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Abstract: Images acquired by airborne infrared search and track (IRST) systems are often
characterized by nonuniform noise. In this paper, a scene-based nonuniformity correction method
for infrared focal-plane arrays (FPAs) is proposed based on the constant statistics of the received
radiation ratios of adjacent pixels. The gain of each pixel is computed recursively based on
the ratios between adjacent pixels, which are estimated through a median operation. Then, an
elaborate mathematical model describing the error propagation, derived from random noise and
the recursive calculation procedure, is established. The proposed method maintains the charac-
teristics of traditional methods in calibrating the whole electro-optics chain, in compensating
for temporal drifts, and in not preserving the radiometric accuracy of the system. Moreover,
the proposed method is robust since the frame number is the only variant, and is suitable for
real-time applications owing to its low computational complexity and simplicity of implementa-
tion. The experimental results, on different scenes from a proof-of-concept point target detection
system with a long-wave Sofradir FPA, demonstrate the compelling performance of the proposed
method.
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1. Introduction

Infrared focal-plane arrays (FPAs) are widely used in airborne infrared search and track (IRST)
systems [1-3], which possess night vision, anti-hidden, and mist-penetrating capabilities. FPAs
are often heavily contaminated with nonuniformity noise that arises from nonhomogeneous
radiance response and the readout circuitry of each pixel. As the diffraction spot of a long-
distance target does not occupy an area of more than 3 X 3 pixels, poor nonuniformity correction
(NUC) leads to a low detection rate, high false alarm rate, and close range. Thus, advanced NUC
management is essential for further target detection.

NUC methods can be broadly classified into two major categories. The first category includes
the most commonly used blackbody-based NUC (BBNUC) methods, where all the pixels are
mapped linearly to the average response of a uniform radiance source [4]. These methods are
simple and easy to implement. An infrared (IR) camera is characterized and calibrated on the
ground, before it is attached to an aircraft for airborne implementation. However, the radiance
response of detectors, especially long-wave infrared (LWIR) detectors, drifts slowly over time.
Moreover, imaging conditions in the air, including the temperature and atmospheric pressure,
are quite different from those on the ground, resulting in surface deformations of the camera
lens. These factors mean that one-time laboratory calibration is insufficient. Thus, achieving high
precision requires airborne equipment to periodically be subjected to costly in-flight calibration.
In IRST systems, the primary lens, as the only external optical part, is often designed to have a
large aperture to increase the signal-to-noise ratio (SNR). Restricted by volumes and weights,
it is impractical to calibrate the entire optical system with a blackbody of the same size as the
primary lens. Instead, calibration is accomplished by switching a shutter or an internal blackbody
into the optical path [5, 6], which requires normal camera operation to be halted. In other words,
the in-flight calibration remains an internal calibration. As we argued in a previous research
paper, the BBNUC method fails to compensate for the response nonlinearity in staircase scenes
from IRST systems [7]. That is, the precision of BBNUC decreases, when the scene temperature
deviates from that of the reference point.

The second category comprises scene-based NUC (SBNUC) methods, which consist of
statistics- and registration-based methods. Statistical methods rely on spatio-temporal assump-
tions, have low computational complexity and excellent real-time performance, but are motion
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dependent. The global constant statistics (GCS) method assumes that the first- and second-order
statistics of observed scenes are constant over time [8]. This assumption is invalid in extreme
scenes, such as the staircase scene in IRST systems. Moreover, the lack of motion in certain
applications, such as safety monitoring, causes ghosting artifacts. The gated least mean square
(LMS) algorithm significantly eliminates ghosting artifacts by halting updates when temporal
variation is lacking [9], but decelerates convergence. The local constant statistics method im-
proves the GCS method by a more reasonable assumption that the statistics of the scene are
constant locally, but uneven globally [10]. A more robust SBNUC method for pushbroom de-
tectors has been proposed [11], where the spatial assumption further converges to adjacent pixels.
However, this method is not applicable to staring FPAs. The adjacent differential statistics (ADS)
method based on the one-point bias (OPB) model lacks the ability to compensate for response
nonlinearities [12]. Other typical methods include neural network [13], total variation [14-16],
and Kalman filter methods [17].

