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ABSTRACT

The characterization of ice crystals has important applications in airborne research and civil aviation. Interferometric out-of-focus imaging is
a promising technique. We investigate in this study the impact of the 3D shape reconstruction of the particles from a pair of interferometric
images on the estimation of the ice particle’s volume. An interferometric image gives indeed the 2D autocorrelation of the particle’s shape. As
different shapes can exhibit a similar 2D autocorrelation, particles of different shapes can have similar interferometric images. In this study,
the volume of ice particles is estimated from a pair of interferometric images (with two perpendicular angles of view). The relative error in the
particle’s volume estimation is shown to be around AV/ V ~ 30% depending on the choice of the initial 3D particle’s shape. It appears that the
choice of the shape of the particle for both angles of view has a lower impact on the estimation of the particle’s volume than the other sources

of errors due to image acquisitions themselves.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5085279

I. INTRODUCTION

The characterization of irregular particles has important appli-
cations in meteorology, environment and safety, combustion,
sprays, cosmetics, biology, and so on. Many theoretical, numerical,
and experimental studies are carried out." The realization of a sys-
tem that can combine a 3D location of the particles in a flow, and a
full characterization of each particle (size and 3D shape) would be of
particular interest.” * In many hostile environments, such a system
should combine a large measurable particle size range, a high work-
ing distance between the medium under study and the instrument,
and possibly an adjustable field of view to analyze simultaneously
many particles.

An important application is the characterization of ice crys-
tals in clouds, which is essential for meteorology, aircraft safety, and
energy savings. Interferometric out-of-focus imaging of rough par-
ticles offers a very promising solution. Initially developed to ana-
lyze spherical droplets or bubbles,” '* it can be extended to rough
particle sizing through the processing of speckle-like patterns.'” **
The field of view can reach tens of cm?, the working distance can
exceed 10 cm, and the technique is scalable in such a way that the

size range can cover 2 decades: from tens of micrometers to a few
millimeters. In recent years, configurations enabling a 3D location
of particles with a sole CCD sensor, or multiviews acquisition sys-
tems that can perform a 3D shape recognition of particles have been
demonstrated.”"

A difficulty is due to the nature of the signal delivered by the
speckle-like out-of-focus image of the particles. Under simplify-
ing assumptions, the 2D Fourier transform of the interferometric
image is shown to give the 2D autocorrelation of the contour of
the bright part of the particle.”* This result has been validated in
many experimental situations, with different kinds of rough parti-
cles as ice crystals.”” ' Unfortunately, the knowledge of the contour
of the 2D autocorrelation of a 2D object does not give the knowl-
edge of the contour of the 2D object itself. Different 2D objects
can indeed exhibit similar 2D autocorrelations. When performing
a double-view setup in order to estimate the volume of ice particles,
an assumption about the 3D shape of the particle is thus done: parti-
cles were likened to ellipsoidal objects in Ref. 26. As the accuracy of
ice water content estimation is crucial for airborne applications, it is
necessary to understand the level of error that can be generated by
this source of error. This is the aim of the present study.
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In order to do this, the volumes of different reconstructed 3D
particles whose 2D projections exhibit similar 2D autocorrelations
will be compared. Each particle will be observed from two perpen-
dicular angles of view to enable an approximate 3D reconstruction.
The volume of the different possible reconstructed particles will then
be compared to the volume of the real particle estimated from the
pair of in-focus images recorded simultaneously. The article will
detail the different steps of the analysis: the first step has been to real-
ize interferometric imaging of ice particles, generated in a freezing
column,” from two perpendicular angles of view.”” These experi-
ments are synchronized with in-focus imaging of the same particles
using two other CCD sensors. The second step is to perform image
processing of the recorded interferometric patterns, i.e., 2D Fourier
transforms that are then likened to the 2D autocorrelations of the
projections of the initial particle on a plane, according to the exper-
imental angles of view. The next step is then to realize 2D recon-
structions of possible 2D contours whose 2D autocorrelations match
the experimental results. Finally, different possible 3D objects are
reconstructed. Their interferometric imaging “signatures” are com-
patible with the experimental results obtained from the two angles
of view. Their volume is estimated and compared to the estima-
tion obtained from the real in-focus images of the same ice parti-
cle. The article describes this procedure and shows results obtained
in two cases: when the 2D Fourier transforms of the interfero-
metric patterns deliver convex shapes or shapes with pronounced
concavity.

