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Abstract

The extremely high frequency (EHF) band enables the increasing demand for massive ca-
pacity of mobile communication in the super smart society. Since the communication link at
the EHF band depends on the line-of-sight (LoS) channel, the LoS channel can be blocked
by a moving human body occasionally. When the first Fresnel zone is fully blocked, the
communication is cut off. To develop robust networking algorithms against human body
shadowing (HBS), the HBS channel simulation and its experimental evidence are needed.
There are simple human models with experimental evidence in conventional studies. Since
the radius of the Fresnel zone is proportional to the wavelength, the detailed shape of the
human body should be considered. Therefore, accurate human models and measurements
need to be considered at the EHF band.

This thesis presents the synchronized measurement system, which consists of channel
measurement and motion capture, and human models for HBS channel simulations. The
proposed measurement system achieved an average synchronization error within 10 millisec-
onds, which is enough to validate the HBS simulation at the EHF band. Two types of human
models were proposed, vertical long models and the model based on estimated diffraction
paths. The vertical long models ( i.e., the vertical screen models and an elliptic cylinder
model) performed well in predicting the HBS duration and fading depth when the diffrac-
tion points only exist on the sides of the human body. The human model based on estimated
diffraction paths was the extension to accommodate scenarios where the diffraction points
could exist on the top of the human body, e.g., office and cabin. The proposals were eval-
uated by comparing the simulation result with the measurement result at 58 GHz and 300
GHz. As the contribution of this research, the accurate simulation for properties of the dy-
namic HBS channel with the experimental evidence serves as the foundation of the research

of robust wireless communication systems at the EHF band against HBS.
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Chapter 1

Introduction

1.1 Background

To satisfy the exponentially growing demand for mobile access with high throughput, the
high-speed wireless communication system is one of the main development targets [11, 12,
13, 14]. The communication data rate of a propagation channel is related to the bandwidth
availability and logarithmic value of the signal-to-noise ratio. Since the bandwidth availabil-
ity is about one percent of the carrier frequency by the radio regulations [15], the key for
the high-speed communication system is a high carrier frequency. Therefore, the frequency
bands from 30 GHz to 300 GHz (extremely high frequency, EHF) have been used in 5G and
the next generation of mobile communication systems. Radio waves in the EHF band feature
high propagation loss. To compensate for the propagation loss, directive antennas are used
in the wireless systems at the EHF band. Regarding the narrow pattern of the main beam
of the array antennas, the wireless system at the EHF band relies on the line-of-sight (LoS)
channel. However, the communication could be cut off when the LoS channel is shadowed.

Considering the radio wave propagating from the transmitter (Tx) toward the receiver (Rx),

1.7 my Tx
LoS (10 m)
Rx R.= 10 cm, 300 GHz
Y~ 5m

R.= 30 cm, 30 GHz
R.= 100 cm, 3 GHz

Human body

Figure 1.1: Comparison between the human body and the diameters of the Fresnel zones of

various frequency bands.
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Access

Figure 1.2: The LoS communication affected by the HBS. The networking algorithm points

the main beam toward the reflection path to maintain the communication.

Shadowing _ LoS path
depth & Elected path
) / ~Reflection path

Free space loss

uration

Path gain (dB)

Propagation delay

Figure 1.3: The ideal case of proactive scheduling. The access point switches the propagation

path to the reflection path to keep the communication during the HBS event.

most of the power is condensed within the Fresnel zone, as shown in 1.1. The radius of the
Fresnel zone is proportional to the square root value of the wavelength. For example, in an
indoor scenario at 30 GHz, where the antenna separation is 10 m and the human obstacle is
located 5 m from both antennas, the diameter of the first Fresnel zone Rpy is 30 cm. Since
30 cm is smaller than the average chest width of the human body [16], the indoor mobile
communication system at the EHF band can be cut off while the LoS path is occasionally
blocked by even a human body.

As shown in Fig. 1.2, the existence of reflectors contributing to alternative propagation
paths is expected. Regarding the additional propagation length and reflection loss, the al-
ternative paths have a larger propagation delay and more loss than the LoS path. Thus,
as shown in Fig. 1.3, a robust networking system against human body shadowing (HBS)
should switch the propagation path to the alternative one during the HBS event [17, 18].

For developing the networking system against HBS, a channel model simulating sufficient
information for predicting the shadow event is needed. There are three types of channel
models, empirical models, stochastic models, and deterministic models. The empirical mod-
els generalize the parameters of interest of a propagation channel by several parameters,

[19]. The coefficients in the empirical models are defined based on plenty of channel mea-
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surements. The stochastic models consider the parameters of a propagation channel as a
random distribution when the propagation environment is rich in scattering waves. The
deterministic channel models calculate the received radio wave by a combination consisting
of the propagation theory and the corresponding geometry of the environment, [9]. With the
experimental evidence, the deterministic models can be an alternative to the measurements
for the empirical and stochastic models. Considering the shape of the human body changes
due to various factors, e.g., age, gender, race, etc, the cost of the measurements is not toler-
able. The stochastic models are not suitable for the HBS channel since the scattering waves
from the human body interacting with the propagation path are too few to be treated as a
random distribution. Thus, the scope of this work is to develop deterministic simulations for
the HBS channel with experimental evidence. The result of this work serves for the further

development of the empirical HBS channel models.

1.2 Research Motivation

In the deterministic simulation, a combination consisting of the propagation theory and the
geometry is needed. For example, the most accurate simulation for the HBS channel model
can be the set of the full-wave methods, e.g., the method of moments (MoM) [20], and the
detailed human shape represented as a polygon [21]. Since the number of facets is propor-
tional to the squared value of the frequency, the escalating computational complexity at the
EHF band is not tolerable. Therefore, high-frequency asymptotic models using simplified
human models are preferred. The high asymptotic methods should be validated by evidence
based on full-wave simulation or measurement.

Since the full-wave simulations are not available due to the computational complexity,
experimental evidence is mainly used [22, 19]. In the measurement, the dynamic HBS channel
is measured by a channel sounder consisting of a set of the Tx and the Rx, which are set at
where the access point (AP) and the user equipment (UE) are, respectively. The dynamic
HBS channel is measured as the time-varying channel affected by the presence of the human
body, as shown in Fig. 1.4. In the validation, the human model for the simulation should
be matched with the human body in the measurement. To do so, a constant-speed walk or
a motion capture (MoCap) system was used in literature. In the former, the human body in
the measurement moved linearly with a fixed speed and with a fixed shape [22, 19]. Using
the linear relation between the time and the location of the human body, the human model
was matched to the human body by sliding the time offset between the measurement and
the simulation. For example, a speed gun was used to help the specimen keep its speed
when walking [19]. In [22, 23], a rail system was used to pull the specimen at a constant
speed. However, the assumption is difficult to reach considering the short wavelength since

the shape changes due to the breath and the gait is larger than the wavelength at the EHF
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Tx Tx

ﬁ&”a\ g

Human body U Human model

Channel sounding HBS channel simulation

Validation !

Figure 1.4: The validation for the simulation using a channel sounding. Comparing the
results of the measurement and the simulation sharing the same propagation environment,

the accuracy of the simulation could be validated.

band. Since the HBS channel properties, especially the shadowing duration, are sensitive to
the instantaneous clearance of the first Fresnel’s zone, the human model for simulation may
lead to an inaccurate validation of the developed HBS channel models. On the other hand,
MoCap systems based on light detection and ranging (LiDAR) were used to measure the
human body. The depth camera in the MoCap system emits an infrared light (IR) signal and
measures the time of flight (ToF) of the received signal in each pixel of the depth map. In
[5, 8], the posture of the human body was measured by the attached IR markers on its joints.
The human model was reconstructed by skinning the joints with screens or cylinders. Since
the validations were conducted at the microwave band, the detailed difference between the
human model and the human body was ignored, which is intolerable. In the simulation of the
HBS channel, the clearance of the Fresnel zone should be recognized precisely. Thus, there
is a challenge to match the surfaces of the human model and the human body. When the
propagation environment is static, the point cloud (PC) representation was used to match
the model and the measurement environment in [24, 25]. The reflection points on the walls
and the ground were found by the PC and the normal vectors which calculated from the PC.
Since the human body is dynamic, the PC-represented human body has to be synchronized

to the HBS channel measurement, which is not developed.

As to the high-frequency asymptotic models for the HBS channel, source-based and ray-
based asymptotic models using simplified human models can be considered. In the source-
based models, the received field is calculated as the summation of the secondary sources
from the human body. The secondary waves are considered from the facets of an arbitrarily
shaped polygon in the physical optics (PO) [9], or are considered from the segments of the
arbitrarily shaped edge in the modified edge representation equivalent edge currents (MER-
EECs) [26, 27, 28]. The source-based approximations feature flexibility to the complex-
shaped human body but need high computational cost and cannot address the propagation
with multiple interactions with the interactive objects (IOs). In the ray-based models, the

radio wave is treated as a ray and the obstacles are simplified as well-defined surfaces and
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edges on the human models. The ray-based approximations feature low computational cost
and allow the calculation of the propagation paths which experience multiple interactions
with the IOs before arriving at the Rx. In the simplification of the human body, various
fixed shapes have been used [4, 9, 29, 30, 31]. Since the human body with breath and gait is
never a fixed shape, a low-cost HBS simulation with flexibility in the changing shape of the
human body is needed.

By acknowledging these research gaps, this thesis aims to develop a measurement system
for synchronized dynamic HBS channel and human motion and PC-based low-cost HBS
channel simulation. The developed measurement system provides evidence for the proposed

PC-based human models.

1.3 Objective and Contributions

The objectives of this study are to develop a synchronized measurement system consisting
of the dynamic channel sounder and MoCap measurement and to develop PC-based human
models for ray-based HBS channel simulation. To fulfill these goals, challenges described in
the research motivation must be addressed in this thesis through the following novelties and

contributions:-

e The novel synchronized measurement system consists of the channel sounder and the
MoCap system that provides a PC-represented human body corresponding to dynamic

channel response for validating the HBS channel model. (Chapter 3)

e Low-cost PC-based human model for simulating the shadowing duration and the shad-
owing gain in the shadow region that efficiently estimates the duration of the HBS
event and the degradation of the channel during the HBS event. (Chapter 4)

e Robust PC-based human model for simulating the fading pattern in the lit region
against various human motions that provides the Doppler frequency before/after the

HBS event as a signal for the future networking algorithm. (Chapter 5)

1.4 Limitations of the Thesis

It should be noted that the PC-represented human body in the thesis is measured from the
MoCap system consisting of the commercial-off-the-shelf (COTS) depth camera Microsoft
Azure Kinect. Since the random error of the depth camera always exists, there is uncer-
tainty in the generation of the PC-based models. Moreover, the framerate of a commercial
depth camera is most limited at 30 frame-per-second (fps). Although Doppler frequency is
proportional to the product of the carrier frequency and the speed of the human body, the
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fading pattern could not be measured since the human specimen could not walk at extremely
low speed. Another limitation is the undesired phase noise of the channel sounder. Since
the high multiplying factors for generating the radio wave at the EHF band, the phase noise
cannot be eliminated from the channel measurement. The remaining phase noise prevented
us from conducting the short-time-Fourier-transform to obtain the Doppler frequency be-
fore/after the HBS event as a quantitative evaluation. As an alternative, we observed the
prediction error in the shadowing gain. Furthermore, high-gain antennas were used to keep
the dynamic range in the measurement at the EHF bands.

Regarding the HBS scenarios, this thesis considers the special case where the propagation
channel is only shadowed by one person. Although a propagation channel may be blocked
by multiple people in practice, the one-person shadowing assumption is an ideal and simple
case to evaluate the accuracy of a certain human model. This assumption was well-used
in literature to validate deterministic HBS models. Furthermore, the interference from the
environment was not considered in the simulation since the high-gain antennas are expected
in the communication system at the EHF band. At the frequency band lower than 30 GHz,
the proposal may need modification for the multi-path components, which are also affected

by the human presence.

1.5 Outline of the Thesis

The overall structure of this thesis is outlined as shown in Fig. 1.5. In this chapter, the
motivation and background have already been provided.

Chapter 2 describes the propagation theories used in the ray-based simulation for the HBS
channel. Then, the conventional measurements for the evidence of the HBS simulations are
described. Finally, state-of-art human models for the HBS simulation are discussed in detail.

Chapter 3 firstly narrates the novel technique introduced to trigger the conventional
channel sounder and the MoCap system simultaneously. Then, the structures of the channel
sounders are described. Next, the MoCap system and the post-processing for generating the
PC-represented human body are detailed. The performance was finally validated with the
canonical problem, double knife-edges shadowing, where the LoS is shadowed by a vertical-
long metal plate in the measurement. As a result, the synchronization accuracy is found
enough to validate the HBS channel simulations.

Chapter 4 describes processes to generate the proposed low-cost PC-based vertical screen
models of the human body for simulation. The proposals could naturally simulate the
changing clearance of the Fresnel zone while the diffraction points exist on the sides of the
human body. By using the Uniform theory of diffraction (UTD) method and the PC-based
vertical screens, the dynamic HBS channel gain can be simulated. In the end, this chapter

validates the PC-based vertical screen models by an indoor HBS channel measurement at



1.5. OUTLINE OF THE THESIS 7

58 GHz. By comparing the simulation results of the shadowing duration and fading duration,
it can be found the proposals are superior to the conventional fixed human model.

Chapter 5 describes processes to generate the proposed PC-based human body-shaped
screen model of the human body for simulation. Considering the scenarios in the office and
the cabin, the vertical screen model may be undefined, while the proposal shows flexibility
in the motion of the human body. In addition to the UTD method, the source-based EECs
method can be used with the PC-based human body-shaped screen to simulate the dynamic
HBS channel gain. In the end, this chapter validates the PC-based vertical screen models by
an indoor HBS channel measurement at 300 GHz. By comparing the simulation results, it
can be found the proposal is superior to the vertical screen models in simulating the fading
pattern in the lit region.

Finally, Chapter 6 concludes the thesis findings and provides prospective directions for

future HBS channel models.
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Chapter 2

Literature review of Measurement
and Simulation Technology for

Human Body Shadowing Channel.

2.1 Introduction

As the preparation for the shadowing gain simulation of the HBS channel, this chapter
describes the propagation theories used in the simulation and the conventional works in the

measurement and simulation techniques.

2.2 Propagation Mechenisms

The shadowing gain of the HBS channel is defined by the ratio of the dynamic channel gain
affected by the HBS to the static channel gain of the LoS channel. The channel gain is the
ratio of the received power to the transmitted power. Since the power of a radio wave is in
direct ratio to the square of its electric field, the simulated shadowing gain G, (t) in the

propagation simulations is calculated as

B ()

Gy | [ LoS | 2

sim(t) = 10log, (2.1)

where E®*(t) and E™5 are the instantaneous received field at time ¢ and the direct field,
respectively. The received field with the presence of the human obstacle is simulated by
the propagation model and the suitable human model. In this section, the propagation

mechanisms, the free space propagation, the UTD for edge diffraction, the UTD for absorbing
edge, the UTD for the elliptic cylinder, and the MER-EECs methods are described.
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t
\

Figure 2.1: The free space propagation.

2.2.1 Propagation in Free Space

In the propagation environment where only the Tx and the Rx exist, the radio wave only
experiences the free space loss. Considering isotropic antennas of the Tx and the Rx as shown
in Fig. 2.1, the radio wave radiates toward all directions with a uniform power density. the
free space channel gain is the ratio of the power density at the antennas of the Tx and the Rx
without considering the antenna gain. Regarding the Huygens’ principle, the actual source,
which is the Tx antenna, can be replaced by an equivalent source on a closed surface. The
received power P®* is the integral of the power density of the equivalent source of the Tx

over the effective area of the Rx antenna, which is calculated as

PTx Tx
PR (rpeg) / / G -adA (2.2)
ARX

47T7’LOS

where P™ GT* ARX r; o 7, and a are the transmitted power, the of the Tx antenna, the
aperture area of the Rx antenna, the antenna separation, the unit vector of the LoS direction,
and the normal of the aperture surface of the Rx antenna, respectively. The integral of adA
n (2.2) is the effective area of the Rx antenna AR, which is calculated by [32]

ARX _ 1

= MGRX (2.3)

where \ and G®* are the wavelength and the gain of the Rx antenna, respectively. The

received power is then calculated as

2
P(rpog) = PTXG™ (—A > G™, (2.4)

47 T'LoS
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Figure 2.2: The top view of the diffraction from a vertical edge located between the TRx.

Figure 2.3: The side view of the diffraction from a vertical edge located between the TRx.

Since the amplitude of the electric field is proportional to the root value of the power of
the radio wave, the relationship between the transmitted field Er, and received field Egry

considering the polarization can be written as

ERX =V GTXGRXELOS(TLOS> * URx, (25)
A .
Eros(res) = ETX4 exp(—jkoTLos) (2.6)
T LoS

where Fi.s is the electric field induced by the Tx at the location of the Rx when both
antennas are isotropic. The exponential term is the phase shift of the field along the direct
path. k¢ and wgry are the wave number in the free space and the polarization of the Rx

antenna, respectively.

2.2.2 The Uniform Theory of Diffraction for Edge Diffraction

Considering an identified diffraction path from a knife edge, as shown in Figs. 2.2, 2.3.
The parameters u;, are unit vectors from the Tx to the edge and from the edge to the
Rx, respectively. s;, are distances from the TRx to the edge, respectively. ¢', ¢ are the
angles of incidence and diffraction measured from the edge, respectively. € is the unit vector
of the edge, whose direction is counterclockwise from the viewpoint of the Tx. f; is the
incident angle of the oblique incident wave. ﬁi and (ﬁi are the unit vectors of the parallel
and perpendicular components of the incident fields, respectively. With the consideration of
the polarization of the Rx antenna, ug, the UTD method calculates the received field Eip
as the diffraction field from the edge and the direct field when the LoS is not blocked and
as only the diffraction field when the LoS is blocked as

V GTXGRXELOS * uRX + E[]:J)TD * uRX, (LOS)

ERX — 2.7
v { ED1p - ugrs, (NLoS), 27
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where EBpp, ES, GTF* and GUn* are the diffraction field from the edge, the direct field,
the antenna gains of the boresight, and the directions toward the diffraction paths concerning
the Tx and the Rx antennas, respectively.

The diffraction field ESyp is calculated as

EQrp = /G2 (P X (P X €) Ep, + (o x €) Ey,) (2.8)
Ep, = By, D exp(—jko o)) ] : (2.9)
7o (|7i] + |70l)
|74
Eg, = Eg, D exp(—jko |75|) (2.10)
7o) (5] + |7o])
Ep, = 3 - E, 2.11)
Ey, = & - B, (2.12)
E, = # x (By x #) \/GT*H (ko |r3]) (2.13)

where H(SQ)(.) is the second kind of the Hankel function for the zeroth order. E, and E;
are the source field and the incident field at the edge, respectively. Eg ¢, and Ejp, ¢, are
the parallel and perpendicular components of the diffraction and incident fields at the edge,
respectively. The diffraction coefficients D*" depending on the polarization of the incident
field on the edge in (25) of [33] is derived as

ssh —exp( Jﬂ)
DUTD —  4/2rkosin B;
X |cot (—”(%7@)) - F (koLaJr (o — ¢i))
+eot (=) L F (ko La™ (o — o)) (2.14)
F cot ¢°+¢‘ - F (ICOLCLJr b0 + i )
:i:cot( ¢°+¢‘> F (koLa™ (6o + 1)) | -
The function F(-) is the Fresnel integral calculated as
F(x) = 2jy/x - exp (J[L’)/ exp (—jt?)dt. (2.15)
N
where parameters L and a™ are the calculated as
rillrol oo
L =————-sin“ 3, (2.16)
il + |7
ATN* —
£ = 2 cos? (WTB> , (2.17)

B =¢o £ i (2.18)
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where N7 is calculated as the integer

NE = {B;W} (2.19)

where function [-] is the rounding function to the nearest integer.

2.2.3 The Uniform Theory of Diffraction for Absorbing Half-plane

Since the Rx in the HBS scenario is never located in the reflection region, the reflection
components, the latter two in the four terms in (2.14), can be mitigated [34]. Regarding the
polarization making no difference in (2.14). The diffraction coefficient for an absorbing edge

is simplified in [35] as

Dyrp = Dijrp = Dag oD () ¢ (Qﬁo > (bi)F <2koL cos® (¢0 ; ¢i>> . (2.20)

= se
2\/ 271'/{?0 sin 61 2

2.2.4 The Uniform Theory of Diffraction for Elliptic Cylinder

Since the horizontal contour of the human body is similar to an elliptic cylinder, the UTD
for a two-dimensional (2D) elliptic cylinder can simulate the shadowing gain of the HBS
channel in scenarios where the heights of the TRx antennas are the same. In this case, the

2D simulation is used for the sake of simplicity, where

B = (2.21)

Do| 3

Consider a local coordinate system in the u — v domain where the origin is the center of
the ellipse and the major axis is the u axis, as shown in Fig. 2.4. When the LoS is blocked
by the obstacle, the diffraction wave creeps through the surface of the ellipse. The incident

point and the diffraction point (r1cosb; o, rocosb; 2) are found on the ellipse as

1 U1.279
012 = arcsin | ————=| — arctan ’ (2.22)
Uy o + Vi o V1,271
T1 T2

where (u1,v1) and (ug, ve) are the coordinates of the Tx and Rx. 6 5 are the parameters of
the incident point and the scattered diffraction point, respectively.

To predict the creeping diffraction coefficient when the Rx is in the shadow region, the
geodesic from the incident diffraction point to the scattered diffraction point and the radii of
the curvatures at both points are needed. The geodesic along an ellipse is the curve length

Tm, which is derived as

2 2

P =12 (E(@zu — )~ E(Bi[1 - %)) (2.23)

2 2
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LoS path

Figure 2.4: Diffraction from an ellipse located between the Tx and the Rx.

where E() is the incomplete elliptic integral of the second kind.The radii of the curvatures

at the incident and scattered diffraction points, p; 2, are calculated as

o= V/ (rir3 sin® 91,24-1—47’%7’3 cos? 0 2)3 . (2.24)
T2

The total received field from an ellipse ngfpse is calculated as the summation of the
reflection and scattered diffraction fields from both sides of the ellipse and the direct field
when the LoS is not blocked, and is calculated as only the summation of the scattered

diffraction fields when the LoS is blocked as

. VOGRS P |\ JOTGREC | /TG ER,  (LoS)
EEfi(pse = 2 Tx Rx 7C (225)
Yol VGG EY, (NLoS)

where E®, EC, and G;FX’RX are the electric field of the reflection and diffraction paths from
the ellipse, the antenna gains of the directions toward the diffraction paths concerning the

Tx and the Rx antennas, respectively.