Registration-based methods assume that different pixels respond identically for the same
scene point within certain blocks of time [18-20]. However, an accurate registration in IRST
is difficult, due to the low contrast of scenes filled with the sky, and image motion caused by
scanning and high vibrations. Additionally, these methods may not be effective under particular
conditions, such as local motion within clouds, scene rotation from high-frequency vibration
of aerial cameras, and rapid changes in scene irradiation. Thus, registration-based methods are
impractical in IRST systems.

Our research aims to improve the precision of statistical SBNUC from a different perspective;
that is, by improving the simplicity and effectiveness of the statistical assumption and correction
model, we attempt to improve the accuracy and the practical applicability of SBNUC. Virtually,
the gain dominates the linear model. Therefore, it is considered that correcting only the gain
should be as effective as correcting both the gain and bias. Our work led us to propose a novel
SBNUC method named constant statistics of adjacent ratios (CSAR) for airborne point target
detection systems. This method corrects the gain nonuniformity under the assumption that
the radiation received by adjacent pixels is statistically constant. The proposed method can
compensate for nonuniformity and nonlinear response with low computational complexity and
few ghost artifacts. The validity of the proposed method was verified by carrying out a theoretical
analysis and additionally by investigating its practical application in IRST systems.

This paper is organized as follows. In Section 2, the proposed CSAR method is introduced in
detail, and the mathematical model of the correction error is established. Section 3 presents the
experimental results on different scenes. A comprehensive discussion of parameter selection and
implementation issues is presented in Section 4. Finally, Section 5 concludes this paper.

2. Nonuniformity correction

2.1.  Nonuniformity observation model

In general, the correction model is linearly approximated as
Jij(f)=kij 1L ;j(f)+b;j+n; , (1

where J; ;(f) and I; ;(f) are the gray value of the (i, j)th pixel in the corrected image J(f) and
the raw image /(f) in the f-th frame, respectively, k; ; is the gain, b; ; is the bias, and n; ; is
the additive random noise. Here, i € [1, M] and j € [1, N] denote the row and column indices,
respectively. The coordinate origin is on the upper left.

The coeflicient k; ; dominates the linear model, which is demonstrated theoretically and
experimentally in subsection 3.1 and Appendix A. Also, n; ; is left out to facilitate the analysis
of nonuniformity. In this paper, by setting the value of the coefficient b; ; to null, the two-point
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(TP) model in Eq. (1) degenerates to the one-point gain (OPG) model as
Ji i (f) = kij - Li j(f). 2

Then, it becomes possible to solve the NUC problem for coefficient (i, j).

2.2. CSAR method

The basic assumption is that the radiation that strikes each detector and its four nearest neighbors
is usually similar. This observation is expressed by the median of adjacent ratios as

[ Ji i (f) ] 3
F =
Wizt (D i1, (D i j-1(H) i j+1(f)

Here, the operator midg [-] returns the middle of the F values. Next, equation (2) is substituted

into Eq. (3) and because the k; ;-related terms remain constant for frame index f, they can be
extracted outside the operator midg [-] to obtain

ki . [ Ii; () ]
{‘/ki—1,jki+1,jki,j—1ki,j+1 Vi1, (D vt (DI -1 (O i jr1(f)

Note that the format in Eq. (4) is the most fundamental design of the method. In reality,
however, solving for k(i, j) directly through Eq. (4) is difficult. Reducing the number of adjacent
neighbors from 4 to 2 can simplify Eq. (4). As the nonuniformity of staring FPAs exists in two
directions, two neighbors, one each in the horizontal and vertical directions, are selected. That is,
the neighbors to the left and above the pixel, which are near the coordinate origin, are selected.
Then, equation (4) is simplified as

kl J l Ii,j(f) } _
\/ki—l JKij—1 \/Il 1,]'(f)1i,j*l(f)

This reduction in the number of neighbors is reasonable, because the relevance between a
pixel and its four neighbors can be established either through the single equation in Eq. (4) or
the three equations in Eq. (5), as illustrated in Fig. 1.