Il. ANALYSIS OF CONVEX SHAPES
A. Experimental setup

The experimental setup is presented in Fig. 1. It has been
described in Ref. 26. Liquid droplets are injected in a cold chamber,””
fall and freeze. Optical windows are at the bottom of the column to

a) % ©

Thermal Insulating
Refrigerant

BK7 Window
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ensure laser illumination and image acquisition. Ice particles are illu-
minated by 4 ns, 5 mJ, 532 nm pulses emitted by a frequency doubled
Nd:YAG laser. Two out-of-focus imaging lines enable interferomet-
ric imaging of particles from two perpendicular angles of view. In the
configuration that we use, optical collection through the windows is
ensured in backward directions that correspond to scattering angles
of +135° and —135°. Two beam splitters are used to record simul-
taneously the in-focus images (sensors 1 and 3) associated with the
corresponding out-of-focus images of the same particle (sensors 2
and 4). The view observed with sensors 1 and 2 will be called view 1.
The view observed with sensors 3 and 4 will be called view 2. In-focus
images are obtained using far-field ISCOOPTIC objectives (fields of
view 2.45 mm x 2.45 mm, depth of field 1 mm). Out-of-focus sys-
tems consist of Nikon objectives (focus length of 180 mm). The CCD
sensors used for in-focus imaging are composed of 2048 x 2048 pix-
els (pixel size: 5.5 ym). The CCD sensors used for the out-of-focus
imaging are composed of 1920 x 1200 pixels (pixel size: 5.86 ym).
The four CCD sensors are synchronized on the laser pulse for syn-
chronized acquisitions. The reference frame (x, y, z) is presented
in Fig. 1 for clarity. After 2D Fourier transforms of the interfer-
ometric images, the corresponding coordinates in spectral domain
will be noted (u, v, w). Extension tubes provide out-of-focus imag-
ing. In-focus images are used to validate the analyses deduced from
out-of-focus images. Nevertheless, the low field of view of in-focus
systems makes the recording of images long: we are actually “wait-
ing” for particles in the field of view of the in-focus imaging lines.
An on-board instrument would just be composed of the out-of-focus
imaging lines.

B. Tri-intersection method

In a simplified approximation, the electric field scattered by
a rough particle under laser illumination is assumed to be given

Nd:YAG
LASER 532 nm

-45° = {
\ Laser Sheet System

Air Circulation Fan

FIG. 1. Experimental setup.

&
7 Beam Splitter
Camera Lens f = 180 mm
Extension Tube N /— Far Field Lens
CCD Camera N
CCD Camera
(1920 x1200) /_ (2048 x 2048)
2 N
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by Go(x0,0) = £, €™ 80 (x0 — aj, yo — by), where the 8y func-
tions are Dirac functions, Ngp is the number of point light sources
located on the particle, aj and b; are the transverse coordinates of
glare point denoted j, and q; is the amplitude of glare point j and
@ its phase. Neglecting the role of the aperture of the imaging
system (large aperture), the electric field G(x, y, z) can be calcu-
lated in the plane of the CCD sensor using a generalized Huygens-
Fresnel in‘[egral.l“‘ll It is given vs coefficients Ao, Biot, Crot, and
Dyot of the optical transfer matrix between the plane of the differ-
ent emitters and the plane where the CCD sensor is located. The
2D Fourier transform of the intensity in the plane of the CCD sen-
sor FTop[I](AByorts, ABrorv) and the 2D autocorrelation of the initial
repartition of the point emitters A2p[Go](dx, dy) are not rigorously
equal.” Nevertheless, assuming that all pairs (aj — ax, bj — by) are
unique (which is easily satisfied in the case of perfect point emitters),
we obtain™*

|FT2D[I] (/\Bmtu,ABmtV)l o< |A2D[Go](dx, d}/)‘ (1)

Based on this relation, the numerical values of both functions
can be compared in any point (ABorut, ABrorv) and (dx, dy), respec-
tively. In practice, our attention has been limited to the compar-
ison of the contours of both functions in previous studies: after
recording of an interferometric out-of-focus image, its 2D Fourier
transform is binarized and the contour can be likened to the con-
tour of the 2D autocorrelation of the particle itself. This procedure
has been validated experimentally in many cases encountered.”* '
This property offers very interesting applications in particle siz-
ing or shape recognition. Unfortunately, the 2D autocorrelation of
an object does not give the object itself. But methods exist to pre-
dict possible objects whose 2D autocorrelation match an expected
one.”