The creeping diffraction coefficient C' can be considered as the absorbing-edge diffraction
coefficient D in (2.20) added with an additional term mentioned in [36] as

L 2 ‘7
C=Dprg+ v M1M2€_Jkowm\/ k’_op* (&, gsp)e 't (2.26)
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with

1
k 3
My, = ( 0”12) , (2.27)

2
O L R Gy PP S ¥ (228)
S\ 2 To 2 r3 ! r3’ ]’ ’
n +1
¢ = —iV/ MM, (ﬁ) (2.29)

where p*(+) is the associated Fock-type integral. g5, are the parameters corresponding to
the perpendicular (soft) polarization and the parallel (hard) polarization. 79 and 7 are the
free-space impedance and the surface impedance of the dielectric cylinder, respectively. M 5
and £4 are the UTD parameters mentioned in [37]. K(-) is the incomplete elliptic integral of
the first kind, respectively.

When the LoS is not blocked, the diffraction wave specularly reflects on the surface of
the ellipse. The reflection point (ricosfs, rocosfs), which satisfies the reflection law, is found
on the ellipse numerically. 63 is the parameter of the reflection point.

To predict the reflection coefficient, the radius of the curvature at the reflection point is
needed. The radius of the curvature at the reflection points, ps, is calculated as

V/ (rir3sin? 0 + r2ri cos? 03)3

= ) 2.30
P3 7,1117,% ( )

The reflection coefficient R can be considered as the edge diffraction coefficient D in
(2.20) added with an additional term mentioned in [36] as

(eM3

2 - o
R = Dag + M3,/ k—p*(f’r, Gep)e 2 e (2.31)
0

with
1
k 3
M = (_02p3> , (2.32)
67‘
o +1
Qo = —JM; (F) (2.34)

where qg , are the parameters corresponding to the perpendicular (soft) polarization and the

—2Mj cos 6™, (2.33)

parallel (hard) polarization. Mz and & are the UTD parameters mentioned in [37]. 6™ is
the incident angle.

2.2.5 Modified Edge Representation of Equivalent Edge Currents

As one of the source-based models, the EECs method flexible in complex-shaped obstacle

is chosen as the reference since the computational complexity of the full-wave methods is
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Figure 2.5: The modified edge representation 7.

not tolerable at 300 GHz. The EECs method considers the total received field of the HBS
channel as the summation of the fields from the induced EECs on the edges of an arbitrarily
shaped screen. The EECs method is flexible in the arbitrarily shaped screen but leads to a
higher computational complexity.

The EECs method calculates the received field ER%, as the summation of the diffraction
waves from the edge all around a plate as a line integral while the LoS is blocked, and the

component of the direct wave is added while the LoS is not blocked as

ERX _ v GTXGRXELOS + EEDECS7 (LOS) (2 35)
T BB (NLoS) - '
Epyo, = E; + E; (2.36)

where ERp, and EY) are the summation of all the diffraction fields and the integral of the
soft and hard polarizations, respectively. To calculate the diffraction fields from the edge all
around the plate, the modified edge (ME) representation [26] is used. The modified edges
are defined to satisfy the diffraction law for the given incident and diffraction directions as
shown in Fig. 2.5. With a given combination of the unit vector of the incident and diffraction

paths #; and 7., the unit directional vector of the ME 7 satisfies the conditions as

(2.37)
(2.38)

<L
I

(P — ) -

<
Il
(@) (@)

N -

where 3, are the incident and diffraction angle to the ME , respectively. 7 is the normal

vector of the illuminated face of the screen. 7 is indefinite for the incident shadow boundary
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(ISB) and reflection shadow boundary (RSB) conditions as
. ISB
Po=4 0 (ISB) - (2.39)
7 —2n(n-r;), (RSB)
The ME in ISB and RSB conditions is defined as
T =é. (2.40)

The sign of the 7 satisfies the empirical rules in [27] as

Cos ¢° lcos¢° % >0, (¢ <)

/ 2.41
co —¢°;¢ cos —%;‘b‘ >0, (¢ >m) ( )

where ¢ , are the incident and diffraction angle for the ME, respectively. ¢;, are the incident
and diffraction angle for the actual edge é, respectively. The edge-fixed coordinate system
for 7 is shown as Fig. 2.6. B; and ¢; are the unit vectors parallel and perpendicular to the
edge-fixed plan of the incident wave, respectively. The incident field E' at the point on the

edge 7 is decomposed into the components parallel to Bi and (Z)i as
Ej, = B+ \/GFEH (ko Iril), (2.42)
= i - \/GPE H (ko |ri]) (2.43)

where GIX and 7; are the antenna gain of the Tx antenna in the direction toward 7 and the
vector from the Tx to 7, respectively. The integrals E;?h are calculated by integrating the

diffraction wave from the tiny segments of the ME 7 as

e—Ikolmol
EP = mkof\/GRXro (o x T) = ——dl (2.44)
To
k _JkO‘To‘
EP = il 0%,/GRX 7o x I) ~ ——dl (2.45)

(2.46)

where I, are the EECs of the soft and hard polarization on 7, respectively. G¥* and r; are
the antenna gain of the Rx antenna in the direction toward 7 and the vector from 7 to the

Rx antenna, respectively. The EECs I} on the edge at position p are calculated as

J i s 4
L.——) _E Dse, 2.47
nkosin B P #€ (247)

] i s
Iy,=——F, 6 D. 2.48
M7 pkosin g & (248)

/ / / /

D" = sec =2 %0 ¢ sec w (2.49)

where Dfi_’h are the diffraction coefficients based on the geometrical theory of diffraction
(GTD), respectively.
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~ ~

Figure 2.6: The coordinate system of the modified edge 7.

2.3 Conventional Synchronized Measurement for Dy-
namic HBS Channel

As evidence for the empirical and deterministic models, dynamic channel sounding together
with the measurement of the human body has been conducted. In the dynamic channel
sounding for the HBS channel, the time-varying channel is measured in the time domain,
which should be converted to the space domain for comparison with the human models. In
this section, the methods for matching the domain, moving the specimen at a constant speed

and synchronizing the channel sounder and the MoCap system are described.
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2.3.1 Constant Speed Movement of the Specimen

Moving the specimen at a constant speed is a common method for converting the domain
from time to space linearly in the measurement [38, 19, 22, 23]. Though this method benefits
from simplicity, error exists whenever the motion of the human body has any difference from a
rigorous straight trajectory with a steady speed and a fixed shape. To do so, the starting/stop
point and the speed of the human body should be measured. In most cases, the starting/stop
points are set by markers on the ground. In [38], the speed of the human body was obtained
from the traveling time and the markers on the ground. In [19], a speed gun was used to
help the specimen keep its speed when walking. In [22, 23], a rail system was used to pull the
specimen at a constant speed. However, the assumption is difficult to reach considering the
short wavelength at the EHF band since the shape changes due to the breath and the gait
is near or larger than one wavelength, one centimeter. The centimeter accuracy in manually
making the ground is not available, too. Since the HBS channel properties, especially the
shadow duration, are sensitive to the instantaneous clearance of the first Fresnel’s zone, the
human model for simulation may lead to an inaccurate validation of the developed HBS

channel models.

2.3.2 Synchronized Channel Sounder and MoCap

MoCap, such as conventional and depth cameras and the inertial measurement unit (IMU),
have been used to record the motion of the human body during the measurement [5, 8,
39, 40, 41, 42]. By synchronizing the channel sounder and the measurement, the non-
linear relationship between the time domain and the motion can be found. Regarding the
rich degrees of freedom of human motion, such as the movements of different joints, the
comparisons are conducted in the time domain or the space domain of a certain joint. In
conventional research, the synchronization between the channel sounder and the MoCap was
conducted by motion trigger or trigger signal. In [5, 8, 39, 40, 41], a motion trigger was used
to synchronize the channel sounder for the body area network and the MoCap by a common
sharp change of the channel and the motion. The common change is a motion, suddenly
covering the Rx antenna with the hand, the hand gesture is recorded by the MoCap while a
sharp fading is observed by the channel sounder. The motion trigger features versatility in
that no specific hardware is used for synchronization. Therefore, the motion trigger can be
applied to any combination of instruments. However, the accuracy of the synchronization
was limited to the frame fate of the MoCap, which is too rough for the measurement at
the EHF band. In [42], the synchronization was conducted by feeding the trigger signal
from the MoCap, which is 30 fps, to a vector network analyzer (VNA) for the wideband
channel sounding. Since every snapshot of the dynamic channel sounding was triggered by

the MoCap, the synchronization accuracy is the resolution of the timer of the devices, which
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is a microsecond. However, the sampling rate of the channel sounder is the same as the
MoCap. Regarding the Doppler frequency of the short-term fading before/after the HBS
event proportional to the carrier frequency, the sampling rate of the channel sounder should

not be limited to the MoCap system.

2.4 Conventional HBS Models

With the high-frequency asymptotics, a human model is needed for the HBS channel simula-
tion. In this section, various human models with fixed shapes in the literature, screen models,

the hexagonal prism model, and the circular and elliptic cylinder models are described.

2.4.1 Screen Models

Screen models are the simplest shape for the human body. Since the shadowing channel is
mainly defined by the clearance of the Fresnel zone, the screen models have been developed
for efficiently simulating the shadowing gain of the HBS channel. There are various types
of screen models as shown in Fig. 2.7. The vertical screen model is defined with a fixed
width and infinitely long in the vertical direction [4, 5, 6]. In the simulation, the two paths
from both sides are considered as the diffraction paths. Considering the thickness of the
human body, the double vertical screen model is defined by two finite screens, which are
perpendicular to each other [4, 5, 6]. Though there are four paths from the sides of the
two screens, only the paths that are not shadowed by the other screen are considered in
the simulation. To consider the diffraction wave from the top of the head, the top of the
intersection contributes another diffraction path. In the cellular communication scenario, the
difference in the width of the head and the shoulder is considered by the head-and-shoulder
screen [6, 7]. In the simulation using the head-and-shoulder screen, four diffraction paths
are considered, two from the side of the lower screen and the other two from the corner
of the connecting part of the screens. Considering the HBS channel is dominated by the
clearance of the Fresnel zone, the screen models are designed to efficiently calculate the
shadowing gain using the cross-section of the viewpoint of the antennas. Among all the
screen models, accurate prediction is achieved only when the direction of the incident wave
is perpendicular to the screen. However, with fixed dimensions, the screen models achieve
good agreement to the measurement only where the dimensions are measured. Considering
the short wavelength, the discrepancy in the shape contributes to an error in simulating the

shadow duration.



2.4. CONVENTIONAL HBS MODELS 21

® Diffraction point

—d —w
z H
T w
\
® ] 3 [ ]
s | 1T s |
0 LoS 0

(a) (b) (©)

Figure 2.7: The screen type human models: (a) vertical screen [4, 5, 6], (b) double vertical

screen [6], (c) head-and-shoulder screen [6, 7, 5].

2.4.2 Cylinder Models

There are various types of cylinder models as shown in Fig. 2.8. The circular screen model
is defined with a fixed diameter [8, 9, 6]. In the simulation, the two paths travel from the
Tx, creep along the surfaces of both sides and arrive at the Rx. The effect due to the skin
is considered as the creeping loss when traveling along the surface. Considering the depth
of the human body in the front direction is typically shorter than the width in the shoulder
direction, a severe error in shadow duration is expected in the HBS simulation using the
circular cylinder model. To address the ellipse-like horizontal contour of the human body,
the elliptic cylinder is defined by the two axes [6]. However, it was difficult to validate the
elliptic cylinder model since is difficult to match the directions of the human model and the
human body in fine resolution. Another cylinder model dealing with the thickness of the
human body is the hexagonal cylinder model. The hexagonal contour fits the shape of the
human body better to achieve better accuracy than the double vertical screen model. Finally,
the eleven-cylinder model was developed to achieve the best fit to the human motion in [8].
However, the accuracy was not improved even compared to the circular cylinder model. The
cylinder-type models are designed to address the thickness of the human body. However, with
fixed dimensions, the cylinder models also achieve good agreement to the measurement only
where the dimensions are measured. Considering the short wavelength, the discrepancy in
the shape contributes to an error in simulating the shadow duration. Moreover, the circular

cylinder model caused an additional error in predicting the shadow duration.
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Figure 2.8: The cylinder type human models: (a) circular cylinder [8, 9, 6], (b) elliptic
cylinder [6], (c) hexagon prism [9], (d) 11 cylinder model [8].

2.5 Summary

This chapter explained the mechanisms used in the HBS channel simulation, which was fol-
lowed by the literature review of the synchronization technique for channel sounding and
MoCap and the human models for HBS simulation. From the conventional measurement
techniques, a research gap in synchronizing the channel sounder and MoCap with a high
sampling rate in channel sounding exists. From the conventional human models for HBS
channel simulation, it was found that current human models cannot accommodate the de-
tailed shape of the human body. Regarding the short wavelength at the EHF bands, the

prediction error especially in shadow duration is not tolerable.



Chapter 3

Measurement System for
Synchronized Channel Response and
Point Cloud of Human Motion

3.1 Introduction

As described in Section 2.3, a synchronized system consisting of a channel sounder and
MoCap with a high sampling rate in channel sounding is needed for validating the developed
HBS channel simulation. In this chapter, the proposed synchronized measurement system
consisting of a channel sounder and MoCap system is described. Following the proposed
synchronization approach, the structure and the signal processing are detailed. Finally, the

experimental validation at 300 GHz is described.

3.2 Synchronization Approach [1]

To simultaneously obtain the channel gain and the shape of the human body, a shared
trigger signal should be fed to both instruments, as shown in Fig. 3.1. The requirement
of the instruments is a port for the trigger signal. The trigger port is typically installed
in the Rx unit in the channel sounder, such as a signal analyzer, a digitizer, or a VNA.
Since the camera-based MoCap systems are mainly designed for multi-camera configuration,
the depth cameras are also equipped with a trigger port. By sending the trigger signal,
both instruments start their measurements simultaneously. The trigger port of the Rx unit
may be occupied for synchronizing the signal frame if the channel sounder was designed for
wideband channel sounding [43]. If the Rx unit is a multi-channel digitizer, the reserved
channel can be used for synchronization. In the measurement, the channel sounder starts

the measurement at ¢ = 0 before the MoCap system. When the trigger signal is sent, the

23
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Figure 3.1: The hardware architecture of the synchronized channel sounder and the MoCap.
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Figure 3.2: External rectangular pulse and the status of both instruments before and after

receiving the trigger signal.

time of the sounder’s clock tq is recorded. On the other hand, the MoCap system starts the
recording of each camera immediately when the trigger is detected, as shown in Fig. 3.2.

Therefore, the time offset from the MoCap system’s clock to the sounder’s is .

3.3 Dynamic Channel Sounders

S

5 eas(l) 1s calculated as

In the dynamic channel measurement, the shadowing gain G

PRX(t)

Ghneas(t) = 101ogyg “pLes (3.1)

where PR%(t) and P are the instantaneous received power at time ¢ and the static received

power without the human presence, respectively. To comply with the Radio Law in Japan,
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Figure 3.3: Hardware architecture of the channel sounder using COTS beamforming antenna

at 58 GHz. The external trigger signal is fed to the third channel of the digitizer.

the dynamic channel sounders we could use in the EHF band were at the licensed 58 GHz and
300 GHz bands. Before we got the radio station license for operating the channel sounder
at Tokyo Institute of Technology, we had to use the channel sounder at 58 GHz at Niigata
University, Japan. In this section, the hardware architecture and the signal processing of

the channel sounders are described.

3.3.1 Dynamic Channel Sounder at 58 GHz band

The channel sounder at 58 GHz is built by using a couple of COTS beam-forming antennas
(Tx: BFM06005, Rx: RFMO06010, Sivers IMA [44]) as the radio frequency (RF) front and
a multi-channel baseband digitizer [43], as shown in Fig. 3.3. The Tx and Rx antennas are
array antennas with 4 by 16 elements and 8 by 16 elements, which form narrow beams. The
half-power beam widths (HPBW) of beam patterns are approximately 6° in the azimuth
plane. The boresight transmission power is 41 dBm maximum in terms of equivalent isotropic
radiated power (EIRP). The carrier wave at 58.32 GHz is heterodyne up-converted by a
continuous wave (CW) at 6.25 MHz. After the heterodyne down conversion, the baseband
[/Q signals were captured at the digitizer. What we refer to as a channel acquisition is the
complex amplitude of the received 1/Q signal. The upper tone was separated by using a fast
Fourier transform. According to the description of the channel sounder [43], the dynamic
range can be calculated from the signal-to-noise ratio (SNR) of the free space measurement
and the dynamic range is 39 dB when the antenna separation is 7 m. For the normal walking

speed |v]| is roughly 1 m/s, the maximum Doppler frequency v, Hz is defined as

_ ]

Vmax = 7 (av ' aTx—p + av ' ap—RX) (32)

where A, Uryx_p, Up—rx, and i, are the wavelength of the transmitted wave at 58.32 GHz, the
unit vector point to the specimen from the Tx, the unit vector point to the Rx from the

specimen, and the unit vector of the specimen’s velocity, respectively. Regarding the narrow
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Table 3.1: Specification of the channel sounder.

Carrier frequency 58.32 GHz
Signal bandwidth 12.5 MHz
EIRP 41 dBm
HPBW Azimuth: 5.6° , Elevation: 45° (Tx), 18° (Rx)
Sounding signal Unmodulated 2 tone
Sampling rate 40 MHz
FFT length 58752
Frame rate 680 fps
VDI CCD
VDI SGX
NS <]> D ) 300 GHz [>— LPF
jN: N
< 5
16.7 GHz Q ©
Signal Signal 24.5GHz| 5 Signal
Generator Generator Analyser
i T0MHz Ref. | i
Cs Clock

Figure 3.4: Hardware architecture of the channel sounder using COTS beamforming antenna

at 300 GHz. The external trigger signal is fed to the trigger port of the signal analyzer.

beam width of the antennas, only the propagation paths within the first null positions of the
beam pattern, ¢y rx, are expected to be received. When the specimen walks transverse to

the LoS, the maximum of the Doppler frequencies can be estimated as

2 - x,Rx
Vpax < % COS (%) (3.3)

Since ¢y rx are 20° [43], the receieved maximum Doppler frequency vpmay is estimated not to
exceed 68 Hz. To observe the HBS event including the complete fading pattern, the frame

rate is set at 680 fps. The specifications of the channel sounder are given in Table 3.1.

3.3.2 Dynamic Channel Sounder at 300 GHz band

The channel sounder at 300 GHz is built by using a signal generator extension (VDI
WR3.4SGX-M), a frequency down converter (VDI WR3.4CCD-M12) as the RF frontends,
two signal generators as the local oscillators for the RF frontends (R&S SMF100, Keysight
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Table 3.2: Specification of the channel sounder.

Carrier frequency 300 GHz
Sounding signal CW
EIRP 16 dBm
HPBW Azimuth: 9° , Elevation: 9°
Sampling rate 30 kHz
Resolution BW 24 kHz

E8267D), a signal analyzer to record the intermediate frequency signal, and a Caesium stan-
dard (Microsemi 5071A) as the reference signal for both TRx sides, as shown in Fig. 3.4.
Horn antennas forming narrow beams to eliminate the multi-path components are used in
TRx sites. Both antenna gains in the boresight direction are 26 dBi and the HPBW of
the beam patterns are approximately 9° in both planes. The boresight transmission power
is 16 dBm maximum in terms of EIRP. The Tx generates a 300 GHz CW signal from an
up-converted CW at 16.7 GHz by frequency multiplier with a factor of 18. The received
signal is down-converted to 6 GHz with the heterodyne converter and is observed by the
signal analyzer. The local signal of the down converter is generated from a 24.5 GHz CW
signal with a frequency multiplier with a factor of 12. All the signal generators and the signal
analyzer share the 10 MHz reference signal generated from the Saesium standard. With high
multiplying factors, the phase noise of the three RF devices cannot be removed. Therefore,
only the power of the received signal is observed. The dynamic range found from the SNR of
the free space measurement and the dynamic range is 54 dB when the antenna separation
is 3.5 m. Calculated by (3.2), The maximum Doppler frequency vp,.x is estimated at 2 kHz
while the human motion speed |v| is at 1 m/s. To observe the HBS event including the
Doppler frequency, the sampling rate of the signal analyzer is set at 30 kHz. The resolution
bandwidth (RBW) is set at 24 kHz automatically, which is enough to observe the fading
pattern due to human motion. The specifications of the channel sounder are given in Table
3.2.

3.4 Motion Capture System

To capture the surface of the human body corresponding to the dynamic propagation channel
in the measurement, four synchronized depth cameras (Microsoft Azure Kinect) are used.
The cameras are wired sequentially to share the trigger signal for synchronization. Based
on LiDAR, the depth cameras measure the ToF of the IR signal, which is emitted by the
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Figure 3.5: The April tag measurement. The tag is used to find the origin and the axes in

each camera.

infrared flashlight and is scattered from the surface of the object. The depth d,x at each
pixel is calculated by the ToF tr.r as
lToR
dpx = 3.4
P 2 ( )

where ¢ is the speed of the light. The depth maps are converted to the independent PCs

measured by the viewpoints of four cameras. The independent PCs are then registered to the
global coordinate system by the transforming matrices. Regarding the static configuration
of the cameras, the transforming matrices are obtained by the MoCap measurement of a
reference object. Since the MoCap system was under development during this work, various
reference objects were used.

In the measurement at Niigata University, An April tag [45, 46] was used as the reference
object. The April tag is placed at the center of the experiment field, as shown in Fig. 3.5. The
position and direction of the April tag are used as the reference to find the transformation
matrix between the two depth cameras’ local coordinate systems. Using the transform
matrices, the four PCs are transferred to the complete PC on the surface of the specimen as
shown in Fig. 3.6. To make the April tag visible to all the cameras, the tag should be placed
horizontally. However, it is difficult to prevent the reflection of the lighting or sunlight from
existing on the tag. Since the reflection of the lighting in the camera cannot be mitigated,
the derivation of the calibration matrices frequently failed, as shown in Fig. 3.7.

To avoid the issue of the April tag, laser spots were used as a new reference. Defined by
transform and rotation, a calibration matrix M;(z,y, z, bk, 0y, 0,) has 6 degrees of freedom.

On the other hand, the degrees of freedom f,, of n ordered points is given as

fn=3n—1 (3.5)
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Figure 3.6: Example of the global registration for the four captured PCs.
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Figure 3.7: Example of the reflection of the lighting on the April tag.

