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Abstract— This paper deals with an original method to es-
timate the noise introduced by optical imaging systems, such
as CCD cameras, multispectral scanners and imaging spec-
trometers. The power of the signal-dependent photonic noise
is decoupled from the power of the signal-independent noise
generated by the electronic circuitry. The method relies on
the multivariate regression of local sample statistics such as
mean and variance, in which statistically homogeneous pixels
produce scatter-points that are clustered along a straight line,
whose dope and intercept measure the signal-dependent and
signal-independent components of the noise power, respectively.
Experimental results carried out on a simulated noisy image
and on true data from a modern generation airborne imaging
spectrometer highlight the accuracy of the proposed method
and its robustness to image textures that may lead to a gross
overestimation of the noise, especially for high SNR.

I. INTRODUCTION

Whenever the assumption of additive white Gaussian noise
(AWGN) no longer holds, noise modelling and estimation
becomes a preliminary task of the most advanced image
analysis and interpretation systems. Pre-processing of data
acquired with certain modalities, like opto-electronic and
coherent, either ultrasound or microwave, may benefit from
proper parametric modelling of the dependence of the signal
on the noise and from accurate measurements of the noise
model parameters.

The knowledge of the noise model parameters is crucial
for the task of denoising. LMMSE [1] and especiad MAP
[2] estimators exhibit a scarce tolerance to mismatches in the
parametric noise model.

Recent advances in the technology of opto-electronicsimag-
ing devices have lead to the availability of image data, in which
the photonic noise contribution may no longer be neglected
with respect to the electronic component, which is becoming
less and less relevant. As a conseguence, pre-processing and
analysis methods must be revised or even designed anew
to take into account that the noise is signal-dependent. This
issue is particularly crucial for optical remote sensing image
analysis.

To date, the most powerful noise estimation models are
based on multivariate regressions of local statistics [3]. How-
ever, the presence of two parametric noise components,
e.g. signa-dependent and signal-independent, of comparable
power, makes it hard to find a steady solution.
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Il. SIGNAL-DEPENDENT NOISE MODELLING

A generalised signal-dependent noise model has been pro-
posed to deal with several different acquisition systems. Many
types of noise can be described by using the following
parametric model [4]

f(m,n) + f(m,n)? - u(m,n) + w(m,n)
f(m,n) +v(m,n) +w(m,n) (N

g(m7 n) =

where (m,n) is the pixel location, g(m,n) the observed
noisy image, f(m,n) the noise-free image, modelled as a
non-stationary correlated random process, u(m,n) a station-
ary, zero-mean uncorrelated random process independent of
f(m,n) with variance o2, and w(m,n) is electronics noise
(zero-mean white and Gaussian, with variance 02)). For agreat
variety of images, this model has been proven to hold for
values of the parameter v such that |y| < 1. The additive
term v = f7 - w is the generalised signal-dependent (GSD)
noise. Since f is generally non-stationary, the noise v will be
non-stationary as well. The term w is the signal-independent
noise component and is generally assumed to be Gaussian
distributed.

A purely multiplicative noise (v = 1) is typical of coherent
imaging systems; the majority of de-speckling filters rely
on the multiplicative fully-developed speckle model [5]. In
SAR imagery the thermal noise contribution w is negligible,
compared to the speckle term, f - u [6].

A more complex scenario is related to the ultrasonic image
generation. Due to the great variability of scatterers size in
each tissue, the electronics noise w cannot be neglected.
Although a simplified noise model without electronic term
and a value of v in (0,1), eg. v = 1/2, are accepted as
characteristic of this kind of images [7], the presence of the
additional term w alleviates for the need of exactly knowing
the ~. In fact, if ~ is taken to be unity, as for coherent noise,
an equivalent signal-dependent v may be defined, such that

flm,n)-u(m,n)+w(m,n) ~ f(m,n)%qg(m’"))'ueq(m, n).

(2
The signal dependent noise in Eq. (2) is the combination of a
purely multiplicative term and of a signal-independent term.
The outcome exhibits a dependence on the signal that vanishes
as f — 0i. Whenever f-u > w, as it happens for SAR



speckle, it stems that ~.,(f) — 1_. In practice, the left-hand
of (2), i.e. (1) with v =1, is taken as a noise model suitable
for ultrasonic images [8].

