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Reconstruction of Ligaments and
Droplets Via Multiview Digital
Inline Holography

Digital inline holography (DIH) is a three-dimensional (3D) measurement technique
widely used in the characterizations of particles, droplets, and bubbly flows. When colli-
mated coherent light passes an object field, the disturbed and undisturbed components
will superimpose at the imaging plane and form an interference pattern (hologram) due
to their phase variation. By analyzing the phase information encoded in the hologram,
the shapes and locations of objects can be reconstructed. However, the reconstruction
produces higher levels of uncertainty along the line of sight, which is the out-of-plane
direction normal to the imaging plane. Additionally, the reconstructions algorithm can-
not resolve structures blocked by other features along the recording path. To overcome
these limitations, prior works have implemented DIH from two to three views on simple
geometries. In this work, multiview digital inline holography is presented with (> 3)
views to enable the reconstruction of 3D structures with complex surface topologies,
including ligaments and droplets during the primary liquid breakup. The approach is
similar to DIH but with a different postprocessing method that combines the information
on 3D edge outlines extracted from different DIH viewing angles. Two reconstruction
approaches, an outline-based method, and another cross section-based method, are
developed and applied on holograms of a 3D-printed test model imitating droplet
breakup. With only three views, both methods provide limited reconstruction results with
various artifacts. The outline-based method uses more spatial information but, due to
practical limitations, results in lower-fidelity reconstructions than the cross section-
based method. In general, DIH reconstructions struggle with concave structures even
with more than six views due to shadowing of obstructed structures. However, when the
number of views increases to six, the cross section-based reconstruction method yields

morphological details close to the test model. [DOI: 10.1115/1.4053575]

1 Introduction

The droplet breakup process and the resulting droplet size and
distribution affect key performance parameters in many engineer-
ing applications, e.g., volumetric heat release rates, ignition, and
burning characteristics, exhaust emissions, and soot volume frac-
tion [1,2]. Large ligaments are procedurally broken down into
smaller droplets with a characteristic size and velocity distribution
[3]. Characterizing droplet deformation during the breakup is crit-
ical for understanding the physics and ultimate atomized distribu-
tion for these engineering applications. However, deformation is
usually a dynamic three-dimensional (3D) process with complex
geometries [4] that are challenging to capture with prevalent pla-
nar techniques [5]. Recently tomographic (3D) spray reconstruc-
tions have been demonstrated with various techniques: X-rays [6],
back-illumination [7], and fluorescence [8]. These methods use
multiple camera perspectives to algorithmically reconstruct the
target spray based on the captured intensity information from each
technique. Digital inline holography (DIH) is another three-
dimensional measurement technique commonly used to determine
the shape, size, and location of small objects with high-resolution
[9-13]. With adequate time-resolution, holographic measurements
may be combined with advanced processing methods [14] to
extract additional 3D velocities [15,16]. Hence, DIH is potentially
a viable alternative to resolve the complex 3D droplet deformation
process in engineering applications when high resolution.

When a collimated coherent light passes an object field, the
light that is disturbed by the liquid or solid objects will
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superimpose with the undisturbed light at the imaging plane of the
camera, forming an interference pattern (hologram) due to their
phase variation. Thus, unlike traditional imaging techniques, DIH
records interference patterns of the targets instead of a focused
image. The phase information encoded in the interference patterns
is used to retrieve the target’s location in the light propagation
direction. That is, with just one hologram, DIH can record the pro-
jected cross section of the target and the relative distance between
the camera and the target. Adequate time-resolution may also be
used for velocity measurements [3,17]. However, the DIH recon-
struction produces lower and higher levels of uncertainty between
the in-plane (parallel to the hologram/camera plane) and out-of-
plane (normal to the hologram/camera plane), respectively. Com-
plexities encountered in traditional holographic techniques, such
as “twin imaging,” is overcome with the “inline” arrangement,
significantly simplifying the experimental setup. When measuring
complex structures, DIH omits the overlapping features since the
interference patterns are merged; hence, standard DIH is typically
limited to optically thin sprays. To resolve these issues, algorith-
mic improvements are able to separate the overlapped edges (e.g.,
the “hybrid method”) [18]. Still, if portions of the target are
blocked completely, there is no means of reconstructing them
because of the lack of captured information. To collect the
blocked information, an additional perspective is needed, much
like tomographic techniques. Previous works have demonstrated
particle size and velocity measurement by applying up to three
DIH reconstruction directions [17,19]. However, previous applica-
tions of multiple DIH directions have focused primarily on over-
coming the out-of-plane uncertainty limitations for simple
spherical geometries [10,17,19].

