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Abstract. This article presents the results of numerical calculations obtained using specialized computer 

software, dedicated to lighting applications. The subject of detailed research is the road roundabout area. 

The analysis parameters are selected photometric quantities that influence the level of driver safety. The 

research was focused on assessing the impact of luminaire locations on lighting conditions within the 

roundabout area. Both concentric and circumferential locations of luminaires within the roundabout area 

were considered. 

1 Introduction 

Statistical data regularly published by EU institutions 
and organizations monitoring the automotive market 
clearly indicate a steady growth trend in the number of 
registered vehicles in Europe [1]. In 2024, the total 
number of registered vehicles exceeded 259 million. 
Against this background, the average number of 
passenger cars per thousand inhabitants in the EU is 576, 
in Spain 544, and in Poland 612 [2,3]. Therefore, it is 
necessary to intensively modernize the existing road 
infrastructure and implement safe solutions in planned 
new road investments to improve the level of traffic 
safety for drivers, passengers, and other road users [4-7]. 

One of the design solutions commonly used in 
conflict areas at intersections is roundabouts. Single-lane 
roundabouts are particularly popular, built in urban 
areas, on the outskirts of cities, small towns, and outside 
built-up areas, where the speed limit on the approach to 
the intersection is 50, 70, and 90 km/h, respectively [8, 
9].  

Most often, the geometric shape of an intersection 
dictates a speed limit for vehicles passing through and 
the need to stop within the roundabout approach zone. 
Nevertheless, accidents still occur in roundabout zones, 
as clearly confirmed by police statistics - polish police 
report from 2024 (see Table I) Analyzing these statistics, 
it can be assumed that a significant portion of recorded 
accidents occur in the evening or at night. Therefore, 
ensuring adequate lighting conditions at roundabouts, 
generated by electric light sources, is a priority for 
improving road safety for all road users. 

Proper roundabout lighting mainly comes down to 
ensuring the appropriate level of illumination E of the 
roadway and the shoulder and an even distribution of 
light spots within the roundabout [10]. It is necessary to 
ensure that the central island of the roundabout is also 
visible to road drivers. 
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A significant difficulty in achieving this task is the 
specificity of the luminous flux distribution emitted by 
luminaires – most often LED luminaires [11]. The 
luminous intensity curve of a typical road luminaire, 
considered in a spatial reference system (C,γ), has 
symmetry in the vertical plane, parallel to the road axis 
and asymmetry in the vertical plane, perpendicular to it. 

Table 1. Road accidents and their consequences according to 

road geometry [12].  

Place of the incident 
Event 

Accidents Killed Wounded 

Straight section         

of road 
12 985 1 285 14 621 

Bend, arc 2 713 380 3 325 

Slope 1 373 147 1 594 

Elevation 780 84 918 

Vertex 96 11 113 

Intersection with          

a priority road 
5 181 215 6 127 

Intersection with       

a roundabout 
416 7 448 

Equivalent road 

intersection 
129 4 141 

 
A light beam formed in this way will create a light 

spot on the roadway enclosed within the contour of an 
ellipse [13,14]. Properly designed roundabout lighting 
should, on the one hand, limit excessive light emission 
beyond the roadway contour (dimension w) and, on the 
other hand, extend the light spot along the roadway 
(distance l), as shown in Figure 1. 

Assuming the arrangement of two adjacent 
luminaires with the same power P at a distance d at a 
height h above the roundabout section, an overlap of light 
spot fragments S1 and S2 is obtained. It is expected that 
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the contours of both light spots do not extend excessively 
beyond the roundabout area. In addition, the illuminance 
distribution within each light-spot envelope should be as 
uniform as possible, so as to achieve the lighting 
uniformity U0 required by the applicable lighting 
standard. [15]. 

 

Fig. 1. Illustration of how a section of a roundabout is 

illuminated by two luminaires. 

Obtaining this result is not easy, because elementary 

light rays travel in space according to the law of inverse 

squares of distances [16]. Outline of the light spot is 

defined by (1):  

 

 Ep = (Ip/r2)cosα (1) 
 
where EP is the illuminance, considered at a point located 
inside the outline of the light spot, IP the directional 
luminous intensity, α is the  angle determined in the 
vertical plane between the height h and the segment r and 
r is the distance between the luminaire and the point of 
analysis of the lighting condition on the roundabout road 
section.  

