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Abstract. Imaging Luminance Measuring Device (ILMD) based luminous intensity distribution 

measurement systems are an established method for measuring the luminous intensity 

distribution (LID) of light sources in the far field. The advantage of this system is the high-

resolution acquisition of a large angular range with one image. For the uncertainty budget, the 

mathematical description of the system can be divided into photometric and geometric 

contributions. In the following, we will present a Monte-Carlo approach to analyse the geometric 

contributions which are the uncertainty of measurement direction and measurement distance. 

Therefore, we set up a geometric system description based on kinematic transformations that 

describes the connection between detector and light source position. To consider all relevant 

input quantities we simulate the adjustment and measurement process. Finally, an analysis of the 

geometric input parameters is shown. 

1.  Introduction 

The LID 𝐼(𝜑, 𝜗) is the luminous flux Φ per solid angle Ω that is emitted in the direction (𝜑, 𝜗) [1].  

 𝐼(𝜑, 𝜗) =
dΦ(𝜑, 𝜗)

dΩ(𝜑, 𝜗)
. (1) 

Hence a solid angle is just defined for a point, the necessary assumption of the light source (device under 

test (DUT)) is a point source. This indicates that the measurement distance has to be greater than the 

dimensions of the DUT so that the photometric distance law is satisfied. The photometric distance law 

is given by: 

 𝐼 =
𝐸 ∙ 𝑟2

cos(𝜀)
, (2) 

where 𝐸 represents the illuminance on a photometer detector that is proportional to the luminous 

intensity by considering the measurement distance 𝑟 to the power of two. The term cos(𝜀) defines the 

angle of incidence of the detector [1]. 

Common methods to measure the LID are far-field goniophotometers, e.g. an ILMD measurement 

system [2–4]. For this method, a DUT is mounted on a goniophotometer and illuminates a lambertian 

reflecting flat white screen in a large distance (see Figure 1). The screen represents the detector surface 

and an ILMD measures the luminance on the screen. Knowing the geometric relation between the system 

components, it is possible to calculate the LID in the angular range of the screen.  

If the angular range of interest is larger than the screen, the recorded LID of one single measurement 

corresponds only to a LID-segment. To obtain the LID of any size the goniometer rotates the DUT in 
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multiple viewing directions by the horizontal and vertical rotation axis coordinates (𝐻, 𝑉). As a result, 

each desired direction is once seen by the screen (see Figure 2). Afterwards an image-stitching algorithm 

stiches together the recorded LID-segments [3, 4]. 

 

Figure 1: ILMD-based LID measurement system at Light Technology Institute (LTI) at KIT, 

illustrated as bird view (a) and side view (b). (c) shows an image of the measurement system. 

Nevertheless, there are uncertainty contributions to each LID measurement that are caused by 

photometric as well as geometric system components. Photometric components influence the 

determined photometric measurand 𝐸, e.g. stray light. Geometric components involve all components 

that influences the measurement direction (𝜑, 𝜗) as well as the measurement distance 𝑟. These 

components include the spatial position of the detector (e.g. the screen), the spatial position of the 

goniometer, the intrinsic uncertainties of the goniometer (e.g. the goniometer-axis position accuracy 

during the measurement) and the position of the DUT as well as the position of the adjustment standards. 

In the following, we will present a method to determine the geometric uncertainty parameters by 

guidelines of „Guide to the Expression of Uncertainty in Measurement“ (GUM) [5, 6]. This will be done 

by the Monte-Carlo-Method (MCM) based on an approach of B. Jokiel Jr, et al. for parallel kinematic 

machines [7]. A similar approach was published already in M. Katona, et al. [8]. However the presented 

work is much broader and covers more detailed aspects e.g. the adjustment process. 

 

Figure 2: Schematic representation of the image stitching algorithm for composing LIDs with a larger 

angular range than the screen. (a) and (b) are showing two different goniometer recording positions.  
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2.  Geometric adjustment 

To simulate an overall measurement process, it is necessary to consider the adjustment process of 

the LID measurement system. In our case, the geometric adjustment assigns angular directions to camera 

(or screen) pixels. For this we use an angle standard. This is a laser matrix, which is adjusted in the 

goniometer rotation center and aligned along the optical axis. Knowing the angular position of the laser 

matrix points it is possible to assign camera pixels to spatial directions unambiguously. Figure 3 

illustrates this method. The uncertainty resulting from this method is due to the positioning accuracy of 

the angle standard on the goniometer and the uncertainty of the angle standard itself. 

