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Abstract: This paper presents the first experimental results obtained with the four cameras 
backward gazing method for measuring the opto-mechanical errors of solar concentrating 
surfaces in operation. It consists in combining the images simultaneously acquired by four 
cameras placed near the solar receiver in order to reconstruct the slopes errors of the mirrors 
digitally. New algorithms adapted to real acquired images are described. The experiment has 
been conducted on a sun-tracking heliostat of the experimental solar tower plant THEMIS 
with slopes error measurement accuracy estimated as 0.2 mrad. The capacity of characterizing 
shape distortions due to wind or gravity loads is also investigated. The main experimental 
error sources are analysed and possible ways of mitigation are proposed, giving reasonable 
hope in reaching an ultimate measurement accuracy of 0.1 mrad. 

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Concentrated solar power (CSP) is a promising method for renewable energy production in 
the future. Whatsoever the type of the solar power plant, e.g. solar tower plant, parabolic dish 
or trough, the pointing and canting accuracies of the solar concentrating surfaces have a huge 
impact on the solar flux distribution on the receiver, which can affect the efficiency of the 
power plant. It is then necessary to develop mirror alignment and control methods operable in 
a reasonable period of time at the industrial scale. In addition, it is desirable that the mirrors 
are measured in operation (i.e. in sun-tracking mode) in order to evaluate environmental 
effects such as ambient temperature, wind, gravity load variation for different mirror 
orientations, or ageing. Finally, the measurements should be carried out without disturbing 
the heat production process. With the ongoing development of CSP, many methods for mirror 
alignment and control were proposed and tested, such as summarized in the review articles 
[1-3]. It follows that nowadays the two most popular methods seem to be photogrammetry 
and deflectometry. The former was tested successfully several times [4], but is time-
consuming and requires the mirror to be in a static position since specific test equipments 
must be mounted to it (measurement targets and cameras). Therefore it is not applicable to a 
sun-tracking mirror. On the other hand, deflectometry methods consist in observing the image 
of a pre-determined object seen through the tested optical surface, and to evaluate its surface 
errors from the distorted image of the object. Moss and Diver have for example applied this 
method to parabolic trough systems [5], but it requires setting the mirrors in fixed vertical 
position. For solar tower plants, Ulmer et al [6] describe another deflectometry method that 
consists in observing the deformation of a stripe pattern located below the solar receiver, from 
a camera located above it. Here again the heliostat must be static, and oriented so as to reflect 
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the image of the stripes towards the camera. The measurement accuracy of this method can be 
improved by introducing temporal modulation of the stripe pattern [7]. 

So far it seems that the sole measurement principle enabling in situ characterization of 
solar concentrating surfaces is the backward gazing method that was initially developed in the 
eighties to evaluate the canting errors of the French 1-MW solar furnace in Odeillo [8]. The 
modern version of this method makes use of four cameras located at the vicinity of the solar 
receiver, and simultaneously acquiring the images of a heliostat in sun-tracking mode. The 
images are then processed digitally in order to reconstruct the slopes errors of the observed 
mirror. Numerical simulations of the achievable measurement accuracy and improvements of 
the slopes reconstruction algorithms have been the scope of recent publications [9-12]. It has 
also been shown that the method can be generalized to the case of a grid of N x N observing 
cameras with N ≥ 2, enabling improved measurement accuracy and extended mirror surface 
coverage [13]. In the present article are presented the first experimental results of the 
backward gazing method with four cameras. The basic principle of the method is firstly 
summarized in section 2, including the last updates in terms of digital processing. The 
experimental configuration and procedure are described in section 3. The main experimental 
results are given in section 4 and are discussed in light of the major identified error sources 
and of their possible mitigation. A brief conclusion on the potential of the method is finally 
given in section 5. 

2. Backward gazing method with four cameras. Principle and updates 

The general principle of the backward gazing method with four cameras is firstly summarized 
in section 0. Then the major updates that essentially concern the data processing software are 
described in section 0. 

2.1 General principle 

The basic principles of the backward gazing method are extensively described in Refs. [9-10]. 
It essentially makes use of four cameras located at the vicinity of the solar receiver and 
simultaneously recording images of the Sun reflected by the optical surface of an heliostat. 
Depending on the location of the cameras, the intensity distributions observed through the 
mirror do not exactly match, and their relative differences are used to retrieve the surface 
slopes errors digitally at any point P of the mirror (see Figure 1). The optical errors of the 
heliostat are then reconstructed from the measured slopes. Data processing allows identifying 
various types of errors, i.e. tracking error of the heliostat, canting errors of its individual 
facers, and shape errors affecting the facets. The employed notations and coordinate systems 
are illustrated in Figure 2 and Figure 3: The main reference frames are defined as: 

- The reference frame of the solar facility RF (FXFYFZF), where F is a common reference 
point usually located at the bottom of the solar tower (not shown in Figure 2), FXF and FYF 
axes are horizontal axes are directed southward and eastward respectively, and the FZF-axis is 
directed to Zenith. The azimuth and elevation angles of the Sun vector S0 directed at the Sun 
centre are noted aS and hS in that coordinate system (bold characters denoting vectors in the 
whole text and figures). 

- The heliostat reference frame RH (OXYZ), where O is the heliostat centre, the OYZ plane is 
tangent to the reflecting surface at point O, and OX axis is parallel to the pointing vector N0 
of the heliostat. Any point P of the optical surface is defined by its three Cartesian coordinates 
(x,y,z). Because the heliostat is not generally flat, the x coordinate of point P depends on its y 
and z coordinates and can be written as:  

( ) ( ) ( )PDzyzyx Δ++≈ 4, 22
,      (1) 



where D is the distance ||OO’|| from the heliostat to the target point (see Figure 3) and Δ(P) 
are the shape errors to be measured, including tracking, canting, and local surface errors of 
the different modules. The first quadratic term in Eq. 1 indicates that these errors are 
measured with respected to a spherical reference surface (limited to its second-order terms) 
centred at O and of focal length equal to D. 

- The target vector reference frame R’ (O’X’Y’Z’), with O’ the target point usually located at 
or near to the solar receiver, and the O’X’ axis is parallel to the target vector R0 = OO’/||OO’|| 
of the heliostat. The O’Y’ axis is taken to be horizontal and O’Z’ completes the reference 
trihedra. Obviously, vectors S0, N0 and R0 are linked together by the Snell-Descartes law of 
reflection, here expressed in a vector form: 

( ) 00000 NNSRS 2=+ .        (2) 

- The four cameras are actually located in a target plane that is generally not strictly 
perpendicular to vector R0, thus another reference frame R” (O’X”Y”Z”) is attached to it, 
where the O’X” axis is perpendicular to the target plane. Any point M” in the O’Y”Z”’ plane 
is defined by its Cartesian coordinates (0,y”, z”). Assuming the cameras to be located at the 
four corners M”ij of a rectangle of widths 2δy” and 2δz” and centred at point O”, their 
coordinates are written as (0,y”ij,z”ij) = (0, ±δy”,±δz”), with indices i and j varying between 1 
and 2. 

- A Sun reference frame RS (OUVW) is finally used, with U-axis parallel to the Sun vector S0. 
Other points of the solar disk are localized by means of the angles (v,w) respectively standing 
for rotations around the W and V axes. 
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Figure 1.Principle of the four cameras backward gazing method. 

