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T he interference of light has many
significant applications: in thin
films, holography and photonic

structures, to name just a few. In the field
of metrology, where the goal is to obtain
precise measurements of space, time
and/or frequency, the application of the
interference of light has given rise to the
term interferometry. In an optics shop,
interferometer is the name given to an
instrument used for measuring either the
surface of an optic or the wave front
transmitted through an optical system.
Perhaps the simplest such interferometer
is the Newton test plate. The surface to
be tested is placed on a closely matched
plate and illuminated with a narrowband
source. The partial reflections from each
surface form an interference pattern,
much like the fringes on a soap bubble
film. Each interference fringe corre-
sponds to a contour of the gap between
the two surfaces. So if the test plate is
assumed perfect, the fringes become sur-
face height contours (each fringe repre-
senting a distance of half a wavelength).
Such a test is quick, simple and inexpen-
sive—but has several limitations.
Accuracy is limited by the quality of the
test plate and by the user’s ability to dis-
cern fringe deviations. Lateral resolution
(the ability to discern small features on

the surface) of the test is also poor. In
addition, the test is extremely inflexible:
A different plate is needed for optical
parts with different radii of curvature
and transmission tests are not possible.

The phase-shifting Fizeau interfero-
meter addresses many of these issues.
Figure 1 shows a simple schematic of a
Fizeau interferometer design. Although it
is considerably more expensive and more
sensitive to the environment than the
Newton test plate, its greatly expanded
capabilities generally outweigh those
issues. Surfaces are imaged onto a CCD
detector, meaning that some 500 x 500 
or more data points are obtained over a
part. Data acquisition is computer con-
trolled, which allows for both automation
and advanced mathematical analysis.
Figure 2 shows a sample measurement
result. Spheres of many different sizes
and radii of curvature can be tested on a
single instrument equipped with a few
different transmission spheres. The
green-shaded portion of Fig. 3 illustrates
the capability of a commercially available
4-in. interferometer equipped with four
transmission spheres. (Note that a test
plate would cover only a segment of a
single vertical sliver of this plot.) Gaps
remain in the coverage, especially for
longer radius convex parts and parts 
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The fabrication of large high-quality optics continues to be a 
challenge, in part because of the difficulty of measuring extensive 
surface areas and transmitted wave fronts. One alternative is to 

measure many subapertures of the surface and “stitch” the 
results together to synthesize a full aperture map.

(Facing Page) A close-up view of a biconvex lens being tested via subaperture stitching interfer-
ometry. As shown in the umbrella-like image (lower left), a lattice of subapertures is needed for full
coverage on such a part. A shadow of the lattice is also shown on the “floor,” which is a standard
way to present metrology maps for curved parts on a flat page. Of course, the outer subapertures
are elliptical in this projection.



with NA > 0.67 (surfaces that approach 
a hemisphere).

Full aperture measurement of parts
with large apertures (either clear aperture
or numerical aperture) has long been a
challenge. Traditionally a large-aperture 
(> 6 in.) interferometer with expensive
custom transmission optics has been the
only solution. Large aperture transmis-
sion spheres are not readily commercially
available: they must be custom built to
order or made in house. It is difficult to
fabricate these elements at the same level
of accuracy as their smaller counterparts.
In addition, since the detector resolution
elements cover a correspondingly larger
area on the part, lateral resolution typi-
cally suffers as well. The extremely high
cost of implementing an effective solu-
tion leads some manufacturers to mea-
sure only a few subapertures on a part.
Although this is better than nothing,
such results are of questionable help as
far as quality assurance is concerned,
and they are all but useless for determin-
istic correction of surfaces. Fabrication
of high-quality large optics is thus seri-
ously hampered by a lack of accurate
metrology.

Subaperture stitching 
An alternative for measuring larger aper-
tures is to measure many subapertures of
the surface and to synthesize a full aper-
ture map from them. Because the relative
position of each subaperture measure-
ment is not known exactly, there is some
ambiguity when the individual subaper-
tures are combined into a full aperture
map. Accurate resolution of this ambigu-
ity is the fundamental task faced by all
subaperture stitching methods. The
uncertainty is largely due to alignment
errors (small, unknown displacements)
and noise in the individual subaperture
maps. Subaperture stitching thus poses
an optimization problem: The goal is 
the minimization of the discrepancies
between multiple data sets. In theory,
data values from different subapertures
that correspond to the same point on a
surface should all be consistent. Yet in
general they are not, because of noise and
various components related to alignment
errors. We refer to these added compo-
nents as compensators; their form is fixed
by considering small displacements of,
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Figure 3. Testable aperture vs. part radius of curvature for a commercial 4-in. interferome-
ter using f/0.75, f/1.5, f/3.3 and f/7.2 transmission spheres and a flat. The green zone
indicates conventional capability. Subaperture stitching can extend capability into the red
zone and even beyond (to hyper-hemispheres and even full spheres). NA is numerical
aperture, the sine of the half-angle subtended by a cone of light.