 

Figure 3: Adjustment process of ILMD-based LID measuring system at LTI. 

3.  Measurement Model 

For an uncertainty analysis of LID measurements according to GUM a measurement model is 

necessary. For this the basic model is the photometric distance law according to equation (2): 

 𝐼 = 𝑘E ∙ 𝑌E(𝜑, 𝜗) ∙ 𝑟2. (3) 

Neglecting the detectors orientation and assuming it to be orthogonal to the centre of the goniometer, 

the LID 𝐼 is calculated from the detector return value 𝑌E of the measurement direction (𝜑, 𝜗), the 

calibration factor 𝑘E and the measurement distance 𝑟. It should be noted that arbitrarily more detailed 

models can be set up [9, 10]. Nevertheless, the example of the basic model shows that there are three 

geometric input quantities (𝜑, 𝜗, 𝑟) that have an influence on the measurement result. The uncertainty 

of the measurement direction (𝑢(𝜑),𝑢(𝜗)) as well as the uncertainty of the measurement distance 𝑢(𝑟) 

contribute to the combined measurement uncertainty of a LID. 

To obtain the geometric uncertainty, (𝜑, 𝜗, 𝑟) can also be described as the detector position of a 

measured direction in the coordinate system of the DUT. For spherical coordinates this position is 

𝒑𝐒 𝐬𝐩𝐡 = (𝜑, 𝜗, 𝑟). The index ‘S’ stands for “source” and ‘sph’ for “spherical”. Expressed in cartesian 

coordinates this is 𝒑𝐒 = (𝑥, 𝑦, 𝑧) [11, 12], which can be calculated using a kinematic chain of the 

measurement system that connects the position of the DUT and the detector during a measurement. The 

convention of the coordinate systems we use in the following are presented in Figure 4. 

 

Figure 4: Convention of the used coordinate systems. 

3.1.  Kinematic chain  

For this purpose, we set up a kinematic chain to transform a point in the coordinate system of the 

source e.g. 𝒒𝐒 in the coordinate system of the detector 𝒒𝐃 including all geometric measurement 

components. In this case ‘D’ stands for detector. This transformation is given by 

Apertures

ILMD

Goniometer

Laser 
matrix

Screen
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 𝒒
𝐃

= 𝑻𝐬𝐲𝐬𝐭𝐞𝐦 ∙ 𝒒𝐒
𝐓. (4) 

where 𝑻𝐬𝐲𝐬𝐭𝐞𝐦 represents the combined transformation chain that includes all individual transformations 

of the measurement system  

 𝑻𝐬𝐲𝐬𝐭𝐞𝐦 = 𝑻𝐧−𝟏→𝐧 ∙ … 𝑻𝐢 ∙ … ∙ 𝑻𝟏→𝟐. (5) 

Each individual transformation 𝑻𝐢, in turn, consisting out of translations 𝒕𝐢 and rotations given by the 

3x3 rotation matrix 𝑹𝐢 [13]: 

 𝑻𝐢 = (
𝑹𝐢 𝒕𝐢

01x3 1
)     𝑹𝐢 = (

𝑟11 𝑟12 𝑟13

𝑟21 𝑟22 𝑟23

𝑟31 𝑟32 𝑟33

)    𝒕𝐢 = (
𝑥
𝑦
𝑧

) (6) 

The necessary components for a casual LID far-field goniophotometer are the detector 𝑋D, the 

goniometer 𝑋G and the source 𝑋S. If the goniometer is a conventional two axes rotation stage, the 

goniometer can be expressed as two components, which are the vertical- and horizontal rotation axes 

𝑋G V and 𝑋G H. Table 1 lists all necessary components of a standard conventional measurement. 

Table 1: System components of a conventional LID far-field measurement system. 

 

 

 

 

 

 

In order to set up the kinematic model of the measurement system under investigation, all 

measurement components need to be described as exact as possible. This includes all sub-

transformations to transform each component in the position of the previous component. In some cases 

it is possible to use existing data-files, e.g. models that describe the goniometer in robot kinematics. In 

other cases such data-files are not given or this is less practicable. Then it is necessary to design the 

components themselves and consider all important degrees of freedom. Hence it may be also 

advantageous to reduce the model to necessary input quantities. This can be done by following steps: 

• Describe the system with all geometric parameters from the detector position to the DUT. 

• Determine which sub-transformations are “static” and which are “variable”.  

• Note that “static” as well as “variable” input quantities are subject to uncertainty. 

