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h i g h l i g h t s

� We analyze practical implications of radiometric error caused by imaging blur.
� We use an imaging model to analyze the radiometric error caused by imaging blur.
� Error model is used to estimate radiometric error in blurred remote sensing image.
� We determine the optimal parameters of the error model.
� We verify the propose error model by simulations and experiments.

a r t i c l e i n f o

Article history:
Received 30 November 2015
Revised 10 May 2016
Accepted 10 May 2016
Available online 18 May 2016

Keywords:
Imaging blur
Radiometric error
Stochastic fractal characteristics

a b s t r a c t

Imaging blur changes the digital output values of imaging systems. It leads to radiometric errors when
the system is used for measurement. In this paper, we focus on the radiometric error due to imaging blur
in remote sensing imaging systems. First, in accordance with the radiometric response calibration of
imaging systems, we provide a theoretical analysis on the evaluation standard of radiometric errors
caused by imaging blur. Then, we build a radiometric error model for imaging blur based on the natural
stochastic fractal characteristics of remote sensing images. Finally, we verify the model by simulations
and physical defocus experiments. The simulation results show that the modeling estimation result
approaches to the simulation computation. The maximum difference of relative MSE (Mean Squared
Error) between simulation computation and modeling estimation can achieve 1.6%. The physical exper-
imental results show that the maximum difference of relative MSE between experimental results and
modeling estimation is only 1.29% under experimental conditions. Simulations and experiments demon-
strate that the proposed model is correct, which can be used to estimate the radiometric error caused by
imaging blur in remote sensing images. This research is of great importance for radiometric measurement
system evaluation and application.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

For remote sensing data or images, RA (Radiometric Accuracy)
of a measurement represents the proximity of the observed signal
to the true value, and is therefore, considered to be one of the most
important specifications for space-borne instruments [1]. In gen-
eral, two elementary factors affect the RA: The observed external
error and the internal calibration error. The observed external error
consists of at least three parts: the measurement noise, the scatter
radiation, and the additional incident radiation from adjacent

targets caused by the PSF (Point Spread Function) of non-ideal sys-
tem. And the PSF is regarded as one of the primary uncertainties in
the observed signals [2]. The internal calibration error consists of
radiometric model error, radiometric calibration experiment error,
and the fitting or interpolation algorithm error, etc. Therefore, the
internal calibration error is caused by the inexact measurement of
the instrument’s radiometric response. Conducting radiometric
measurements with cameras requires inverting the radiometric
calibration equation to solve out the scene radiance. Researchers
want to quantify errors of remote sensing imaging instruments
by ground calibration. However, the system characteristics are
often varying for launching progress and uses. Therefore, calibra-
tion cannot reduce these errors, particularly those stemming from
imaging blur. As well as the PSF corresponds to imaging blur which
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is influenced by many factors [3]. Existing researches have sug-
gested that imaging blur is a significant radiometric error factor
for imaging systems [4,5]. The radiometric error related to imaging
blur has attracted the attention of researchers for a long time. In
the 1970s, Steel and Boivin pointed out that diffraction causes
radiometric error, and it should be corrected [6–8]. In 2003,
Edwards and McCall stated that diffraction produces a higher
radiometric error at the long-wave band [9]. In 2005, Parr et al.
showed that the diffraction effect substantially influences RA
[10]. The aforementioned publications emphasize the analysis of
the diffraction effect. In fact, the PSF descripts for the imaging blur,
originate from the impact of the platform vibration, atmosphere,
optical system, electronics, and so on. Moreover, the imaging blur
produced by different factors can be treated as a coupled one.
Therefore, it is difficult to analyze imaging blur factors in imaging
blur researches. Many researchers have studied on the adjacent
effect of PSF in space-borne cameras [2,3]. Du and Voss researched
the radiometric error produced by the PSF [11]. The radiometric
error resulting from PSF non-uniformity was also observed [12].
At the same time, many types of restoration methods were
adopted for spatial resolution and RA [1,2,13]. However, there is
still a lack of research on the estimation of radiometric errors
caused by imaging blur.

In this paper, we formulate analysis approach for radiometric
errors caused by imaging blur. According to the system state anal-
ysis on the radiometric errors caused by imaging blur, we propose
a standard imaging blur radiometric error estimation technique. A
model used in estimating the imaging blur radiometric error based
on the stochastic fractal characteristics of remote sensing images
was built and we also validated it experimentally. This research
is useful for estimating the radiometric error caused by imaging
blur in optical remote sensing imaging measurement. It can con-
tribute to the field of radiometric measurement because of its role
in enhancing RA and improving system design.

