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Abstract

Imaging sensors are linear over a large part of their
operational range. Nevertheless, their behavior becomes non-
linear when approaching saturation. This is undesired if such
sensors are used for scientific measurements. In this work, a
simple and efficient off-chip method is proposed for image
sensor linearization. First, the sensor response is characterized
with a constant irradiance and a sequence of captures at several
integration times. Then a 1D look-up table is calculated to
compensate for the nonlinear range. This LUT can be applied to
the raw sensor data before further postprocessing. The higher
signal-to-noise ratio of captured data is used to demonstrate the
benefit of the extended linear range. The proposed method can
restore linearity while being easy to implement and
computationally efficient.

Introduction and related work

Although the linearity of current image sensors (CCD and
CMOS) in respect to incoming radiance spans over a large region
of their operational range, their behavior becomes nonlinear
when approaching the saturation point. This can be caused by
many factors, such as an applied gain, the nonlinear integration
capacitor of the source follower or the analog-to-digital
converter [1]. On the other hand, to capture an image that uses
the widest possible range of the sensor’s dynamics, it is desired
to set the camera parameters in a way that a maximum amount
of light is captured without reaching the saturation point, so the
signal-to-noise ratio (SNR) is optimized. This procedure is often
referred to as “exposing to the right” (ETTR) [2], since the values
of the resulting histogram would be shifted to the right side. In
some applications, for example artistic or documentary
photography, the resulting nonlinear relation between incoming
photons and the detected sensor response is not problematic or is
even desired since a compression of highlights can be oftentimes
beneficial. However, when such an imaging sensor is used for
scientific measurement of light, the nonlinear behavior will
cause significant errors in the resulting data. Therefore, the
capturing of linear data is of great importance. There is no
general recommendation, but a non-written agreement within the
scientific community suggests using 2/3 or 3/4 of the dynamic
range, so that the nonlinear region of the sensor is avoided. As a
drawback, a limited portion of the sensor’s dynamic range is
used, which leads to a reduced SNR.

The proposed method of linearization using a LUT applied
to the raw data allows for ETTR and therefore using more of the
available dynamic range of a given imaging sensor, while
maintaining the linear relation between the incoming radiance
and the unprocessed sensor data. Other approaches were taken in
the past to improve the linearity of imaging sensors. Often,
existing methods for linearization of sensor responses aim at
hardware and circuit optimizations [3]. A broad variety of
approaches were taken, such as piece-wise linearizing circuits
for highly nonlinear sensors [4], combined multigated transistors
and capacitance compensation for the linearization of CMOS
Broadband Power Amplifiers [5]. But also, on the software side
many improvements were proposed using LUT-based
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approaches. In 2012 Bengtsson evaluated the optimum of look-
up table sizes in small embedded systems with limited memory
and computational power [6]. The authors state that a LUT that
is used in such a system should be big enough to minimize the
introduced errors of the interpolation, but preferably small in size
to reduce computation time during the application for real time
processing on systems with limited computational power.
Balestrieri et al. reviewed the use of LUTs and other methods to
compensate for error sources within A/D-converters [7]. The
performance of low precision analog to digital converters were
improved by Frey and Loeliger using a look-up table approach
[8]. Efforts were made by Dinstein et al. to perform a LUT
linearization for imaging systems [9]. The authors carried out a
subtraction for dark current noise and then applied a LUT that
was obtained by fitting the measured system response to an
analytical curve. A review on different approaches implemented
using a field programmable gate array was published by Sonawal
et al. [10]. Unlike other existing work, the present paper proposes
a method with a straightforward implementation that
compensates for the nonlinear behavior of an imaging sensor
after capturing the data. The correction is not implemented on-
chip but is instead applied to the captured image data after the
offload from the camera as a first step in the postprocessing
pipeline. The necessary measurements are easy to obtain and do
not require specialized equipment. This makes the method
applicable for a large variety of use cases with different imaging
systems where improved sensor linearity is of importance.

Methodology

In this work, the possibility of using an easy to implement
1D look-up table (LUT) is proposed to enhance the linearity of a
monochromatic CMOS sensor after data acquisition. A look-up
table approach has certain advantages such as a straightforward
and computationally efficient implementation. First, the camera
sensor is characterized in terms of its linearity. Then, the creation
of the LUT for compensating the nonlinear region of the sensor
is described in detail. Afterwards, the evaluation process is
presented and discussed.

