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One particular focus of the project was to design,
manufacture and investigate several freeform (reference)
surfaces made from temperature-stable material. While
glass-like materials (e.g. Zerodur) can be chosen for sim-
ple surface forms, and conventional polishing techniques
exist, for complex surface forms, diamond turning of
metal optics such as mirrors is suitable but challenging.
The metrology of surfaces with complex surface forms is
investigated in this paper. In a round robin, the surface
forms of the freeform specimensmanufactured weremea-
sured by the project partners and stakeholders. After the
project, the specimens will be available for institutions
interested in investigating their measuring capabilities
and comparing their measurement results to the results
published in this paper.
The purpose of this round robin was to investigate

the state of the art of optical and tactile freeform mea-
suring instruments, and to develop and apply evaluation
techniques for such measurement comparisons.
In this paper, the round robin results for the form

measurements of three freeform surfaces are shown.
The paper is structured as follows: the specimens are
described in �Specimens� section. The partners and the
instruments used are listed and described in �Partners
and Instruments� section. In �Data analysis� section, the
data analysis methods used in the comparison of the
round robin measurements are presented. The compar-
ison results are shown and discussed in �Results and
discussion� section. Finally, some conclusions are drawn
in �Conclusions� section.

Specimens
Three specimens were investigated: a two-radii specimen,
a convex toroid and a concave toroid (see Fig. 1).
All three specimens were designed at PTB and man-

ufactured by IPP using single-point diamond turning
(SPDT). The specimens are made of Super Invarfi, which

was chosen because of its good thermal properties. Such
properties are important within the scope of the com-
parison, as they allow significant form deviations caused
by temperature effects to be avoided. For example, when
the temperature is changed by 1 K, if a spherical mir-
ror made of aluminium has a 40 mm radius, the radius
will change by about 1 µm, while the radius of the same
mirror made of Super Invarfi will only change by about
40 nm. For this reason, the lower machinability of Super
Invarfi compared to other material has been accepted. The
plots of the design forms and the deviations from the
best-fit sphere are shown for each of the three specimens
in Fig. 2. The basic data of the specimens are shown in
Table 1; a short description of the specimens is given in the
following:

Two-radii specimen The two-radii specimen consists
of two pairs of spherical segments with differing radii
(r1 =39.5 mm, r2 =40 mm) but the same vertex in
the centre of the specimen. The transitions between the
spherical segments are defined by cosine functions, lead-
ing to smooth transitions. The mathematical description
of the surface form is complex and can be found in [11].
The specimen has a clear aperture of 40 mm and a best-fit
radius of 39.75mm. The peak-to-valley deviation from the
best-fit sphere amounts to 79 µm (see Fig. 2, lower row,
left). More details on this specimen design can be found
in [11].

Convex toroid This specimen has a convex toroidal sur-
face form. It has two different radii in two orthogonal
directions. The mathematical description of the surface
form is given by

z(x, y) =

�

(
�
r2v � y2 + rh � rv)2 � x2 � rh. (1)

Fig. 1 Photos of the three specimens: The two-radii specimen (left), the convex toroidal surface (middle) and the concave toroidal surface (right)
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Fig. 2 Design form and deviation from the best-fit sphere for the three specimens: The top row shows (from left to right) the design form of the
two-radii specimen (left), the convex toroidal surface (middle) and the concave toroidal surface (right). The bottom row shows (from left to right) the
corresponding deviations from the best-fit sphere for the two-radii specimen (left), the convex toroidal surface (middle) and the concave toroidal
surface (right)

The radii are rv = 40 mm and rh = 42 mm, respec-
tively. The specimen has a clear aperture of 50 mm and
a best-fit radius of 40.9 mm. The peak-to-valley deviation
from the best-fit sphere amounts to 518 µm (see Fig. 2,
lower row, middle). Additionally, this specimen has four
Gaussian peak markers of different depths of 0.5 µm,
0.75 µm, 1.0 µm and 1.25 µm, which are helpful for com-
paring the measurements and create a unique orientation
between the different measurements.