 



 
The backward gazing method also requires a priori knowledge of the Sun’s radiance 

profile, or sunshape function noted ( ) ( )εε fB 0B= , where B0 is the brightness at Sun centre 

and f(ε) is a monotonously decreasing function from f(0) = 1 at the Sun centre to f(ε0) = 0 at 
the rim of the solar disk: here ε0 is the angular radius of the Sun ε0,usually taken equal to 32 
arcmin. Since f(ε) is invertible on the interval [0, ε0], we define the Kij(P) function as the 
square of the inverse function f -1(ε), i.e.: 
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where Bij(P) are the four images simultaneously acquired by the different cameras (with 
indices 1 ≤ i ≤ 2 and 1 ≤ j ≤ 2). In the framework of first-order geometrical optics [9], it has 
been shown that functions Kij(P) give direct access to the partial derivatives ∂W(P)/∂y and 
∂W(P)/∂z of the Wavefront error (WFE) W(P) reflected by the heliostat: 
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which can be interpreted as generalized quad-cell formulas. Deriving the shape error function 
Δ(P) of the heliostat from the slopes of the wavefront error function W(P) is achieved using 
the following matrix transformation, also in first-order approximation: 
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where A and H are the azimuth and elevation angles of the Sun vector S0 expressed in the 
heliostat coordinates frame RH as illustrated in Figure 3, and ∂WR(P)/∂y and ∂WR(P)/∂z are the 
optical aberrations of the spherical reference surface defined by Eq. 1, to be subtracted to the 
measured wavefront slopes. Those terms essentially stand for astigmatism and curvature field 
aberrations. They can either be calculated by using their first-order developments as function 
of the (y,z) coordinates (see Ref. [10], Eqs. 8), or with the help of a ray-tracing software 
which allows correcting higher order terms than the first one.  

The last digital processing steps consist in reconstructing the shape error function Δ(P) 
from its estimated partial derivatives ∂Δ(P)/∂y and ∂Δ(P)/∂z, then identifying the main types 
of errors affecting the heliostat. It should be noted that some of these errors can be 
characterized directly from the surface slopes without need for reconstructing the function 
Δ(P) itself: for example, canting errors appear as slopes offsets averaged over the surface of 
an individual facet, and tracking error as the global slopes offset over the whole surface of the 
heliostat (see Ref. [12]).  
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Figure 2: Definition of the solar facility reference frame RF. 
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Figure 3: Main employed notations and coordinate systems. 

 



From Eqs. 3-5 a basic shape errors reconstruction procedure has been defined and tested 
by means of extensive numerical simulations, demonstrating that slopes measurement 
accuracy well below 0.1 mrad are achievable in presence of various types of noise [9-12]. For 
digital processing of experimental images, which is the main scope of this paper, it is 
however mandatory to use enhanced algorithms for two main reasons: 

- Eqs. 4-5 are only valid in the frame of first-order optics, which may prove insufficient if the 
measurements are carried out on heliostats reflecting solar rays under large incidence angles 
(typically > 20 degrees). Moreover, Eq. 5 implicitly assumes that the target vector R0 is 
parallel to the OXF-axis, i.e. horizontal southward, and that the target plane is perpendicular 
to it, which is not generally the case.  

- Also, these relations do not represent the best solutions for ∂Δ(P)/∂y and ∂Δ(P)/∂z in 
presence of experimental noises. Thus in a first step Eqs. 4 have been replaced with a digital 
optimization procedure that allows finding the best compromise between the four measured 
intensities Bij(P), for each observed point P at the surface of the mirror [11-12]. Recently, the 
same logic has been applied to Eqs. 5, now being replaced by a reverse ray-tracing 
optimization procedure [14]. 

 
Finally, additional processing algorithms are required when dealing with real images, such 

as radiometric calibration, geometrical transformations or images registration. This led us to 
develop new or improved algorithms applicable to the measured images, which are described 
in the next sub-section.  

 

2.2 Processing algorithms 

A flow-chart of the main employed numerical procedures and algorithms is depicted in Figure 
4. They start with the pre-processing of direct Sun images (1) and heliostat images Bij(P) (2), 
then proceed with geometrical transformations of the images of the heliostat such as 
derotation and rectification (3). The two following steps (4-5) are critical for correct mirror 
slopes reconstruction: they consist in accurate registration of the four acquired images of the 
heliostat, so that their centres and edges coincide at sub-pixel level. The images are then 
prepared to WFE and mirror slopes reconstruction (6). Optionally, first-guess estimates of the 
mirror slopes ∂Δ(P)/∂y and ∂Δ(P)/∂z can be calculated from the theoretical model described in 
the previous sub-section (7). The last step consists in reconstructing the slopes errors of the 
heliostat by using the reverse ray-tracing optimization procedure (8). For each of these steps, 
details about the employed procedures or algorithms are provided below. 
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Figure 4: Flow-chart of the main employed procedures and algorithms. 

 

1) Sun acquisition and averaging 

N direct, reference images of the Sun ( )wvBn ,0  are acquired, where (v,w) are the angular 

coordinates inside the solar disk (see Figure 3) and 1 ≤ n ≤ N. Each of these images are firstly 
corrected for camera optics and detector non-homogeneities (flat-field correction), which 
were previously calibrated in the optical shop by use of an integrating sphere [12]. The 

median of the N images ( )wvB ,0  is then computed: it is constituted of the median value of 

each pixel. A single image per camera is obtained based on the median value of each pixel 
considering N values obtained from N images with the same camera. The median image is 

further expressed in polar coordinates as ( )ϕε ,0B  with 22 wv +=ε  and 

( )vwarctan=ϕ . 200 radial profiles ( )kB ϕε ,0  are interpolated for equally-spaced polar 

angles ϕk and averaged together as ( ) ( )
kkBB ϕεε ,00 =  with 1 ≤ k ≤ 200. The curve is 

then normalized as ( ) ( ) ( )000 BBf εε =  and scaled along the horizontal axis so that its 

cut-off angle is matched to the nominal Sun radius, i.e. f(ε0) = 0.5. It may later be used in two 
different ways: 

Either by simple linear interpolation of the sampling points; or: 
By filling to the measured sunshape a “generalized Jose” formula inspired from Ref. [15], 

writing as: 

( ) ( ) ( ) ( )( )ξεε 000 11 ′−−+== aaBεfBεB  when 0 ≤ ε ≤ 0ε ′ , and: (6) 

( ) 0=εB  otherwise,  



where the parameters a, 0ε ′  and ξ are optimized to match the measured ( )εf  curve. 

Examples of a median Sun map ( )wvB ,0  and its resulting averaged brightness profile are 

depicted in Figure 5. 
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Figure 5: Median of 100 acquisitions of the Sun (a) and averaged brightness profile (b). 

 

2) Images acquisition and averaging  

For each of the four cameras located at points M”ij, a set of N’ images ( )PBn
ij

′
 of the 

heliostat in sun-tracking mode is acquired (with 1 ≤ n’ ≤ N’). The same flat-field correction as 

in the previous sub-section is carried out for all of them. Median images ( )PBij  are then 

computed for the four cameras in the same way as for direct Sun images. The last step 
consists in an inter-camera radiometric calibration that can be written mathematically as 

( ) ( ) Maxijijij BPBGPB = , where the Gij coefficients are the averaged gain factors of each 

camera measured from direct Sun image acquisitions, and BMax is equal to the maximal 
intensity found on the set of four images. This allows to compensating for differential gains of 
the detectors and to normalize the observed brightness distributions so that they can be 

translated in terms of angular errors by later use of the ( )εf  function in steps 7-8. 