Let us briefly recall the tri-intersection method that can be used
to do this.” We consider a convex centrosymmetric 2D object called
A (see Fig. 2). We define a first vector w; whose origin is the cen-
ter of A and whose vector’s extremity is on the border of A, noted
O(A). The copy of the initial object A, translated from w1, is called
(A + wi1). We define then a second vector w,, whose origin is the
center of A and whose vector’s extremity is at the intersection of
the borders of A and (A + w;). The copy of the initial object A
translated from w; is called (A + w;). Finally, the object B defined
by the tri-intersection B = An(A + w1)n(A + w>) has a 2D auto-
correlation that matches the initial object A. This property is valid

/ A+(1)1
A

- ©, B

(0 )] /

A+(1)2 /

FIG. 2. Principle of the tri-intersection method.
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whatever the choice of the initial vector w;, provided that the vec-
tor’s origin is the center of A and the vector’s extremity is on the
border O(A) of A. Based on this method, we have developed a pro-
gram that delivers six possible 2D shapes of a 2D object whose
2D autocorrelation is deduced from the 2D Fourier transform of
any interferometric pattern recorded experimentally. The choice of
six shapes, from six initial vectors w;, is arbitrary and could be
modified. We have actually determined more than 6 shapes per
interferometric image when performing our study. The number of
shapes has been limited to 6 here in order to present visible figures
(Figs. 5-7, 14-16) and also in order to estimate a significant num-
ber of particle’s volumes combining two angles of view: 6 x 6 = 36.
The shapes that will be presented in the next figures correspond
to panels that cover, as well as possible the variety of shapes that
could be obtained with our different experimental results. With our
program, we could predict automatically << n > possible shapes
with a choice of < #n > vectors w;, oriented according to the
angle (kn/n) in relation to the horizontal axis (k € [0, n — 1]). In
practice, the choice of the initial vector w; governs strongly the
final shape that will be obtained. The principle of an automated
program to determine n possible shapes can be summarized as
follows:

o 2D Fourier transform of the interferometric image.
o Contour detection: obtention of the contour of object A.
e Fork=0ton-1:

e Determination of the extremity of vector w;, oriented
according to the angle (kn/n) in relation to the hori-
zontal axis.

o First translation of the contour of object A to deter-
mine the contour of object (A + w1).

e Determination of the extremity of vector w, (intersec-
tion point).

e Second translation of the contour of object A to deter-
mine the contour of object (A + w;).

o Filling and binarization of the three contours of objects
A, (A + wy),and (A + wy).

o Calculus of the product: A x (A + w1) x (A + wy).
Determination of the possible shape By.

C. First case: Analysis of convex shapes

In the first case that will be presented, the 2D autocorrela-
tions obtained have quite perfect convex shapes. The tri-intersection
method is thus particularly well adapted. Figure 3(a) shows the 2D
Fourier transform of the interferometric out-of-focus images (not
reported) of a first ice particle. It corresponds to view 1: observation
of the (xy) plane. Its contour is then filled and binarized as pre-
sented in Fig. 3(b). This step is necessary as the analysis is based
on the correspondence between the contour of the binarized 2D
Fourier transform of the interferometric image and the 2D autocor-
relation of the particle’s shape [relation (1)]. We have no possibility
to estimate the error that it induces: (i) theoretically, a deeper com-
parison between both functions would require the development of
exact light scattering simulations that are not available to describe
irregular rough particles of any shape and texture; (ii) experimen-
tally, we have not the possibility to generate in the freezing column
calibrated ice particles of perfectly known 3D shape (the simulta-
neous observation of the in-focus images of the particles from the
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2 0 2
X (m) x10* X (m) x10*

FIG. 3. 2D Fourier transform of the interferometric out-of-focus image of an ice
particle from view 1 (xy plane) (a) and its filled and binarized contour (b).