In this work, the multiview (> 3) DIH is applied to a target
model whose shape simulates a complex structure formed in a
typical breakup process of a liquid drop. Unlike the prior work by
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Soria and Atkinson [17], the target model used for this experiment
possesses a larger dimension liquid surface and a nonspherical
multiple ligaments and droplets geometry. Critically, the recon-
struction based on the intensity volume, proposed by Soria and
Atkinson, is invalid for this case because of the size of the test
model (the result does not represent the true geometry), and an
alternative approach is proposed. First, the outlines and the cross
section of the target are determined via DIH from the holograms
recorded in each view. Then two reconstruction methods, the
outline-based and cross section-based methods, are applied to
reconstruct the geometry of the target model individually. The
outline-based method combines all the outlines of the target meas-
ured from different views to estimate the shape of the target. The
cross section-based method follows the same approach as tomog-
raphy and reconstructs the target using the projection of the target
cross section from different views. The results demonstrate how
multiview DIH can be used to reconstruct a complex droplet
breakup model about 2 mm X 2 mm X 4 mm in size.

2 Measurement Principle

The multiview DIH reconstruction is comprised of two parts:
first, extract the useful information from the holograms recorded
at each view, and second, combine the information gathered from
each view to estimate the geometry of the target. The first part is
already a well-developed technique for DIH; thus, this paper will
focus on the second part: how to combine the information from
each view to estimate the geometry of the test target. A brief
review of the DIH reconstruction principle is first discussed
below, followed by two proposed target reconstruction methods
demonstrated initially on a simple triangular prism-like geometry.

2.1 Digital Inline Holography Recording and Reconstruc-
tion. A typical DIH setup contains a laser source, a spatial filter,
collimating lenses, a magnifying lens, and a digital camera. The
laser beam first passes the spatial filter and the collimating lenses
to form a diffraction-free collimated beam. When the beam passes
through the test model, a hologram is generated and recorded by a
digital camera aligned with the laser beam. It may be resized
before the camera by a magnifying lens. For this experiment, the
static test model is mounted on a rotation stage enabling different
perspectives of the model, as shown in Fig. 1. In future applica-
tions for dynamic measurements, the multiview DIH recording
can be performed by using multiple cameras to record holograms
from different viewing angles. Once the beam passes the collimat-
ing lenses, it can be treated as a plane wave whose electric field
amplitude, ag, is uniform perpendicular to the propagation direc-
tion. When the beam reaches the model, the light is partially
blocked and diffracted by the edges of the model. Among the
planes normal to the light propagation direction, the object (&, )
and hologram planes (x, y) are defined where diffraction occurs
and where the hologram is recorded, respectively, as shown in
Fig. 2. Based on the Fresnel-Kirchhoff integration, which quanti-
tatively describes the electric field in the space caused after dif-
fraction [20], the electric field at the object plane I'(&,#) can be
reconstructed by the recorded hologram A(x, y)

collimating lenses magnifying lens

T

=

Pl bl

g l ‘ l l U l camera
K_Y_} test model on

spatial filter a rotation stage

Fig.1 Schematic of multiview DIH recording
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Fig. 2 |Illlustration of the coordinates for hologram
reconstruction
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where A is the wavelength of the beam and d is the distance
between the two planes. As shown in Eq. (2), p represents the dis-
tance between two arbitrary points on the hologram plane and the
object plane. However, Eq. (1) is computationally expensive, and
the Fresnel approximation is typically used [20]. Accordingly,
when the x — y or £ — 5 ranges are small compared to the recon-
struction distance d, then p can be approximated with the first few
terms of its Taylor series

