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Modern optical systems achieve incredible resolution and require more thorough testing. We present a method of
evaluating and displaying the modulation transfer function (MTF) of a lens over its full rectangular field of view.
The method consists of utilizing commercially available MTF test stations to gather data as well as custom soft-
ware to plot the results. Critically, these measurements allow the characterization of misaligned systems with
much higher accuracy than the typical three- or five-field-point MTF measurements yield. Examples are provided

of both well-centered and poorly centered systems.
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1. INTRODUCTION

Optical system testing can be broken into a handful of catego-
ries. The first, camera-based target analysis testing (CTA) [1] is
primarily used for quality control inspection of low-cost and/or
consumer optics. It may be done either with computer measure
or visual inspection of images by an operator. In both cases, it is
extremely fast and suited to serial manufacture. A step above
exists modulation transfer function (MTF) testing [2] and, be-
yond that, interferometric [3] or phase-retrieval [4] based
methods of measuring the wavefront of a system and fitting
it to, e.g., the Zernike polynomials [5] on a term-by-term basis.
Each of these methods may be used in quality control proce-
dures to detect bad or failed optical assemblies. Quality control
testing is the focus of this paper.

Curiously, as the breadth of information gained from testing
increases, generally the number of field points analyzed de-
creases. This is due in no small part to the greater difficulty,
time, and cost associated with increasing the number of mea-
sures for these high-precision methods. While CTA may offer
50 or more measurements across the detector area, MTF mea-
surements are typically taken at only three points (0, 7/10, and
1/1 relative field), and wavefront analysis techniques often
only one.

It is important to recognize that the goal of quality control
testing is to identify misaligned systems and that they will
exhibit asymmetrical behaviors that can be described by nodal
aberration theory (NAT) [6,7]. With this knowledge, it is a bit
of a faux-pas to measure only three field points in MTF testing,
or even just five if a series of measurements from left to right is

made. MTF full-field displays (MTF FFDs) are inspired by the
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full-field display technique developed by Thompson in the
1980s to analyze optical systems without symmetry [8,9].
This technique utilizes the decomposition of a system’s pupil
into components (e.g., Zernike polynomials) as well as 2D
plots displaying the vector behavior in the aberration fields
of a system.

Figure 1 displays an MTF FFD for a lens with tilts and
decenters at the extremes of its tolerances, where larger circles
indicate higher MTF. If the MTF was measured along an axis
from the lower left to the upper right, the lens would likely pass
inspection. If it were measured along an axis from the top left to
the bottom right, it would likely fail.

In the 1940s and 50s, Schade derived the optical transfer
function (OTF), the modulus of which is the MTF. [10-13].
The OTF may be written as

OTF(v,, 1)) = [H (v, v)| exp(ip (v, 1)), U]

where |H| is the MTF, ¢ is the phase transfer function (PTF),
and v, and v, denote the spatial frequency associated with the
x and y spatial dimensions, respectively. Note that while we do
not explicitly write the normalization in our equations, the
MTF is always defined to have a value of 1 and the PTF a value
of 0 at the origin.

It has been shown that the OTF is the Fourier transform of
the point spread function (PSF) [14],

OTF(v, v,) = // " PSF(x, y) exp(2niv,v,y)dedy.  (2)

Because bright point sources are relatively uncommon, the PSF
is often difficult to acquire directly. For this reason, the line
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Fig. 1. MTF FFD generated using the CODE V optical design

code.

spread function (LSF) [15] was derived and used to compute
the PSF from a slit and also shown to yield a 1D slice of the
OTF by related mathematics [16,17]:

OTH%):/hLﬂun@@m%ma. 3)

Note that LSF(x) is acquired from a slit that is oriented along
the y axis. If the input is a step (e.g., a pair of black and white
stripes) instead of a slit, one can measure the edge spread func-
tion (ESF), sometimes also known as the edge response func-
tion. The derivative of the ESF is the LSF:

IM@:%%M) 4)

In the 1960s, it was also found that the ESF can be used to
compute the MTF directly [18-20]. This property alleviates
lighting concerns further still and allows a method mostly ag-
nostic to object scale. It can be beneficial to see these relation-
ships graphically—this is shown in Fig. 2.

These methods have evolved into a technique known as the
slanted-edge method, standardized in ISO 12233 [21], which is
widely used in academia, commercial software such as Imatest
[22], and free open-source software such as MTF Mapper [23].
The pinhole and slit techniques are standardized in ISO 9334
and ISO 9335 [24,25] and discussed in ISO 11421 [26].