same angles of view is the best solution that we found, using sensors
1 and 3). The first out-of-focus image has been recorded with sensor
2. Figure 4(a) shows then the 2D Fourier transform of the interfer-
ometric out-of-focus image (not reported) of the same ice particle
recorded with sensor 4. Image acquisitions have been done simul-
taneously with sensors 2 and 4. Figure 4(b) shows the filled and
binarized contour. Based on relation (1), these 2D Fourier trans-
forms are likened to the 2D autocorrelations of the particle’s shape,
for both angles of view respectively. Let us now proceed to the recon-
struction of possible objects. The tri-intersection method is used to
predict possible 2D shapes that would have similar 2D autocorrela-
tions. The 2D -autocorrelations that will be considered and used in
what follows are those presented in Fig. 3(b) for view 1 and Fig. 4(b)
for view 2.

The tri-intersection method is thus applied to reconstruct pos-
sible objects respecting the experimental results observed on both
views. Figures 5(a)-5(f) show 6 possible 2D objects whose 2D auto-
correlations correspond to the one of Fig. 3(b), ie., to view 1.
The x-axis and y-axis units are in meters. They show the exact
dimensions of the possible particles after application of the scal-
ing coefficient (AByo). For comparison with the initial function, we
can calculate the 2D autocorrelations of these six possible objects.

y (m)

FIG. 4. 2D Fourier transform of the interferometric out-of-focus image of an ice
particle from view 2 (zy plane) (a) and its filled and binarized contour (b).
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0 2
X %107

FIG. 5. Six possible shapes [(a)—(f) respectively] whose 2D autocorrelation gives
the one of Fig. 3(b) [from view 1, (xy) plane].

Figures 6(a)-6(f) show then the difference between the initial
binarized 2D Fourier transform of the interferometric pattern
[observed on view 1, Fig. 3(b)] with the calculated 2D autocorre-
lation of the predicted object (for all 6 objects respectively). The gray
color indicates that there is no difference between both functions.
The white color indicates zones where the 2D Fourier transform
is larger. The black color indicates zones where the 2D autocorre-
lation is larger. We can see that the differences remain very lim-
ited. The shape predictions using the tri-intersection method are
satisfactory.

Using the tri-intersection method again, Figs. 7(a)-7(f) show
now 6 possible 2D objects whose 2D autocorrelations correspond
to the one of Fig. 4(b), i.e., to view 2. As in previous case, we
could report the differences between the initial binarized 2D Fourier
transform of the initial pattern and the 2D autocorrelations of the
predicted shapes. We would show that predictions are in good
agreement with the experimental pattern. These different shapes
obtained for views 1 and 2 are then combined to reconstruct differ-
ent 3D objects that respect the experimental results on both views.
The principle of this reconstruction can be explained as follows:
we realize a mask corresponding to one possible object for view 1
and a mask corresponding to one possible object for view 2. The
3D object reconstructed is the one that would be obtained from a
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photopolymerization process obtained from a first UV-laser inci-
dent on mask 1 while a second UV laser would be incident on mask 2
on a perpendicular axis, as illustrated in Fig. 8. It is thus assumed that
there is no hole in the reconstructed object. After this reconstruc-
tion process, the volume of the reconstructed 3D object is evaluated.
As 36 combinations can be done (6 for view 1 x 6 for view 2), we
obtain 36 possible values for the volume of the ice particle. These 36
volume’s estimations are reported in Fig. 9.

The experimental setup enables the simultaneous recording of
interferometric out-of-focus images (sensors 2 and 4 in Fig. 1) and
in-focus images under the same angle of view (sensors 1 and 3 in
Fig. 1). It is thus possible to estimate the volume of the same particle
from a pair of in-focus images. Figure 10(a) shows the binarized in-
focus image of the particle observed from view 1 (sensor 1). Binariza-
tion allows us to enhance the contrast of the different “glare”points
located on this irregular rough particle under laser illumination.
The contour of these different bright spots is then filled. The result-
ing contour is presented in Fig. 10(b). In a similar way, Fig. 11(a)
shows the binarized in-focus image of the particle observed from
view 2 (sensor 3). As previously, the contour of the different bright
spots is then filled leading to the 2D shape of Fig. 11(b). The 3D

z

X

N

<
A

N
X
N
o

A

x10™ (a) x10™ (b)

