
DETERMINING SMILE AND KEYSTONE OF LAB HYPERSPECTRAL LINE CAMERAS

Wim Bakker, Harald van der Werff, Freek van der Meer

University of Twente, the Netherlands

ABSTRACT

Modern imaging spectrometers are compact, low weight, rea-
sonably priced, and can be used in the laboratory. Accurate
hyperspectral images require low noise, high calibration ac-
curacy, and high response uniformity. Due to ageing of the
optical and electronic components a periodic check is rec-
ommended. This paper presents a method for measuring the
smile and keystone geometric distortions from test images.
Measurements are obtained by using simple models for the
smile and keystone, and existing SciPy functions for quadratic
spline interpolation, normalized cross-correlation, and opti-
mization to quickly find a solution for the models. Results
show that the smile and keystone of a laboratory imaging
spectrometer can be obtained with sub-pixel accuracy.

Index Terms— Imaging spectrometry, line cameras,
smile, keystone.

1. INTRODUCTION

In the design of spectrometers much effort is spent on reduc-
ing the spectral en geometric distortions, also known as the
smile and keystone [1]. Spectral uniformity requires that the
image of a line having a single monochromatic wavelength
is straight and aligned with the detector array. Any spectral
distortion along the line is referred to as a smile or frown [2].
The spectral shift is then a non-linear function of the pixel
number recorded along the spatial line. Keystone is the mag-
nification difference for different wavelengths, which causes
scale differences between the image bands [1].

During the design phase, ray-tracing techniques can be
used to minimize the smile and keystone of an imaging spec-
trometer [1]. However, for the end-user of an imaging spec-
trometer it is useful to know how large the smile and key-
stone actually are. Outside an optical laboratory these distor-
tions are difficult to determine as specialized light sources and
equipment are needed for the measurements. Smile and key-
stone are distortions caused by the spectrograph. Since a cor-
rection of these distortions come at the cost of potential loss
of information, a large amount of effort has gone in designing
spectrographs with a minimal geometric distortions of smile
and keystone. However, like with any design of an optical
system, these distortions are subject to trade-offs elsewhere
in the design and can therefore never entirely be removed.

Instrument parameters are usually determined in an op-
tical laboratory. Due to outgassing or ingassing, aging or
degradation of optical or electronic components, and mechan-
ical vibrations, instrument performance may change [3]. This
means that an instrument must be re-calibrated at regular in-
tervals [4]. Regular re-calibration is recommended by sup-
pliers of hyperspectral cameras. However, apart from the
wavelength calibration, hardly ever the optical performance
of a laboratory camera is re-established. Obviously, this is an
omission which may lead to the misinterpretation of recorded
data.

Both the smile and the keystone distort the spectral signa-
tures. Such spectra may look like non-linear mixtures of ma-
terials, but in fact bear no physical reality. This in turn may
lead to problems in the determination of spectral signatures
and give rise to false or inferior classification results [4]. For
the extraction of high-quality spectral signatures useful for
scientific research and applications the hyperspectral imag-
ing instruments must have a high accuracy and low distor-
tions [5]. Mouroulis and Kerns [5] state that the maximum
acceptable distortions of smile and keystone are required to
be less than 5% of the pixel size.

For space-borne imaging spectrometers, most methods for
detecting and correcting the smile use the absorption of atmo-
spheric gasses such as oxygen, water vapour, carbon-dioxide
and methane [3]. One problem is that these absorption fea-
tures only cover certain wavelengths which means that the
smile can only be determined for specific wavelengths. An
additional problem is that some of these atmospheric gasses
are not constant. For instance, the water vapour column is
highly variable in time and space.

Goetz et al. [6] apply a smoothness criterion and a spec-
tral shift such that the result has the smoothest curve after
atmospheric correction. This method is applied in the atmo-
spheric correction program called HATCH (High-Accuracy
Atmospheric Correction for Hyperspectral data). Guanter et
al. [3] use an iterative method for minimizing the errors in es-
timating the surface reflectance. In this way they simultane-
ously assess the spectral calibration (including the smile) and
the atmospheric correction. Yokoya et al. [4] apply a com-
pletely different method and detect spectral shifts using sub-
pixel interpolation and normalized cross-correlation (NCC).
For the interpolation they use a cubic spline. The interpola-
tion and correlation technique can be used for both the smile



as well as the keystone. They demonstrate that this technique
can be used to determine and correct smile and keystone dis-
tortions to within 1% of a pixel. Furthermore, Yokoya et
al. [4] argue that optical properties should be checked peri-
odically, and any deviations should be accounted for in the
processing chain of radiometric and geometric corrections of
future satellite hyperspectral sensors.