Table 1 Parameters of the round robin specimens
Property Two-radii Convex

toroid
Concave toroid

Material Super Invarfi Super Invarfi Super Invarfi

Diameter 40 mm 50 mm 100 mm

Markers none 4 Gaussian
peaks;
different
depths

none

Radius of curvature r1 = 39.5 mm rv = 40 mm rv = 400 mm

r2 = 40 mm rh = 42 mm rh = 450 mm

Designed by PTB PTB PTB

Manufacturer IPP IPP IPP

Concave toroid This specimen has a concave toroidal
surface form. It has two different radii along the two
orthogonal axes. The mathematical description of the
surface form is given by

z(x, y) = �

�

(
�
r2v � y2 + rh � rv)2 � x2 + rh. (2)

The radii are rv = 400 mm and rh = 450 mm,
respectively. The specimen has a clear aperture of 100mm
and a best-fit radius of 423.5mm. The peak-to-valley devi-
ation from the best-fit sphere amounts to 348 µm (see
Fig. 2, lower row, right).

Partners and Instruments
In this section, the instruments used by the partners in
this comparison study are described. We present mea-
surements provided by the Czech Institute of Plasma
Physics (IPP), the German company Mahr GmbH (Mahr),
the German Institute of Technical Optics at the University
of Stuttgart (USTUTT), the German national metrol-
ogy institute, the Physikalisch-Technische Bundesanstalt
(PTB) and the National Metrology Institute of Japan
(NMIJ). Table 2 shows a list of all participating institu-
tions, the instruments they used and which specimens
were measured.
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Table 2 Partners and instruments used
Partner Two-radii Convex toroid Concave toroid

IPP MFU MFU MFU

Mahr MFU, TWI MFU, TWI MFU, TWI

USTUTT TWI TWI �

PTB TWI TWI �

NMIJ � � UA3P

TWI: Tilted-Wave Interferometer (product name: TWI-60), MFU: coordinate
measuring machine (CMM) with optical point sensor (product name MarForm MFU
200 Aspheric 3D), UA3P: CMM with tactile probe (product name UA3P-4000)

While other partners of the European EMPIR project
also performed measurements during the round robin,
they are not considered in this analysis, as they measured
a significantly smaller aperture. In order to make a reason-
able comparison, we have to reduce all measurements to
the largest common aperture.
The tilted-wave interferometer (TWI) is an optical areal

measuring instrument using non-null interferometry by
illuminating the surface under test (SUT) using several
differently tilted wavefronts [12, 13]. In this round robin,
three different setups of this measurement device were
used: USTUTT hosted a laboratory breadboard setup
which is flexible and can be changed or adapted to outer
constraints. In this setup, the optical axis was horizontal
and the specimenwasmounted vertically. At PTB, the first
prototype of the Mahr instrument was used. At Mahr, the
current instrument version (TWI-60) was used for taking
measurements. In both instruments at PTB andMahr, the
optical axis was vertical and the specimen was mounted
horizontally.
The MarForm MFU 200 Aspheric 3D used by IPP and

Mahr is a coordinate measuring machine (CMM) which
can be equipped with a tactile probe or with an optical
point sensor [8]. In this case, the optical sensor was used.
The Ultrahigh Accurate 3D Profilometer (UA3P) is a

profilometer with a tactile probe. The instrument version
used in this round robin is the UA3P-4000 [14].
The participating partners were allowed to follow their

own measurement strategies which resulted, among other
things, in different point densities and measurement
times. The number of raw data points (Nraw) is given for
each measurement in the corresponding result section.
Please note that the number of raw data points does not
directly correlate to the point density, since the measure-
ment points are not equally distributed for all measure-
ment devices.
The participating partners recorded the measurement

temperature and ensured that temperature conditions
were kept stable.
It should be emphasized that the instruments used are

particular realizations of their type. On the accuracy scale
discussed here, other instruments of the same type at

other laboratories may differ in the state of their develop-
ment or in their performance.

