
Lehrstuhl für Bildverarbeitung

Institute of Imaging & Computer Vision

Towards fully automated precise
measurement of camera transfer functions

David Friedrich and Johannes Brauers and Andre A Bell and Til Aach
Institute of Imaging and Computer Vision

RWTH Aachen University, 52056 Aachen, Germany
tel: +49 241 80 27860, fax: +49 241 80 22200

web: www.lfb.rwth-aachen.de

in: Image Analysis & Interpretation (SSIAI), 2010 IEEE Southwest Symposium on. See also BibTEX
entry below.

BibTEX:

@inproceedings{FRI10a,

author = {David Friedrich and Johannes Brauers and Andre A Bell and Til Aach},

title = {Towards fully automated precise measurement of camera transfer functions},

year = {2010},

pages = {149--152},

organization = {IEEE},

journal = {Image Analysis \& Interpretation (SSIAI), 2010 IEEE Southwest Symposium

on},

}

© copyright by the author(s)



Towards Fully Automated Precise Measurement of Camera Transfer Functions

David Friedrich, Johannes Brauers, André A. Bell, and Til Aach
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Abstract—The mapping of incident irradiance to sensor
output value, the so-called camera transfer function (CTF),
of CCD or CMOS imaging devices is in general a non-linear
function. Applications that utilize the camera as a measurement
device for the incident irradiance, e.g DNA image cytometry
for early cancer detection or HDR imaging, require a linear
CTF. Thus, this non-linearity has to be corrected. This, in turn,
requires the non-linear CTF to be estimated or measured.

In this paper we present a radiometric measurement setup.
We point out a particular problem, i.e., the calibration of the
distance offset between sensor and light source. We then show a
solution which integrates this calibration into the measurement
process, enabling a fully automated measurement of the CTF.

Keywords-Camera transfer function, Opto electrical conver-
sion function, Non-linearity, Radiometric calibration, CCD,
CMOS

I. INTRODUCTION

Image acquisition devices like CCD and CMOS cameras
map the incident irradiance to digital sensor output values.
These values, however, are transformed through a mostly
non-linear camera transfer function (CTF). Many image pro-
cessing applications, on the other hand, require the camera
to provide a linear mapping from the irradiance incident on
the sensor to the sensor output values.

To give two examples, we first consider high dynamic
range (HDR) imaging. Since cameras exhibit a limited
dynamic range which may be insufficient to acquire the full
dynamic range of a natural scene, different methods have
been developed to increase the dynamic range of conven-
tional cameras [13], [8], [14], [12], [6]. These methods are
mostly based on the acquisition of an exposure set, i.e., a
set of images of the same scene under different exposure
settings. These images are then combined into one image
of larger dynamic extent, requiring a linear characteristic
of the imaging system. These high dynamic range imaging
algorithms have for instance been applied to microscopy [3],
[2] for a more reliable diagnosis [15].

A second example is cancer diagnosis based on DNA
image cytometry, which is a non-invasive method for cancer
diagnosis [5], [16]: Brush smears are stained stoichiometri-
cally according to Feulgen to display the DNA content of
cell specimens during a microscopic investigation. Due to
the staining procedure the amount of stain within a nucleus
is proportional to the DNA content of that particular cell.
Light passing through specimens is attenuated depending on

the concentration of the object under investigation (Lambert-
Beer Law). If this attenuation is linearly represented in the
image, the Lambert-Beer Law allows the measurement of
the concentration of DNA content. Measuring a set of cells
from one specimen then allows to identify sub-populations
of cells with an unusual high DNA content. According to
the Duesberg hypothesis this so-called DNA aneuploidy
is a highly sensitive and specific diagnostic marker for
cancer [9].

All of these methods require the CTF to be linear or
at least the non-linearity of the CTF to be known to first
linearize the imaging system. To this end, the CTF has to
be either estimated or measured. In Section II we give an
overview of the current methods to estimate or measure the
CTF. In particular we describe our radiometric measurement
setup and identify the problem of calibrating the distance
between the light source and camera sensor in Section III.
Section IV then describes our solution to this problem,
leading to a robust and fully automated CTF calibration
approach. In Section V we give some results and finally
draw conclusions and provide future topics in Section VI.

II. ESTIMATING OR MEASURING THE CTF

Various methods for estimating the CTF have been pre-
sented in literature as part of HDR imaging. Based on joint
histograms of images with known exposure ratio parametric
models have been applied [13], [12]. The parametric model
has been replaced by a smoothness constraint in [8]. Further-
more, a constrained piecewise linear CTF assumption [7] has
been integrated in the estimation process as well as poly-
nomials [14]. These estimates have been further analyzed
in [10]. These approaches, however, cover only a limited
range of possible CTFs and one can not directly verify the
correctness of the estimation.