• “Static” sub-transformations are not changing over time, this is e.g. the pose between 

goniometer and detector or the pose between the two goniometer axes.  

• ”Variable” sub-transformations are changing in between different measurements or during 

the measurement process e.g. the DUT position on the goniometer or axes-position. 

• If possible, it might be an advantage to summarize “static” sub-transformation. 

• To define a sub-transformation as “static” tests must be performed.  

Following these rules to set up a kinematic chain of the ILMD based LID measurement system we 

have to consider the five axes type A goniometer and a flat white screen in about 10 m distance. Figure 

5 shows the measurement system as well as the necessary kinematic transformations. Because the three 

goniometer linear axes are locked during the measurement, it is sufficient to describe the system by four 

necessary components according to Table 1. Hence, the necessary kinematic chain is: 

 𝑻𝐬𝐲𝐬𝐭𝐞𝐦 = 𝑻𝐆 𝐕 𝐬𝐭𝐚𝐭𝐢𝐜 ∙ 𝑻𝐆 𝐕 𝐯𝐚𝐫 ∙ 𝑻𝐆 𝐇 𝐬𝐭𝐚𝐭𝐢𝐜 ∙ 𝑻𝐆 𝐇 𝐯𝐚𝐫 ∙ 𝑻𝐒 (7) 

Here, the transformation 𝑻𝐒 indicates the position of the source with respect to the goniometer H-

axis. During a measurement the source is considered to be perfectly aligned in the goniometer rotation 

centre. In reality, however, the source can be misaligned in each direction (𝑥S, 𝑦S, 𝑧S) as well as 

misoriented around each coordinate system axis (𝜃x S, 𝜃y S, 𝜃z S). The transformations 𝑻𝐆 𝐇 𝐯𝐚𝐫 and 

𝑻𝐆 𝐕 𝐯𝐚𝐫 specify the rotation positioning of the H- and V-axis, respectively. Hereby the H-axis rotation 

is a rotation around the y-axis (compare Figure 4 and Figure 5) including the goniometer coordinate 𝐻 

Nr. Coordinate system Symbol 

1 Source 𝑋S 

2 Goniometer H-axis 𝑋G H 

3 Goniometer V-axis 𝑋G V 

4 Detector 𝑋D 
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as well as an uncertainty value. The V-axis rotation is a rotation around the x-axis. 𝑻𝐆 𝐇 𝐬𝐭𝐚𝐭𝐢𝐜 describes 

the misalignment between the H- and V-axis, represented sufficiently by two parameters, an axial 

distance in z-direction and an axial tilt around the z-axis. Finally, the transformation 𝑻𝐆 𝐕 𝐬𝐭𝐚𝐭𝐢𝐜 describes 

the position of the V-axis with respect to the detector. Therefore, all six degrees of freedom are used.  

Due to solid components of the goniometer, we do not consider any thermal or mechanical 

deformation of this goniometer. In fact, it has to be noted, that, if necessary, it is simple to include this 

parameter as input quantities as well.  

 

Figure 5: ILMD-based LID measuring system at LTI. 

3.2.  Measurement and adjustment process 

With the described model it is possible to calculate the position and orientation of a DUT in the 

coordinate system of the detector or the other way around. By assuming the detectors surface as the xy-

plane, we can calculate the actual detector position in the coordinate system of the DUT. For this a 

simple ray-plane intersection is used. Executing this model in the combination with a Mote-Carlo-

Simulation the result is a set of detector positions that can be statistically evaluated. Nevertheless, this 

procedure is already described in [8] but not considering the adjustment process.  

In order to represent the entire measurement process beside the measurement it is necessary to 

simulate the adjustment process as well. In both processes input variables provide a measurement 

uncertainty contribution. Moreover, correlation between input variables of both processes are 

considered. E.g. the goniometer-screen distance is the same during both processes, by means an 

associated uncertainty will not influence the measurement.  

Considering also the adjustment, we use the kinematic model twice. In the first step we calculate the 

real detector position in the coordinate system of the detector by simulating the adjustment process, 

which is shown in Figure 6. Considering all uncertainties of the kinematic chain we obtain the position 

of the source (laser matrix) in the coordinate system of the detector. If we now assume the screen to be 

in the xy-plane and simulate the laser matrix we obtain detector positions 𝒑𝐃 by line-plane intersection. 

The laser matrix is simulated by target directions (𝜑, 𝜗)target 0 as well as the laser matrix uncertainties. 