That is, with 3 common points in the local coordinate system of each camera, the calibration
matrices can be derived. Laser spots are used as the 3 common ordered points shared by
the depth cameras, as shown in Fig. 3.8. The laser spot is generated by projecting the laser
beam on thin pigment to make the laser spot visible to the cameras, as shown in Fig. 3.9.
The laser spot method is used for the measurement validating the synchronized measurement
system.

However, the laser spot method is also fragile to the reflection of the lighting and sunlight.
Finally, the calibration square with IR markers is used [47]. As shown in Fig 3.10, with the
normal vector pointing to the depth camera, the surface closest to the depth camera of each
IR reflector is observed as the brightest pixel. Therefore, the position of each IR reflector is
estimated as the position of the brightest IR pixel in the depth map added with the radius of
the reflector. The calibration matrices are extracted by fitting the three estimated centroids
of the reflectors to the dimension of the calibration square.

Regarding the random ranging error of the LIDAR measurement, the surface of the human

body can be misestimated outward. With the standard deviation of the ranging error, which
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Figure 3.8: The MoCap measurement of the ordered laser spots.
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Figure 3.9: Laser spot generated by projecting the laser beam on the thin pigment.

is less than 17 mm [48], the Pr-th percentile c¢p, in the probability function P(:) of the

measured range can be represented as
P(X <c¢p,) = Pr (3.6)

where X is the measured value of the dimension of the PC-based model. By assuming
that the measured range of the surface distributes Gaussian, the 97.5th percentile of the
distribution of the measured range that Pr = 97.5% can be expressed according to the

empirical rule in statistics as

Cpr = [+ Omodel (37)

where 1 and o040 are the population mean and the standard deviation of the dimension of
the PC-based model, respectively. Considering there is an angle #y; between the boresight
of the depth camera and the line of sight of the TRx as shown in Fig. 3.11, 004e1 can be

related to the standard deviation of the ranging error o,ange as

Omodel = Orange SID(QM) (38)
Considering the depth cameras were placed in the four corners, it can be found that 6y = 7.
Finally, with a 97.5% confidence level, the outward misestimation cg7 5 of the dimensions of
the PC-based models is less than 24 mm.
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Figure 3.10: Calibration square based global registration.
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Figure 3.11: The outward misestimation of the position of the human surface. Since the
contour points are the outermost points among their neighbors, the outward misestimation

is the maximum of the ranging error toward the depth antenna.

3.5 Validation

To validate the synchronization accuracy of the proposed system, a measurement of a canoni-
cal problem, knife-edge diffraction, at 300 GHz was conducted. In this section, we compared
the time in UTD simulation and measurement when the shadowing gain decays/rises across
the threshold when the LoS was shadowed by a vertically long and wide metal plate. Since
the rigorous solution of the shadowing gain when a half-plane just blocks half of the channel
is —6 dB, the value of the threshold was set as —6 dB.

3.5.1 Measurement Environment

A synchronized dynamic HBS channel measurement and MoCap in an indoor scenario were
considered. The measurement was conducted in a meeting room of Tokyo Institute of Tech-

nology. The set-up diagram of the HBS channel measurement in the office environment is
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Figure 3.12: Diagram of measurement set-up with a metal plate traveled across the LoS for

1.5 rounds.

:

Figure 3.13: Photographs of the measurement.

shown in Fig. 3.14. The photographs of the environment are shown in Fig. 3.13 The multi-
path components (MPCs) from the environment were excluded by using the narrow beam
antennas. The Tx and the Rx were set at the same height for the sake of simplicity, where
the TRx heights were 1.3 m. The antenna separation was 6.9 m. The metal plate was 400
mm wide and 1500 mm long. Since the first Fresnel radius at the intersection of the LoS
and the route was 45 mm, it can be considered when the LoS interacted with the edge of
the plate, the diffraction wave from the other edge was weak enough and could be ignored.
The metal plate traveled 1.5 rounds across the LoS at the center of the LoS. In total, the

measured shadowing was expected to decay /rise across the threshold —6 dB six times.

3.5.2 Results and Discussion

The results of the measurement and the UTD simulation are obtained in Tab. 3.3. The

shadowing gain of one of the shadow events is shown in Fig. 3.14. The mean absolute error
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Figure 3.14: .

(MAE) and the worst error must be less than half a frame and a frame, respectively, to
guarentee the synchronization accuracy. As a result, the MAE and the worst error were 7.5
ms and 24 ms, respectively. Regarding the sampling rate of the MoCap system, 30 fps, it
can be said that the synchronization error of the system is enough to validate the following
HBS channel models.
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Table 3.3: The time when shadowing gain decays/rises across —6 dB.

Measurement | UTD simulation
First decay 4.078 sec 4.078 sec
First rise 5.199 sec 0.223 sec
Second decay 9.948 sec 9.949 sec
Second rise 10.859 sec 10.869 sec
Third decay 13.749 sec 13.745 sec
Third rise 14.583 sec 14.597 sec
Mean absolute error - 7.5 msec
Worst - 24 msec

3.6 Summary

To develop and validate the PC-based deterministic channel model, the synchronized system
consisting of a channel sounder and a MoCap system was developed. The synchronization
was achieved by introducing an external trigger to the Rx unit and the MoCap system. The
developed synchronized measurement system was validated by comparing the simulated and
measured results of a canonical problem, knife-edge diffraction. As a result, the MAE error
was found within one-third of a frame interval of the depth camera, which is tolerable for
validating the PC-based deterministic HBS channel model. The developed measurement
system is available for validating the following PC-based models, i.e., objective 1 has been

achieved.



Chapter 4

Point Cloud-based Vertically Long
Models

4.1 Introduction

Considering a steady pedestrian motion across the LoS, in the indoor scenario where the LoS
path length is rarely longer than 10 m, the first Fresnel radius does not exceed 12 cm, which
is small enough compared with a human’s chest and arm. Thus, as shown in Fig. 4.1, the 3D
shape of the human body can be approximated to a 2D human model, which is defined by
the horizontal contour at the height where the LoS is closest to the human body. When the
antennas are at the same height, the horizontal contour at the same height as the antennas
is used. In this chapter, the processes to generate the proposed PC-based vertically long
models, the cross-section screen, the Bullington screen, and the elliptic cylinder model, are

proposed. Following the proposals, the experiment validation at 58 GHz is detailed.

35
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Figure 4.1: The clearance of the Fresnel zone shadowed by the belly of the human body.
Because of the short wavelength at the 58 GHz band, the clearance of the Fresnel zone can

be considered as a 2D problem.

4.2 Human Models based on Horizontal Contour

Regarding the changing cross-section of the human body walking with a natural gait, we
propose three types of PC-based geometric models for the HBS simulation, i.e., the cross-
section screen, the Bullington screen, and the elliptic cylinder. The HBS channel simulations
are conducted with the proposals and the UTD models introduced in Section 2.2. Among
the three proposals, the cross-section screen is superior in computational simplicity, the
Bullington screen considers the complex shape of the human body by visibility analysis, and

the elliptic cylinder model takes the reflected wave from the human body into account.

4.2.1 Cross-section Screen Model [1, 2]

With the MoCap system synchronized to the channel sounder, the time-varying shape of

the human body such as swinging arms can be taken into account. Here, we propose the

Bound point
Back edge,  centorid
_____ _ /:Z/O
AM  Bound point Front edge
Horizontal contour Cross-section screen

Figure 4.2: The process generating the Cross-section screen model. The coordinates in the
direction perpendicular to the LoS of both edges are the same as the bound points in the

same direction. The coordinates in the LoS direction are the same as the contour’s centroid.
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Figure 4.3: The process of generating the Bullington screen model. Firstly, the Tx-vision
and the Rx-vision screens are defined by finding the bound points of the points visible to
each antenna in the direction perpendicular to the LoS. Inspired by the Bullington model
[10], the Bullington screen’s edges are found at the intersection of the line drawn from both

antennas to the edges of the two screens mentioned above.

cross-screen screen defined by the instantaneous circumference of the cross-section of the
human body, as shown in Fig. 4.2. Keeping the face normal to the LoS, the position of the
screen along the LoS is the same as the centroid of the horizontal contour of the human
body. Positions of the edges are found as the bound points of the contour cloud in the same

direction.

4.2.2 Bollington Screen Model

Considering the edges of the cross-section screen may not be visible from the TRx due to the
complex shape of the human body, the Bullington screen is defined based on the visibility
of the contour points from the viewpoint of the TRx. First, the Tx-vision and Rx-vision
screens are defined, as shown in Fig. 4.3. Positions of the edges of the Tx-vision screen
and the Rx-vision screen are the positions of both bound points of the visible PC of the
2D contour along the direction perpendicular to the LoS. Then, inspired by the Bullington
model [10], the Tx-vision screen and the Rx-vision screen are synthesized into the Bullington
screen. The positions of the Bullington screen’s edges are defined as the intersection of the

lines drawn from the antennas to the edges of the Tx-vision screen and the Rx-vision screen.

4.2.3 Elliptic Cylinder Model

Solid models such as circular and elliptical cylinders are used in [6, 1] to consider the effects
of the interference due to the surface of the human body such as the creeping wave and
the reflected wave, which are ignored by applying the screen models with the UTD method.
Before and after the shadow event, the reflected waves from the surfaces additionally con-

tribute to the received field [49], which enhances the small-scale fading. In the shadow region,
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Figure 4.4: The process generating the elliptic cylinder model. The ellipse is defined by
applying the principal component analysis to the contour related to its centroid. The major
and the minor axes are found as the first and the second principal components. The sizes of

both axes are found as the range of the points in the direction of both axes.

the diffraction waves creeping along the surfaces lose more energy than diffracting around
a wedge and lead to a deeper shadowing loss [31]. Compared with a circular cylinder, an
elliptical cylinder is more similar to the shape of the human body and considers the direction
of the human body in addition. The directions, sizes, and positions of the elliptic cylinder
model are found by applying the principal component analysis (PCA) to the 2D horizontal

contour related to the centroid of the contour, as shown in Fig. 4.4.

4.3 Dynamic HBS Channel Sounding at 58 GHz

To validate the proposed PC-based geometric models of the human body, the results of the
propagation simulation using the proposals were compared with the measurement result in an
indoor dynamic HBS scenario at 58 GHz band. A simple indoor measurement scenario of a
dynamic HBS channel was considered, where a device-to-device (D2D) propagation link was
shadowed by a pedestrian walking naturally. The measurement was conducted in an empty
meeting room at Niigata University. Since the sounding signal was a CW, the interference
of the MPCs from the environment was excluded by using the narrow beam and deploying
absorbers behind the antennas. The set-up diagram is shown in Fig. 4.5. The Tx and the
Rx were deployed at a height of 1.1 m and separated by 6.5 m. In the measurement, the
specimen traversed a linear trajectory across the middle of LoS between the Tx and Rx for
1.5 round trips. The first Fresnel radius at the center of the LoS was 85 mm. The thickness
of the specimen at 1.1 m height was about 270 mm. The four cameras of the MoCap system
were deployed in the four corners where the complete surface of the human specimen can be
recorded.

Using the definitions as shown in Fig. 4.6, The specification of the specimen is identified in
Table 4.1. In [50, 51], it was confirmed that even the 1 mm thick cotton material contributes
attenuation less than 3 dB at mmW band (up to 300 GHz). Thus, the clothing, a thin
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Figure 4.5: Diagram of measurement set-up with human traversing a linear trajectory cross
to the LoS between the Tx and Rx.

Table 4.1: Specification of the specimen.

Human subject Male A

Height 1.72 m

Body depth 0.27 m

Body width (torso) 0.32 m

Body width (arms included) 0.54 m
Cloth Thin cotton (0.4 mm)

cotton shirt, in the measurement of this work is considered transparent at 58 GHz. Since the
clothing is visible at the IR band, the gap between the clothing and the skin of the specimen
may lead to an overestimated surface.

The coverage of the HPBW of the RX antenna beam pattern at the specimen was 0.34
m in the horizontal plane and 1.09 m in the vertical plane. Therefore, the multipath fading
caused by the diffracted waves at both sides of the specimen could be measured, while
the floor-reflected wave and the diffracted wave at the head of the specimen could not be
identified.
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Figure 4.6: The photograph of the specimen with the body dimensions as defined in Table 4.1.

4.4 Results and Discussion

Precise localization and capture of the shape of the human body enable a fair comparison
between the proposed PC-based human models and the conventional screen model. By
using the synchronized system consisting of the channel sounder and the MoCap system,
the screen models and the elliptic cylinder model can be generated from the instantaneous
human shape, and the conventional screen model can be localized precisely. As mentioned
in Section 3.4, the possible overestimation of the dimension of the surface of the human
body was 24 mm in maximum. In this section, we compare the common fixed screen model
using premeasured dimensions of the human body with the proposed screen models and
the elliptic cylinder model. The definitions of the metrics are shown in Fig. 4.7. First, the
measurement result and the predictions of the shadow distance are compared quantitatively.
The shadow distance is defined as the distance between the two most prominent peaks on
both sides before and after the shadow event for judging when to switch the communication
link. The fading distance is defined as the distance between the position of the human body
where the shadowing gain drops below the threshold and recovers to indicate how long the
communication link is lost. The threshold for the fading distance is defined as -6 dB, which
is the shadowing gain of the shadow boundary obtained by letting the edge of a semi-infinite
screen transverse to the direction of propagation. Next, the agreement of the fading depth

and the interference ripples in the lit region are compared. The results of the three MoCap
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Figure 4.8: The horizontal contour of the specimen in the three measurements. (a) The first

outward trip. (b) The return trip. (c) The second outward trip.

measurements are shown in Fig. 4.8. In the outward trips, the right arm approached the
LoS first while the torso left the LoS last. On the return trip, the torso approached the LoS
first while the right arm left the LoS lastly.

4.4.1 Comparison between the Models against the Shadow Dis-

tance

The shadow distance in the HBS event can be used to judge when to switch the communi-
cation link to the alternative path and when to resume. Comparing the screen defined by
the premeasured body depth in Table 4.1 with our proposed screen models and the elliptical
cylinder model, we obtain the results in Table 4.2. In all measurements, the proposed PC-
based models outperformed the fixed screen. Compared with the conventional fixed screen
model, the MAE of the shadow distances were improved by 51 %, 41 %, and 75 % by using
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Table 4.2: The shadow distances of the measurement and the predicted results of the dynamic
shadowing channel.

Number of trial 1 2 3 MAE
Measurement 470 mm | 511 mm | 466 mm -
Fixed screen 413 mm | 413 mm | 413 mm | 69 mm

Cross-section screen || 438 mm | 463 mm | 444 mm | 34 mm

Bullington screen 426 mm | 454 mm | 444 mm | 41 mm

Elliptic cylinder 470 mm | 539 mm | 489 mm | 17 mm

Table 4.3: The fading distances of the measurement and the predicted results of the dynamic
shadowing channel.

Number of trial 1 2 3 MAE
Measurement 243 mm | 348 mm | 277 mm -
Fixed screen 279 mm | 279 mm | 279 mm | 34 mm

Cross-section screen || 273 mm | 294 mm | 300 mm | 36 mm

Bullington screen 275 mm | 298 mm | 292 mm | 32 mm

Elliptic cylinder 340 mm | 388 mm | 371 mm | 77 mm

the proposed Cross-section screen, Bullington screen, and elliptic cylinder models, respec-
tively. The proposals succeeded in following the motion of the swinging arm to recognize the
cross-section of the human body, which is approaching the first Fresnel zone. In addition,
the screen models tended to make false negatives of the shadow event prediction, while the
elliptic cylinder model tended to make false positives of the shadow event prediction. Re-
garding false negatives causing unexpected communication cut-offs, but false positives only
degrade the networking efficiency, the proposed elliptic cylinder model is recommended for

the proactive scheduling application.

4.4.2 Comparison between Models against the Fading Distance

The fading distance in the HBS event shows when the communication link is cut off. The
results are obtained in Table 4.3. Though the improvement of the MAE of the fading distance
due to the proposals was not obvious, the predictions using the proposed screen models can
follow the changes between the different measurements. On the other hand, the predictions

of the elliptic cylinder tend to overestimate the fading distance. When emulating whether
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Figure 4.9: The synchronized shadowing gain of the first outward trip.

the propagation link is cut off by the human body, the proposed cross-screen model and the

Bullington model are recommended.

4.4.3 Comparison between Models against the Fading Patterns

The strengths of the creeping wave and the scattering wave from the human body are impor-
tant to simulate the instantaneous shadowing gain accurately. The accuracy of the predicted
creeping wave can be evaluated by observing the agreement of the fading depth, and the ac-
curacy of the scattering wave can be evaluated by observing the agreement of the interference
ripple in the lit region. The agreement of the fading depth and the interference ripple were
observed from the comparison of the patterns of the shadowing gain between the prediction
and the measured results, as shown in Figs. 4.9, 4.10, and 4.11.

When observing the fading depth, the elliptic cylinder model overestimated the fading
depth of the outward trips, which the screen models predicted precisely. However, the
fading depth of the return trip was correctly predicted by the elliptic cylinder model but
underestimated by the screen models. The reason was the disagreement between the ellipse
and the horizontal contour. As shown in Fig. 4.4, there are unmatched surfaces in the gap
between the arms and the torso. When the arm approached the LoS first or left the LoS
last, the filled surface at the position where there was a gap blocked the Fresnel zone and
contributed to a faster decay or a later rise. On the other hand, by observing the horizontal
contours in Fig. 4.8, we can find the disagreement of the fading depths was due to the poor
estimation of the creeping length. The creeping lengths along the belly and the back had
good agreements to the creeping lengths along an ellipse only when the front direction of the

human body was perpendicular to the LoS. In the outward cases, the creeping lengths were
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Figure 4.10: The synchronized shadowing gain of the return trip.

overestimated. Since the creeping length contributes to an evanescence term in the UTD
calculation in (2.25), the fading depths were overestimated by the elliptic cylinder model in
the two outward trips. The results showed a complex model rather than a simple elliptic
cylinder model is needed to predict the creeping wave accurately.

In the decay and rise phases between the LoS and the NLoS conditions, where the cen-
troid of the human body was located between —0.3 to 0.1 and 0.1 to 0.3 , the screen
models predicted the HBS shadowing gain accurately in most cases. However, there was
a significant deviation observed especially in the rising phase of the return trip where the
centroid of the body was between 0.1 to 0.3 m, as shown in Fig. 4.10. To investigate
the cause of such occasional prediction errors, the difference between the screen model and
the instantaneous posture of the human body when the deviation was exhibited should be
observed, as shown in Fig. 4.12. It was observed that the torso and the right arm were sim-
ilarly distanced from the LoS and formed a double-diffraction condition. Since additional
diffraction contributed to exceeding attenuation, the screen models overestimated the shad-
owing gain. Such occasionally overestimated shadow gain caused false negatives observed in
Section 4.4.1.

In the observation of the interference ripples in the lit region, it was found the predictions
based on the elliptic cylinder model were more accurate compared with the predictions based
on the screen models. It showed the scattering wave from the surface of the human body
can be modeled as a specularly reflected wave considering the curvature of the surface. Since
the discrepancies remained, it suggested that a complex model rather than a simple elliptic

cylinder model is needed to predict the reflection wave from the human body accurately.
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Figure 4.11: The synchronized shadowing gain of the second outward trip.
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Figure 4.12: The horizontal contour of the human body and the estimated cross-section

screen when the centroid of the human body was at 0.17 m in the return trip.

4.5 Summary

This chapter proposed three types of PC-based geometric models that fit the instantaneous
human body for the deterministic HBS channel model in the indoor (6.5 m) scenario at
58 GHz. Unlike the conventional fixed screen model, the proposals flexibly change their
shape and direction to fit the instantaneous cross-section of the obstacle from the antennas’
viewpoint. The flexible models took the detailed geometry of the human body into account
and enabled the simulation of the deterministic channel propagation affected by a human
with a changing cross-section. To accurately evaluate the proposals, a measurement of the
dynamic propagation channel at the 58 GHz band affected by the human body using our
synchronized channel sounder and MoCap system was conducted. The shadow distance,
fading distance, and the pattern of the shadow gain of the prediction were compared with
the measured results. The proposed cross-section screen and the Bullington screen performed

well in tracking the change in the fading distances between the measurements. The proposed
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elliptic cylinder model improved the prediction of the shadow distance by 75 % on average
and the scattering waves from the human body. The results showed the proposed PC-based
human body model is effective for the dynamic HBS channel simulator. By limiting the
calculation to the 2D coordinate system, the proposed vertical long models can efficiently

simulate the HBS channel with improved accuracy, i.e., objective 2 has been achieved.



Chapter 5

Point Cloud-based Diffraction Path

Extraction

5.1 Introduction

In Chapter 4 [1, 2], the vertically long human models have been developed. However, the
conventional 2D models are limited to the condition that the diffraction paths exist on the
sides of the human body. In such conditions, the cross-section surrounding the diffraction
point on the side of a human body is similar to a vertical edge. Discrepancy is exhibited
when the condition is not fulfilled. In scenarios such as office and aircraft cabin [52], the
2D models even fall undefined when the human obstacle blocks the LoS from outside of the
verticle plane including the Tx and the Rx, as shown in Fig. 5.1. Therefore, the fast fading
in the lit region cannot be predicted since the PC-based 2D model is undefined.

To accommodate the HBS channel affected by various human motions, an extension for
the PC-based 2D model is needed. In this chapter, the diffraction path extraction method es-
timating the diffraction paths from the complex human body for the HBS channel simulation

is proposed.
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Figure 5.1: The dynamic HBS channel gain related to a standing-up human obstacle in an

office scenario.

5.2 Point Cloud-based Diffraction Path Extraction [3]

To recognize the detailed cross-section of the human body from the viewpoints of the an-
tennas, it is proposed to approximate the diffraction waves as the ones from a human body-
shaped screen. The body-shaped contour for the simulation is formed by projecting the PC
of the human body to the projection plane perpendicular to the LoS. Since the lower body
is far from the LoS and contributes little to the HBS channel, the contour of the lower body
is formed by connecting to a vertical screen, whose base is on the ground, as shown in Fig.
5.2. The projection plane is located where the representative point of the human obstacle is
included. As the joint nearest to the LoS when the LoS is fully blocked in the office scenario,
the neck joint is chosen as the representative point. The neck joint of the human obstacle
can be found from the human skeleton estimated with the Microsoft Azure Kinect body
tracking (BT) software developing kit (SDK) [53]. The machine learning (ML) model of the
Microsoft Azure BT SDK estimates the skeleton of the human obstacle from the viewpoint
of each depth camera, as shown in Fig. 5.3. Considering the uncertainty of the skeleton
estimation, the position of the neck joint of the human model is found as the average point
of the visible neck joints estimated from each depth camera.

