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Abstract 
 
Automated handling systems are well integrated into today's production processes. However, production processes like 3D printing, 
monitoring moving objects, gluing, or welding require handling systems with high precision and repeatability. Thus, a calibration of 
the handling system is necessary to achieve the needed accuracies. Furthermore, to maintain the flexibility of the handling systems, 
such as industrial robots, the correction process needs to be done online. This leads to the demand for measurement systems with 
the ability to measure at a high sample rate, high accuracy and high repeatability at the same time.  

 
This article discusses a new photogrammetric approach using an aperture array and a single camera, which can provide online 3D 
data of a machine under test. Previous photogrammetric methods needed a multi-camera solution to achieve an online TCP 
measurement with an accuracy below 10 µm. However, these systems had high spatial demand and a high need to synchronise and 
calibrate the used camera systems. Thus, the new Multi-Aperture-Positioning-System (MAPS) offers the advantages of a single 
camera system and the features and precision of a multi-camera system with the benefit of being cheap, modular and scalable. 

 
The MAPS measurement system is based on a single camera and a light-emitting target. The setup includes an LED target, the aperture 
mask and the camera sensor. The light emitted by the LED target travels through the holes in the aperture mask and creates light 
spots in the image plane. The light source coordinates can then be determined by calculating the intersection point of the lines 
defined by the holes in the aperture mask and the corresponding light spot positions on the sensor.  

 
In the following paper, the accuracy of the MAPS measurement system is discussed. Therefore, the occurring errors of the 
measurement system are measured by using a highly accurate positioning system. These errors are described and identified using a 
simulation of the measurement system. 
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1. Introduction 

Driven by economic interests, the modern consumer markets 
demands for individualised products is changing the production 
processes, from mass production to small batch sizes of highly 
individualised products. Shorter product life cycles, requiring 
short-production ramp-up times, result from that development. 
Therefore, product quality can no longer be evaluated over time. 
For this reason, the absolute accuracy of machine tools is of 
increasing importance [1]. Processes adapted to this demand 
require machines with high repeatability. To achieve the needed 
geometric accuracy, it is possible to correct them in a feedback 
loop [2] or by accurately calibrating the machine tool using a 
correction matrix [3]. The coordination of different machines is 
another need these new production processes have. Therefore, 
all devices used in these processes need to work within the same 
coordinate system, and their position needs to be known 
precisely within this coordinate system. For example, in 
assembling processes, the parts that need to be joined are 
mounted by different handling systems. If these systems are not 

perfectly aligned, the product can be damaged during the 
assembly. To avoid this, all machines and workpieces in the 
process need to be measured precisely in the same coordinate 
system. 

Measurement systems available today, such as Laser Tracker 
or photogrammetric methods, cannot achieve online 
measurement, high accuracy, and the possibility to measure 
multiple systems simultaneously at the same time. For example, 
Laser Trackers offer very high precision and high measurement 
frequencies compared to photogrammetric methods. But due to 
the need for a particular target that reflects the laser light 
emitted by the Laser Tracker, these systems cannot measure 
multiple targets simultaneously [4–10]. Compared to that, 
measurement systems based on photogrammetry, such as 
described in [8, 9, 11–15], excel at measuring numerous targets 
simultaneously. But due to limitations with camera systems, 
such as a limited viewing angle, a limited sensor resolution 
combined with aberrations caused by the used optics, 
photogrammetric systems lack accuracy compared to a Laser 
Tracker. Another limitation caused by the used camera systems 
is the trade-off between high framerate and high-resolution 
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images. Therefore, these systems are slower than a Laser 
Tracker. 

This article will introduce a new photogrammetric 
measurement method, the Multi-Aperture-Positioning-System, 
capable of online measuring different machines under test while 
delivering high accuracy measurements. The setup for MAPS 
consists of a LED target, an aperture mask and a single camera 
sensor. 

 

2. The Multi-Aperture-Positioning System 

The Multi-Aperture-Positioning-System (MAPS) is based upon 
the principle of a pinhole camera. Despite the straightforward 
structure, the pinhole camera has some advantages in optical 
imaging. According to [16, 17], the pinhole camera has no 
distortion, an extreme wide angular field and a wide depth of 
focus. Therefore, a straight line can be drawn between the light 
source/ object, the pinhole and the corresponding image. 