The lens-based optical systems currently used in 
luminaires [17] can significantly reduce the uneven 
distribution of illuminance E on the roundabout roadway. 
However, this effect is limited, particularly in the overlap 
zones of light spots S1 and S2, where the spot illuminance 
Emin is the lowest. To assess the achievable minimum 
illuminance E values and, in particular, uniformity U0, a 
toroidal roundabout with a single lane was analyzed.  

2 Numerical experiment 

Detailed work included the creation of a computer model 
of a roundabout with a central island with a circular 
contour and a diameter of 20 m, a 2.5 m wide safety ring 
separating the traffic lane from the island and a single 5 
m wide traffic lane, as shown in Figure 2. 

The height of the central island at its axis of 
symmetry is 1 meter. Four single-lane inlets and outlets, 
each 5 meters wide, were also designated, separated by a 
refuge lane. Pedestrian and cyclist facilities were planned 
within the roundabout [18,19]. This type of roundabout 
is very typical of suburban areas. The roundabout model 
was created in ZWCad, which was then implemented 
into a professional lighting calculation program Dialux 
[20]. A calculation surface was also defined in the 
simulation environment, with calculation points marked, 
spaced with the recommended minimum distances 

between adjacent points [21,22]. This distance is 3 
meters horizontally and 1.5 meters vertically.  
 

 

Fig. 2. Illustration of how a section of a roundabout is 

illuminated by two luminaires. the stage of defining the grid 

of calculation points in the computer program. 

The location of selected photometric solid models of 

road luminaires within the geometric model of the 

roundabout and the launch of numerical calculations 

allowed to obtain the illuminance distribution within the 

defined calculation area, as shown in Figure 3. 

 

 

Fig. 3. Calculation result of the illuminance distribution for the 

circumferential arrangement of luminaires. 

In addition to the calculated illuminance values at the 
measurement points, it is possible to obtain a graphical 
image of the illuminance distribution in the form of 
isolux curves [23]. Due to the limited space available in 
this article, only dry surfaces were considered in the 
study. This single analysis approach allows for 
comparative consideration of illuminance rather than 
luminance. 

2.1 Location of luminaires 

Three practical options for locating roundabout 

luminaires were proposed. The first option (ver. A) 

assumes the placement of luminaires within the 

geometric axis of the roundabout island. The second and 

third options (ver. B and ver. C, respectively) envisage 
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the placement of luminaires along the inner and outer 

contours of the roadway, as shown in Figure 4. 

 

Fig. 4. Considered versions of the location of luminaires 

within the roundabout. 

Initially, taking into account the geometric size of 

the roundabout, six luminaires were proposed for ver. A 

and ver. B, and eight for ver. C. Also, for the selected 

roundabout size, it is generally assumed that the 

mounting height of the luminaires above ground level 

should be approximately 8-10 meters. 

2.2 Light curve specifications  

For concentric and circumferential luminaire 

arrangements, two types of luminaires were used, both 

with symmetrical distribution in a vertical plane 

perpendicular to the island radius and asymmetrical 

distribution in a vertical plane parallel to the island 

radius, as shown in Figure 5 [24]. The mutual difference 

in the specified photometric solids results from the fact 

that for concentric luminaire positioning, a smaller 

angular range of the useful beam radiation and a higher 

maximum luminous intensity value are expected. This 

results from the largest distance r among the luminaire 

location variants considered. 

The light sources used in the luminaires have a color 

temperature of Tb = 4000 K, and their color rendering 

index is Ra > 0.7. The impact of lighting on human and 

animal biological processes is not considered in this 

study; however, this aspect is currently attracting 

growing interest and is likely to be of increasing 

importance in future research [27]. This is due to the fact 

that passing through a roundabout on one side requires 

reducing the vehicle's speed, and the time taken is too 

short to activate the driver's biological mechanisms 

stimulated by the 490 nm radiation band [28]. 
 

  

a) 

  

b) 

Fig. 5. Road luminaire luminous intensity diagram and light 
beam distribution, a - variant for concentric positioning, b - 
variant for internal and external peripheral positioning [25,26]. 

2.3 Geometric configuration of the roundabout  

Three of the most common roundabout entry and exit 
configurations were selected for detailed analysis. The 
first, designated as ver.1, includes four exits and 
entrances symmetrically arranged along the outer edge of 
the roundabout. This is the most typical exit 
arrangement, as shown in Figure 6. Sometimes, the 
structure of grade-separated intersections requires the 
symmetry of the approaches and exits to be disrupted. 
Versions 2 and 3 present such solutions. 