With the human body-shaped screen, the diffraction paths for the UTD simulation can
be extracted. According to Fermat’s principle [54, 55|, the diffraction paths exhibit local
extrema in path length. Since the phase terms of the diffraction points are stationary,
the diffraction points are also the stationary phase points (SPPs), as shown in Fig. 5.4.
Therefore, the criterion for separating SPPs by the difference of the Fresnel number Angy = 3
in [28] can be used for separating the diffraction points. With the extracted diffraction
paths and the UTD method, the scattering from the human obstacle is simplified to Ngpps
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Figure 5.2: The process of generating the human body-shaped screen model. The shape of
the screen is the contour of the PC projected to the vertical projection plane. The coordinates

in the LoS direction are the same as the centroid of the horizontal contour.

diffraction from absorbing edges. The direct path exists when the LoS does not interact with
the human body-shaped screen. Using the UTD method, the received field is calculated as

the summation of the contributions from all the paths as

ERX _ { V GTxGRx gLoS . URx + E]]Z:))P * URx, (LOS) (5 1)
. Epp - Ugx, (NLoS), '
Nspp
Ep, =Y EP (5.2)
=1

where ENp is the summation of all the fields from the extracted diffraction paths. The
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Figure 5.4: Diffraction paths extracted from the human body-shape screen model.

individual field of each diffraction path EP is calculated based on the UTD method by (2.8)
mentioned in Section 2.2.2.
Using the combination of the UTD method and the extracted diffraction paths, the HBS

channel can be simulated with flexibility in complex human motions.

5.3 Dynamic HBS Channel Sounding at 300 GHz

A synchronized dynamic HBS channel measurement and MoCap at 300 GHz in an indoor
scenario were considered. The measurement was conducted in the office of Tokyo Institute of
Technology. The set-up diagram of the HBS channel measurement in the office environment
is shown in Figs. 5.5 and 5.6. The MPCs from the environment were excluded by using
the narrow beam antennas. The Tx and the Rx were set at where the AP and the laptop
computer are typically located, the beam and the seat beside the table, where the TRx
heights were 2.25 m and 0.76 m, respectively, and the antenna separation was 2.97 m.
Regarding the PC-represented human body considered the difference between the various
shapes of different specimens, there was one human specimen in the measurement. Acted as
the person sitting on the other side of the Rx antenna, the trajectory of the human obstacle
was at the seat across the table. In the measurement, the human specimen took and left
the seat between the antennas, as one of the typical motions observed in the office. From
the viewpoint of the Tx antenna, the human obstacle accessed the seat on the right-hand
side. Two directions of the human body during the motion, toward the Rx and right-hand
side, were considered. The measurement of each motion was conducted ten times. The first
Fresnel radius at the intersection of the LoS and the route was 29 mm. The specifications
of the measurement are identified in Table 5.1.

In the MoCap measurement for human motion, the four depth cameras were deployed in

the four corners where the complete surface of the human specimen can be recorded. The
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Figure 5.5: Top view of measurement set-up with a human obstacle taking and leaving a

seat in an office scenario.

Table 5.1: Specification of the synchronized MoCap and HBS channel measurement.

Number of the human specimen 1
Antenna separation 3.27 m
Antenna tilt O 25°
Motions Sitting-down, standing-up
The direction of the human specimen Front, right-hand side
Number of experiments 10 times per direction
Recording period 15 sec

surface of the head can not be measured by the LiDAR-based depth cameras since the IR
light can be absorbed by the black hair. To address this issue, a hood was used to make the
surface measurable, as shown in Fig. 5.6. Since the head of the human obstacle was covered
by the hood in the measurement, the effect of the clothing on the channel at 300 GHz should
be considered. In [50, 51], it was confirmed that the 1 mm thick cotton material contributes
attenuation of less than 3 dB at 300 GHz. Thus, the clothing, a thin cotton hood, in the
measurement of this work is considered transparent at the 300 GHz band. Considering the
clothing is visible at the IR band, the discrepancy between the radio environment and the
geometry measured by the MoCap system may exist. To address this, the hood was held
tight to minimize the gap between the hood and the skin.
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Figure 5.6: Side view of measurement set-up with a human obstacle taking and leaving a

seat in an office scenario.

5.4 HBS Channel Simulation in the Lit Region

The sampling rate of the PC-based simulations is limited by the frame rate of the MoCap
system, i.e., 30 frames per second (fps). In addition, the maximum Doppler frequency vyay
is limited to 157 Hz due to the narrow HPBW of the antennas. Therefore, the Doppler
frequencies caused by the approaching/leaving human obstacle cannot be observed clearly.
To validate the accuracy of the simulation methods in predicting fast fading in the lit region,
a comparison of the simulations is conducted to increase the sampling rate and remove the
antenna beam pattern. In the simulation, the PC-represented human body fully blocking
the propagation channel was used. The layout of the antennas in the simulation was the
same as the measurement as described in Section 5.3. The trajectories of the PC in the
simulation were in the directions perpendicular to the LoS, as shown in Fig. 5.7. The two

trajectories of the human obstacles were set 500 wavelengths (i.e., 0.5 m) at 300 GHz, from

Tx antenna view Side view
¢ TX
A 3

~
~.o
S~
~.
~,

PC of the :
human obstacle; /%7 "l

PC of the ——~
human obstacle ™~

+: Downward

Figure 5.7: Diagram of the simulation set-up. The antennas were deployed the same as the
measurement. The human obstacle moved horizontally and downward in the simulation.

The ranges of the simulation were 100 wavelengths starting at the shadowing boundary.
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the shadow boundary. The moving speed of v = 17 was assumed and the interval of the

sampling points was one-fifth of a wavelength (i.e., 0.2 mm).

5.5 Results and Discussion

With the synchronized system consisting of the channel sounder and the MoCap system, the
accuracy of the simulation models can be validated by comparing the simulation results
with the measurement results. In this section, the qualitative comparison of simulated
shadowing gain against the measurement was conducted to validate the accuracy generally.
The following two quantitative comparisons were conducted to validate the accuracy of the

simulated shadowing gain in the shadow region and the short-term fading in the lit region.

5.5.1 Comparison in the Shadow Region against the Measurement

The prediction of HBS gain, the inverse value of HBS loss, is used to evaluate the degradation
of the occasionally blocked propagation channel. Since the sounding signal was CW, severe
fast fading caused by frequency-specific destructive interference was expected. Because of the
signal power distributed over the bandwidth, such a fading dip is eased in wideband systems.
Therefore, for validating the signal power affected by human blockage, the envelope of the
fading pattern should be observed. The envelope of the fading pattern of a narrow band
channel is the result of constructive interference. In analytic simulations, the envelope can

be calculated as the linearly summed field strength of every diffraction wave ‘ERX )!, given

as
(

N
\ELOS\+Z‘E?-11RX, (LoS)
B0 =9 N = - (53)
3 ‘EP-&RX , (NLoS)
i=1

In the measurement, the envelope can not be observed due to the discrete samples.

Therefore, the envelope should be estimated from the distribution of the measured HBS gain
within a moving interval. The distribution of HBS gain can be derived by the two-path model
[19, 49] and the random phase approach (RPA) [56]. The two-path model was considered for
the HBS channel since the dominance of the propagation channel was the direct wave and
one reflection wave in the lit region or two diffraction waves from both sides of the human
body in the shadow region. The cumulative probability of the received field strength P(|E|)

'anz ’Vn

can be calculated as
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where Jy(-) and J;(-) are the zeroth-order and the first-order Bessel function, respectively.
Vn is the n-th root of Jy(-). ®(-) and R are calculated as

O(z) = exp (—"; ) LA, (5.5)

2
R=> A;+50 (5.6)

i=1
where A; and o2 are the amplitude of the i-th ray and the receiver noise power, respectively.
A; should be chosen large enough so that R can be sufficiently larger than o. With RPA,
the ratio of A; to A, can be found by the 5-th and 95-th percentile of the measured of the
received field strength within a moving interval. Finally, the envelope of the received field

can be calculated as
P (1) = (Ay(t) + A1) (5.7)

The moving interval was defined as the uncertainty of the measurement of the human surface
within +20 041, 1-€., 48 mm. The shadow region is determined with a —10 dB pre-defined
threshold of the HBS gain [57]. From the measurement result, the fading depth was found
as the median of the moving averaged HBS loss in the shadow region. The median values of
HBS loss when the specimen faced front and right-hand directions were found at 22.0 dB
and 21.7 dB, respectively.

The accuracy of predicting the HBS gain was validated by observing the logarithmic
prediction error eg of the HBS gain in the shadow region as
EE )| Pin (1)

€g = 10 loglo W 0819 PLoS .

(5.8)

The cumulative distribution function (CDF) of the prediction error of ten measurements for
the front and right-hand directions is shown in Figs. 5.8 and 5.9. The results were similar
regardless of the direction of the human body since the first Fresnel zone was always fully
blocked in both scenarios. In terms of the median value of prediction error, the proposal
outperformed the conventional vertical screen model by a factor of four. In terms of the
distribution, both models performed well in that 90% of the prediction errors fell within a
18 dB range. From the results, it can be said that the proposal is more accurate in accessing

the HBS loss of a propagation channel fully blocked by a human body.

5.5.2 Comparison in the Lit region against the Measurement

When the human obstacle approaches the LoS, time-varying scattering waves from the human
surface can lead to Doppler frequencies [49]. In wireless systems, the Doppler frequencies-
caused fast fading distorts the symbols for quadrature amplitude modulation (QAM), as



5.5. RESULTS AND DISCUSSION 55

0.9% i
0.75+
S 0
S 5
0257 Vertical screen
T with UTD
008 ‘ | Propos‘al with UTD | |
=20 -10 0 10 20
€g (dB)

Figure 5.8: The CDF of the prediction error of the HBS gain of the front direction.
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Figure 5.9: The CDF of the prediction error of the HBS gain of the right-hand direction.
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Figure 5.10: The example of the received signal distorted by the scattering wave from the

human body.

shown in Fig. 5.10. Due to the sparse sampling rate of the MoCap system and the narrow
HPBW of the antennas, the Doppler frequencies in measurement are insufficient for validating
the simulations. Alternatively, the fast fading-caused distortion can be observed by the ratio
of the envelope of the fading pattern to the direct field (i.e., the dominant component of the
HBS channel). From the fading pattern, the envelope can be extracted as the amplitude of
the analytic form [58]. From the fading pattern, the envelope can be also extracted by the
formulations (5.4)-(5.7).

The accuracy in predicting the envelope is validated by observing the prediction error €y,

given as

_ B0 -2]  /PR - VPS
Vo — (5.9)

The CDFs of the normalized prediction error of ten measurements for the front and the
right-hand directions are shown in Figs. 5.11 and 5.12. The proposal achieved improvement
in terms of median error by a factor of five in both directions. The negative bias in the
conventional model was because of the ignored or underestimated diffraction waves. Since
the obstruction depths of the diffraction paths from the vertical screen are longer than the real
ones from the human body, the amplitude of the diffraction wave was always underestimated
[6]. Regarding random errors, 90% of the prediction errors fell within a 20% range in both
the conventional model and the proposal. Therefore, compared with the conventional model,

the proposal is more accurate than the conventional PC-based vertical screen models.
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Figure 5.11: The CDF of the normalized prediction error of the envelope in the lit region of

front direction.

5.5.3 Comparison of Simulated Doppler Spectra in the Lit Region

To evaluate the Doppler frequencies caused by dynamic human obstacles, simulations can
serve as an effective alternative for reference. The sampling rate of a simulation-based
reference can be increased easily by using a fixed human obstacle. The MER-EECs method
was chosen as the reference considering the complex computation of full-wave methods is
intolerable. The simulated time-varying Doppler spectrum is displayed in Figs. ?? and ?7.
The Doppler spectrum P(v) was calculated as the short-time Fourier transform of the time-
varying HBS gain. For the calculation, a time window of 10 ms was used corresponding
to a distance of about 10\ to fulfill the assumption of wide-sense stationery. Before the
Fourier transform, a Hamming window was applied. According to (??) and the geomety,
Umax =~ 600 Hz. In all the simulations, the proposal matched well with the MER-EECs
method. On the other hand, the vertical screen model-based result showed distortion. In
the horizontal direction, the Doppler frequencies caused by the scattering waves from the
shoulder were ignored. In the downward direction, the Doppler frequencies were not predicted
at all since the screen model was undefined. Therefore, the proposal was proved to provide a
robust solution to complex human motion for simulation of the fast fading in the lit region.
Further experimental investigation is needed to evaluate the scattering component from the

shoulders that the proposal failed to predict.
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Figure 5.12: The CDF of the normalized prediction error of the envelope in the lit region of
the right-hand direction.
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Figure 5.13: The Doppler spectra based on the MER-EECs simulations when the human

model moved horizontally.
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Figure 5.14: The Doppler spectra based on the simulations using the vertically long screen

model when the human model moved horizontally.
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Figure 5.15: The Doppler spectra based on the simulations using the proposal when the

human model moved horizontally.
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Figure 5.16: The Doppler spectra based on the MER-EECs simulations when the human

model moved downward.
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Figure 5.17: The Doppler spectra based on the simulations using the vertically long screen

model when the human model moved downward.



5.5. RESULTS AND DISCUSSION 61

Doppler specturm (dB)

v (kHz)

Reflection at head

100 200 300 400
Measurement time (ms)

Figure 5.18: The Doppler spectra based on the simulations using the proposal when the

human model moved downward.



62 CHAPTER 5. POINT CLOUD-BASED DIFFRACTION PATH EXTRACTION

5.6 Summary

he conventional vertical screen model, the proposal accurately estimates the diffraction paths
from the detailed human shape. For validation, twenty measurements of the dynamic HBS
channel at 300 GHz and a comparison between simulations were conducted. The human
shape corresponding to the instantaneous channel was measured as a PC by the synchronized
channel sounder and MoCap system. It was found that the proposal was more accurate
in predicting the fast fading in both shadow and lit regions. The proposal achieved an
improvement in the median logarithmic error by a factor of four in the shadow region and
an improvement in the median linear error by a factor of four in the lit region. Furthermore,
the proposal proved a robust solution to complex human motion in the comparison between
the simulations. It was proved that when the LoS is expected to be blocked by the upper
part of a human body, the diffraction waves can be approximated as the ones from a human
body-shaped screen. To summarize, in the simulation for the fading pattern close to the
HBS event, the proposal is superior to the PC-based vertically long models in the accuracy
and flexibility of the motion of the human obstacle. That is, the proposal serves as a flexible

and accurate solution for Objective 2.



Chapter 6

Conclusion

6.1 Summary

This study proposed a synchronized measurement system consisting of a dynamic channel
sounder and a MoCap system. The proposed synchronized measurement system can measure
the shape of the human body and with corresponding channel response with a dense sampling
rate. The synchronized measurement system was validated by a canonical problem, knife-
edge diffraction, at 300 GHz. This study also proposed various PC-based human models for
ray-based HBS channel simulation at EHF bands. The proposed models were validated with
the aforementioned measurement system at 58 GHz and 300 GHz bands. It was found that
the vertically long models feature efficiency and good accuracy in the shadow duration with a
maximum improvement of 40 % — 75 % compared with the conventional fixed-shaped screen
model. However, the vertically long models can not predict the fading pattern affected by a
complex human motion accurately. To fill this gap, the diffraction path extraction method

can simulate the fading pattern affected by any human motion by sacrificing some efficiency.

6.2 Contribution

This study provides a reliable synchronized measurement system for the evidence of the
HBS channel simulation and simulation techniques generated from arbitrary human shapes.
In the former, not only the development of deterministic HBS channel models but also
the empirical models can benefit from precise and detailed evidence. In the latter, the
PC-based models can simulate the HBS channel gain deterministically with the shape of a
specific human obstacle with experimental evidence. The results can contribute to the further
development of HBS channel simulation using 3D computer graphics-based (3DCG-based)
human phantom. Since the Doppler spectrum in the lit region can be used for predicting

the shadowing time, the achievement can be included into the recommendation document
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dealing with the prediction model for the effect of the human body shadowing problem, which
is under discussion by the corresponding group, CG 3k-21, International Telecommunication

Union Radiocommunication Sector (ITU-R).

6.3 Applicability for the Future HBS Channel Models

With respect to the development of the empirical models, the detailed shape of the human
body captured by the proposed synchronized measurement system can help the generalization
with detailed parameters of the motion, age, gender, and race of the human obstacle. With
respect to the development of the deterministic models, this work provides evidence linked
to the channel measurement. Such evidence helps to validate the HBS channel model using
the 3DCG-based human phantom, whose experimental validation is difficult. In the aspect
of mobile communication at microwave band, this work may help the development of the

short-range dynamic radio channel emulator if experimental validation is conducted.



Appendix A

Manual for the Proposed

Synchronized Measurement System

A.1 Introduction

In this chapter, the manual for the experiment using the proposed synchronized measurement
system mentioned in Chapter 3 is introduced. In Section A.2, the installation guide is

presented. In Section A.2.2, the operation manual is presented.

A.2 Installation guide

In this section, the installation guide for the synchronized measurement system consisting of
the channel sounder and the MoCap is introduced. Though there are two channel sounders
mentioned in this thesis, only the channel sounder at 300 GHz is introduced. The installa-
tion guide for the channel sounder at 58 GHz can be found in [43]. The general steps for

installation are described in the following subsections, as follows.
1. Install the dynamic channel sounder.
2. Install the MoCap system.
3. Connect the trigger cable to both instruments.
The checklist of the items is,
e Home-made trigger combo
e Laser measure

e Items for channel sounder
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— Control personal computer (Windows operation system )
— Caesium standard (Microsemi 5071A)

— Coaxial one-to-sixteen divider (NO alternative)

— Signal generator for the Tx (R&S SMF100)

— Signal generator for the Rx (Keysight E8267D)

Signal analyzer (R&S FSVT)

— Frequency converter for the Tx with horn antenna and tripod adaptor (VDI
WR3.45GX-M)

— Frequency converter for the Rx with horn antenna and tripod adaptor (VDI
WR3.4CCD-M12)

— 2 Tripods

1 Coaxial cable (12 m, N-male to SMA-male)

— 2 Coaxial cables (3 m, SMA)

1 Coaxial cable (20 m, SMA)

1 Coaxial cable (5 m, 2.92 mm)
— 2 Coaxial cables (5 m, 3.5 mm)

— 1 Ethernet cable
e [tems for motion capture system

— Control personal computer (Linux operation system)
— Calibration square

— 4 Servant personal computers (Linux operation system)

5 Tripods

— 4 Microsoft Azure Kinects

4 USB cables (type-C, 1 m, NO alternative)

— Ethernet hub (5 or more slots)
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VDI WR3 .4
CCD-M12 IF
\S/(DBIXYK/IRSA <] D > 300 GHz [>_ 2.92 mm
Tox 294 GHz Control computer
2.92 mm x12 (Windows)
LO
- . 24.5 GHz 292 mm -
Signal generator 5m LAN
Keysight E8267D |2 92 mm Ethernet
10 MHz
R&S SMF100 ' ‘ 3m R&S FSV7 BNC
10 MHz 10 MHz
Ref. IN SMA Ref. IN
SMA SMA | 1-to-16 divider SMA SMA
20m (Other ports terminated) 3m
SMA
N

Cs standard C’E)(St.nt”lrrl'r?%eurdfi%r MoCap
Microsemi 5071A :

Hand-made trigger

Figure A.1: The detailed block diagram of installation of the channel sounder at 300 GHz.

The port names are identified by green font and the connector types are identified by red
font.

— 2 Ethernet cables (10 m)
— 3 Ethernet cables (5 m)

— 2 Hand-made synchronization cables (10 m, 3.5 mm audio)

A.2.1 Dynamic Channel Sounder at 300 GHz

The detailed block diagram of installation is shown in Fig. A.1. The steps for installing
channel sounder are described in the follows,

1. Deploy the devices.

2. Supply power to the Caesium standard as soon as possible.
3. Connect the instrument with cables.

4. Set up the instruments.

5. Test measurement.

The detailed processes are described as follows.
Firstly, deploy the instruments at the Tx and the Rx sites, respectively. For sim-
ple cabling, the Caesium standard (Microsemi 5071A) and the frequency converter (VDI



68 APPENDIX A. MANUAL FOR THE PROPOSED SYNCHRONIZED MEASUREMENT SYSTEM

WR3.4CCD-M12), the signal generator (Keysight E8267D), and the signal analyzer (R&S
FSVT) for the Rx should be deployed nearby. Likewise, the devices, i.e., the frequency con-
verter (VDI WR3.4SGX-M) and the signal generator (R&S SMF100) for the Tx are located
together.

Once the locations of the instruments are fixed, the Caesium standard should be powered
as soon as possible for warming up (about 10 minutes). The Caesium standard will be booted
automaticly. Check if the output frequency is 10 MHz before connecting the cables.

Then connect the cables between the instruments before booting. From the output port
of the Caesium standard, the coaxial cable (12 m, N-male to SMA-male) is connected to the
one-to-sixteen divider (S-port). Since the one-to-sixteen divider also acts as an attenuator,
which prevents instruments from destruction from overload power, please NEVER change
the configuration of divider, e.g., replacing with an one-to-four divider or removing the
termination caps. If you have to change the configuration, make sure the 10 MHz reference
signal is attenuated by a factor of 15 dB. The output ports of the divider are connected
to the ref. 10 MHz ports of the signal generators and signal analyzer. The 20 m SMA
cable is for the connection to the Tx site and two 3 m SMA cables are for the connection
to the Rx site. In the Rx site, the frequency converter is connected to the output port of
the signal generator from its local oscillator (LO) port (5 m, 2.92 mm connector) and is
connected to the input port of the signal analyzer from its intermediate frequency (IF) port
(5 m, 3.5 mm connector). The signal analyzer is connected to the control personal computer
via the Ethernet port. Connect the BNC plug of the hand-made trigger cable to the external
trigger port of the signal analyzer. In the Tx site, the input port (x18) of the frequency
converter is connected to the output port of the signal generator (5 m, 3.5 mm connector).

After the connection, the instruments should be set up. First of all, connect the power
cable to all the remaining instruments. From the Utility interface, the Caesium standard is
reset. The signal generator at the Tx site is set by the frequency at 16.66666 GHz, the output
power is 6 dBm, and the external reference source. The signal generator at the Rx site is
set by the frequency at 24.5 GHz, the output power is 12 dBm, and the external reference
source. If there is any change of the cable configuration, make sure the input powers are
0 dBm +3 dB and 0-6 dBm in the Tx and the Rx sides, respectively. Once the setting is
confirmed correct, boot the frequency converter in the Tx site and turn on the output of
the signal generators. The 300 GHz CW is transmitted and the down-converted signal is
received by the signal analyzer.