(& —x) L —)?

p=d+—7 2d

3

Therefore, Eq. (1) can be rewritten in the Fresnel approximation
form as

. )
r'(¢n = Lexp <—i¥) exp {—iM}

Cd d
+00 400 —in x2 + 2
X J J h(x,y)ag exp {4(Ad J )}
(&
Xp {M} dxdy )
M

Equation (4) is similar in form to the Fourier transform and
thereby can be calculated in the frequency domain. This boosts
the computational speed when reconstructing the discretized field
at the object plane from the recorded hologram. With reconstruc-
tions at various distances from the hologram plane, the intensity
field at each d is acquired by

I(&n) =T (5)

The edge of the test model can then be determined by identifying
a reconstruction distance (d) that results in the sharpest edge. In
other words, when a model edge (x, y) is in focus by the recon-
structed image location (d), DIH locates the target edge in 3D
space (x, y, d). In principle, when the light propagates away from
the object plane, the diffraction patterns grow proportional to the
propagation distance. The focused image location is found when
there are no diffraction patterns at the edge and is defined as the
focal plane. Notably, the edge of the target may not be in focus at
the single focal plane but rather at multiple focal planes. In other
words, different target edges may be in focus at different recon-
struction distances. By pairing each edge point with different d,
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Fig. 3 Outline and cross section reconstructed via DIH at a
selected view

the 3D outline of the target model is determined. In this work,
Yao’s method [11] is used to generate the 3D outlines of non-
spherical structures, in which a wavelet transform is used to iden-
tify the focal plane from the DIH reconstructions.

2.2 Geometric Reconstruction. In addition to the DIH out-
line, shadowgraphs can be built by combining all the focused parts
of the reconstructions at different distances. With the shadow-
graph, the projected cross section of the test model is thereby
determined. An illustration of the relationship between the outline
(marked as red line) and the projected cross section (marked as
gray shadow) of a triangular prism model is shown in Fig. 3
from a selected view. The outline function can be expressed as
z = f(x,y) for each point (x, y) along the outline. Here, z is deter-
mined from the reconstruction distance, d, with the highest sharp-
ness for the corresponding edge. Extending this procedure to
multiple views from different orientations, each perspective con-
tains unique information about the test target. This is demon-
strated in Fig. 4 for a triangular prism with a modified complex
edge. Each perpendicular perspective contains unique information
about the model in either the outlines, cross section, or both.

Both cross section and outlines can be used to estimate the
model shape individually, as demonstrated in Fig. 5. Before the
geometric reconstruction, all the cross section and outlines must
be transformed from individual camera/hologram coordinates into
model space. In practice, a calibration plate of known dimensions
is used as a reference in the test section and is typical of multica-
mera arrangements [6—8,21,22]. Therefore, the calibration plate
location defines the coordinates in model space.

The cross section-based reconstructions estimate the model
geometry by intersecting the projections from the multiple views.
The result is a solid body that encloses the true geometry of the
target analogous to a convex hull. Depending on the model and
view directions, portions of the target may be blocked in certain

outline
blocked edge
cross-section

view 1

Fig. 4 Outline and cross section reconstructed from multiple
views
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combine the outlines in space
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projections of cross-sections
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a solid body that contains
the true shape of the object

Fig.5 Two methods to estimate the geometry of the test object

views, and the blocked information would be omitted in the recon-
structions. For example, in Fig. 4, the view 2 cross section is trian-
gular even though the two parallel sides of the prism are not
identical. As a result, the extracted cross section only represents
the shape of one side, but the reconstruction geometry estimates
both sides as triangular.

