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ABSTRACT 

New optical designs strive to achieve extreme performance, and continually 

increase the complexity of prescribed optical shapes, which often require wide dynamic 

range and high resolution. SCOTS, or the Software Configurable Optical Test System, can 

measure a wide range of optical surfaces with high sensitivity using surface slope. This 

dissertation introduces a high resolution version of SCOTS called SPOTS, or the Slope 

measuring Portable Optical Test System. SPOTS improves the metrology of surface 

features on the order of sub-millimeter to decimeter spatial scales and nanometer to 

micrometer level height scales. Currently there is no optical surface metrology instrument 

with the same utility. 

SCOTS uses a computer controlled display (such as an LCD monitor) and camera 

to measure surface slopes over the entire surface of a mirror. SPOTS differs in that an 

additional lens is placed near the surface under test. A small prototype system is discussed 

in general, providing the support for the design of future SPOTS devices. Then the SCOTS 

instrument transfer function is addressed, which defines the way the system filters surface 

heights. Lastly, the calibration and performance of larger SPOTS device is analyzed with 

example measurements of the 8.4-m diameter aspheric Large Synoptic Survey Telescope’s 

(LSST) primary mirror. 

In general optical systems have a transfer function, which filters data. In the case 

of optical imaging systems the instrument transfer function (ITF) follows the modulation 

transfer function (MTF), which causes a reduction of contrast as a function of increasing 
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spatial frequency due to diffraction. In SCOTS, ITF is shown to decrease the measured 

height of surface features as their spatial frequency increases, and thus the SCOTS and 

SPOTS ITF is proportional to their camera system’s MTF. Theory and simulations are 

supported by a SCOTS measurement of a test piece with a set of lithographically written 

sinusoidal surface topographies. In addition, an example of a simple inverse filtering 

technique is provided.  

The success of a small SPOTS proof of concept instrument paved the way for a 

new larger prototype system, which is intended to measure subaperture regions on large 

optical mirrors. On large optics, the prototype SPOTS is light weight and it rests on the 

surface being tested. One advantage of this SPOTS is stability over time in maintaining its 

calibration. Thus the optician can simply place SPOTS on the mirror, perform a simple 

alignment, collect measurement data, then pick the system up and repeat at a new location. 

The entire process takes approximately 5 to 10 minutes, of which 3 minutes is spent 

collecting data. SPOTS’ simplicity of design, light weight, robustness, wide dynamic 

range, and high sensitivity make it a useful tool for optical shop use during the fabrication 

and testing process of large and small optics.  
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1 INTRODUCTION 

1.1 MOTIVATION 

Metrology is the limiting factor in the fabrication of exotic optical surfaces, thus 

the overall goal of this work is towards the advancement of optical surface metrology. 

Exotic meaning any class of non-spherical, or non-flat, or free form surface, which are 

either aspheric, and/or non-axisymmetric, and/or with a non-linear slope. These surfaces 

are notoriously difficult to measure by traditional means due to their non-spherical shape. 

This dissertation will focus on the development of the Slope measuring Portable Optical 

Test System (SPOTS) as a shop metrology tool for measuring free form surfaces with 

nanometer level depth precision. Provided in the first chapter is a brief overview of optical 

surface metrology methods, and introduction to the SPOTS’ parent technology called 

SCOTS, or the Software Configuration Optical Test System. Then SPOTS is introduced 

including: principles of operation, design, measurement uncertainty, and a measurement 

comparison with an interferometer. Next the instrument transfer function is discussed with 

theory, measurements, and recovery. Finally, a demonstration of a large scale SPOTS is 

shown with design, error analysis, performance measurements, and surface measurement 

examples.  

This work was initiated by a requirement to test the Daniel K. Inouye Solar 

Telescope (DKIST, formerly the Advanced Technology Solar Telescope, ATST) primary 

mirror with nanometer level precision over millimeter level lateral resolutions [2]. These 

spatial frequencies are particularly important for DKIST because it is a solar telescope, and 
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high spatial frequency features will cause intolerable stray light. DKIST is a 4 m diameter 

off-axis parabola and falls under the exotic optical surfaces category. In this work we 

consider mid-spatial frequencies to be in the range of 20 cyc/m to 100 cyc/m. These 

frequencies are also important for astronomical telescopes because they cause a broadening 

of the point spread function and thus a loss in image contrast as shown in Fig. 1.  

 

Fig. 1: Range of spatial frequencies and their effect on the point spread function (PSF) 

modified PSF images from [3].  

The goal of SPOTS is to measure these mid-spatial frequencies and higher spatial 

frequencies up to 1000 cyc/m, i.e. objects on the surface that range from 1 mm in size to 

100 mm in size, but with nanometer (10-9 meters) accuracy.  

1.2 METROLOGY METHODS FOR MID-TO-HIGH SPATIAL FREQUENCIES 

The choice of measurement method depends on the desired accuracy of the 

measurement and the surface prescription. For instance, measuring high precision spheres 
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or flats requires extreme surface measurement precision, on the order of sub-nanometer 

level height scales. Conversely, the measurement of a car body for dents would only require 

sub-millimeter level accuracy. Mid spatial frequencies are particularly tough to measure 

because they require three key measurement system properties: wide dynamic range, high 

resolution, and nanometer or even sub-nanometer height resolution.  

Mid-to-high spatial frequencies are important to optical systems because they cause 

a spreading of energy from the central peak of the point spread function. This decreases 

the resolution and decreases the system signal-to-noise ratio. When fabricating large 

optical mirrors these features can be on the order of 10 to 50 nm peak-to-valley, and can 

be detrimental to the performance of the system, especially in the case of solar telescopes.  

Current optical metrology covers low and high spatial frequencies quite well, but 

mid spatial frequencies are more difficult. Low spatial frequency measurements (figure) 

can be obtained with tools such as center of curvature (COC) interferometers, COC 

SCOTS, laser trackers[4], penta prism tests[5], profilometry[6], etc. High spatial frequency 

measurements (finish) can be obtained with micro-finish topographers (MFT) [7], 

microscopic white light interferometers, microdeflectometry devices[8], etc. Figure 

measuring devices typically have limited spatial resolution or dynamic range, while finish 

measuring devices only cover about a ~1 x 1 mm. Furthermore, methods that do cover the 

mid-spatial frequency range (test plates, profilometers, etc.) are often time consuming and 

are limited to line profiles. Therefore, in the world of optical surface metrology, a gap exists 
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between the low and high spatial frequency regime for fast and robust 3D surface 

measurements, as shown in Fig. 1.  

The concept of deflectometry, or slope measurement, dates back to early optical 

tests such as the Foucault knife edge, Ronchi, and Hartmann tests[6,9], and are usually 

used in a qualitative low accuracy measurement, mostly used to get a surface close to being 

measureable by an interferometer. Phase measuring deflectometry essentially digitizes the 

Hartmann test, but with much higher fidelity [9]. This technique has been in development 

at The University of Arizona for some time under the name SCOTS [1]. A typical SCOTS 

measurement is depicted in Fig. 2.  

 

Fig. 2: Hartmann vs SCOTS set up. Light ray path shown by arrow. 
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Fizeau interferometers are excellent for high accuracy measurement, but only for 

measuring a very limited range of surfaces per interferometer configuration. The addition 

of a computer generate hologram (CGH) to an interferometer enables the measurement of 

free forms, but these can become expensive and difficult to align. Additionally, stable 

interferometers are typically heavy and shock sensitive, using them on a large mirror is 

both expensive and cumbersome.   

Let’s take a moment to compare the dynamic range of SCOTS and interferometry 

as it gives us insight as to why we use SCOTS. Slope dynamic range is the range of slopes 

that a single instrument can measure in one configuration. The higher the slope dynamic 

range the more surfaces we can measure with a single system.  

In a Fizeau interferometer, the slope dynamic range is limited by the sampling of 

the interference pattern and can be computed as, 

 
1
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Npix
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     (1) 

where Npix is the number of camera pixels, λ is the interferometers wavelength, and D is 

the diameter of the optic under test. At the Nyquist limit there must be 2 pixels per fringe, 

so if a camera has 500 pixels the interferometer measure a maximum of 250 fringes. 

However, in practice an interferometer would not be used at the Nyquist limit, a good rule 

of thumb is to ensure at least 4 pixels per fringe, but for this example let’s consider a 

Nyquist limited interferometer. In a Fizeau interferometer, this corresponds to 125 waves 

of optical path difference between the test and reference wavefront, which is a surface 
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departure of 6.3 μm. If the surface is 127 mm in diameter, then the surface slope dynamic 

range of the interferometer is 0.1 mrad.   

SCOTS measures slope or the transverse wavefront error by incoherent ray tracing.  

And is limited by the size of the observation screen and can be computed as,  

 &

22
SCOTS Hartmann

m d

P
S

Z
 


 (2) 

where P is the diameter of the screen and Zm2d is the distance from the mirror to the screen. 

A larger screen corresponds to a larger slope dynamic range. For instance if the screen is 

100 mm in diameter and the optic is 500 mm from the screen then the surface slope 

dynamic range is 100 mrad. As we can see this is 1000 times larger than a typical Fizeau.  

An even more impressive number is the measurement dynamic range, defined here 

as the slope dynamic range over the slope sensitivity. In a typical SCOTS the measurement 

range is dependent on the pixel spacing at the screen and the system’s pixel centroiding 

resolution. Typically SCOTS can centroid to a single pixel at the screen to 0.005 pixels, 

and if the area of the screen used spans 1000 pixels then the measurement range is on the 

order of 2⋅105.  

Comparatively a very well calibrated Fizeau interferometer will have something 

like 0.1 nm height resolution. The Fizeau described above has a 0.25 mm pixel spacing on 

the surface under test, so we can approximate the slope resolution as 4x10-7 radians. Using 

this and the 0.1 mrad slope dynamic range gives a measurement dynamic range of 250.  

Limited interferometer dynamic range is illustrated further by Fig. 3, in which the 

interferogram of a 36 m radius of curvature sphere is shown when being measured against 
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a flat. Clearly the interferometer doesn’t have the dynamic range to measure the surface, 

but a SCOTS device does Fig. 4. We can see why deflectometry is an attractive metrology 

technique.  

 

Fig. 3: Interferometric attempt to measure a 203.2 mm diameter, 36 m radius of curvature 

mirror, when comparing to a flat reference surface.  
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Fig. 4: SCOTS device measurement of the same mirror in Fig. 3. 

Sub-Nyquist interferometry [10] also has wide dynamic range and very good 

measurement accuracy and commercial systems are becoming available, but it is as costly 

as other commercial interferometers. Commercially reported precision is on the order of 

sub-nanometers [11], but this can be limited by retrace error depending on calibration.  

Scanning methods, such as laser tracker plus [4], penta prism tests [12], and 

profilometers wide dynamic range but time consuming. Micron level accuracy surface 

height measurements is regularly achieved while nanometer level measurements are 

possible at a higher cost and longer collection time. Mid-to-high spatial frequency 

metrology is possible but it requires longer scan times and expensive encoders and drives. 

These methods are also very expensive both in dollars and time, and typically require a 

custom set up for a given mirror to be tested.  
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Test plate measurements are a class of interferometry that are special in that the test 

plate contacts the surface under test [6]. Test plates are used to measure surfaces that 

closely match their curvature, so their dynamic range is limited. Additionally, spatial 

resolution is difficult to control because it depends directly on the number of observed 

fringes. It is possible to perform fringe counting on test plate images and back out the 

surface, but this is time consuming and there is a large uncertainty in the lateral scales.  

SPOTS covers mid to high spatial frequencies, and achieves high dynamic range 

with slope measurements that are minimally filtered (i.e. SPOTS has a smooth instrument 

transfer function (ITF)), and sub-millimeter spatial sampling of the unit under test (UUT).  

SPOTS drawbacks include limited field of view, and stray light sensitivity. Table 1 

summarizes the tradeoffs for each type of measurement. 
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Table 1: Comparison of general metrology methods. 

Metrology Method Advantages Disadvantages 

Interferometry 

 

 Sub-nanometer level precision 

 Well known behavior 

 Commercially available 

 Stray light insensitive (in the lab) 

 

 Small dynamic range 

 Expensive 

 Difficult to align 

 Heavy 

SCOTS 

 

 Large dynamic range  

 Sub-nanometer to nanometer 

precision 

 Low environmental sensitivity  

 Cost effective components 

 

 For accurate low order 

measurements requires careful 

calibration that can be time 

consuming and costly 

 Stray light sensitive  

Scanning methods: Scanning 

pent prism, profilometry, laser 

tracker plus 

 Wide dynamic range 

 Good for low order surface 

measurements  

 Can measure a variety of 

geometries over a large volume 

 Environmentally sensitive 

 Expensive and time consuming 

 Laser tracker requires a line of sight 

to target  

Sub-Nyquist interferometry  

 Wide dynamic range 

 Nanometer level measurement 

precision 

 Expensive 

 Heavy   

Transverse methods: Hartmann, 

ronchi, knife edge, wire test 

 Fast measurement set up time 

 Intuitive data interpretation 

 Helps to converge towards 

interferometric test 

 High uncertainty sub-millimeter 

surface height 

 Low spatial resolution 

Test plates 

 Inexpensive  

 Can back out estimate of surface 

profile 

 Intuitive to interpret fringes 

 

 50 – 100 nm uncertainty  

 Dangerous to place on surface  

 Cumbersome measurement process 

on large optics 

 Spatial resolution depends on 

number of fringes 

 

SPOTS 

 

 Wide dynamic range 

 Nanometer level surface height 

precision 

 Sub-millimeter spatial resolution 

 Light weight (15lbs) 

 Easy to align 

 

 3 minute data acquisition time 

 Central portion masked (see section 

2) 

 Stray light sensitive 
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1.3 SUBAPERTURE SURFACE MEASUREMENTS 

For the purposes of this discussion only consider testing concave optical mirrors. 

In the case of interferometry and SCOTS the test systems are placed near the center of 

curvature of the mirror under test, as shown in Fig. 5. This configuration is inherently 

limited in spatial resolution by the diameter of the test optic. If the diameter is large then a 

pixel in the measurement system camera maps to a large region on the mirror. 500 pixels 

in the camera over a 4 m surface under test maps to 8 mm on the test optic. Additionally, 

the imaging system PSF at the test optic may make the actual mapping even larger [13]. 

Thus in order to achieve high resolution metrology the field of view must be reduced to 

increase the sampling on the surface. 

 

Fig. 5: Center of curvature optical metrology. 
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In general performing subaperture measurements of large aspheric surfaces 

requires knowledge of the location of the subaperture if one desires to make surface 

prescription measurements. The uncertainty in this position causes uncertainty in the 

measurement of power, astigmatism, coma, and spherical aberration. The sensitivities to 

each aberration are summarized by Anderson and Burge [14] for tool fitment, but are 

equivalent to a subaperture measurement, Table 2 summarizes these sensitivities for conic 

sections.   

Table 2: Positioning sensitivities for measuring surface prescription. K is the conic 

constant, a is the subaperture size, b is the location of the subaperture on the mirror with 

respect to the parent axis, and R is the base radius of the asphere [14]. 

 Power Astigmatism Coma SA 

(a)  Small translation b 
𝐾𝑎2𝑏

𝑅3
𝛥𝑏 

𝐾𝑎2𝑏

𝑅3
𝛥𝑏 

𝐾𝑎3

3𝑅3
𝛥𝑏 0 

(b)  Small rotation  0 
𝐾𝑎2𝑏2

𝑅3
𝛥𝜃 

𝐾𝑎3𝑏

3𝑅3
𝛥𝜃 0 

 

In the measurement process the for large mirrors the subaperture location can be 

located by a laser tracker measurement with loose tolerances of 1 mm in position, and 5 

mrad clocking. This contribution to the uncertainty in the prescription measurement can be 

described by Table 2.  
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(a) (b) (c) 

 

Fig. 6: Local surface shape for measuring large aspheric mirrors. Possible perturbations 

are (b) translation, and (c) rotation of the subaperture.  

  

(a) (b) 

Fig. 7: Variation in uncertainty of measuring low order terms as a function of the 

subaperture size. GMT: R = 36 m, K = -0.99829, b = 4409 mm to 12764 mm, a = 100 

mm to 127 mm.  (a) Δb = 1 mm perturbation in location. (b) Δθ = 5 mrad perturbation in 

rotation.  

From Table 2 there is a linear dependence on all terms for any rotation or translation 

perturbation of the subaperture, and no change in spherical aberration. The power and 

astigmatism both vary as a square of the subaperture size whereas the coma term varies as 

the cube. As an example we used the inside edge of one of the off axis segments of the 
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Giant Magellan Telescope primary mirror (GMT) [15]. The uncertainty in measuring 

aberration was plotted as a function of subaperture size for translations of 1 mm and 

rotations of 5 mrad.  

Looking at this another way with variable positional uncertainty and using a 127 

mm field of view, the uncertainty was plotted in the. Here there is a linear dependence on 

power and astigmatism and constant coma for translations, and a square dependence on 

astigmatism for rotations. As shown in Fig. 8, knowledge of the subaperture in rotation 

will drive the uncertainty in measuring the astigmatism of subaperture regions on large 

mirrors.    