 



3) Images derotation/rectification 

The images of a heliostat in sun-tracking mode will generally appear as parallelograms, 
eventually affected with a slight pyramidal effect for those located close to the solar receiver. 
Moreover, differential roll angles between the cameras will add unwanted image rotations. 
Before further processing the four calibrated images Bij(P) must be geometrically transformed 
into their original rectangular form (rectification), and their Y and Z axes should be made 
parallel (derotation). Also, the dimensions of the heliostat should be made identical into the 
four images. The employed procedure for achieving these geometrical transformations is 
described in Appendix A. It is restricted to the case when the distorted rectangular contours of 
the heliostat can be approximated to a parallelogram. 

 

4) Images registration (coarse) 

This first, coarse image registration procedure consists in identifying the external contours of 
the heliostat in the four rectified images Bij(P), both along the Y and Z axes. For that purpose, 
two mono-dimensional “contour functions” are estimated along each axis. The mirror edges 
are identified as the locations of the first and last maxima of the contour curves. The main 
data processing steps are described in Appendix B1, enabling a recentring (registration) 
accuracy that was estimated to 2-3 camera pixels.  

 

5) Images registration (improved) 

After coarse registration of the four images ( )PBij , one of them is taken as reference and the 

three remaining images are recentred with respect to it. This is achieved by use of cross-
correlating the previous contour functions as described in Appendix B2. It allows exploiting 
all the information enclosed in the contour curves, including the edges of each individual 
module of the heliostat. Doing so, it was found that the achieved registration accuracy is 
below one camera pixel, which was our initial goal. 

 

6) Preparation to WFE and mirror slopes reconstruction 

This step essentially consists in rescaling the four registrated images ( )PBij  to the actual 

dimensions of the heliostat along the Y and Z axes. This is achieved by matching the contour 
locations evaluated from the contour functions computed in the previous registration steps to 
their theoretical locations (–yMax,+yMax) and (–zMax,+zMax); where yMax and zMax are the half-
widths of the heliostat along the Y and Z axes respectively. A mask function M(P) is also 
deduced from the theoretical dimensions of the heliostat and of its individual modules. This 
mask is useful for eliminating points located outside the reflective surfaces from the acquired 
images, and for reducing the measured areas at the surface of each mirror facet (typically by 5 
%). Pictures of a heliostat and of the mask function M(P) are presented in Figure 6, also 
showing the useful dimensions of the heliostat and of its individual modules. This mask shall 
be applied to all experimental results presented in section 4. 

Additionally, and if first-guess estimates of the mirror slopes are used as explained in the 
next step, it is necessary to compute the angular parameters A and H as defined in section 0. 
This last calculation is summarized in the Appendix C. 
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Figure 6: Picture of a CETHEL heliostat (top) and spatial dimensions of the applied mask 
function M(P), showing the useful dimensions of the heliostat and the numbers and dimensions 
of its individual modules (bottom). 

 



7) First-guess estimates of mirror slopes (optional) 

First-guess estimates of the searched mirror slopes ∂Δ(P)/∂y and ∂Δ(P)/∂z may be computed 
to feed the reverse ray-tracing optimization procedure described in the next and last step. The 
advantage of using first-guess solutions is twofold: 

- They allow noticeable reduction of the required computing time, typically by a factor 3 or 4, 
and: 

- They drastically reduce the risk of finding secondary minimums of the cost function 
employed with the reverse ray-tracing optimization procedure described in the next section. 

 
Practically, this step consists in applying the same error reconstruction procedure as 

described in Refs. [9-10]: using Eq. 3, the Kij(P) functions are firstly determined from the 

registrated images Bij(P) and knowledge of the normalized Sun radiance function ( )εf  

measured at step 1. The WFE slopes of the heliostat ∂W(P)/∂y and ∂W(P)/∂z are then 
evaluated from Eq. 4. The slopes of the heliostat shape errors ∂Δ(P)/∂y and ∂Δ(P)/∂z are 
finally deduced from the WFE slopes by using the matrix relationship 5, where the subtracted 
optical aberrations are approximated to their first-order development [10]: 

( )
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( )
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PWR cossinsin +−=
∂

∂
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8) Reverse ray-tracing optimization algorithm 

This last part of the mirror slopes reconstruction procedure consists in launching rays from 
the four observing cameras at each point P located at the heliostat surface, where a priori 
unknown slopes errors ∂Δ(P)/∂y and ∂Δ(P)/∂z are introduced. After reflection at the mirror 
surface, these rays are propagated towards the solar disk and their angular coordinates (vij,wij) 
are calculated in the Sun reference frame RS. For each point P of the heliostat and cameras 
location M”ij the angular deviations of the rays with respect to the Sun centre εij(P) are 
computed (see Figure 3). The main steps of this reverse ray-tracing procedure are described in 
Appendix D. We then define a cost function CF as: 

( ) ( )( ) ( )[ ]
=

−=
4

1

2

i
ijij PBPfPRCF ε ,      (8) 

where R(P) stands for a reflective factor at the heliostat surface typically close to unity, 

( )εf  is the  Sun normalized radiance function measured at step 1, and Bij(P) are the 

acquired and registrated images resulting from step 6. The cost function is finally minimized 
with respect to the R(P), ∂Δ(P)/∂y and ∂Δ(P)/∂z parameters with the help of an optimization 
algorithm, here the AMOEBA procedure provided with the Interactive Data Language 
(IDL) software package. It must be noted that this procedure enables full decoupling 
between the local reflection factor R(P) of the mirror and the measured slopes errors, thus 
eliminating the effect of soiling at the heliostat surface. 

If available, the first-guess solutions found for ∂Δ(P)/∂y and ∂Δ(P)/∂z in step 7 are used to 
start the optimization process, otherwise their initial values are set to zero. Initial values for 
R(P) are always equal to unity. A quality criterion can also be set to the achieved values of 
the cost function CF at the end of the optimization process: solutions found at any point P are 
eliminated if CF is higher than a certain threshold value tCF, and the mask function M(P) is 
then set to zero. 



 
Other employed algorithms are not described here, such as isolating the different modules 

of the heliostat, or estimating the average and standard deviations values of the mirror slopes 
over predefined surfaces. In the next section is described the experiment that was carried out 
to validate the principle of the method and of the data processing chain.  

 

3. Description of the experiment 

3.1 THEMIS experimental solar tower facility 

The 105 m high THEMIS tower is part of a decommissioned solar tower power plant 
operated by Electricité de France (EDF) between 1983 and 1986 in Targasonne, France. 
Today, it is used by the CNRS-PROMES laboratory as an experimental research facility. The 
four cameras are located below the central receiver aperture at 76 m high (Figure 7) and at the 
back of the passively cooled white target plate protecting the acquisition devices (Figure 8). 
Each of them is placed behind a 25-mm diameter opening pierced in the white target and 
enabling the observation of the heliostat field. The distance between these cameras was set to 
δx’ = δy’ = 200 mm. A fifth camera located at the top of the tower is directed toward the Sun 
to measure its profile in real time (see Figure 7-b). 
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Figure 7: (a) THEMIS solar tower with the location of the cameras. (b) Schematic of the 
acquisition setup. 
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Figure 8: Pictures of the acquisition setup located at the back of the THEMIS white target 
plate. (a) General view. (b) View of the four cameras and their mechanical supports. 