This paper is about a simple method for measuring smile
and keystone of a lab imaging spectrometer. The advantage
of calibrating an instrument in the laboratory versus an in-
strument in space is that special purpose test images can be
used and that the effect of the atmosphere is negligible. In the
following, the instruments, the test images, and the methods
of determining and correcting the smile and keystone will be
discussed.

2. THE INSTRUMENTS

For our experiments we have used two cameras from the
Finnish company Specim, in the VNIR and SWIR wave-
length ranges respectively. Both cameras are derived from
the first AISA camera, which was the first instrument to use
the Prism-Grating-Prism (PGP) dispersive element invented
in 1991 by Mauri Aikio [7, 8]. The cameras are controlled
by Specim’s Lumo scanner software, which allows for: data
acquisition, setting camera parameters, real-time image visu-
alization, controlling the scanner systems.

2.1. The VNIR Camera

The camera in the VNIR wavelength range is a standard push-
broom type linescan camera. Its two-dimensional CMOS sen-
sor covers 1312 spatial cells and 768 spectral cells. Wave-
length ranges from 400 nm to 1000 nm with a spectral reso-
lution of 3 nm (FWHM) and a spectral sampling that is pro-
grammable between 0.78 nm and 6.27 nm. The VNIR camera
uses a version of the PGP spectrograph, called the ImSpec-
tor V10E. Reported smile and keystone of the VNIR camera
are less than 1.5 μm and less than 1 μm respectively, or less
than 0.19 and 0.13 pixels respectively [9]. Table 1 lists the
main characteristics of the VNIR camera. For the VNIR cam-
era we have one standard C-mount OLE23 telecentric lens
with a field-of-view (FOV) of 25.7◦, a focal length of 23 mm,
and a fixed aperture of f/2.4.

2.2. The SWIR Camera

The camera in the SWIR wavelength range is a standard
pushbroom type linescan camera. Its cooled two-dimensional
MCT (mercury cadmium telluride) sensor covers 384 spatial
cells and 288 spectral cells. Wavelength ranges from 1000 nm
to 2500 nm with a spectral resolution of 12 nm (FWHM) and
a spectral sampling of 5.6 nm. The SWIR camera uses a
version of the PGP which is called the ImSpector N25E.

camera VNIR SWIR
camera supplier Specim Finland Specim Finland
camera model PFD-65-V10E SWIR3
spectrograph ImSpector V10E ImSpector N25E
smile <1.5 μm <5 μm
keystone <1.0 μm <5 μm
spectral range 400–1000 nm 1000–2500 nm
spectral samples 768 288
spectral resolution 3 nm 12 nm
spatial samples 1312 384
detector CMOS MCT (HgCdTe)

detector supplier
Photonfocus,
Switzerland AIM Germany

detector model D1312 ActIR-384
detector cell size 8×8 μm 24×24 μm

Table 1. Main characteristics of the used VNIR and SWIR
cameras [9, 10].

Reported smile and keystone of the SWIR camera are both
less than 5 μm, or less than 0.21 pixels [10]. For the camera
we have three different telecentric lenses with a proprietary
mount, the OLES30, the OLES56 and the OLESMacro. The
OLESMacro is a 1:1 macro lens and has a fixed focus with a
working distance of 10 cm and an imaging swath of 10.0 mm.
This lens is exclusively used on the SisuCHEMA stage and
then delivers a spatial sampling of 26.1 μm.

3. METHODS

Even though the smile and keystone are geometric distortions
caused by projection errors of the spectrograph onto the 2D
sensor, it is difficult, if not impossible, to determine smile and
keystone with one single method. All of the methods encoun-
tered so far determine the smile and keystone separately. Also
in this paper the smile and keystone will be obtained by two
different methods.

A recorded image cube or data cube has three dimensions.
Two spatial dimensions x and y, and one spectral dimension.
The x-dimension is the dimension in the direction of the line
of the line camera. The y-dimension is the direction of mo-
tion, and the z-dimension is the spectral or wavelength (λ)
dimension. For the determination of the smile we use a test
image that is homogeneous in x and y, but variable in z. In the
VNIR we use the spectrum of a fluorescent tube. In the SWIR
we use the double transmission of a sheet of a clear polyester
sheet (mylar) with a white reference plate at the background.