 

  

(a) (b) 

Fig. 8: Uncertainty in measuring the prescription of a mirror with over a subaperture 

diameter. GMT: R = 36 m, K = -0.99829, b = 4409 mm to 12764 mm, a = 127 mm. (a) 

Δb = 1 mm perturbation in location. (b) Δθ = 5 mrad perturbation in rotation. 

As shown, subaperture measurements are needed to achieve mid-spatial frequency 

metrology simply because of magnification. However, subaperture prescription 

measurements on large aspheric mirrors requires fairly accurate position and clocking 
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knowledge. The higher order surface features would typically not be prescribed so 

knowledge of the measurement location and clocking for higher spatial frequencies is not 

important.  

1.4 DISSERTATION OVERVIEW 

This work will show how SCOTS technology has been used to expand the dynamic 

range of optical surface metrology facilitating the design and fabrication of more complex 

optical designs than ever before, and how SPOTS has contributed to the expansion of the 

dynamic range by providing high resolution measurements of difficult to measure surfaces 

using simple and affordable optics. The need for a device like SPOTS was shown in section 

1.2, and here we will explain the technology behind it. Presented in the following chapters 

is an introduction to SCOTS. Building upon that is the introduction of SPOTS, error 

analysis, and sample measurement from a small proof of concept system. Then, as a joint 

work with Tianquan Su the instrument transfer function is discussed and characterized 

theoretically, in simulation, and in measurement. Finally, a larger SPOTS device is 

presented as a standalone system for use in the optics shop. This device is characterized 

and presented with engineering, error analysis, performance analysis, calibration, and 

example measurements of a large telescope primary mirror.  

In chapter 2, SCOTS is presented with an in-depth description of the SCOTS and 

SPOTS data collection and processing methods. Display techniques, phase unwrapping, 

fringe patterns stray light, and display non-linearity are all discussed. The basic flow from 
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a SCOTS set up to measurement to data reduction is also discussed as a basis for the SPOTS 

process. 

In chapter 3, the basic concepts of a proof of concept SPOTS are presented. SPOTS 

differs from SCOTS in that it has an additional lens that makes for a compact and robust 

system with low slope uncertainty. The lens presents several nuances that are defined and 

analyzed. Some of these nuances include ghosting, retrace error, and calibration. The 

SPOTS proof of concept had extremely good agreement with an interferometric 

measurement, which justified the investment in a larger scale system.   

In chapter 4, the SCOTS instrument transfer function (ITF) is discussed. The 

SCOTS ITF is shown to follow the imaging system incoherent modulation transfer function 

(MTF) by comparing a SCOTS measurement to a Veeco interferometric profilometer. A 

method to calibrate the measurements using the information via a Wiener deconvolution is 

provided. This has considerable impact on all SCOTS measurements especially at higher 

spatial frequencies since the MTF falls off and thus the SCOTS measurement reports 

surface heights smaller than they really are.  

In chapter 5, a new SPOTS instrument intended to be used in the optics shop as a 

standalone system is presented and demonstrated in the measurement on the LSST primary 

mirror. The new SPOTS instrument has a 127 mm diameter field of view, 0.18 mm spatial 

resolution, and an achievable 120 nrad slope uncertainty. This work describes the system 

in great detail including design, expected performance, extensive error analysis, measured 

performance, and a demonstration of several measurements. The system is shown to be 
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easily reconfigured by changing the spacing between the auxiliary lens, and the display 

and camera subsystem. In fact, it is shown to be possible to collect data on both the LSST 

M1 and M3 mirrors which have radii of about 19 m and 8.4 m respectively.   
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2 SCOTS: A PHASE MEASURING DEFLECTOMETRY TECHNIQUE 

Deflectometry is all around us. A great example is a shiny new car under a 

fluorescent light bulb (those awful cylindrically shaped ones that are probably in your 

office). It is easy to see the contours of the car body by holding the tube shaped light over 

the car and observing the distortion of the light source as it appears on the surface of the 

car as shown in Fig. 9. Instead of being straight the reflection of the light tube appears to 

bend and stretch, becoming distorted by the shape of the car. This distortion is related to 

the slope of the surface by the law of reflection. Phase measuring deflectometry (PMD) [9] 

uses the same simple concept (i.e. reflected light is distorted by the surface it reflects off 

of), except that PMD is able to quantitatively represent the shape of the surface using 

information such as the 3D position and spatial distribution of the light source. SCOTS is 

a phase measuring deflectometry technique that is especially calibrated to measure mirrors 

with extreme precision [1,2]. SPOTS is a modified version of SCOTS so it is important to 

first start the discussion with SCOTS set ups [16].  

 

Fig. 9: Qualitative deflectometry used to inspect car bodies, shape of car can be seen by 

distortion of straight lights reflected off it [17]. 
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2.1 PRINCIPLES OF OPERATION 

In a center of curvature (COC) SCOTS measurement, we place a computer 

controlled display (such as an LCD) and camera near the COC of the unit under test (UUT) 

[3]. Based on the law of reflection, we can construct a reverse ray model, in which rays 

travel from the camera aperture, reflect off the mirror, and intercept the display creating a 

ray intercept distribution or spot diagram, as shown in Fig. 10. The camera and display are 

placed at the center of curvature of the mirror in order to minimize sensitivity to errors due 

to geometry (such as screen tilt, camera and screen clocking), and to fit the entire spot 

diagram on the display.  

 

Fig. 10: COC deflectometry configuration with arrows indicating reverse ray model, and 

dots on the display representing the ray intercepts (spot diagram). Zl2d is the distance 

from the lens the display. 

The x and y ray intercept positions of the deflected pattern for the reverse ray trace 

can be determined by phase shifting a sinusoidal pattern on the display [1,3]. The mapping 

for each pixel in the camera to the corresponding position on the UUT is calibrated for 
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pointing, scale, distortion, and perspective, with knowledge of the camera aperture, display, 

and UUT positions [3]. This calibrated mapping corrects the slopes, which are then 

converted to surface height, using either a polynomial fit or zonal integration [12]. Then 

we typically fit the surface height (sag) map to Noll Zernike polynomials [13] for surface 

shape analysis. 

2.2 SPOTS: THE SLOPE MEASURING PORTABLE OPTICAL TEST SYSTEM 

In the SCOTS set up shown in Fig. 10, the spatial resolution of the measurement 

for large mirrors is variable and often limited to millimeter and centimeter resolutions, 

which is driven by the UUT’s radius of curvature (ROC: defined as the distance from the 

vertex of the mirror’s parent axis to the mirror’s spherical COC, thus COC is a location 

whereas ROC is a distance). SPOTS achieves high resolution by making the system more 

compact with an auxiliary lens placed near the test surface, such that the spatial resolution 

is driven by the combination of the UUT and auxiliary lens focal lengths, as seen in Fig. 

11. 
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Fig. 11: SPOTS configuration. Zl2d is the distance from the lens to the display, (xRef, yRef) 

and (xUUT, yUUT) are the ray intercept locations of reference and measurement optics 

respectively. Zl2c is the distance from the camera to the auxiliary lens. 

2.3 DATA COLLECTION PIPELINE 

Once SCOTS or SPOTS are set up and ready for data collection the process of 

collecting data is simple, see Fig. 12. First a straight line fringe pattern is generated and 

displayed and then the camera collects images of the reflected phase pattern. The images 

are averaged to reduce imaging noise. This process is repeated for phase shifts such that 

the unwrapped phase can be computed, usually a 4-bucket phase algorithm is used. Then 

the straight fringe pattern is rotated by 90° and the process is repeated. This provides the x 

and y phase needed to compute the x and y slopes for surface integration. 

The exact details have not yet been explained but Fig. 13 summarizes the basic 

process of SCOTS and SPOTS, the process is:  

1. Display fringe patterns and record phase shifted images one by one 

2. Unwrap the wrapped phase 
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3. Convert the phase to position at the display  

4. Convert the position to slope 

5. Integrate the slope to get the surface sag 

 

Fig. 12: SCOTS and SPOTS data collection flow chart. After data collection is complete 

data processing starts. n of N buckets meaning for instance 4 buckets of 4 collected for an 

x direction data set. This picks up at Fig. 26. 

 

Fig. 13: SCOTS and SPOTS data collection and processing overview.  
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2.4 DISPLAY TECHNIQUES 

In SCOTS and SPOTS the first order of business is to obtain the mapping from the 

surface under test to the display plane. There are two main types of display patterns that 

enable us to back out the mapping from the mirror to the display, line scanning and 

modulating sinusoidal patterns.  

In line scanning a single line is scanned across a plane near the camera stop. In 

visible SCOTS the line can be generated on the computer controlled display, see Fig. 14. 

Light from the line reflects off the mirror and into the camera. From the camera’s 

perspective, focused on the surface under test, the mirror appears regionally bright or dark 

as the line moves across the field of view of the surface under test. This change in 

brightness is tracked in time for each camera pixel. The position of the line is synchronized 

with the time axis of the camera pixel brightness, and thus provides the mapping from the 

mirror to the plane of the line scan. This method requires hundreds if not thousands of 

images to generate the entire mapping. However, it is very useful when phase shifting 

(explained next) cannot be used. For instance line scanning can be with a hot wire to 

measure surfaces that are specular in the infrared, e.g. in the measurement of ground glass 

surfaces. This concept is exploited in SLOTS, or the Scanning Long wave Optical Test 

System [18]. 



 

 

 

 

50 

 

Fig. 14: Line scanning concept. 

A less data hungry and faster method is phase shifting sinusoidal patterns on the 

display. The camera now observes the phase relationship between the surface under test 

and the display, i.e. the displayed fringe pattern appears distorted by the shape of the 

surface under test, see Fig. 15. The simplest form of phase shifting the display is by simply 

changing the displayed pattern in software, meaning that there are no moving parts in the 

system. One could provide phase modulation by physically moving the display, but this 

would be cumbersome and complex. In SCOTS and SPOTS we simply change the phase 

pattern in software.  

 

Fig. 15: Phase shifting concept.  
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The fringe patterns are thus a series of straight line fringe patterns can have 

whatever phase difference we desire, so long as the phase shifting algorithm is known. 

Such algorithms can be adopted from phase shifting interferogram analysis [6,19]. SCOTS 

does not suffer from the same types of phase related uncertainties as one might encounter 

in interferometry so there is very little advantage to using one modulation algorithm over 

another. However, increasing the fringe density of the displayed pattern increases our 

sensitivity to slope and thus provides a more accurate measurement of the surface. This is 

discussed further in section 2.6. 

For simplicity and low noise measurements we use four step phase shifting such 

that the resulting data set is a collection of phase images that are phase unwrapped similarly 

to interferometry using the relation, 
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where θ is the wrapped phase at the display reflected by the UUT, and In are the 0° , 90°, 

180°, and 270° phase images. Then, from this phase the ray intercept position x or y at the 

display is computed as,  
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where T is the period of the fringe pattern, and thus the ray intercept positions are simply 

a scaled version of the measured phase.  

In Eq. (3) the atan function only supports phase between -π and π, which means 

that as long as each frame contains no more than one fringe the resulting phase, will 
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inherently lie between -π and π, so no spatial phase unwrapping is needed. However, when 

the there is more than one fringe the phase will have 2π phase jumps. A complicated step 

in the process of converting the collected phase images to a spot diagram is in unwrapping 

the phase due to the -π to π phase ambiguities. A set of phase data might look like Fig. 16. 

 

Fig. 16: (a) Short period fringe (SPF) images. (b) SPF wrapped phase. 

When the fringe pattern images contain more than a single fringe the resulting phase 

will be wrapped, such that any -π ≥ ϕ ≥ π will be reset from -nπ to π and from nπ to –π, 

where n is the incremental phase jump, as shown in Fig. 16. Thus the traditional phase 

unwrapping problem arises; the regions in which the phase jumps occur must be found and 

a determination must be made as to whether to add or subtract a factor of n2π.  

2.5 PHASE UNWRAPPING TECHNIQUES 

Phase unwrapping can be done using either spatial or temporal methods. In spatial 

phase unwrapping the continuum of the surface is used to compare the phase of 

neighboring pixels, i.e. the phase is solved for in the spatial domain of the data [19]. This 

can be sensitive to noise (depending on the phase unwrapping algorithm) since a phase 

unwrapping error in one pixel can affect the solution of the phase of its neighboring pixels.  
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Alternatively the phase can be solved for each pixel as a function of time, and thus 

the phase of one pixel does not affect the phase of another. This is known as the temporal 

phase shifting technique. Since this method uses the time domain to solve for the phase the 

system must be temporally stable, fortunately this is true in both SCOTS and SPOTS 

especially because there are no moving parts. This technique has several advantages over 

spatial phase unwrapping algorithms, such as: (1) it does not require that the surface be 

continuous, (2) it is in many cases much faster than rigorous spatial phase unwrapping 

algorithms, and (3) it can be implemented in any phase measuring deflectometry 

measurement.   

2.5.1 Temporal Phase Unwrapping 

In temporal phase unwrapping, the high density fringe pattern unwrapped phase 

can be predicted from lower density fringe pattern phase data when the period and phase 

shift of both sets of data are known. In SCOTS and SPOTS we know the period and phase 

at the display to the fabrication precision of the display, which is typically on the order of 

sub-microns to nanometers. In temporal phase unwrapping, the predicted phase for the 

short period fringe (SPF) data can be computed from the long period fringe (LPF) data as, 
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where θ’ is the predicted phase, Po/P1 is the period ratio of the LPF and SPF respectively, 

and θo is the inherently unwrapped phase of the LPF. Also, θ’ is directly proportional to 
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the LPF SPF period ratio, e.g. a LPF period of 600 pixels and SPF period of 100 pixels 

leads to a θ’ that is 6 times larger in magnitude than θ.  

Once the data for both the LPF and SPF patterns are collected we can compute the 

unwrapped phase θo and wrapped phase θWSPF using Eq. (3), and the predicted phase using 

Eq. (5). The difference between the predicted unwrapped and wrapped phase is, 

     ' WSPF . (6) 

In Eq. (6), the phase difference will be large when there is a phase jump, and thus 

the regions that require 2π phase jumps can be computed as,  
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round . (7) 

where Θ is now the integer number of 2π required to unwrap the phase, and can simply be 

added to the wrapped phase of the high density fringe pattern. The final unwrapped phase 

θUSPF is therefore, 

   USPF WSPF . (8) 

This phase can only be computed if we control the starting phase of the displayed 

patterns consistently. The LPF and SPF patterns must be carefully controlled since we 

predict the phase from one pattern to another, i.e. the phase for the LPF and SPF patterns 

must originate from a common point on the display, otherwise there will be phase offset 

from one fringe pattern to another, and a correction to Θ would have to be made depending 

on the offset. A simple way to ensure that the phase patterns originate from the same point 

is to changing the starting phase to, 
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0

5 2 / 2M SPF MP P . (9) 

where ϕM is the phase step position for a given phase angle αM, PSPF is the fringe period of 

the high density fringe pattern, and P0 is the fringe period of the pattern used to unwrap the 

phase.  

As an example we can set the periods P0 = 600, and PSPF = 100, and in four step 

phase shifting α = 0, 1/4, 1/2, 3/4. Thus the phase shifts of the P0 pattern are ϕ0 = 0, 150, 

300, 450, corresponding to I01, I02, I03, and I04, shown in Fig. 17. 

 

Fig. 17: Phase used to unwrap higher fringe density wrapped phase patterns. θ0 computed 

by Eq. (3). The intersection of the thick line axis through point (300, 0) marks the 

origination point. 

Now using Eq. (9) to force the high density fringe pattern to originate at the same 

point as the P0 pattern, we get phase steps of ϕSPF = -50, -25, 0, 25, corresponding to I11, 

I12, I13, and I14, shown in Fig. 18. The wrapped phase of this pattern is shown in Fig. 18. 



 

 

 

 

56 

 

Fig. 18: Wrapped higher fringe density phase patterns. θWSPF computed by Eq. (3). The 

intersection of the thick line axis through point (300, 0) marks the origination point. 

Now using Eqs. (5) through (8) we can solve for the unwrapped phase shown in 

Fig. 19. 

 

Fig. 19: Unwrapped higher fringe density phase patterns. θUSPF computed by Eqs. (5) 

through (8). θ’ predicted phase, θWSPF wrapped phase, Θ phase correction, θUSPF 

unwrapped phase. The intersection of the thick line axis through point (300, 0) marks the 

origination point. 

This method is directly applicable in 3D as well since the phase unwrapping is done 

for pixels independently. In the presence of random noise this temporal phase unwrapping 

technique still successfully unwraps the phase. A simulation of a system with 5% random 
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(SNR of 20) noise in the image data is shown in Fig. 26, notice that the phase is still 

successfully unwrapped. This is a conservative number since the display and imaging 

systems in SPOTS and SCOTS typically have imaging SNR values of about 50 to 100 

depending on the camera.  

 

 

 

Fig. 20: 5% Gaussian noise added to each image, SNR of 20. Unwrapped higher fringe 

density phase patterns. θUSPF computed by Eqs. (5) through (8). θ’ predicted phase, θWSPF 

wrapped phase, Θ phase correction, θUSPF unwrapped phase. The intersection of the thick 

line axis through point (300, 0) marks the origination point. 