Finally, the test measurement can be conducted. Since the sounding waveform is the

CW, there is no setting for the Tx. The signal analyzer should be set up as follows,
1. Set the reference signal using the external source.

2. Set the center frequency to 300 — 294 = 6 GHz.
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3. Set the analyzer to single measurement mode.
4. Change the measurement mode to IQAnalyzer.

5. Set the measurement parameters as follows.

Sample rate: 300 kHz (in this thesis)

Trigger mode: “EXT” stands for external trigger.

Trigger slope: “POS” stand for starting the measurement when detecting the a

positive slope of the rectangular trigger signal.

Measurement period: 20 seconds (in this thesis)

6. Set the threshold for the external trigger signal at 2 V.

The processes above can be automatically conducted by my C++ program “DynamicSound-
ingF'SV /DynamicSounding.sln” via Microsoft Visual Studio. The parameters can be found
and modified in “DynamicSoundingF'SV /Parameters.json”. The dependency, VISA library
provided by R&S, must be installed in the control personal computer in advance. If the
user have any difficulty about the C++ environment, MATLAB codes can be used for
automatic setting, too. Be adviced that there is a preparation time from sending
commands until the analyzer is ready for trigger. Once the analyzer is ready, press
the trigger for starting the measurement. After the measurement, save the received complex

voltage via USB memory or Ethernet (my program collects the results automatically).

A.2.2 Motion Capture using Microsoft Azure Kinects

The detailed block diagram of the installation is shown in Fig. A.2. The steps for installing

the motion capture system are described as follows,
1. Install and deployl the camera units.
2. Connect the servant and control computers to the same local area network (LAN).
3. Connect the trigger cables for the cameras.
4. Calibration measurement.

The detailed processes are described as follows. Firstly, as shown in Fig. A.3, implement the
camera units consisting of a tripod, a servant computer, a Microsoft Azure Kinect, and a 1 m
USB type-C cable. Never consider a sorter USB type-C cable since the servant will fail

to recognize the camera in any mode superior to USB 3.0. After the implementation of the
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Ext. trigger for sounder
BNC

Camera unit Camera unit Sync. IN
(Bad sync.) (Normal) 35 mm audio
[ D_l_,J
[} Hand-made tri
LAN LAN and-made trigger
Sync. IN Sync. OUT
Ethernet 3.5 mm audio 3.5 mm audio Ethernet
Control computer
(Windows)
[Ethemet hub AN
Ethernet
LAN s LAN
ync. IN Sync. OUT
Ethernet | 3’5 mm audio 35 mm audio | Ethernet
: ]
:n Sync. IN
Camera unit Camera unit 3.5 mm audio
(Bad sync.) (Normal)

Figure A.2: The detailed block diagram of installation of the motion capture system. The

port names are identified by green font and the connector types are identified by red font.

cameras units, deploy them to four corners of the measurement field. Be adviced the metalic
tripods are good scatterer for radio waves when choosing the location for camera units.
Furthermore, two of the Kinects with ill-functioning output synchronization ports, which is
marked with “Bad Sync.” must locate away from the control computer. Then connect all
computers via the Ethernet hub for remote control. You can confirm the connection by “ping”
command of Terminal. The two 3.5 mm plugs of the hand-made trigger should be connected
to the normal Kinects and the hand-made 3.5 mm audio cables should be plugged into the
OUT port of the normal Kinects and the IN port of the ill-functioning Kinects.
After all the connection completed, the calibration measurement can be conducted. Deploy
the callibration square in the center of the measurement field and make sure the square can
be flimed by all the cameras. Via the remote control, start the measurements of all the
cameras in the subordinate mode. The cameras will not start the measurement until the
trigger signal is sent. Finally, collect the calibration videos containing the calibration square

from four different viewpoints via the LAN.
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Microsoft Rear connectors of

Sync. INJOUT : Azure Kinect
35 mmaudio  Azure Kinect C

Ctrl.&Power 9 ? 9)

USB type-C Sync. OUT a L. Sync. IN

3.5 mm audio 3.5 mm audio
Ctrl.&Data Aux. Power Ctrl.&Power
Ethernet Servant computer DC USB type-C
(Linux)
Tripod

Figure A.3: The detailed block diagram of installation of each camera unit. The port names

are identified by green font and the connector types are identified by red font.

A.3 Summary

The installation guide of the channel sounder and MoCap system have been presented in

this appendix. By conducting the measurement step for both system and trigger at once,

the synchronized human motion and its corresponding dynamic channel can be obtained.






Appendix B

Post-processing of the human motion

B.1 Introduction

In this chapter, the post-processing for the human motion mentioned in Chapter 4 and 5 is
introduced. In Section B.2, the flow of the post-processing is presented. In Section B.3, the

codes are desplayed.

B.2 Flow of the post-processing

In this section, the flow of the post-processing, that converts the 3D videos of human motion

to the point cloud-represented human bodies, is introduced. The inputs are as follows,
e Calibration videos from four viewpoints
e Videos of the human motion from four viewpoints

Be advised that the configuration of the cameras must be the same for all the sets of videos.
A update of the calibration videos is necessary after any tiny movement of the camera unit
due to an accident.

The general flow chart is shown in Fig B.1. Firstly, the transformation matrices for
combining four point clouds are generated. Since the calibration videos are static, the raging
error of the depth cameras can be eased by averaging the depth of each pixel in multiple
frame. The pixels of the IR light reflectors of the calibration square are then separated by a
IR brightness filter. After converted to point clouds, the bright points are grouped into three
clusters. Considering the point in each cluster closest to the camera should be the brightest
one, the centroid of each reflector is calculated by adding the radius of the reflector in depth
to the brightest point. The order of the centroids can be found by the side lengths, 9 cm,
12 ¢m, and 15 cm. Finally, the transformation matrices are defined to let the triangle from

each view point fit to the calibration square located at the origin.
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Input 1

4 Calibration videos —’l Depth averaging '—’l Brightness filteringl—’l Point cloud conversion |

i

| Reflecter centroid extraction '—-| Transformation matrices extraction |

Saved Transformation matrices

Input 2 Frame i

4 Human motion videos——»l Human mask filtering l——l Point cloud conversion'—-| Transformation |

l

{ i=i+1 } { Point cloud concatenationl

[

¥
Point cloud-represented
human body at frame i

Figure B.1: The flow chart of the post-processing for transforming the videos of the human

motion to point-cloud represented human bodies.

After the transformation matrices extraction, the point cloud-represented human bodies

can by generated. To ease the noise points along the shadow boundary, the human mask

identified by a machine-learning model [53] is used to filter the pixels of the human body.

Finally, the depth map of the human body is converted to point cloud, transformed to the

global coordination system, and conbined to the complete point cloud of the human body.

B.3 The souce codes of post-processing

B.3.1 Codes for transformation matrices extraction

The directory tree is as follows,

—SquareCal
|——Dbuild

| -——calib_k4a (Main program)

| -—Laser_transformO0 .
Ctxt

| -—Laser_transform?2 .

|
|
| |-—Laser_transforml
|
|

|-—Laser_transform3 .

txt (Output transformation matrices)

txt
txt

|——include (Header files)

| |-—camera_extrinsics.hpp

| |-—LaserCalib .hpp

|—input

| |——yyyymmdd (Measurement date for identification)

|——output (Calibrated point cloud for quick check)

|-—src (Source codes)
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| |[-——camera_extrinsics.cpp
| |-—LaserCalib.cpp
| -——CMakelists . txt

The source codes are desplayed below. The dependencies can be identified from CMake-
lists.txt.

Listing B.1: CMakelists.txt

cmake minimum_required (VERSION 3.15)
project (calib_k4a LANGUAGES CXX)
set (CMAKE.CXX STANDARD 20)
set (CMAKE.CXX STANDARD REQUIRED ON)
set (CMAKE CXX EXTENSIONS OFF)
find_package (k4da REQUIRED)
find_package (k4abt REQUIRED)
find_package (k4arecord REQUIRED)
find_package (PCL 1.12 REQUIRED)
# Source
set (INCLUDE_FILES
include/camera_extrinsics.hpp
include /LaserCalib . hpp
)
set (SOURCE_FILES
${INCLUDE_FILES}
src/camera_extrinsics.cpp
src/LaserCalib . cpp
)
include_directories (${PCLINCLUDE_DIRS})
link _directories (${PCL_LIBRARY_DIRS})
add_definitions (${PCL_DEFINITIONS})
# Targets
add_executable (calib_k4a ${SOURCE_FILES})
target_include_directories (calib_k4a PUBLIC include)
target_link_libraries (calib_k4a PUBLIC
kda # Kinect SDK
kdabt
k4arecord
${PCL_LIBRARIES}
stde4++fs # filesystem
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Listing B.2: include/LaserCalib.hpp

#pragma once

#include <fstream>

#include <filesystem >

#include "camera_extrinsics.hpp”
#include <k4arecord/playback.hpp>
#include <pcl/registration/

transformation_estimation_dual_quaternion .h>

// Customized structure
typedef struct
{
std::string filename;

k4a_playback_t handle;

kda :: playback playback;
k4a_record_configuration_t record_config;
k4a:: calibration k4a_calibration:;

kd4a:: transformation kda_transform;

Eigen :: Quaternionf rotation2master;

Eigen :: Matrix4f transform2master;

kd4a:: capture capture;

kdabt_body_t body;

int idx_closest_body;

std :: vector<bool> conf_lev;

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr laserCalCloud;

std :: vector<Eigen :: Vector3f> frame_cloud;
int camera_id;

} recording_t;

// Declearation of the functions

void print_calibration (k4a:: calibration& calibration);

uint64_t first_capture_timestamp (k4a_capture_t capture);

uint64_t capture_depth_timestamp (kda::capture capture);

Framelnfox process_capture_incbody (recording_t xfile);

Framelnfox process_capture(recording_t xfile);

pcl :: PointXYZRGBNormal Laser_coord_exract(recording_t xfile , int
reptime ,

color);

std :: chrono :: duration<int, std::micro> laser_time , int
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pcl:: PointXYZRGBNormal IRSphere_coord_exract(recording_t xfile ,
int reptime, std::chrono::duration<int, std::micro> IR_time);

void Copylntrinsics(const kd4a_calibration_camera_t& from,
Cameralntrinsics& to);

void print_body_information (k4abt_body_t body);

// Definition of the functions

void print_calibration (k4a:: calibration& calibration)

{
{

std :: cout << ”"Depth-camera:” << std::endl;

auto calib = calibration.depth_camera_calibration;
std :: cout << "resolution-width:-” << calib.resolution_width <<
std ::endl;

_”

std :: cout << "resolution-height:
<< std ::endl;

std :: cout << "principal-point-x:-"7 << calib.intrinsics.

<< calib.resolution_height

parameters.param.cx << std::endl;

std :: cout << " principal-point-y:-” << calib.intrinsics.
parameters.param.cy << std::endl;

std :: cout << "focal-length-x:-”7 << calib.intrinsics.parameters.
param. fx << std::endl;

std :: cout << "focal-length-y:-” << calib.intrinsics.parameters.
param . fy << std::endl;

std :: cout << "radial -distortion-coefficients:” << std::endl;

std ::cout << 7"kl:-”7 << calib.intrinsics.parameters.param.kl <<
std ::endl;

std :: cout << "k2:-7 << calib.intrinsics.parameters.param.k2 <<
std :: endl;

std::cout << "k3:-7 << calib.intrinsics.parameters.param.k3 <<
std ::endl;

std ::cout << "k4:-7 << calib.intrinsics.parameters.param.kd <<
std :: endl;

std ::cout << "kb:-” << calib.intrinsics.parameters.param.k) <<
std ::endl;

std ::cout << "k6:-7 << calib.intrinsics.parameters.param.k6 <<
std :: endl;

std :: cout << ”center-of-distortion-in-Z=1-plane,-x:-"7 << calib.

intrinsics.parameters.param.codx << std::endl;
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std :: cout << "center-of-distortion-in-Z=1-plane,-y:-"7 << calib.
intrinsics.parameters.param.cody << std::endl;

std :: cout << "tangential-distortion-coefficient -x:-"7 << calib.
intrinsics.parameters.param.pl << std::endl;

std :: cout << "tangential-distortion-coefficient-y:-7 << calib.
intrinsics.parameters.param.p2 << std::endl;

_»

std :: cout << "metric-radius: << calib.intrinsics .parameters.

param. metric_radius << std::endl;

}
{

std :: cout << 7 Color-camera:” << std ::endl;

auto calib = calibration.color_camera_calibration

2

std ::cout << "resolution-width:-” << calib.resolution_width <<
std :: endl;
std :: cout << "resolution-height:

<< std::endl;

2

"

<< calib.resolution_height

_»

std :: cout << "principal-point-x: << calib.intrinsics .

parameters.param.cx << std::endl;

_»

std :: cout << "principal-point-y: << calib.intrinsics .
parameters.param.cy << std::endl;

std :: cout << "focal-length-x:-”7 << calib.intrinsics.parameters.
param. fx << std ::endl;

std :: cout << "focal-length-y:-7 << calib.intrinsics.parameters.
param. fy << std::endl;

std :: cout << "radial -distortion-coefficients:” << std::endl;

std ::cout << "kl:-”7 << calib.intrinsics.parameters.param.kl <<
std ::endl;

std ::cout << "k2:-”7 << calib.intrinsics.parameters.param.k2 <<
std ::endl;

std ::cout << "k3:-7 << calib.intrinsics.parameters.param.k3 <<
std ::endl;

std::cout << "k4:-”7 << calib.intrinsics.parameters.param.kd4d <<
std ::endl;

std ::cout << "kb:-"7 << calib.intrinsics.parameters.param.kb <<
std::endl;

std ::cout << "k6:-7 << calib.intrinsics.parameters.param.k6 <<
std ::endl;

std :: cout << "center-of-distortion-in-Z=1-plane,-x:-”7 << calib.
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intrinsics.parameters.param.codx << std::endl;

std :: cout << ”center-of-distortion-in-Z=1-plane,-y:-"7 << calib.
intrinsics.parameters.param.cody << std::endl;

std :: cout << "tangential-distortion-coefficient -x:-"7 << calib.
intrinsics.parameters.param.pl << std::endl;

std :: cout << "tangential-distortion-coefficient-y:-”7 << calib.
intrinsics .parameters.param.p2 << std::endl;

std :: cout << "metric-radius:-” << calib.intrinsics.parameters.
param . metric_radius << std::endl;

}

auto extrinsics = calibration.extrinsics|
K4A_CALIBRATION.TYPE DEPTH | [ K4A_CALIBRATION_TYPE.COLOR | ;

std :: cout << "depth2color-translation:-(” << extrinsics.
translation [0] << 7,7 << extrinsics.translation[l] << 7,7 <<
extrinsics.translation [2] << 7)” << std ::endl;

std ::cout << 7depth2color-rotation:-|” << extrinsics.rotation [0]

<< 77 << extrinsics.rotation[1] << 7" << extrinsics.
rotation [2] << 7 |” << std::endl;

std ::cout << 7o |7 << extrinsics.rotation [3] << 7, <<
extrinsics.rotation [4] << 7,7 << extrinsics.rotation[5H] << 7
7 << std ::endl;

std::cout << 7------- |7 << extrinsics.rotation [6] << 7" <<
extrinsics.rotation [7] << 7,” << extrinsics.rotation [8] << 7

7 << std ::endl;

}

uint64_t first_capture_timestamp (k4a_capture_t capture)
{
uint64_-t min_timestamp = (uint64_t)—1;
k4a_image_t images[3];

images [0] = k4a_capture_get_color_image (capture);
images [1] = kda_capture_get_depth_image(capture);
images [2] = kda_capture_get_ir_image (capture);
for (int i = 0; 1 < 3; i++)

{

if (images|[i] != NULL)

{

uint64_t timestamp = kda_image_get_device_timestamp_usec (images

[i]);
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if (timestamp < min_timestamp)

{

min_timestamp = timestamp ;
}
k4a_image_release (images[i]);
images|[i] = NULL;
}
¥

return min_timestamp ;

}

uint64_t capture_depth_timestamp (kda::capture capture)
{
kd4a::image image;
uint64_t timestamp = 0;
image = capture.get_depth_image();
if (image != NULL)
{
uint64_t timestamp = image.get_device_timestamp ().count () ;
image . reset ();

}

return timestamp;

}

Framelnfox process_capture_incbody (recording_t xfile)
{
kda::image images[3];
Framelnfox frame = new Framelnfo () ;
kd4abt :: tracker tracker = kdabt::tracker::create(file >
k4a_calibration);
if (!tracker.enqueue_capture(file —>capture))
{
// It should never hit timeout when K4JA_-WAIT_INFINITE is set.
std :: cout << "Error!-Add-capture-to-tracker-process-queue-
timeout!” << std::endl;
}
k4abt :: frame body_frame = tracker.pop_result () ;
tracker .shutdown () ;
if (body-frame != nullptr)

{
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uint32_t num_bodies = body_frame.get_num_bodies () ;
if (num_bodies)
{
int idx_closest_body = 0;
for (int idx_body = 0; idx_body < num_bodies; idx_body++) {
k4abt_body_t closest_body = body_frame.get_body (
idx_closest_body);
k4abt_body_t current_body = body_frame.get_body (idx_body);
if (closest_body.skeleton.joints [0]. position.v[2] >
current_body .skeleton.joints [0]. position.v[2])
idx_closest_body = idx_body;
std :: cout << closest_body.skeleton.joints [0]. position.v[2] <<”
,’<< current_body .skeleton.joints [0]. position.v[2] << std::
endl;
h
std :: cout << num_bodies <<” ,"<< idx_closest_body << std::endl;
k4abt_body-t body = body_frame.get_body(idx_closest_body);
images [2] = body_frame. get_body_index_map () ;
frame-—>idx_closest_body = idx_closest_body;

}

¥

images [0] = file -—>capture.get_color_image () ;

images [1] = file —>capture.get_depth_image () ;

// Copy depth

frame-—>DepthWidth = images[1]. get_width_pixels();

frame-—>DepthHeight = images[1]. get_height_pixels();

frame—>DepthStride = images[1]. get_stride_bytes ();

const unsigned depth_size = frame-—>DepthStride x frame-—>
DepthHeight ;

frame—>Depthlmage. resize (depth_size) ;

memcpy (frame-—>Depthlmage . data (), reinterpret_cast<const uintl16_t
*>( images[1]. get_buffer()), depth_size * 2);

// Copy body map

frame-—>BodyMapWidth = images [2]. get_width_pixels();

frame—>BodyMapHeight = images[2]. get_height_pixels();

frame—>BodyMapStride = images[2]. get_stride_bytes();

const unsigned bodymap_size = frame—>BodyMapStride % frame—>

BodyMapHeight ;
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frame—>BodyMaplmage. resize (bodymap_size);
memcpy ( frame—>BodyMaplmage . data (), reinterpret_cast<const uint8_t
x>( images [2]. get_buffer ()), bodymap_size);

k4a::image transformed_color_image = file —>k4a_transform.
color_image_to_depth_camera (images|[1], images[0]);
kd4a ::image point_cloud_image = file —>k4a_transform.

depth_image_to_point_cloud (images[1],
K4A_CALIBRATION_TYPE DEPTH)
// Copy point cloud

const size_t cloud_buf_size = point_cloud_image.get_size ();

Y

frame—>PointCloudData. resize (cloud_buf_size * 2);
memcpy (frame—>PointCloudData.data (), reinterpret_cast<const
intl6_t*x>( point_cloud_-image.get_buffer() ), cloud_buf_size );

// Copy color
frame-—>ColorWidth = transformed_color_image. get_width_pixels (

I

) ;

frame-—>ColorHeight = transformed_color_image.get_height_pixels ()

frame—>ColorStride = transformed_color_image.get_stride_bytes ();

const uint8_tx color_image = \

reinterpret_cast<const uint8_tx>( transformed_color_image.
get_buffer());

const size_t color_size = transformed_color_image.get_size ();

frame—>Colorlmage . resize (color_size);

memcpy (frame—>ColorImage . data (), color_image, color_size);

// Copy the transformation matriz (to master camera)

frame-—>transform2master = Eigen :: Matrix4f(file —>transform2master)

// Resource recycle

transformed_color_image . reset ();

point_cloud_image . reset () ;

printf (”%32s”, file >filename.c_str());

for (int i = 0; i < 2; i++)

{

if (images[i]| != NULL)

{
frame-—>timestamp = images[i].get_device_timestamp ().count();
printf(”--%7ju-usec”, frame—>timestamp);

images[i].reset ();
images [i] = NULL;
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}

else
{
printf (7 --%12s”, 77);
¥
¥
printf(”\n”);
return frame;

}

Framelnfox process_capture(recording_t *file)

{

kda::image images [3];

Framelnfox frame = new Framelnfo () ;
images [0] = file —capture.get_color_image ();
images [1] = file —>capture.get_depth_image ();
images [2] = file —>capture.get_ir_image () ;

// Copy depth

frame—>DepthWidth = images[1]. get_width_pixels();

frame—>DepthHeight = images[1]. get_height_pixels();

frame—>DepthStride = images[1]. get_stride_bytes ();

const unsigned depth_size = frame—>DepthStride * frame—>
DepthHeight ;

frame—>Depthlmage. resize (depth_size);

memcpy (frame—>Depthlmage . data (), reinterpret_cast<const uintl6_t

*>( images[1]. get_buffer()), depth_size % 2);

k4a::image transformed_color_image = file —>k4a_transform.
color_image_to_depth_camera (images|[1], images[0]);
kda::image point_cloud_image = file —>k4a_transform.

depth_image_to_point_cloud (images[1],
K4A _CALIBRATION_TYPE_DEPTH
// Copy point cloud

const size_t cloud_size = point_cloud_image.get_size ();

(
)

I

frame—>PointCloudData.reserve (cloud_size * 2);

frame-—>PointCloudData.resize (cloud_size);

memcpy (frame—>PointCloudData.data(), reinterpret_cast<const
intl6_tx>(point_cloud_image. get_buffer () ), cloud_size );

// Copy color
frame—>ColorWidth = transformed_color_image.get_width_pixels ();
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frame-—>ColorHeight = transformed_color_image.get_height_pixels ()
frame—>ColorStride = transformed_color_image.get_stride_bytes();
const uint8_t* color_image = \

reinterpret_cast<const uint8_tx>( transformed_color_image.

get_buffer());

const size_t color_size = transformed_color_image.get_size ();
frame-—>Colorlmage . resize (color_size);
memcpy (frame—>ColorImage . data (), color_image, color_size);
// Copy IR
frame—>IRWidth = images [2]. get_width_pixels();
frame—>IRHeight = images[2]. get_height_pixels();