It is somewhat the norm for the slanted-edge MTF measure-
ments to be presented on a grid or surface plot. Prior work has
also been done to modify [27] or replace [28] the slanted-edge
method, in which cases contour plots have also been used. It
should be noted that the plots in these papers have axes in the
frequency domain, while the MTF FFD has axes in the spatial
domain. Additionally, Masaoka ez a/. (2014) and Arnison ez .

d
== Abs
ESF dx skl Jorr U MTF

Fig. 2. Block diagram of the mathematical relationships between
various representations of an image. FT represents the Fourier
transform.

(2011) focused their investigation along or near the optical axis
of the lens [27,28].

Full-field measurement techniques have not yet been
applied to MTF measurements made via the slit or pinhole
methods, which are utilized by the MTF benches offered by
commercial vendors. Optical systems are higher resolution than
ever with tight tolerances. If a system is tested to meet speci-
fications at three field points, it may fail elsewhere in the field of
view (FOV). The FFD technique is able to find these systems,
where typical measurements using three or five field points in a
line may miss them.

The ultra-high resolution of today’s optical systems requires
robust metrology. In the consumer space, end users have be-
come sensitive to asymmetric image quality in digital single lens
reflex (DSLR) and mirrorless camera lenses, as well as cell
phone cameras. This is a symptom of optical misalignment,
which for many manufacturers goes undetected at the factory
as a consequence of lesser quality metrology.

In the professional video and cinema market 4K, 6K, and
8K Super35, Full-Frame, or VistaVision cameras with 4 pm or
smaller pixels are becoming increasingly common. These high-
resolution sensors no longer mask the defects of objective lenses
the way 1080p or lower-resolution cameras have in the past.

The majority of the industrial optics landscape has not in-
creased in resolution as rapidly as the consumer market, outside
of specialty areas like satellite imagers. Instead, specifications
have become more extreme in areas like size, driven by the
use of aspheric and freeform optics [29]. Component-level met-
rology has increased in capabilities with tools, such as stitching
interferometers, being developed to handle the testing of these
surfaces [30,31]. System level metrology has been left behind.

It should be noted that there is emerging technology
addressing the need for advanced system-level metrology.
Commercial test platform vendors such as Optikos and
Trioptics have recently released multi-field test stations
[32,33]. These systems are able to identify severe misalignment,
and while the number of field points tested is generally less than
10 and may not address the need to quantify small misalign-
ments, these advances offer the benefit of testing at multiple
field points simultaneously.

2. GATHERING DATA AND PLOTTING

The software accompanying most MTF test stations computes
the MTF by the pinhole or slit method and defaults to plotting
a 1D MTF as a function of spatial frequency with dashed and
solid traces plotted for the tangential and sagittal planes of each
field point. With just three points, these are legible, but when
many field points are measured, they become all but unread-
able. An example of this type of plot is given in Fig. 3 for 21
points equally spaced along each of four slices in the FOV. Raw
numerical data are even more difficult to parse. Many commer-
cial lens manufacturers publish plots of the MTF at select spa-
tial frequencies against image height for their lenses. Some
MTF test stations feature this type of plot out of the box.
Rotational symmetry is implied by these plots, but any mis-
aligned optical assembly has lost that property to some degree.

One method to quantify the MTF across the full FOV is to
measure several slices through the full FOV at different azimuthal
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Fig. 3. Plot of the MTF as a function of spatial frequency for the 81
field points measured. Solid lines tangential, dashed lines sagittal
MTE. A legend is omitted, as 81 entries would be unreasonable.

angles and plot each scan independently. This is also the tech-
nique we use to gather the data for a FED. Figure 4 shows the
layout of these slices in the area of a detector, and Fig. 5 displays
an example of this type of plot for a measure taken across four
slices. The largest issue with this type of display is that the field
dependency of the MTF is difficult to discern. MTF FFDs
solve this issue. Additionally, if many slices are measured, it
takes significant time to digest the plots. MTF FFDs provide
a visualization that can be understood quickly.

By bookkeeping the angle 8, the numerical data can be ex-
pressed as a 3D function of (4, 6,v) where 4 is the image
height, @ is the azimuth in the image plane as noted in Fig. 4,
and v is the spatial frequency. The horizontal and vertical com-
ponents can be extracted with a transformation from polar to
Cartesian coordinates.