3

“

&)

(@) (b)

Fig. 1. Relevance with four adjacent pixels through (a) Eq. (4) and (b) Eq. (5).

For pixels where i € [2, M] and j € [2, N], the ratio between a pixel to the geometric mean of
its left and upper neighbors is defined as

L j (f)
\/Ii—l,j(f)li,j—l(f).

Then, denote the median ratio as 7; ; = midp [r[, i(f )]. Derived from Egs. (5)-(6), the solution
to coeflicient k; ; takes the following form

ri i (f) = (6)

ki = ; (7)
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Figure 2 presents the proposed method diagrammatically. The calculation process is as follows.
Firstly, calculate the ratio between adjacent pixels in each frame. Then, obtain the median matrix
r of the ratio within F frames. Lastly, solve for k; ; in a recursive manner. Note that the solution
k(i, j) in Eq. (5) is not unique. In other words, if k? i is a solution, then ¢ - k? . is also a solution,

where ¢ is a nonzero constant. To arrive at a unique solution, we assume without loss of generality
that k 1,1 = 1.

Raw image cube 7, (1) Ratio cube 7, (f)

Corrected image J,, (/) Raw image /, , (/) Coefficient , ,
Fig. 2. Diagram of the CSAR method.

It is obvious that Eq. (7) is a recursive formula. In other words, to calculate k; ;, it is necessary
to calculate k;_; ; and k; ;_;. Further, to calculate k;_; ;, one needs to calculate k;_» ; and
k;—1,j-1, and so forth. By continuing this process, it becomes obvious that it is ultimately
necessary to calculate k; ; in the first row and the first column. Pixels outside the bounds of the
image are assumed to equal the nearest boundary. That is, wheni = 1, I;_; ; (f) = I; ;(f) and
ki_1,j = k; j. Similarly, when j = 1, I; ;_1(f) = I; ;(f) and k; ;_1 = k; ;. Thus, equation (5)
for the array border can be expressed as

Cd miay | L) ] =1 i=ljel N
LN _ L iep
vki jkij-1 L i O i -1 () 3
ki j [ L) ' ®
— > .mid . =1 e[2, M], j=1
ko, e \/Ii,j(f)li_l,ﬂf)] l /

Similarly, the ratio in Eq. (6) is described by

I ; (f) . .

_— =1, 2, N

Lij1(f) l Jel ]

rij(f) = . ©)

L i (f) ) :
VA 2. Ml j=1
g e ML
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Plugging Eq. (9) into Eq. (8) yields

ki
Sl =1, je2 NI
rs .
kij=1, o : (10)
i-1,j . .
7 ie[2, M], j=1
L,

Normally, pixel (1, 1) serves as a starting point for k; ; estimates. In this regard, equations (9)-
(10) enable us to acquire the correction coefficients on the boundary.

2.3. Mathematical model of error propagation

In this subsection, the model of error propagation is investigated. The estimation of 7; ; inevitably
introduces relative errors «; ; in the form of random noise. Due to the recursive calculation
manner, errors are only expanded to coeflicients k;4a;,j+aj, Where Ai € [0, M —i] and Aj €
[0, N — j]. The median ratio with errors is denoted as Fl’ = a; ;F; ;, where the value of
«; ; approximates 1. The ratio of the estimated k" a; j+a; to the true k;4a; j+a; is denoted as
8Ai, Aj = k,i+Ai’J‘+Aj/kj+Ai’j+Aj. As deduced in Appendix A,

ot Ai=0
8Ai,Aj = 2= (Bi+A)) T]AL  s¥AL . (1)
a; ; s=los Aie[l, M—i]

The demonstration of ga;,a; = gaj,a; indicates the equivalence of the row-wise and column-
wise calculation procedures. The error of the corrected pixel J;1a; j+a;(f) is denoted as Ea; ;.
That is

Eninj = J ixni jonj (f) = Jisni j4n; (f)

(12)
=(gaiaj — D) - Jivai je0; ()

Without loss of generality, we concentrate on the error for an FPA with a 14-bit analog-to-
digital convertor (ADC) when the random noise intensity is equal to 2 DN and 4 DN [21]. The
correction error is plotted in Fig. 3 with a; ; = 1.00025 and a; ; = 1.00050, respectively.
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Fig. 3. Error propagation when (a) @; ; = 1.00025 and (b) @; ; = 1.00050.