On the other hand, the outline-based method does not necessar-
ily generate an enclosed volume. The shape of the test model is
estimated when combining the outlines in space, but key enclos-
ing lines may be omitted depending on the number of views and
orientations. In Fig. 4, the known outlines are in red and the
blocked edge, not found from the DIH process, is marked in blue.
However, estimating a solid body from a set of 3D outlines is
quite challenging since the possible solution is not unique (it is an
ill-posed problem).

In this work, a method that utilizes the extracted outlines (or
points, if discretized) is proposed to estimate the model geometry.
The proposed method is implemented with the following steps:
(1) choose a slicing direction in the model coordinate system, the
y-axis highlighted in Fig. 6 is used here; (2) create a plane normal

VI

1) reconstructed outlines 2) create a slicing plane that
choose y-axis as the slicing intersects outlines at different
direction points

y Y
z% "7‘
X X

3) create a polygon base on 4) repeat the slicing along
the intersection points the y direction

J A v

x x

= SR

5) combine all the cross-sections to generate a solid body as
the estimation of the test model

Fig. 6 Estimation of the test model geometry with the outlines
reconstructed by DIH
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to the slicing direction at an arbitrary height y and find the inter-
section between the slicing plane and the outlines (i.e., find the
points on the slicing plane where the outlines intersect it); (3)
determine a polygon whose vertices are made of the intersection
points, assuming the polygon estimates the cross section of the
model in the slicing plane; (4) repeat steps 1-3 to find the esti-
mated cross section at each y; and (5) combine all the cross sec-
tion to build an estimation of the test model. The reconstruction
process listed above is depicted in Fig. 6. Mathematically, each
estimated cross section has no thickness, and the slicing interval
should be infinitely small. However, a discretization of the slicing
process is applied by assigning each slicing plane a thickness.
Thus, at each plane, a solid body is generated by extruding the
specified polygon, and the combination of extrusions reconstructs
the final estimation of the model.

Some details need to be stressed for the proposed method. First,
there are multiple choices of the slicing direction. The optimal
direction should be perpendicular to the direction of the majority
recording views. For example, in Sec. 4, all the view directions
are perpendicular to the rotation axis of the test model, thus, the
slicing direction is chosen to be parallel to the rotation axis. This
direction maximizes the contiguity of the estimating polygons in
the slicing direction. Therefore, the chance to estimate a smooth
profile is maximized by avoiding a slicing plane parallel to an out-
line and consequently distributing intersection points across the
multiple slicing planes. Second, since those intersection points are
from the outlines, which means they are on the surface of the
model, the polygons estimated by those points are the ones whose
vertices are made by them. Therefore, different connection orders
of those points determine different polygons and those polygons
may not necessarily be convex polygons. In this work, the poly-
gon used to estimate the test model is chosen to have the maxi-
mum area among all possible polygons. Third, when selecting the
maximum-area polygon with a set of intersection points in a cer-
tain slicing plane, the number of polygons is the permutation of
the points regardless of the starting point and the starting direction
of the connection, e.g., for n points there are (n — 1)!/2 possible
polygons. Comparing the areas of (n — 1)!/2 polygons may easily
fill the memory of a standard laptop. For this reason, the slicing
direction must be chosen carefully to avoid too many points
shown in one slicing plane. However, the polygon with the maxi-
mum area usually has the minimum perimeter. Since the computa-
tional cost for the perimeter is much cheaper than the area,
perimeters are used in the topological polygon optimization.
Finally, unlike the cross section-based method whose estimation
always encloses the true geometry of the model, the outline-based
method may underestimate or overestimate the true geometry vol-
ume. The example shown in Fig. 6 is a case that the reconstruction
is enclosed (underestimated) by the true geometry. However, for
the same outlines, if the slicing direction along with the x-axis is
used, the reconstruction would then enclose (overestimate) the
true geometry.