Because the data is 3D and a surface or contour plot is 2D,
one variable must be fixed. As we are interested in field-
dependent behavior, we strategically fix the spatial frequency.
Then, four different MTF FFDs may be plotted where each
2D plot corresponds to the MTF in the tangential or sagittal
direction or combines data from multiple axes of the MTF.
One may plot the tangential or sagittal MTFs over the full
FOV, both of which are intuitive and will invite direct com-
parison to MTFs computed by an optical design code (e.g.,
CODE V, Zemax, or OSLO). One may also plot the average
(T&S) of the tangential and sagittal MTFs, which is often
useful to reduce the information to one image. There is also
the difference (T&S), defined as the difference between the
tangential and sagittal MTFs.

Vertical FOV
D

Horizontal FOV

Fig. 4. Each line represents a slice along which the MTF is
measured at several points. The angle 0 is the clocking angle between
rotations. In this example, 8 = 45°.
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If the lens will take pictures for human consumption, low
spatial frequencies should be analyzed in addition to high spa-
tial frequencies. A significant amount of the subjective quality
of an image is determined by the contrast at low to mid spatial
frequencies, as discussed by Granger and Cupery (1972) and
Hultgren (1990) [34,35].

One may use a wide range of software to generate a surface
plot to represent the data. In some packages, the surface may be
interpolated between measured points by a range of different
methods. Linear interpolation is used in the plots shown. The
resulting surface should be encoded in color, and consideration
must then be given to the choice of the colormap. In most ex-
amples, jet has been purposefully used because it significantly
changes tone in nearly 10% increments of the plotted value,
which is in-sync with what is a significant change in the value
of the MTF. While perhaps not well known by name in the
optics community, jet is a colormap that has been the default
in MATLAB and plotting tools for over 20 years and fits these
criteria. The difference (T&S) MTF FFDs udilize a diverging
red-blue colormap centered at 0 due to the significance of both
the magnitude and sign of the departure from zero.

Time, versatility, and cost are important factors that play
into the metrology decisions for an optical system. While
MTF FFDs cannot be generated in the seconds it takes to
do serial testing of a lens model with CTA or the slanted-edge
method (after initial alignment of the camera to the test chart),
they provide higher-quality measurements and do not tie the
test to any one detector and its associated Nyquist limit.
Even with the oversampling implemented by the slanted-edge
method to help extend the Nyquist limit of the camera, uld-
mately the effective Nyquist limit of the camera fundamentally
imposes some limitation. For lenses that feature a common
mechanical interface, for example C mount, higher resolution
cameras will likely be used in the future. Full-field displays are
also derived from data that can be gathered much faster than
interferometric or phase-retrievalbased techniques. They also
do not require specific aids (such as pellicle attenuators used
in interferometry) other than a motorized mount capable of
rotation holding the lens under test, which is an accessory
already commonly featured on commercial MTF benches.

With 21 measurements each in four slices, measurement
times utilizing a commercial test station range from approxi-
mately 15 min for a wide-angle model to 4 min for a telephoto
model. This may be compared to the hours, if not days, nec-
essary to make several off-axis interferometric measurements.

3. RESULTS

Figure 5 shows the MTF as a function of field for four slices and
the same lens as Fig. 3. Commercial lens manufacturers typi-
cally provide these plots with the x axis ranging from 0 to the
maximum image height for the image format. Our plot shows
the full symmetric scan through the FOV that is made. These
manufacturer-provided charts have implicit rotational sym-
metry, but this is rarely the case for an assembled lens.
Figure 6 shows the MTF FFD:s for the same lens as Fig. 5;
they are highly asymmetric, and the field dependence of the
MTF is easy to grasp. We wish to emphasize that this lens
should be rotationally symmetric, but after it is assembled,
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is not well aligned, but this type of behavior is (surprisingly) extremely common.
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the alignment errors create substantial asymmetry in its perfor-
mance. Figure 7 is the same as Fig. 6, but for a well-centered
lens of the same model as tested in Fig. 6. It has been the
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assumption for decades of slit- or pinhole-based MTF testing
that all tested lenses behave this way. In applying our method to
over 2000 individual commercial lenses with prices ranging
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(a) and (b) Nominal rotation of the lens under test, (c) and (d) after 90° rotation. The rotation is performed to measure the MTF for

various azimuths of the lens under test. This spot or PSF was taken to lic on the optical axis of the lens, and the coma results from misalignment.
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from $125 to $42,750, we have found that less than 10% of
lenses have this quality.