Figure 3 shows that the correction error derived from the random noise of a certain pixel
converges fast. Virtually, the random noise of all the former pixels contributes to the correction
error of the latter pixels, with the last pixel accumulating all the correction errors.
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3. Experimental results

We verified the effectiveness of the proposed method by carrying out one laboratory calibration
and two outfield experiments with a principle prototype composed of a mercury cadmium
telluride LWIR detector with a Stirling cycle cooler. The detailed features of the tested IR
imaging system are condensed in Table 1. The noise equivalent temperature difference (NETD)
of the FPA was given for a +20°C scene temperature with the integration time 300 us.

Table 1. Detailed features of the tested IR systems.

Parameters Value
Manufacturer Sofradir
Spectral band pass (um) 7.7-11.3
Array size 320256
Pixel size (um) 30
NETD (mK) 17.32
ADC resolution (bit) 14
Operating temperature (°C) -196
Full frame rate (f/s) 100
Focal length (mm) 38
F/# 2
Integration time (us) 300

The proposed method was compared with the most commonly used two-point BBNUC
method [4] and the ADS method [12] for different scenes. These methods were evaluated by
comparing the visual effect and objective indices. For scenes with the sky as background, the
local standard deviation (STD) o of the corrected images was employed to quantitatively assess
the NUC performance [7]. As distant targets often occupy areas less than 3 x 3 pixels in point
target detection systems, the local STD affects the SNR of the target directly. A lower local STD
means a further detection range, a higher detection probability, and a lower false alarm rate. For
diverse scenes, we refer to the roughness p of the image J [8], defined as

Ay @ JIli + Il ® JlIi

J) = , 13
p(J) Wt 13)

where h; and h; are the horizontal and vertical difference filters, respectively. Besides, || - ||; is
the /;-norm operator, and ® represents the discrete convolution operator.

3.1. Laboratory calibration

In this subsection, the linear models are compared, and residual errors caused by the proposed
method are measured. The system is illustrated in Fig. 4. The FPA with a camera lens was
positioned closely to the CI blackbody, which provided a source of uniform radiation. The
blackbody and the FPA were placed in an airtight chamber to prevent moisture from condensing
on the blackbody at low temperatures. The chamber, which was filled with dry nitrogen, was
maintained at a slightly higher pressure than atmospheric pressure. The grabbed frames were
transmitted to a personal computer (PC) through a frame grabber. The entire equipment suite
was mounted onto an optics vibration platform.

The reference point for the OPB and OPG models was set to —10°C. For the TP model, the
two reference points were set to —10°C and —20°C. Correction coefficients of the CSAR method
were also obtained with 1000 frames of the flat field when T = —10°C. The temperature of the
to-be-calibrated scene was denoted as T, and T € {—10°C, 0°C, +10°C, +20°C, +30°C}. The
residual nonuniformity was quantitatively assessed by the global STD of the calibrated images.
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Fig. 4. Experimental equipment: (a) schematic diagram, (b) practical calibration platform.

The calibration experiment was repeated 100 times, and the mean value of the raw images and
the global STD of the calibrated images with their uncertainties are listed in Table 2.

Table 2. Global STD of the images calibrated with different models and the CSAR method.
T/°C  Gray value/DN OPB/DN OPG/DN TP/DN CSAR/DN
-10.00 6877.25+1.09 3.44+0.44 3.44+0.43 3.48+0.52 4.84+0.58

0.00 7736.20+1.60 64.78+0.14  25.55+0.19 27.94+1.30 27.18+0.92
+10.00 8686.57+0.83  132.31+0.29 46.11+0.33 49.58+2.19 47.81+0.67
+20.00 9759.90+1.09  209.33+0.16  69.71+0.22 73.98+3.34  71.56+1.26
+30.00 10949.02+1.73  294.21+0.32 95.39+0.41 101.03+4.61 97.35+1.39