Data analysis
In this section, we describe the data analysis method we
applied for evaluating the comparison.
The participants were advised to deliver the form mea-

surement data of each specimen in Cartesian coordinates
by submitting an x-, y-, z- point cloud, where the z-
coordinate describes the absolute measured form of the
SUT (the z-value of the design function plus the z-value
describing the deviation from the design). The analysis
we conducted was two-fold. In the first processing step,
we handled each data set separately. Thereafter, we per-
formed bilateral comparisons of the processed measure-
ments obtained in the first step. The procedure for obtain-
ing processed measurements is similar to that described
in [6].
This first stage of the analysis consisted of the following

steps:

� Restricting the data set to the largest common
aperture of all data sets compared

� Subtracting the design function from the data
� Removing outliers
� Removing a best-fit sphere

The analysis steps are described in more detail in the
following.
To subtract the design function, the measurement data

were aligned with the design topography by minimizing
the differences between the measurement and the design
in a least-squares sense (describing the design deviations
in the z-direction), thus allowing the measurement point
cloud to be shifted and rotated along the three Cartesian
axes. The z-values of the design were then subtracted from
the measurement data. For this purpose, a functionality
from the SimOptDevice software library [15] was used.
To remove measurement data points which likely cor-

respond to outliers generated by dust particles or similar
unwanted effects, we applied the following procedure. A
Zernike fit up to degree 18 was fitted to the difference
of the raw data and the design function. We then consid-
ered the residuals obtained after subtracting the design
function and the obtained Zernike polynomial from the
raw data. After removal of the median from these resid-
uals, all residuals whose absolute value exceeded fd times
their median absolute deviation (MAD) [16] were then
used to identify outliers in the raw data. The deviation
factor fd was set to 11 after close inspection of the raw
data set and of points visually identified as outliers. For
further processing, the difference of the raw data and the
design function was taken after removal of the identified
outliers.
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In the next step, we removed an individual best-fit
sphere from the resulting data set. To this end, a sphere
was fitted to the data (describing the deviations in the
z-direction) in a least-squares sense and then subtracted
from the data. This step was performed because many
instruments cannot determine the spherical component
of the measured surface unambiguously, resulting in the
spherical contributions dominating the processed mea-
surements [6]. The subtraction of a best-fit sphere at this
point is a common option in the evaluation of optical
surfaces because, in most applications, a small spheri-
cal contribution/mismatch can be compensated in the
mounting process of the complete optical system.
Although the design forms of the specimens are not

rotationally symmetric and therefore belong to the group
of so-called freeform surfaces, the two specimens still
have symmetry via 180 degree rotation of the design
around the z-axis, where no marker structures have been
added to the design. To ensure that all data sets of these
two specimens had the same orientation for further anal-
ysis, the correlation between one reference data set and all
other data sets was calculated for a rotation of 0 degrees
and 180 degrees around the z-axis. If a data set rotated by
180 degrees led to the maximum correlation, the rotated
data set was chosen for further analysis.
In the second stage of the analysis, we performed

bilateral comparisons between all data sets of the same
specimen. After the processed measurements from step

one were resampled on a regular 1000 × 1000 point
Cartesian grid using spline interpolation, maps of point-
wise differences between two processed measurements
were computed. The root-mean-square (RMS) values
were determined for each pairwise difference. Because the
variability of the different measurement methods in this
round robin was not large enough to ensure that the sys-
tematic errors inherent to the given measurement system
would be reduced significantly when calculating a ref-
erence topography from all measurements, we chose to
perform bilateral comparisons between all available data
sets instead of deriving a reference topography from all
measurements.

Results and discussion
In this section, the results of the data analysis described
above are presented for the three freeform specimens
investigated. All measurements shown here were recorded
at room temperatures with variations of approximately
1.5 K between the different sites. These temperature dif-
ferences mostly affected the radius components of the
measurements, which were eliminated for the bilateral
comparisons. Since the material of the specimens has
good thermal properties, even the effect on the radius is
small. For each specimen, we first present the processed
measurements after subtracting the design form and an
individual best-fit sphere which had been interpolated on
a common grid. These measurements are shown in Fig. 3