Measuring of the CTF is most often done using test-
charts like the Macbeth- or the CamAlign-CGH-chart. These
charts consist of patches of known reflectance to determine
the relationship between irradiance and sensor response.
Measuring the CTF using charts, however, is afflicted with
two difficulties. First, it is not trivial to ensure a uniform
illumination of the chart. Second, and more importantly, it
only yields the sensor response for a very limited number of
irradiance values, typically 8 to 16. Despite these drawbacks
the corresponding ISO norm [1] describes measuring the
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Figure 1. CTF measurement setup. The integrating sphere on the left is
used to directly illuminate the camera sensor. The camera can be moved
automatically to vary the distance between camera and integrating sphere.

CTF with the ISO Camera OECF Test Chart consisting of
12 patches arranged in a circle.

Both difficulties of test-chart based methods as well as the
inaccuracies of the estimation methods can be avoided with
a radiometric measurement setup [11] (see Fig. 1), which
also allows to evaluate the estimation algorithms mentioned
above [4]. The basic setup is based on an integrating sphere
(Ulbricht sphere) and utilizes the fact that for this light
source the irradiance at the sensor as a function of the
distance between the integrating sphere and the sensor is
known. This is described in more detail in the next section.

III. RADIOMETRIC MEASUREMENT OF THE CTF

A homogeneous light source is realized by an integrating
sphere. The integrating sphere provides an isotropic and
homogeneous light output in terms of radiance L (measured
in W

sr·m2 ) at its opening of radius r [11]. We use the light
from the integrating sphere to directly illuminate the camera
sensor, with all optics removed (Figure 1). The irradiance
impinging on the sensor then depends on the distance x
between sensor and opening of the integrating sphere via

E(x) = π
r2

r2 + x2
L. (1)

The image acquisition process integrates this irradiance
E(x) (measured in W

m2 ) over exposure time t and area A of
the sensor element. As we uniformly illuminate the camera
sensor, we can assume that the irradiance is constant over
the sensor area. Thus this integral equals A ·E(x), yielding
the energy

Q(x) = AE(x)t. (2)

The number of detected photons is given by

Np = AE(x)t
λ

hc
, (3)
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Figure 2. Camera transfer function of a Nikon Fi1c camera, automatically
measured by our experimental setup. The domain of the CTF has been
sampled at 200 measurement points.

where h is Planck’s constant and c is the speed of light. A
certain percentage η (quantum efficiency) of these photons
generate electrons when hitting the sensor according to

Ne = ηNp. (4)

The number of electrons Ne undergoes mostly non-linear
transformations described by the camera transfer function
f , e.g., dynamic range compression and quantization, before
yielding the sensor response st,x. With k := ηA λ

hc , the
whole process is modeled as

st,x = f(kE(x)t). (5)

By varying the distance x between the integrating sphere
and the sensor, the relation between irradiance (from equa-
tion (1)) and sensor response can be determined and yields
the CTF of the camera under investigation (Figure 2).

We have equipped our system with a motorized stage
and a measurement rail. The camera is clamped into a
camera holder, and this holder can be automatically driven to
positions 100mm to 5000mm away from the light source.
The measurement rail (PCGA22, ASM GmbH, Germany)
is able to determine the position of the camera holder
with a precision of ±50µm. The motorized stage and the
measurement rail enable a fully automated measurement of
the camera transfer function with a very dense sampling of
the irradiance values.

The camera sensor and the camera holder, however, do not
have the same distance to the light source, but are usually
displaced by an offset. This offset has to be determined as
part of a calibration step in order to apply the expressions
from above correctly. This calibration process can be done
manually only with a very limited precision.



IV. ESTIMATION OF INITIAL DISTANCE BETWEEN
SENSOR AND LIGHT SOURCE

As we compute the irradiance impinging on the sensor
depending on the distance between light source and sensor
according to equation (1), an exact determination of this
distance is of importance. While we can pilot the distance
between camera holder and opening diameter of the inte-
grating sphere with high precision, there is an offset to the
distance between sensor and light source. This offset varies
from camera to camera and even whenever the same camera
is removed and clamped into the camera holder again.
A direct measurement of the distance between the light
source and the sensor with a measuring tape is infeasible,
as the sensor is encapsulated by the camera case. Manual
calibration of the distance between sensor and light source
is only precise in a range from ±1 to ±5mm. A systematic
error x+ ∆x in x, however, introduces an error

∆E(x) := E(x+ ∆x)− E(x) (6)

to the irradiance values. The influence of this error is
non-linear and dependent on the distance between sensor
and light source (Figure 3). Instead of mapping the true
irradiance E to the sensor response f(ktE) during the
CTF measurement, the wrong irradiance E(x) + ∆E(x) is
used and the measured CTF is distorted. When recovering
irradiance values from sensor responses with the inverse
of this CTF, the outcome is consequently also non-linearly
distorted and does not fulfil the requirements of the intended
applications.