Figure 2. Screen shot of a measurement obtained on a commercial interferometer. The
intensity map on the left is a single-frame capture of interference fringes. Multiple images
with different phase shifts allow extraction of the surface map shown on the right.
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Figure 1. Schematic of a Fizeau interferometer. The red curves, which correspond to wave
fronts, indicate the variety of spherical parts that can be tested with this particular trans-
mission sphere. “Nulling” is the process of positioning the test part so that it coincides
with its matching wave front. For a perfect part, nulling progressively removes all the
interference fringes seen at the detector; the shape of an imperfect part is encoded in 
any residual fringes.
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say, the test surface. For example, tilting 
a flat surface adds a linear component 
to the surface measurement (along the
direction of the tilt). Figure 4 depicts a
simple demonstration of the subaperture
stitching concept. Two subapertures are
required to cover the part, but the abso-
lute tilt and constant bias (or DC term)
level are different between the two. An
inaccurate result is obtained if only DC
level is compensated, but inclusion of tilt
as a compensator enables accurate stitch-
ing. Although the global tilt and constant
offset remain unknown, they represent
the part’s absolute position rather than 
its shape. That is, they are generally
unimportant.

Stitching interferometry in its most
basic form was introduced to allow cost-
effective tests of large flat parts.1,2 It has
also been used with annular zonal tests 
to increase the aspheric departure that 
is accessible with a non-null test.3,4

(Because such annular tests demand full
aperture capability, they do not facilitate
the testing of larger apertures.) Although
a variety of related techniques have been
developed, they are used mainly for 
testing parts that are nominally flat.5-7

Subaperture stitching can also be used
for testing other surface shapes. However,
significant new challenges, particularly in
the motion and algorithm components,
appear when subaperture stitching tech-
niques are applied to non-plane surfaces.

Repositioning and retesting are stan-
dard components of both stitching inter-
ferometry and absolute calibration.8,9

Subaperture stitching is particularly sen-
sitive to alignment errors and systematic
errors in the instrument. It is possible to
build on these observations to create a
generalized stitching scheme that incor-
porates compensation for a variety of
system errors including distortion and
imperfections in the reference surface as
well as subaperture alignment errors.10

These corrections are enabled by the
requirement of self-consistency in the
overlapped data. For this reason, it is 
possible to achieve greater accuracy in 
the stitched results than in the original 
subaperture data sets. The process of
stitching can thus be used to boost the
accuracy, lateral resolution and reach of a
standard Fizeau interferometer. The red-
shaded portion of Fig. 2 shows the poten-
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Figure 4. Conceptual layout of stitching
interferometry on a nominally flat part.
It appears here that the reference wave
(depicted as red wave fronts) could
cover the entire part, but in reality it is
only large enough to capture one or the
other of the two measurements.
Because of the motion between mea-
surements of either the interferometer
or the part, unknown tilts and 
constant offsets will be present in the
individual measurements. Stitching
adds appropriate amounts of constant
offsets (or DC terms) and tilts in order
to reconcile the two measurements in
the overlap region and thus generate a
full aperture map. Note the poor result
when only DC is used.

Figure 5. Outline of the stitching interferometry process. The user is involved with the 
first three blocks, while the steps enclosed in the green box can be completely automated.
In this sense, stitching requires no more from the user than does regular interferometric
metrology.

tial extension to testable aperture sizes
afforded by stitching. Note that stitching
can even allow the testing of hyper-
hemispheres (although conventional
aperture definitions become ill-defined
for such cases).

Stitching methodology
The stitching process is naturally more
complicated than obtaining a full 
aperture map directly. Its utility, espe-
cially for non-flat surfaces, has been 
limited up to now by the need to carry
out tedious mechanical setup, data

acquisition and data reduction pro-
cesses. Measurement accuracy has been
limited by relatively poor control over
the errors introduced into the measure-
ment by the inherent optical and
mechanical imperfections of real 
interferometers and motion control
components. To be practical, a stitching
interferometry system must seamlessly
integrate an interferometer with 
motion, alignment, algorithms and 
control software.

To accomplish this, an effective stitch-
ing interferometer requires motorized



staging. In principle, flats can be stitched
with only two translation stages. But
obtaining an interference null requires
the addition of high-resolution tip and
tilt staging. Motion for spheres nominally
requires four axes (two translation, two
rotary). Nulling and alignment require-
ments necessitate the addition of two
additional axes. QED’s stitching platform
uses a six-axis machine built by
Schneider Opticmachines.11 Note that
the geometry of the system must be well
determined: the configuration of the axes
with respect to one another and to the
interferometer is of critical importance.

The basic stitching process is outlined
in Fig. 5. The first step is to define the
surface to be tested, in particular its nom-
inal aperture and radius of curvature.
Completion of this step allows the choice
of transmission elements to be made.
Next, the lattice—or in other words the
collection and arrangement of subaper-
tures—is defined based on the extension
factor. The extension factor is the relative
size of the full aperture to the subaper-
ture. The larger this ratio, the more sub-
aperture measurements are required to
completely cover the part. To ensure the
stitching algorithm yields a robust, accu-
rate solution, the subapertures in a lattice
should significantly overlap one another.
The lattice pictured in Fig. 5 has 19 sub-
apertures with relatively modest overlap

and an extension factor of ~2.5 on a
high numerical aperture part. Notice
that the outer subapertures are elliptical
in shape because (as indicated in the 
figure on the title page) they have been
projected onto the equatorial plane of
the part under test.

