. 
This method not only eīecƟvely reduces the occurrence of crimes in old communiƟes, reduces fear 
and anxiety in nighƫme and remote areas, and signiĮcantly enhances public safety but also provides a 
new methodology for crime prevenƟon environmental design. This is achieved by quanƟfying crime 
impact factors and environmental design measures and opƟmizing the lighƟng layout of residenƟal 
areas through the establishment and soluƟon of mathemaƟcal models to reduce crime. Compared 
with tradiƟonal opƟmizaƟon methods and environmental design, this method has more rigorous 
design logic and more scienƟĮcally controllable design results. 
5.2 Shortcomings and prospects 

Due to hardware limitaƟons of computers, which result in data biases, in pracƟcal design 
operaƟons, designers sƟll need to further analyze the applicability of computaƟonal results. It requires 
us to adjust diīerent needs of various residenƟal areas based on actual condiƟons, aiming to achieve 
crime prevenƟon through opƟmized lighƟng layout. In recent years, with breakthroughs in compuƟng 
power in the Įeld of arƟĮcial intelligence, further opƟmizaƟon of computaƟonal results and layout 
schemes through AI is theoreƟcally feasible. Currently, generaƟve design models such as cycle GAN 
and pix2pix based on neural adversarial networks have been successfully applied in mulƟple 
architectural and planning domains. In the foreseeable future, integraƟng more AI models with 
tradiƟonal design paƩerns to opƟmize design workŇows has become an undeniable trend. Applying AI 
technology to validate and expand the models built in this paper, further opƟmizing the opƟmizaƟon 
soluƟons, will make them more pracƟcal and signiĮcant for guiding pracƟcal applicaƟons. 

When studying the opƟmizaƟon of lighƟng layouts for crime prevenƟon and their impacts, it 
is essenƟal to fully consider the diversity of criminal acƟviƟes and the complexity of residenƟal 
area typologies, which may introduce certain limitaƟons to the research. The wide variety of 
crime types means that diīerent criminal behaviors exhibit signiĮcant diīerences in their 
dependence on lighƟng condiƟons. For instance, high-intensity lighƟng environments may exert a 
deterrent eīect on opportunisƟc crimes such as street robbery, but their inŇuence mechanisms 
on premeditated crimes like burglary are more complex. The diversity of residenƟal area 
conĮguraƟons further increases research uncertainƟes. High-rise residenƟal zones, tradiƟonal 
neighborhoods, open-plan communiƟes, and urban-rural fringe areas demonstrate disƟnct 
spaƟal organizaƟons, while residents' acƟvity paƩerns and safety requirements also diīer 
signiĮcantly. IdenƟcal lighƟng layouts may yield divergent security outcomes across varied 
residenƟal environments, necessitaƟng scenario-speciĮc adjustments to lighƟng opƟmizaƟon 
strategies. AddiƟonally, factors such as social governance capacity, surveillance coverage rates, 
and community security management pracƟces may collecƟvely inŇuence the actual crime 
prevenƟon eĸcacy of lighƟng. 

During lighƟng opƟmizaƟon, a balance must be struck between security enhancement, 
resident comfort, and energy eĸciency. Excessive lighƟng may cause light polluƟon, negaƟvely 
impacƟng residents' quality of life while increasing energy consumpƟon, whereas insuĸcient 
lighƟng may fail to eīecƟvely miƟgate crime risks. Therefore, opƟmizing lighƟng layouts requires 
the development of reĮned intelligent lighƟng systems that integrate environmental 
characterisƟcs, resident needs, and social governance consideraƟons to achieve equilibrium 
between security assurance and sustainability. 
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