2.6 FRINGE PATTERNS AND STRAY LIGHT 

In the phase shifting technique the measured phase can have a significant amount 

of error due to stray light, even when there are no other sources present. Stray light from 
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the display itself can be understood if we consider light scattered from some point on the 

screen into a pixel in the camera, as shown in Fig. 21. This is equivalent to having light 

from one point on the screen added to light at another point on the screen described 

mathematically as, 
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             Nominal             Scattered

1 1 1 1
sin sin

2 2 2 2  (10) 

where C is the dc component, is the irradiance from a scattered source, ϕ is the nominal 

phase, and δ is the phase difference between the true pixel position and the scattered source.  

 

Fig. 21: Scattered light from the display. 
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 Now the goal is to determine the phase error due to the scattered source. 

Rearranging terms from Eq. (10), 
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 (11) 

And now we can define the phase error as           sin cos sin . Then we can 

use the identity       a b csin cos sin , where  c a b2 2 2  and  a btan , in 

Eq. (11) to arrive at, 
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 (12) 

We assume that the contribution from the scattering source will be small compared 

to the intensity from the true position pixel. We also assume that the phase error will be a 

small angle allowing us to approximate  tan , and thus the total phase error due to a 

scatter source can be computed as,  

      sin . (13) 

A direct simulation of a 4-bucket measurement confirms that this simple relation holds, 

and that it is insensitive to initial phase. 
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Fig. 22: Simulated phase error due to scattered light from the display. Blue has ε = 1%, 

red 0.25%.  

Any one camera pixel will see a combination of phase errors due to multiple pixels 

contributing to the same phase measurement. For small values of display intensity the 

effect is linear and the net phase shift is expected to be a weighted average of the individual 

contributions. If we have scatter with a probability density of f(), the resulting phase 

shift would be 
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This effect drives SCOTS and SPOTS to use high frequency fringe patterns. 

Assuming a region corresponding to phase variation  is the illuminating a pixel via 

diffuse scattering, the shift in units of radians would be reduced by the fact that the integral 

in Eq. (14) is over a wider range of phases.  Also, for a fixed shift in radians, the shift in 

screen coordinates is reduced as the fringe period is reduced.  
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2.7 FRINGE PATTERNS AND FRINGE PRINT THROUGH 

In SCOTS nonlinearity of the display and imaging system can cause fringe print 

through in the reported surface [20]. A similar effect occurs in interferometry when 

nonlinearity of the camera causes a phase measurement error [21]. The amplitude is 

typically small on the order of 10 nm peak to valley depending on the period of the fringe 

pattern, but the regularity of the fringe pattern in the print through makes it difficult to 

interpret the surface topography. To fix this issue we can average several measurements 

each with a different fringe period. Looking at the difference of any one measurement 

compared to the average of all of the measurements shows the reduction in the fringe print 

through.  

An early measurement example of the SPOTS prototype shows the fringe print 

through very well, as shown in Fig. 24. In this measurement the fringe pattern was changed 

4 times and the surface was computed for each measurement. Then the average of all the 

measurements was computed and each measurement was subtracted from the average. 

What is left is mostly fringe print through of each individual measurement, at a scale of 

about 1.77 nm RMS out of 85 nm RMS. Note that in these measurements the ghost is large 

due to the size of the display pattern used relative to the small diameter of the lens. This 

issue was fixed in later measurements and in the final system by a ghost analysis.  
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Fringe Patterns 

 

Fig. 23: Fringe pattern for the first measurement shown in Fig. 24 that generate fringe 

print thru. Note that we either change the starting phase or fringe density between 

measurements to eliminate the fringe print thru. 

RMS: 85 nm 

 

RMS: 1.78 nm 

 

Fig. 24: Fringe print through in the SPOTS prototype system. The top group of surface 

maps are measurements with 4 different fringe patterns. The bottom group of maps are 

the difference of each map from the average of all the maps, showing the reduction in 

print though. 
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2.8 DISTORTION CORRECTION 

In SCOTS the images collected will be distorted by the perspective and intrinsic 

distortion parameters of the camera. The ray intercept positions will also be distorted, since 

the camera images the mapping from the mirror to the display. Therefore, the reported 

surface slopes will have an error proportional to the distortion in the system. This distortion 

can be corrected using traditional imaging distortion correction methods, commonly used 

in interferometry. In SCOTS we usually place fiducials on the surface under test, collect 

images with the SCOTS camera, and measure their 3D locations with a tool such as a laser 

tracker. The measured locations are co-registered and corrected for scale, rotation, and 

mapping using S and T polynomials [22,23]. S and T polynomials are an orthogonal set of 

vector polynomials derived from Zernike gradients, and are a complete basis set over a 

circular domain. They are extremely useful for distortion calibration since the distortion 

modes follow the forms of these polynomials, and we can apply these to the position data 

(i.e. before integration) since they are gradients of Zernikes. 

2.9 SLOPE INTEGRATION 

Once the phase is unwrapped the surface slopes wx and wy as a function of mirror 

coordinates xm and ym in the x and y directions are approximated for small angles as, 
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where xRef, yRef and xUUT and yUUT  are the ray intercept locations at the screen for the 

reference and unit under test respectively, Zl2d is the distance between the front face of the 

lens and the display, and the factor of 2 converts wavefront slope to surface slope. There 

is no cosine Eq. (15), since the difference between the reference and UUT ray intercept 

positions is very small compared to the distance to the display. A second approximation is 

in the distance between the mirror and the display Zl2d. This approximation is valid for 

small angular separations between the reference ray intercepts and the surface under test 

ray intercepts, this error can be quantified as, 
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where ΔD is the difference between reference and surface under test ray intercept locations 

for a single pixel, e.g. in x this would be ΔDx = xRef - xUUT, and ΔZl2d is the difference in 

distance between the mirror and the display at the center of the mirror and at the edge 

computed as  
2 2

2 2/ 2l d l dZ D Z  , where D is the diameter of the mirror. As an example 

if the Zl2d is 500 mm, D is 100 mm, and ΔD is 10 μm, then the error in the slope estimation 

at this point on the mirror is 0.24 μrad. This is fixed in SPOTS by using, 

       
22 2 2

2 2
0,0, m mm ml d l d

x yZ x y Z  (17) 

where xm and ym are defined by the sampling at the mirror, in SPOTS this does not change 

from measurement to measurement unless the system is reconfigured.  
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 Once the surface slope is computed by Eq. (15), the surface slope is integrated to 

determine the surface sag. We typically use the Southwell integration algorithm [24], 

which uses a least squares method to compute the surface slope of each pixel based on its 

neighboring pixels. This method works very well for continuous surfaces with integrable 

slopes, errors do occur when there is a discontinuity in the surface, seen by the peak in Fig. 

25, more work is needed to solve this known issue.  

Completely Integrable Surface Surface with deep scratch 

  

Fig. 25: Example integrated SCOTS map of a surface with a deep scratch in circled area 

causing an integration error. 

2.10 DATA PROCESSING SUMMARY 

The basics of the SCOTS data processing are summarized in the flow chart in Fig. 

26. Note that here I have included the method for generating a ray trace model reference. 

This method consists of: (1) measuring the 3D location of the SCOTS camera and display 

relative to the mirror, (2) then rays are traced from the camera aperture stop to the display 

with an ideal surface under test, and (3) reference x and y positions are then extracted from 

the model and used in Eq. (15). 
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If a real reference is available the reference ray intercept positions are computed in 

the same way as the surface under test. This is usually the most accurate way to perform 

the measurement since most of the systematic errors are in both the reference and surface 

under test data, and therefor subtract out.  

Load x and y phase data

(image files)

Trim and mask images to the 

size of the test surface

Compute the phase 

modulation

Mask data that is below 

modulation threshold

Unwrap phase 

Section 2.5

Convert phase to position 

Section 2.3

Convert position to slope 

Section 2.9

Integrate slopes

Section 2.9

Surface sag

Repeat for 

reference 

positions

Modeled or real 

ref. positions?

Real

Modeled

Load geometry 

data

Ray trace and 

extract position 

data

Correct distortion in position 

space, Section 2.8

Generate model

Position data complete

 

Fig. 26: SCOTS data processing flow chart with real or modeled reference data. This 

picks up from Fig. 12. SPOTS path is green, some SCOTS measurements follow grey 

path. 
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3 DEVELOPMENT OF A PORTABLE DEFLECTOMETRY SYSTEM FOR 

HIGH SPATIAL RESOLUTION SURFACE MEASUREMENTS 

SPOTS (Slope-measuring Portable Optical Test System) is a new, portable, high 

resolution, phase measuring deflectometry device that achieves mid to high (20 cyc/m to 

1000 cyc/m) spatial frequency optical surface metrology with very little filtering and very 

little noise. Using a proof of concept system, we achieved 1 nm RMS surface accuracy for 

mid to high spatial frequencies, and 300 nrad RMS slope precision. SPOTS offers a turnkey 

solution for measuring errors on a wide variety of optical surfaces including the large 

mirrors fabricated at The University of Arizona. In this work SPOTS principles, 

measurements, error analysis, and design are discussed. First we explain the principles of 

COC deflectometry, and SPOTS deflectometry including measurement modes and 

calibration methods. Next we introduce the instrument transfer function as a performance 

metric. Then we explain how to minimize measurement errors such as retrace. Finally, we 

demonstration an experimental SPOTS with surface measurement results compared to an 

interferometric measurement. 

3.1 SPOTS DESIGN 

In the set up shown in Fig. 10, the spatial resolution of the measurement for large 

mirrors is variable and often limited to millimeter and centimeter resolutions, which is 

driven by the UUT’s radius of curvature (ROC: defined as the distance from the vertex of 

the mirror’s parent axis to the mirror’s spherical COC, thus COC is a location whereas 
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ROC is a distance). SPOTS achieves high resolution by making the system more compact 

with an auxiliary lens placed near the test surface, such that the spatial resolution is driven 

by the combination of the UUT and auxiliary lens focal lengths. 

 

Fig. 27: SPOTS configuration. Zl2d is the distance from the lens to the display, (xRef, 

yRef) and (xUUT, yUUT) are the ray intercept locations of reference and measurement 

optics respectively. Zl2c is the distance from the camera to the auxiliary lens. 

The spatial resolution of the SPOTS camera can be improved by moving the camera 

closer to the surface under test since the diffraction limited spot size at the mirror is, 

     22.44 l c
Z

x
S

 (18) 

where λ is the wavelength of the light emitted from the display, Zl2c is the distance between 

the camera and the lens, and S is SPOTS camera aperture size. Thus by moving the camera 

and display close to the UUT (decreasing Zl2c) high spatial resolution is achieved at the 

cost of increasing slope uncertainty (discussed in section 3.1.3).  

We place the display and camera near the focal point determined by the combined 

focal lengths of the auxiliary lens and UUT because this makes the ray angles nearly normal 

at the UUT. This has several advantages that will be discussed in subsequent sections, in 
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short, making the rays normal at the UUT: minimizes retrace error, increases measurement 

range, improves slope resolution, and facilitates portability. The distance between the 

auxiliary lens and the UUT (see Fig. 27) can be set nominally by, 
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where flens is the focal length of the auxiliary lens, RUUT is the radius of curvature of the 

UUT (±RUUT
  corresponds to concave and convex mirrors respectively), and z’ is the 

adjustment for the principal plane location, which is approximately zero for thin auxiliary 

lenses and nearly zero distance between the lens and the UUT. For nearly flat UUTs, RUUT 

is very large, and subsequently Zl2d ≈ Ftotal = flens.  

If attempting to use SPOTS with a large distance between the UUT and auxiliary 

lens such that z’ is not ≪ Ftotal, one must also consider the loss of data due to vignetting at 

the auxiliary lens. High slope regions on the UUT will cause rays to either miss the 

auxiliary lens after reflection, or pass through the auxiliary lens but miss the display, both 

of which show up as zero modulation in the data. 

3.1.1 SPOTS Measurement Modes 

SPOTS can also be used to measure mirrors with a smaller ROC mirror in a more 

compact way than COC SCOTS. In the nominal configuration, the SPOTS device can 

measure flats and large ROC mirrors. To measure smaller ROC mirrors the end user can 

move the display and camera to obtain normal incidence of the rays at the UUT. For 
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concave mirrors this means moving the camera and display closer to the auxiliary lens as 

depicted in Fig. 28 (c).  

 

Fig. 28: (a) Flat measuring configuration. (b) Measuring mid-range ±ROCs. (c) 

Measuring small concave ROCS. (d) Measuring small convex ROCs. Ftotal is the 

combined mirror and auxiliary lens focal length, ε is the diameter of the spot diagram at 

the display, P is the diameter of the display, D is the diameter of the UUT, and u is the 

half angle from the auxiliary lens and UUT. 

For ≈ Flats and mid ROCs the camera in cases (a) and (b) are identical. Case (b) 

shows a concave UUT set up, where u is the full angle computed as u = D/Ftotal, δz is the 

difference between Zl2d and Ftotal, thus δz = Zl2d - Ftotal. For cases (c) and (d), the camera 

lens and aperture may be changed to obtain the desired spatial resolution using Eq. (18). In 

case (c) camera 2 will have a smaller focal length than camera 1 because θ1 < θ2. Likewise, 

in case (d) camera 3 will have a larger focal length than camera 1.  
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To determine the range of measurable UUT ROCs we must consider the 

geometrical spot diagram diameter from the reverse ray trace at the display ε, which can 

be computed using similar triangles as, 
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 (20) 

where D is the diameter of the measurement field of view, Zl2d is the distance from the lens 

to the display, and Z’ is the distance to the image of the camera aperture computed as, 
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where Zl2c is again the distance from the lens the camera, and we have ignored the off axis 

skew of the spot diagram as well as the thickness of the lens which only cause a small 

change in the spot size. 

The spot size, must not exceed P (the size of the display used), ie. ε ≤ P, otherwise 

the some or all of the surface cannot be measured. For configurations where the distance 

between the mirror and auxiliary lens is small we ignore z’ and combine Eqs. (19) to (21), 

and we set ε = P, to obtain the minimum ROCs that can be measured as, 
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where the ± is the switch for convex and concave mirrors respectively. For example, if in 

a configuration like Fig. 28 (a) to (b), with Zl2c = 110 mm, Zl2d = flens = 100 mm, D = 25 

mm, and P = ε = 10 mm, then the measureable ROCs range from +407 mm to +∞ and −647 

mm to −∞.  
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However, in the case of large to mid ROC UUTs we can make Zl2c = Zl2d = flens, 

which reduces Eq. (22) to,  
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lens
UUT

Df
R

P
 (23) 

where the ± is again the switch for convex and concave mirror ROCs respectively. For 

example if in a configuration like Fig. 28 (a) and (b), Zl2c = Zl2d = flens = 100 mm, D = 25 

mm, and P = ε = 10 mm, then the smallest measureable ROCs are ± 500 mm. 

3.1.2 Measurement Range 

An important aspect of deflectometry is slope measurement range MR, which 

defines the maximum slope the system can measure, and is dependent on the size of the 

camera stop imaged by the UUT and auxiliary lens onto the display.  

Typically, the gap between the UUT and auxiliary lens is very small (< 3 mm) so 

we set Zm2c ≈ Zl2c and Zm2d  ≈ Zl2d. From Fig. 24, geometry can be used to construct a simple 

estimate of the slope measurement range as MR ≈ 0.5P/Zl2d. This estimate can be refined 

by considering the difference in Zl2c and Zl2d, which affects the image of the stop on the 

display to become S’ = S⋅ (Zl2d / Zl2c). For example, if Zl2c = 110 mm, Zl2d = 100 mm, and 

S = 1 mm, then S’ = 0.91 mm. From S’ the measurement range of the system in surface 

slope is calculated as,  
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which assumes that the spot size at the display is isoplanatic. For example, with P = 10 mm 

in Eq. (24) the measurement range is more accurately estimated at 45 mrad.  

 

Fig. 29: S is the camera stop diameter, S’ is the image of the camera stop at the display, P 

is the diameter of the display, MR is the slope measurement range, Zm2c is the distance 

between the mirror and camera aperture (Zm2c ≈ Zl2c), and Zm2d is the distance between 

the mirror and display (Zm2d  ≈ Zl2d). Unfolded system means that the light path through 

the lens, mirror, and lens. 

3.1.3 Slope Resolution 

In SPOTS, slope resolution δα, is important because it tells us how well the system 

will perform as a function of camera aperture diameter S, and spatial resolution δx. This 

relationship is known as the slope uncertainty relation and can be computed[9] as, 

 


  tan x
Q

 (25) 

where λ is the wavelength of light from the display, δx is computed from Eq. (18), and Q 

is the system quality factor governed by the system SNR. Here there is a tradeoff between 

slope resolution and spatial resolution. However, when the system is temporally stable (e.g. 

placing SPOTS on the optic, or floating the optical bench) by averaging N measurements 

we can increase Q, and subsequently decrease δα by a factor of N1/2.  
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Geometrically, the camera aperture diameter and its image will be approximately 

equivalent, S ≈ S’ respectively (see Fig. 30), and if the image of the camera aperture at the 

display is not sampled by the display properly (Fig. 30 (a)) then the slope resolution will 

be diminished because the uncertainty increases in measuring xRef, xUUT, yRef, and yUUT  

(coordinates shown in Fig. 27). Thus the display pixel pitch δd, must be small enough such 

that S’ is sampled high enough to achieve good centroiding for rays intercepting the 

display, as shown in Fig. 30 (b). As a rule of thumb S’ is sampled with at least 50 pixels to 

reduce centroiding uncertainty, i.e. for S’ ≈ S = 1 mm the device should have δd ≥ 20 μm. 