-2 0 2

z %107 z %1074

FIG. 7. Six possible shapes [(a)-(f), respectively] whose 2D autocorrelation gives
the one of Fig. 4(b) [view 2, (zy) plane].

shape of the particle is then reconstructed in a very similar way as
previous 3D reconstructions. According to the projection method
illustrated in Fig. 8, the mask 1 in the xy-plane is the contour of
Fig. 10(b), while mask 2 in the zy-plane is the contour of Fig. 11(b).
It is assumed again that there is no hole in the reconstructed object.
After this reconstruction process, the volume of the reconstructed
3D object is evaluated. It is plotted as an horizontal plain red line
in Fig. 9.

X %107 X x107*

FIG. 6. Subtractions of the 2D autocorrelations of the shape of Fig. 5(p) [in subfig-
ure (p)] with the shape of Fig. 3(b) deduced from experiment [with (p) = (a)~(f)
respectively]. Black: the original one is higher; white: the reconstructed one is
higher; gray: no difference. FIG. 8. Principle of the reconstruction of a 3D object from two projections.

X z
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FIG. 9. Volumes of the 36 possible reconstructed particles (crosses) and value
deduced from in-focus images (red).

These different results deserve discussion concerning the accu-
racy of the different estimations of particle’s volumes. For the out-
of-focus images, there are two sources of errors when measuring
the size of the particle. The first one is the estimation of param-
eter AByo that is necessary for axis-scaling after 2D Fourier trans-
form (see Sec. II B): it corresponds actually to a proper estima-
tion of the defocus parameter. The second source of error is the
definition of the binarization threshold after 2D Fourier trans-
form. For example, the size of this particle along axis y is esti-
mated to be y, £ Ay, = 235 = 20 um. The particle’s volume
would then be deduced with an accuracy estimated to be around
AV]V = Axyl xp + Ayy/ yp + Azyf Azp ~ 30%. Uncertainty is actually
higher because the 3D reconstruction introduces its own sources of
error: no knowledge of the xz view of the particle and thus assump-
tion of a convex shape on this view; assumption that there is no hole
inside the particle. These errors are very difficult, even impossible
to estimate. For size estimations using in-focus images, the main
source of error is the binarization process of the image, followed by
the filling process of the contour, which tends in general to enlarge

%107 (b)

12 3 4 5
x (m) x10* x (m) x10™

FIG. 10. In-focus image of particle 1 (a), and its filled and binarized contour (b)
[view 1, (xy) plane].
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12 3 4 5 12 3 4 5
z (m) x10* z (m) %10

FIG. 11. In-focus image of particle 1 (a), and its filled and binarized contour (b)
[view 2, (zy) plane].

the particle. Another source of error is the magnification factor of
the in-focus imaging line. It is known with better precision using
an initial calibration. It equals |y| = 4.65. The size of the parti-
cle along axis y is estimated to be y, + Ay, = 265 + 20 ym using
in-focus imaging. The estimation of the particle’s volume relative
error would then be around AV/V = Axp/x, + Ayy/ yp + Azy/ Az,
~ 30%. But uncertainty is actually higher because, as previously,
the 3D reconstruction introduces its own sources of error. Never-
theless, what we want to illustrate with this Fig. 9 is that the choice
of the shapes of the particle for both angles of view using the tri-
intersection method has actually a lower impact on the estimation of
the particle’s volume than the other sources of errors due to image
acquisitions themselves (with the knowledge of the experimental
parameters). The dispersion of the particle’s volume estimations in
Fig. 9 remains indeed relatively small. This result is actually quite
remarkable.

Ill. ANALYSIS OF SHAPES WITH PRONOUNCED
CONCAVITY

The tri-intersection method is well adapted to cases where the
initial shape corresponding to the 2D autocorrelation of an object
is convex. It was nearly the case in Sec. II C: see the contours of
Figs. 3(b) and 4(b) for views 1 and 2. In practice, this case should
not be the most frequent. It is thus important to know whether

5 0 5
X (m) %1074 X (m) x10#

FIG. 12. 2D Fourier transform of the interferometric out-of-focus image of an ice
particle from view 1 (xy plane) (a) and its filled and binarized contour (b).

