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Abstract

This document contains the Supplementary Materials for “Multi-class classification and Multi-output regression of three dimen-
sional objects using artificial intelligence applied to digital holographic information”. This material describes the digital hologram
sensing, retrieval, and processing of 3D information using deep learning and machine learning techniques. This material also con-
tains the mathematical model of the deep convolutional neural network (CNN) that was used for the above problem and the gen-
eral multi-class confusion matrix that was used for comparison of the deep CNN with machine learning algorithms for the above

problem at hand.

Section S1
Section S1.1. Mathematical modeling and construction of 3D objects used in off-axis digital Fresnel holography

In this section, the construction and mathematical modeling of the 3D objects used in the off-axis digital holographic

recording geometry is described. The schematic of one of the 3D objects is shown in Figure S1.

Figure S1. The 3D circle-triangle object used in the off-axis digital holographic recording geometry. Circle: 2 mm in diameter; tri-

angle: 2 mm in x and y directions. The distance between the first plane and second plane was 8 mm in the z direction.

Figure S1 shows the schematic of one of the 3D objects with the features of a circle in the first plane and a triangle in
the second plane separated by a distance of z = 8 mm. The schematics of the remaining seventeen 3D objects were
similar to the one shown in Figure S1 but with different features of the first and second planes. A 3D object was char-

acterized by its intensity and phase information. Let the amplitude and phase information in the first plane be
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Ai(x,y)exp (ip1(x,y)). Similarly, let the amplitude and phase information in the second plane be
Ay (x,y)exp (i, (x,y)). When light passed through the first plane, the amplitude and phase information of the object
with the features of the first plane were obtained. Then, after propagating by a distance of z using free space propaga-
tion, the amplitude and phase information of the next object features in the second plane were also obtained. Next, the

total distribution immediately after the second plane is given by Eqn. (S1):

i

Ay (x,y) = {41 (0, ) exp(i: (x,3)) @ exp (- (6% + y?)} A (x, y)exp (ih (x,7)) (S1)

where ‘®’ represents the convolution operator; and the terms A, (x,y), ¢1(x,y) and A,(x,y), ¢,(x,y) represent the 3D
information in the form of the amplitude and phase of both the first and second planes, respectively. By using off-axis
digital Fresnel holography, the single digital hologram was formed by the interference between the object wave
(A,(.)) and plane reference wave R(.) = exp (if) at an angle 8. Now, the complete complex field distribution of the

3D object function 4, (x,y) positioned at a distance d from the recording plane is represented by Eqn. (S2):

e

Ux',y',d) =

— ] AuCx,y, 0)exp - [(x' = )% + (v = ¥)ldx dy (S2)

L.

where U(.) represents the complete complex Fresnel field distribution at the recording plane of the 3D object; and
(x,¥), (x',¥") denote the object plane and recording plane coordinates, respectively. The propagation of the 3D infor-
mation of the object was conducted by using a laser source with a wavelength of A. The recorded off-axis digital Fres-

nel hologram H(x',y") is given by Eqn. (S3):
H(x',y") = UG y") + R,y = |0yexp (iky.7) + exp (ik,. 7)) (S3)

where k, and k, are the propagation wave vectors of the object and reference waves, respectively. The resultant wave

vector K of the interference fringe pattern is given by Eqn. (54):

K] = [ky = o | = Zsin (2) (S4)

2

where O represents the angle between the two interfering waves [1].

Section S1.2. Off-axis digital holographic recording geometry and numerical reconstruction for obtaining the 3D

information of objects

Digital holography is a 3-D imaging technique that is used for the recording of a hologram of a 3D object. Figure S2

shows a schematic of the off-axis digital holographic recording geometry.
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Figure S2. Off-axis digital holographic recording geometry used for the recording of the holograms of 3D objects. SF: spatial fil-

ter assembly; CL: collimation lens; BS: beam splitter; M: mirror; CMOS: camera sensor.

The light beam emitted from the He-Ne laser source with a wavelength A = 632.8 nm was passed through the spa-
tial filter to remove the unwanted interference patterns in the laser beam. The filtered laser beam was collimated
through the collimation lens. The collimated beam was separated through the beam splitter (BS:) into two arms; i.e.,
the object arm and the reference arm. In the object arm, the 3D object was placed at a distance ‘d” from the CMOS sen-
sor. The light beam scattered from the 3D object formed the object wave and another arm formed the reference wave.
At the exit of (BS2), the object wave and reference wave interfered at an angle 0 to form the off-axis digital Fresnel
hologram. The CMOS sensor was used for the recording of the off-axis digital Fresnel hologram [1]. After the holo-
gram was recorded, the complex-wave retrieval method [2] was applied on the recorded hologram of the 3D object to
obtain the complex wave field of the object at the recording plane. Further, an inverse Fresnel transform was applied
on the retrieved complex wave field to obtain the 2D digital complex-valued image that contained the 3D information
of the object. Finally, datasets for the sensed holograms, the images with a retrieved intensity and phase extracted
from the 2D digital complex-valued image combined in a concatenated manner, and the phase-only images were used
for the five-class classification and regression tasks of the 3D objects by using deep CNN and machine learning algo-

rithms.