The model (1) is also suitable for film-grain noise [9],
typical of images obtained by scanning a film (transparent
support) or a photographic halftone print (reflecting support).
In the former case, v > 0 and values 1/3 < v < 1/2 are
typically encountered; in the latter case, negative values of
~ are found [10]. For images obtained from monochrome or
colour scanners, the electronics noise w may not be neglected.
Its variance is easily measured on a dark acquisition, i.e. when
f=0.

Eventually, the model (1) applies also to images produced
by opto-electronic devices that acquire natural scenes, such as
CCD cameras, multispectral scanners and imaging spectrome-
ters. The latter two are widely used for remote sensing of the
Earth, on either airborne or spaceborne platforms. In that case
the exponent  is equal to 0.5. The term /fu stems from the
Poisson-distributed number of photons captured by each pixel
and is therefore denoted as photonic noise. This case will be
investigated in the remainder of this paper.

I1l. OPTO-ELECTRONIC NOISE ESTIMATION
Let us rewrite the model (1) with v = 0.5:

g(m’ Tl) = f(ma n) + ©)

If the variance of (3) is calculated on homogeneous pixels, in
which o]%(m, n) = 0 by definition, thanks to the independence
of f, v and w and the fact that both « and w have null mean
and are stationary, we can write:

f(m,n) - u(m,n) +w(m,n).

Uﬁ(m,n) = 02 cpp(m,mn) + 012”.

4

in which pr(m,n) = E[f(m,n)] is the non-stationary mean
of f. The term ps(m,n) equas pq(m,n), from (3). Eq. (4)
represents a straight line in the plane (z,y) = (uy, 03), whose
slope and intercept are equal to o2 and o2, respectively. The
interpretation of (4) is that on statistically homogeneous pixels
the theoretical non-stationary ensemble statistics (mean and
variance) of the observed noisy image g(m,n) lie upon a
straight line. In practice, homogeneous pixels with a}%(m, n) =
0 may be extremely rare and theoretical expectation are ap-
proximated with local averages. Hence, the most homogeneous
pixels in the scene appear in the mean-variance plane to be
clustered along the straight line y = ma+yo, inwhichm = o2
and Yo = JZ).

The problem of measuring the two parameters of the opto-
electronics noise model (3) has been stated to be equivalent
to fitting a regression line to the scatter-plot containing ho-
mogeneous pixels, or at least the most homogeneous pixels in
the scene. The problem is now shifted to detecting the (most)
statistically homogeneous pixels in an imaged scene.

One mgjor drawback of the simultaneous estimation of the
two parameters of a generic line is that at least two distinct
clusters, not necessarily corresponding to two homogeneous
image patches, are necessary to yield a steady and balanced
line. The procedures developed by some of the authors for

signal-independent noise estimation [3] and SAR speckle es-
timation [11], once they have been extended to two-parameter
noise estimation, have been found to be inadequate for the
new task, mainly because the overal noise power, though
accurately estimated, was not correctly split into its signal-
dependent and independent components.

The new procedure for noise estimation consists either of
partitioning the image into blocks or of manually selecting
only some regions of interest (ROI). In both cases (unsu-
pervised and semi-supervised), the sequence of blocks/ROISs,
“blocks’ in the following, is processed in the same way.

From each block the scatter-plot of local 7 x 7 variance
to local 7 x 7 average is caculated. Since the scatter-plot
may contain sparse points due to image textures, only its most
clustered points due to the most homogeneous pixels within
theimage block are retained. Thistask is achieved by means of
an iterative procedure in which the scatter-plot isfirst split into
four quadrants, the most densely populated quadrant is selected
and the gravity centre of the cloud of pointsis calculated. The
associated quadratic residues, different along = (mean) and
along y (variance) are checked. If both do not exceed a preset
homogeneity threshold, the gravity centre is accepted and the
number of points from which it has been obtained is stored as
well. Otherwise each quadrant is split into four sub-quadrants
and the procedure is repeated. Convergence is ensured by the
fact that the stop thresholds are preliminarily calculated either
on homogeneous areas of simulated noisy images, or better
on uniform calibration panels placed during the acquisition,
whenever possible.

Once the sequence of gravity centres, each with associated
the number of points from which it has been generated, has
been calculated, such centres are placed in another mean-
variance scatter-plane and a two-parameter regression line is
fit to the cloud of centres. Each centre is weighted by its
number of generating points in the calculation of regression
coefficients. The slope and intercept of such a straight line are
estimates of the two noise parameters.