As we show now, the value of x can be determined by
acquiring two images taken with distinct exposure times
t1, t2 and known distance xd from each other. The value
of xd can be determined with the aid of the measurement
rail with high precision.

We start at a (yet unknown) distance x between sensor
and integrating sphere and an exposure time t1. The sensor
response is measured by averaging over the raw sensor
responses from one color channel and yields

st1,x = f(k · E(x) · t1). (7)

It is important that this camera response is within the unsat-
urated region of the sensor. Now we set the exposure time
to t2 > t1. By successively increasing the distance between
camera and integrating sphere in small steps and measuring
the sensor response, we determine a distance x + xd with
the same camera response as our first measurement:

st2,x+xd
= st1,x (8)

⇔ f(kE(x+ xd)t2) = f(kE(x)t1). (9)

The value of xd is given by the difference between the
position of the camera holder at the second and the first
position and is precisely provided by the measurement rail.
We can assume that the camera transfer function f is strictly
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Figure 3. The error ∆E(x) = E(x + ∆x) − E(x) depending on the
distance between sensor and light source, depicted for ∆x = 2.5mmm and
5mm respectively.

monotonic if we restrict the domain to points where the
sensor response is not saturated. Consequently, f is also
bijective on this domain. Thus we conclude

k · E(x+ xd) · t2 = k · E(x) · t1 (10)

from equation (9) and the one-to-one correspondence of f .
Note that we do not need to know f−1 or assume any camera
model for this step. Solving equation (10) for x then yields
the distance between sensor and light source:

k · E(x+ xd) · t2 = k · E(x) · t1 (11)

⇔ π r2

r2+(x+xd)2L · t2 = π
r2

r2 + x2
L · t1 (12)

⇔ t2(r2 + x2) = t1(r2 + (x+ xd)2) (13)

Collecting all terms on the left side and dividing by t2 − t1
yields the quadratic equation

x2 − 2x · xd
t1

t2 − t1
+ r2 − x2

d ·
t1

t2 − t1
= 0. (14)

By setting α := t1
t2−t1 , we find the solutions of (14) as

x1,2 = xdα±
√
x2
d(α2 + α)− r2. (15)

V. EXPERIMENTS AND RESULTS

To evaluate the performance and robustness of the method
for determining the distance between light source and sensor,
we compare manual and automatic measurements for three
different cameras.

After positioning the camera holder at a distance of
700mm from the light source and mounting a camera into
the camera holder, we estimated the position of the camera
sensor by visual inspection, measured the distance to the
light source and judged the precision of this measurement.



Table I
DETERMINED SENSOR POSITION.

Camera Manual ± precision (mm) Automatic ± std (mm)
Nikon 695 ±1 694.54 ± 0.13
AVT 698 ±1 698.67 ± 0.16
Multispectral 710 ±5 713.65 ± 0.20

Subsequently, the automatic measurement was performed.
From the two possible solutions of equation (14), one
solution always turned out to be negative, so it can obviously
be rejected. The presented method was tested for a a Nikon
DS-Fi1c, a AVT Dolphin F-145C and our multispectral
camera. For the latter, a filter wheel is mounted in front
of the camera sensor and allows to bring distinct optical
bandpass filters into the lightpath [6]. As both the camera
sensor and the filter wheel have to be encapsulated by a
large camera case, the manual measurement of the sensor
position is afflicted with a higher measurement uncertainty
for this camera.

Table I shows the distance between light source and sensor
that we determined from both the manual and automatic
measurement. The automatic measurement has been per-
formed ten times for each camera, here we present the
mean initial distance and the standard deviation to allow
an assessment of the robustness of the method.

VI. SUMMARY AND DISCUSSION

For many imaging applications a linear characteristic
of the sensor is required. Therefore the CTF has to be
estimated or measured. The latter can be done precisely
with a radiometric measurement setup. We investigated such
a setup and pointed out a problem with the calibration
of the setup. Our calibration algorithm is based on two
images acquired with different exposure settings, at different
positions but equal sensor output. The presented method
yields precise and stable results. This enables the calibration
of the measurement setup as an integral part of the automated
CTF measurement.

As future improvement, we aim to further reduce inac-
curacies and interference factors of the measurement proce-
dure. Light emitted by the integrating sphere is reflected on
the measurement system and the walls of the laboratory and
misleadingly contributes to the sensor response. Its influence
can be reduced by vesting the walls and the system with
highly light absorbing material, but we believe that this
effect cannot be circumvented completely with reasonable
effort. Thus we are now investigating correction procedures
which can be naturally integrated into the measurement
process in order to establish a CTF measurement procedure
which yields a CTF with highest precision and dense sam-
pling of the CTF domain.
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