Section S1.3. 3D object set formation of datasets of sensed holograms, concatenated intensity—phase images, and

phase-only images

The set of 18 different 3D objects that were considered in this study were named based on their features in the first
and second planes: circle—pentagon (ay,), circle~triangle (by,), circle-square (cq,), circle-rectangle (eq;), square~circle (fg;),

square—triangle (gq;), square—rectangle (hy,), square-pentagon (kg;), triangle—circle (ly,), triangle-square (mg;), triangle—
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rectangle (ng.), triangle—pentagon (oy.), pentagon—circle ), pentagon—square ), pentagon—triangle (r;.), rectangle—circle
gie (Ng; gle—pentagon (0q;), pentag Pa;), pentagon—sq qa;), pentag gle (rq; g

(Sa;), rectangle—square (tq;), and rectangle—triangle (uy,), which constituted the {T} [3]:

{T} € {aa; ba;, cays €ap fap 9aphap KaplapMaypNay 0apPap dap Tap Sap tap Ua;h

d; € {dy,dy, ds, . ... ... P (S5)

where ‘d;’ represents the distance between the recording plane and object plane and i denotes the indices of the indi-
vidual objects. The objects were positioned at different distances in the 3D scene. The 3D objects shown in {T}' repre-
sented the real-valued digital holograms; the computationally retrieved 2D digital complex-valued images of the 3D

objects are presented in {RT}' [3]:
{RT} € {Radi, Rbdl" RCdi' Redi, Rfdl., Rgdi' thi' dei' Rldl" Rmdi, Rndi, Rodi,
Rpa; Rqa; R7a; Rsq; Rt Rug ), d; € {dy,dy, ds, e o di o, dy} (S6)

The '{RT}’ was further separated into '{RT;y} and '{RTpy}" as shown in Eqns. (S7) and (S8) respectively. The '{RT;y}’

was formed by taking the absolute of '{RT}" [3]:
{RTin} € {Raa;;y Rbayjy Ra; 1o Reay iy Rfay gy RGay iy Rhay gy
dei,uv' Rldi,nv' Rmdi,uv' Rndi,uv' Rog LIN’ Rpq iIN’ Rqali,uv' eri,IN' Rsq iLIN’ thi,IN' Rudi,IN}’
d; € {dy,d,, d3, ... .. ... di oo, dy} (57)

where index IN denotes the set comprising the intensity images. Similarly, the '{RTpy}’ was formed by taking the an-

gle of '{RT}' [3]:
{RTp} € {Raq; pyy» Rba; pyys RCa; pyys Req; pyys Rfa; pyy Ry pyp RNy po
Rka; pypr Rla; prypy RMay pyy Ry pryy RO prys RPay pry Ry pry Ry prpo RSay pryy REay pryy RUay pyds
d; € {dy, dy, dsy o o . Ay, dy) (S8)

where index PH denotes the set comprising the phase images. The '{RT;y}' and '{RTpy}’ were further combined via the

method of concatenation to form the concatenated intensity—phase image dataset '{RT;ypy} [3]:
{RTinpu} € {Radi,INPH' Rbdi,INPH' Req i,INPH’ Redi,INPH'
Rfa; inpw R9a; inpr RMay inpr REay inpr Rlag inpr
Rmdi,INPH' Rng i,INPH’ ROdi,INPH' dei,INPH' Rqq i,INPH’ eri,INPH' RSdi,INPH’ thi,INPH’ Rudi,INPH}’

d; € {dy,dy, dsy e evv o dy e e, dy} (59)
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Section S2
Section S2.1. Mathematical Model of CNN used for multi-class classification and multi-output regression

The convolutional neural network (CNN) is one of the basic building blocks of deep learning [4]. A CNN consists of
feature-extraction and classification layers. The feature-extraction layer consists of n number of convolutional and
pooling layers. The classification layer is composed of fully connected and output layers. The convolutional layer per-
forms the convolution operation between the input and the kernel to produce the feature map. The output of the con-

volutional layer is given by:

V) = F(Tho Xhoo HO X + Bn) (510)

where Y,g,kg represents the output feature map, Xy, represents the 2D input image, HS\(,) represents the kernel values, k
represents the number of kernels, L represents the kernel size, f represents the ReLU activation function, and B, rep-
resents the bias [5]. The output of the convolutional layer was passed through the pooling layer to reduce the dimen-

sionality of the feature map. The output of the pooling layer is given by:
Yin = max (X)) (511)

where X, represents the 2D input and Yy, represents the pooling output [5]. The output of final pooling layer was

flattened and given to the fully connected layer. The output of the fully connected layer is given by:
Y = f(22=1 VVvqu + Bp) (512)

where Y;,, denotes the output of the fully connected layer, f denotes the ReLU activation function, W, denotes the
weight values, X, denotes the 1D data obtained through the flattened layer, B,, represents the bias, and n denotes the
number of neurons [5]. The output of the fully connected layer was given to the output layer to perform the multi-
class classification and multi-output regression tasks. For the multi-class classification, the softmax activation function
was used in the output layer; for the multi-output regression, the linear activation function was used. The expression

for the softmax function is given by:

y, = &P Xk) 1
kTSR exp (Xg) (513)

where Y, represents the output, X, represents the input, and n represents the number of neurons [5]. The expression

for the linear function is given by:
Y=X (S14)

where Y and X represent the output and input values, respectively. [3].
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Section S2.2. Performance Metrics

The performance metrics that were considered to evaluate the performance of the multi-class classification task
were accuracy, precision, recall, and Fl-score [1]. The accuracy can be defined as the proportion of correct predictions

to the total number of both correct predictions and wrong predictions [1]:

True Positive (TP)+True Negative (TN)
True Positive (TP)+True Negative (TN)+False Posive (FP)+False Negative (FN)

Accuracy = (515)

The precision can be defined as the proportion of the number of correct positive examples to the sum of the correct

and wrong positive examples [1]:

True Positive (TP)

Precision = — —
True Positive (TP)+False Positive (FP)

(S16)

The recall can be defined as the proportion of the number of correct positive examples to the sum of correct posi-

tive, and wrong negative examples [1].

True Positive (TP)
True Positive (TP)+False Negative (FN)

Recall = (517)

The F1-score can be defined as the proportion of twice the number of correct positive examples to the total sum of

twice the number of correct positive examples, wrong positive examples, and wrong negative examples [1]:

2+True Positive (TP)
2+True Positive (TP)+False Positive (FP)+False Negative (FN)

F1 — score = (518)

Similarly, the three metrics that were considered to evaluate the performance of the five-class regression task were
the mean absolute error (MAE), R? score (coefficient of determination), and explained-variance (EV) regression score
[3]. The MAE is the absolute difference between the ground truth and the output values:

MAE(g,0) =~ 3119 — ol (519)

Y
where g; denotes the ground truth and o; denotes the output values [3]. The MAE range is not fixed, but the MAE
should still be very minimal; i.e., it should approach zero (0). The R? score and EV regression score evaluate the per-
formance of a model regarding how well it can predict the future instances. An R? score of 1.00 shows that a model
has an excellent value, and a score of 0.00 tells us that the model has a consistent value. The expressions for the EV

regression score and R? score are shown in Eqns. (520) and (521), respectively [3]:

Var{g—o}
EV(g,0)=1— ZTTQ{; (S20)
where Var{.} represents the variance.
N (g.—0:)2
RZ(g’ 0) =1- Yi=1(gi—0i) (821)

N . (9i-Ipar)?

1
where g, = EZ’Q’:l(gi) represents the mean or average.
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Section S2.3. General five-class confusion matrix

The general multi-class confusion matrix is shown in Figure S3.

T T T B e B —r—
([o[r~[er]  [{[o[t~[FR]  [|[o]eN[EP] [|[o]TN]ER] || [0 TN]EP
A|1{EN|TP| |]|| 1[EN|TP| |i|[ 1|EN|TP| [}||1 [EN|TP 1|EN(TP
0 [1] (0 ]1] 01 0 [1] 01
o] S| PREDICTED e o] PRI L

Figure S3. General multi-class confusion matrix.

In Figure S3, it can be observed that the confusion matrix represented five classes; i.e., Class-a, Class-b, Class-c, Class-
d, and Class-e. For any class, when the true label and the predicted label were zero, then the condition was called True
Negative (TN). When the true label was zero and the predicted label was one, then the condition was called False Pos-
itive (FP). When the true label was one and the predicted label was zero, then the condition was called False Negative
(FN). Finally, when both the true label and predicted label were one, then the condition was called True Positive (TP).
The evaluation metrics for the five-class classification task (accuracy, precision, recall, and F1-score) were calculated
for each class; i.e., Class-a, Class-b, Class-c, Class-d, and Class-e using the respective Equations (515) through (S18).
Similarly, the performance metrics for the five-class regression task are obtained by using Equations (519) through

(S21).
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