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Novel Target Decomposition Method based on Polarimetric Signatures Yilun Chen, Jian Yang Department of Electronic Engineering, Tsinghua University Beijing, 100084, P.R.China [email protected]



Abstract—Polarimetric signatures have been used successfully to present the scattering characteristics of a wide range of target types. However, most of previous researchers tend to provide a qualitative description rather than a quantitative analysis. In this paper, we propose a mathematical framework for analyzing the polarimetric signatures. The inner product between two polarimetric signatures is first defined, which is proved to have a simple form from elements of the Kennaugh matrices. The distance measurements are then introduced to quantify the difference between two polarimetric signatures. All these parameters are shown to have a compact form which is convenient for calculation. Based on these parameters, a novel target decomposition method is proposed which divides the target into several typical scattering mechanisms. With the least square rule, the proposed decomposition method can be carried out by the constrained quadratic programming. By using polarimetric Synthetic Aperture Radar (SAR) data, we demonstrate that the signature based decomposition method’s ability to reflect the target’s scattering mechanism, such as the components of single- and doublebounce, which can be employed for weak target detection.



1. Introduction For target detection and target recognition in radar polarimetry, an important problem is how to analyze characteristics of a radar target. According to the features of some typical targets, Huynen [3] proposed a set of parameters for describing the symmetry, structure, torsion and helicity of a target. Krogager [4] decomposed a target into three components corresponding to a sphere, a diplane and a helix. Cloude and Pottier [5, 6] introduced the concept of entropy for target decomposition and classification. Yang et al. extracted characteristics of a target based on the similarity parameter between two scattering matrices, which is convenient for analyzing some characteristics of a target. In this paper, a new target decomposition method is proposed based on the analysis of target’s polarimetric signatures. Polarimetric signatures, first introduced by van Zyl [1], are an effective way to characterize the polarization properties of microwave backscatter. These signatures have been used successfully in the past to present the scattering characteristics of a wide range of target types [2]. The signatures are significant because they utilize full amplitude and phase information from targets, which display backscattered intensity as a function of the polarization state of the backscattered TEM wave. The concept of a polarization ellipse is useful to provide a geometric interpretation of the polarization state of each point in the signature. This ellipse may be described in terms of two angles [χ, ψ] : the angle χ gives the ellipticity, or “fullness” of the scatter, while ψ gives the orientation with respect to the horizontal. For the col-pol case, the polarimetric signature P (χ, ψ) is determined for any arbitrary polarization state by calculating the Kennaugh matrix [K] and the transmit-receive polarization vectors P (χ, ψ) = gT [K] g, T



(1)



where g = (1, cos 2χ cos 2ψ, cos 2χ sin 2ψ, sin 2χ) and T indicates the transpose. The cross-pol case may be realized by letting receive antenna ellipticity χ be the negative of the transmit antenna ellipticity and by letting the receive orientation angle ψ be orthogonal to that of the transmit antenna, i.e., ψ + 900 . The rest of this paper is organized as follows: in section 2, we provide quantitative descriptions to analyze the relation between two polarimetric signatures, including the concept of inner product as well as their distance measurement. Based on these descriptions, the polarimetric signature based decomposition method is proposed in section 3 and validated by using polarimetric synthetic aperture radar data in section 4. Conclusions are summarized in section 5.



2. Quantitative descriptions of two polarimetric signatures 2.1 The inner product of polarimetric signatures Here we take the col-pol case first, the inner product between two signatures is defined as −π/ −π/ Z 4 Z 2 P1 (χ, ψ) P2 (χ, ψ) dχdψ, h P1 (χ, ψ) , P2 (χ, ψ)ic =



(2)



−π/ −π/ 2 4 where P1 (χ, ψ) and P2 (χ, ψ) denote the col-pol polarimetric signatures of target 1 and target 2, respectively; the subscript c stands for the col-pol case. By substituting eq.(1) into eq.(2), we can prove that hP1 (χ, ψ) , P2 (χ, ψ)ic = qT1 Wc q2 .