Figure 8 shows the PSF and MTF for a nominally symmet-
ric 50 mm {/2 lens with 1 wave 0-to-peak of Seidel coma ob-
served for a point on axis and generated by misalignment at two
azimuths of the lens under test. Note that in our instrument,
the slit can be placed at any location within the full FOV of the
lens by a combination of a rotation of the object generator
assembly and an azimuthal rotation of the lens under test.
With this convention, the tangential and sagittal axes associated
with a point in the field are always referenced to the x and y axes
of the image plane. As a consequence, any asymmetric aberra-
tion, coma being the most prominent, will yield tangential and
sagittal MTFs that depend on the azimuth of the lens, as
exemplified in Fig. 8.

4. HOW MANY SLICES ARE ENOUGH?

The number of slices in the FOV has some importance. The
aforementioned three- and five-field-point measurements con-
stitute one half and one full slice, respectively. It is impossible to
generate an MTF FED from only a single slice, and two slices
would result in extreme interpolation. Three slices prevent one
from making measurements along the cardinal axes. It is for
these reasons we choose four slices for a standard. More are
always possible; however, we do not find more to be useful
in the majority of cases. Here, we show a progression from four
slices to 12 for a misaligned lens. If the lens behaved in a way
that was rotationally symmetric (i.e., was well aligned) it would
not make a good case study, as we do not expect a difference at
different azimuths in the field under the assumption of rota-
tional symmetry. It can be seen in the figures that even in a
system without rotationally symmetric behavior, four slices
faithfully reveal the field dependent behavior of the MTE.
Critically, there are no new extrema revealed by increasing
the data density. If there appeared to be an area of high gradient
in the MTF, more slices may be justified, as there is risk of
missing the extrema in the scan.

In this example, the three plots in Fig. 9 are similar, and the
essence of the performance is faithfully obtained by measuring
four slices. Eight- and 12-slice MTF FFDs show only smaller
ripples. An increase from 12 to (for example) 25 slices does not
yield significantly more information. All of the plots are made
from data collected in separate measurements and did not uti-
lize any smoothing techniques except for linear interpolation
between measured points. The difference (T&S) FFD was
chosen, as it compounds the tangential and sagittal MTFs
in a way that is very sensitive to any gradient in the tangential
and sagittal MTFs as a function of field, as well as departures
from rotational symmetry.

5. DISCUSSION

The MTF FFDs cannot provide the same depth of information
regarding the quantification of specific aberrations as phase-
retrieval or interferometric methods. However, it is possible
to estimate which drive performance based on the nominal
residual aberrations of the lens under test combined with soft-
ware simulations. One may also go back after generating each
of the MTF FFDs and capture the PSF or LSF from the lens
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Fig. 9. Set of difference (T&S) MTF FFDs generated based on
measurements across four, eight, and 12 azimuths of the lens under

test’s full FOV.

under test, or measure the wavefront at points of interest.
This allows diagnosis of the alignment errors of the system
without spending excess time measuring the PSF or wavefront
systematically across the full field.

As the image height increases, the distance between data
points of different slices increases. Stated differently, the mea-
surement density near the optical axis is much higher than the
edge of the field. The software that operates the MTF bench
could easily be modified to include an algorithm for uniform
sampling across a rectangular FOV.

In a sufficiently disturbed system, the on- and very-near-axis
measurements will fluctuate, based on the relative quantity of
vertical and horizontal coma (corresponding to fringe Zernike
terms Z7 and Z8) present and/or the clocking angle of the
astigmatism, as in Fig. 8.
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When synthetic surfaces are displayed, discontinuities or
jagged plots may result, which are visually displeasing. The
average (T&S) of all slices at an image height of 0 may be used
to alleviate the issue and is usually sufficient. Mild smoothing
algorithms may be run on the near-axis region to remove sharp
local discontinuities. It is uncommon for this region to present
the largest issues, so this is also typically acceptable, but it is not
advised for displaying systems with tight tolerances.

6. CONCLUSION

We have presented a method of utilizing commercial instru-
ments to measure the MTF of a lens over the full FOV.
This method allows a more complete evaluation of as-built per-
formance, and misalignment is readily visualized.

While assumptions about rotational symmetry are valid in
the controlled context of optical design, they often do not hold
when an optical system is assembled, or after handling and
transport. Rotationally symmetric systems are best tested across
their full FOV to ensure their performance is rotationally sym-
metric. The MTF FFDs are an effective means to this end that
leverages existing technology.
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