The lattice defines the surface coordi-
nate locations at which the interferometer
must capture data. Acquiring tens of sub-
apertures manually is tedious, so auto-
matic motion and interference fringe
nulling should also be incorporated into a
stitching system. After the user manually
locates the first null at the center of the
part, the rest of the lattice positions can
be determined automatically. Such
automation is easier when these motions
are sufficiently well determined to always
result in resolvable fringes at the camera.
After the initial motion, an automatic
fringe-nulling routine adjusts the stage
positions to obtain a null. The subaper-
ture measurement at that lattice position
is then obtained. This move-autonull-
measure sequence is repeated for every
subaperture in the lattice.

After data for every subaperture has
been collected, a stitching algorithm can
synthesize a full aperture map. Although
different ways to accomplish this exist,
most “modern” methods employ the
same merit function: maximization of
data consistency in overlap regions. These

methods can be broadly classified as
pairwise/global (stitch subapertures two
at a time or all at once) and by what
compensators are employed in the opti-
mization. These choices affect computa-
tion speed, stability of the numerical
solution and resistance of the stitching
to various subaperture errors. The error
resistance of the stitching algorithm is
particularly important in determining
the motion and interferometer hardware
necessary to obtain accurate stitched
results.

Correction for errors
QED employs a least-squares method to
maximize the data consistency in the
overlap regions. The challenge in use of
this method is that it can compound
errors within each subaperture which are
associated with such factors as reference
wave errors and image distortion, as well
as the machine’s placement errors of the
subapertures. In fact, these errors can be
magnified because of the ill-conditioned
character of a simple stitching process.
Other methods generally avoid such
problems by only compensating for DC
and tilt, requiring that interferometer
system errors be calibrated by other
means. QED’s novel process (patent
pending) solves these difficulties by cor-
recting for all of these errors while con-
straining the compensation to respect 
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Figure 6. 
Full aperture 
measurement 
with f/0.75 
transmission
sphere (left)
and subaper-
ture stitched
map with
f/1.5 trans-
mission
sphere (right).
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a priori knowledge of the hardware inac-
curacies. A further feature is the ability
to report the uncertainty of the stitched
result.

QED’s least-squares algorithm offers a
few key advantages over previous meth-
ods. First, since calibration is an integral
part of the system, separate procedures
are not needed for reference-wave, view-
ing-system or systematic-motion errors.
Next, the results are stable in the presence
of significant experimental noise because
compensation is constrained in a physi-
cally meaningful way. Finally, effective
compensation allows a practical stitching
interferometer system to be built using
interferometer optics and stage mechan-
ics of modest quality.

Full aperture vs. stitched 
subaperture measurement
By advancing the technique of subaper-
ture stitching, we have been able to
obtain precise, full aperture measure-
ments for larger surfaces using readily
available 4-in. interferometers and trans-
mission optics. To demonstrate the
soundness of the algorithms and interfer-
ometer workstation, a sample experimen-
tal cross test is now presented. A part
with a 35-mm aperture and 35-mm con-
vex radius was used for this test. This part
was tested full aperture using an f/0.75
transmission sphere. The same part was

then subaperture stitched using an f/1.5
transmission sphere. Figure 6 shows the
results side by side.

The difference between the peak-to-
valley (PV) values was 15 nm, and 1 nm
root mean square (RMS). Next, we used
the stitching software to create an RMS
difference of the full aperture and the
stitched subaperture measurement. The
difference between the maps has a PV of
18 nm and rms of 3 nm, much of which
is driven by a ghost reflection in the cen-
ter of the f/0.75 transmission sphere.
Thus, the stitching process did not intro-
duce significant surface form errors into
the full aperture phase map recon-
structed from subaperture phase data
sets. Figure 7 compares high-pass fil-
tered results of both full aperture and
subaperture stitched measurements.
The finer surface structure (on the order
of 3 nm rms) is evident in both mea-
surements. Furthermore, note that
ridges are not present in the stitched
result at the subaperture borders. Stated
another way, there is no visual evidence
that the result was subaperture stitched
(i.e., it is “seamless”).

Concluding remarks
Subaperture stitching can provide signifi-
cant extensions to an interferometer’s
capability. Parts that would require large
transmission spheres can instead be

tested on a stitching system at higher res-
olution. Advances in the development of
algorithms allow system calibration to 
be an integral part of a stitching system,
thereby boosting the accuracy of a con-
ventional interferometer to enable cali-
bration of lateral errors as well as
accurate determination of magnification
and distortion. These advances also offer
the potential of increased vertical range,
i.e., greater testable aspheric departure.

Paul Murphy, Greg Forbes, Jon Fleig, Paul Dumas
and Marc Tricard (tricard@qedmrf.com) are with
QED Technologies, Rochester, New York.
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Figure 7.
High-pass 
filtered ver-
sions of the
full aperture
(left) and
stitched
(right) mea-
surements.