2. Radiometric error analysis for optical imaging system

Radiometric measurement with an imaging system involves a
retrieval process through the use of a radiometric calibration
model [14]. The radiometric calibration of an image system is also
an imaging process. And the imaging target is a radiometric stan-
dard source. The imaging process can be described as in Eq. (1):

Yij ¼ GeijTintseff
Z k2

k1

Lekðx; yÞRijðkÞdk� hðx; yÞ � Aij
p cos4 hij
4F2 þ 1

� �

þ YNij
þ YDij

þ Nij ð1Þ
where (i, j) is the element number of the detector; (x, y) is scene
coordinate corresponding to (i, j), Le is the system entrance radi-
ance; h(x, y) is a PSF of the system; N is the system random noise;
YN is the digital value of the response to stray radiation; YD is the
digital value of the system DC response; RðkÞ is the detecting ele-
ment responsivity, which expresses the detector response to energy
at a unit interval, unit area, and at the wavelength of k; A is element
area of the detector; F is the F number of the optics system; h is the
off axis angle of the detection unit; Tint is the integral time; seff is the
transmittance of the optics system; Ge is the transfer coefficient.

Owing to the characteristics of radiometric calibration, Eq. (1)
can be condensed when it describes the system radiometric
response. Because of the uniformity and stability characteristics
of the radiometric standard source, the radiation source is nearly
constant. The energy surrounded by the PSF is considered to be
unity in physics. Therefore, the convolution of this constant and
the PSF is a constant. The random noise is embodied in the zero
exposure level and gain of the system in radiometric calibration.
The statistical nature random noise cannot be expressed by the

radiometric calibration equation. Furthermore, the difference
among individual pixel responses is also eliminated by nonunifor-
mity correction. The response of multi-element detectors in the
imaging system is also calibrated assuming uniformity. Therefore,
the system imaging model can be condensed to Eq. (2) when it
describes system radiometric response:

Yc ¼ Ge �A �p cos4 h
4F2 þ1

� Tint � seff �
R k2
k1

Leðk;TÞRðkÞdk
L0

� L0 þ YN þ YD ð2Þ

The last two elements of the equation (i.e., YN and YD) can be
combined and named as Bc to represent the bias of the system.
All the rest of the equation can be written as Gc � L0, and Gc repre-
sents the gain of the system. Therefore, the system radiometric cal-
ibration equation can be described as Eq. (3):

Yc ¼ Gc � L0 þ Bc ð3Þ
This equation is the linear radiometric calibration model. The

response linearity of the system to varying light inputs in the cam-
eras is usually measured during ground calibrations.

The Eq. (3) describes system response characteristics as the Eq.
(2), however it weakens the imaging chain factors. Therefore, the
parameter Gc and Bc can fluctuate and lead to radiometric error.

The radiometric standard source possesses the characteristics of
uniformity and stabilization. The radiometric calibrationmodel just
describes the response properties of the imaging system, which is
essentially different from the imaging model. This leads to differ-
ences between the calibration equation and the actual imaging
state and induces systematic errors. The reasons are listed as fol-
lows: (i) the system response non-uniformity and random noise
cannot be displayed in the radiometric calibration model; and (ii)
the radiometric calibration model of the system cannot describe
imaging blur because of the uniformity of the radiometric standard
source. This means that the radiometric calibration coefficient can-
not express the system attenuation to high frequency information,
thereby causing the direct radiometric errors of the imaging sys-
tem. Therefore, the estimating standard of the error should be in
accordance with the radiometric calibrated system state. Assuming
that the system calibrated state can reflect the actual scene, which
produces an ideal image. Thus the hypothetical image of the system
calibrated state should be seen as the standard image for error anal-
ysis. This standard image has the following characteristics: (i) there
is no system response nonuniformity; (ii) there is no imaging blur
which can lead to image digital value attenuation at high frequen-
cies; (iii) there is no random noise; and (iv) the standard image is
only scaled to the scene and transformed for radiation. It is impor-
tant to understand that system response nonuniformity, imaging
blur, and random noise always exist in multi-element imaging sys-
tems and the standard image is an ideal image.

According to the standard image concept, the radiometric error
can be estimated by Eq. (4):

eij ¼ Yij � Ysij ð4Þ
where eij is radiometric error of the (i, j) pixel, Yij is the actual sys-
tem response digital value, Ysij is the standard image digital value.
When Yij and Ysij is expanded, the radiometric error can be
described as Eq. (5):

eij ¼ Gij � Leðx; yÞ � hðx; yÞ þ Bij þ Nij � Gc � Leðx; yÞ � Bc ð5Þ
where Gij represents gain and Bij is the bias of the (i, j) pixel of the
actual system. The Eq. (5) can be further written as Eqs. (6) and (7),

eij ¼ ðGc þ DGijÞ � Leðx; yÞ � hðx; yÞ � Gc � Leðx; yÞ þ ðBij � BcÞ þ Nij

¼ ½DGij � Leðx; yÞ � hðx; yÞ þ DBij�
þ ½Gc � Leðx; yÞ � hðx; yÞ � Gc � Leðx; yÞ� þ Nij

ð6Þ
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