In fact the obtained detector positions include the uncertainty of the laser matrix, this position is not 

labeled as ‘target’. This process is usually done in goniometer rotation position (𝐻, 𝑉) = (0°, 0°).  

In the second step we simulate the measurement process (see Figure 7), using the kinematic model 

again. We choose the similar “static” transformations as in the adjustment process. For the “variable” 

transformations we have to use different uncertainty values. Simulating all goniometer positions (𝐻, 𝑉), 

we obtain the actual detector position 𝒑𝐒 𝐚𝐜𝐭𝐮𝐚𝐥 for each measured direction in the coordinate system of 

the DUT. It should be noted, that the target directions of the DUT (𝜑, 𝜗)target are calculated using the 

target direction of the adjustment process (𝜑, 𝜗)target 0 and the goniometer position coordinates (𝐻, 𝑉).  
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Figure 6: Kinematic model to simulate the 

adjustment process. 

Figure 7: Kinematic model to simulate the 

measurement process. 

4.  Monte-Carlo-Simulation 

To calculate the geometric uncertainty from the described model we use the MCM according to 

GUM Supplement 2 [6]. Therefore, a set of 𝑀 = 10000 actual detector positions 𝒑𝐒 𝐚𝐜𝐭𝐮𝐚𝐥 𝐦 is 

calculated for each target direction. 𝑀 corresponds to the number of Monte-Carlo iterations and 𝑚 is 

the current simulation step. The used parameters and its uncertainty values are listed in Table 2. As 

previously described, it is necessary to consider the same input uncertainties for the adjustment and the 

measurement process, when it comes to static parameters. In our case static parameters are: the distance 

and tilt between the goniometer H and V-axis (no. 8, 9) and the position and orientation between screen 

and goniometer V-axis (no. 11-13). Variable parameters are: the DUT position and orientation (no. 1-

6), the goniometer axes position during measurement process (no. 7, 10), the laser matrix position and 

orientation (no. 14-19) and the goniometer axes position during adjustment process (no. 20, 21). 

Table 2: Geometric uncertainty budget of the measurement system determined by MCM. 
No  Component Transformation Trans-

formation 

type 

Axis Unit Esti-
mate 

Dist. Standard 
un-

certainty 

Max. absolute 
contribution 

of direction 

Max. absolute 
contribution 

 of distance 

𝑖  input 𝑋i  𝜉i 𝑔𝜉i
 𝑢(𝜉i) 𝑢(𝑙) in [°] 𝑢(𝑟) in [mm] 

1 

DUT 

orientation 

 𝑥 ° 0 N 0.25 0.25 0  

2 variable 𝑦 ° 0 N 0.25 0.25 0  

3  𝑧 ° 0 N 0.25 0.24 0  

4 

position 

 𝑥 mm 0 N 10 0.057 9.91 

5 variable 𝑦 mm 0 N 10 0.057 9.89 

6  𝑧 mm 0 N 10 0.057 9.96 

7 Goniometer 

H-axis  

 

rotation H variable 𝑦 ° H N 0.0031 0.0031 0 

8 axis tilt 
static 

𝑧 ° 0 N 0.008 0.0086 10-6 

9 axis distance 𝑧 mm 0.5 N 0.052 0.0001 0.05  

10 

Goniometer  

V-axis 

rotation V variable 𝑥 ° V N 0.0041 0.0041 10-5 

11 Screen distance static 𝑧 mm 10000 N 2 10-7 0 

12 
orientation static 

𝑥 ° 0 N 0.1 10-7 0 

13 𝑦 ° 0 N 0.1 10-7 0  

14 

Laser 
matrix 

adjustment 

orientation variable 

𝑥 ° 0 N 0.25 0.25 10-3  

15 𝑦 ° 0 N 0.25 0.25 10-4 

16 𝑧 ° 0 N 0.25 0.038 10-4 

17 

position 

 𝑥 mm 0 N 1 0.0058 0.14 

18 variable 𝑦 mm 0 N 1 0.0058 0.09 

19  𝑧 mm 0 N 1 0.0009 0.99 

20 
Goniometer 
H-axis 

adjustment 

rotation H variable 𝑦 ° 0 N 0.0031 0.0031 10-6 

21 
Goniometer 
V-axis 

adjustment 

rotation V variable 𝑥 ° 0 N 0.0041 0.0041 10-5 

22 Laser points 

adjustment  
orientation variable 

𝑦 ° 𝜑target 0 N 0.002 0.002 10-6 

23 𝑥 ° 𝜗target 0 N 0.002 0.002 10-6 

24 
Total system       0.36 10.11 

(k=2.45)        0.78 24.77 

25 
Total system by obtaining ideal DUT and laser matrix alignment   0.0093 0.02 

(k=2.45)        0.023 0.049 
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It is necessary to mention, that we determined the estimates and uncertainties of the input quantities 

from Table 2 using some simple methods, which are not described in detail. Beside laser distance meter 

and lasers we used pattern recognition in image processing algorithms. The parameters concerning the 