()

frame-—>IRStride = images[2]. get_stride_bytes();
frame—>IRImage. resize (images [2]. get_size () );
memcpy (frame-—>IRImage.data (), reinterpret_cast<const uintl6 _tx>(
images [2]. get _buffer ()), images[2]. get_size());
// Copy the transformation matriz (to master camera)
frame—>transform2master = Eigen :: Matrix4f(file —>transform2master)
// Resource recycle
transformed_color_image . reset () ;
point_cloud_image .reset () ;
J/ printf("%—32s7, file >filename.c_str());
for (int i = 0; i < 2; i++)
{
if (images[i] != NULL)
{
frame—>timestamp = images|[i].get_device_timestamp ().count() — (
file —>record_config.start_timestamp_offset_usec);
J/ printf(” %7ju usec”, frame->timestamp);
images[i].reset ();
images [i] = NULL;
}

else

{
printf(”--%12s", 77);
}
1
// printf("\n”);
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return frame;

}

pcl :: PointXYZRGBNormal Laser_coord_exract(recording_t xfile , const

int reptime, std::chrono::duration<int, std::micro> laser_time

, int color){
Eigen:: Vector3f LaserCenter{0, 0, 0};
int frame_rate = 30;
switch(file —>record_config.camera_fps){
case K4A FRAMES PER_SECOND.5 :

frame_rate = 5;break;

case K4A FRAMES PER SECOND_15 :
frame_rate = 15;break;

case K4A FRAMES PER_SECOND_30
frame_rate = 30;break;

default

printf ("ERROR: - Failed -to - fine - frame-rate -setting!\n”);
¥
// Find the nearest frame to the assigned time stamp.
std :: cout << laser_time.count() << std::endl;
file —>playback .seek_timestamp (laser_time ,
K4A PLAYBACK SEEK DEVICE_TIME) ;
if (!file-—>playback.get_next_capture(&file —>capture))
{
printf (”ERROR: - Recording - file - is ~empty: -%s\n” , file —>filename .
costr());
¥

// Transform depth image to cloud

Framelnfox frame = process_capture(file);

std :: cout << frame-—>timestamp << std::endl;

if (frame-—>timestamp — laser_time.count() > 500000/ frame_rate)
file —>playback. get _previous_capture(&file —>capture);

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr source_cloud (new
pcl:: PointCloud<pel :: PointXYZRGBNormal>) ;

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr cloud (new pcl::
PointCloud<pcl :: PointXYZRGBNormal>) ;

pcl:: Indices indices;

const int count = frame—>ColorWidth x frame—>ColorHeight ;

const int coord_stride = 1;
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const int rep_count = 20;

source_cloud—>reserve (count);

std :: vector<int> CloudBuf(count * 3);

std :: vector<int> ColorBuf(count * 3);

std :: vector<int> valid (count % 3, 0);

std :: cout <<” Generating-Laser-Cloud-From-Frames, -count -=-"<<
count << std::endl;

for (int rep_idx = 0; rep_idx < reptime; rep_idx++){

frame = process_capture(file);

for (int i_px = 0; i_px < count * 3; i_px++) {
int PCData_cast = (int) frame-—>PointCloudData.data () [i_-px];
CloudBuf[i_px] 4= PCData_cast;
valid [i-px] += (int) (PCData_cast != 0);
if ((i.px—2) % 3 = 0 && (PCData_cast != 0)){
int RData_cast = frame—>Colorlmage.data ()[4 * (i_.px—2) / 3 +

2];

int GData_cast = frame-—>ColorImage.data ()[4 % (i-px—2) / 3 +
1];

int BData_cast = frame—>Colorlmage.data ()[4 * (i_.px—2) / 3 +
0];

ColorBuf[(i_-px)] = RData_cast;

ColorBuf[(i_px + 1)] = GData_cast;

ColorBuf[(i_px + 2)] = BData_cast;

}

}

file —>playback. get_next_capture(&file —>capture);

}

for (int i_pt = 0; i_pt < count; i_pt += coord_stride) {

if (valid[3 % i_pt + 2] = 0) continue;

if (CloudBuf.data()[3 * i_pt + 2] = 0) continue;

std :: vector<uint8_t> rgbPt{(uint8_t)frame—>ColorImage.data ()[4 x
i_pt + 2], (uint8_t)frame—>Colorlmage.data ()[4 * i_-pt + 1],
(uint8_t)frame-—>ColorImage.data ()[4 * i_pt + 0]};

std :: vector<uint8_t >::iterator id_cmax = std::max_element (rghPt.
begin (), rgbPt.end());
std :: vector<uint8_t >::iterator id_cmin = std::min_element (rghPt.

begin (), rgbPt.end());
size_t id_max = std:: distance(rgbPt.begin(), id_cmax);
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if (rgbPt[0] == rgbPt[1] && rgbhPt[1] == rgbPt[2]) continue;
intl6_.t H= 0;
switch (id_max){
case 0:
H=60 % ((intl6_t)rgbPt[1] — (intl6_t)rgbPt[2]) /(intl6_t) ((x*
id_cmax ) —(xid_cmin) ) ;
break;
case 1:
H=60 %« ((intl6_t)rgbPt[2] — (intl16_t)rgbPt[0]) /(int16_t) ((x
id_cmax)—(xid_cmin)) ;
break;
case 2:
H=60 %« ((int16_t)rgbPt[0] — (intl6_t)rghPt[1]) /(int16_t) ((x*
id_cmax ) —(*xid_cmin));
break;
}
if (id-max != color) continue;
if (color = 0 & (H < —30 & H > 10)) continue; // filter the
color in interest
if (color = 1 & (H < —40 & H > 20)) continue; // filter the
color in interest
if (color = 2 & (H < —30 & H > 10)) continue; // filter the
color in interest
if ((xid-cmax) < (char) (100)) continue; // Find the points whose
brightness (Value) > V/255, wvalid only when the exposure of
the camera was squeezed.
if ((*id_cmin) > (char) (0.5 % (xid_.cmax)) ) continue; // Find
the point red enough (S > 50% => (100—S)%)
// BGR —> RGB
pcl :: PointXYZRGBNormal point ;
point.x = CloudBuf.data()[3 % i_pt + 0] / 1000.0f / (float)valid

[3 « ipt + 0];

point.y = CloudBuf.data()[3 % i_pt + 1] / 1000.0f / (float)valid
[3 % i_pt + 1];

point.z = CloudBuf.data()[3 * i_pt + 2] / 1000.0f / (float)valid
[3 « ipt + 2];

point.r = (uint8_t)frame—>Colorlmage.data ()[4 = i_pt + 2];
point.g = (uint8_t)frame—>Colorlmage.data ()[4 * i_pt + 1];
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point.b = (uint8_t)frame—>Colorlmage.data ()[4 * i_pt + 0];

if (std::isinf(point.x)||std::isinf(point.y)||std::isinf(point.z)
) continue;

if (point.r = 0 && point.g = 0 && point.b = 0) continue;

source_cloud—points.push_back(point);

}

std :: cout << color << 7-Color-filtered” << std::endl;

pcl:: StatisticalOutlierRemoval<pcl::PointXYZRGBNormal> sor;

sor.setInputCloud (source_cloud);

sor.setMeanK (40);

sor.setStddevMulThresh (1.0);

sor. filter (xcloud);

pcl ::removeNaNFromPointCloud (*cloud , *cloud, indices);

std :: cout <<” Constructed -PCL-PointCloud -for - Laser -Marker: -7 <<std
crendl;

pcl:: NormalEstimationOMP<pcl :: PointXYZRGBNormal, pcl::

PointXYZRGBNormal> ne;

const double normal_radius = 0.01;

ne.setInputCloud (cloud);

// Create an empty kdtree representation , and pass it to the
normal estimation object.

// Its content will be filled inside the object, based on the
given input dataset (as no other search surface is given).

pcl::search :: Octree<pcl :: PointXYZRGBNormal >:: Ptr tree (new pcl::
search :: Octree<pcl :: PointXYZRGBNormal>(normal_radius) ) ;

ne.setSearchMethod (tree);

// Use all neighbors in a sphere of radius 3cm

ne.setRadiusSearch (normal_radius);

ne.useSensorOriginAsViewPoint () ;

ne.compute (xcloud);

// Resource recycling;

file —>capture.reset () ;

for (auto pt: cloud-—>points){

LaserCenter (0) += pt.x;

LaserCenter (1) 4= pt.y;

LaserCenter (2) 4= pt.z;

}

LaserCenter = LaserCenter / (float)cloud—>size ();
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std::string filename = 7 ../output/Cfilteredcloud_” + std::
to_string (color) + "Cam” + std::to_string(file —>camera_id) + ”
.ped”;

pcl::io::savePCDFileBinary (filename , xcloud);

cloud-—>clear () ;

return pcl::PointXYZRGBNormal ( LaserCenter (0) , LaserCenter (1),
LaserCenter (2), (uint8_t)(255%(color = 0)), (uint8_t) (255x%(
color = 1)), (uint8_t)(255%(color = 2)));

}
inline pcl::PointXYZRGBNormal IRSphere_coord_exract(recording_t x

file , int reptime, std::chrono::duration<int, std::micro>
IR_time)

{
Eigen:: Vector3f LaserCenter{0, 0, 0};
int frame_rate = 30;
switch(file —>record_config.camera_fps){
case K4A FRAMES PER SECOND.5

frame_rate = 5;break;

case K4A FRAMES PER SECOND_15 :
frame_rate = 15;break;

case K4A FRAMES PER_SECOND_30
frame_rate = 30;break;

default

printf ("ERROR: - Failed -to - fine - frame-rate -setting!\n”);
¥
// Find the nearest frame to the assigned time stamp.
std ::cout << IR_time.count() << std::endl;
file —>playback .seek_timestamp (IR _time ,
K4A PLAYBACK SEEK DEVICE_TIME) ;
if (!file-—>playback.get_next_capture(&file —>capture))
{
printf (”ERROR: - Recording - file -is -empty: -%s\n” , file —>filename .
c_str());
¥

// Transform depth image to cloud

Framelnfox frame = process_capture(file);

std :: cout << frame—>timestamp << std::endl;

if (frame—>timestamp — IR_time.count() > 500000/ frame._rate) file
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—>playback.get_previous_capture(&file —>capture) ;

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr source_cloud (new
pcl :: PointCloud<pecl :: PointXYZRGBNormal>) ;

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr cloud (new pcl::
PointCloud<pcl :: PointXYZRGBNormal>) ;

pcl::Indices indices;

const int count = frame—>ColorWidth *x frame-—>ColorHeight ;

const int coord_stride = 1;

const int rep_count = 20;

source_cloud—>reserve (count);

std :: vector<int> CloudBuf(frame-—>PointCloudData. size ());

std :: vector<int> IRBuf(frame—>IRImage.size ());

std :: vector<int> valid (count, 0);

std :: cout <<” Generating-Cloud-From-Frames, -count -=-"<< count <<
std :: endl;

for (int rep_idx = 0; rep_idx < rep_count; rep_idx++){

frame = process_capture(file);
for (int i_px = 0; i_px < count; i_px++) {
int PCData_cast = (int) frame—>PointCloudData.data () [i_px*3 +
2];

CloudBuf[i_px] 4= PCData_cast;
int IRData_cast = (int) frame-—>IRImage.data()[i_px];
IRBuf[i_px| += IRData_cast;
valid [i-px] += (int) (PCData_cast != 0);

¥

file —>playback. get_next_capture(&file —>capture);
}

for (int i_pt = 0; i_pt < count; i_pt += coord_stride) {
if (valid[3 % i_pt + 2] = 0) continue;

if (CloudBuf.data()[3 * i_pt + 2] = 0) continue;

if (IRBuf.data()[3 *x i_pt + 2|/valid|[i_pt] < 1000) continue;
// BGR — RGB
pcl :: PointXYZRGBNormal point ;

point.x = CloudBuf.data()[3 x i_pt + 0] / 1000.0f / (float)valid
[i-pt];

point .y = CloudBuf.data()[3 * i_pt + 1] / 1000.0f / (float)valid
[i-pt];

point.z = CloudBuf.data()[3 x i_pt + 2] / 1000.0f / (float)valid
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[i_pt];

point.r = (uint8_t)frame—>ColorImage. data ipt + 2];

) )[4 E
) ){4 ipt + 1];
) [ J;
) |

(

frame—>ColorImage . data (

point.b = (uint8_t)frame—>ColorImage. data (
y

point.g = (uint8_t

4 x i_pt + 0

if(std::isinf(point.x)||std::isinf(point. | std ::isinf(point.z)
) continue;

if (point.r = 0 && point.g =— 0 && point.b = 0) continue;

}

pcl:: StatisticalOutlierRemoval <pcl :: PointXYZRGBNormal> sor ;

sor .setInputCloud (source_cloud);

sor .setMeanK (40) ;

sor.setStddevMulThresh (1.0);

sor. filter (xcloud);

pcl::removeNaNFromPointCloud (* cloud , xcloud, indices);

std :: cout <<” Constructed -PCL-PointCloud - for - Laser -Marker: -7 <<std
::endl;

pcl :: NormalEstimationOMP<pcl :: PointXYZRGBNormal, pcl::
PointXYZRGBNormal> ne;

const double normal_radius = 0.01;

ne.setInputCloud (cloud);

// Create an empty kdtree representation, and pass it to the
normal estimation object.

// Its content will be filled inside the object, based on the
given input dataset (as no other search surface is given).
pcl::search :: Octree<pcl :: PointXYZRGBNormal >:: Ptr tree (new pcl::

search :: Octree<pcl :: PointXYZRGBNormal>(normal_radius)) ;
ne.setSearchMethod (tree);
// Use all neighbors in a sphere of radius 3cm
ne.setRadiusSearch (normal_radius);
ne.useSensorOriginAsViewPoint () ;
ne.compute (xcloud);
// Resource recycling;
file —>capture.reset () ;
for (auto pt: cloud-—>points){
LaserCenter (0) 4+= pt.x;
LaserCenter (1) 4= pt.y;
LaserCenter (2) += pt.z;

}
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LaserCenter = LaserCenter / (float)cloud—size ();
std ::string filename = " ../output/IRfilteredcloud_Cam” + std::
to_string (file —>camera_id) + 7 .pcd”;
pcl::io::savePCDFileBinary (filename , xcloud);
cloud->clear () ;
return pcl::PointXYZRGBNormal ( LaserCenter (0), LaserCenter (1),
LaserCenter (2), (uint8_t)(255), (uint8_t)(0), (uint8_t)(0));
¥
void Copylntrinsics(
const k4a_calibration_camera_t& from,
Cameralntrinsics& to)
{
to.Width = from.resolution_width;
to.Height = from.resolution_height;
const k4a _calibration_intrinsic_parameters_t& params = from.

intrinsics .parameters;

to.cx = params.param.cx;
to.cy = params.param.cy;
to.fx = params.param. fx;
to.fy = params.param.fy;
to.k[0] = params.param.kl;
to.k[1] = params.param.k2;
to.k[2] = params.param.k3;
to.k[3] = params.param.k4;
to.k[4] = params.param.k5;
to.k[b] = params.param.k6;
to.codx = params.param.codx;
to.cody = params.param.cody;
to.pl = params.param.pl;
to.p2 = params.param.p2;

}

void CalibrationFromK4a (

const kda_calibration_t& from,
CameraCalibration& to)

{
Copylntrinsics (from.depth_camera_calibration , to.Depth);
CopylIntrinsics (from.color_camera_calibration , to.Color);

// Eztrinsics from depth to color camera
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const k4a_calibration_extrinsics_tx extrinsics = &from.extrinsics
[K4A_CALIBRATION_TYPE DEPTH | [ K4A_CALIBRATION_TYPE_COLOR | ;

for (int i = 0; 1 < 9; ++i) {

to.RotationFromDepth[i] = extrinsics-—>rotation[i];

¥

for (int i = 0; i < 3; ++i) {

to. TranslationFromDepth[i] =

}

extrinsics —>translation [i];

}
void print_body_information (k4abt_body_t body)
{
std :: cout << "Body-ID:-" << body.id << std::endl;
FILEx outcsv;
outcsv = fopen(”./body_frames.csv”, "a”);
fprintf (outcsv, ”"New-body\n");
for (int i = 0; i < (int)K4ABT_JOINT_ COUNT; i++)
{
kda_float3_t position = body.skeleton.joints[i]. position;
k4a_quaternion_t orientation = body.skeleton.joints[i].
orientation;
kd4abt_joint _confidence_level_t confidence_level = body.skeleton.
joints[i].confidence_level;
fprintf (outesv, ”Joint[%d]: -Position [mm] - (-%f , -%f , -%f-); -
Orientation - (-%f, -%f, -%f,-%f) ;- Confidence-Level-(%d)--\n",
i, position.v[0], position.v[1l], position.v[2], orientation.v
[0], orientation.v[l], orientation.v[2], orientation.v[3],
confidence_level);
}
fprintf (outcsv, ”"\n\n");
fclose (outesv) ;

}

Listing B.3: include/camera_extrinsics.hpp

#pragma once

#include <cstdint>
#include <vector>
#include <iostream>
#include <Eigen/Eigen>
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#include
F#include
#include
#include
#include
#include
F#include
#include
#include
#include
F#include
#include
#include
#include
F#include
#include
#include
#include
F#include
F#include
#include

<k4a/kda.hpp>

<k4arecord/playback . hpp>

<k4abt . hpp>

<pcl/ModelCoefficients.h>
<pcl/io/pcd_io.h>

<pcl/common/io .h>
<pcl/common/transforms.h>
<pcl/common/geometry .h>
<pcl/features/integral image normal.h>
<pcl/filters /passthrough.h>
<pcl/filters/extract_indices.h>
<pcl/filters /voxel_grid.h>
<pcl/filters/statistical_outlier_removal.h>
<pcl/search/octree.h>
<pcl/features/normal_3d_omp .h>
<pcl/features/principal_curvatures.h>
<pcl/registration/icp.h>
<pcl/sample_consensus/method_types.h>
<pcl/sample_consensus/model_types.h>
<pcl/segmentation/sac_segmentation .h>

<pcl/segmentation/extract_clusters.h>

#define BOXCLIP

// Customized structure

struct

{

CameraExtrinsics

Eigen :: Vector3f translation:;

Eigen :: Quaternionf rotation;

}s

struct Cameralntrinsics

{

// Sensor resolution

int32_t

Width, Height;

// Intrinsics

float cx,

float
float
float
float

fx ,
k[6];
codx ,

pl,

cy;
fy;

cody ;
p2;




B.3. THE SOUCE CODES OF POST-PROCESSING

95

b

struct CameraCalibration

{

// Intrinsics for each camera

Cameralntrinsics Color, Depth;

// Eztrinsics transform from 3D depth camera point to 3D point
relative to color camera

float RotationFromDepth [3%3];

float TranslationFromDepth [3];

}s

struct Framelnfo

{

// Accelerometer reading for eztrinsics calibration

float Accelerometer [3];

// Body including the joints, etc.

Eigen :: Matrix4f transform2master = Eigen:: Matrix4f:: Identity (4,
4);

Eigen :: Quaternionf rotation2master;

Eigen:: Vector3f pelvis;

// Color image

std :: vector<uint8_t> Colorlmage;

int ColorWidth = 0, ColorHeight = 0, ColorStride = 0;

// Depth image

std :: vector<uintl6_t> Depthlmage;

int DepthWidth = 0, DepthHeight = 0, DepthStride = 0;

// IR image

std :: vector<uintl6_t> IRImage;

int IRWidth = 0, IRHeight = 0, IRStride = 0;

// Body map image

std :: vector<uint8_t > BodyMaplmage;

int BodyMapWidth = 0, BodyMapHeight = 0, BodyMapStride = 0;

int idx_closest_body = 0;

// Point cloud data

std :: vector<intl6_t> PointCloudData;

uint32_t Cameralndex;

int FrameNumber;

std ::string filename;

uint64_t timestamp = 0;
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b
struct AlignmentTransform
{
float Transform[16];
bool Identity = true;
inline void operator=(const Eigen:: Matrix4f& src)
{

Identity = src.isldentity ();

for (int row = 0; row < 4; ++row) {

for (int col = 0; col < 4; 4++col) {

Transform [row * 4 4+ col]| = src(row, col);

}

}
}
inline void Set(Eigen:: Matrix4f& dest) const
{

if (Identity) {

dest = Eigen:: Matrix4f:: Identity () ;

} else {

for (int row = 0; row < 4; ++trow) {

for (int col = 0; col < 4; 4++col) {

dest (row, col) = Transform[row x 4 + col];

}
}
}

¥
b
class ExtrinsicsCalibration
{

public:

ExtrinsicsCalibration ()

{
¥
“ExtrinsicsCalibration ()
{
}

bool CalculateExtrinsics(

const std::vector<Framelnfox>& frames,
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std :: vector<AlignmentTransform>& extrinsics ,
std :: vector<uint64_t>& timestamps):;
private:
std :: vector<pcl:: PointCloud<pcl :: PointXYZRGBNormal >:: Ptr>
full_cloud;
bool GenerateFullCloudFromFrames (Framelnfo frame);
bool GenerateBodyCloudFromFrames(Framelnfo frame);
bool GenerateBGCloudFromFrames(Framelnfo frame);
bool DownSample(pcl:: PointCloud<pcl :: PointXYZRGBNormal >:: Ptr&

cloud , const float voxel_size, const int idx);

}s

Listing B.4: include/LaserCalib.cpp

#include <stdio.h>
#include <malloc.h>
#include <iostream>
#include " LaserCalib . hpp”
\\ #define ManualRefine
int main(int argc, char xxargv)
{
if (arge != 2)
{
printf(”Usage:-./calib_k4a-<date_yyyymmdd>\n") ;
return 1;
¥
// size_t file_count = (size_t)(arge — 2);
size_t file_count = (size_t) 4;
bool master_found = false;
kda _result_t result = K4A RESULT SUCCEEDED;
kd4a_stream_result_t stream_result = K4A STREAM_RESULT_SUCCEEDED;
int frame_rate = 30;
std::string dir_Laser_input;
dir_Laser_input = std::string(”../../../THzExp/”) + std::string(
argv[1]) + std::string(”/SquareCal/”);
// Allocate memory to store the state of N recordings.
recording_t *xfiles = reinterpret_cast<recording_t*>(malloc(sizeof
(recording_t) x file_count));
if (files == NULL)
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{

printf(” Failed-to-allocate -memory-for -playback-(%zu-bytes)\n”,
sizeof (recording_t) % file_count);

return 1;

¥

memset (files , 0, sizeof(recording_t) % file_count);

recording_t *xcal_files = reinterpret_cast<recording_t*>(malloc (
sizeof (recording_t) % 3 x file_count));

if (cal_files = NULL)

{

printf(” Failed-to-allocate -memory-for -playback-(%zu-bytes)\n”,
sizeof (recording_t) % 3 x file_count);

return 1;

¥

memset (cal _files , 0, sizeof(recording_t) % 3 * file_count);

// Open each recording file and wvalidate they were recorded in

master/subordinate mode.