Version 3, in particular, due to the reduced angle 
between the individual entry and exit sections, requires 
external peripheral luminaires. Due to the fact that 
motorized road users, pedestrians, and cyclists most 
frequently use roundabouts, the analyzed roundabouts 
are classified as lighting class C [29]. In real conditions, 
the subclass of the pre-selected lighting class C will be 
determined by the specific traffic conditions at the 
roundabout by introducing correction parameters [29]. 

Suburban roundabouts are located in built-up areas, 

often on the outskirts of cities or small towns, where the 

maximum speed limit on the approach to the intersection 

is 70 km/h. It was assumed that manufacturing plants 

may be located near the roundabout under consideration, 

and that the share of non-motorized road users in the 

considered transport system is high. 

 

Fig. 6. Variants of geometric layouts of roundabouts. 
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This leads to the reasonable conclusion that traffic 

volume in the roundabout area will be high. Separation 

islands occur at the roundabout entrances and pedestrian 

crossings. The ambient brightness is low, there are no 

parking spaces provided, and driving is difficult. For the 

above assumptions, the weighted values of the 

correction parameters were as follows: 

• design or constrained speed: VW1 = 0, 

• road traffic intensity: VW2 = 1, 

• road traffic system: VW3 = 2, 

• separation of the road: VW4 = 0, 

• parked vehicles: VW5 = 0, 

• ambient brightness: VW6 = -1, 

• difficulty driving”: VW7 = 2. 

The sum of the Vwi components was 4. The 

calculation fo the lighting subclass C is calculated in (2). 
 

                             𝐶𝑥 = 6 − ∑ 𝑉𝑤𝑖7
𝑖=1                        (2) 

 

Therefore, the initially selected lighting class C had 

to be finally converted into lighting class C2. For 

lighting class C2, the minimum reference lighting 

parameters were an average horizontal illuminance E of 

20 lx and illumination uniformity U0 = 0.4. 

3 Results of computer calculations 

Three steps were taken to complete the analysis: the 

lighting conditions were examined for the concentric 

arrangement of luminaires on the roundabout and the 

arrangement of luminaires on the inner and outer edges 

of the roundabout roadway. 

3.1 Study 1: luminaires arranged concentrically 
in the center of the roundabout    

The first stage of the computer analysis assessed the 

impact of the height of the luminaires above the 

roundabout h on the calculated illuminance E and 

uniformity of illumination U0 within the roadway. The 

luminaires were arranged concentrically in the center of 

the roundabout (ver. A). The mounting height of the 

luminaires above the roundabout, h, is directly related to 

the angle of incidence of the light rays α on the roadway. 

In the case of a concentric system, this will be a 

relatively large angle, affecting E and U0 equally. 6 

luminaires, each with a power of 101 W, were used in 

the analysis. The tests were performed for three assumed 

roundabout geometric variants (ver. 1, ver. 2, and ver. 

3), as shown in Figure 7.  

The calculated results were then compared with the 

minimum requirements for illuminance (ref. E) and 

uniformity of illumination (ref. U0), corresponding to 

the defined C2 lighting class, characteristic for the 

considered roundabout size. 

 

3.2 Study 2: luminaires arranged on the Inner 
contour of the roundabout    

The next analysis involved changing the luminaire 
arrangement from concentric to internal peripheral (ver. 
B). For luminaire locations close to the road edge, the α 
angle and the distance r are significantly smaller than in 
the concentric variant. Furthermore, the distance d 
between adjacent luminaires increases significantly. 
Therefore, the assessment of lighting conditions on the 
roadway should be conducted taking into account the 
changed specificity of the luminaire location relative to 
the roundabout's roadway outline. 
 

 

Fig. 7. Graphs of lighting parameters for coaxial positioning 

as a function of the change in luminaire mounting height. 

First, 6 luminaires were placed at a height of 8 m 
above the roundabout at the same distance d from each 
other. [30]. During computer calculations, the luminaire 
power P was changed within the range from 29 W to 106 
W, as shown in Figure 8.  

 

 

Fig. 8. Graphs of lighting parameters for internal peripheral 

positioning as a function of luminaire power. 

Then, for the same version of the peripheral, internal 
arrangement of luminaires, the number of used 
luminaires was changed, assuming 3, 5 and 7 
respectively. The power of the luminaires P remained at 
80 W, and the mounting height of the luminaires was set 
at 8 m, as shown in Figure 9. 
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Fig. 9. Graphs of lighting parameters for internal peripheral 

positioning as a function of the number of luminaires. 

