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Highlights 

This article presents a prototype device for multi-sensor cylindrical and horizontal illuminance 

measurement and demonstrates a method for constructing a two-dimensional cross-section of the 

illuminance solid from 36 vertical illuminance values. 

Main findings: 

• Approximation of cylindrical illuminance using multiple vertical detectors. 

• Prototype of a multi-sensor device for cylindrical illuminance measurements. 

Implications of the main findings: 

• Enabling modelling-factor measurement with a single multi-sensor unit. 

• Construction of a two-dimensional cross-section of the illuminance solid. 

Abstract 

Spatial light field metrics such as mean cylindrical illuminance provide essential information for 

qualitative lighting evaluation, yet they remain far less common in practice than horizontal 

illuminance. To address this gap, we present a multi-sensor prototype that simultaneously measures 

horizontal illuminance Eh and approximates mean cylindrical illuminance Ez from a set of vertical 

illuminances uniformly spaced around a cylindrical surface. The device uses a flexible PCB wrapped 

around a support barrel and an inertial and magnetic measurement unit for orientation tracking. The 

measurements enable direct calculation of the modelling factor defined in the technical standard EN 

12 464 and visualization of directional light distribution using polar plots and illuminance solid. 

Results show that the prototype approximates mean cylindrical illuminance with high accuracy while 

preserving directional information, allowing the illuminance solid to be decomposed into vector and 

symmetric components. Compared with conventional approximation methods, the proposed multi-

sensor approach reduces spatial error and yields richer data for lighting analysis. These findings 

indicate that multi-sensor systems can bridge the gap between theoretical spatial metrics and 

practical photometry and support the improved modelling evaluation and integration of qualitative 

lighting parameters into routine workflows. 

Keywords: illuminance measurements; spatial illuminance characteristics; mean cylindrical 

illuminance; modelling factor; illuminance solid 

 

1. Introduction 

Research on scalar and vector properties of the light field dates back to 1885 when Weber 

introduced luminance and illuminance distribution solid and made early attempts to define average 

spherical illumination [1], now known as scalar illuminance [2]. Gershun’s 1936 work The Light Field 

[3] introduced the illuminance solid as a vector metric of qualitative properties of lighting as a 

fundamental description of the light field in the given point. Subsequently, hemi-scalar illuminance 

was formulated as a related scalar metric [4], followed by mean cylindrical illuminance in 1965 [5]. 
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Lynes et al. extended Gershun's paper in 1966 with the concept of the flow of light that delivered the 

subject to a broader audience [6]. Cuttle [7] and Lynes [8,9] later developed the concept of the flow of 

light and multiple measurement methods of the flow of light were proposed [10], including Bunsen's 

grease spot photometer [11,12]. 

In 1997 Cuttle proposed cubic illuminance [13] as a spatial distribution metric aligned with the 

Cartesian coordinate system and described its calculation and measurement. Parallel research by 

prof. Habel at Czech Technical University [14,15] explored cubic illuminance in 1993, although it was 

not published in English. Vector and symmetric components were explained in Cuttle's books [16,17] 

as the two major components of illumination solid. Later studies by Cuttle [18], Straka [19], Mangkuto 

[20], and Xia et al. [21,22] showed that cubic and planar illuminances can be approximated by 

cylindrical or scalar distributions with different levels of uncertainty. Mangkuto [23,24] and Xia et al. 

[25,26] compared several cubic to scalar approximation methods across many lighting situations and 

mapped their error with practical recommendations. 

Despite extensive research, spatial metrics such as cubic, scalar, and cylindrical illuminance 

remain rarely used in routine photometry. Most technical standards prioritize horizontal illuminance 

for indoor workplaces and outdoor public areas, while spatial metrics, such as scalar or cylindrical 

illuminance, are usually mentioned only as recommendations [27–30]. The updated CEN standard 

EN 12 464 [31] highlights mean cylindrical illuminance Ez and the modelling factor, defined as the 

ratio of mean cylindrical to horizontal illuminance. Recommended modelling factor values for indoor 

environments are 0.3-0.6 [32], excluding cases where daylight contributes significantly. Values below 

0.3 indicate predominance of horizontal illuminance and can produce undesirable facial shadowing 

[33]. 

At present, evaluating cylindrical illuminance in line with new technical standard 

recommendations [31] typically relies on calculations on a digital model of the lighting installation. 

Commercial photometers capable of measuring spatial distributions are rare. Cylindrical, semi-

cylindrical, scalar, and semi-scalar photometer heads exist only as specialized accessories for portable 

light meters [35,36]. Devices for cubic illuminance are not commercially available and the 

measurement is either done by six separate illuminance meters or by rotating a single receiver in six 

directions of the cube [16–18,21,22]. Consequently, modelling factor measurements usually require 

two instruments: one for horizontal illuminance and another for cylindrical illuminance. 