 

Fig. 30: SPOTS slope resolution δα. Factor of 2 due to surface to slope conversion. S is 

the diameter of the camera aperture. S’ is the geometric image of the camera stop at the 

display. δx is the spatial resolution at the mirror. The image of the camera aperture is: (a) 

poorly sampled by the display, (b) adequately sampled by the display. 

3.1.4 Calibrating Slope 

The auxiliary lens introduces systematic effect that only needs to be calibrated once 

for a given SPOTS geometry (position and orientation of the camera aperture, auxiliary 

lens, UUT, and display). High accuracy shape measurements are possible with a calibration 
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that removes low order error due to the system. The goal of calibration is to obtain the 

surface slopes wx and wy, which are a function of the sample points on the UUT (xm, ym), 
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where (xRef, yRef) are the reference ray intercept locations (see Fig. 27), and (xUUT, yUUT) are 

the measurement ray intercept locations, and in each case we know the distance from the 

lens the screen Zl2d. Calibration methods in this paper include: reference subtraction, 

average surface subtraction, parametric calibration, and ray trace calibration. 

Reference subtraction calibrates the auxiliary lens as it sits in the system and gives 

a measurement of the UUT relative to the reference optic, and has been shown to achieve 

sub-nanometer repeatability [25]. In this method the reference can be measured using the 

phase measuring deflectometry process, but only the ray intercept positions are stored as 

xRef and yRef . Then the UUT can be placed at the same location as the reference surface and 

the new ray intercept positions are measured as xUUT and yUUT. This technique requires the 

reference and UUT spot diagrams to be aligned to the same location on the display, 

otherwise the measurement couples with low order alignment error from the auxiliary lens. 

Average surface calibration is useful for measuring subaperture regions of a larger 

mirror because we obtain a UUT measurement that is the deviation from the average 

surface. Instead of measuring a single reference optic, we measure many random reference 
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locations on the large mirror and average the xRef and yRef values. Then the xUUT and yUUT 

data are collected for the desired UUT location so that wx and wy can be computed.  

Parametric calibration allows us to perform an in-situ calibration of the system 

using a reference optic that is tilted, sheared, rotated, and moved in piston several times to 

generate a set of calibration data that models the instrument signature induced by 

misalignment between the reference and UUT [26]. This can also be performed with just 

the measurement optic, but the calibration will be slightly worse than with a very smooth 

reference because the instrument signature will not be completely separable from the 

measurement. Using parametric calibration allows us to use looser alignment tolerances 

and still measure low order surface shapes of the UUT.  

The ray trace calibration method utilizes a model of the system in software such as 

Zemax, and allows the use of any reference surface we can model. In the simple case of 

measuring flats, an ideal flat would be placed in the model. Then Eq. (26) can be used by 

replacing xRef and yRef with the positions computed from the ray trace. However, ray tracing 

requires more measurements (with tight tolerances on positional accuracy) of the system 

geometry than in any of the other calibration techniques because small errors in the model 

can cause substantial error in the measurement. Additionally, the geometry measurements 

can be very time consuming and costly because several additional metrology tools are 

needed to measure each component’s 3D location.  

If low order surface measurements are not desired, higher order surface errors 

(typically above Noll Zernike term 11) can be measured without auxiliary lens calibration. 
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This requires that the auxiliary lens is very smooth relative to the UUT. By skipping the 

calibration we include aberrations from the lens in the measurement of the UUT. However, 

if the auxiliary lens has very little irregularity compared to the UUT, then the UUT 

measurement for higher spatial frequencies will be much higher than the irregularity of the 

lens and thus reasonably close to the actual UUT surface.  

3.2 INSTRUMENT TRANSFER FUNCTION 

New metrology systems are beginning to quote instrument transfer function (ITF) 

as the main system performance metric because it tells us how the device filters data. In 

SPOTS, factors that contribute to the ITF are the camera lens modulation transfer function 

(MTF) and the auxiliary lens size [27].  

3.2.1 ITF Cut-on Frequency 

The cut-on frequency is important for performing subaperture measurements, not 

only in SPOTS, but any subaperture measuring device (without stitching).  The ability to 

measure low frequencies is limited by the size of the measurement field.  Irregularities with 

period smaller than the measured field are well sampled, but sinusoidal irregularities with 

larger periods much longer than diameter of the measurement are poorly sampled, as shown 

in Fig. 31. However, it is possible to recover much of the low frequency using subaperture 

stitching [28], but this requires a complete set of overlapping measurements.  

The transition region is shown in terms of ITF in Fig. 32. We define the ITF for 

sinusoidal irregularities as, 
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Measured RMS

ITF
True RMS

 (27) 

where the measured RMS used is calculated using sinusoidal distributions with varying 

phase and frequency, and calculating the RMS variation over the circular domain after 

removing bias and tilt. For a fixed frequency, the calculated RMS will depend on the phase 

of the sinusoid.     

 

Fig. 31: Surface irregularities with periods longer than the measurement aperture are 

poorly sampled, which is especially true as the bias and tilt from each measurement is 

removed. 

 

Fig. 32: ITF cut-on due to sampling over a circular region with diameter D.  The error 

bars shown correspond to the standard deviation of the variation as the phase is shifted 

through 2π.   
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The error bars in Fig. 32 correspond to the distribution at each frequency from the 

varying phase. A 4% variation in the measurement is expected for structures with period 

equal to the diameter of the measurement field of view. As the spatial frequency increases 

the variation in the measurement decreases to less than 1%. 

3.2.2 ITF Cut-on Frequency 

To complete the ITF curve cut-off frequency we must determine the camera 

imaging performance. In [27], we showed that the ITF cut-off frequency of deflectometry 

systems follows the modulation transfer function (MTF) of the camera system, including 

the stop, CCD sampling, and aberrations. A simple landscape lens design[29] with a shifted 

stop works well in the case of a slow f/# camera lenses. As a rule of thumb, we design the 

camera stop to 70% modulation at our goal cut-off frequency to reject noisy data. For 

example, in an experimental system the cut-off frequency at the UUT (with f/10 camera 

lens) was measured to be approximately 425 cyc/D (with a D of 25 mm), but the 70% mark 

was at 100 cyc/D, as shown in Fig. 33. Thus the experimental system has the ability to 

measure features on the order of 0.25 mm with negligible noise. However, useful data still 

occurs at higher spatial frequencies and can be calibrated with inverse filtering.  
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Fig. 33: MTF measurement of f/10 SPOTS camera. This curve generates the right hand 

side of the final ITF curve. D is the measurement field of view diameter (D = 25 mm) 

(aka auxiliary lens diameter). 

3.2.3 Total ITF 

We can construct the full ITF curve by multiplying the ITF cut-on frequency curve 

in Fig. 34 and the MTF of camera in Fig. 33, as shown in Fig. 62. In the log-space plot, 

mid-spatial frequencies have the flat top behavior over two decades.  

 

Fig. 34: Full ITF curve constructed from low frequency response analysis and MTF curve 

computation for cameras. Here D is the measurement field of view diameter (25 mm in 

the experiment).  
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Fig. 34 has significant implications for the metrology and fabrication community. 

It shows that the SPOTS system has smooth filtering of mid-spatial frequency data, which 

means that inverse filtering to correct data does not amplify as much noise as it would for 

high spatial frequencies.  

3.3 MEASUREMENT ERRORS 

The auxiliary lens causes error in the measurements mainly due to ghosting and 

retrace error. In SPOTS we can minimize both effects with careful consideration of system 

geometry and alignment.  

3.3.1 Reducing Auxiliary Lens Face Ghost Reflections 

One of the most noticeable effects of the auxiliary lens is the ghost reflection caused 

by the specular reflection of the display off of the lens faces, as shown in Fig. 35. This 

creates a “hot spot” in the measurement and must be masked out, we do this in software. 

To maximize the area of useful data we must minimize the area of the ghosts.  

 

Fig. 35: Example image of the lens with a bright and dim ghost from the two surfaces of 

the lens. GW is the width of the ghost of the screen from the two lens faces. 
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The auxiliary lens can be thought of as thin since its thickness will be about 1/10 

its diameter or less. Therefore, we can ignore the glass effect on the ghost width, and 

approximate the expected magnification of the displayed pattern from each lens face as, 
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Z R
 (28) 

where Rl is the radius of curvature of each lens face. From Eq. (28) the ghost width GW, 

can be computed by multiplying by the size of the displayed pattern P’, i.e. GW = M⋅P’, 

where Eq. (32) can be used to determine the required P’ value.  

Using the relationship shown in Eq. (32), we computed the magnification of the 

screen using SPOTS in the flat configuration depicted in Fig. 28. Fig. 36, shows the 

absolute value of the magnification of the display from each auxiliary lens surface as a 

function of its shape factor for a given auxiliary lens focal length and flat UUT.  

 

Fig. 36: Magnification of the screen as seen by the camera on the lens for the screen and 

camera placed at the focal point of the lens. Shape factors of -0.5 give the smallest size 

ghost (shown below magnification curves).  
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As seen in Fig. 36, a shape factor of approximately -0.5 gives the smallest screen 

magnification of about 0.47. For example, if the screen size is 10 mm across then the size 

of the observed ghost will be approximately 4.7 mm (GW = 4.7 mm in Fig. 35). However, 

the ghost size will change with Zl2d, thus to create the smallest ghost size this analysis is 

performed for the desired geometry. Furthermore, we can reduce the size of the ghost by 

reducing the size of the displayed fringe patterns to only illuminate the region (as shown 

in the magnified section of Fig. 27) in which the rays intercept the display by utilizing Eq. 

(20).  

3.3.2 Measurement Error due to Retrace 

Even with calibration, errors can still occur due to retrace through the lens because 

rays at the lens from the reference and UUT are not coincident. This retrace error causes 

an error in the measured surface and can be divided into three types: error due to angular 

misalignment (Fig. 41 (a)), error due to piston (Fig. 41 (b)), and error due to shape 

differences (Fig. 41 (c)).  

The measured surface error ΔS, is computed as the inner product of the transmitted 

wave front slope irregularity through the lens (ΔWavefront in units of nm/mm), and the 

shear (ΔSheark in units of mm) between the reference and measurement modes for each of 

the three cases as, 
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where x and y are the coordinates on the UUT surface and the factor of 0.5 converts from 

wavefront to surface. Note that ΔWavefront can be measured separately from SPOTS.  

For x and y tilts (Fig. 41 (a)) the shear is lateral, which leads to a measurement of 

the lens aberrations dominated by coma and astigmatism. Piston error (Fig. 41 (b)) changes 

the shear both radially and laterally because the light from the lens to the reference is not 

truly collimated and the system is slightly off axis. Shape difference induced retrace error 

(Fig. 41 (c)) occurs when the reference and UUT surface shapes do not match.  

To determine the surface error due to retrace of any particular measurement it is 

best to measure the lens to determine the transmitted wavefront, and then estimate the shear 

using a computer simulation that performs a reverse ray trace of the system starting from 

the camera aperture as a point source, reflecting off the mirror, and ending at the front 

surface of the lens. Then the shear is computed as the difference between the ray positions 

at the front surface of the lens for the reference and UUT. A conservative example is shown 

in Fig. 38 (c), the wavefront irregularity due to the lens was made to be random causing a 

measured wavefront error with no structure. Here we used a 0.025 mm RMS shear from a 

20 μrad pixel tilt misalignment in x and y, a 0.5 mm piston misalignment, a 0.1 mm 

astigmatic shear, and a 5 nm/mm RMS transmitted wavefront, which adds a 0.1 nm RMS 

surface error to the UUT measurements. 
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Fig. 37: Exaggerated measurement errors. Reference shown as solid and UUT shown as 

dashed. Wavy lines illustrate irregularity of the transmitted wavefront through the lens 

ΔWavefront shown as W, which can be measured separately from SPOTS. (a) Error due 

to tilt misalignment of reference and UUT (ΔShear1 shown as S1 lateral shear). (b) Error 

due to piston between reference and UUT (ΔShear2  shown as S2 radial and lateral shear). 

(c) Error due to astigmatic shape difference between UUT and reference (ΔShear3 shown 

as S3 shape shear). 

 

Fig. 38: (a) Sum total of surface error added to measured surface due to misalignment in 

angle and piston, shape difference between UUT and reference, RMS of 0.025 mm. (b) 

Transmitted wavefront slope of lens ΔWavefront, RMS of 5 nm/mm. (c) Total added 

surface error ΔShear. 
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3.4 INTERFEROMETRIC VS. SPOTS MEASUREMENTS 

An experimental SPOTS set up was constructed with a 1 inch diameter 

measurement field of view, as shown in Fig. 39. This SPOTS consisted of the components 

in shown Table 3, and was used to perform measurements of flats and mirrors with large 

to mid ROCs, as illustrated by Fig. 28 (a) and (b).  

 

Fig. 39: SPOTS experimental system. A computer controlled the display, acquired data 

with the camera, and processed the data. Configuration corresponds to Fig. 28 (a). 

Table 3: Experiment components and specifications. 

Component Properties 

Camera aperture diameter, S 1 mm 

Distance: camera aperture to mirror, Zl2c 110 mm 

Distance: lens display, Zl2d 100 mm 

Measurement aperture diameter, D 25 mm 

Auxiliary lens 100 mm EFL, Biconvex 

Micro display diameter, P 10 mm  

 



 

 

 

 

87 

Using the experimental SPOTS we measured a 1” diameter flat uncoated mirror 

(using the reference subtraction method described in section 2.5, with a λ/10 reference flat), 

that was polished with a striped tool using a linear motion such that it created 3 groves 

across the part. To test the accuracy of the SPOTS measurement we also measured the part 

on a Fizeau interferometer, as shown in Fig. 40.  

To obtain repeatability data we took many measurements. We defined a single 

measurement as the average of 4 slopes in x and 4 in y to reduce noise. Each slope 

measurement is the result of a 4 bucket phase shift, so there are 4 images in x for a single 

slope in x and 4 images in y for a single slope in y, thus a single measurement is the result 

of 32 total images captured. 

We repeated this single measurement 10 times (with a 1 mm diameter stop, and 110 

mm distance to the auxiliary lens), which resulted in a slope standard deviation of 95 nrad, 

which indicates a single measurement slope resolution of 300 nrad. 

To obtain an accuracy measurement we compared SPOTS to the interferometer. As 

shown in Fig. 40 the SPOTS measurement has a comparable RMS surface for residual 

surface features. For low order measurements SPOTS is accurate to about 5 nm RMS, 

which was driven by the tilt and piston alignment of the reference and UUT. Mid to high 

spatial frequency information is shown in the maps with Z1 to Z37 removed, here the 

SPOTS data is within 1 nm RMS of the interferometer.  
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Fig. 40: Noll Zernike terms removed shown on far left. Left column: Interferometric 

measurement. Center column: SPOTS measurement with flat reference subtraction 

method. Right Column: line profile at dashed line, comparison between SPOTS and 

interferometer. Dashed line in maps shows location of vertical slice plot. Confirmation of 

the fine linear marks was performed with a rotation test.  

To illustrate the higher order errors Z1 to Z90 were removed. We recognize that 

this may add erroneous data to the interferometric measurement because it samples the part 

with about 120 pixels across the diameter. However, this does show the fine detail of the 
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SPOTS measurement because it samples the part with over 700 pixels across the diameter. 

The high spatial frequency markings seen in the SPOTS measurement were confirmed by 

measuring the UUT at multiple rotation angles. 

3.5 SUMMARY OF THE SMALL SCALE SPOTS PROTOTYPE 

The principles and implications of the SPOTS technique have been introduced 

along with explanations of design, calibration, performance, and measurement error. In a 

simple system built with off the shelf parts we achieved high spatial resolution, low slope 

uncertainty, and low measurement error. Our proof of concept 1 inch diameter aperture 

SPOTS device supported low, mid, and high spatial frequency measurements of the surface 

accurate to within a few nanometers RMS in comparison to the interferometer. Visual 

inspection of surface maps with many Zernike terms removed showed that SPOTS can 

measure very high spatial frequency surface deformations, which was confirmed by 

rotating the UUT and observing the same pattern. It is our expectation that SPOTS devices 

will be used to measure mid-spatial frequency errors of many optical surfaces in the future. 
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4 THE INSTRUMENT TRANSFER FUNCTION OF PHASE MEASURING 

DEFLECTOMETRY SYSTEMS 

3D optical surface measurement instruments such as interferometers and phase 

measuring deflectometry report a filtered version of the surface heights. This filtering is 

defined by the instrument transfer function. In phase measuring deflectometry, diffraction 

is the main cause of degradation to the instrument transfer function. Provided is a 

mathematical model, simulation results, and measurement results showing that the 

instrument transfer function in phase measuring deflectometry is proportional to the 

modulation transfer function of its imaging system. Also, provided is suggested method for 

inverse filtering the filtered data to recover the actual surface heights. This work is a joint 

effort between myself and Tianquan Su. It will be published in an optics journal in the near 

future.  