 

3.2 THEMIS heliostats geometry 

The experiment was conducted for the heliostat numbered E06 which has the CETHEL III 
type and an area of 54 m² (8.75 m x 7.34 m). Its focal length is 128 m and its centre O is 
located at a distance D = 131.3 m from the target plane. The heliostat has nine modules (see 
Figure 6), from which eight are constituted of three mirror facets having a parabolic curvature 
along the Z-axis and no curvature along the Y-axis. The mirror facets of each module are 
tilted around the Z axis to approach a spherical surface with curvature radius Rm = 2fm (with 
fm = 140 m for heliostat E06). Then, each module is attached to a metallic structure with three 
set screws positioned at the vertices of a triangle, allowing independent adjustments in both 
azimuth (around Z-axis) and elevation (around Y-axis). A 9th “complementary” module is 
located just above the elevation rotation mechanism, and is composed of two cylindro-
parabolic strips only. 

3.3 Hardware description 

Small cameras (UI-5240RE IDS) with a CMOS monochrome sensor are used to capture 
images of the Sun reflected through the heliostat at a maximal resolution of 1280x1024. An 
integrating sphere was used to calibrate the flat-field of each camera. To avoid sensor 
saturation and degradation during the measurements, two filters were mounted on a 1A1HB 
Tamron focusing lens with focal length f = 75 mm. The first filter is essentially reflective, 
transmitting the beam flux with an optical density of 3 (0.1% in the 400-700 nm range). The 
second presents an optical density of 7 which leads to a global attenuation of 100 dB for each 
camera. The responses of each lens and camera assembly are calibrated before experiment by 
recording simultaneously the intensity of the Sun (see § 0.2).  

The optical layout of the camera is illustrated in Figure 9. Point O’ is actually located at 
the centre of the camera lens, whose useful diameter is equal to d’ = 25 mm. Tested areas at 
the heliostat surface are optically conjugated with the plane of the detector array, which 
ensures negligible light contamination or crosstalk between different points P in the OYZ 



plane. The circular aperture of the camera lens also acts as a pinhole limiting diffuse cones of 
light reaching the detector to an angular radius δε = d’/D (solid and dashed red lines in the 
figure), thus filtering straylight from any point P. For the E06 heliostat δε is around 0.1 mrad, 
which matches our initial measurement accuracy goal (see § 0) and prevents the experiment 
from bias errors generated by diffuse reflections due to heliostat soiling.  

O

N0

S0

CMOS
detector array

O’
d’

P
R0

Camera
lens

 

Figure 9: Camera layout illustrating the optical conjugation between heliostat and detector 
array (solid and dashed red lines). 

 
The cameras are further attached to their mechanical supports located behind the white 

target plate (see Figure 8), where they are mounted on ball joints enabling coarse image 
centering and minimization of the roll angle θYij (see Appendix A). A switch with Ethernet 
cables (category 5) connects the cameras to the computer (Figure 7). Dedicated software 
using the OpenCV library was used to record the images.  

3.4 Measurement procedure 

The theoretical shape of the reflective surfaces of the CETHEL III heliostats is described 
analytically in Ref. [16], Appendix 3. However their actual shapes are poorly known. For 
example, the E06 heliostat has already been measured using photogrammetry or the 
optimization of focused Sun spots [17], but none of these methods provide measurement 
accuracy at the 0.1 mrad level. To experimentally evaluate and validate the backward gazing 
method with four cameras, the experiment then consists in changing the orientation of two 
modules by turning their adjustment screws manually, and to compare the introduced defects 
with the reconstructed ones. This procedure is applied to the two lower modules located from 
each side of the heliostat pedestal (modules 2 and 3 in Figure 6). For both configurations 



(before and after defect introduction), a set of N’ = 5 images ( )PBn
ij

′
 of the heliostat surface 

in sun-tracking mode is acquired for each of the four cameras with 1 ≤ n’ ≤ 5, i = 1,2 and j = 

1,2. Simultaneously, five direct Sun images ( )wvBn ,0  with 1 ≤ n ≤ 5 are acquired by the fifth 

camera. The common acquisition time for all mages was set to 2 milliseconds. They are later 
processed digitally following the procedures described in section 0. 

 

4. Experimental results 

After establishing a preliminary requirement for the mirror slopes measurement accuracy (§ 
0), the main results obtained with the THEMIS experiment are presented both in terms of 
slopes errors (§ 0) and reconstructed shape errors (§ 0). Finally, § 0 presents an analysis of the 
main identified experimental errors, and possible ways for mitigating them. 

4.1 Requirements 

The required alignment measurement accuracy for solar concentrating surface can be derived 
from their influence on the effective concentration ratio C of the optical surface. From the 
approximate relations in Ref. [18], the loss in concentration δC can be approximated as δC ≈ 
(δ/ε0)

2, where δ is the standard deviation of the angular errors on the reflected rays, and ε0 the 
angular radius of the Sun. δ is usually approximated as 2δM, with δM the standard deviation of 
the mirror slopes errors. Assuming that δC must not exceed 4 % leads to maximal angular 
errors δM around 0.5 mrad. The desirable measurement accuracy is thus defined empirically 
as being five times less, i.e. 0.1 mrad. For differential measurements such as performed 

experimentally, it should translate into ×2 0.1 ≈ 0.14 mrad. 

4.2 Slopes and canting errors 

This first set of measurement was carried out on the 21st of December 2017 at 15h11 local 
time, which correspond to solar angles aS and hS equal to –34.3 deg. in azimuth and +19.9 
deg. in elevation. Canting errors equal to h2 = –1.33 and h3 = +0.89 mrad in elevation were 
introduced respectively on modules 2 and 3 of the heliostat E06. These values correspond 
respectively to –1.5 and 1 turns applied manually to the lower screws of the modules. No 
canting errors were introduced in azimuth, i.e. a2 = a3 = 0 mrad. It has to be noted that the 
uncertainty on the introduced errors has been quantified as 0.27 mrad [12], which is nearly 
twice our initial goal. The measurement accuracy of the pre-defined canting errors should 
then be limited by that last number. 

The first step of the slopes reconstruction procedure consists in determining the Sun’s 

normalized radiance profile ( )εf  as explained in § 0.1. The generalized Jose formula in Eq. 

6 was fitted to the actual sunshape acquired by the fifth camera with best-fit parameters a = 

4.406, 0ε ′ = 0.657 mrad and ξ = 2.335. The images of the heliostat are then geometrically 

transformed (§ 0.3) and registrated (§ 0.4 and 0.5). The resulting rectified images seen from 
cameras 1 to 4 are depicted in Figure 10 and Figure 11, respectively for heliostat E06 in initial 
state and with canting errors added. 
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Figure 10: Rectified images of heliostat E06 in initial state, seen from cameras 1 to 4. A direct 
Sun image captured by camera #5 is reproduced at the centre with same angular scale.  
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Figure 11: Same illustration as in Figure 10 with pre-defined canting errors added to heliostat 
E06.  

The final results obtained with the reverse ray-tracing optimization algorithm (§ 0.8) are 
illustrated in Figure 12, showing: 

- The measured slopes errors along the Y and Z axes over the whole surface of the heliostat in 
its initial state in panels (a) and (b) respectively, 

- Slopes errors along Y and Z axes after introduction of canting errors, in panels (c) and (d), 

- Differences between previous slopes errors along Y and Z axes, in panels (e) and (f). For all 
points P at the heliostat surface, such a difference are only computed if the intersection mask 
function M(P) = MI(P) ∩ ME(P) is non null, with MI(P) and ME(P) being the mask functions of 
the heliostat in the initial state and with added misalignments respectively. Otherwise the 
result is left blank. 