// Reading the calibration files (box)

std :: vector<pcl :: PointCloud<pcl :: PointXYZRGBNormal >:: Ptr>
cal_cloud (file_count);

for (size_t id = 0; id < file_count; id++)

{

//Open calibration wvideo//

cal_files [id]. filename = "./"; // Only used to init the string
var

cal_files [id]. filename = dir_Laser_input + std::string (”SN1Cam”
) + std::to_string (id + 1) + std::string (”.mkv");

cal_files[id].playback = kda::playback::open(cal_files[id].
filename.c_str());

if (!cal_files[id].playback.is_valid())

{

printf(” Failed -to-open-file: -%s\n", cal_files[id]. filename.
costr());

break ;

}

cal_files[id].record_config = cal_files [id]. playback.
get_record_configuration () ;
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cal_files[id]. k4a_calibration = cal_files [id]. playback.
get_calibration ();
cal_files [id].camera_id = id;
cal_files [id ]. k4a_transform = kda::transformation(cal_files [id
|. kda_calibration);
cal_files [id ]. playback.set_color_conversion (
K4A IMAGE FORMAT_COLOR BGRA32) ;
if (id = 0) {cal_files[id].record_config.wired_-sync.mode =
K4A WIRED SYNC MODE MASTER; printf(”Opened-subordinate -
recording - file: -%s\n”, cal_files[id]. filename.c_str());}
else if (cal_files[id].record_config.wired_sync.mode =
K4A WIRED_SYNCMODE_SUBORDINATE) printf(”Opened-subordinate -
recording - file: %s\n”, cal_files[id]. filename.c_str());
else if (cal_files[id].record_config.wired_sync.mode =
K4A WIRED_SYNC MODE_STANDALONE) printf(”Opened-standalone -
recording - file: %s\n”, cal_files [id]. filename.c_str());
else
{
printf ("ERROR: - Failed -to-recognize-the-sync. -mode: -%s\n” ,
cal_files [id]. filename.c_str());
result = K4A RESULT FAILED;
break ;
}
// Transform depth image to cloud
std :: cout << ”Capture-for-camera:” << id << std::endl;
cal_files [id]. playback.seek_timestamp (std:: chrono:: duration<int
, std ::micro>(500000), K4A PLAYBACK SEEK DEVICE TIME) ;
if (!cal_files[id].playback.get_next_capture(&cal_files[id].
capture))
{
printf (”ERROR: - Recording- file -is -empty: -%s\n” , cal_files [id].
filename.c_str ());
}
Framelnfox frame = process_capture(&cal_files [id]);
if (frame—>timestamp — std::chrono::duration<int, std::micro
>(1000000) . count () > 500000/ frame_rate) cal_files[id].
playback.get_previous_capture(&cal_files [id]. capture);
pcl:: PointCloud<pel :: PointXYZRGBNormal >:: Ptr source_cloud (new
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pcl:: PointCloud<pecl :: PointXYZRGBNormal>) ;

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr cloud (new pcl::
PointCloud<pecl :: PointXYZRGBNormal>) ;

pcl::Indices indices;

const int count = frame-—>ColorWidth *x frame-—>ColorHeight ;

const int coord_stride = 1;

const int rep_count = 100;

source_cloud —>reserve (count);

std :: vector<int> CloudBuf(frame—>PointCloudData. size ());

std :: vector<int> IRBuf(frame—>IRImage. size () );

std :: vector<int> valid (count, 0);

std :: cout <<” Generating-Cloud-From-Frames, - count -=-"<< count <<
std :: endl;

// Averaging

for (int rep_idx = 0; rep_idx < rep_count; rep_idx++){

frame = process_capture(&cal_files[id]);

int skip_from_top = 200;

int skip_from_left = 100;

int skip_from _right = 100;

for (int i_px = skip_from_top x frame-—>ColorWidth; i_px <

count; i_px++) {

if(i.px % frame—>ColorWidth < skip_from_left || i_px % frame
—>ColorWidth > frame—>ColorWidth — skip_from_right)
continue;

int XData_cast = (int) frame-—>PointCloudData.data () [i-px*3 |;
int YData_cast = (int) frame-—>PointCloudData.data () [i-px*3 +

1]

int ZData_cast = (int) frame—>PointCloudData.data () [i_px*3 +
2];

if (ZData_cast = 0) continue;

CloudBuf[i_px*3] += XData_cast;

CloudBuf[i_px*3 + 1] += YData_cast;

CloudBuf[i_px#*3 + 2] += ZData_cast;

int IRData_cast = (int) frame—>IRImage.data()[i-px ];
IRBuf[i_px] += IRData_cast;

// wvalid[i_pz] += (int) (ZData_-cast != 0);

valid [i_px] ++;




B.3. THE SOUCE CODES OF POST-PROCESSING 101

cal_files [id ]. playback. get_next_capture(&cal_files [id]. capture
) ;

}

// Pointcloud filling for Cal square

for (int i_pt = 0; i_pt < count; i_pt 4+= coord_stride) {

if (valid[i_pt] == 0) continue;

if (CloudBuf.data()[3 * i-pt + 2] / 1000.0f / (float)valid]
ipt] < 1.0f || CloudBuf.data()[3 * i_pt + 2] / 1000.0f / (
float)valid[i_pt] > 3.0f) continue;

if (IRBuf.data()[i-pt]/valid[i-pt] < 2000) continue;

// if (id == 0|| IRBuf.data()[i_-pt]/valid[i_pt] < 2500)
continue

// BGR — RGB

pcl:: PointXYZRGBNormal point ;

point.x = CloudBuf.data()[3 % i_pt + 0] / 1000.0f / (float)
valid [i_pt |;

point.y = CloudBuf.data()[3 « i_pt + 1] / 1000.0f / (float)
valid [i_pt |;

point.z = CloudBuf.data()[3 « i_pt + 2] / 1000.0f / (float)
valid [i_pt |;

// point.r = (uint8_t)frame—>Colorimage. data ()[4 * i_pt + 2];

// point.g = (uint8_t)frame-—>ColorIimage. data ()[4 * i_pt + 1];

// point.b = (uwint8_t)frame—>ColorImage.data ()[4 * i_pt + 0];

point.r = (uint8_t)1;

point.g = (uint8_t)1;

point.b = (uint8_t)1;

point.curvature = IRBuf.data()[i_pt]/ (float)valid[i_pt];

if (std::isinf(point.x)||std::isinf(point.y)||std::isinf(point.
z)) continue;

if (point.r = 0 && point.g = 0 && point.b = 0) continue;

source_cloud-—>points.push_back(point);

}

// Full cloud for walidation

for (int i_pt = 0; i_pt < count; i_pt += coord_stride) {

if (valid[i_pt] = 0) continue;

if (CloudBuf.data()[3 = i_pt + 2] / 1000.0f / (float)valid]
i_pt] < 1.5f) continue;

// BGR —> RGB
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pcl :: PointXYZRGBNormal point ;
point.x = CloudBuf.data()[3 x i_pt + 0] / 1000.0f / (float)

valid [i_pt |;

point.y = CloudBuf.data()[3 x i_pt + 1] / 1000.0f / (float)
valid [i_pt |;

point .z = CloudBuf.data()[3 x i_pt + 2] / 1000.0f / (float)
valid [i_pt |;

) 014 » ipt + 2];
point.g = (uint8_t)frame-—>ColorImage.data ()[4 = i_pt + 1];
point.b = (uint8_t)frame—>Colorlmage.data ()[4 % i_pt + 0];
point.curvature = IRBuf.data()[i-pt]/ (float)valid[i_pt];
if(std::isinf(point.x)||std::isinf(point.y)||std::isinf(point.

point.r = (uint8_t)frame—>Colorlmage. data

)
)

z)) continue;
if (point.r = 0 && point.g — 0 && point.b = 0) continue;

cloud—>points.push_back(point);

¥

// Clustering the highly reflecting cloud to 3 groups and find
the brightest point as the result.

pcl:: PointCloud<pcl :: PointXYZRGBNormal> TempCloud;

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr StandardCloud (new
pcl:: PointCloud<pel :: PointXYZRGBNormal >) ;

StandardCloud-—>points . push_back (pcl :: PointXYZRGBNormal (0.0 f ,
0.0f, 0.0f)); // A = origin

StandardCloud—>points . push_back (pcl:: PointXYZRGBNormal (0.020f ,
0.0f, 0.0f)); // B = X-auzis

StandardCloud—>points . push_back (pcl:: PointXYZRGBNormal (0.0 f ,
0.015f, 0.0f)); // C = Y-azxis

// Creating the KdTree object for the search method of the
extraction

pcl::search :: KdTree<pcl :: PointXYZRGBNormal >:: Ptr tree (new pcl
::search :: KdTree<pecl :: PointXYZRGBNormal>) ;

tree—>setInputCloud (source_cloud);

std::vector<pcl:: PointIndices> cluster_indices;

pcl:: EuclideanClusterExtraction<pcl :: PointXYZRGBNormal> ec;

ec.setClusterTolerance (0.02); // 2cm

ec.setMinClusterSize (5);

ec.setMaxClusterSize (100);

ec.setSearchMethod (tree);
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ec.setInputCloud (source_cloud);

ec.extract (cluster_indices);

int ] = 0;

for (const auto& cluster : cluster_indices)

{

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr cloud_cluster (new
pcl:: PointCloud<pecl :: PointXYZRGBNormal>) ;

for (const auto& idx : cluster.indices) {

cloud _cluster —>push_back ((* source_cloud ) [idx]) ;

| Ve

cloud_cluster —>width = cloud_cluster-—>size ();

cloud_cluster —>height = 1;

cloud_cluster-—>is_dense = true;

std :: cout << "PointCloud-representing-the- Cluster: -7 <<
cloud_cluster —>size () << ”-data-points.” << std::endl;

std :: vector<float> brightness(cloud_cluster —>size (), 0);

for (int i_px = 0; i_px < cloud_cluster—>size(); i_px++)
brightness[i_.px] = cloud_cluster—points|[i_px].curvature;

std :: vector<float >::iterator id_.imax = std:: max_element (
brightness.begin (), brightness.end());

size_t id_max = std::distance(brightness.begin(), id_.imax);

pcl :: PointXYZRGBNormal MKpoint = cloud _cluster —>points [id_max];

float MKdistance = std ::sqrt (std::pow(MKpoint.x, 2) + std::pow(
MKpoint.y, 2) + std::pow(MKpoint.z, 2));

MKpoint.x += 0.007+ MKpoint.x / MKdistance;

MKpoint.y += 0.007+ MKpoint.y / MKdistance;

MKpoint.z += 0.007+ MKpoint.z / MKdistance;

MKpoint.r = 0;

MKpoint.g = 0;

MKpoint.b = 0;

TempCloud . push_back (MKpoint) ;

J++

¥

if(j < 3) std::cout << ”Warning!! -The-bright-clusters-are-less-
than-3!!\n-Enlarge-the-sizes-of-the-frames.”;

if(j > 3) std::cout << ”"Warning!! -The-bright-clusters -are-more-
than-4!!\n-Reduce-the-sizes-of-the-frames.”;

std :: vector<size_t> order_vertice (3, 0);
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std :: vector<float> distances (3, 0);
for (int id_.d = 0; id_.d < 3; id_d++){

if (distances[id_d] > 0.23f){order_vertice[id_-d] = 0; continue;

}else if(distances[id_-d] < 0.18f){order_vertice[id-d] = 1;
continue;

telse{order_vertice[id_.d] = 2;}

}

std :: cout << order_vertice [0] << 7-7 << distances [0] << std::
endl ;

std ::cout << order_vertice [1] << 7-7 << distances|[1] << std::
endl;

std :: cout << order_vertice [2] << 7-7 << distances [2] << std::
endl ;

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr SquareCloud (new
pcl:: PointCloud<pel :: PointXYZRGBNormal>) ;

for (int id_d = 0; id-d < 3; id_d++) if(order_vertice[id.-d] ==
0) SquareCloud-—>push_back (TempCloud. points [id-d]) ;

for (int id_.d = 0; id.d < 3; id.d++) if(order_vertice[id.d] =
1) SquareCloud—>push_back (TempCloud. points [id_-d]) ;

for (int id_.d = 0; id_.d < 3; id_.d++) if(order_vertice[id_.d] =
2) SquareCloud-—>push_back (TempCloud. points [id_d]) ;

#ifdef ManualRefine
if (id==0) {(xSquareCloud)[0].y —= 0.01;(*SquareCloud) [2].y +=

0.005;}
if (id==1) {(*SquareCloud) [1].x += 0.015;(*SquareCloud) [1].y +=
0.01;}
if (id==2) {(xSquareCloud) [0].y —= 0.005;(*SquareCloud) [1].y +=
0.01;}
#endif

SquareCloud—>points [0].r = 255;
SquareCloud-—>points [1].g = 255;
SquareCloud—>points [2].b = 255;

files [id ].laserCalCloud = SquareCloud;
cal_cloud [id] = cloud;

frame-—>Cameralndex = id;

frame—>filename = cal_files [id]. filename;
// Resource recycling;

cal_files [id]. capture.reset ();
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Eigen:: Matrix4f trans2mas_e = Eigen:: Matrix4f:: Identity () ;

pcl::registration :: TransformationEstimationDualQuaternion<pcl ::
PointXYZRGBNormal , pcl : : Point XYZRGBNormal> trans ;

trans.estimateRigidTransformation (¥ SquareCloud , x*StandardCloud ,

trans2mas_e ) ;

pcl::transformPointCloudWithNormals (x files [id |. laserCalCloud , x
files [id |.laserCalCloud , trans2mas_e);

pcl::transformPointCloudWithNormals (xsource_cloud , x
source_cloud , trans2mas_e);

pcl::transformPointCloudWithNormals (x cloud , xcloud
trans2mas_e) ;

files [id |. transform2master << Eigen:: Matrix4f(trans2mas_e);

std::string filename = 7 ../output/filteredcloud.” + std::
to_string (id) + 7 .pcd”;

pcl::io::savePCDFileBinary (filename , xsource_cloud);

filename = ”../output/SqrCalCloud.” + std::to_string(id) + ”.
ped” ;

pcl::io::savePCDFileBinary (filename , xfiles [id].laserCalCloud);

filename = 7 ../output/CalCloud_.” + std::to_string(id) + ”.pcd”;

pcl::io::savePCDFileBinary (filename , xcloud);
}
for (int id = 0; id < file_count; id++){
std::string matname2 = ” Laser_transform” + std::to_string(id) +
Totxt?
std :: ofstream fout;
fout .open(matname2, std::ios::out); // Overwrite the transform
file
fout << files [id]. transform2master << std::endl;
std :: cout <<"mat-txt-saved”’<< std::endl;
fout.close () ;

}
}

std :: cout <<” Calibration-matrix-extracted.\nMove-to-the-process-
fitting -the-Z-axis-to-upward-and-X-axis-to-LoS-roughly.”<< std
::endl;

std :: cout <<” << std::endl;

// Main process to transform the images to the point clouds./

if (result != K4A RESULTSUCCEEDED) {
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printf(”Some-error-occured-in-initiation-process!”);

return —1;

}

printf (7% 32s--%12s--%12s - -%12s\n” , ”Source- file”, "COLOR” , ”
DEPTH” , "IR”);

printf(” \n” ) ;

bool terminated = false;
double count = 0;
//Open test wvideo//
for (size_t i = 0; i < file_count; i++)
{
files [i]. filename = "./"; // Only used to init the string var
std ::string dir_test_input;
dir_test_input = std::string(”../../../THzExp/”) + std::string(
argv[1]) + std::string(”/SquareCal/”);
files [i].filename = dir_test_input + std::string(”SN1Cam”) + std
crto-string (i + 1) + std::string (”.mkv”);
files [i].playback = kda::playback::open(files[i].filename.c_str
0);
std ::cout << files [i]. filename << std::endl;
if (!files[i].playback.is_valid())
{
printf(” Failed-to-open-file:-%s\n”, files[i].filename.c_str());
break;
}
files[i].record_config = files[i].playback.
get_record_configuration () ;
files[i].k4a_calibration = files[i].playback.get_calibration ();
files[i].camera_id = i;
files[1]. kd4a_transform = kda::transformation(files[i].
kda_calibration) ;
files [i].playback.set_color_conversion (
K4A IMAGE FORMAT_COLOR.BGRA32) ;
if (i = 0) {files[i].record_config.wired_sync.mode =
K4A WIRED SYNC MODE MASTER; printf (” Opened - master-recording -
file: -%s\n”, files [i].filename.c_str());}
else if (files[i].record_config.wired_sync.mode =
K4A WIRED_SYNCMODE_SUBORDINATE) printf(”Opened-subordinate -
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recording - file: -%s\n”, files[i]. filename.c_str());
else if (files[i].record_config.wired_sync.mode =
K4A WIRED_SYNCMODE_STANDALONE) printf (”Opened-standalone -
recording - file: %s\n”, files[i].filename.c_str());
else
{
printf ("ERROR: - Failed -to-recognize-the-sync.-mode: -%s\n” , files
[i].filename.c_str());
result = K4A_RESULT_FAILED;
break ;
}
// Find the nearest frame to the assigned time stamp.
files [i].playback.seek_timestamp (std::chrono:: duration<int, std
::micro>(1000000) , K4A PLAYBACK SEEK DEVICE TIME) ;
if (!files[i].playback.get_next_capture(&files[i].capture))
{
printf ("ERROR: - Recording - file -is -empty: -%s\n”, files[i].filename
ccostr());

}

Framelnfox frame = process_capture(&files[i]);

std :: cout << frame—>timestamp << std::endl;

if (frame—>timestamp — std::chrono::duration<int, std::micro
>(1000000) . count () > 500000/ frame_rate) files[i].playback.
get_previous_capture(&files [i]. capture);

}

while (!terminated) {

count++;

ExtrinsicsCalibration extrinsicsCalib;

std :: vector<Framelnfox> frames(file_count);

std :: vector<AlignmentTransform> extrinsics (file_count);

std :: vector<uint64_t> timestamps(file_count);

kda_stream_result_t stream_result;

// Find the lowest timestamp out of each of the current captures

for (size_t i = 0; 1 < file_count; i++)

{

if (files[i].playback.get_next_capture(&files[i].capture))

{
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std :: cout << 7 Capture-for-camera:” << i << std::endl;
Framelnfox frame = process_capture(&files[i]);
printf(” Capture-time: -%ld\n” , frame->timestamp) ;
k4a_imu_sample_t imu_sample;

files [1]. playback.get_next_imu_sample(&imu_sample);
for (int j = 0; j < 3; +j) {

frame—>Accelerometer[j] = imu_sample.acc_sample.v[]];
}
frame-—>Cameralndex = 1i;
frame—>filename = files [i]. filename;

frames[i] = frame;
timestamps [i]= frame-—>timestamp;
extrinsics [i] = frame->transform2master;
files [i].capture.reset ();

}

else {
terminated = true;

break ;

}
}

std :: cout << 7" Calculating- Extrisincs” << std::endl;
if (!extrinsicsCalib.CalculateExtrinsics (frames, extrinsics,
timestamps)) {
std :: cout << "Full-registration-failed” << std::endl;
}
for (auto& frm : frames) delete frm;
break ;
}
for (size_t i = 0; i < file_count; i++)
{
if (files[i].handle != NULL)
{
k4a_playback_close(files [i]. handle);
files [i].handle = NULL;

}

}
free(files);

return result =— K4A RESULT SUCCEEDED ? 0 : 1;
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Listing B.5: include/camera_extrinsics.cpp

#include ”"camera_extrinsics.hpp”

#include <fstream>

#include <filesystem >

#include <typeinfo>

namespace fs = std:: filesystem;

bool ExtrinsicsCalibration :: GenerateFullCloudFromFrames (
Framelnfo frame)

{

const int idx = frame.Cameralndex;
if (!frame.PointCloudData.data()) {
return false;

¥

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr source_cloud (new
pcl:: PointCloud<pecl :: PointXYZRGBNormal>) ;

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr cloud (new pcl::
PointCloud<pecl :: PointXYZRGBNormal>) ;

pcl::Indices indices;

full _cloud [idx] = cloud;

const int count = frame.ColorWidth x frame.ColorHeight ;

const int coord_stride = 1;

source_cloud —>reserve (count);

// full_cloud [idz]

std :: cout <<” Generating-Cloud-From-Frames, -count-=-"<< count <<
std ::endl;

for (int i = 0; i < count; i 4= coord_stride) {

if (frame.PointCloudData.data()[3 % i + 2] = 0) continue;

// BGR —> RGB
pcl :: PointXYZRGBNormal point ;

point.x = frame.PointCloudData.data()[3 * i + 0] / 1000.0f;
point.y = frame.PointCloudData.data()[3 % i + 1] / 1000.0f;
point.z = frame.PointCloudData.data()[3 % i + 2] / 1000.0f;
point.r = (uint8_t)frame.ColorImage.data ()[4 * i + 2];
point.g = (uint8_t)frame.ColorImage.data()[4 * i + 1];
point.b = (uint8_t)frame.Colorlmage.data()[4 * i + 0];

if (point.r = 0 && point.g = 0 && point.b = 0) continue;
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source_cloud—>points.push_back(point);

}

pcl:: StatisticalOutlierRemoval<pcl :: PointXYZRGBNormal> sor ;

sor.setInputCloud (source_cloud);

sor .setMeanK (40);

sor.setStddevMulThresh (1.0);

sor. filter (xcloud);

pcl ::removeNaNFromPointCloud (* cloud , #cloud, indices):;

std :: cout <<” Generated - Cloud -From-Frames, -count -=-"<< full_cloud |
idx]—>size () << std::endl;

pcl:: NormalEstimationOMP<pcl :: PointXYZRGBNormal, pcl::
PointXYZRGBNormal> ne;

const double normal_radius = 0.05;

ne.setIlnputCloud (cloud);

// Create an empty kdtree representation , and pass it to the
normal estimation object.