4.1 CONCEPTS 

SCOTS (Software Configurable Optical Test System) measures the slope of optical 

surfaces, and gets the 3D surface topography by integration [1]. Processed SCOTS surface 

maps report a filtered version of surface heights. This filtering causes a reduction in the 

reported amplitude as spatial frequency increases. If the SCOTS filter is known, then we 

can recover and report a better estimate of the actual surface heights over a wide range of 

spatial frequencies. The measurement noise increases as the spatial frequency increases, so 

the maximum spatial frequency recoverable is limited by the noise in the system.  
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SCOTS uses an in incoherent imaging system. In incoherent imaging systems 

energy from one object point will be imaged as a point spread function (PSF). According 

to the Helmholtz reciprocity theorem [30], the reverse also holds true: the PSF in the object 

space describes the contribution of irradiance that falls on a single image point. We will 

show that in SCOTS, the slope measured by a single detector pixel is a combination of 

slopes from near its conjugate, weighted in the same way as its PSF.  

4.1.1 Imaging System Effect 

With a diffraction limited camera the size of the resolution in radians on the surface 

under test is, 

 


FWHM
D

. (30) 

The size of the spot on the mirror can be large when the object space focal ratio is 

large. Stray light within this PSF causes an error in the mapping from the surface under 

test to the display. In other words stray light causes uncertainty in the measured slope.  

In the simplified case with no other light sources to cause stray light, the noise due 

to imaging contrast is described by the modulation transfer function (MTF) calculated as 

[31],  

           


 
        

  

22
arccos # # 1 #  SCO S W W WTMTF f f f  (31) 

where λ is wavelength, ξ is spatial frequency, f/#W is the working focal ratio in object space 

(i.e. distance divided by camera stop diameter), is the distance from the mirror to the 

display. This means that as the spatial frequency increases the contrast decreases, in other 
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words the imaging noise increases. The cutoff frequency in electrical systems is quoted at 

the 3db point, or 70% modulation. Thus we design our SCOTS and SPOTS cameras to 

operate with a cutoff frequency at the 70% modulation point and the inverse filtering will 

ignore frequencies beyond this cutoff. In SPOTS the cutoff frequency at the 70% 

modulation point is 1000 cyc/m.  

4.1.2 Light Source Effect  

In SCOTS and SPOTS a computer controlled display is used as the light source, a 

third system known as SLOTS (Scanning Long-wave Optical Test System) [18,32], uses a 

hot scanning wire to measure rough optical surfaces. The scanning wire relies on 

centroiding a technique to compute the mapping from the mirror to the scan plane of the 

wire. In SCOTS and SPOTS the source is modulated by phase shifting the displayed 

pattern, but a line can also be scanned across the display to use the centroiding technique. 

In this work we present the theoretical description of the ITF for both cases and show that 

they both follow the camera MTF. However, we present only experimental results from the 

phase shifting method.  

4.2 THEORETICAL DESCRIPTION OF THE ITF 

As described in section 2.4 there are two methods for determining the mapping 

from the mirror to the display: line scanning, and phase shifting. The ITF is addressed for 

both methods, but the conclusion is the same in both cases, that is that the ITF follows the 

MTF. 
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4.2.1 Line Scanning Method 

First consider the simple case of centroiding of a detector pixel A from line scan 

data. For simplicity we assume that a detector pixel A only receives irradiance from its 

conjugate mirror pixel A and the a nearby mirror pixel B in a ratio of a:b, where a + b =1. 

The measured centroid of mirror pixel A(C’A) is, 

 

 










   
 

 
   




 

   

 

'
( )

( )

      =

( ) ( )
     

( ) ( )
     

iBiAii
A

BiAii

i iBiAii i

total

i iBi B B BiAi A A Aii i i i

total total

i iBi BAi A BA total totali i

total total total

aI bI x
C

aI bI

a I x b I x

a b I

a I x C aC I b I x C bC I

I I

a I x C b I x CaC I bC I

I I I I

   

 

     0 0

     

total

BA

BA

aC bC

aC bC

 

(32) 

where, 

𝐶𝐴
′  Measured source centroid for a single pixel 

𝑎 Portion of irradiance from pixel A 

𝑏 Portion of irradiance from the next pixel B 

𝑖 Scan step # 

𝑥𝑖 Source position of each step 

𝐼𝐴𝑖 Irradiance from pixel A in each step 

𝐼𝐵𝑖 Irradiance from the next pixel B in each step 

𝐼𝑡𝑜𝑡𝑎𝑙 Total irradiance from each mirror pixel.  

𝐶𝐴 Ideal source centroid for pixel A 

𝐶𝐵 Ideal source centroid of the next pixel B 
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Eq. (32), shows that the centroids from nearby mirror pixels are weighted in the 

same way as irradiance. Since the centroid is directly related to slope in SCOTS, the slope 

is also weighted the same way. Furthermore, the system impulse response is the same as 

the imaging PSF, and thus the ITF and MTF have the same form. 

4.2.2 Phase Shifting Method 

In phase shifting SCOTS, slope is related to spatial phase on the display. The phase 

is obtained by solving the irradiance using phase shifting algorithm. Due to the PSF of the 

camera, one detector pixel not only detects irradiance from its conjugate mirror pixel, but 

also from neighboring mirror pixels. For simplicity consider the simple case in which 

detector pixel A only receives irradiance from its conjugate mirror pixel A and a 

neighboring pixel B in a ratio of a:b, where  a + b = 1  The irradiance falls on detector 

pixel A is, 
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where p is the period of the displayed fringes on the screen; SA/SB is the real spot position 

of mirror pixel A/B, and ΔS = SA – SB. 
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where   2 2, and ,  and /a sin b cos c sin c a b tan b a             , and by 

substitution,  
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For small b/a, which is true when the detector/mirror pixel size close to the size of the PSF, 

the phase error is, 
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When the fringe period shown on the display is large compared to the size of the PSF at 

the display ΔS/p will be small and thus we can make the approximation,    
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Plugging Eq. (37) into Eq. (33) simplifies the irradiance at the detector to,  
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In SCOTS we convert the measured phase to spot position S’A for a detector pixel A, and 

Eq. (38) shows that this spot position is in fact weighted by the irradiance contributions 

from SA and SB. Furthermore, the system impulse response is the same as the imaging PSF, 

and thus the ITF and MTF follow the same form.  

4.3 SIMULATION OF ITF AND MTF  

We simulated a SCOTS measurement to illustrate the connection between the ITF 

and imaging MTF, see Fig. 41 [27]. A SCOTS test was set up in the simulation to measure 

a 4-in flat mirror that has sinusoidal ripples with certain slope amplitude. Ideal phase 

shifting images seen by camera were generated using a reversed ray-trace model, and then 

degraded into the “blurred images” by convolving with the point spread function (PSF) of 

the camera. Slope maps were calculated from the blurred images.  The ratio of the measured 

slope to the designed value in the sinusoidal flat as a function of surface feature frequency 

is the ITF. 

 



 

 

 

 

97 

Reverse ray tracing Ideal phase images

Imaging PSF generation Blurred phase images Slope maps

 

Fig. 41: The simulation flowchart. Ideal images are generated using reverse ray tracing. 

Blurred images are obtained by convolving the ideal images with the camera PSF. Slope 

map is obtained from the blurred images by phase unwrapping. 

The reversed ray tracing is shown in Fig. 42. The camera and the screen were placed 

1 m away from a 100mm flat mirror. The test surface has a sinusoidal profile with a peak 

to valley slope of + 5E-5 rad. Rays were traced from the center of the camera aperture, 

reflected on the mirror, and finally to the display plane. The display uses a sinusoidal 

pattern so the reverse ray trace results in the ideal images that would be observed by a 

camera with a delta function PSF, and as the display is modulated as are the images, as 

shown in Fig. 43. 

 

Fig. 42: Reverse ray trace model of an ideal SCOTS measurement. Rays are lauched from 

the center of the camera aperture, reflected on the mirror and landed on the screen. The 

test surface has a diameter of 100 mm, and is 1 m away from the camera and screen.  
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Fig. 43: Ideal phase shifted images obtained by reverse ray tracing. 

Since the impulse response of the camera is not actually a delta function the ideal 

images were then convolved with the PSF of a diffraction limited camera to approximate 

“measured images” (Fig. 44). Only diffraction is considered in the example; the PSF in this 

case is the Airy disc.  

   

(a) (b) (c) 

Fig. 44: The convolution of the ideal image (a) with the Point Spread Function (b) gives 

the measured image (c). 

Then the slope map of the test surface (Fig. 45) was calculated from the measured 

images, using the phase shifting algorithm and Equation 3. The amplitude of the slope was 

attenuated compared to the designed value.  
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Fig. 45: Example slope maps of the object for a 2 mm diameter imaging system aperture. 

The scale of the slope map magnitude drops as a function of the spatial frequency due to 

the ITF. 

By varying the frequency of the sinusoidal pattern on the surface and repeating the 

process described above, an ITF curve is generated. Fig. 46 shows that the ITF matches the 

MTF of the camera very well.  

  

Fig. 46: The ITF curve of the SCOTS test matches the MTF of the camera. 

4.4 MEASUREMENTS OF MTF AND ITF 

The ITF and MTF were both tested using a simple SCOTS setup to validate our 

mathematical mode, and simulation results. A sinusoidal height pattern was 

lithographically written onto a glass slide as the surface under test. A full surface map was 

measured on the Veeco NT 9800, in phase shift interferometry scanning mode [33], as 
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shown in Fig. 46. It is assumed that the scanning profilometer was properly calibrated such 

that it provided a unit magnitude ITF, a safe assumption for the scale of this test piece. The 

sinusoidal pattern was prescribed to have periods of 0.5 mm, 1 mm, and 2 mm, all with 

peak-to-valley (PV) of 600 nm, providing both a variation in slope and spatial frequency. 

The Veeco measurement shows a close agreement to the prescription.  

 

Fig. 47: Test piece measured on Veeco NT 9800. Periods from bottom to top of 2 mm, 1 

mm, and 0.5 mm. All PV’s are 600 nm. Note that this data was masked and the low order 

shape was removed with a high pass filter, with a turn on frequency of 0.3 cyc/mm.  

The SCOTS set up depicted in Fig. 48, was used to measure the test piece with the 

same lens, but with aperture sizes of 1 mm, 1.6 mm, and 2 mm. In this measurement the 

global surface shape of the substrate was subtracted from each measurement, since we are 

more concerned with the ITF at higher spatial frequencies.  
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Fig. 48: SCOTS ITF and MTF experimental set up. Everything is fixed except for each 

measurement the desired component is placed into the measurement post.  

In this set up the reference surface was a λ/20 flat, and the edge spread function was 

measured at the blackened knife edge over several averaged line profiles. Each element 

was measured in the measurement post holder and aligned to the same location on the 

screen. The camera aperture was replaced between each set of measurements (2 mm, 1.6 

mm, and 1 mm diameter apertures with a 30 mm focal length lens was used). 

As shown in Fig. 49, the measured surface height and overall surface RMS is 

reduced as the aperture size decreases. 
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2 mm aperture 1.6 mm aperture 1 mm aperture 

   

   

   

Fig. 49: SCOTS measurements of ITF test piece. The 2nd row shows 3 horizontal line 

profiles through each periodic section, at vertical coordinates: 0.625, 1.875, 3.125, 6.25, 

7.8125, 9.375, 10.938, 12.5, and 14.063 [mm]. The bottom row shows the MTF 

measurement results from an edge spread function measurement, the object space f/#’s 

are from left to right 254, 317.5, and 508. 

The 1D power spectral density or PSD, shows the square of amplitude spectrum of 

a signal in frequency space [34], computed in units of nm2 as, 

          
*

2

4
xPSD u S x S x

M
 (39) 
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where the * is the complex conjugate, M is the number of samples, S is the surface height, 

x is the position, ux is spatial frequency, and therefore the peak-to-valley of a particular 

spatial frequency in surface height is 2 ( )xPV PSD u .  

As shown in Fig. 49, Fig. 50, and Fig. 51, the amplitude at each spatial frequency 

decreases proportional to the object space frequency and numerical aperture (NA ≈ 

1/(2*f/#)) for SCOTS data but not for Veeco data.  

 

Fig. 50: The average of the 1D PSD of each of the three patterns’ three line profiles in 

both the SCOTS and Veeco data after removing the quadratic terms. The Veeco scan had 

a 3.6 μm scan resolution, the SCOTS geometric pixel size was 62.5 μm. The peaks show 

the 2, 1, and 0.5 cyc/mm sinusoidal patterns.  
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Fig. 51: Close up of the PSD peaks at the test piece spatial frequencies.  

Table 4: Mean reduction in PSD as a function of f/# and spatial frequency. 

PSD   (nm) 

Frequency (cyc/mm) Veeco SCOTS f/254 SCOTS f/318 SCOTS f/588 

0.5 297.5 265.1 259.7 243.3 

1 301.4 244.6 232.5 197.3 

2 300.8 187.2 160.8 99.0 

 

Using the Veeco data as truth the SCOTS ITF is, 

 

 


SCOTS

SCOTS Height
ITF

Veeco Height
 (40) 

where the values in Table 4 are used as the Veeco Height and SCOTS Height.  

Table 5 and Fig. 52 shows that in fact the ITF does follow the MTF. 
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Table 5: ITF vs. MTF response from measurement data. 

ITF = SCOTS / Veeco 

Frequency 

(cyc/mm) 

MTF 

f/254 

ITF 

f/254 

MTF 

f/318 

ITF 

f/318 

MTF 

f/588 

ITF 

f/588 

0.5 0.91 0.89 0.90 0.87 0.82 0.82 

1 0.82 0.81 0.78 0.77 0.65 0.65 

2 0.64 0.62 0.53 0.53 0.35 0.33 

 

 

Fig. 52: The MTF vs. ITF. ITF measurements at the error bar locations. Error bars show 

the MTF – ITF difference. 

Three line profiles were taken through the Veeco and SCOTS plots. The registration 

between the SCOTS and Veeco line profiles was within ± 0.1 mm, due to the difference in 

spatial resolution of the SCOTS and Veeco measurements. The variance of the line profiles 

was computed in  

Table 5 to and shows less than 1.5% error in the measurement due to bad 

registration.  
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Table 6: Variance reduction in PSD as a function of f/# and spatial frequency. 

Varience in PSD  (nm) for 3 Line Profiles (nm) 

Frequency (cyc/mm) Veeco SCOTS f/254 SCOTS f/318 SCOTS f/588 

0.5 2.50 3.08 3.70 4.48 

1 4.05 2.07 2.76 0.87 

2 3.22 1.45 1.73 0.65 

4.5 INVERSE FILTER 

Inverse filtering is a concept used in signal and image processing to restore some 

of the data lost to filtering [35]. The entire signal can never be fully recovered due to noise 

in the system, but a good portion of it can be. This process is also known as deconvolution. 

The basic idea is that if the transfer function of the system is known then multiplying by 

the inverse of the transfer function in Fourier space can return the original signal, if there 

is no noise. However, noise is always present and can completely dominate the 

deconvolved data if it is not accounted for. Several deconvolution processes exist, but the 

best for recovering the surface height information is the Wiener inverse filter.  

A Weiner inverse filter will simultaneously invert the data with a high pass filter 

and reduce the noise with a low pass filter, which minimizes the overall RMS error of the 

process [36]. The Weiner filter is defined as, 

 

 

 
 

 

 
 
 

 


meas

true

H u v
P u v

S u vH u v
H u v

S u v

2

2

,1
,

,,
,

,

 
(41) 

where H is the system’s filter, i.e. the Fourier transform of the impulse response or PSF, 

and Strue is the true PSD and Smeas is the noisy measured PSD. The ratio Smeas/Strue can be 



 

 

 

 

107 

obtained by repeating two measurements and taking the PSD of the difference. The 

recovery can be made by taking the Fourier transform of the surface map, multiplying by 

the Weiner inverse filter, and then computing the inverse Fourier transform. 

 

 

         1

2 2
' , ( , ) ,D DSag x y Sag x y P u v  (42) 

where the 2D  and  1

2D  are the 2D fast Fourier transform and inverse fast Fourier transform 

respectively.  

Since we have just shown that the measured PSD follows the MTF for SCOTS we 

already have the system filter function. Thus we can use the measured MTF to generate a 

2D PSF and compute H, and compute the noise in the SCOTS measurement using the 

Veeco PSD to calibrate the noise of the SCOTS PSD at each spatial frequency. We 

reconstructed the 2D map of the f/318 map as an example.  

 

Fig. 53: PSF on the object for f/318. 

For this recovery each noise scalar was optimized using the Veeco measurement. 

So the recovery was run 3 times each with the optimum noise scalar. An alternative way to 
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estimate the noise is to use a repeatability measurement and calculate the PSD of the 

difference between back to back measurements. This is an area of future work.  

 

 

Fig. 54: PSD of the recovered line profiles for the f/318 measurements. 

Table 7: Recovery results for f/318 measurements. 