Detailed views of the Y and Z slopes difference maps for the two misaligned modules of 
the heliostat are also reproduced in Figure 13. They show that valid data is only available on 
sparse areas, particularly for module 2. Moreover their general aspect looks noisy and dotted 
with missing points P that were eliminated during the optimization process because the 
achieved cost function CF was superior to the authorized threshold value tCF (the latter was 
set to 0.1 empirically). Nevertheless, Figure 13-c and 12-d clearly reveal slopes difference 
offsets directly linked to the canting errors that were introduced in elevation, while similar 
offsets are not visible on Figure 13-a and 12-b that can only reveal azimuth canting errors. 
Taking the average values of the Z-slopes offsets over the whole surface of the modules then 
gives a direct estimation of the added canting errors h2 and h3. The measured values for h2 and 
h3 are found to be –1.57 and +0.80 mrad respectively (see Table 1), which correspond the 
measurement errors equal to |δh2| = 0.08 and |δh3| = 0.24 mrad. Such numbers are compatible 
with the estimated precision of the manual screws (0.27 mrad, see text above). Moreover, the 
higher value of δh3 may be biased by the presence of a local surface error clearly visible on 
module 3 and marked by red circles in Figure 13-b and 12-d. Also of interest are the 
measured values for azimuthal canting errors a2 and a3; which, let us remember, are non-
existent since their adjustment screws were untouched. From Table 1, the uncertainties are 
estimated as |δa2| = 0.08 and |δa3| = 0.04 mrad, which is in agreement with the initial 
requirement of 0.14 mrad. 

Table 1 finally provides a complete statistic analysis of the canting and surface slopes 
errors for each of the nine modules constituting the heliostat. In the “Spatial coverage” 
column is indicated the ratio of the useful area of the module where the Y or Z slopes could 
actually be extracted (i.e. those areas where the built mask function M(P) is non null), with 
respect to the whole surface of the module. The columns “Mean”, “PTV” and “RMS” 
respectively give the average, root mean square and peak-to-valley characteristics of the 
slopes error over the surface of each module. These numbers are finally averaged over the 
whole heliostat surface in the rows labelled as “Average”. Table 1-A, 1-B and 1-C 
respectively correspond to the cases of heliostat in initial state, then with additional canting 
errors, and their difference. For cases A and B, the PTV and RMS numbers represent the 
residual surface slopes errors of the modules, while their mean values should be taken as their 
canting errors. Disregarding modules 2 and 3 that were discussed previously and module 1 
where the spatial coverage is deemed insufficient, it seems that heliostat E06 has been fairly 
aligned since most canting errors are well below 0.5 mrad, excepting module 8 (azimuthal 
error around –0.6 mrad) and the complementary module 9 (elevation error around 0.5 mrad). 
Assuming that the shape of the heliostat was stable between the two measurements that both 
took place in less than two minutes, only differential canting errors should be present in case 
C. Then it can be noted that: 

- High PTV numbers (typically around 2 mrad) are found even for case C. They are mostly 
due to a few isolated peaks or dips located at the edges of the mask functions and hardly 
visible in the Figures. These points could have been eliminated by applying a lower threshold 
tCF during the optimisation process, eventually at the risk of decreasing the spatial coverage at 
the surface of some heliostat modules. 

- Nevertheless, all RMS numbers remain quite low and their averaged values over the whole 
heliostat surface can be taken as reliable indicators of the achieved measurement accuracy of 
the method. The latter are found to be 0.22 and 0.15 mrad for Y and Z slopes errors 
respectively. From these values and the estimated uncertainties on the introduced canting 
errors on modules 2 and 3, one may finally conclude that the achieved measurement accuracy 
of our current test setup is around 0.2 mrad. This measurement uncertainty is estimated from 
the RMS error of the reconstructed slopes for the difference case of Table 1.C, based on data 
(pixels) shown in Figures 12-e and 12-f. Each pixel where the reconstruction is possible 
provides slopes values used to compute the RMS deviation of the canting error for each 



module. The average RMS deviation is then estimated on the entire heliostat from all 
illuminated pixels on the cameras, thus thousands of pixels enter the computation (e.g. 3200 
and 16000 pixels for modules 2 and 3 respectively). Assuming the error distribution is 
Gaussian, the standard deviation (corresponding to RMS deviation) is considered a good 
approximation of the canting error experimental uncertainty. 
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Figure 12: Measured slopes errors on heliostat E06 and their difference maps. (a) Y-slopes, 
heliostat in initial state. (b) Z-slopes, heliostat in initial state. (c) Y-slopes, heliostat with pre-
determined canting errors. (d) Z-slopes, heliostat with pre-determined canting errors. (e) Y-
slopes differences. (f) Z-slopes differences. 
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Figure 13: .Detailed views of slopes errors differences. (a) X-slopes, module 2 of heliostat 
E06. (b) X-slopes, module 3. (c) Y-slopes, module 3. (d) Y-slopes, module 3. 

 

4.3 Shape reconstruction 

This set of measurements was carried out on March 2019, the 15th between 14h25 and 15h55 
local time, on a windy day with solar angles (aS,hS) varying between (+40.7,+37.2) and  
(+43.5,+35.9) degs. Only the module 3 was misaligned with the same canting error as in 
section 0. The measured value for h3 was 0.70 mrad, leading to a measurement accuracy |δh3| 
= 0.19 mrad compatible with the previous experiment. More interestingly, this new 
experiment offers a good opportunity to test the robustness of the reflective surface of the 
heliostat against wind and gravity loads. It is thus necessary to reconstruct the shape error 
function Δ(P) of the heliostat from its measured slopes ∂Δ(P)/∂y and ∂Δ(P)/∂z. For that 
purpose, there exists a variety of algorithms that were developed for adaptive optics 
applications in the last decades (see e.g. Ref. [19]). Here was selected the iterative Fourier 
transform algorithm [20] for its ability to perform efficient shape reconstruction over highly 
discontinuous pupil masks in a reasonable period of time. The main numerical results are 
illustrated in Figure 14 and the mean, PTV and RMS statistics are indicated in Table 2 for 
each individual module, again excepting module 1 where the spatial coverage is insufficient. 

The analysis of the shape error maps is a bit more difficult than for slopes error maps. It 
may firstly be noticed that these errors are mild since their PTV numbers never exceed 1 mm. 
One may not forget however that a large fraction of the reflective surface could not be 
measured, which suggests that the errors are larger in these areas. Moreover, the employed 
algorithms for slopes and surface reconstruction are not sensitive to “piston” errors (i.e. shifts 
along X-axis) affecting the individual modules. However such errors usually do not degrade 
the concentrating performance significantly. 

Secondly, no noise seems to be present in the reconstructed shape error maps, or at least it 
should remain at a much lower level than in slopes error maps. This is a well-known 
favourable effect of the surface reconstruction procedure establishing a best compromise 
between slopes errors along two orthogonal directions. Thus reasonable confidence may be 
given to the reconstructed surface even if no absolute reference is available, and consequently 
the effects of wind and gravity loads cannot be disentangled. 