The main advantage of the above procedure, which may
seem to be cumbersome, is that a little homogeneous image
block, or better a block containing few statistically homoge-
neous pixels, not necessarily forming a connected set, yield a
gravity centre with low weight, while a block containing many
homogeneous points will contribute with a centre having a
large weight. The multiplicity of centres will ensure that the
regression line is not undetermined, as it would happen in the
case of aunique centre, originated from an isotropically spread
cloud of dense scatter-points.

IV. RESULTS

The proposed method has been preliminarily validated on
simulated noisy images. The widespread test image Lenna has
been used for this purpose. Noisy versions of Lenna with SNR
intheinterval 5to 25 dB and equal powers of signal-dependent
and signal-independent noise have been generated.

Fig. 1(a) shows the origina Lenna; Fig. 1(b) its noisy
version with SNR = 5 dB. The scatter-plot containing the 64



1000 T Z
oo ® e
900 .
. .,
800 . o "
o D °
700 . IO
.
?
600 ' -
Y 500 %, .
400
300
200
100
o .
0 50 100 150 200
n
©

Slope

5 :L.O 1.5 2.0 25
SNR (dB)
(¢
Fig. 1.

(b)

25

20

15

10

Estimated SNR (dB)

True SNR (dB)
(d)

400

Set
350 Estimated | |

300

250

200

Intercept

150

100

50

5 10 15 20 25
SNR (dB)

®

Test with simulated signal-dependent noise. (8): origina Lenna image; (b): noisy Lenna with SNR = 5 dB and 50% signal-dependent and 50%

signal-independent noise powers; (c): scatter-plot of homogeneous areas of (b) with regression line superimposed; (d): estimated SNR vs true SNR (ideal case
dotted); (€): estimated (green) and ideal (blue) slope varying with SNR; (f): estimated (green) and ideal (blue) intercept varying with SNR.

gravity centres of the 64 partition blocks of the noisy version
in Fig. 1(b) is displayed in Fig. 1(c). True and estimated SNR
values are reported in Fig. 1(d). The apparent overestimation of
noise at higher SNR is due to the intrinsic noise of the original
Lenna, whose variance has been measured and found to be
about 10. Eventually, the slope and intercept of the estimated
regression line are plotted in Figs. 1(e) and 1(f) varying with
SNR, each together with the corresponding parameter of the

noise model that has been simulated. This result provides a
further insight into the features of the method. The signal-
independent noise variance is aways dightly overestimated.
Conversely, the signal-dependent noise variance, proportional
to the slope of the regression line, is aways underestimated
to a little extent. However, the outcome SNR is balanced and
its small drift from the theoretical value (dotted line) depends
only on the intrinsic noise of the original test image.
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Fig. 2. Test with a true hyperspectral image from an airborne instruments (512 bands in the visible and near-infrared (V-NIR) wavelengths. (8): estimated
signal-dependent (photonic) noise power varying with band number; (b): estimated signal-independent (electronic) noise power varying with band number;
(c): estimated variance of signal-dependent noise generating term, o2 varying with band number; (d): estimated SNR varying with band number.

A further experiment was made on the data produced by
a modern-generation push-broom imaging spectrometer. A
close-range acquisition of the airborne instrument was made
with the aid of calibration panels to expedite radiometric and
atmospheric corrections. Calibrated radiance datain the visible
and near-infrared (V-NIR) wavelengths have been analised.
There are 512 bands in the interval 400 - 1000 nm. The
instrument is equipped with a1024 x 512 CCD array spanning
the across track and spectral direction, respectively. The raw
data are acquired with a 12 bit ADC.

Figs. 2(a) and 2(b) show the signal-dependent and signal
independent noise powers varying with band number. Thereis
aregion in 450 - 850 nm, in which both the noise contributions
are approximately constant with the wavelengths. In this
interval, the signal-dependent noise is one order of magnitude
greater than the signal-independent noise, thereby confirming
that the instrument is close to the limits of the photonic noise,
which cannot be lowered by improving the electronics. The
term o2 in Fig. 2(c) has atrend with the wavelength flatter than
that in Fig. 2(a), since it does not depend on the mean radiance
of the scene, which varies with the wavelength. Eventually,
SNR is plotted against the band number in Fig. 2(d). All results
are in excellent accordance with those measured on calibration
panels. However, by measuring means and variances on a
unique panel, the two noise contributions cannot be separated.
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