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Abstract. Concentrating Solar Power (CSP) mirrors must have high slope accuracy in order 
to achieve high solar concentration. Deflectometry is an established method for measuring 
high-resolution, high-accuracy maps of mirror slope. In this paper we describe improvements 
to Sandia’s deflectometry system, SOFAST, which enable it to be accurately calibrated even 
in difficult conditions of poor access to system components, imperfect components, and 
varying ambient light. These extensions improve the robustness of the system and expand the 
range of problems it can solve. 
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1. Introduction 

Concentrating solar power (CSP) mirrors are often physically large and can have focal lengths 
of up to hundreds of meters, which corresponds to small surface curvature. Deflectometry is 
an effective CSP metrology tool, because it can handle large sized mirrors and can resolve the 
very small curvatures typically found in CSP heliostat mirrors [1, 2, 3].  

Deflectometry works by displaying an image with known dimensions and viewing the 
reflection of this pattern with a machine vision camera. The deflectometry system interprets 
the distortion of the pattern in the reflected image as curvature of the mirror. However, since 
CSP metrology requires high accuracy to resolve the small amounts of surface slope 
(sometimes less than 1 milliradian), accurately calibrating the deflectometry system is a crucial 
step of deployment.  

We seek a robust deflectometry system which can be set up quickly in a variety of 
locations while maintaining ease and accuracy of calibration. Such a system can support 
applications requiring a temporary setup, a site with changing conditions, or in a location with 
other non-ideal conditions. For example, a deflectometry system with a robust calibration 
procedure benefits factory environments where setups often evolve and lighting conditions 
cannot be strictly controlled. Another example is using deflectometry outdoors to measure a 
solar field by using the solar tower as a projector screen, as demonstrated by [4, 5]. The screen 
surface is likely not flat, likely not uniformly reflective, and inaccessible to directly measure. 
Additionally, in some situations the deflectometry system may interfere with field operations 
and must be set up quickly in a single night.  

Sandia’s deflectometry tool, SOFAST, began as a stationary installation used for 
laboratory measurements and outdoor measurement of dish collectors [6]. We have since 
improved the robustness of SOFAST by adding features that improve the accuracy and speed 
of the SOFAST calibration procedure. This improved robustness has allowed us to use 
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SOFAST in environments previously not suitable for SOFAST. Deflectometry systems that can 
accommodate non-ideal conditions and produce accurate results can be used in a wider range 
of metrology applications.  

2. Improved Robustness of SOFAST 

2.1 Camera lens calibration 

Robust deflectometry systems require camera lens distortion calibration techniques that 
minimize calibration time while maintaining calibration accuracy. Fast camera calibrations 
enable new systems to be stood up faster and system modifications to be completed faster. 
However, we have found that errors of just a few percent in camera calibration parameters can 
cause errors of up to several tenths of a milliradian in reported surface slope in our systems.  

Typically, camera distortion is characterized by taking many images of a regular 
pattern, such as a black and white checkerboard [7]. These images are fed into an algorithm 
that solves for camera focal length and fits the residual lens distortion to a polynomial surface 
defined by a series of distortion coefficients [7]. A typical checkerboard and an example 
distortion map are shown in Figure 1.  

 

Figure 1. Typical checkerboard target and example distortion map of Sandia’s 50mm lens. 

To increase calibration efficiency by reducing the number of and increasing the fidelity 
of calibration images, we developed a simulation tool that informs the required checkerboard 
flatness, the ideal range of checkerboard-camera angles, and sufficient number of captured 
images given the current setup geometry. The provided recommended calibration parameters 
increase the efficiency and reliability of camera calibrations.  

A full list of the parameters we used in our example simulation is shown in Table 1; 
these correspond to calibrating a Basler acA1600-20gm camera with a 50mm lens. 
Checkerboard flatness is defined as the peak-to-valley height variation of a spherically curved 
checkerboard and the checkerboard-camera angle is measured between the camera optical 
axis and checkerboard normal.  

Table 1. 

Checkerboard y number 19 squares 
Checkerboard x number 22 squares 
Checkerboard y dimension 0.95 meters 
Checkerboard x dimension 1.1 meters 
Camera nominal focal length  14493 pixels 
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Number of trials to compute average and standard deviation 50 
Nominal checkerboard to camera distance 13 meters 
Checkerboard corner location uncertainty 0.5 pixels STDEV 

Figure 2 shows the average and standard deviation of the reported focal length for each 
parameter sweep in our simulation, with checkerboard flatness being most sensitive. These 
graphical outputs inform the user of requirements for a desired calibration accuracy.  

 

Figure 2. Calculated focal length error for parameter sweeps of target flatness, target-camera angle, 
and number of total images taken. Error bars represent two standard deviations. 

2.2 Screen flatness and distortion 

Deflectometry also relies on knowing the (x,y,z) location of each point of the displayed pattern. 
Measuring this can be especially difficult if using a projector, as projector lens distortion, non-
normal incidence of the projector and screen, and variations in screen surface flatness affect 
the locations of the screen points. In some instances, using a projector/screen setup is the only 
feasible way to create a deflectometry system, and flat screen surfaces are not always 
available.  