3 Experimental Setup

The multiview DIH setup is shown in Fig. 7, including the cali-
bration target and test model. The coherent light is generated from
the laser source (CiviLaser—LSR532NL—600, A =532nm,
0.3 W) then passes the spatial filter and collimating lenses to form
the diffraction-free beam. When the beam passes the test section,
the hologram is generated and projected to the camera (FLIR,
Wilsonville, OR, Grasshopper3 GS3-U3-32S4M, resolution:
2048 x 1536) via a magnifying lens. The test section is located on
a rotation stage to enable the recording of different views of the
test model and calibration target for reference. The calibration tar-
get (Grid Distortion Target, Thorlabs R2L2S3P1, pattern size
25 mm X 25 mm, 125 ym spacing) mounted on a 3-axis translation
stage is used for calibrating the coordinates between different
views and the DIH reconstruction distance. A 3D printed test
model is used to simulate the structure of a droplet breakup and
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camera

magnifying lens \
rotation stage \

collimating lenses

spatial filter

calibration
target

test model

Fig. 7 Setup for multiview DIH

- -
2mm 2mm 2mm
(a) (b) ()

Fig. 8 3D printed test model simulating a droplet breakup
event: (a) front view, (b) side view, and (c) isometric view

evaluate the measurement capability of the proposed method. The
printed model is shown in Fig. 8 and a sketch with dimension is
shown in Fig. 9. The diameter of the cone structure at the front is
around 2mm and the diameters of droplets on the rear of the
branches range from 0.2 to 0.6 mm. Notably, the printed model is
slightly different from the specified dimensions due to manufac-
turing defects. The front view is defined as the 0 deg angle, shown
in Fig. 8(a). Using the rotation stage, the holograms of the test
model are recorded from multiple viewing angles ranging from
0deg to 360 deg with 5 deg intervals.

4 Results and Discussion

Figures 10(a) and 10(h) show an example hologram recorded
by the DIH system at a viewing angle at 120deg and its DIH
reconstructed image, respectively. The zoomed portion in Fig. 10
demonstrates the reconstructed image has a sharp edge in

®0.20

©0.30 unit:mm
®0.60
©0.50 $0.35
$2.00 3.50
©0.40

Fig. 9 Test model drawing with key dimensions labeled
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Fig. 10 A representative hologram and corresponding recon-
struction of the test model at 120deg. The 0.2 mm sphere is
highlighted: (a) hologram and (b) reconstruction.
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Fig. 11 The resulting outline at 120deg. The color bar indi-
cates the outline’s location, z, relative to the hologram plane.

comparison to the hologram. Additionally, some printer defects
are visible which act as a source of noise for the boundary estima-
tion. The corresponding outline for the 120 deg hologram is shown
in Fig. 11. The outlines of the spheres at each branch and their
supporting structures are obtained in z as the distance to the holo-
gram plane. The top two branches, in particular, are separated by
the DIH reconstruction in the out-of-plane direction even though
one sphere is overlapped with another branch. Once the outline is
identified, the cross section is then determined via postprocessing
as discussed in Sec. 2.2 (Fig. 12).

Here, the 25 deg, 120deg, and 210 deg angles are used to esti-
mate the model geometry. The extracted 3D outlines are demon-
strated as the discretized points in Figs. 13(a) and 13(b), profile