Feq. (cyc/mm) Noise PSD (nm2) Amp. (nm) Veeco (nm) Δ (nm) 

0.5 0.104 92850 304.7 297.5 7.2 

1 0.148 91770 302.9 301.4 1.5 

2 0.066 92060 303.4 300.8 2.6 

 

4.6 ITF SUMMARY 

We have provided theoretical analysis supported by measurement data to show that 

the SCOTS ITF follows the MTF for a diffraction limiting imaging camera, as well as an 

example of how to recover the lost data using a Weiner filter. This can be generalized in a 

future work to correct SCOTS measurements. Additional work can be done in this area to 

determine the optimal PSD of the noise. Tianquan Su will be the first author in the 

publication of these results [37] later this year.  
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5 DEMONSTRATION OF SPOTS MEASUREMENTS OF SUBAPERTURE 

LOCATIONS ON LARGE OPTICS 

The performance of SPOTS: the Slope measuring Portable Optical Test System, is 

demonstrated in the measurement of subaperture regions of large optics, as an example we 

show measurements of the primary mirror of the Large Synoptic Survey Telescope (LSST 

M3). We show that SPOTS has the dynamic range to measure multiple mirrors in the same 

configuration because of its wide dynamic range. The repeatability of the system was 

measured on the mirror to be 1.65 nm RMS. In a rotation test SPOTS was accurate to 11 

nm RMS for low order surface shapes and 3 nm RMS for higher order errors. Here we will 

discuss: (1) introduction and background information, (2) a description of the surface under 

test, (3) the SPOTS design, (4) expected uncertainty in the measurements, (5) the 

calibration procedure, (6) noise in the calibration maps, (7) the repeatability of 

measurements, (8) rotation measurement of the same surface as a measurement of 

systematic error, (9) and three surface measurements. 

5.1 REVIEW 

Mid spatial frequencies on large optics are in the range of 1000 cyc/m to 20 cyc/m, 

and are difficult to measure using traditional non-contact optical metrology tools [6]. The 

difficulty in measuring these frequencies is due to the fact that their spatial size is small 

and their base surface slopes are large, especially near the edge of the optic. This happens 

especially when a mirror is prescribed a large aspheric departure, which is the norm in 
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modern telescope designs [GMT [38], ATST [2], LSST [39,40], TAO [41]]. This can be 

done interferometrically, but the process would require either: test plates [6], stitching [28], 

sub-Nyquist interferometry [42], or additional null optics [6]. Thus mid-spatial frequency 

measurements can be costly and time consuming with interferometry, which is why we 

have developed phase measuring deflectometry techniques.  

In a previous work [16], we described the basic principles and first order properties 

of SPOTS the Slope measuring Portable Optical Test System, which uses a camera, 

computer controlled display, and auxiliary lens to measure optical surfaces. Here we 

outline the design, calibration procedure, performance, and real measurements of the 

SPOTS system for measuring large telescope optics.    

5.1.1 Surface under Test 

In this work we focus on the edge of the LSST primary mirror (aka LSST M1) [40] 

at the Steward Observatory Mirror Lab. The LSST telescope has the unique property that 

the axially symmetric M1 and M3 mirrors are cast on the same substrate. 

The SPOTS measurements are over a 127 mm diameter subaperture region of the 

mirror. The shape of the mirror in this region can be computed using by a coordinate 

transformation [43]. The global shape of the mirror is prescribed as a symmetric aspheric 

mirror, specifications shown in Table 8. 
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Table 8: LSST M1 and M3 specifications [39]. In this paper we focus on measurements 

of the M1 surface. SPOTS can measure either of these surfaces in the same configuration. 

The @ represents the radial position of the measurement. 

 M1 M3 

Mechanical outside diameter 8.4170 m 5.0660 m 

Mechanical inside diameter 5.0660 m 1.0547 m 

Conic constant -1.215 +0.155 

Aspheric 6th order term -1.381 x 10-24 mm-5 4.5 x 10-22 mm-5 

Aspheric 8th order term NA 8.15 x 10-30 mm-7 

Vertex curvature at 22° C 0.050415 m-1   0.119837 m-1   

Tangential (radial) curvature at edge 0.046652 m-1 @ 4.139 m 0.12282 m-1 @ 2.4713 m 

Sagittal (circumferential) curvature at edge 0.047859 m-1 @ 4.139 m 0.12178 m-1 @ 2.4713 m 

Global slope at 2.4713 m 10° 17°  

 

On M1 the curvature is smaller in the tangential (pointing from the vertex towards 

the edge of the mirror) than in the sagittal direction, leading to a large amount of 

astigmatism and coma at the edge of the mirror. As shown in Fig. 55, the ideal zero degree 

astigmatism at the edge of the mirror is aligned along the tangential axis. The ideal shape 

of the M1 mirror at the edge for a 127 mm diameter subaperture is shown in.  

   

Zernike Fit (nm) 

Z 4 28058.25 

Z 5 -0.10 

Z 6 1026.21 

Z 7 8.58 

Z 8 0.00 

Z 9 0.34 

Z10 0.00 

Z11 0.00 
 

Fig. 55: Ideal M1 shape at a radial distance of 4146.8 mm south of the parent vertex of 

the mirror. Standard RMS Zernikes used for fit [44].  
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5.2 SYSTEM DESCRIPTION 

This new large SPOTS device was designed to be placed safely on large optics with 

the intent for future use in the optics shop. Careful handling and operation drove most of 

the external look and feel of the system. The internal optical components were designed 

based on the properties defined in chapter 3.  

5.2.1 Mechanical System 

In working with very expensive large optics every precaution must be taken to 

ensure that the surface is not damaged during testing. We added several safety features to 

SPOTS so that it can be safely placed on the mirror as shown in Fig. 56. SPOTS contacts 

the optic on three Delrin (optic safe plastic) pads. The system is held in place with three 

suction cups attached to the Delrin ring that also functions as a handle and mechanical tip 

prevention. The top has foam rolled around it for further safety and also serves as a stray 

light control, and camera and display protection during handling.  
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Fig. 56: SPOTS on the LSST mirrors. The slope at the edge of M3 is approximately 17°, 

M1 is 10°. Only measurements of M1 are shown in the following sections.  
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Fig. 57: SPOTS mechanical design. 

5.2.2 Optical System 

The SPOTS optical system consists of three main components: camera, display, 

and auxiliary lens shown in the 3D model in Fig. 57. A limiting factor in the performance 

of the system is stray light. Any modulating light seen by the camera will cause a phase 

error in the measurement, see section 2.6. Several steps are taken to minimize the amount 

of stray light in the system, including: (1) draping a cloth over the outside of the system, 

(2) take data with minimal lighting in the lab, (3) lining the structural tube with black felt, 
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(4) the auxiliary lens has an optimized antireflective coating, (5) collecting data with 

multiple fringe frequencies, (6) baffling the internal camera system, (7) designing the 

auxiliary lens to have a minimized hotspot, (8) coating the auxiliary lens with a custom 

anti-reflective coating that matches the spectral output of the display.  

Display 

The SPOTS display provides the fringe pattern that is reflected off the surface under 

test. The choice of the display effects several system properties, including: (1) dynamic 

range (discussed at the end of this section), (2) stray light and system SNR, (3) fringe print 

through due to display nonlinearity.  

Larger displays give larger dynamic range. However the display had to be small 

enough to fit into the mechanical SPOTS package. Dynamic range is discussed further in 

the next section. The summary is that the current display gives SPOTS a dynamic range of 

about 8 mrad on the surface.  

Stray light can be increase if the display pixels are not 100% black when turned off. 

Non-off pixels also lead to a decrease in SNR because the noise floor of the system is 

increased proportional to the darkness of the black pixels. Therefore it is best to have a 

display that is truly off when the intended grey level is 0. 

Stray light also increases as the spectral width of the display increases because light 

scattered off the surface of the auxiliary lens will cause a phase error similar to section 2.7. 

This can be reduced by coating the auxiliary lens with an antireflective coating. Typically, 

anti-reflective coatings perform best over a narrow bandwidth, so the narrower the 
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bandwidth the better. However, we want the display to remain incoherent to avoid coherent 

noise issues such as speckle.  

 

Fig. 58: SPOTS display normalized spectral output.  

Nonlinearity in the display can cause fringe print through in the surface 

measurements [20]. This can be reduced by choosing a display that has very good grey 

level linearity, and can be further reduced by averaging, see section 2.7. The linearity was 

measured as using the SPOTS imaging system, so this is really the linearity of the SPOTS 

imaging system and display. This measurement was performed by ramping up the display 

from grey levels of 0 to 255 while capturing images of the displayed pattern. The intensity 

in the images was measured over a randomly chosen 5 x 5 pixel region. Fig. 59 shows the 

display nonlinearity fit to a line and RMS residual of the fit resulting in a 1.1 RMS grey 

level nonlinearity. 
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Fig. 59: SPOTS display linearity.  

Thus the display should have the following properties: (1) large enough to have a 

reasonable dynamic range, but small enough to fit in the SPOTS mechanical system, (3) 

have very dark or completely off pixels, (4) have a linear irradiance output as a function of 

input bits. In this SPOTS device we chose to use an Emagin micro OLED display because 

it meets all of these criteria, the relevant specifications are shown in Table 9. 

Table 9: SPOTS display properties [45].  

Emagin Micro OLED SVGA 

Format 800 x 600 

Pixel size 15 μm  

Pixel type All green OLED 

Linearity 1.1 bits RMS 

Bit depth 8-bits (0 to 255) 

0 count input pixel off 

FWHM center at 522 nm 74 nm 

 

An additional effect of the green display is that monochromatic CCD sensors 

typically peak in quantum efficiency right around 520 nm [46]. So we are able to get the 
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best imaging SNR possible with this display and a CCD camera. This is discussed in the 

following subsections.  

Auxiliary Lens 

The auxiliary lens makes the system compact. The lens is calibrated using real 

reference surfaces. The lens reduces the angle of reflection off the surface under test to 

near normal incidence so that rays that reflect off the surface at larger angles are captured 

by the lens. Thus the SPOTS lens also enables high dynamic range. 

As shown in [16] the ghost size is minimized when the shape factor of the auxiliary 

lens is 0.47. To achieve this, a custom 150 mm diameter 560 mm focal length lens was 

fabricated with radii of curvature of 1038.73 mm and -341.54 mm. We use 127 mm of the 

150 mm diameter auxiliary lens to avoid error in the measurements due to mounting 

induced stress near the edge of the lens. In all we apply a software mask to the area outside 

the 127 mm diameter measurement area and the central 5 mm x 5 mm ghost. In addition 

the auxiliary lens is coated with a custom dielectric anti-reflective coating to further reduce 

stray light.  
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Fig. 60: Ghost size as a function of lens shape factor. As seen above the ghost is 

minimized with the new lens design. 

Imaging System Sensor 

The SPOTS imaging system CCD will have electronic noise that will drive the 

amount of data required to reduce the electronic noise in the system [47]. Having a large 

amount of electrons and a small amount of electron noise will increase the CCD SNR. A 

higher SNR will decrease the amount of data required to reduce the noise to the system 

noise floor. We desire to operate at the point where the noise begins to level off, beyond 

this point there is not much to be gained by increasing the amount of data to collect, this 

effect is measured and presented later in section 5.4.1. The SPOTS camera has a SONY 

ICX625 CCD sensor [48], specifications shown in Table 10. 

Table 10: SPOTS imaging system sensor properties.  

SONY ICX625 CCD 

Sensor format 2/3” 

Pixel size 3.45 μm 

Quantum Efficiency at 525 nm 58% 

Well depth (no binning) 6168 e- 

Dark Noise  8.73 e- 

 



 

 

 

 

120 

When collecting data the camera settings are set to minimize read noise and avoid 

saturation. As a rule of thumb we use 80% of the well depth to avoid saturation. To 

minimize read noise we set the gain to zero and subtract dark frames. In addition we collect 

dark frames that are subtracted from each frame. Further the camera is run in a 2x2 binning 

mode which increases the pixel size to 6.9 μm, reduces the required integration time, but 

does not increase the well capacity. This leads to an achievable SNR in terms of electrons, 

of 0.8*6168/8.73 = 565. This can be increased further as N1/2 where N is the number of 

averaged frames.  

Imaging System Lens 

We designed a custom imaging lens system from off the shelf parts that achieves 

the ideal imaging condition and performance for SPOTS and SCOTS systems in general.  

In deflectometry, it is highly advantageous to place a physical stop in front of the camera 

lens to ensure the rays pass through a known point [49]. This leads to the landscape lens 

design [29], as seen in Fig. 61.  

 

Fig. 61: Landscape lens design. The MTF is computed at the object to select the correct 

stop diameter. The lens focal length is chosen by first order optics.  
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The 25.4 mm focal length of the imaging lens was driven by the 2/3” CCD format, 

127 mm system field of view, and commercial availability of off the shelf lenses. The stop 

size and stop shift was driven by the instrument transfer function [37], with a design goal 

of 70% modulation at 1000 cyc/m on the surface under test, this included the CCD pixel 

size and spacing effect. Zemax [50] was used to determine the proper stop size of 1.3 mm 

and shift of 8 mm. Table 11, summarizes the optical system properties of SPOTS.  Also, it 

should be mentioned that baffles were added behind the lens in order to reduce stray light 

in the imaging system.  

Table 11: First order properties of the new SPOTS system.  

Parameter Value 

Auxiliary lens clear aperture  127 mm, oversized to 150 mm  

Auxiliary lens focal length 560 mm  

Auxiliary lens coating <2% reflection at 550 nm  

All green pixel micro OLED display pixel size 15 μm pitch, 800 x 600 pixels 

Camera focal length 25.4 mm  

Camera stop size 1.3 mm 

Area used on 2/3” camera sensor 720 x 820 pixels 

 

Instrument Transfer Function 

The instrument transfer function (ITF) causes the system to report lower surface 

heights than actually present, and in a previous paper we showed that the ITF follows the 

MTF of the camera [51]. Additionally, the ITF has a cut-on curve for subaperture 

measurement systems because of tilt ambiguity. Using this methodology the MTF of the 

camera is used to compute the ITF of the system. The current SPOTS system has a field of 

view of 127 mm diameter and the sensitivity is very high for surface features that are on 
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the order of 1 cycle per 100 mm. This combined with ITF cutoff frequency from a 

measurement of the camera MTF gives the full SPOTS non-stitching ITF.  

 

Fig. 62: MTF curve of the SPOTS camera. Include the pixel spacing on the CCD. 

 

Fig. 63: Full ITF curve constructed from low frequency response analysis and MTF curve 

computation for cameras. Here D is the diameter of the measurement field of view (127 

mm in the experiment).  

Dynamic Range 

The dynamic range in SPOTS is computed in slope and is dependent on the size of 

the display and size of the camera stop, and is computed as, 
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where P is the size of the display (9 mm Emagin OLED [45]), S’ is the size of the image 

of the stop of the camera imaged onto the display by the auxiliary lens and surface under 

test (1.3 mm), and Zl2d is the distance from the display to the lens (536 mm). The dynamic 

range in surface slope of SPOTS in the current set up is 8.1 mrad. 

It was mentioned in [16] that SPOTS can accommodate a wider range of surfaces 

by adjusting the distance between the auxiliary lens, and camera and display subassembly. 

This is achieved in SPOTS by changing two bolt in spacers between the camera and display 

as shown in Fig. 64. The length of the spacers are chose by  
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where P is the maximum diameter of the area on the display to use and the ± determines 

the minimum and maximum curvature limits. In SPOTS as a rule of thumb we use a 6.6 

mm diameter P value (e.g. 2/3 of the 10 mm display) to ensure that high slope regions are 

not outside the dynamic range of the measurement. In practice, we use a spacer that spans 

multiple mirrors, as shown by the “Current” line in Fig. 64. This line shows that a single 

spacer configuration can be used to measure LSST M1 and M3 without a configuration 

change.  
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Fig. 64: Paraxial approximation of spacer coverage of curvatures after achieving 

minimum spot size at the vertex curvature of each mirror in the legend. Vertex marked by 

the + symbol.  

Aluminum spacers were used to keep the top end of the system light weight such 

that the center of gravity of the system remains as low as possible. In its nominal 

configuration the center of gravity is 226 mm from the base. In Fig. 64, the height is set at 

the LSST M3 and M1 setting of 536 mm. The current configuration is the line at Shift = 0 

mm. The range of measureable curvatures in this configuration are 0.0449 m-1 to 0.1467 

m-1, the vertex curvature of LSST M1 and M3 are 0.05 m-1 and 0.12 m-1 respectively.  

5.3 MEASUREMENT ERRORS AND CALIBRATION 

SPOTS measures the difference in slope between two surfaces. This information 

can be used to compute the surface sag deviation from one surface to another. It is also 
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possible to determine the difference between the ideal and SPOTS measured surface. This 

section will cover aspects of the measurement process, as shown in Fig. 65. 

Random Surface 

Calibration 

Measurements

Test Surface 

Measurements

Slope space

Raw Slope = UUT - Cal

Integration gives

raw surface sag

Subtract ideal surface and 

ast. cal. from raw surface 

sag

Ideal Surface 

Calculation

Difference Map

Power, Coma, & 

Astigmatism Calibration 

Measurements

 

Fig. 65: SPOTS measurement flow chart on large optics.  

5.3.1 Measurement Location 

In order to determine the departure from the ideal surface, the SPOTS measurement 

location must be accurately measured. This way the ideal surface shape at the measurement 

location can be calculated and subtracted from the SPOTS measurement. The ideal surface 

depends on the measurement location both in clocking and radial position.  