(3)



Here q is defined as the target’s characteristic vector, which is composed of elements from the Kennaugh matrix [K] = (kij )i,j=0...3 : T



q = (k00 , k01 , k02 , k03 , k11 , k12 , k13 , k22 , k23 ) . The weighted matrix Wc is calculated  19/16 0  0 1/2   0 0   0 0   −9/32 0 Wc =   0 0   0 0   −9/32 0 0 0



(4)



to be 0 0 1/2 0 0 0 0 0 0



0 0 0 1 0 0 0 0 0



−9/32 0 0 0 25/128 0 0 19/128 0



0 0 0 0 0 3/32 0 0 0



0 0 0 0 0 0 1/8 0 0



−9/32 0 0 0 19/128 0 0 25/128 0



0 0 0 0 0 0 0 0 1/8



       2 π .      



(5)



From eq.(3) one can see that the defined inner product of polarimetric signatures turns to be the weighted inner product of two vectors q1 and q2 , which provides a simple form for computation. Similar results can be obtained for cross-pol case, where we replace Wc by Wx in eq.(3)   3/16 0 0 0 −1/32 0 0 −1/32 0  0 0 0 0 0 0 0 0 0     0 0 0 0 0 0 0 0 0     0 0 0 0 0 0 0 0 0    2 π 0 19/128 0 (6) Wx =   −1/32 0 0 0 25/128 0   0  0 0 0 0 3/32 0 0 0    0  0 0 0 0 0 1/8 0 0    −1/32 0 0 0 19/128 0  0 25/128 0 0 0 0 0 0 0 0 0 1/8 obtaining hP1 (χ, ψ) , P2 (χ, ψ)ix = qT1 Wx q2 ,



(7)



where the subscript x denotes the cross-pol case. 2.2 The distance measurement of polarimetric signatures The distance measurement of two signatures is defined as −π/ −π/ Z 4 Z 2 2 (P1 (χ, ψ) − P2 (χ, ψ)) dχdψ. kP1 (χ, ψ) − P2 (χ, ψ)kc = −π/ −π/ 2 4



(8)



Expanding the right term in eq.(8), there is



kP1 (χ, ψ) − P2 (χ, ψ)kc = hP1 (χ, ψ) , P1 (χ, ψ)ic − 2 hP1 (χ, ψ) , P2 (χ, ψ)ic + hP2 (χ, ψ) , P2 (χ, ψ)ic



(9)



Based on the results of the inner product which has been derived, we obtain the quadratic form T



kP1 (χ, ψ) − P2 (χ, ψ)kc = (q1 − q2 ) Wc (q1 − q2 ) .



(10)



For the cross-pol case, we just replace Wc by Wx .



3. Polarimetric signature based target decomposition The problem of target decomposition is to find the combination of several typical scattering mechanisms to represent a given target. For the signature value stands for the received power, one can expect a target’s polarimetric signature to be decomposed as N typical scattering mechanisms with distributed scatters in a resolution cell:



P (χ, ψ) =



N X



ai Pi (χ, ψ),



(11)



i=1



where Pi (χ, ψ) denotes a specific scattering component’s signature, and ai is its corresponding coefficient which should be a non-negative value. Due to the presence of speckle noise, we obtain the component coefficients {ai }i=1...N by solving the following constrained least square problem min ||P (χ, ψ) −



N P i=1



s.t.



ai Pi (χ, ψ)||γ



(12)



ai ≥ 0, i = 1...N,



where γ = c or x, denoting the col-pol case or the cross-pol case, respectively. Eq.(12) can be proved to be equivalent to min 12 aT Ra − cT a s.t. a ≥ 0.



(13)



T



a is the unknown vector (a1 , a2 , ..., aN ) , R is a N × N matrix where Rij = hPi (χ, ψ) , Pj (χ, ψ)iγ , and T



c = (c1 , c2 , ..., cN ) is a N × 1 column vector where ci = hPi (χ, ψ) , P (χ, ψ)iγ , the subscript γ = c or x. Eq.(13) can be solved via the standard quadratic programming method [9]. Given the coefficients {ai }i=1...N , we define the normalized component coefficients {ri }i=1...N as ri =



ai , N P ai



i = 1, ..., N.