Rev. Sci. Instrum. 90, 053109 (2019); doi: 10.1063/1.5085279
Published under license by AIP Publishing

90, 053109-6


https://scitation.org/journal/rsi

Review of
Scientific Instruments

z (m) x10# z (m) x10

FIG. 13. 2D Fourier transform of the interferometric out-of-focus image of an ice
particle from view 2 (zy plane) (a) and its filled and binarized contour (b).

similar volume estimations can be done although the initial exper-
imental results deliver shapes with pronounced concave parts, and
whether these estimations are still comparable with the real vol-
umes of the particles. We present thus in this new section a

x10™ (a) x10™ (b)

>0

0 5
X %107

FIG. 14. Six possible shapes [(a)—(f), respectively] whose 2D autocorrelation gives
the one of Fig. 12(b) [view 1, (xy) plane].
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second example. The organization of the results will be quite sim-
ilar. It will show that although the volume estimation is less accu-
rate, it is still acceptable. Figure 12(a) shows the 2D Fourier trans-
form of the interferometric out-of-focus image (not reported) of
an ice particle from view 1 [plane (xy)]. The contour deduced
from 2D Fourier transform of the interferometric patterns is first
filled and then binarized, as shown in Fig. 12(b). In a similar
way, Fig. 13(a) shows the 2D Fourier transform of the interfer-
ometric out-of-focus image of the same ice particle from view 2
[plane (zy)], and Fig. 13(b) shows its filled and binarized con-
tour. We can note that for both views, the contours are clearly not
convex.

Figures 14(a)-14(f) show then 6 possible 2D objects whose
2D autocorrelations match the one of Fig. 12(b), i.e., correspond
to view 1. Figures 15(a)-15(f) show the difference between the ini-
tial binarized 2D Fourier transform of the interferometric pattern
[observed on view 1, Fig. 12(b)] with the calculated 2D autocorre-
lation of the predicted object (for all 6 objects, respectively). The
differences appear larger, specifically in the domains where con-
cavity is the most pronounced. Nevertheless, error remains limited.
The shape predictions using the tri-intersection method are not so
good but remain satisfactory. We consider then view 2 of the same

x 10 (b)

5
> 0
5
5 0 5
X %10
%107 (d)

5 0 5

X %10 X %10

FIG. 15. Subtractions of the 2D autocorrelations of the shape of Fig. 14(p) [in
subfigure (p)] with the shape of Fig. 12(b) deduced from experiment [with (p) =
(a)-(f) respectively]. Black: the original one is higher; white: the reconstructed one
is higher; gray: no difference.
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particle. Figures 16(a)-16(f) show 6 possible 2D objects whose 2D %101

autocorrelations match the one of Fig. 13(b). We do not present °

the subtractions of the 6 reconstructed 2D autocorrelations with the 451 J
original one as done in Fig. 15 for view 1. But conclusions would be

very similar for this second view. 4r ]

These different shapes obtained for views 1 and 2 are then com- a5l + N + + ]
bined to reconstruct different 3D objects that respect the experimen- " r + F +
tal results on both views. A first mask corresponding to one possible m’E‘ 3+ T+ oo+ . F + ++ 1
object for view 1 and a second mask corresponding to one possible T 95 |t + ot e s Ty s +, ++ ++ o+
object for view 2 are considered to realize the 3D object reconstruc- E”
tion as illustrated in Fig. 8. The volume of the reconstructed 3D S of ]
object is then evaluated. As 36 combinations can be done (6 for
view 1 x 6 for view 2), 36 possible values for the volume of the ice 157 il
particle are obtained. These 36 volume’s estimations are reported i i
in Fig. 17.