 



Table 1: Numerical results of slopes error measurements obtained for: A) Heliostat in 
initial state. B) Heliostat with canting errors added. C) Difference between both states. 
A. Initial state       

 
Module number 

Spatial 
coverage 

Y slopes Z slopes 

 Mean (mrad) PTV (mrad) RMS (mrad) Mean (mrad) PTV (mrad) RMS (mrad) 

 1 0.000 1.066 0.041 0.020 -1.076 0.028 0.014 
 2 0.110 0.581 2.785 0.471 0.013 2.568 0.644 

 3 0.380 -0.118 2.667 0.378 -0.154 2.629 0.410 

 4 0.261 -0.086 2.813 0.460 0.244 3.079 0.610 

 5 0.304 0.157 2.965 0.526 -0.231 2.603 0.586 

 6 0.062 -0.060 2.417 0.498 0.272 2.364 0.516 

 7 0.237 -0.079 2.840 0.456 -0.051 3.087 0.531 

 8 0.201 -0.532 1.520 0.122 -0.021 2.335 0.209 

 9 0.498 -0.126 1.829 0.217 0.474 1.618 0.392 

 Average   0.089 2.209 0.350 -0.059 2.257 0.435 

     
B. Added defects       

 
Module number 

Spatial 
coverage 

Y slopes Z slopes 

 Mean (mrad) PTV (mrad) RMS (mrad) Mean (mrad) PTV (mrad) RMS (mrad) 

 1 0.000 -0.166 0.112 0.046 1.141 0.083 0.034 
 2 0.041 0.802 1.692 0.308 0.521 1.966 0.370 

 3 0.195 -0.246 2.089 0.394 -0.604 1.434 0.252 

 4 0.309 0.019 2.326 0.395 0.288 2.540 0.586 

 5 0.306 0.252 2.689 0.548 -0.124 2.647 0.541 

 6 0.062 -0.023 2.299 0.558 0.293 2.403 0.475 

 7 0.236 -0.046 2.638 0.573 -0.044 2.639 0.573 

 8 0.143 -0.723 1.237 0.163 -0.166 1.738 0.252 

 9 0.547 -0.050 1.723 0.211 0.551 1.768 0.320 

 Average   -0.020 1.867 0.355 0.206 1.913 0.378 

     
C. Difference       

 
Module number 

Spatial 
coverage 

Y slopes Z slopes 

 Mean (mrad) PTV (mrad) RMS (mrad) Mean (mrad) PTV (mrad) RMS (mrad) 

 1 0.000             
 2 0.017 -0.085 1.884 0.404 -1.571 1.396 0.210 

 3 0.181 -0.044 2.501 0.203 0.796 1.874 0.163 

 4 0.253 -0.040 2.148 0.328 0.069 1.555 0.166 

 5 0.283 -0.086 1.849 0.151 -0.042 1.339 0.146 

 6 0.057 -0.041 2.337 0.199 0.063 1.191 0.128 

 7 0.200 0.000 1.981 0.210 0.127 1.707 0.144 

 8 0.138 0.218 1.566 0.098 0.183 1.624 0.120 

 9 0.470 -0.116 1.726 0.198 -0.045 1.151 0.155 

 Average   -0.024 1.999 0.224 -0.053 1.480 0.154 



 
Thirdly, careful inspection of certain modules in Figure 14-a and 13-b is instructive. Tilts 

in nearly pure elevation (i.e. around Y-axis) are visible on modules 3, 7 and 9, which is in 
agreement with the “mean” numbers listed in Table 1. The same tendency can be observed on 
module 4 with a slight additional component in azimuth (around Z-axis). Other heliostat 
modules such as numbers 2 and 5 seem to exhibit higher-order types of shape distortion.  

Finally, Figure 14-c reveals the shape deformation of heliostat E06 between both times of 
measurement. For a rigid body the difference map between both states should display uniform 
colours over the surface of each individual module (obviously excepting module 3 where the 
canting error was introduced). This is achieved for some of them, e.g. module 6 and the 
complementary module 9 that look rather stable. Some other, particularly the module 2, 
exhibit noticeable deformations that are confirmed by high PTV and RMS numbers in Table 
2-C. Such distortions may find their origin in wind or gravity loads varying between both 
measurement times.  

To conclude, it seems that the backward gazing method with four cameras demonstrated 
its ability to characterize the surface distortion of a focusing heliostat in sun-tracking mode, 
even if the global measurement accuracy of the method needs to be improved as discussed in 
the following section. 

 

4.4 Potential improvements 

The measurement accuracy achieved by our experiment has been estimated around 0.2 mrad 
RMS (see section 0), which is equal to twice our initial requirement of 0.1 mrad (§ 0). An 
analysis of the main experimental error sources is presented below, as well as possible ways 
of mitigation. 

1) The most important error is originating from the cameras affected by a significant amount 
of noise, as revealed by careful inspection of the acquired Sun and heliostat images 

( )wvBn ,0  and ( )PBn
ij

′
, whose effects are also visible in Figure 5, 11 and 12. This noise was 

roughly estimated to 3-4 % PTV. This is coherent with Ref. [9], where numerical simulations 
in section 3.C.5 showed that a white noise with 1% amplitude results in WFE slopes errors 
around 0.1 mrad, thus surface slopes errors of 0.05 mrad. Such image noise is clearly due to 
an insufficient number of simultaneously captured images, currently equal to N = N’ = 5. To 
improve the reconstruction accuracy, a much larger number of images should be recorded and 
averaged from each camera. This number can be increased by extending the switch bandwidth 
and using Ethernet cables having larger image memory.  

2) Another difficulty arises from the employed image acquisition software, which does not 
offer the capacity of real-time image visualisation. Practically, it prevents us to check the 
sharpness of the images at the surface of the heliostat during acquisition: it follows that the 
focusing adjustment of the camera had to be performed with the bare camera lens, before 
manual installation of the optical densities with a risk of slightly modifying the focus 
adjustment. This issue can be addressed by changing the acquisition software or the cameras 
themselves so that they could display living images of the heliostat during acquisition, ideally 
with the help of a remotely-controlled focusing adjustment device. 
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Figure 14: Shape reconstruction for heliostat E06. (a) Heliostat in initial state. (b) Heliostat 
with pre-determined canting error on module 3. (c)  Shape errors difference. 

 
 



Table 2: Numerical results of shape reconstruction procedure obtained for: A) Heliostat in initial state. B) 
Heliostat with canting error added to module 3. C) Difference between both states. 

A. Initial state    

 
Module number 

Shape errors 

 Coverage Mean (mm) PTV (mm) RMS (mm) 

 1 0.000       

 2 0.110 0.011 0.482 0.116 

 3 0.380 -0.112 0.661 0.117 

 4 0.261 -0.239 0.819 0.190 

 5 0.304 -0.133 0.816 0.199 

 6 0.062 -0.040 0.409 0.074 

 7 0.237 -0.072 0.563 0.106 

 8 0.201 -0.063 0.506 0.096 

 9 0.498 0.025 0.729 0.204 

 Average   -0.078 0.623 0.138 

   
B. Added defects    

 
Module number 

Shape errors 

 Coverage Mean (mm) PTV (mm) RMS (mm) 

 1 0.000       

 2 0.041 0.059 0.363 0.067 

 3 0.195 -0.079 0.883 0.168 

 4 0.309 -0.151 0.774 0.183 

 5 0.306 -0.099 0.655 0.150 

 6 0.062 -0.023 0.496 0.082 

 7 0.236 -0.136 0.705 0.130 

 8 0.143 -0.069 0.597 0.127 

 9 0.547 -0.027 0.987 0.263 

 Average   -0.066 0.683 0.146 

   
C. Difference    

 
Module number 

Shape errors 

 Coverage Mean (mm) PTV (mm) RMS (mm) 

 1 0.000       

 2 0.017 0.081 0.658 0.157 

 3 0.181 0.095 0.819 0.189 

 4 0.253 0.079 0.325 0.034 

 5 0.283 0.028 0.327 0.068 

 6 0.057 0.020 0.121 0.016 

 7 0.200 -0.058 0.279 0.059 

 8 0.138 0.010 0.281 0.054 

 9 0.470 -0.069 0.409 0.078 

 Average   0.023 0.403 0.082 



 

3) The experimental setup located behind the passive target could also be improved. 
Currently, the four cameras are fixed on two rails directly attached to target plane (see Figure 
8) that undergoes thermal expansion when it is illuminated by the heliostats. Possible image 
instabilities of vignetting effects may occur and alter the accuracy of the slopes reconstruction 
process. The implementation of mechanical supports not connected to the target is desirable. 
Here again, real-time images visualisation would be helpful to detect and prevent such 
effects. 