2. Scalar and Vector Approach to Cylindrical Illuminance 

Scalar cylindrical illuminance in the real environment can be measured directly with a single 

detector with a specialized photometric head [35,36], see Figure 1 a). A close cylindrical illuminance 

approximation can be obtained by taking multiple measurements with a planar photometric head a 

with cosine corrector oriented to various directions around the vertical axis (Figure 1 c), or by using 

a single head fitted with several detectors as in Figure 1 b). By analogy to the last case, scalar 

illuminance can be derived from repeated single-plane illuminance En measurements taken from 

multiple directions at point P or by axial rotation of a multi-sensor head. The mean value of an 

indefinite number of such illuminances pointing to point P in the direction of the single plane equals 

mean cylindrical illuminance Ez [5]. 

𝐸𝑧 =  
1

𝜋
∫ sin 𝜗 ∙ 𝐸𝑛

4𝜋

0

 (1) 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 February 2026 doi:10.20944/preprints202602.1338.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1338.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 10 

 

 

Figure 1. Graphical representation of a) scalar cylindrical illuminance, b) cylindrical illuminance measured from 

36 single detector illuminances, c) cylindrical illuminance from 4 single detector illuminances. Above EN 

directions, below three-dimensional shape of spatial sensitivity. 

The simplest approximation of cylindrical illuminance uses four planar illuminances aimed 

toward the faces of an imaginary cube with greater spatial error significance (Figure 1 c). The spatial 

error of the approximation can be further lowered by increasing the number of illuminance directions 

on the cylindrical surface, where in case described in Figure 1 b), the mean spatial error for Ez 

approximation from 36 illuminances falls below 0.2 % [37]. Figure 2 shows the error as a function of 

sensor count. The process of selecting the number of sensors is also described in detail in [37]. 36 

sensors provide a directional measurement step of 10 angular degrees. The residual approximation 

error arises from the cosine response of each detector, since the sensor output is weighted by the 

cosine of the incidence angle. 

 

Figure 2. The dependence of spatial error on the number of sensors. Min Error is the error of illuminance 

approximation in the direction of the normal to the sensor and Max Error is the error of illuminance 

approximation in the direction of the border between two sensors. 

Quality factors for a total characteristic of the illuminance meter performance are part of EN 

standard 13032-1 [38], yet spatial distribution characteristics deviation limits are not covered. German 

standard DIN 5032-7:2017 [39] specified class limits for illuminance meters, including scalar, 
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cylindrical, semi-cylindrical, and semi-scalar illuminance spatial response for all four accuracy 

classes (L, A, B, C) [39]. The most accurate photometer class for in-field illuminance measurement (A) 

defines allowed cosine response deviation for standard illuminance < 1.5 %, cylindrical illuminance 

< 5 %, and scalar illuminance < 10 % [39]. The spatial error of the prototype should therefore not 

contribute significantly to increasing measurement uncertainties above the specified limits. 

3. Multi-Sensor Measurement Device Prototype 

The properties mentioned above motivated authors of this article to develop a single multi-

sensor prototype that simultaneously measures horizontal illuminance Eh and approximates mean 

cylindrical illuminance Ez as from the average of vertical illuminances measured by illuminance 

sensors uniformly distributed around a cylindrical surface (see Figure 3). 

 

Figure 3. Proposed construction of multi-sensor cylindrical illuminance sensor, drawing and model render. 

The device also estimates the magnitude and direction of the vector component and directly 

computes the modelling factor specified in EN 12464 [31]. 

Compared to previous prototypes [37], the cylindrical sensor assembly consists of five PCB 

boards. Two flexible PCBs carrying the vertical sensors are wrapped around a support cylindrical 

barrel and connected to a main PCB, which contains the main logic, power management, and data-

acquisition stage, including ADCs and multiplexers. The horizontal illuminance sensor, status LED 

and IMMU are located on the top PCB. A user interface LCD and two buttons are situated on the 

horizontal PCB. The device supports battery-powered operation and USB data acquisition. The 

sensor topology follows Figure 4 [37]. 
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Figure 4. The topology of cylindrical multi-sensor device prototype [37]. 

As illustrated in Figure 5, the SFH 5711 sensor array signals Iout are multiplexed, converted to 

voltage Vout across a load resistor Rl, and low-pass filtered (f) by the ADS131M04 AD converter. The 

number of ADC channels matches the number of multiplexers. The AD converter outputs are 

acquired by the MCU over SPI bus as digital data frames. 

 

Figure 5. Signal flow through the multi-sensor system. 

Real-time access to 36 individual vertical illuminances En on the cylindrical surface at 10 degrees 

steps (Figure 6) enables approximate evaluation of cylindrical illuminance evaluations consistent 

with the approaches of Gershun [3] and Lynes [40]. Semi-cylindrical illuminance and opposite 

illuminances can be obtained for any azimuth without moving the device. 

 

Figure 6. 36 individual vertical illuminances on the cylindrical surface with a step of 10 degrees. 
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An onboard inertial–magnetic measurement unit (IMMU) [41] provides approximate 

information about the horizontal plane level (spirit level) and heading off the device with respect to 

magnetic north (compass). Knowing the absolute device's orientation offers the theoretical option of 

reconstruction the full illuminance solid by rotating the cylinder head about the horizontal axis. 