We are primarily concerned with measuring the edge of the mirror since this area 

tends to be difficult to measure in interferometric tests. To achieve an edge measurement 

we use a line overlaid on the SPOTS live video feed to visually align the edge of the mirror 

to the SPOTS camera, as shown in Fig. 66. This places center of the SPOTS measurement 

location a distance of 61.7 mm from the edge of the mirror, and provides a 1.8 mm 

overhang, for the 127 mm SPOTS field of view. For instance on LSST M1 and M3 the 

distance from the measurement location center to the parent axis is 4.1468 m (M1) and 

2.4713 m (M3). 
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Fig. 66: Implementation of alignment to the edge of the mirror. The mirror edge is black 

compared to the illuminated surface under test. 

The camera pixel size imaged onto the mirror is 0.18 mm while the edge traverses 

360 pixels in across the full field of view and the camera distortion is less than 0.35% over 

the full field. We can align the measurement to the edge of the surface to within ±0.36 mm 

in translation and ±1.44 mrad in rotation. The sensitivities to standard RMS Zernike terms 

are summarized in Table 12. 
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Table 12: Standard RMS Zernike coefficient sensitivity of computing the ideal surface 

(using the coordinate transform method) due to uncertainty in the position and clocking 

of SPOTS. 

 M1 Ideal at the edge ± 0.36 mm Δx  ± 1.44 mrad Δθ RSS (nm) 

Z4 28058.25 0.25 0.00 0.25 

Z5 -0.10 0.00 2.94 2.94 

Z6 1026.21 0.16 0.01 0.16 

Z7 8.58 0.00 0.00 0.00 

Z8 0.00 0.00 0.01 0.00 

Z9 0.34 0.00 0.00 0.00 

Z10 0.00 0.00 0.00 0.00 

Z11 0.00 0.00 0.00 0.00 

 

5.3.2 Coordinate System Bias 

The bias of the measurement is the difference between the ideal surface and the 

measured surface, which are in slightly different coordinate systems since the ideal surface 

is sampled with a uniform grid in the x y plane, and SPOTS samples the surface with a 

distorted grid that is the projection of the camera’s CCD plane onto the surface under test. 

We will soon show that relative to the overall surface, the effect of the coordinate system 

bias is small, and so we use these two different coordinate systems to avoid the added 

complexity of measuring and correcting the coordinate system of each SPOTS 

measurement. 

A reverse ray model was used to compute the system bias as a function of the 

difference between the Zernike polynomial coefficients in the measured surface and ideal 

surface. The ideal system has a perfect auxiliary lens and a perfect UUT surface at the edge 

of the LSST M3 mirror. Fig. 67 shows the Zemax model used for this analysis.  
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Fig. 67: Zemax model used for system modeling. 

Table 13: System bias in Standard RMS Zernike polynomials 

Ideal - SPOTS (nm) 

Z4 0.17 

Z5 -0.14 

Z6 2.1 

Z7 1.7 

Z8 -0.01 

Z9 -0.84 

Z10 -0.03 

Z11 -0.01 

Z12 1.48 

> Z13 <0.05 

 

The ideal surface Zernikes were computed by performing the coordinate 

transformation [43] and fitting the surface to standard RMS Zernikes. The result is a bias 

mainly in the astigmatism terms. 

5.3.3 Systematic Effect in Rotation of the Measurement 

Since the display and camera are not collinear and the surface is not axially 

symmetric there is a systematic effect in the rotation of the measurement of the UUT 

surface. This error was simulated in the reverse ray trace model shown in Fig. 67, where 

the UUT was clocked by 0° to 360° in 20° increments. Then the surface was rotated back 



 

 

 

 

129 

to the 0° orientation and subtracted from the ideal surface, and the difference from the ideal 

surface Zernike polynomials is plotted in Fig. 68. The largest variation is in the Z7 coma 

term. The rotation of the surface maps was performed using bilinear interpolation in 

Matlab’s imrotate function [52], the error in this interpolation is less than 0.0017 nm for 

all terms.  

 

Peak-to-valley (nm) 

Z4 0.49 

Z5 0.24 

Z6 0.21 

Z7 3.13 

Z8 1.62 

Z9 1.71 

Z10 1.68 

Z11 0.06 

> Z12 < 0.05 
 

Fig. 68: Rotation test simulation. “Aperture” is measurement location in this plot.  

5.3.4 Anamorphic Sampling 

In all of the computations in SPOTS, the camera is assumed to sample the surface 

with a uniform grid of points. This approximation is good to 0.05% anamorphic sampling 

due to error in the assembly of camera, mostly contributing to astigmatism. That is if the 

camera lens is assembled with a slight tilt of the camera lens, or misalignment of the stop, 

the surface will be sampled with a slightly different magnification in the x direction than it 

is in the y direction. Anamorphic sampling is apparent when the measurement is rotated 

and measurements are compared because the sampling in one orientation is not the same 
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in another. The camera lens assembly was designed using off the shelf components and the 

lens can be tilted in any one direction by 0.1° which causes up to a 0.05% difference in 

magnification between the x and y directions, and subsequently a 10 nm RMS difference 

in the astigmatism between 0° and 90° measurement rotations. However, this effect is small 

given that this amount of astigmatism is about 1% of the total amount of astigmatism in 

the ideal surface. 

 

Fig. 69: Anamorphic sampling effect that changes the measured astigmatism as a 

function of surface under test clocking.  

This effect is not calibrated because the gain in accuracy does not warrant the added 

complexity of performing the distortion calibration because it’s less than 1% error in 

comparison to the LSST M1 astigmatism of 1026 nm RMS. This effect can be corrected 

using a distortion correction pattern placed at the surface under test location. The distortion 

calibration method is outlined in section 2.8 and [22,23].  
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5.3.5 Alignment to the Test Surface 

To minimize retrace error through the system, the UUT and calibration 

measurements’ angular and piston alignment must be consistent. This alignment could be 

done by phase shifting the display and computing the slope in x and y, but this is a very 

slow method since the system can only read out the slope at about 0.1 Hz. A much faster 

alignment is to simply centroid a small spot, thus we illuminate a small region on the 

display so that a small spot is returned by the UUT, see Fig. 71 and Fig. 72. The system is 

then aligned by the centroid of the spot in the camera’s live video feed. We use a 0.15 mm 

x 0.15 mm (10 x 10 pixels) square area at the display to get enough light into the camera.  

 

Fig. 70: Alignment controls on the SPOTS base. 



 

 

 

 

132 

 

Fig. 71: Alignment by centroiding the returned spot from the illumination of a small 

region on the display, which is faster than phase shifting. The camera image is used to 

centroid the returned spot. The goal in the alignment is to adjust the tilt of the mirror 

relative to the system until the Δx and Δy values are less than 1 pixel. 

 

Fig. 72: Implementation of the tip tilt alignment scheme. The spot is aligned to 0.65 

camera pixels in x and 0.37 camera pixels in y. 
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To estimate the quality of the alignment performed by centroiding a small spot we 

computed the centroid of the spot diagram from the phase data. This centroid was computed 

from the central 60 mm diameter area of each map collected during the measurement. This 

way the centroid is weighted by the central portion of the measurement close to the chief 

ray. The alignment quality is then the slope computed by the mean of the centroid of the 

ray intercept positions divided by the distance to the display.  

 

Alignment quality statistics 

 Δθx (mrad) Δθy (mrad) RSS (mrad) 

Mean 0.039 -0.020 0.068 

2σ 0.057 0.119 0.077 
 

Fig. 73: Verification of the small pixel illumination and centroiding method (Fig. 71) 

using the slope data from the measurements. Angular alignment in mirror coordinates of 

18 measurements.  

Based on these measurements of the alignment (shown in Fig. 73), we can align the 

surface to ± 77 μrad (Δθ) in mirror coordinates with 95% confidence. In its current 

configuration the distance from the surface to the display is 536.25 mm ± 1mm. A tape 

measure was used to measure the distance from the display to the surface under test because 

the error due to uncertainty in knowing this distance is small. The piston or distance from 

the auxiliary lens to both the surface under test and calibration surface is held to within ± 

0.1 mm by locking the distance adjustor in place. Table 14 shows the sensitivity of the 
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system to this misalignment error in Zernike terms, the most dominant alignment aberration 

is astigmatism.  

Table 14: Perturbation analysis of SPOTS alignment of measurements in mirror 

coordinates on LSST M1 near the edge of the mirror, after subtraction of a sphere. The Δ 

values are the deviation from the surface measured by SPOTS. 

SPOTS Misalignment (Δθ: 77 μrad, ΔZbase: 0.1 mm, ΔZtube: 1 mm) 

RMS Noll Zernikes Δθx (nm) Δθy (nm) ΔZbase (nm) ΔZtube (nm) RSS (nm) 

Z4 -4.08 -0.07 -0.65 0.39 4.15 

Z5 -0.04 -1.57 0.00 0.00 1.57 

Z6 1.58 -0.05 -0.01 -1.66 2.29 

Z7 2.08 0.00 -0.17 -0.07 2.08 

Z8 0.00 2.05 0.00 0.00 2.05 

Z9 -0.01 0.00 0.00 0.00 0.01 

Z10 0.00 -0.01 0.00 0.00 0.01 

Z11 -0.03 0.00 0.08 0.00 0.08 

> Z12 0.01 0.00 0.00 0.00 0.01 

 

5.3.6 Calibration  

SPOTS must be calibrated to remove systematic errors, especially in the low order 

surface shapes like astigmatism. In this section on mirror calibration and off mirror 

calibration are discussed, both involve 15 to 20 one time calibration measurements. On 

mirror calibration uses the test mirror to calibrate the system. Off mirror calibration uses a 

reference sphere. When the surface under test is aspheric, the off mirror reference sphere 

calibration is simpler, faster, and has lower noise for low order shapes. Unfortunately, in 

the LSST M1 measurements a reference sphere was not available, so the surface itself was 

used for calibration. The on mirror calibration for the aspheric mirror requires an extra 
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rotation calibration, is somewhat complicated, takes more time and has higher noise in the 

low order shapes. 

For LSST M1 the slope of the surface is very steep at the edge, so suction cups 

were used to secure the system to the test surface. Additionally, general operations tend to 

move slower when working on multi-million dollar mirrors. This makes the on mirror 

calibration and measurements take longer to set up. This extra time can affect the rest of 

the schedule of the mirror fabrication process. In the end 16 on mirror calibrations took 

about 2 hours to collect. In comparison the same off mirror calibration was took about 1 

hour to collect. See the following discussion for more details. 

On Mirror Calibration  

For large optics (e.g. about 12 inches in diameter or larger) the calibration can be 

performed in situ by averaging several measurements on the surface. In each calibration 

measurement SPOTS is placed in the vicinity of test location and the measurement is 

clocked and shifted so that each measurement is random and uncorrelated [53]. This allows 

us to subtract, in position space, both the average surface and the auxiliary lens error from 

the measurement.  

Fig. 78 illustrates a randomly down sampled ray intercept position or spot diagram 

at the display for both the calibration and UUT maps. Fig. 78 (b) shows the integration of 

the average slope of the reference measurements, which is representative of the lens and 

surface error combination.  
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(a) Randomized calibration locations (b) Measured calibration surface 

Fig. 74: On surface calibration. The line extending inwards in the circle in (a) indicates 

the top of the images collected by the SPOTS camera. (a) In red, random translation and 

rotation of the subaperture for calibration measurement locations. In green, test surface 

location. (b) Measurement of auxiliary lens surface error that is calibrated from each 

calibration location.  

The quality of the calibration is described statistically using the random ball noise 

estimate [54]. In this estimate, the average of all of the calibration maps is computed and 

then a subset of N maps is selected at random, averaged, and subtracted from the full set 

average. This is repeated for N = 1, 2, 3, … Since the maps are randomly selected it is 

possible to repeat the same map in a single subset average, so we repeat N up to about 14 

out of the 16 maps to avoid misrepresentation of the noise estimate.   

As shown in Fig. 79, the 16 calibration measurements subtract systematic error to 

250 nm RMS, which is not very good. Repeating this process for each fitted Zernike term 

to each of the calibration maps shows that this is due to astigmatism in the system from the 

aspheric shape surface in the calibration measurements. 
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Noise estimate 

with 20 maps (nm) 

Raw data 250 

Z4 15 

Z5 144 

Z6 126 

Z7 2 

Z8 2 

Z9 0 

Z10 0 

Z11 0 

> Z12 0 

Z1 to Z11 230 
 

Fig. 75: Before rotation calibration. The average of all of the calibration measurements 

minus N (Number of maps averaged axis) randomly selected calibration measurements.  

A secondary calibration must be performed to subtract the residual astigmatism and 

coma. This can be done by taking measurements at the same location on the mirror with 

subaperture rotations of 0°, 90°, 180°, and 270°, as shown in Fig. 84 [55]. Due to symmetry 

all 4 measurements calibrate astigmatism while just the 0° and 180° calibrate coma. Really, 

this can be performed for 2Nθ rotations to calibrate the desired aberration.  

The average of the 4 astigmatism calibration maps is fit to standard Zernike 

polynomials which are then subtracted from the surface measurements. Likewise the 

average of the 0° and 180° maps are used to calibrate coma. Also, the power difference 

between the test measurement and rotation calibration measurement can be used to 

determine the roll off of the edge if the rotation calibration is taken near the test location 

since it is a 0θ aberration.  

The rotation calibration should be performed in line with the test measurement 

(shown Fig. 77 (a)), otherwise the rotation of the astigmatism for the calibration and test 
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surface will not match, leaving extra residual astigmatism in the 45° term and poorly 

calibrated astigmatism in the 0° term. The calibration has to be done somewhere below the 

test measurement since the 3 contact points between SPOTS and the mirror do not allow 

for a 90° rotation at the edge, so this is the best estimate of the systematic error in 

astigmatism and coma. Fig. 77 (b) and (c) show an example surface measurement before 

and after the rotation calibration, and Table 15 shows the rotation calibration Zernike 

polynomials that are subtracted from the test surface measurements.  

 

 
  

(a) Rotation calibration locations (b) 1θ calibration (c) 2θ calibration 

Fig. 76: On surface astigmatism calibration. The line extending inwards in the circle in 

(a) indicates the top of the images collected by the SPOTS camera. (a) In blue, 

measurements with 4 rotation angles. In green, test surface location. (b) Measurement of 

auxiliary lens surface error that is calibrated from each measurement. (c) Zernike fit to 

astigmatism calibration map.  
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Table 15: Rotation calibration Zernike polynomials. Nθ indicates the aberration 

symmetry. These are the Zernike values relative to the randomized surface calibration. 

RMS Zernikes (nm) 

Z4 (0θ) -2.37 

Z5 (2θ) 171.89 

Z6 (2θ) -43.64 

Z7 (1θ) 1.89 

Z8 (1θ) -0.51 

Z9 (3θ) 0 

Z10 (3θ) 0 

Z11 (0θ) 1.43 

 

Astigmatism is the dominating rotation calibration aberration which is evident in 

the demonstration shown in Fig. 77. Here the calibration astigmatism term subtraction 

rotates the measured astigmatism to be in the proper orientation relative to the parent axis. 

This is an example LSST M1 measurement, the ideal surface can be seen in Fig. 85, and 

will be subtracted later in section 5.5.1.  

  

(a) Before rotation calibration (b) After rotation calibration 

Fig. 77: Demonstration of the effect of the rotation calibration.  

In a simulation of the measurement error due to a 1° clocking error between the 0° 

and 180°, and 90° and 270° rotation measurements the error in the astigmatism is less than 
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0.01 nm RMS and the error in the coma term is less than 0.05 nm RMS. All other terms 

even more negligible. For 1 mm translation error the error in the calibration is less than 0.1 

nm RMS for all terms.  

Off Mirror Calibration using a Spherical Reference 

Alternatively, a sphere can be used to calibrate the system, and in this case there is 

no need for the astigmatism calibration. In this example the spherical reference had a radius 

of curvature of approximately 8200 mm, so it could not be used to calibrate the LSST M1 

measurements because it had a much smaller radius. Multiple measurements with 

randomized positions and rotations were taken on the 18 diameter mirror, as shown in Fig. 

78 (a). Again, the quality of the calibration is described statistically using the method 

described in [54]. As shown in Fig. 79, the 22 calibration measurements subtract systematic 

error to 4 nm RMS. This calibration took about 1 hour to collect. 

The noise calculation was repeated but for: (1) each Zernike term, (2) the 

combination of Zernike terms greater than Z12, (3) and the combination of Zernike terms 

1 to 11. These values can be found in the table within Fig. 79, most of the noise in the 

system is in the astigmatism terms. 
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(a) Calibration locations (b) Measured calibration surface 

Fig. 78: (a) Random translation and rotation of SPOTS for calibration measurement 

locations. (b) Measurement of auxiliary lens surface error that is calibrated from each 

measurement.  