4) Regarding image processing algorithms, one may think that their development and 
validation are already well advanced. We noted however that the “parallelogram 
approximation” used to rectify the images of the heliostats (see § 0.3) suffers from a lack of 
precision, especially for pixels located near the edges of the mask area. Although slight, this 
effect is visible on certain heliostat modules in Figure 12. For achieving image superposition 
at the sub-pixel level over the whole surface of the heliostat, it should be necessary to correct 
the small pyramidal effect that remains in the acquired images. This modification will be 
implemented in the next version of the image processing software. 

5) One last but very important issue consists in improving the spatial coverage of the method 
in order to characterize the entire surface of the heliostat. Actually, the limited spatial 
coverage in Figures 11 to 13 result from the combination of large slopes errors (typically 
higher than 1 mrad) and a limited number of cameras separated by too short distances. It has 
already been demonstrated that using more numerous cameras arranged in a square geometry 
allows overcoming this limit [13]. Alternatively, a much lesser number of cameras (typically 
8 or 10) could be arranged along the Z’-axis of the target plane and combined with a sun-
tracking program allowing the heliostat to scan the target plane perpendicularly to the line of 
cameras for tracking errors monitoring. This point will be the scope of future studies. 

In conclusion, important modifications of the experimental setup are required in order to 
attain our initial goal of 0.1 mrad measurement accuracy. Nevertheless, considering the 
already achieved performance (around 0.2 mrad) and the improvement possibilities listed 
above gives to us reasonable confidence in reaching the final requirement in the near future.  

 

5. Summary 

In this paper were presented the first experimental results obtained with the four cameras 
backward gazing method for measuring the opto-mechanical errors of solar concentrating 
surfaces in operation. The method consists in combining the images simultaneously acquired 
by four cameras placed near the solar receiver in order to reconstruct the slopes errors of the 
mirrors digitally. A great effort was undertaken to adapt the reconstruction procedures 
described in previous publications to the case of real images acquired by the cameras. The 
experiment has been conducted on a focusing heliostat of the experimental solar tower plant 
THEMIS in Targassonne (France). To our knowledge, it produced the first slopes error 
measurements ever made on a heliostat in sun-tracking mode with measurement accuracy 
around 0.2 mrad. The capacity of characterizing shape distortions resulting from wind or 
gravity loads has also been investigated. The main experimental error sources have been 
analysed, as well as possible ways of mitigation giving reasonable hope in reaching an 
ultimate measurement accuracy of 0.1 mrad. 
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Appendix A. Image derotation algorithm 

For each median and radiometrically calibrated image ( )PBij  the following processing steps 

are applied. The whole procedure is illustrated in Figure A1. 

1. Starting from the original image ( )PBij  depicted in Figure A1-a, a relative brightness 

threshold factor tB is firstly applied: ( )PBij  is set to zero if it is lower than tB, which is 

typically taken equal to 0.5 or to the parameter a when the generalized Jose formula in 
Eq. 6 is used. 

2. Denoting yH and zV the horizontal and vertical axes of the captured image, the gradients 

( ) Hij yPB ∂∂  and ( ) Vij zPB ∂∂  are computed as illustrated in Figures A1-b and 

A1-c.  

3. The previous image gradients are Fourier transformed as 

( ) ( )[ ]HijijY yPBFTB ∂∂=νμ,ˆ  and ( ) ( )[ ]VijijZ zPBFTB ∂∂=νμ,ˆ . Pictures of 

these spectra in logarithmic scale are shown in Figures A1-d and A1-e. As predicted 
from theory, most of their power lays along or near to two axes that correspond to the 
Y and Z heliostat contour, and are also enforced by the contours of the individual 
modules of the heliostat. 

4. Both functions ( )νμ,ˆ
ijYB  and ( )νμ,ˆ

ijZB  are normalized by their maximal values at 

the origin  ( )0,0ˆ
ijYB  and ( )0,0ˆ

ijZB . A threshold factor tS is applied, typically equal 

to 0.1. 

5. Two histograms HYij(θ) and HZij(θ) of the power spectra distributions ( )νμ,ˆ
ijYB  and 

( )νμ,ˆ
ijYB  respectively, are built as function of the polar angle θ defined as 

( )μνθ arctan= . After normalization by their maximal values, these histograms are 

depicted in Figure A1-f. 

6. Both histograms are thresholded by a factor tH typically equal to 0.4. 

7. For each histogram the location of their maximal values are determined with a 
centroiding algorithm. They are noted θYij and θZij for HYij(θ) and HZij(θ) respectively 
(see Figure A1-f). 

8. Finally returning to the original images ( )PBij , the rectangular contours of the 

heliostat are restored by using the coordinates transform matrix relationship: 

( ) ( )
( ) ( ) 
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This last step is carried out using the WARP_TRI procedure provided with the 
Interactive Data Language (IDL) software package. 
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Figure A1: Illustrating the image derotation procedure. (a) Original rotated image. (b) and (c) 
Image gradients along the horizontal and vertical axes. (d) and (e) Fourier transforms of the 
image gradients in logarithmic scale. (f) Built histograms for evaluating θY and θZ angles. (g) 
Final derotated and rectified image.  

 

Appendix B. Coarse and improved images registration 

For each rectified image ( )PBij  the following processing steps are applied.  

B1. Coarse registration 



1. The Y and Z gradients ( ) yPBij ∂∂  and ( ) zPBij ∂∂  of the rectified image are firstly 

computed using the same procedure as in Appendix A. Their general aspect is quite 
similar as in Figures A1-b and A1-c, except that the contours of the heliostat modules 
are now parallel to the horizontal and vertical axes 

2. A horizontal “contour function” ( )yC ijY  is built by integrating the Y gradient map 

along the vertical Z-axis. Analytically, this operation writes as 

( ) ( )[ ]dzyPByC ijijY 
+∞

∞−

∂∂= . Practically, it is computed as the discrete sum 

( ) ( ) ( )12 +∂∂= 
+

−=
p

M

Mm
ijijY NyPByC

p

p

, with 2Mp+1 and 2Np+1 the number of 

useful pixels along the Y and Z axes respectively. Figure B1-a shows examples of 
horizontal contour functions computed from the images acquired by the four cameras 
simultaneously. 

3. Similarly, vertical contour functions ( )zC ijZ  are computed by integrating the Z 

gradients along the Y-axis, writing as ( ) ( )[ ]dyzPBzC ijijZ 
+∞

∞−

∂∂= . Examples of 

vertical contour functions are shown in Figure B1-c. 