DUT and laser matrix pose are based on empirical values. Especially the DUT positioning uncertainty 

of 10 mm is quite a high value. However, this is based on the determination of the photometric center, 

which may be difficult to determine in some cases.  

After the Monte-Carlo process the obtained set of detector positions has to be evaluated statistically. 

For this it is necessary to rotate each set of detector positions 𝒑𝐒 𝐚𝐜𝐭𝐮𝐚𝐥 𝐦 to the optical axis of the DUT 

using the target positions (𝜑, 𝜗)target. Otherwise a conversion from detector positions to measurement 

directions may results in a misinterpretation of the angular uncertainty due to angle distortion of 

spherical coordinates at the poles. As shown in Figure 8 it is possible to convert each set of detector 

position in a measurement distance uncertainty, which is the standard deviation 𝜎r along the 

measurement direction. For the measurement direction we use an elliptical confidence region from the 

covariance matrix of all coordinates (𝜑, 𝜗)actual [6]. The measurement direction uncertainty is then 

given by the standard deviation along the large (‘𝑙’) ellipse axis 𝑢(𝑙) = 𝜎l and the standard deviation 

along the short (‘𝑠’) ellipse axis 𝑢(𝑠) = 𝜎s. To give full correlation information it is also possible to 

represent the angle 𝛼 of the confidence ellipse. The use of the uncertainty description along the large 

and short ellipse axis of the confidence region instead of uncertainties along 𝜑- and 𝜗-coordinate axes 

is also due to arrangement of the spherical coordinates at the pole. Coordinates at the pole are distorted 

with respect to the equator.  

 

Figure 8: Geometric uncertainty evaluation for each measured direction. 

5.  Evaluation results 

For a geometric measurement uncertainty analysis Table 2 shows the uncertainty budget. The 

“maximum absolute contribution of direction” presents the standard uncertainties of the most critical 

spatial direction from a half-space measurement along the large ellipse axis. The “maximum absolute 

contribution of distance” presents the same for the measurement distance. To show the influence of all 

geometric parameters considering correlations, the last two lines give the geometric combined standard 

uncertainty of the measurement system. Also to make a difference between the measurement system 

itself and the measurement errors, that occur by taking in account positioning errors of the source and 

the laser matrix, we differ between an uncertainty of the total system with (no. 24) and without (no. 25) 

an uncertainty of the DUT and laser matrix positioning. In the second case the uncertainty of no. 1-6 

and no. 14-19 is obtained to be zero. 

5.1.  Results concerning goniometer position accuracy solely 

To discuss the result and explain the graphical evaluation method, we will first show the results of a 

position inaccuracy of the goniometer axis solely during the measurement process (no. 7 and 10). 

Therefore we assume an uncertainty of the goniometer H- and V-axis positioning with 𝑢(𝐻) = 0.0031° 
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and 𝑢(𝑉) = 0.0041°. Figure 9 shows the confidence regions of nine spatial directions located in 80° 

intervals, where the middle figure corresponds to the spatial direction (0°,0°). The crosses in Figure 10 

also give the spatial directions of the evaluated confidence regions. Moreover, Figure 10 represents the 

standard uncertainty of the measured direction in the form of the large ellipse axis for each simulated 

direction. Figure 11 shows the standard uncertainty along the short ellipse axis. The scaling of this and 

the following diagrams was set to a logarithmic scale describing the uncertainty of the spatial direction 

from 10-3° to 1°. The lower end of the scale was set to 10-3° so that uncertainties up to a decade below 

the goniometer's specified resolution of 0.01° can be shown. The upper end of the scale was set to 1° to 

be able to show the maximum uncertainty contribution from the uncertainty budget. 

In all three diagrams, the direct transfer of the uncertainty of the goniometer axes to the uncertainty 

of the measurement direction at the equator can be seen. Meanwhile for measurement directions at the 

pole just the goniometer V-axis affects the uncertainty. Nevertheless, closer to the pole correlations 

might be possible.  