For the calculation of the smile we assume a simple
model, in which the smile has a linear relationship with the
wavelength λ: λ′ = a · λ + b, in which λ′, a (scale) and
b (shift) depend on the spatial coordinate x. Observe that
the λ′ depends on both x and λ and therefore the smile is
two-dimensional. The λ′ is determined with respect to the



spectrum of the central column xmid. The dependency of the
smile on the wavelength may not be linear but serves as a first
approximation for testing the method of measuring the smile.
For calculation speed and the reduction of noise, the lines of
the data cube are aggregated into 20 groups and the resulting
smile is the average of these 20 groups. The number of lines
within a group depends on the total number of lines in the
data cube.

For the determination of the keystone we use a test image
that is homogeneous in y and z, but has variation in x. In this
way we rule out that spatial variations affect the smile, and
that spectral variations affect the keystone. For both the VNIR
as well the SWIR range we use vertical black lines printed on
white paper. The spectrum of the paper and the black ink is
not flat, but smooth enough for our purpose. Also, the corre-
lation of the spectrum in different wavelengths is high enough
to enable the correlation process to work.

For the calculation of the keystone we assume a scaling
with respect to the central column that depends on the wave-
length λ: x′ = s · (x− xmid) + xmid, in which s is the scale,
xmid is the coordinate of the central column. The scale factor
is determined with respect to the central band. For calcula-
tion speed only 100 lines of the data cube are analysed. The
final keystone is the average of these 100 calculations, which
reduces random noise by a factor of ten.

The smile and keystone determination methods were im-
plemented using standard functions of Python, NumPy and
SciPy [11, 12, 13]. The sub-pixel interpolation is imple-
mented using the interp1d function of SciPy’s interpolation
module. The type of spline used is a quadratic spline, as a
linear interpolation breaks the optimization process that is
used later. This is because the optimizer needs to calculate
the Jacobian (derivative or gradient), which does not exist in
every location of a piecewise-linear interpolation. The next
possibility that does work is to use a quadratic spline. The
normalized cross-correlation is implemented using the stan-
dard NumPy linear algebra functions dot and norm. Together
with the function for the smile this is turned into one function
that can be called by the optimizer. In order to quickly find
a solution for the optimal coefficients a, b and s we use the
function minimize of SciPy’s optimize module. The sub-pixel
interpolation is smooth enough, without local minima, for a
simple optimization process to work.

4. RESULTS & DISCUSSION

That the optimization process always works is difficult to
proof in general. A number of test runs showed that the
resulting optimization curves were smooth and had a single
minimum that can be found with a simple downhill simplex
optimization method. However, we use the default method of
the minimize function, which implements the more sophisti-
cated optimization method.

Figure 1 shows the calculated smile of the VNIR cam-

Fig. 1. Smile expressed in pixels of the VNIR camera. Wave-
length range is limited from 400 nm to 700 nm. The smile is
calculated with respect to the center sample of the line cam-
era, but depicted with respect to the first sample for clarity.

era. The smile is always calculated with respect to the central
pixel of the line camera, but for clarity, the smiles of different
wavelengths are shown with respect to the first pixel on the
line. The wavelength range is limited to 400–700 nm. This
is done because our fluorescent lamp does not have clear fea-
tures above 720 nm, which would lead to extrapolation in the
optimization process. The maximum observed smile for this
range is between minus 0.1 pixels and plus 0.3 pixels. Ac-
cording to the specifications (see table 1) the specified smile
of the VNIR camera should be less than 1.5 μm, which is less
than 0.2 pixels. The smile we find is 50% larger than that.

Observe that the curves are slightly tilted. The tilt from
left to right is about 0.03 of a pixel, which can be explained
by a rotation of the detector chip with respect to the spec-
trograph of about 0.0013◦. We have no explanation for the
‘knot’ in the smile curve at around sample 1050, but it may
be caused by the wavelength filters in the spectrograph. A
comparison with the smile observed using the lines of the flu-
orescent lamp shows that the optimization process overesti-
mates the smile of the VNIR camera. There may be several
reasons for this: we only use a part of the wavelength range of
the camera, the linear model for the smile may be too simple,
or the correlator does not work well with the line spectrum of
the lamp. However, the measured smile values are sub-pixel,
and we are confident that the obtained smile values are a good
indication of the quality of the spectrograph.