The dependence of the global STD on the mean value of the raw images for different correction
models and the CSAR method is plotted in Fig. 5. The global STD is proportional to the deviation
from the reference point due to the nonlinear response of the detector. It is obvious that the
residual nonuniformities of the OPG, TP models, and the CSAR method are almost the same,
all of which are much smaller than that of the OPB model. This confirms the rationality of
correcting only the gain nonuniformity in this research. As shown by the analysis in Appendix
A, the correction parameter k; ; in the OPG and TP models can compensate for the nonlinear
response to the same extent, whereas the OPB model cannot compensate for it at all. Additionally,
it should be noted that when T is equal to —10°C, the global STD is nonzero due to random
noise.

The influence of random noise on the error propagation was analyzed by grabbing another
1000 frames, and the correction coefficients for each 7 were calculated with the CSAR method.
Then, the random noise was measured by the method in [22]. The experiment was repeated
100 times. The global STD of the corrected frame and the random noise versus the average
value are plotted in Fig. 6. It can be seen that the random noise is less than 2 DN, when the
blackbody temperature is below +30°C with the fixed integration time 300 us, and the global
STD of the corrected image is less than 6 DN. The experimental results in Figs. 5 and 6 show
that the correction error does not spread because of the recursive calculation procedure.

3.2. Scenes with the sky background

We validated the effectiveness of the proposed method in point target detection systems by
establishing a prototype IRST system, a photograph of which is shown in Fig. 7. The IR camera
was mounted on a two-axis motion platform. The pan and tilt positions of the camera could
be changed continuously through the Ethernet. The location and velocity of airliners could be
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Fig. 5. Comparison of global STD with different models and the CSAR method.
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Fig. 6. Random noise and global STD with the proposed method as a function of gray value.

read in the global navigation system (GNS). Half-well capacity was acquired by configuring the
integration time to 300 us, which was consistent with the laboratory calibration. The response
drift of the detector was analyzed by carrying out the laboratory calibration seven days prior to
the field experiment during summer in Changchun.

Fig. 7. Proof-of-concept IRST system. On the right was the screen shot of the GNS viewer,
where a Boeing B738 (airliner 1) was detected.

In the first outfield experiment, the camera was tilted to a fixed pitch angle of 20°, where the
field of view (FOV) was filled entirely with the sky and no ground. Sequentially, the camera
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was panned at a constant speed of 10°/s, whilst saving 1000 frames to calculate the correction
coeflicients. For the two-point BBNUC method, the two reference points —20°C and +20°C
were selected, which were located right in the dynamic range of observed scenes. The effect of
using the correction coefficients of the BBNUC, the ADS, and the proposed CSAR methods is
shown in Fig. 8.

x10?2 _x10°
- 5 12

13 ' 12
1.1

12 0.1 04
1.1 02 B 1.0
1.0 05 ey 0.9
0.9 08 20 08

(@) ®)

@

Fig. 8. Comparison of the coefficients. (a) k in TP. (b) b in TP. (c) b in ADS. (d) k in CSAR.

Furthermore, another 100 raw frames were grabbed and saved as to-be-corrected frames. The
corrected frames are depicted in Fig. 9. The FOV contains some clouds, and the quality of the
raw image shows deterioration due to excessive nonuniformity noise. In Fig. 9(a), the BBNUC
method imposes residual nonuniformity on the corrected image, which primarily stems from
the approximation error of the nonlinear response model [23]. The radiant fluxes of the scenes
decrease monotonously as the altitude increases. The correction error of the pixels of which the
radiant fluxes deviate from the two reference points increases gradually. The performance of
BBNUC may be improved when the nonlinearity is compensated for in a separate test. Besides,
the triangular-shaped fixed pattern noise (FPN) can be seen in the magnified details in Fig. 9(b),
which results from the temporal drift of the detector. In other words, the time interval of seven
days can result in visually distinguishable FPN. It can be seen that the LWIR detector used in

this experiment is unstable.