Fig. 12 The resulting projected cross section at 120 deg

Journal of Fluids Engineering

the true model shape. However, some smearing of the outline is
visible in the orange profile (Fig. 13(a); 120 deg). DIH has larger
uncertainties in the z-direction, and hence some distribution/
smearing of the estimated outline is expected. The resulting recon-
struction results of the outline-based method are depicted in
Figs. 13(c¢) and 13(d). Notably, along the height direction, the esti-
mated polygon of each slice is not smooth. This is due to the
model and camera orientations resulting in a different number of
points at each slicing plane. In other words, at one height, there
might be enough points to give a precise estimation, and the next
slice yields a poor estimation because of a lack of points. The
result is a sudden change of the polygon shapes between the adja-
cent slices. This is primarily an artifact of the discretized recon-
struction method: a continuous border function, in contrast, has
defined intersections at all slice planes. Additionally, the branches
are merged and reconstructed as one piece. In the cross section-
based method, shown in Figs. 13(e) and 13(f), the reconstructed
geometry is a contiguous solid body with additional extrusions in
comparison to the real geometry of the model. The spheres on the
top are reconstructed as cylinders, and the branches, especially the
ones in the middle, are reconstructed as plates instead of rods. In
general, using only three views, the outline-based and cross
section-based test model reconstructions lack accuracy, with the
former more severe than the latter. However, the cross section-
based method guarantees a continuous geometry. Therefore, a
larger number of views is necessary to faithfully reconstruct com-
plex droplet deformation-like geometries.

Increasing the number of views should asymptotically improve
the reconstructed estimate accuracy toward the true solution
[6,23]. Figure 14 demonstrates the reconstruction results of the
cross section-based method with a different number of views that
evenly distributed between Odeg to 180deg. As the used views
increase, the reconstructed results gradually approach the true
geometry of the droplet model with diminishing returns for higher
view counts. Most of the improvement on the reconstruction accu-
racy is achieved from the first six views: Fig. 15 demonstrates
more details of a six-view reconstruction (from 0deg to 150 deg
with an interval of 30 deg) where the spheres are no longer elon-
gated to cylinders and the top/bottom branches are no longer
reconstructed as plates. However, when looking from the top view
(Fig. 15(d)), the branches in the middle of the model are still
reconstructed as plates since that region remained blocked by the
cone of the test model. Consequently, continuing to add views
does not significantly improve the reconstruction (Fig. 14). The
same asymptotic trend is observed from the outline-based-
reconstructions depicted in Fig. 16. Even with a different recon-
struction methodology, the merging issue of the branches is not
resolved. This limitation implies that multiview DIH reconstruc-
tions may not resolve concave or hollow structures due to infor-
mation lost via blocking.

The relative volume and accuracy are used to quantify the
effect of the number of views used in the two reconstruction meth-
ods. Since the droplet model is 3D printed with errors, the true
geometry of the model is unknown. Thus, the reconstructed result
of thirty-six views via the cross section-based method is used as a
datum for comparison representing the true solution (e.g., the rela-
tive volume is the volume of the reconstructed model normalized
by the datum volume). Figure 17(a) depicts the normalized recon-
structed volume for a different number of input views. The cross
section-based method volume decreases with more views as
expected since the “convex-hull” is minimized toward the true
solution with additional constraints. The opposite trend is appa-
rent in the outline-based reconstructions; more views result in
more outlines, and thus, the larger model is reconstructed in gen-
eral. However, recalling step 3 of the outline-based reconstruction
process, finding more points will not necessarily extend the size
of the polygon (e.g., quadrilaterals generated by adding a point
inside and outside of the same triangle). Thus, there are excep-
tions where more views decrease the reconstructed volume: this is
demonstrated by the nine-view case of the outline-based method

APRIL 2022, Vol. 144 / 041103-5
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= 25deg a

= 120 deg B
210 deg p
i

= 25deg
= 120 deg
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(b) (d) ()

Fig. 13 Object geometry reconstructions based on the recording angles at 25deg, 120deg, and
210deg: (a) discretized outlines at the front view; (b) discretized outlines at the isometric view; (c)
outline-based method result at the front view; (d) outline-based method result at the isometric view;
(e) cross section-based method result at the front view; and (f) cross section-based method result at
isometric view