 

Noise estimate 

with 20 maps (nm) 

Raw data 3.10 

Z4 1.20 

Z5 1.44 

Z6 1.62 

Z7 0.66 

Z8 0.89 

Z9 0.69 

Z10 0.91 

Z11 0.54 

> Z12 0.99 

Z1 to Z11 3.25 
 

Fig. 79: Spherical reference example, cannot be used with M1 data since the radius of 

curvature difference is very large. The average of all of the calibration measurements 

minus N randomly selected calibration measurements. With 14 calibration measurements 

included we achieve a 4 nm RMS noise calibration quality. 

It is recommended to use a spherical reference to calibrate SPOTS since it enables 

the shop to spend less time on the mirror. Additionally, the extra astigmatism calibration 
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is not needed since the spherical reference will have very little astigmatism compared to 

an aspheric mirror. Finally, the reference does not even have to be all that good. The overall 

surface quality for the calibration maps shown in Fig. 79 is on the order of 100 nm RMS 

and yet the calibration noise is about 4 nm RMS for 14 calibration maps. 

5.3.7 Auxiliary Lens Retrace Error 

To estimate the error in the measurement we use the map computed from just the 

calibration slopes shown in Fig. 78 to compute the transmitted wavefront error of the lens. 

Then the gradient in x and y was then taken and summed to generate transmitted wavefront 

error maps with an RMS of 81 nm/mm and 80 nm/mm for the x and y directions, where 

the mm in the denominator is related to the footprint shear at the auxiliary lens between the 

calibration and test optics. This is represented mathematically as, 

 ΔSag(x,y) . ΔWavefro S earnt Δ h 0 5  (45) 

where ΔWavefront is the transmitted wavefront slope of the lens in units of nm/mm, and 

ΔShear is the shear in the lens pupil, computed using a Zemax model. The shear 

computation resulted in less than 0.6 μm RMS, the form of the shear is shown in Fig. 80, 

which leaves 0.253 nm RMS measurement error due to the auxiliary lens. 
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Fig. 80: Auxiliary lens shear between calibration and measurement surfaces randomly 

down sampled, not to scale. 

 

Retrace Error (nm) 

Z1 0.057 

Z2 0.000 

Z3 -0.048 

Z4 0.073 

Z5 0.003 

Z6 -0.216 

Z7 -0.040 

Z8 0.001 

Z9 0.012 

Z10 0.004 

Z11 0.031 

Z12 -0.121 
 

Fig. 81: Transmitted wavefront error in the auxiliary lens.  

5.3.8 Summary of Measurement Uncertainty 

The dominant systematic error in the low order terms is due to not calibrating 

distortion. This mainly introduces astigmatism and coma. Future work can be done to 

improve the distortion calibration if accurate astigmatism measurements are desired. In the 

LSST M1 measurements this level of astigmatism uncertainty is tolerable.  
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Table 16: Measurement uncertainty. All units in nm. 

 

Radial 

location 

Coordinate 

system 
Clocking Alignment 

Calibration 

Residual 

Retrace 

error 

Imaging 

Distortion 

RSS 

(nm) 

Z4 0.39 0.17 0.49 4.15 1.20 0.06 0.07 4.37 

Z5 2.46 -0.14 0.24 1.57 1.44 0.00 1.73 3.70 

Z6 0.30 2.10 0.21 2.29 1.62 -0.05 -9.82 10.43 

Z7 0.00 1.70 3.13 2.08 0.66 0.07 0.00 4.18 

Z8 0.02 -0.01 1.62 2.05 0.89 0.00 0.00 2.76 

Z9 0.00 -0.84 1.71 0.01 0.69 -0.22 0.00 2.04 

Z10 0.01 -0.03 1.68 0.01 0.91 -0.04 0.00 1.91 

Z11 0.00 -0.01 0.06 0.08 0.54 0.00 0.01 0.55 

> Z12 > 0.00  > 1.48 > 0.01 > 0.01 > 1.00 > 0.01 > 0.00 > 1.78 

 

5.4 PERFORMANCE MEASUREMENTS 

In optical surface metrology performance information can be drawn from 

experiments like rotation tests and repeatability measurements. Rotation tests expose 

systematic error, and repeatability measurements expose system noise characteristics. In 

the rotation test, the surface features that do not rotate in the measurement are fixed in the 

system and can sometimes be calibrated. Repeatability measurements are good indicators 

of the system’s random uncertainty, in SCOTS and SPOTS this is governed mostly by stray 

light and electronic noise. Both rotation and repeatability measurements are shown with 

very good results.  

5.4.1 Repeatability  

To determine the repeatability two measurements were taken one after the other. 

The slopes of each measurement are subtracted so the repeatability is the difference 

between the two measurements. Where each measurement is the ensemble of 4 individual 

measurements each with an incremental change in displayed fringe period. In each of the 
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measurements a 4 bucket phase shift algorithm is used. N frames per bucket (Nfb) were 

averaged. In addition, an N dark frames (i.e. display showing 0 grey level) were averaged 

and subtracted from each bucket. The 4 bucket phase data in the x and y directions was 

then converted to x and y slope and averaged.  

The form of this repeatability is due to electronic noise in the camera and display, 

to quantify this effect we performed 6 repeatability measurements each with a difference 

between two back to back measurements for Nfb of 34, 26, 18, 9, 3, and 1. The repeatability 

of each Nfb measurement was then represented as the radially averaged PSD [56]. As shown 

in Fig. 82 the PSD at higher spatial frequencies decreases as Nfb increases. This is expected 

because averaging more frames per bucket averages out the high frequency noise.  

 

Fig. 82: PSD of the repeatability for different N frames per bucket (Nfb). As the line 

moves vertically down the electronic noise is averaged out.  



 

 

 

 

146 

As shown in Fig. 82 averaging more Nfb decreases the high frequency noise. 

However, averaging more frames takes more time. A good tradeoff between time and noise 

is at about the 9 Nfb measurement. The form of the noise is shown in the slope and surface 

maps in Fig. 83.  

  

ΔSurface map 

Zernikes (nm) 

Z4 -1.14 

Z5 -0.27 

Z6 0.16 

Z7 0.43 

Z8 -0.23 

Z9 0.66 

Z10 -0.38 

Z11 0.16 

Z12 – Z37 < 0.40 
 

Fig. 83: Left x slope repeatability, y slope repeatability, and surface repeatability.  

The repeatability surface map is mostly low order, as shown in the standard RMS 

Zernike coefficients shown in Fig. 83. The small spike around 5 o’clock is an integration 

error due to dust on the lens, and is negligible in comparison to the entire measurement 

area. The overall repeatability is negligible compared to the level of the features on the 

LSST mirror. 

5.4.2 Rotation Test 

To check for systematic error the surface was tested in two rotations of the same 

test surface (not LSST M1). The second map was rotated by 79.8° relative to the first map. 

The low order terms (standard Zernikes 1 to 6) were removed from the maps to determine 

the translation and rotation matrices, see Fig. 84. Then the coordinate transformation was 

performed on the second map. The rotated and translated map was then subtracted from 
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the first resulting in an RMS in the difference map of 11.27 nm. The main contributor to 

this difference was astigmatism. The surface residuals after removing the first 11 Zernike 

terms show a 3.4 nm RMS difference. With Z1-Z6 removed the rotation test shows 4.6 nm 

RMS difference, as predicted by the measurement uncertainty in Table 16. Detailed 

Zernike data is provided in Fig. 85 (c). 

  
 

(a) Before software rotation (b) Before software rotation (c) After software rotation 

Fig. 84: Not LSST M1, demonstration surface with high frequency content used to show 

rotation quality. Surface maps used to determine rotation and translation matrices for 

rotation test. (a) The fixed map. (b) The map rotated and translated to match map 1. (c) 

The difference between maps 1 and 2 after map 2 is rotated to match map 1. 9 Nfb used. 

The rotation test shows good agreement with between the measurement and 

analysis data. The 9.52 nm astigmatism error is mostly due to the change in magnification 

between the x and y directions, but there are also contributions due to the uncertainties 

shown in Table 16. However, 10 nm RMS astigmatism of the ideal 1026 nm RMS 

astigmatism is less than 1% contribution to the uncertainty in the measurement, so the 

uncertainty in the astigmatism term is insignificant compared to the local shape of the 

mirror.  



 

 

 

 

148 

 

  

Zernike fit to diff. (nm) 

Z4 1.92 

Z5 -3.11 

Z6 -9.52 

Z7 -1.38 

Z8 0.26 

Z9 0.20 

Z10 -2.80 

Z11 1.12 

≥ Z12 > 1.00 
 

(a) (b) (c) 

Fig. 85: Difference maps with low order surface features remaining. (a) Piston, tip, and 

tilt removed. (b) Piston, tip, tilt, power, and astigmatism removed. (c) Zernike fit to 

difference map. 9 Nfb used. 

5.5 SPOTS MEASUREMENTS OF THE LSST M1 EDGE 

We used SPOTS to measure multiple locations of the LSST M1 mirror’s edge with 

a 1.8 mm overhang. Then the ideal surface shown in Fig. 55 was subtracted from the 

measurements and the power was compensated, see Fig. 65 for a measurement flow chart. 

Approximately 20 mm (outside the prescribed clear aperture) from the edge of the mirror 

is a 40 nm turn down, which is expected and shows that the polishing tool is working all 

the way to the edge. The clear aperture of the mirror starts at approximately 25 mm from 

the mirror’s edge. The measurement locations are shown in Fig. 86.  
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(a) Full LSST M1 Map (b) Zoomed in view of aperture approximate 

measurement locations 

Fig. 86: LSST M1 interferometrically measured surface map. The SPOTS measurement 

locations (shown as circles) are oversized for illustration. The “cores” are marked on the 

back side of the mirror are visible to the naked eye and are convenient for roughly 

locating the measurement area.  

The measurement shown in Fig. 87, verifies the clocking and relative location of 

the measurement at the edge because the astigmatism that dominates this measurement is 

of the correct sign, magnitude, and orientation. All of the subsequent edge measurements 

look very similar to this in terms of raw measured surface shape. The 104 nm of power 

comes from the difference in the calibration power (~ 20 cm from the edge) and the edge 

power. In the maps following this power was removed. 



 

 

 

 

150 

  

Zernikes  

Z4 -104 

Z5 -17 

Z6 1024 

Z7 3.6 

Z8 -1.3 

Z9 -3.94 

Z10 -0.14 

Z11 -1.87 
 

(a) Ideal surface (b) Measured surface (c) 

Fig. 87: (a) Surface measurement at A130 after the rotation calibration, but before 

subtracting the ideal surface shown in Fig. 55. (b) Standard RMS Zernikes of (a). 

5.5.1 SPOTS Measurements of the LSST M1 Outer Edge 

Here the ideal surface shape was subtracted from the measurements. A 20 nm P-V 

benign groove, possibly from a polishing tool, was discovered at the A130 location. At this 

spatial scale the groove does not affect the performance of the mirror.  

  

(a) (b)  

Fig. 88: A130 core, edge of mirror at south end of map. (a) Surface measurement after 

ideal surface subtraction (Fig. 55), and rotation calibration, piston, tilt, and 45° 

astigmatism removed. (b) Line profiles through (a) piston, tip, and tilt, removed.  
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(a) (b) 

Fig. 89: A147, edge of mirror at south end of map. (a) Surface measurement after ideal 

surface subtraction (Fig. 55), and rotation calibration, piston, tilt, and 45° astigmatism 

removed. (b) Line profiles through (a) piston, tip, and tilt, removed. 

  

(a) (b) 

Fig. 90: A163, edge of mirror at south end of map. (a) Surface measurement after ideal 

surface subtraction (Fig. 55), and rotation calibration, piston, tilt, and 45° astigmatism 

removed. (b) Line profiles through (a) piston, tip, and tilt, removed. 
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Fig. 91: Radially averaged PSD of the measurements. 

Table 17: Zernike fit of the large SPOTS measurement data. 

Measured RMS Zernikes (nm) 

 A130 A147 A163 

Z4 2.6 2.5 2.5 

Z5 -9.8 -7.4 -7.6 

Z6 2.7 -5.3 -8.8 

Z7 -0.4 9.5 7.2 

Z8 1.3 -2.2 -1.7 

Z9 -4.5 -9.2 -10.9 

Z10 0.7 -3.1 3.8 

Z11 -2.2 -3.8 -2.3 

< Z12  4.4 6.6 6.7 

 

The data shows high frequency content at the nanometer level, as shown in the line 

profiles and PSD. As shown in the rotation test this data rotates with the surface, so these 

features are real. The surface maps shown indicate that the surface currently departs from 

ideal by about 20 nm RMS maximum at the edge. Also, if the surface and measurement 
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was perfect then the line profiles would be flat. Table 13 shows the Zernike data of the 

measured surface before the ideal surface subtraction. As is shown in the measurements 

and in the Zernike data the current surface departs from ideal by up to 9 nm RMS in 

astigmatism, 10 nm RMS in coma, and 11 nm in trefoil. Higher order terms are less than 7 

nm RMS for all measurements.  

5.6 SUMMARY 

SPOTS has been shown to measure 3D maps of subaperture regions on a large 

optic. The information from these maps can be used to assist the fabrication process in 

determining the shape of the mirror in local regions. SPOTS has very high resolution 

enabling us to monitor high spatial frequency features. The system has been shown to also 

enable the measurement of turned down and rolled off edges. Future uses may include: 

stitching SPOTS measurements to provide a full surface map with higher fidelity than 

SCOTS, but also using SCOTS to add low order surface information to the stitched data, 

using SPOTS to measure smaller optics, using SPOTS on large convex mirrors, using 

SPOTS for alignment of optical systems by utilizing its extreme slope sensitivity. 
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6 CONCLUSION 

SCOTS technology has been used to expand the dynamic range of optical surface 

metrology facilitating the design and fabrication of more complex optical designs than ever 

before. SPOTS has contributed to the expansion of the dynamic range by providing high 

resolution measurements of difficult to measure surfaces using simple and affordable 

optics. In this dissertation a brief overview of the currently available optical metrology 

devices was provided. SCOTS technology explained providing background for SPOTS 

principles of operation. An in depth description of the SPOTS design, error analysis, and 

sample measurement was provided. The instrument transfer function was characterized 

theoretically, in simulation, and in measurement. Finally, a larger SPOTS device for optical 

shop use was presented with engineering, error analysis, performance analysis, calibration, 

and example measurements of a large telescope primary mirror.  

 In the first chapter we discussed various optical metrology technologies and 

identified the need for an instrument like SPOTS. SPOTS has several advantages over 

traditional techniques. It is inexpensive, compact, easy to use, and robust. It also has a wide 

dynamic range, high resolution, and is extremely sensitive to slope. Currently there is no 

optical surface metrology instrument with the same utility.  

An in depth description of the SCOTS and SPOTS data collection and processing 

methods was provided. Several key points about the display was provided including the 

connection between the phase on the screen and phase in the data and how to robustly 

unwrap it with a temporal method. Additionally, introductory work on stray light from the 
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display pattern showed that it is best to perform measurements with high density fringe 

patterns. The measurement error due to display and camera nonlinearity was discussed 

showing that it is best to perform multiple measurements at either different starting phase 

or with variable fringe frequency to remove fringe print through.  

Next the basics of SPOTS was presented. The addition of the auxiliary lens allowed 

us to shrink the size of the system and use a very small display to reduce slope uncertainty. 

However the lens presented several problems that had to be addressed in the development 

of the system. This small scale system was used as a proof of concept for developing the 

design aspects and considerations of a new larger system. The basic concepts of the system 

were well defined, and the issues with the auxiliary lens were worked out including 

geometrical configurations, lens design, ghost analysis, and retrace error analysis. We also 

showed extremely good agreement between SPOTS and an interferometric measurements. 

Also presented was a brief introduction to instrument transfer function (ITF) particularly 

for SPOTS as a subaperture measurement device and its expected filtering of SCOTS and 

SPOTS surface measurements.   

It was shown that the SCOTS ITF follows its imaging system modulation transfer 

function (MTF), and that the ITF can be used to correct the surface heights of future 

SCOTS. This filtering is due to the convolution of the PSF of the imaging system with the 

phase pattern reflected by the mirror. The continuum of PSFs in the real system causes a 

blurring of the phase data proportional to the size of the PSF. We now know that the ITF 

reduces the reported surface heights more and more as the spatial frequency of the surface 
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features increase. The fact that the ITF follows the MTF means that only the camera’s 

imaging system impulse response has to be known in order to correct the data. This can be 

a simple task since most SCOTS measurement cameras are diffraction limited, and the 

MTF measurement is as simple as a measuring the edge spread function. Future work in 

this area may be to determine the best cutoff frequency for inverse filtering.  

Finally a new SPOTS instrument was presented and demonstrated in the 

measurement on the LSST M1 mirror. This work described the system in great detail 

including design, expected performance, extensive error analysis, measured performance, 

and a demonstration of several measurements. This SPOTS instrument was built to be used 

on the DKIST primary mirror, but the system was shown to be easily reconfigured by 

changing the spacing between the auxiliary lens, and the display and camera subsystem. In 

fact, in the LSST configuration it was possible to collect data on both the LSST M1 and 

M3 mirrors which have radii of about 19 m and 8.4 m respectively. The SPOTS 

measurements revealed the benign tool marks left on the LSST M1 mirror around the outer 

edge. The fact that SPOTS can measure such fine detailed structure is truly incredible, and 

it is expected that SPOTS will be used in the optics shop on several future projects! 
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