© @

Fig. 9. Comparison of the corrected images. (a) Raw image. (b) BBNUC. (c¢) ADS. (d)
CSAR. The smaller images below the main images are magnifications of the content within
the red squares.

(@) (®)

Subjectively, the ADS method is superior to the BBNUC method. However, considering
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that the ADS method is based on the OPB model, the correction error of this model is only
small when the dynamic range of the scene is narrow, as demonstrated in subsection 3.1. This
indicates that the large dynamic range of the staircase scenes contributes negatively to the NUC
performance. In contrast, the proposed method delivers the best image quality. The median
operation in the proposed method can effectively eliminate the influence of extreme data, such as
edge information, on the statistical properties of adjacent pixels. The correction coefficients are
just estimated at the to-be-corrected temperature point. Thus, the deviation from the reference
point is smaller, resulting in less residual nonuniformity noise. It is important to note that SBNUC
methods involve relative rather than absolute radiation calibration, and this is why the corrected
images vary in contrast and gray value.

The probability density function (PDF) and the cumulative distribution function (CDF) of
the local STD are presented in Fig. 10. Figure 10(a) indicates that the peak value of the PDF
by the BBNUC method is 10.86 DN, whereas that of the ADS method is 2.78 DN, and that of
the proposed method is 2.45 DN. For a certain percentage in Fig. 10(b), the local STD by the
proposed method is the lowest among the various contrasting methods.
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Fig. 10. Comparison of (a) PDF and (b) CDF of the local STD.

Without loss of generality, we focus on the calculation of the local STD corresponding to the
percentage of 50% in CDF, which is plotted for each frame in Fig. 11. The decrease in the local
STD for the corrected images is directly relevant to lower residual nonuniformities.
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Fig. 11. Local STD with the percentage fixed to 50% in the CDF.

With the GNS system in Fig. 7, a Boeing B738 from 59.37 km away was detected. The radius
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r of the Airy disk is » = 1.22AF = 23.18 um, which approaches the pixel size of 30 um. Thus,
this detected target occupies not more than four pixels in the FPA. Without loss of generality,
five sub-images were cropped from the corrected frames, as displayed in Fig. 12. The frames
corrected by the CSAR method suffer from less residual nonuniformity noise.

= 1444 = 1468 = 1488 = 1508 = 1550

(a)

)

(c

~

(d)

Fig. 12. The cropped target of a Boeing B738 from 59.37 km away. (a) The raw image, and
the images corrected by (b) BBNUC, (c) ADS, and (d) CSAR.

3.3. Scenes with diversities

The second outfield experiment was performed to validate the effectiveness of CSAR in general
applications. This time, the tilt angle of the camera was 5°. This resulted in the FOV containing
diverse elements such as the sky, buildings, trees, and streets. The corrected images are depicted
in Fig. 13. The image corrected by the proposed method is free from ghosting artifacts, and the
windows in the closest building can be discriminated.

The anti-ghosting capability of the method was analyzed by plotting the adjacent ratio profiles.
Without loss of generality, the ratios of pixels (100, 100) and (200, 200) are analyzed emphatically
in Fig. 14(a). Influenced by the background, the ratio curve fluctuates rapidly near the median.
The ratios were sorted in ascending order in Fig. 14(b) to facilitate the analysis. On the one
hand, there is a large interval in the middle in which the ratio nearly remained unchanged, as
indicated by the rectangular grey mark. On the other hand, extreme values derived from edges
are distributed at the leftmost and rightmost sides of the plots, without affecting the median. In
other words, the median operation can effectively counteract the ghosting artifacts. Obviously,
the fewer textures and edges in the scene, the larger the flat area in the sorted curve and the more
accurate the ratios. It should be noted that the sorting operation is an unnecessary step, and was
simply included to facilitate analysis of the method.