(14)



i=1



ri reflects the percentage of the i th scattering component’s contribution to the whole scattering mechanism. Since {ri }i=1...N are normalized, they are determined by the shape of the polarimetric signature (i.e., the scattering mechanism) rather than the absolute received scattering intensity. £ ¤ According to Huyen’s theory, one knows that K 0 denotes the Kennaugh matrix £ 0of ¤ a target in a special position, where the orientation angle of the target equals to zero. If [K] is known, K can be obtained [3], therefore polarimetric signatures with zero target’s orientation angle can also be obtained. In practice, we first ”shift” a polarimetric signature to the zero orientation angle and then apply the proposed decomposition method. In this way, the decomposition results are invariable with target’s orientation angle.
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Figure 1: The span image of NASA ARC with decomposition results. (a) The span image (b)r1 (c) r2 (d) r3 .



4. Experimental results A NASA/JPL AIRSAR L-band image of the NASA ARC is used to test the proposed target decomposition method. The span image is shown in Fig.(a). In this experiment, we use a plate, a diplane and a wire as three kinds of basic scattering mechanism. Their Kennaugh matrices are supposed to be [K1 ], [K2 ] and [K3 ], respectively, where   [K1 ] =  







1



 , 



1 1 −1



  [K2 ] =  







1



 , 



1 −1 1











0.5 0.5  0.5 0.5 [K3 ] =   0



 . 



(15)



0



The Kennaugh matrix of each pixel is first pre-processed to rotate the target’s orientation angle to zero and then applied with the proposed decomposition method, here we use the col-pol signatures. The normalized component results r1 - r3 are shown in Fig. 1(b) - Fig.1(d), respectively. From these figures we can find that r1 has large value in the sea region (region A), which hints the main scattering mechanism of sea region is singlebounce. For the man-made objects, r1 turns to be small value and r2 , r3 begin to rise up. For instance, the linear-structured targets on the sea (region B)tend to have larger value of r3 , i.e., the wire-like targets. If we zoom in region B in Fig.1, we can find some linear objects, as the arrow points out (Fig.1(b)). These objects are weak scatters which are not easy to observe from the power image (Fig.3(a)), however, they are more salient from the proposed signature based decomposition results. The dark line on the sea hints the possibility of man-made objects. The picture from optical satellite of this region is also shown in Fig.3(c), where we can see that these objects do exist. We also use other decomposition methods for comparison. The polarization entropy and alpha angle [5, 6] are shown in Fig.2(a) and Fig.2(b), respectively. Fig.2(c) and Fig.2(d) show the similarity parameter [8] of single- bounce and double- bounce. From the comparison, it can be seen that the signature based decomposition results’ potential to detect weak targets.



5. Conclusion A new target decomposition method is presented in this paper which is based on the quantitative analysis of polarimetric signatures. The inner product and the distance measurement of two signatures are defined and then shown to have a simple form for calculation. Based on these quantitative descriptions, the signature based target decomposition method is proposed, where a target’s signature is divided into components from several typical targets. The normalized component coefficients can be used to reflect the scattering mechanism of the given target. Experimental results demonstrate the proposed method’s potential to discover weak man-made scatters, which is an important problem for target detection.
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Figure 2: (a)The polarization entropy H. (b)The alpha angle α. (c)The similarity parameter of single- bounce s1 . (d) The similarity parameter of double- bounce s2 .



(a)



(b)



(c)



Figure 3: The decomposition results of weak targets. (a) The span image. (b) The decomposition result r1 . (c) The ground truth (optical image from satellite).
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(a) The span image (b)r1 (c) r2 (d) r3. 4. Experimental results. A NASA/JPL AIRSAR L-band image of the NASA ARC is used to test the proposed target decomposition method. The span image is shown in Fig.(a). In this experiment, we use a plate, a diplane and a wire as three kinds of basic scattering mechanism. 
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