The height of the image of the object on the image plane can 
be calculated using the intercept theorem. Figure 1 shows a 
sketch where the intercept theorem for the pinhole camera is 
displayed. The following Equation (2) for the magnification 
factor β can be established based on this theorem. 

 𝛽 =
|𝐵1|

|𝐺1|
=  

|𝑏|

|𝑔|
 (1) 

Where B1 stands for the object's size, G1 for the size of the 
image, b represents the distance from the pinhole to the image 
plane and g gives the distance from the object to the pinhole. 
Equation (1) shows that the magnification factor β, which 
depends on the lengths b and g and not on the pinhole size. Since 
equation (2) has two unknown variables, this Equation cannot 
be solved for G1 or g independently. A second hole gives a 
second equation solving this problem, and G1 and g can be 
calculated. This technique is described in the following chapter. 

2.1. Multi-Aperture Technique 

Following Equation (1), one can recognise that for a fixed 
distance b from the pinhole to the imaging plane, the size of 
image B is only dependant on the object-related parameters g 
and G1. By adding a second hole into the aperture mask, 
observing the same light source, a second straight line can be 
calculated intersecting the first straight line in the position of the 
light source. In Figure 2, a second pinhole is added to the sketch 
displayed in Figure 1 with a distance of h2 in respect to the 
already existing one. This results in a second formula given by 
equation (2). 

 

𝛽 =
|𝐵2|

|𝐺2|
=  

|𝑏|

|𝑔|
 (2) 

Since the variables related to the z-axis, b and g, are the same 
as in Equation (1), only the variables connected to the x- or y-
axis differ. BP2 gives the height of the second light spot relative 
to the optical axis, which is perpendicular to the aperture mask 
and passes right through hole P1. Thus, the image height B2 can 
be expressed as follows, 

 
𝐵2 =  𝐵𝑃2 − ℎ2  (3)  

where BP2 is the image height relative to the optical axis, the 
image height relative to a straight line perpendicular to the 
aperture mask G2 can be calculated as shown in Equation (4). 

 
𝐺2 = ℎ2 − 𝐺1 (4) 

 
Using Equation  (3)  and Equation (4) to replace B2 and G2 in 

Equation (2), it becomes 
 

|𝐵𝑃2| − ℎ2

ℎ2 − |𝐺1|
=  

|𝑏|

|𝑔|
 (5) 

where G1 and g are the unknown variables expressed by the 
results of a second pinhole. 𝐵𝑃2 can be evaluated by finding the 
peak of a light spot and its coordinates in the image plane. 

Substitution of 
|𝑏|

|𝑔|
 with Equation (1) results in the following 

expression 
 

|𝐵1|

|𝐺1|
=  

|𝐵𝑃2| − ℎ2

ℎ2 − |𝐺1|
 (6) 

solving for G1 results in Equation (7). 

 

 

Figure 2: Sketch of the Multi-Aperture Technique. A second pinhole is 
added in comparison to Figure 1. The second pinhole P2 has the 
distance h2 from the pinhole P1. Resulting from this a second straight 
line can be evaluated with a new object height G2 and a new image 
height B2. BP2 is the image height relative to the first pinhole P1. 

 

 

Figure 1: Sketch of a Pinhole Camera. P1 represents the pinhole. G1 
is the object height; B1 is the height of the image; g is the distance 
from the object to the pinhole; b is the distance from the pinhole to 
the display. 

Figure 3: Sketch of the measurement principle of MAPS using vector 
analysis. The light emitted by the LED target passes the aperture mask, 
containing holes arranged on a grid and is measured by a camera sensor 
behind the aperture mask. 



  

 

𝐺1 = 
ℎ2  ∙  |𝐵1|

|𝐵1| + |𝐵𝑃2| − ℎ2
 (7) 

Thus, G1 depends only on the offset of the second pinhole h2 
and the relative image height B1 depending on the first pinhole 
and the relative image height BP2. Using Equation (7) to calculate 
G1 and solving Equation (1) for |g|, the object distance |g| can 
be calculated. Thus, using two Pinholes, the object-related 
parameters for the height |G| and the distance to the pinhole 
|g| can be calculated when the image related parameters (B1, 
B2, h1, h2 and b) are known. Based on this principle, the MAPS 
system can calculate the position of a light source in space.  