We assessed the NUC performance in general applications by plotting the roughness as a
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Fig. 13. Comparison of the corrected images. (a) Raw image. (b) BBNUC. (c) ADS. (d)
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Fig. 14. Plot of (a) the ratio and (b) the sorted ratio for two typical pixels.

function of the frame index in Fig. 15. The roughness result coincides with the visual quality
in Fig. 13. In summary, the proposed method has shown compelling performance in general
applications. It can effectively decrease the roughness, and improve the visual quality of the

images.
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Fig. 15. Roughness (X 10~2) as a function of frame index.
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4. Discussion

The frame number F is the only variable in the proposed method. A large F' can increase the
tolerance of extreme scenes. Thus, scenes with abundant edges and textures require F to be large.
Conversely, for scenes containing little detailed information, F should be small. Generally, the
correction parameter is more accurate with a larger F, and vice versa. For the diverse scenes
in subsection 3.3, the corrected images when F is equal to 100, 300, and 500 are presented in
Fig. 16. When F' = 100 in Fig. 16(a), the ghosting artifacts are so severe that the buildings in the
previous frames can be seen clearly. The ghosting artifacts are mitigated to a limited extent when
F rises to 300, and disappear completely when F' = 500.

(b) ()
Fig. 16. Corrected images when (a) F = 100 (b) F = 300 (c) F = 500.

We analyzed the source of the ghosting artifacts explicitly by calculating the sorted ratio of a
specific pixel (194, 201) from the ghosting regions. The result is presented in Fig. 17. The ratios
when F' = 100 and F = 300 deviate from the true value by 0.034 and 0.017, respectively. In the
proposed method, failure to estimate the ratios of adjacent pixels accurately directly leads to
ghosting artifacts. The value of F is scene-dependent, and F' = 500 is large enough to obtain
an accurate estimation of the ratio in diverse scenes. In IRST systems, F' = 1000 is sufficient to
ensure the robustness and margin in extreme scenes. This is an empirical value.
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Fig. 17. Ratios for the pixel (194, 201) with different F'.

The proposed method uses a median operation to process ghosting artifacts, and this operation
cannot be implemented recursively as the mean operation. Hence, all the F raw frames need
to be stored first, which is a drawback of the proposed method. For the FPA described in this
paper, 1024 raw frames require storage space of 160 MB. However, the availability of storage
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for large amounts of data permits an embedded implementation on the digital signal processor
TMS320C6455, of which the memory space can be extended to 512 MB with an external
double data rate (DDR) 2 memory [24]. For FPAs with a larger array size, such as 640 x 512 or
1024 x 768, raw images can be divided into several sub-images first. Then, the median ratio for
sub-images can be obtained either serially with one processing chain, or in parallel with multiple
processing chains. Lastly, the final correction coefficient is integrated with Eq. 7.

The adopted median operation adversely affects the running time (it is a bottleneck), which
is a typical Top-k problem and can be solved by the BFPRT algorithm [25]. It has linear time
complexity in the worst case for selecting the k-th largest element. On the Intel Core 13-2120
platform, the CPU time of the experiment in subsection 3.2 is 14.10 s. The method could be
accelerated by computing Eq. (6) and its median in parallel with graphic processing units. The
time interval for updating correction coeflicients is FPA-dependent. Then, each raw frame is
corrected with Eq. (2), which can be implemented in real-time.

Most applications combine BBNUC methods with SBNUC methods. However, airborne IRST
systems operate in harsh environmental conditions, such as extreme temperature ranges, heating,
and aerodynamic loads. Laboratory calibration aligns poorly with these critical environmental
conditions. Thus, the previously stored two-point or multi-point correction coefficients lead to
residual nonuniformities, of which the spatio-temporal statistics are non-stationary and noncon-
stant. We recommend performing in-flight NUC on raw frames with the proposed method. This
solution inhibits respond drifts to the full extent.

It should be noted that the proposed CSAR method does not preserve the radiometric accuracy
of the system. While most SBNUC methods do not, the CSAR method is more susceptible due
to the assumption of the initial condition on k; ; = 1. This is not detrimental to IRST systems,
but a weakness compared to other SBNUC applications that are more complicated and can be
better calibrated due to the amount of data collected over the dynamic range.