After final assembly, the IMMU Bosch BMX160 is calibrated by leveling the device to trigger an 

internal FOC command for gyroscope bias and rotating it through PJRC MotionCal to compensate 

for housing interference with a 3×3 magnetometer mapping matrix. This yields a heading accuracy 

of ±1° to ±2.5° and a gyroscope offset of ±0.1°/s. The accuracy is expected to drift over time due to 

temperature fluctuations, sensor aging or external field effects. 

4. Results 

The prototype simultaneously acquires 36 vertical illuminances En and horizontal illuminance 

Eh, enabling direct computation of the modelling factor [31] from a single measurement. The single 

vertical illuminance En values can be plotted in polar form (Figure 7) and connected to form a 

continuous outline (Figure 8). 

 

Figure 7. Polar chart of 36 single illuminance values measured by cylindrical multi-sensor device. 

A concise description of the light field at a point is given by a cross-section of the illuminance 

solid, constructed from illuminances En measured in various directions (vectors) [3]. The illuminance 

solid is a three-dimensional surface whose radius in any direction equals the illuminance En in that 

direction. Considering a two-dimensional section, the relevant illuminances lie in single plane around 

point P (see Figure 8). Vertical illuminances sampled on a cylindrical surface with axis perpendicular 

that plane are measured by the multi-sensor cylindrical device prototype, and their mean value 

corresponds to mean cylindrical illuminance Ez. 
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Figure 8. Two-dimensional illumination solid formed from 36 measured illuminance values. 

The illuminance solid (blue line in Figure 8) comprises two principal components: a vector 

component (red) and a symmetric component (light blue). The vector component’s magnitude and 

direction correspond to the illuminance vector 𝜀 (red arrow) [3]. The symmetric component can be 

further divided into its diffuse and non-diffuse symmetric components [16,17]. The two-dimensional 

illumination solid is considered on a horizontal plane, i.e., in all horizontal directions from point P. 

The vector component indicates a dominant light source direction, whereas the diffuse component 

represents ambient light. 

Simulation examples for a multi-sensor at point P illustrate typical cross-sections: an 

environment with single point light source S (Figure 9a; dominant vector component), two opposite 

point light sources S1 and S2 (Figure 9b; non-diffusive symmetric component only), and three evenly 

spaced point light sources S1 , S2 and S3 (Figure 9c; largely symmetric and diffusive component). 

 

Figure 9. Simulations of outputs from a multi-sensor located at point P in an environment with a) single point 

light source, b) two opposite point light sources, and c) three evenly spaced point light sources. 

If light arrive uniformly from all horizontal directions, the two-dimensional cross-section of 

illumination solid approaches a circle centered at the location of the multi-sensor (point P). In such 

an environment, objects do not cast any shadows, and it can be very difficult to distinguish the surface 

structure of objects (e.g., facial features). Conversely, if the multi-sensor is located in an environment 

with a dominant light source in one horizontal direction, the vector component (red colored in the 

Figures 8 and 9) of illumination solid grows and the modeling factor increases. A single horizontal 

point light source (Figure 9 a) maximizes the modeling factor and produces sharp shadows. 

Conversely, with a single vertical point light source and neglible horizontal flow of light, the 
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modeling factor approaches its minimum. Both single point light source extremes (either vertical or 

horizontal) fall outside the recommended range of modeling factor. 

5. Discussion 

The results demonstrate the feasibility of a multi-sensor approach for cylindrical illuminance 

measurements while preserving directional information. This is consistent with previous theoretical 

frameworks by Gershun [3,4] and Lynes [2,8,9], which emphasize vector and symmetric components 

as fundamental descriptors of illumination. Although standards such as EN 12464 [31] recognize 

cylindrical illuminance for modelling evaluation, practical implementation has been limited by a lack 

of practical instruments. Author’s prototype addresses this gap by enabling simultaneous 

measurement of Eh and Ez and real-time modelling factor computing. Compared with rotational or 

four-direction approximations, the 36-sensor configuration significantly reduces spatial error from 

more than 10 % (4-sensor configuration) to less than 0.2 %. These functions are relevant to workplace 

lighting, architectural design, and ergonomic assessment, where modelling quality influences visual 

comfort and perception. Future research should focus on metrological validation against reference-

class photometers, algorithmic processing for automated vector decomposition, and sensor topology 

optimization for cost-effective production [42]. Integrating such devices into routine photometry 

could accelerate adoption of spatial metrics and close the gap between standards requirements and 

practical lighting evaluation. 

6. Conclusions 

The research confirms that spatial illuminance metrics, particularly cylindrical illuminance, play 

a crucial role in qualitative lighting evaluation, yet their practical implementation has been hindered 

by technical limitations. The proposed multi-sensor prototype offers accurate mean cylindrical 

illuminance approximation and directional light field analysis in a single measurement. This 

innovation aligns with normative modelling factor requirements and offers additional insights into 

illumination vector properties. To achieve broader adoption, further development is needed to 

improve measurement accuracy and improve device complexity. Ultimately, integrating such 

solutions into standard lighting assessment practice can significantly enhance visual comfort and 

modelling quality in architectural and workplace environments. 
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