Figure 2 shows the calculated smile of the SWIR cam-
era. The smile is determined over the wavelength range from
1000 nm to 2500 nm. The maximum observed smile for this
range is between minus 0.1 pixels and plus 0.1 pixels. Ac-
cording to the specifications (see table 1) the smile of the
SWIR camera should be less than 0.2 pixels. This means that



Fig. 2. Smile expressed in pixels of the SWIR camera. Wave-
length ranges from 1000 nm to 2500 nm. The smile is cal-
culated with respect to the center sample but depicted with
respect to the first sample for clarity.

the observed smile of the SWIR camera is well within the
specifications.

Also the smile of the SWIR camera shows a tilt of about
0.03 pixels, which in this case can be explained by a mis-
alignment of the detector chip of about 0.005◦. For the SWIR
camera there is no indication of exaggerated smile values.

Next we determine the keystone of the cameras. Note that
we can only determine the keystone of the camera including
the lens. As it turns out, the aberration of the lens may be
larger than the keystone of the spectrograph. For the SWIR
camera we found no noticeable keystone and therefore we
will not show the results of the keystone of the SWIR camera
here. However, the VNIR camera turned out to have a un-
expected large keystone of more than 3 pixels, while in fact
according the specifications of the spectrograph this should
be less than 0.13 pixels. When we varied the object distance
from 30 cm to 50 cm to 97 cm we found keystone values of
3.4 pixels, 2.2 pixels, and 1.3 pixels respectively (figure 3).
The variation in keystone values proves that the keystone is in
fact caused by the aberration of the OLE23 lens. According to
the OLE23 lens specifications the shortest object distance is
listed as “Minimum working distance: 50 cm (30 cm)”. How-
ever, we conclude that this lens should not be used at object
distances shorter than 100 cm in order to keep the keystone
around 1 pixel or less.

By using the same interpolation technique that was used
for measuring it, the keystone can also be corrected. Figure 4
shows the keystone before and after correction. In order to
reduce noise that may be present in measuring the keystone
curve we fit a third order curve through the keystone data. A
third order curve nicely fits the keystone curve, better than
a first or second order curve. The remaining keystone error

Fig. 3. Keystone expressed in pixels of the VNIR camera at
30 cm, 50 cm and 97 cm object distance. Maximum keystone
causes a mismatch of 3.4 pixels, 2.2 pixels, and 1.3 pixels
respectively. The keystone is calculated with respect to the
center band but depicted with respect to the first band for clar-
ity. Bands with a longer wavelength have a larger scale factor.
The thin lines show the measured values, while the thick lines
show fitted third order curves.

after correction turns out to be less than 0.1 pixel.
A keystone error has consequences for the quality of the

obtained spectra. When the keystone error is large then spec-
tra taken away from the central column of the detector are
obtained from different locations instead of from one and the
same location. A keystone error of 3.4 pixels means that the
lower wavelengths are taken from pixel 1, the middle wave-
lengths are taken from pixel 2, and the higher wavelengths are
obtained from pixel 3. This means that the spectra of pixel 1,
2, and 3 are mixed in a non-linear way.

Obviously, spectra taken without keystone correction may
give rise to the selection endmembers that have no physical
reality because they are non-linear mixtures of spectra from
different locations. At the other end, no classifier will be able
to work with such non-linear mixtures. In our case, the spec-
tra are mixtures of white paper and black ink, in which the
mixing depends on the wavelength (and the position on the
line). After keystone correction this non-linear mixing effect
has largely disappeared.

5. CONCLUSION

We have shown that with relatively simple means the subtle
effects of smile and keystone of hyperspectral line cameras
can be quantified from recorded images in the lab.

The observed smile of 0.3 pixels of our VNIR camera is
slightly larger than the listed specifications. However, there
are reasons to believe that this value is overestimated. The



Fig. 4. Keystone expressed in pixels of the VNIR camera at
30 cm object distance before and after keystone correction.
Remaining keystone error after correction is less than 0.1 of
a pixel. The thin lines show the measured values, while the
thick lines show fitted third order curves.

observed smile of 0.1 pixels our SWIR camera is better than
the listed specifications.

The observed aberration of the lens of the VNIR camera
is a problem as it gives rise to a very large keystone error
of more than 3 pixels for short object distances. However,
by using the same interpolation technique that was used for
measuring it, the keystone error can also be corrected. The
observed remaining keystone error after correction is less than
0.1 pixel.
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