3.3 Study 3: luminaires arranged on the outer 
outline of the roundabout    

The final stage of the analysis involved the peripheral 
arrangement of the luminaires. The first analysis 
included 8 luminaires placed at a height of 8 m, equally 
spaced, with power ranging P from 29 to 106 W, as 
shown in Figure 10. 

 

Fig. 10. Graphs of lighting parameters for external peripheral 

positioning as a function of luminaire power. 

The second analysis of the external perimeter layout 
involved the placement of a variable number of 80 W 
luminaires at a fixed height of 8 m, as shown in Figure 
11.  

 

Fig. 11. Graphs of lighting parameters for external peripheral 

positioning as a function of the number of luminaires.  

4 Discussion of results 

Analyzing the graph in Figure 7, it can be seen that as 
the luminaire mounting height increases, the average 
illuminance decreases and its uniformity increases, 
which is closely related to the increasing distance of the 
light source from the tested computational surface r. 

With concentric luminaire placement, the geometric 
arrangement of inlets and outlets has no significant 
impact on lighting parameters. However, it can be 
observed that the greater the inlet symmetry, the slightly 
more favorable the lighting parameters considered. In 
the case of roundabouts with large diameters and high 
lighting requirements, concentric positioning may not 
ensure adequate lighting intensity and uniformity across 
the entire roundabout. The outer areas of the roundabout 
and the inlets and outlets will be particularly vulnerable 
to poor lighting. 

It can be expected that in the case of roundabouts 
with larger diameters, the use of concentrically arranged 
luminaires may be associated with an increased risk of 
glare. 

In the circumferential positioning variant (ver. B and 
ver. C), the regular spacing of the columns and the 
relatively short distance of the luminaires from the 
roadway have a positive effect on the values of the tested 
lighting parameters, particularly on the U0 uniformity, 
as shown in Figure 8. The luminaires are located closer 
to the roadway and are set at a smaller angle, effectively 
reducing the risk of glare. While maintaining the 
existing optics, varying the luminaire power does not 
affect the U0 uniformity. This luminaire arrangement 
offers significantly better lighting options for the 
roundabout entrances and exits. The geometry of the 
roundabout entrances and exits does not affect the 
average horizontal illuminance value E. However, it has 
a small effect on the U0 uniformity, where once again it 
can be seen that the greater the symmetry of the 
entrances, the higher the uniformity. 

For the considered luminaire installation variants 
within the roundabout edge, the average horizontal 
illuminance E increases linearly as the number of 
luminaires increases, as shown in Figure 9. These values 
are independent of the roundabout inlet and outlet 
configuration. The uniformity U0 also increases with the 
number of luminaires, but it is not a linear function, and 
a significant distortion of the curve for each roundabout 
type occurs when there are five luminaires. The greater 
the symmetry of the inlets and outlets, the more 
favorable the uniformity U0 becomes. 

The layout of inlets and outlets in the case of external 
perimeter positioning (ver. C) is particularly important 
for maintaining U0 uniformity of illuminance, as shown 
in Fig. 10. Differences in the values of this parameter 
are easily visible for the individual roundabout entry and 
exit geometries. For roundabout geometry ver. 2 – with 
an asymmetrical inlet layout – the required U0 
uniformity values were not achieved. In turn, the inlet 
layout has no significant impact on the average 
illuminance level E for the considered roundabout 
geometries. 

As the number of luminaires increases, the value of 
the average horizontal illuminance E increases, as 
shown in Figure 11. The graph of this parameter for all 
roundabout types takes on a nearly linear form. For a 
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roundabout with a symmetrical inlet and outlet layout, 
the increase in the number of luminaires increases the 
uniformity of illuminance. However, the situation is 
different when considering the uniformity parameter U0 
for roundabouts with asymmetrical inlet layouts. In 
these cases, the uniformity graphs alternately increase 
and decrease. Unfortunately, increasing the number of 
luminaires does not guarantee an increase in uniformity 
U0. This is due to both the geometry and the asymmetry 
of the inlet and outlet layout. 

It's worth examining the luminaire installation 
options under consideration from an economic 
perspective (see Table 2). The number of luminaires and 
their power were selected so that the E and U0  values 
met the minimum requirements of the lighting standard. 
The lighting installation's annual operating time is an 
average of 4,100 hours. The net price for electricity sales 
per kWh is €0.1635 (bank exchange rate data from 
December 15, 2025). 