As in Sec. 1T C, the volume of the same particle is now esti- 05t f
mated from the pair of in-focus images recorded simultaneously. ‘ ‘ ‘ ‘ ‘ ‘ ‘
Figure 18(a) shows the in-focus image of the particle observed from 00 5 10 15 20 25 30 35
view 1 (sensor 1). The contour is then filled, giving Fig. 18(b). Number of the case

Figure 19(a) shows the in-focus image of the particle observed from
view 2 (sensor 3), and Fig. 19(b) the filled contour. The 3D shape of
the particle is then reconstructed through projections as illustrated
in Fig. 8. The mask 1 in the xy-plane is the contour of Fig. 18(b),

FIG. 17. Volumes of the 36 possible reconstructed particles (crosses) and value
deduced from in-focus images (red).

while mask 2 in the zy-plane is the contour of Fig. 19(b). The vol-
ume of this reconstructed 3D object is then evaluated. It is plotted
as an horizontal plain red line in Fig. 17. It is in the range of esti-
mations made using the reconstructions issued from the analysis
of out-of-focus images. For the out-of-focus images, the sources of
errors are still a proper estimation of the defocus parameter and
the definition of the binarization threshold after 2D Fourier trans-
form. As the particle is larger, the error is slightly smaller because
the intensity of the signal received by the CCD sensor is higher. The
particle’s volume is then deduced with an accuracy estimated to be
around AV/V =~ 25%. As in previous case, uncertainty concern-
ing the 3D reconstruction is difficult to estimate, essentially because
there is no experimental knowledge of the xz view of the parti-
cle. For size estimations using in-focus images, the main source of
error is the binarization process of the image, followed by the fill-
ing process of the contour. Due to these effects, the relative error
on the particle’s volume is around AV/V = 25%. Uncertainty is
actually higher because, as previously, the 3D reconstruction intro-
duces its own sources of error. We can observe in Fig. 17 that the

z

X

-

o
IS

z

X

=

o
IS

-5 0 5 2 4 6
z %104 z %104 x (m) 107 x (m) x10
FIG. 16. Six possible shapes [(a)-(f), respectively] whose 2D autocorrelation gives FIG. 18. In-focus image of particle 2 (a), and its filled and binarized contour (b)
the one of Fig. 13(b) [view 2, (zy) plane]. [view 1, (xy) plane].
Rev. Sci. Instrum. 90, 053109 (2019); doi: 10.1063/1.5085279 90, 053109-8
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FIG. 19. In-focus image of particle 2 (a), and its filled and binarized contour (b)
[view 2, (zy) plane].

dispersion of the 36 volume’s estimations is higher than in Sec. IT C.
Nevertheless, although the experimental shapes of Figs. 12(b) and
13(b) present significant concavities, the choice of the shapes of the
particle for both angles of view using the tri-intersection method has
a reduced impact, just comparable to the other sources of errors due
to image acquisitions themselves.

IV. CONCLUSION AND PERSPECTIVES

Recent studies showed that the 2D Fourier transform of the
interferometric image of an ice particle can be likened to the 2D
autocorrelation of the contour of the bright part of the parti-
cle. This result has been validated in many experimental situa-
tions. Unfortunately, the knowledge of the contour of the 2D auto-
correlation of a 2D object does not give the knowledge of the
contour of the 2D object itself. Different 2D objects can indeed
exhibit similar 2D autocorrelations. When performing a double-
view setup in order to estimate the volume of ice particles, an
assumption about the 3D shape of the particle is thus done: par-
ticles are likened to ellipsoidal objects for example.”® As the accu-
racy of ice water content estimation is crucial for airborne appli-
cations, it is necessary to understand the level of error that can be
generated by this problem using a tri-intersection to predict possi-
ble 3D objects that match experimental light scattering images. In
this study, we have estimated the level of error due to the choice
of the shape of the particle. We have seen that it remains rela-
tively reasonable in comparison with other experimental sources of
noise.

Based on relation (1), the numerical values of both func-
tions |FT2p[I](ABoru, AByorv)| and |A2p[ Go ] (dx, dy)| could be com-
pared in any point ABsou, ABy:v and (dx, dy), respectively. In our
last experimental studies, the use of this relation has been lim-
ited to the comparison of the contours of both binarized func-
tions.”" ! If the relation between both functions could be validated
experimentally in any point, a recent study shows that the uncer-
tainty concerning the choice of the shape of the particle could be
much reduced.” Experimental demonstrations are thus to be done
in this direction. Relation (1) between both functions is clearly
observed assuming that a scattering particle can be represented by
a large number of point emitters randomly located on the enve-
lope of the particle.”® Exact light scattering simulations should
be of particular interest in the future for enhanced exact shape
recognition.m ?
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