(e) (f) @

Fig. 14 Reconstruction via cross section-based method under different nhumbers of viewing direction:
(a) 3 views with the interval of 60 deg, (b) 4 views with the interval of 45 deg, (c) 6 views with the interval of
30deg, (d) 9 views with the interval of 20 deg, (e) 12 views with the interval of 15 deg, (f) 18 views with the
interval of 10 deg, and (g) 36 views with the interval of 5 deg

(@ (b) (c) (d)

Fig. 15 Cross section reconstruction based on the recording angle at 0deg, 30deg, 60deg, 90deg,
120 deg, and 150 deg, respectively: (a) front view 1, (b) front view 2, (c) back view, and (d) top view
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(e)

(9

Fig. 16 Reconstruction via outline-based method under different numbers of viewing direction: (a) 3
views with the interval of 60deg, (b) 4 views with the interval of 45deg, (c) 6 views with the interval of
30deg, (d) 9 views with the interval of 20 deg, (e) 12 views with the interval of 15 deg, (f) 18 views with the
interval of 10 deg, and (g) 36 views with the interval of 5 deg
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Fig. 17 Relative (a) volume and (b) accuracy of resultant reconstructions using different numbers of view-
ing directions. The cross-section-based reconstruction with 36 views is used as the datum.

in Fig. 17(a). Overall, the outline-based reconstructions are inher-
ently limited and the accuracy asymptotes in the order of 50%
(Fig. 17(b)). The cross section-based method is significantly more
capable and a ~90% accuracy is expected with at least nine views.
Although the datum still has a larger volume than the true solution
because of the branches in the middle of the model, they are a
small fraction of the total volume and may be neglected. There-
fore, Fig. 17(b) serves as a reference of the reconstruction accura-
cies possible with view totals. Ultimately, the reconstruction
accuracy is dependent on the number of viewing directions, view-
ing angles, and camera calibration accuracy akin to the analysis of
Elsinga et al. for solid particle fields [23]. For multiview digital
inline holography, however, the accuracy also depends on the con-
cavity and resulting blocked/shadowed regions of the structure.

5 Conclusions

This research demonstrates the capability of using the multi-
view DIH technique to measure a test model with a complex
shape. The 3D outlines and the cross section are first determined

Journal of Fluids Engineering

via DIH reconstructions from each view, then the geometric
reconstructions of the test model obtained via two methodologies
are evaluated. The outline-based method estimates the model
geometry by generating a polygon cross section from the 3D out-
lines; the cross section-based method generates an envelope of the
geometry from the various projections.

The outline-based  reconstructions are limited in
practice—because of the out-of-plane DIH uncertainty in the dis-
cretized outlines, it does not guarantee a solid volume, and it can-
not separate concave structures (e.g., nonconnected branches in
the test model). The cross section-based reconstruction can esti-
mate the test model envelope (convex hull) with a solid body, but
concave structures are still limited. Overall, the more views are
used with unique information about the model, the more accurate
the reconstructions become. However, a cross section reconstruc-
tion doesn’t require the DIH setup; It also can be achieved via a
traditional tomographic setup such as the shadowgraph technique
[7]. Notably, DIH may provide advantages especially when high
spatiotemporal resolution is desired. Compared to the cross
section-based method, the outline-based method acquires
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additional information and results in less accurate reconstructions
due to practical limitations. However, a single outline contains
more information about the target than a cross section, and hence
combing the two methods may yield better reconstructions with a
fractional number of views: developing a hybrid method is a topic
for future work. However, improved reconstruction algorithms are
still limited by the lack of information from blocked structures,
thus multiview DIH may not be appropriate where concave or hol-
low structures are expected.
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Nomenclature

ag = amplitude of the plane wave
d = reconstruction distance
= hologram
[ = intensity of the reconstructed image
n = number of points in a slicing plane
X, y, z = coordinates on hologram plane

I' = reconstructed intensity field
/4 = wavelength of light source

&, n = coordinates on object plane
p = distance between points on object and hologram planes
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