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The array imaging problem

e The source at xs emits a short pulse f(t) = e~“wol f5(¢) and at
the array we record the acoustic pressure traces P(xy,,t; Xs),

e Problem: estimate the (support) of reflectivity r»(x) from the
data traces. The waves propagate in clutter.




Interferometric Imaging

e Uses interferograms P(x}, —t;xs) ¢ P(xr,t;Xs) ~ in Fourier
domain, we work with

> . Sc 7 ~ D . AN (k)2 —x|
<P(X7", w, X3>P(X,r, w, Xs>> ~ Po(X'r, w, Xs)Po(X,r,w, Xs)e 2

e The migration to y* = (£%,n%) is done in the smooth part of
the medium, with travel times.

(xr —x0)  (xr — €°)
Co |(X7“70)—Y8|’

T(XTayS)_T(X;’ayS) ~ (XT_X;’)'VT(X’HYS) —

where |x, — x| < X4(w) and kXg(w) = x;*.
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Coherent Interferograms

e [ he interferograms are given by cross-correlation over the
whole time axis

P(xr,t) x P(x., —t) = / dsP(xy, s)P(xX., —(t — ))

dw ~ _ .
= /—wP(XT,w)P(X,’r,w)G_Zw
2

e Coherent interferograms are computed in a window W (t; Ty),
with Fourier transform ¥(&; 24).

~

/dw/d&’; (@ Q) P (xr,w 4 g) p (x;,,w _ g) i (@45 ) ei(@-3)

— 27r/dsw,b(s 4t Ty P(xr, 8) P(x, —[(# — ) — 8])

N €1

T; = delay spread time and 2; ~ 1/T,; = decoherence frequency.




The phase in the coherent interferograms

e \We have the moment formula

(k)2 xr—xp?  (w—w)?

~ = ~ = 2 2
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where k = “)2'"“’ .
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e T he phase in the coherent interferograms is then:

(wtw') [
2

wT(XTa Y) _ w,T(X;’W Y) — T(X?“a Y> T T(X;,, Y>]

N | T(xey) 7 (X)y)
+(w —w") 5
so we do have travel times, not just differences.

e We let from now on: w =¥

/ ~
2“’ and O = w — W',




Coherent Interferometric Imaging Function

e Approximate the array by a contlnuum in planar domain A,

Wherexrwx—x—l—x, X). ~» X! —X—§

ZCINT (ys) ~ /dw/dx/dw W(o: Qd)/dXGD (k%; K )ﬁ(x+

exp {~i (@+3) [r (F+5y) + (e y)]} PR~ 5.0 5i%)
) [r (£ 5v%) 7 Gy}
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exp {i (w —
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e The difference frequency is restricted by window W to |@| < €.

e The window & of support O(ﬁ;;l) ensures |X| < X ().




Coherent Interferometry and Statistical Stability

e Expecting small |X| < X, linearize the phases

e_iw [T(§+%ays)_7(§_%’ys)] ~ e~ WXK-VET(Xy®) — e_iESZ-K,(yS)

— W
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e ] e_ia}[T(iays)_FT(XS)yS)]

e [ he imaging function becomes

TINT (yo) ~ / dx / dk P (coVzT(X,y®) — K; Kq) / dtW (7(X,y°) + 7(xs, ¥°) — t; Ty)
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e [ he Wigner distribution W is highly fluctuating, but typically
it decorrelates rapidly in w and kK ~» stability by smoothing.




Smoothing vs. Resolution Trade-off

e Rewriting Z“NT(y%) once more,

TCINT (ys) /dg/dip(§+g,t+""x;xs>P(f—g,t—“'x;xs)

2¢,

*RP(R; £ k=c,ver@y) 1t V(T li=r gy )4r(x9) -

e No smoothing (® and W ~ § functions) means
X - vi’r(i7 ys);xs> >

ZCINT (y5) ~s / 0% / d% P (ﬁ 2 Gy Ry + T
P (i T %7 T(XSa ys) + T(§7 ys) o iv+(§,y5)1 Xs) ~ [IKM(yS)]Q

e Smoothing over arrival time by convolution with W(t; T;) of
support Ty ~ Q%z’ affects range resolution 5—0d.

e Smoothing in direction of arrival by convol. with ®(k; kg) supp.
in ball of radius kg ~» cross range resolution Lrg ~ AoL /X (wo).




Adaptive Coherent Interferometry

e How can we find €2; and ;7

e \We may derive formulae for €2; and k4. But this will be model
dependent.

e \We can estimate the decoherence parameters using statistical
data processing techniques, but this can be tricky.

e \We found that a more efficient approach is to do an adap-
tive estimation of the smoothing parameters, during the image
formation process.




Computation Setup

absorbing medium
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We illuminate from the center of the linear array with 185
elements, of aperture a = 92X\,.

The reflectors are disks of radius \,/2, modeled as acoustic
soft scatterers (homogeneous Dirichlet condition on P).

The central frequency is 100kHz and the bandwidth at 6dB
is 60 — 140kHz. The sound speed is ¢(x) = ¢, = 3km/s.
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Adaptive CINT

e View the imaging function as Z¢NT(y%; Q4,k4) and seek pa-
rameters {2, and k; by achieving an optimal balance between

statistical smoothing and resolution.

Penalize the speckles (left image) by using a norm of the gradi-
ent. To obtain a tight image, we should also penalize the blur
(see right image) by using a sparsity measure. The “optimal”
result is given in the middle.
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Adaptive Coherent Interferometry

e [ he smoothing parameters are determined by minimizing

1T (y*: Q245 k)| prepy + all Vys T (v7 Q245 k)l L1¢py:

ZENT (yv3:Q4,89)
mMaxysep ZMNT (y5,Q4,154)

where J(y%;, Qg kg) =

e T his is very different from the usual denoising functionals,

IN(®) = Z(y*)llprox + allZ(y*)llreg;

where N is a given noisy image, Z is the desired denoised image,
| - |[prox is @ proximity norm, usually L?(D), and || - |jreg is @
regularization norm, usually TV.

e We do not have an image such as N so there is no proximity
norm part. We use instead the L! norm of the iImage which
is small, when the image is sparse. We do have however the
regularization term.
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Anisotropic clutter: Finely layered media
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- The sound speed fluctuates about ¢g = 3km/s, the fluctuations
are strong O(1) and the correlation length is £ = 30cm.

- The carrier wavelength is A\g = 3m = 10/, B = 0.6 — 1.3kHz (at
6dB) and the range is ~ 80)\g.
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Imaging in layered media: KM vs Adaptive CINT
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