Another view on the multi-aperture technique is represented 
by vector analysis instead of the intercept theorem. Therefore, 

the location vector 𝑂𝑃spot,n
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   is calculated by using the spot 

centre coordinates Pspot. Since every spot measured with the 
sensor can be correlated to one specific hole in the aperture 

mask, a direction vector 𝑃𝑠𝑝𝑜𝑡,𝑛𝑃ℎ𝑜𝑙𝑒,𝑛
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗  from the spot, the centre 

coordinates Pspot,n to the hole centre coordinates 𝑃ℎ𝑜𝑙𝑒,𝑛 can be 

calculated. Therefore, the line 𝑔𝑛⃗⃗ ⃗⃗   can be written as follows  

 
where r can be any real number. A typical sensor image 

contains between 700 and 1000 spots (𝑁𝑠𝑝𝑜𝑡𝑠) and therefore, 

the same amount of line equations can be formulated. The 
number of light spots visible on the sensor depends on the 
distance of the light source from the aperture mask, the chosen 
chamber constant, and the size of the sensor. To display the 
behaviour of the calculated lines, Figure 3 shows a sketch of the 
measurement principle using vector analysis. Therefore, on the 
left side, the point light source is represented by a cross. In the 
centre part of the sketch, the aperture mask is shown, and on 
the right side, the image is plotted at the sensor position. Five of 
those lines related to the corners and the centre of the sensor 
image are shown in Figure 3. It is also shown that all of those 
straight lines intersect in the position of the light source. This 
behaviour can be exploited by calculating the intersection point 
of all lines. As it can be seen in Figure 3, all vectors 𝑔 𝑛 point 
towards the light source position. This relation can be used to 
evaluate the light source coordinates by calculating the 
intersection point of the vectors.  

Since only two vectors are needed to calculate an intersection 
point, it is possible to calculate multiple intersection points using 
multiple vector pairs. Therefore, the number of possible 
calculations for the coordinates of the LED target can be 
calculated, as shown in Equation (1). 

 
𝐶𝑘(𝑁𝑠𝑝𝑜𝑡𝑠) = (

𝑁𝑠𝑝𝑜𝑡𝑠

𝑘
) =

𝑁𝑠𝑝𝑜𝑡𝑠!

𝑘! (𝑁𝑠𝑝𝑜𝑡𝑠 − 𝑘)!
 (9) 

Where 𝐶𝑘(𝑛) is the number of combinations without 
repetition, k is the number of elements to combine. This results 
in a total number of ~240 000 to 500 000 positions that can be 
calculated from a single measurement. The gain of accuracy in 
comparison to a single pair of lines can be calculated by 

√𝑁𝑠𝑝𝑜𝑡𝑠 − 1 and therefore, the accuracy gain can be estimated 

by a factor between 26 and 32.  
The downside of this technique is the increase in computation 

time. To calculate the LED position, it is necessary to determine 
the centre of the light spots in the image. After that, the 
corresponding hole in the aperture mask has to be found. These 
calculation steps increase linearly with an increasing number of 
spots 𝑁𝑠𝑝𝑜𝑡𝑠 in the image. Finally, the intersections between the 

evaluated straight lines have to be calculated. Since there are 
𝐶𝑘(𝑛) possible intersections, the computation time of this step 
increases linearly to 𝐶𝑘(𝑛).   

3. Proof of concept 

3.1. Setup 

For proof of concept, a prototype setup was realised using an 
Allied Vision Prosillica GT-3300 with a framerate of around four 
frames per second. The resolution of this sensor is 3296 x 2472 
pixels with square pixels with a pixel pitch of 5.5 µm, resulting in 
a sensor area of roughly 18.13 mm times 13.6 mm. As an 
aperture mask, a 1 mm thick glass plate with a diameter of 
150mm is used. To create a mask with multiple apertures, the 
glass plate is coated with chromium layer containing holes 
placed in a grid with a hole distance of nominal 0.4785 mm and 
a hole diameter of nominal 0.1595 mm. The area, including the 
apertures, measures 120 mm in diameter and contains 
approximately 42 000 holes. As a light source, a Cree LED Xlamp 
XQ-E Royal Blue was used with a wavelength of 450nm. This light 
source is mounted to a Zeiss PRISMO Access with a Zeiss Vast XT 
measurement head. This coordinate measurement system has a 
specification for length measurement error E0,MPE of 1.2 µm + L / 
500 and a useable measurement area of 0,9 m x 1,2 m x 0,7 m. 