Sensor characterization

The camera used was a monochromatic QHY 600 designed
for scientific measurements and sky survey manufactured by
QHYCCD [11]. Built in is a native 16bit back-illuminated full
frame CMOS sensor type IMX455 manufactured by Sony. The
spatial resolution is 9576x6388 pixel, with a pixel size of
3.76x3.76 um. The camera delivers unprocessed data from the
sensor without any postprocessing such as hot pixel removal or
noise reduction [11]. The QHY600 was used in an existing setup
build by Trumpy et al. [12] for capturing multispectral
transmittance data of analog film slides. In the presented
experiments, one band of this multispectral imaging device was
used to measure the sensor response as well as to capture the test
data to evaluate the performance of the calculated LUT via
signal-to-noise ratio (SNR). The camera sensor was illuminated
using one narrow-band LED at maximum intensity with peak
wavelength at 625nm and a full-width-half-maximum of around
15nm. By using the exposure times offered in the camera
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software, it was possible to cover the full dynamic range of the
sensor. An adjustment of the power output of the LED through
pulse-width-modulation was not considered since this would
introduce phase problems, which result in a stripe-wise noise in
the images due to the rolling shutter of the specific camera used.
In order to avoid the heating of the LED and a consequent change
of its emission, a heat dissipation system was used, and the LED
was kept on just during the camera’s integration time. In general,
any light source with good emission stability is suitable for this
method.

The sensor response was controlled by varying the image
exposure. Thirty equally spaced integration times were chosen
between 0.1ms and 35ms to capture monochromatic images over
the full sensor range for its characterization. It must be noted that
even at complete saturation, the sensor response did not reach the
highest limit of the dynamic range, which would result in a
digital number (DN) of 65535. The highest measured response
in this experiment was around 63400 DN, and a further increase
in the exposure time would not result in a higher response. This
might be due to an internal limiter in the camera software and
should be further investigated.

The measured sensor response (blue line) and the ideal
response of the corresponding sensor with a linear behavior
across the whole dynamic range (dotted red) are plotted in Figure
1. The ideal response was obtained in three steps. First, the slope
between each pair of subsequent measured datapoints, indicated
as blue dots in Figure 2, obtained with different exposure times
was calculated and the significant changes in the distribution of
the calculated slopes were identified using the method described
by Killick et. al. [13]. In our case, these change points describe
the start and the end of the linear sensor region. The red circle in
Figure I indicates the point, where the real sensor response starts
to deviate from linearity, at about 42000 DN.

To avoid the influence of noise in regions of low sensor
response on the calculation of the linear region, the
measurements with extremely low exposure time were excluded
from the calculation and the change point was set to 8200DN. By
carrying out a linear extrapolation of the line that is described by
the two change points, the ideal linear sensor response was
obtained over the whole 16bit range of the sensor.
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Figure 1. Deviation of the real response from an ideal linear response
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Figure 2. Calculated intersection points between measured response
and ideal response.

Creating the look-up table

We propose a method to create a 1D lookup table (1D-LUT)
that adjusts for the non-linearity of the CMOS sensor. The
method consists of the following steps.

First, the nonlinear region of the sensor is identified, and the
ideal response curve is obtained as described in the previous
section. Then, for each measurement in the nonlinear range, the
corresponding value on the ideal response curve is determined.
This is done by identifying the DN of the ideal response curve at
the exposure value of the corresponding measurement, as shown
in Figure 2. Since we know the equation of the line for the ideal
response curve, we can determine its DN for every possible value
of exposure times.

The result is a linearized response curve consisting of a total
of the 30 corrected measurement points. Next, linear
interpolation is used to find the DNs between the measured
exposure times. This way, the DN corresponding to the ideal
linear response can be determined for any DN corresponding to
a real image capture. The digital numbers above 65535 are
clipped and the final look-up table is exported as .txt file.

Evaluation process

A step wedge with three bars of neutral density filter was
selected for the evaluation as shown in Figure 3. The optical
densities of the three bars are 1.76, 2.62 and 3.38.

ik

Figure 3. Image of the step wedge that was captured to analyze the
performance of the LUT. The number of layers of the ND filter are indicated.

Three images of the step wedge were taken with the
imaging system. The exposure time of the camera was set so that
the resulting output using no sample between the light source and
the sensor was limited to a maximum digital number, aiming for
58000 DN (Isg), 40000 DN (l0), and 20000 DN (l20). While lsg
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roughly corresponds to the end of the linear region of the sensor,
Isg aims for much higher maximum digital numbers to test the
LUT. Iz was chosen as an extreme case where a low signal to
noise ratio can be expected. An overview is given in Table 1.

Table 1: overview over the aimed DNwax of the captures.

Capture | aimed DNwax Note

Isg 58000 DN To apply the LUT created
for linearization

la0 40000 DN Roughly the limit of the
native linear sensor
response

I20 20000 DN Extreme case, small SNR
expected

All images were captured slightly "out of focus’, to avoid
the potential influence of small dust particles and micro-
scratches on the evaluation results. For each aimed DNwax, the
white and black frame were recorded. Then, a flat-fielding
process was carried out to obtain transmittance values. For the
flat-fielding, Eq. (1) was used, where I,y is the capture of the
step wedge, Iy, is the corresponding white frame without sample,
I is the black frame, and I is the resulting flat-fielded image.
For Iss, the LUT was applied to I,y as well as to the
corresponding white frame to linearize the sensor response
before the flat-fielding process.