 

Figure 9: Uncertainty of the measurement direction assuming a position inaccuracy of the 

goniometer-axes solely. The results are given as elliptical confidence regions by the Monte-Carlo-

Simulation for nine directions, arranged in 80° intervals (𝜑 ∈ [−80°, 0°, 80°], 𝜗 ∈ [−80°, 0°, 80°]). 

  

Figure 10: Uncertainty of the measurement 

direction assuming a position inaccuracy of the 

goniometer-axes solely, given as the standard 

deviation along the large ellipse axis. 

Figure 11: Uncertainty of the measurement 

direction assuming a position inaccuracy of the 

goniometer-axes solely, given as the standard 

deviation along the short ellipse axis. 

5.2.  Results concerning the total measurement system 

The direction uncertainty of the whole measurement system is shown in Figure 12 to Figure 14. 

These figures indicate that the uncertainty of the large ellipse axis equals the uncertainty of the short 
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ellipse axis over the entire angular region with 0.36°. Thus, there are no relevant correlations by 

considering the entire measurement system. Figure 15 illustrates the results for the uncertainty of the 

measurement distance which is also almost constant at 10 mm over the entire measurement region. 

In order to identify relevant input quantities, the results from Table 2 and Figure 12 to Figure 14 are 

examined more in detail. Figure 16 shows the individual contributions to the measurement direction 

considering the uncertainty along the large ellipse axis. The box plot presents the distribution of the 

standard uncertainties of all measured directions. The greatest influence is caused by the DUT and laser 

matrix orientation and corresponds up to 0.25°, which equals the uncertainty of the input parameter. 

Nevertheless, there are also directions where the influence of the miss orientation is negligible. This 

depends on the acquisition position of the goniometer. Also the test source position with a contribution 

of up to 0.057° (see Table 2) affects the measurement. This contribution can be explained by the 

goniometer screen distance of 10 m as well as the standard positioning uncertainty of 10 mm. The last 

entry in the list in Figure 16 represents the uncertainties of the total system. This box plot shows the 

result of Figure 13 in another way. It can be seen, that the uncertainty of each direction is almost the 

same around 0.36° dominated by the contribution of the DUT and laser. The uncertainty contributions 

of the measurement distance are shown in Figure 17 without further explanation. 

 

 

Figure 12: Uncertainty of the measurement 

direction for the total system given as elliptical 

confidence regions.  

Figure 13: Uncertainty of the measurement 

direction for the total system, given as the 

standard deviation along the large ellipse axis. 

   

Figure 14: Uncertainty of the measurement 

direction for the total system, given as the standard 

deviation along the short ellipse axis. 

Figure 15: Uncertainty of the measurement 

distance for the total system. 
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Figure 16: Uncertainty of the measurement direction for the total system split up by its individual 

contributions. The results are given as the standard deviation along the large ellipse axis. 

 

Figure 17: Uncertainty of the measurement distance for the total system split up by its individual 

contributions. 

6.  Conclusion 

In this paper we presented a technique based on the MCM according to GUM Supplement 2 to 

determine the geometric uncertainty parameters “measurement direction” and “measurement distance” 

of LID measurement systems. A crucial point is the simulation of both the adjustment and measurement 

process due to the matter that both processes provide uncertainties. Doing so, also correlations of 

important input quantities are considered. Therefore, we described a process to select necessary input 

parameter and set up the kinematic chain. With some additional effort this method is transferable to all 

types of goniophotometer, meanwhile a standardized process to build up the geometric and also 
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photometric measurement components is necessary. It should also be mentioned that this work solely 

presents a method to determine the geometric uncertainty of LID measurement systems. So the 

measurement model might miss some quantities, as for example, the influence of DUT weight on the 

bending of the goniometer during the measurement. 

Finally, the influence of the light source positioning must be discussed. In the simulation of the total 

system we assumed an uncertainty of the DUT position of 10 mm in each direction. Also we assumed 

an uncertainty of the DUT and laser matrix orientation with 0.25° around each axis. These input 

variables provide the largest uncertainty contributions, in part because their standard deviations are 

larger than those of the other input variables. Now there are individual measurement applications that 

are not or less sensitive to a DUT misalignment and miss orientation. E.g. the DUT has alignment 

markings or the LID might be rotated in post processing steps. If required this also may be implemented 

in the simulation process. To give a first impression how DUT and laser matrix position and orientation 

changes the results Table 2 shows also the combined uncertainty for the total system without considering 

source positioning uncertainty. In this case the measurement uncertainty direction reduces to 0.0093°. 
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