4. Taking the absolute value |CYij(y)| of the horizontal contour function, the locations of 
its first and last maxima are determined and noted aij and bij. The same operation is 
performed on the function |CZij(z)|, whose first and last maxima are found at Z 
coordinates cij and d ij.  

5. Each image ( )PBij  is finally shifted by the quantity ( ) 2jj ii ba +−  along the Y-axis 

and by ( ) 2jj ii dc +−  along the Z-axis. 

B2. Improved registration 

After coarse registration of the four images ( )PBij , one of them (e.g. ( )PB11 ) is defined as 

reference and the three other images must be recent red with respect to it. The following steps 

are applied to ( )PB21 , ( )PB12  and ( )PB22 : 

6. From the contour function computed in section B1, the “horizontal” cross-correlation 

product ( )yCCYij  is evaluated as ( ) ( ) ( ) ydyCyyCyCC YYijYij ′′+′= 
+∞

∞−
11 , with 

indices (i,j) = (2,1), (1,2) or (2,2). Figure B1-b depicts the cross-correlation functions 
calculated from the horizontal contour functions shown in Figure B1-a. 

7. Similarly, the vertical cross-correlation functions are computed as 

( ) ( ) ( ) zdzCzzCzCC ZZijZij ′′+′= 
+∞

∞−
11 . Figure B1-d shows the cross-correlation 

curves obtained from the vertical contour functions in Figure B1-c. 



8. A threshold factor tCC is applied to the horizontal cross-correlation product ( )yCCYij , 

such that ( ) ( ) CCYijYij tyCCyCC −=  if ( ) CCYij tyCC > , and ( ) 0=yCCYij  

otherwise. A similar operation is performed with the vertical cross-correlation product 

( )zCCZij . A typical value for tCC is 0.2 (see Figures B1-b and B1-d). 

9. The location of the maximal value of the thresholded function ( )yCCYij  is determined 

with the help of a centroiding algorithm and noted yCij. 

10. The same operation is repeated with the thresholded function ( )zCCZij , whose 

maximal value is found at the zCij coordinate. 

11. For (i,j) = (2,1), (1,2) or (2,2), the image ( )PBij  is finally shifted by the quantities 

jCiy−  and jCiz−  along the Y and Z axes respectively. 

 

Appendix C. Computing A and H angles 

Using the notations and coordinate systems defined in section 0, the following computation 
steps are performed. Additional parameters are also employed:  

uS,vS,wS Direction cosines of Sun vector S0 in RF reference frame 
xH,yH,zH Cartesian coordinates of the heliostat centre O in RF reference frame 
xR,yR,zR Cartesian coordinates of target plane centre O’ in RF reference frame 
aN,hN Azimuth and elevation angles of vector N0 in RF reference frame 
uN,vN,wN  Direction cosines of vector N0 in RF reference frame 

1. Knowing the date and acquisition time of measurement, the azimuth and elevation 
angles aS and hS of the Sun vector S0 are firstly computed with the help of a Sun 
position calculator. 

2. The Sun and target vectors S0 and R0 are determined in the RF reference frame as:  
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where ( ) ( ) ( )222
HRHRHR zzyyxxD −+−+−=  is the distance ||OO’|| from 

the heliostat to the nominal target point.  

3. The normal vector to the heliostat N0(uN,vN,wN) is then deduced from the Snell-
Descartes reflection law:  

( ) ( )00000 RSRSN ++= 12
  (C2) 

4. The azimuth and elevation angles of vector N0 are estimated as: 

NNN uva arctan=  and  NN wh arcsin= .  (C3) 

5. The direction cosines of the Sun vector S0 are transferred into the heliostat reference 
frame RH. For an altazimuthal mount, it writes as the following matrix transform: 
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6. The angles A and H are finally derived as: 

( ) ( )HH RSRS uvA arctan=   and  ( )HRSwH arcsin= . (C5) 
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Figure B1: Illustrating the image registration procedure. (a) Contour functions along the Y-
axis. (b) Cross-correlations along the Y-axis. (c) and (d) Same illustrations for registration 
along the Z-axis.  

 



Appendix D. Reverse ray-tracing algorithm 

Detailed steps of the reverse ray-tracing algorithm are described below. Most of employed 
notations are illustrated in Figure 3 and some other ones are the same as in Appendix C. 

1. Assuming a reference spherical heliostat of focal length D, the Cartesian coordinates of 
the vector OP are computed in the heliostat reference frame RH: 
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2. The coordinates of vector OP are transferred into the facility reference frame RF via 
the matrix relationship: 
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with aN and hN the azimuth and elevation angles of vector N0 as defined in Appendix C. 

3. The direction cosines (uP,vP,wP) of a unitary vector N(P) perpendicular to the surface of 
the spherical heliostat at point P are computed in the heliostat reference frame (see 
Figure 3): 

( ) ( )

( )

( )

( )

( ) ( )
( ) ( ) 
















+−∂∂
+−∂∂

′
=

















=
DDrzzzyx

DDryyzyx
d

w

v

u

P
RP

RP

RP

R

H

H

H

H

281,

281,

1
1

22

22PN

 (D3) 

where ∂x(y,z)/∂y and ∂x(y,z)/∂z are the optimization variables employed in section 2.2.8, and: 

( ) ( )( ) ( ) ( )( )222222 281,281,1 DDrzzzyxDDryyzyxdP +−∂∂++−∂∂+=′
. 

4. The direction cosines of vector N(P) are transferred into the facility reference frame 
using the same matrix as in relation D2:  

( ) ( ) ( ) ( ) ( ) ( )

( )

( )

( )

( )

( )

( )































−
−−

=
















== →

H

H

H

F

F

F

HFHF

RP

RP

RP

NN

NNNNN

NNNNN

RP

RP

RP

RRRR

w

v

u

hh

haaha

haaha

w

v

u

P

cos0sin

sinsincoscossin

sincossincoscos

PNPN

. (D4) 

 

The following steps are then carried out for each camera located at the four points M”ij. 

5. The coordinates of the vector O’M”ij are transferred from the reference frame R” 
attached to the target plane (here tilted by 30 degs. around the YF-axis) to the facility 
reference frame RF:  
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6. In the RF reference frame, the unitary vector Rij(P) directed along PM”ij is computed 
as: 
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where (xP, yP, zP) and (xi, yi, zi) are obtained from relations D2 and D5 respectively, (xR, yR, zR) 
and (xH, yH, zH) are the coordinates of points O’ and O as defined in Appendix C, and 

( ) ( ) ( )222
PHijRPHijRPHijRij zzzzyyyyxxxxD −−++−−++−−+= . 

7. The Snell-Descartes reflection law is applied to vectors N(P) and Rij(P) in order to 
calculate a unitary vector Sij(P) retro-reflected towards the Sun disk at point P:  

( ) ( ) ( ) ( ) ( ) ( )( ) ( ) ( ) ( ) ( )FFFFF RRRRR PRPNPRPNPS ijijij −= 2
 (D7) 

8. The direction cosines (uij,vij,wij) of the vector Sij(P) are transferred into the Sun 
reference frame RS via the matrix relation: 
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with aS and hS the azimuth and elevation angles of the Sun vector S0 in the RF reference 
frame. 

9. The εij(P) angle is finally computed as:  

( ) ( ) ( )
22

SS RijRijij wvP +=ε
  (D9) 

 