Table 2. Road accidents and their consequences according to 

road geometry. 

Roundabout 

structure 
Parameter 

Positioning                

of Luminaires 
Ver. 

A 

Ver. 

B 

Ver. 

C 

Ver. 1 

Number of luminaires 

[pcs.] 
6 5 4 

Luminaire power [kW] 0.10 0.08 0.08 

Total power of the 
luminaires [kW] 

0.61 0.40 0.32 

Annual net cost of 

energy consumed [€] 
409 269 214 

Ver. 2 

Number of luminaires 
[pcs.] 

6 6 6 

Luminaire power [kW] 0.10 0.08 0.08 

Total power of the 

luminaires [kW] 
0.61 0.48 0.48 

Annual net cost of 

energy consumed [€] 
409 322 322 

Ver. 3 

Number of luminaires 

[pcs.] 
6 5 6 

Luminaire power [kW] 0.10 0.08 0.08 

Total power of the 

luminaires [kW] 
0.61 0.40 0.48 

Annual net cost of 

energy consumed [€] 
409 269 322 

 
In each of the specified cases, concentric positioning 

(ver. A) has the highest operating costs. However, it 
should be remembered that this positioning also has the 
lowest capital expenditure. External perimeter 
positioning (ver. C) is most advantageous for a 
roundabout where all entrances are arranged 
symmetrically (ver. 1). For a roundabout with the 
geometry of version no. 2, all entrances are asymmetric, 
allowing for a relatively regular spacing of the poles. For 
this variant, internal and external perimeter positioning 
provide similar lighting results. The roundabout 
geometry represented by version no. 3 is characterized 
by a partially symmetrical arrangement of entrances, but 
the distances between them are much smaller than in the 
case of structure no. 2. This prevents the regular spacing 
of a small number of lighting poles on the outside of the 
roundabout. Therefore, internal perimeter positioning is 
most advantageous for this structure. 

The power of luminaires used in coaxial positioning 
must be higher than the power of luminaires used in 
other positioning types. The arrangement of inlets and 
outlets does not affect lighting parameters. This type of 
luminaire arrangement requires the lowest investment 
costs but is characterized by the highest operating costs. 

Internal peripheral positioning can be used on 
medium-sized and large roundabouts with an 
impassable central island. For aesthetic reasons, it 
cannot be used on small-diameter roundabouts or small 
turbo-roundabouts. This solution is beneficial for 
intersections with an irregular, asymmetrical entry 
system, as it guarantees a high overall uniformity index. 
When positioning luminaires internally, their power is 
lower than with coaxial mounting. This solution is 
characterized by higher capital costs than coaxial 
mounting, but lower operating costs. 

In version C, the power of the luminaires used is 
lower than in the variant with concentric positioning and 
comparable to the variant with internal circumferential 
positioning. Both investment and operating costs are 
comparable to the variant with internal circumferential 
positioning. 

5 Conclusions 

The aim of the research was to select the most 
advantageous method of arranging luminaires to suit the 
geometric layout of the roundabout. The scope of the 
computer analyses conducted allowed for the 
formulation of a number of final conclusions. Positioning 
a single pole with multiple luminaires (ver. A) along the 
optical axis of the island can be particularly beneficial at 
circular intersections, located in areas with aesthetic or 
spatial constraints, such as dense development. This 
solution naturally highlights the central island, making it 
more visible to road users while simultaneously 
improving driver orientation. 

Internal peripheral positioning can be used on 
medium-sized and large roundabouts with an 
impassable central island. For aesthetic reasons, it 
cannot be used on small-diameter roundabouts or small 
turbo-roundabouts. This solution is beneficial for 
intersections with an irregular, asymmetrical entry 
system, as it guarantees a high overall uniformity index. 
External perimeter positioning is appropriate for 
roundabouts equipped with a passable central island or 
an oversize vehicle lane. It can also be used for medium-
sized and large roundabouts (including turbine 
roundabouts) with a symmetrical and regular inlet 
layout. In the case of external perimeter positioning, the 
inlet layout is crucial for the overall uniformity 
parameter U0. 

In the near future, it is planned to expand the 
research into an analysis of the impact of dedicated 
pedestrian crossing lighting on the lighting conditions 
on the roundabout roadway. Another planned research 
direction is to compare the actual light intensity 
distribution for several selected roundabouts with the 
results of computer calculations. The planned statistical 
analysis of computer calculation errors will then be a 
valuable supplement to the research. 
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