To improve the efficiency and accuracy of calibration when setting up SOFAST 
instances, we developed a photogrammetric screen mapping tool. The tool works by displaying 
a series of sinusoidal fringes on the screen which are captured by a calibrated machine vision 
camera from several angles. The fringes vary from coarse to fine frequency, for both horizontal 
and vertical directions. An algorithm then calculates the shape of the screen using 
photogrammetry calculations based on the images. This calibration step is easily done by one 
person in under 20 minutes.  

Figure 3 shows the measurement of one of Sandia’s SOFAST screens. To cross check 
the measurements, the same section of wall was measured with a FARO LIDAR scanner. With 
this screen configuration, the two methods agreed within ~1mm.  

 

Figure 3. Comparison of screen height measurements using photogrammetry method and FARO lidar 
scanner. 
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2.3 Component position calibration 

Deflectometry systems need to know the relative position of the components, such as the 
mirror, points on the screen, and camera. This calibration needs to be completed every time a 
new system is set up or modified. In a robust deflectometry system, this measurement is made 
quickly and accurately and does not require physical access to the screen or camera. This is 
important for deflectometry systems, because screen and camera locations can be in 
physically inaccessible locations.  

To quickly and accurately perform this calculation when setting up SOFAST instances, 
we developed a photogrammetric method of measuring the camera and screen poses using 
Aruco markers. Aruco markers are binary black/white patterns that can be easily found and 
identified with machine vision cameras [8]. We placed Aruco markers in the field of view of the 
camera and around the screen. The markers placed around the screen perimeter are placed 
to intersect with the screen’s xyz axes, thus defining the xyz location of the screen. Another 
calibrated machine vision camera captures many images of the scene from different angles 
and, through photogrammetry, the relative positions of the markers is calculated. Once the 
markers are located, the camera can easily be located relative to the markers. The camera 
location is determined by using the camera to capture an image including the Aruco markers, 
which are now in known locations. Figure 4 shows our experimental setup when calibrating 
Sandia’s SOFAST system.  

Initial tests have shown that the position and orientation of the screen and camera can 
be calculated by one person in one day with the screen and camera in inaccessible locations. 
The accuracy of the photogrammetric method has been shown to be comparable to a manual 
“by hand” measurement. Future work will focus on further improving accuracy and validation.  

 

Figure 4. Example of photogrammetric component calibration measurement setup. 

2.4 Ambient light control 

Deflectometry systems measure visual patterns; thus, they are susceptible induced errors from 
external light sources. A robust deflectometry system comes with a set of lighting guidelines 
and/or can calculate when ambient lighting conditions are too bright. This adds value to a 
deflectometry system by allowing it to be installed in locations where lighting is not strictly 
controlled, such as factory or other locations with varying ambient light.  

To improve the robustness of SOFAST, we characterized the range of acceptable fringe 
contrast. We ran multiple SOFAST data collects with increasing ambient light levels and noted 
the change in the calculated slope map from nominal. For each light level, SOFAST reported 
the fringe contrast, shown in Equation (1), where I is the signal as seen by the camera.  

4



Smith and Brost | SolarPACES Conf Proc 2 (2023) "SolarPACES 2023, 29th International Conference on 
Concentrating Solar Power, Thermal, and Chemical Energy Systems" 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚−𝐼𝐼min
𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚+𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

(1) 

Figure 5 shows ambient light-induced slope error as a function of fringe contrast using 
Sandia’s SOFAST installation. This result provides the user a recommendation of how much 
ambient light is acceptable for a target accuracy.  

Figure 5. Induced SOFAST slope error for different contrast values C, while measuring a National 
Solar Thermal Test Facility heliostat facet. 

2.5 Screen brightness nonuniformity 

A robust deflectometry system can also operate when the screen does not have uniform 
reflectance or illumination or the camera does not have uniform throughput. Since the response 
between projector and camera is not usually linear, variations in the screen reflectance can 
cause errors in the calculations if the system uses projected fringes, such as SOFAST 
described in [1]. Mobile deflectometry systems benefit from not relying on a highly uniform, 
white screen, as these may not always be available. This also enables a wider range of lenses 
to be used, such as lenses with high amounts of vignetting.  

We improved the way SOFAST handles nonuniformity in screen brightness by including 
a screen-camera response calibration step. The calibration works by mapping the relationship 
between the brightness commanded to the projector and the pixel value read by the camera. 
We scale this mapping per-pixel depending on the relative response of each pixel. Figure 6 
shows the shape of ideally sinusoidal fringes as captured by the camera and after calibration. 

Figure 6. Sinusoidal fringes projected onto a screen with nonuniform reflectance, before and after 
pixel calibration. 
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3. Conclusion 

CSP metrology can benefit from robust deflectometry tools that can be accurately calibrated 
in a variety of non-ideal conditions. We have discussed improvements made to Sandia’s 
deflectometry tool, SOFAST, that improve its robustness. These improvements have given 
SOFAST more utility and allow SOFAST to make measurements in scenarios previously not 
possible due to time constraints or location constraints.  
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