Ipp = Iraw—Ip (D
lw—Ip

From each image, a portion with a spatial resolution of
500x1500 pixels was cropped out from the center of each of the
steps indicated in Figure 3. For each step, the cropped portions
will be referred to as aimsg.Lut (cropped wedge from lsg
including the LUT), aimsg (cropped wedge from lsg without
LUT), aimao (cropped wedge from lsg) and aimyo (cropped
wedge from lz0). The cropped sections were then evaluated by
comparing the mean (1), standard deviation (o), and the signal-
to-noise ratio (SNR). The signal-to-noise ratio can be calculated
by using Eq. (2).

SNR = g )

To verify that the method can be used for a broad range of
imaging sensors, additional camera models were characterized
and a look-up table for linearization was created for each of the
cameras, following the same approach as explained in the
previous sections. The additional cameras were a Canon G7 and
a Silios CMS-S multispectral camera. The resulting measured
and corrected response curves are shown below.

In addition, to evaluate the method in a real-world scenario,
the Canon G7 was used to capture a 35mm analog film slide
displaying a Kodak LAD-girl amongst some reference patches at
different aim values (60.000DN and 40.000DN in 16bit range).
Again, the LUT was applied to the capture that was exposed ‘to
the right’. The visibility of noise in the captured images was then
visually evaluated.

Results

The camera response curve after the linearization process of
the different camera models QHY600, Canon G7 and Silios
CMS-S are shown in Figure 4, Figure 5 and Figure 6
respectively. The proposed method extends the linear response
region of the sensor significantly. The results from analyzing the
noise present in the different steps of the wedge for the different
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images aimed at different maximum DN are shown in Table 2,
Table 3 and Table 4.

%107

ideal response
7.5 —measured sensor response
= =LUT-corrected sensor response

B start of nonlinearity

6.5

DN

1.8 2 22 2.4 2.6 2.8 3 3.2 3.4
exposure time in microseconds <104

Figure 4. Closeup of the measured and LUT-corrected response curves
for the QHY600.
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Figure 5. Closeup of the measured and LUT-corrected response curves
for the Canon G7.

For a perfect linear sensor, the mean values of each step are
assumed to be consistent after carrying out the flat fielding
operation, while the standard deviation gives information about
the intensity of the noise within each image. Since aimag uses the
full liner range of the sensor while avoiding the nonlinear region,
its values are used as reference. As can be seen in Table 2, an
exposure aiming for 58.000DN at maximum produces wrong
mean values, while the image with applied LUT restores the
mean towards the reference to a large extend, giving accurate
linear values. At the same time, the standard deviation is
improved when using aimss+Lut. Therefore, the SNR greatly
improves when comparing aimss+Lut with aimso, reducing the
influence of the noise. As expected, the SNR increases with the
aimed max-value but is not affected by the look-up table.
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Figure 6. Closeup of the measured and LUT-corrected response curves of
the Silios CMS-S.

Table 2: noise analysis results for step nr. 1.

sample mean (u), DN | std.dev. (), DN | SNR
aimsg+Lut | 993.231 34.189 29.051
aimsg 1004.615 34.398 29.205
aimao 995.926 42.828 23.254
aimyo 994.649 62.245 15.979
Table 3: noise analysis results for step nr. 2.
sample mean (u), DN | std.dev. (o), DN | SNR
aimsg.ut | 122.105 14.022 8.708
aimsg 123.58 14.157 8.729
aimao 120.451 18.64 6.462
aimyo 112.741 32.653 3.453
Table 4: noise analysis results for step nr. 3.
sample mean (u), DN | std.dev. (g), DN | SNR
aim58+LUT 12.74 8.451 1.508
aimsg 12.91 8.533 1.513
aimao 12.905 10.903 1.184
aimyo 12.654 16.898 0.749

When visually comparing the green channel of the captured
35mm slide with the look-up table applied (aiming at 60.000DN)
against the ones exposed to a maximum DN of 40.000 and
20.000 a decreased amount of noise is observable. Figure 7
shows a cropped portion of the captured slide at different aim
values. The results are promising and indicate that the proposed
method works successfully and can be applied in real world
scenarios.

Conclusions and future work

The evaluation of the proposed method indicates that the
non-linearity of a given imaging sensor can be corrected by
characterizing the sensor response throughout its whole range
and compensate for the nonlinear regions by applying a look-up
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Figure 7. Comparison of the noise present in the captured 35mm slide.
Left: aim60+LUT, middle: aim40, right: aim20.

table. The implementation does not add a significant complexity
to the postprocessing pipeline of the raw data obtained by the
sensor and gives reasonable results. The evaluation results show
that using the proposed LUT-based approach allows to expose
samples and scenes further 'to the right’, thus increasing the
signal-to-noise ratio of the captured data. As a result, higher
digital numbers can be obtained, and a greater region of the given
sensor is effectively used without sacrificing a linear correlation
between incoming photons and the sensor response. This leads
to a reduction of the impact of among others dark current and
static sensor noise. The proposed method is applicable and easy
to compute for single and multichannel systems, as well as for
different sensor types. It must be noted that temperature changes
of the imaging system were not considered during this project,
which might require further evaluation.
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