5. Conclusions

This paper presented a novel statistical SBNUC method, based on the CSAR assumption, for
airborne point target detection systems. This method employs a median operator to estimate
the ratio between each pixel and the geometric mean of its two adjacent pixels, after which the
gain of the FPA is calculated recursively. In addition, we demonstrated in theory and experiment
that the correction error from random noise is not diffused due to the manner in which the
recursive calculation is performed. The strength of the proposed method lies in its high degree of
robustness, high precision, little restriction on data collection, and low computational complexity,
which enhances its competitiveness in airborne IRST systems. As for any other SBNUC methods,
the proposed method can calibrate the whole optical system, and compensate for temporal drifts.
A prototype of the IRST system was established to validate the proposed method. Compared
with the most commonly employed BBNUC method and a typical ADS method, our method can
decrease the local STD and the roughness of the images.

Since the proposed method is based on the OPG model, when the dynamic range in the
horizontal direction varies considerably in IRST systems, the NUC performance is expected to
degrade due to the nonlinear response. Although we have demonstrated that the gain parameter
dominates the TP model, it is much easier to match one of the two reference points in the scenes
in the TP model, thereby mitigating the nonlinear error. A possible solution is to calculate the
gain and the bias in different scenes, and extend the CSAR method to the TP model.

Appendix A

The three linear correction models are compared here in theory. This analysis forms the basis of
the proposed method. By setting the value of the coefficient k; ; to 1, the TP model in Eq. (1) is
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degenerated to the OPB model as

Jij(f)=1; ;(f)+b; ;. (14)

Calculation of the correction coefficients requires the acquisition of one uniform image /( f)
when the blackbody temperature is set to 7. Its arithmetical mean is denoted as I( f). For the OPG
model, k; ; = 7(f)/1,-,]-. Similarly, for the OPB model, b; ; = I1(f) - I; j. Then, the blackbody
temperature is raised from 7' to T + AT. The corresponding image is denoted as 7(f), in which
the (i, j)th pixel is

L (f) = I ;(f) + AL ; (). (15)

Here, Al; ;(f) is a nonuniform component due to the nonlinear response of the detector, which
has been demonstrated in our previous work [7]. The images corrected by the OPB, OPG, and
TP models are denoted as J'(f), J”/(f), and J”” (f), respectively. It is obvious that

I = 1) + AL i (f)
T = TC) + ki j - AL (f) (16)
T = 1) + ki - AL (f)

It can be seen from Eq. (16) that the nonuniform component Al; ;(f) can be compensated for
by the coefficient k; ; in the OPG and TP models. However, Al; ;(f) is not properly compensated
for in the OPB model. In terms of compensating for nonlinear response, both the OPG and TP
models outperform the OPB model.

. . . . . Painj
Next, the model of the error propagation is derived in detail. Denote ga; a; = «; j A for

convenience. When Ai = 0, deduced from Eq. (7), Ppo =1, Po,1 = 2-1 Py, = 272, etc. Thus,
we have Py Aj = 2% When Ai € [1, M —1i],

1+Aj

2=(+4)) Ai =1
1
= (2+A)) A+A)HR+A)) Ai=2
1x2
Paiaj = {p-Grap L+ ADQ+AHB + A)) Ai =3 a7
I x2x3
-airag +AHNR+A)---(Ai+A)) Aj = A
I X2x--- XA
Finally, we can deduce that
27 Ai=0
L Ai .
Parai =\ p-iva [1== A Aiell, M—i] e
s=1 §

Without loss of generality, assume that Aj > Ai. When Ai = 0, we have Py A; = Paj0 = 2747,
When Ai € [1, M -],
(1+AD)Q+AD)---(Aj + AD)
1X2%---XAj
_paieap [+ AN+ A - AJIAL+ A2 +A)) - (A + A
[1X2xX---xXA[(1+A)2+Ai)---AJ]
_ o—(AiA) . (1+A)HQ+Aj)--- (Al + Aj)
I X2X--- XAl

— 7—(Ai+A))

Ppj.ai

19)
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Equations (17) and (19) enable us to draw the conclusion that Pa; o; = Paj a;. That is, the
row-wise and column-wise procedures for calculating the coefficients are equivalent.
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