Fig. 3 Processed measurements after subtracting the design form and an individual best-fit sphere of each data set for the two-radii specimen. The
processed measurements were interpolated on a common grid (1000 pixels x 1000 pixels)
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the following analysis. The four processed measurements
show good agreement in the basic form measured. This is
also reflected in the profiles shown in Fig. 12, which also
show high-frequency ripples detected by all measurement
devices. These ripples may be caused by vibrations of the
tool during manufacturing. In the centre of the specimen,
a likely explanation for why the MFUs are closer to the
other instruments is that the form of this concave toroidal
surface is much flatter (see radii of curvature in Table 1)
compared to the other two specimens.
The pointwise differences between the processed mea-

surements are shown in Fig. 13 for the concave toroidal
surface. All pointwise differences are in the same order
of magnitude. To evaluate this in a quantitative manner,
the RMS values of the pointwise difference plots are illus-
trated in Fig. 14. Each element (row i, column j) represents
the RMS value of the difference plot between partners i
and j (1: Mahr TWI, 2: Mahr MFU, 3: IPP MFU and 4:
NMIJ UA3P). The RMS values between all bilateral dif-
ference measurements range from 43 nm to 53 nm. The
smallest RMS value has the pointwise difference between
the measurement of the TWI at Mahr and the MFU
at IPP.

Conclusions
In this paper, we have presented measurement results
obtained by means of optical and tactile form mea-
suring instruments for three different freeform surfaces
manufactured from the material Super Invarfi, as well as
bilateral comparisons of these results. Two specimens

(a two-radii specimen and a convex toroidal surface)
have been measured with three different TWI setups at
USTUTT, PTB and Mahr and with two commercially
available MFU instruments at Mahr and at IPP. The
results obtained via the three TWIs show very good agree-
ment. The bilateral difference data have RMS values below
20 nm for the two-radii specimen and below 30 nm for
the convex toroidal surface (neglecting spherical contri-
butions). The differences between the TWIs and theMahr
MFU have RMS values around 50 nm, while for the IPP
MFU, the RMS values amount to about 100 nm. Differ-
ences can be observed between the twoMFU instruments.
One possible reason for these differences may be different
operation of the instrument, differently chosen measure-
ment strategies or different calibration routines. The con-
cave toroidal surface was measured with the commercially
available TWI setup at Mahr, with the two MFU instru-
ments at Mahr and IPP and with a tactile UA3P at NMIJ.
The comparisons of the results of this specimen show
that the RMS values of the bilateral differences are around
50 nm.
The results presented in this paper demonstrate that all

instruments used in this round robin can be used to mea-
sure complex freefrom surfaces of different kinds. The dif-
ferences between the results obtained using the different
measuring principles are less than 110 nm peak-to-valley
(neglecting spherical contributions).
The curvatures of the individually subtracted best-fit

spheres show some deviations. Therefore, the differences
when comparing the absolute form are expected to be

Fig. 12 x�, z� (at y = 0, upper figure) and y�, z� (at x = 0, lower figure) profiles after subtracting the design form and an individual best-fit sphere
of each data set for the concave toroidal specimen
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Fig. 13 Bilateral difference plots for the concave toroidal specimen: The difference plots between the following four measurements are shown: 1:
Mahr TWI, 2: Mahr MFU, 3: IPP MFU, 4: NMIJ UA3P. The plot of row i, column j shows the processed measurement iminus the processed
measurement j (pointwise)
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Fig. 14 RMS values of difference maps for the concave toroidal specimen. The RMS values of the pointwise differences of the following four
measurements are shown: 1: Mahr TWI, 2: Mahr MFU, 3: IPP MFU, 4: NMIJ UA3P. The value of row i, column j shows the RMS value for the pointwise
differences of measurement i and measurement j

significantly larger than the differences after subtracting
the best-fit spheres.
In this comparison study, we have chosen to per-

form bilateral comparisons between all available data sets
instead of deriving a reference topography from all mea-
surements. The reason for this is that the variability of the
different measurement methods in this round robin was
not large enough to ensure that systematic errors inherent
to a given measurement system would be reduced signif-
icantly when calculating a reference topography from all
measurements.
Finally, the specimens manufactured and used in this

round robin have two special features: First, the freeform
surfaces are made from a very temperature-stable mate-
rial in order to avoid significant temperature effects when
performing comparison measurements at different sites.
Second, the freeform specimens will be made available
to institutions interested in investigating their measuring
capabilities and comparing their measurement results to
the results presented in this paper.
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