As displayed in Figure 4 a), the MAPS setup is placed on a 
50 mm thick aluminium plate and mounted on the granite plate 
of the CMM, therefore, extending the working area of the CMM 
in a way that the functional area of the CMM stays the same. 
The black box mounted on the aluminium plate contains the 
MAPS prototype setup, including the aperture mask and the 
camera sensor. This box is needed to protect the system from 
stray light and dust particles. 

 
𝑔 𝑛 =  𝑂𝑃spot,n

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + 𝑟 ∙  𝑃𝑠𝑝𝑜𝑡,𝑛𝑃ℎ𝑜𝑙𝑒,𝑛
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

= 𝑃𝑠𝑝𝑜𝑡,𝑛 + 𝑟 ∙ (𝑃𝑠𝑝𝑜𝑡,𝑛 − 𝑃ℎ𝑜𝑙𝑒,𝑛) 
(8) 

a) b) 

Figure 4: Experimental setup for MAPS. a) Image of the experimental setup. The LED Target is mounted on a Zeiss PRISMO Access equipped with 
a Zeiss VAST XT measurement head. The black box contains the MAPS setup and protects it from stray light and dust. It is also visible that the 
MAPS is positioned on an aluminium plate that extends the working area of the CMM to keep the measurement area. b) Sketch of the MAPS 
setup build inside the black box in Figure 4 a). 1) is the aperture mask. 2) the used Allied Vision Prosillica GT-3300. 3) is a tip- tilt stage to align 
the sensor against the aperture mask. 4) is a x- y- and z- stage to position the camera sensor in front of the aperture mask. 
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To verify the accuracy of MAPS at different distances, a line 
measurement was carried out, where the line was placed on the 
optical axis of MAPS. The distance of the LED was chosen from 
400 mm to 800 mm with a step width of 1 mm. At every step, 20 
different measurements were performed. 

3.2. Results 

Figure 5 displays the experimental results. Three different 
graphs are shown for the difference between the x-, y- and z-
coordinates of the measured MAPS values and the 
corresponding actual positions given by the CMM. The RMS 
values for these line plots are 1.4 µm for the x-coordinate, 1.4 
µm for the y-coordinate and 25 µm for the z-coordinate. In these 
RMS values, the accuracy of the CMM is included, which is in a 
similar scale. 

The line plot for the z-error thereby shows spikes not visible 
for the x- and y- error plots. Two spikes can be found at a z-axis 
position of ~570 mm and ~730 mm. These spikes range over 
approximately 20 mm and have a peak to valley distance of up 
to 130 µm.  

4. Simulation 

In the full paper, the previously described spikes are analysed 
using a MAPS simulation. Therefore, single spots are simulated, 
and the algorithms' resulting error is discussed. In addition to 
that, the MAPS measurements are simulated fully and lead to a 
better understanding of the new measurement technique.  

5.   Conclusion 

A newly developed optical measurement device measuring 
the coordinates of a light source has been described. This 
measurement system aims to measure the machine errors of a 
handling system, for example, a machine tool, a coordinate 
measurement machine or a robot. Three-dimensional data can 
be obtained using a single light source. Since the Multi-Aperture-
Positioning System can measure the position of any light source, 
which fulfils the necessary brightness requirements, a target can 
be created that allows for measuring all six degrees of freedom. 
Therefore at least three LEDs are required. Another advantage 

of the independence of the used light source is that the MAPS 
system can measure different tool-centre points in the same 
working area. This allows getting the positional data of multiple 
handling systems in the same coordinate system, which can be 
aligned. 

This paper describes occurring measurement errors and 
investigates the error sources. For this purpose, a simulation of 
the MAPS has been created. The advantage of this simulation is 
to explore the features of a maps image separately. Therefore, 
it is possible to find the error source by adding one feature after 
the other. 

At the end of the proposed paper, the avoidance strategies for 
the described errors are discussed and presented to the reader. 
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Figure 5: Experimental results of a line measurement conducted using a 
ZEISS PRISMO Access CMM as a positioning system. The measured line 
is placed in such a way, that the line equals the optical axis of MAPS. 
Displayed are the deviations between the measured position and the 
position given by the CMM. Each position is measured 20 times and the 
RMS coordinates are calculated. The plot for Delta z shows multiple 
spikes. 