// Its content will be filled inside the object, based on the
given input dataset (as no other search surface is given).
pcl::search :: Octree<pcl :: PointXYZRGBNormal >:: Ptr tree (new pcl::

search :: Octree<pcl :: PointXYZRGBNormal>(normal_radius) ) ;
ne.setSearchMethod (tree);
// Use all neighbors in a sphere of radius 3cm
ne.setRadiusSearch (normal_radius);
ne.useSensorOriginAsViewPoint () ;
ne.compute (xcloud);
std :: cout <<” Constructed -PCL-PointCloud - for -Camera-ID:-" << idx
<<std ::endl;
return true;
}
bool ExtrinsicsCalibration :: GenerateBodyCloudFromFrames (
Framelnfo frame)
{
const int idx = frame.Cameralndex;
if (!frame.PointCloudData.data()) {
return false
}
pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr source_cloud (new
pcl:: PointCloud<pecl :: PointXYZRGBNormal>) ;
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pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr cloud (new pcl::
PointCloud<pecl :: PointXYZRGBNormal>) ;

pcl:: Indices indices;

full_cloud [idx] = cloud;

const int count = frame.ColorWidth % frame.ColorHeight ;

const int coord_stride = 1;

source_cloud-—>reserve (count);

std :: cout << frame.idx_closest_body << std::endl;

for (int i = 0; i < count; i 4= coord_stride) {

if (frame.PointCloudData.data()[3 * i + 2] = 0 || frame.
BodyMaplmage.data () [i] != frame.idx_closest_body || frame.
PointCloudData.data()[3 * i + 1] > 900.0f ||frame.
PointCloudData.data()[3 * i + 1] < —1700.0f) continue;

// BGR — RGB

pcl :: PointXYZRGBNormal point ;

point.x = frame.PointCloudData.data()[3 * i + 0] / 1000.0f;
point.y = frame.PointCloudData.data()[3 % i + 1] / 1000.0f;
point.z = frame.PointCloudData.data()[3 * i + 2] / 1000.0f;
point.r = (uint8_t)frame.ColorImage.data ()[4 * i + 2];
point.g = (uint8_t)frame.Colorlmage.data()[4 * i + 1];
point.b = (uint8_t)frame.ColorImage.data()[4 * i + 0];
if (point.r = 0 && point.g = 0 && point.b = 0) continue;

source_cloud—>points.push_back(point);

}

pcl:: StatisticalOutlierRemoval<pcl :: PointXYZRGBNormal> sor ;

sor.setInputCloud (source_cloud);

sor .setMeanK (40);

sor.setStddevMulThresh (1.0);

sor. filter (xcloud);

pcl::removeNaNFromPointCloud (* cloud , xcloud, indices);

std :: cout <<” Generated -Cloud-From-Frames, -count-=-"<< full_cloud |
idx]—>size () << std::endl;

pcl:: NormalEstimationOMP<pcl :: PointXYZRGBNormal, pcl::
PointXYZRGBNormal> ne;

const double normal_radius = 0.01;

ne.setInputCloud (cloud);

// Create an empty kdtree representation, and pass it to the

normal estimation object.
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// Its content will be filled inside the object, based on the
given input dataset (as no other search surface is given).
pcl::search :: Octree<pcl :: PointXYZRGBNormal >:: Ptr tree (new pcl::
search :: Octree<pcl :: PointXYZRGBNormal>(normal_radius) ) ;

ne.setSearchMethod (tree);

// Use all neighbors in a sphere of radius 3cm

ne.setRadiusSearch (normal_radius);

ne.useSensorOriginAsViewPoint () ;

ne.compute (xcloud);

std :: cout <<” Constructed -PCL-PointCloud - for -Camera-ID:-" << idx
<<std ::endl;

// std::string filename = 7../output/fulcloud_-” + std::to_string/(
ide) + 7.ped”;

return true;

}

bool ExtrinsicsCalibration :: GenerateBGCloudFromFrames (

Framelnfo frame)

{

const int idx = frame.Cameralndex;

if (!frame.PointCloudData.data()) {

return false

}

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr source_cloud (new
pcl:: PointCloud<pecl :: PointXYZRGBNormal>) ;

pcl :: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr cloud (new pcl::
PointCloud<pcl :: PointXYZRGBNormal>) ;

pcl::Indices indices;

full _cloud [idx]| = cloud;

const int count = frame.ColorWidth % frame.ColorHeight;

const int coord_stride = 1;

source_cloud—>reserve (count);

std :: cout <<” Generating-Cloud-From-Frames, -count -=-"<< count <<
std :: endl;

for (int i = 0; i < count; i += coord_stride) {

if (frame.PointCloudData.data()[3 * i + 2] = 0 || frame.
BodyMaplmage. data () [i] != K4ABT BODYINDEX MAP BACKGROUND ||

frame . PointCloudData.data()[3 % i + 1] > 900.0f || frame.
PointCloudData.data()[3 * i + 1] < —1700.0f) continue;
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// BGR —> RGB
pcl :: PointXYZRGBNormal point ;

point.x = frame.PointCloudData.data()[3 * i + 0] / 1000.0f;
point.y = frame.PointCloudData.data()[3 % i + 1] / 1000.0f;
point.z = frame.PointCloudData.data()[3 * i + 2] / 1000.0f;
point.r = (uint8_t)frame.ColorImage.data ()[4 * i + 2];
point.g = (uint8_t)frame.Colorlmage.data()[4 * i + 1];
point.b = (uint8_t)frame.ColorImage.data()[4 * i + 0];
if (point.r = 0 && point.g = 0 && point.b = 0) continue;

source_cloud—>points.push_back(point);
}
pcl:: StatisticalOutlierRemoval<pcl :: PointXYZRGBNormal> sor ;
sor.setInputCloud (source_cloud);
sor .setMeanK (40);
sor.setStddevMulThresh (1.0);
sor. filter (xcloud);
pcl::removeNaNFromPointCloud (* cloud , xcloud, indices);
std :: cout <<” Generated -Cloud-From-Frames, -count-=-"<< full_cloud |
idx]—>size () << std::endl;
std :: cout <<” Constructed -PCL- PointCloud - for -Camera-ID: -”7 << idx
<<std ::endl;
return true;
¥
bool ExtrinsicsCalibration :: DownSample(pcl:: PointCloud<pecl ::
PointXYZRGBNormal >:: Ptr& cloud, const float voxel_size , const
int idx)

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr cloud _filtered (new
pcl:: PointCloud<pel :: PointXYZRGBNormal>) ;

pcl::Indices indices;

// Downsample the point cloud

pcl:: VoxelGrid<pcl :: PointXYZRGBNormal> sor;

sor.setInputCloud (full_cloud [idx]);

sor.setLeafSize (voxel_size, voxel_size , voxel_size);

sor. filter (xcloud_filtered);

cloud = cloud_filtered;

if (!lcloud) {

std :: cout <<”VoxelDownSample-failed”’<< std ::endl;
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return false;

}

// Estimate normals with full resolution point cloud

pcl :: NormalEstimationOMP<pcl :: PointXYZRGBNormal, pcl::
PointXYZRGBNormal> ne;

const double normal_radius = voxel_size % 5.0;

ne.setlnputCloud (cloud_filtered);

// Create an empty kdtree representation , and pass it to the
normal estimation object.

// Its content will be filled inside the object, based on the
given input dataset (as no other search surface is given).
pcl::search :: Octree<pcl :: PointXYZRGBNormal >:: Ptr tree (new pcl::

search :: Octree<pcl :: PointXYZRGBNormal>(voxel_size));

ne.setSearchMethod (tree);

// Use all neighbors in a sphere of radius 3cm
ne.setRadiusSearch (normal_radius):;
ne.useSensorOriginAsViewPoint () ;

ne.compute (xcloud);

pcl ::removeNaNFromPointCloud (* cloud , #cloud, indices):;
indices.clear () ;

pcl ::removeNaNNormalsFromPointCloud (xcloud , *cloud , indices);
return true;
}
bool ExtrinsicsCalibration :: CalculateExtrinsics (
const std::vector<Framelnfox>& frames,

std :: vector<AlignmentTransform>& output ,

std :: vector<uint64_t>& timestamps)
{
if (frames.empty()) {

std :: cout <<"No-images-provided-to-registration”’<< std ::endl;

return false

}

const int camera_count = static_cast<int>( frames.size () );
output.resize (camera_count);

full _cloud .resize (camera_count) ;

std :: vector<Eigen :: Matrix4f> current_transform (camera_count);

std :: vector<Eigen :: Matrix4f> final_transform (camera_count);

for (int camera_index = 0; camera_index < camera_count; ++
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camera_index )

GenerateFullCloudFromFrames (x( frames [ camera_index]) ) ;
std ::ifstream fin;
std::string matfile = ”Laser_transform” + std::to_string(
camera_index )+ 7. txt”;
fin .open(matfile);
Eigen :: Matrix4d temp;
for (int i =0;i <4;i++){
for (int j =0;j <4;j++){
fin >> temp(i,j);
}
}

current_transform [camera_index]=temp. cast <float >();
frames[camera_index]—>transform2master = current_transform |
camera_index |;
fin.close ();
for (int camera_index = 0; camera_index < camera_count; ++

camera_index) {

output [camera_index | = current_transform [camera_index . cast<
float >();
final transform [camera_index] = current_transform [camera_index].

cast<float >();
¥
pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr final_cloud (new pcl
:: PointCloud<pecl :: PointXYZRGBNormal>) ;
std :: cout <<”Saving-point-cloud”’<< std::endl;
for (int camera_index = 0; camera_index < camera_count; ++
camera_index)
{
pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr cloud_i(full_cloud |
camera_index|) ;
pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr cloud_out (new pcl::
PointCloud<pecl :: PointXYZRGBNormal>) ;
pcl::transformPointCloudWithNormals (xcloud_i , *cloud_out ,
frames[camera_index]—>transform2master) ;

std::string filename = ”../output/cloud.” + std::to_string(
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camera_index) + 7 .pcd”;
xfinal _cloud 4= *cloud_out;
cloud_out-—>clear () ;
}
#ifdef BOXCLIP
pcl:: PassThrough<pcl :: PointXYZRGBNormal> pass;
pass.setInputCloud (final_cloud);
pass.setFilterFieldName (7x”);
pass.setFilterLimits (—2.2f, 2.2f);
pass. filter (xfinal_cloud);
pass.setFilterFieldName (7y”);
pass.setFilterLimits (—2.2f, 2.2f);
pass. filter (xfinal_cloud);
pass.setFilterFieldName (72”);
pass.setFilterLimits (—3.0f, 1.5f);

pass. filter (xfinal_cloud);

#endif
std :: filesystem :: create_directory (”../output/finalbodycloud”);
std ::string filename = ”../output/finalbodycloud/” +std::

to_string (timestamps [0])+ 7 .ped”;
pcl::io::savePCDFileBinary (filename , xfinal_cloud);
std :: cout <<”Point-cloud-saved , -time- (usec)-was:”’<< std::
to_string (timestamps [0]) << std::endl;
std :: cout <<”

7’<<

std :: endl;
for (auto& cld : full_cloud) {
cld—>clear () ;
¥
full _cloud . clear () ;
final_cloud —clear () ;

return true;

B.3.2 Codes for generating PC-represented human bodies

Be advised that the contents are different from the files desplayed in last section though the

file names are the same. The directory tree is as follows,
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—SquareReg
| -—build
| |-—calib_k4a (Main program)

| -—CalMatriceArc (Input transformation matrices)

| |[——yyyymmdd (Token for identifing matrices for different

measurement . )
| | |——Laser_transformoO . txt
| | |-—Laser_transforml.txt
| | |[-—Laser_transform2.txt
| | |[——Laser_transform3.txt
| —include (Header files)
| |-—camera_extrinsics.hpp
| |-—LaserCalib.hpp
| -—input
| |[——yyyymmdd (Measurement date for identification)
| -—output (Storage for output point clouds)
| -—src (Source codes)
| |[-—camera_extrinsics.cpp
| |-—LaserCalib.cpp
| -——CMakelists . txt

Listing B.6: CMakelists.txt

cmake_minimum_required (VERSION 3.15)
project (calib_k4a LANGUAGES CXX)
set (CMAKE.CXX STANDARD 20)
set (CMAKE.CXX STANDARD REQUIRED ON)
set (CMAKE.CXX EXTENSIONS OFF)
find_package (k4a REQUIRED)
find_package (kd4abt REQUIRED)
find_package (k4arecord REQUIRED)
find_package (PCL 1.12 REQUIRED)
# Source
set (INCLUDE_FILES
include /camera_extrinsics.hpp
include /LaserCalib . hpp
)
set (SOURCE_FILES
${INCLUDE_FILES}
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src/camera_extrinsics.cpp

src/LaserCalib . cpp
)
set (EXENAME

laser_reg
)
include_directories (${PCLINCLUDE_DIRS})
link_directories (${PCL_.LIBRARY_DIRS})
add_definitions (${PCL_DEFINITIONS})
# Targets
add_executable (${EXENAME} ${SOURCE_FILES})
target_include_directories (${EXENAME} PUBLIC include)
target_link_libraries (${EXENAME} PUBLIC

kda # Kinect SDK

kdabt

k4arecord

${PCL_LIBRARIES}

stde++fs # filesystem

Listing B.7: include/LaserCalib.hpp

#pragma once

#include <fstream>

#include <filesystem >

#include "camera_extrinsics.hpp”

#include <k4arecord/playback.hpp>

#include <pcl/registration/
transformation_estimation_dual_quaternion .h>

// Customized structure

typedef struct

{
std :: string filename;
std::string out_dir;
k4a_playback_t handle;
k4a:: playback playback;
kd4a_record_configuration_t record_config;
k4a:: calibration k4a_calibration;

k4a:: transformation k4a_transform ;
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Eigen :: Quaternionf rotation2master;
Eigen :: Matrix4f transform2master;
kda:: capture capture;
kd4abt_body_-t body;
int idx_closest_body;
std :: vector<bool> conf_lev;
pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr laserCalCloud;
std :: vector<Eigen :: Vector3f> frame_cloud;
int camera_id;
} recording_t;
// Declearation of the functions
void print_calibration (k4a:: calibration& calibration);
uint64_t first_capture_timestamp (k4a_capture_t capture);
uint64_t capture_depth_timestamp (kda::capture capture);
Framelnfox process_capture_incbody (recording_t xfile);
Framelnfox process_capture(recording_t xfile);
pcl:: PointXYZRGBNormal Laser_coord_exract (recording_t xfile , int
reptime, std::chrono::duration<int, std::micro> laser_time , int
color);
void Copylntrinsics(const kd4a_calibration_camera_t& from,
Cameralntrinsics& to);
void print_body_information (k4abt_body_t body);
// Definition of the functions
void print_calibration (k4a:: calibration& calibration)

{

std :: cout << ”Depth-camera:” << std::endl;

auto calib = calibration.depth_camera_calibration;

std :: cout << "resolution-width:-” << calib.resolution_width
<< std ::endl;

std :: cout << "resolution-height:-"7 << calib.

resolution_height << std::endl;

b

std :: cout << "principal -point-x:-”7 << calib.intrinsics.

parameters.param.cx << std::endl;

_”

std :: cout << " principal -point-y: << calib.intrinsics.
parameters.param.cy << std ::endl;
std :: cout << "focal-length-x:-”7 << calib.intrinsics.

parameters.param.fx << std::endl;
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std :: cout << "focal-length-y:-7 << calib.intrinsics.
parameters.param.fy << std::endl;

std :: cout << "radial -distortion-coefficients:” << std::endl;

std ::cout << "kl:-” << calib.intrinsics.parameters.param.kl

<< std::endl;

std ::cout << "k2:-”7 << calib.intrinsics.parameters.param.k2
<< std::endl;
std ::cout << "k3:-”7 << calib.intrinsics.parameters.param.k3

<< std::endl;

std ::cout << "k4:-” << calib.intrinsics.parameters.param.k4
<< std::endl;
std ::cout << "kb:-” << calib.intrinsics.parameters.param.kb

<< std::endl;

std ::cout << "k6:-7 << calib.intrinsics.parameters.param.k6
<< std::endl;
std :: cout << "center-of-distortion-in-Z=1-plane,-x:-7 <<

calib.intrinsics.parameters.param.codx << std ::endl;

2

std :: cout << "center-of-distortion-in-Z=1-plane,-y: -7 <<
calib.intrinsics.parameters.param.cody << std ::endl;

std :: cout << "tangential-distortion-coefficient -x:-"7 <<
calib.intrinsics.parameters.param.pl << std::endl;

std ::cout << "tangential-distortion-coefficient-y:-"7 <<
calib.intrinsics.parameters.param.p2 << std::endl;

_»

std :: cout << "metric-radius: << calib.intrinsics.

parameters.param. metric_radius << std::endl;

std :: cout << 7 Color-camera:” << std::endl;

auto calib = calibration.color_camera_calibration;

std :: cout << "resolution-width:-” << calib.resolution_width
<< std::endl;

std :: cout << "resolution-height:-” << calib.

resolution_height << std::endl;

_”

std :: cout << "principal-point-x: << calib.intrinsics.

parameters.param.cx << std::endl;

_»

std :: cout << " principal-point-y: << calib.intrinsics.
parameters.param.cy << std::endl;

std :: cout << "focal-length-x:-"7 << calib.intrinsics.
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parameters.param. fx << std::endl;

std :: cout << "focal-length-y:-” << calib.intrinsics.
parameters.param.fy << std::endl;

std :: cout << "radial-distortion-coefficients:” << std::endl;

std ::cout << "kl:-”7 << calib.intrinsics.parameters.param.kl
<< std ::endl;

std ::cout << "k2:-”7 << calib.intrinsics.parameters.param.k2
<< std ::endl;

std ::cout << "k3:-7 << calib.intrinsics.parameters.param.k3
<< std ::endl;

std ::cout << "k4:-”7 << calib.intrinsics.parameters.param.k4
<< std ::endl;

std ::cout << "kb:-” << calib.intrinsics.parameters.param.kb
<< std ::endl;

std ::cout << "k6:-” << calib.intrinsics.parameters.param.k6
<< std ::endl;

std :: cout << "center-of-distortion-in-Z=1-plane,-x:-"7 <<
calib.intrinsics.parameters.param.codx << std::endl;

std :: cout << "center-of-distortion-in-Z=1-plane,-y: -7 <<
calib.intrinsics.parameters.param.cody << std::endl;

std ::cout << "tangential-distortion-coefficient -x:-"7 <<
calib.intrinsics.parameters.param.pl << std::endl;

std :: cout << "tangential-distortion-coefficient-y:-"7 <<
calib.intrinsics.parameters.param.p2 << std::endl;

_”

std :: cout << "metric-radius: << calib.intrinsics.

parameters.param. metric_radius << std::endl;

}

auto extrinsics = calibration.extrinsics|
K4A_ CALIBRATION.TYPE DEPTH | [ K4A_CALIBRATION_TYPE.COLOR | ;
std :: cout << "depth2color-translation:-(” << extrinsics.
translation [0] << 7,7 << extrinsics.translation[l] << 7,7
<< extrinsics.translation [2] << 7)” << std::endl;

7

std ::cout << 7"depth2color-rotation: - << extrinsics.rotation
[0] << 7" << extrinsics.rotation[l] << 7,” << extrinsics.
rotation [2] << 7 |” << std::endl;

std::cout << "o |7 << extrinsics.rotation [3] << 7,7

<< extrinsics.rotation [4] << 7,7 << extrinsics.rotation [5]
<< 7|7 << std::endl;
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std::cout << 7o |” << extrinsics.rotation[6] << 7,7
<< extrinsics.rotation [7] << 7,” << extrinsics.rotation [8]
<< 7|7 << std::endl;

}

uint64_t first_capture_timestamp (kda_capture_t capture)

{

uint64_t min_timestamp = (uint64_t)—1;
kda_image_t images[3];

images [0] = kda_capture_get_color_image (capture);
images [1] = k4a_capture_get_depth_image (capture);
images [2] = kda_capture_get_ir_image (capture);

for (int i = 0; i < 3; i++)
{
if (images|[i] != NULL)
{
uint64_t timestamp = kda_image_get_device_timestamp _usec (
images [i]) ;
if (timestamp < min_timestamp)

{

min_timestamp = timestamp;
}
k4a_image_release (images[i]) ;
images [i] = NULL;

}

return min_timestamp;

}

uint64_t capture_depth_timestamp (kda::capture capture)
{
kd4a::image image;
uint64_t timestamp = 0;
image = capture.get_depth_image () ;
if (image != NULL)
{
uint64_t timestamp = image.get_device_timestamp ().count();
image.reset () ;

}

return timestamp ;
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}

Framelnfox process_capture_incbody (recording_t xfile)

{

kd4a::image images[3];

9

Framelnfox frame = new Framelnfo();
images [0] = file —>capture.get_color_image ();
images [1] = file —>capture.get_depth_image () ;

kdabt :: tracker tracker = kdabt::tracker::create(file —>
kda_calibration) ;

if (!tracker.enqueue_capture(file —>capture))

{
// It should never hit timeout when KJA_-WAIT_INFINITE is set.
std :: cout << 7" Error!-Add-capture-to-tracker-process-queue-

timeout!” << std::endl;

}

kdabt :: frame body_frame = tracker.pop_result();

tracker .shutdown () ;

if (body_frame != nullptr)

{

uint32_t num_bodies = body_frame.get_num_bodies () ;

if (num _bodies)

{

int idx_closest_body = 0;
for (int idx_body = 0; idx_-body < num_bodies; idx_body++) {
k4abt_body-t closest_body = body_frame.get_body (
idx_closest_body);
k4abt_body_t current_body = body_frame.get_body (idx_body);
if (closest_body.skeleton.joints [0]. position.v[2] >
current_body .skeleton.joints [0]. position.v[2])
idx_closest_body = idx_body;
}
k4abt_body_-t body = body_frame.get_body (idx_closest_body);
k4abt_joint_t joint = body.skeleton.joints [3];
frame-—>neck . push_back (pcl :: PointXYZRGBNormal (( body . skeleton .
joints [3]. position.v[0]/1000.0f)
, (body.skeleton.joints [3]. position.v[1]/1000.0f)
, (body.skeleton.joints [3]. position.v[2]/1000.0f)));
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frame—>confLevel = body.skeleton.joints [K4ABT_ JOINT NECK] .
confidence_level;
images [2] = body_frame.get_body_index_map () ;
frame—>idx_closest_body = idx_closest_body;
#ifdef CHECKJOINTS
pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr cloud_joints (
new pcl::PointCloud<pecl :: PointXYZRGBNormal>) ;
for (int idx_joint = 0; idx_joint < 32; idx_joint++) {
cloud_joints-—>push_back (pcl::PointXYZRGBNormal ( ( body .
skeleton . joints [idx_joint |. position.v[0]/1000.0f)
, (body.skeleton.joints [idx_joint ]. position.v[1]/1000.0f

)

, (body.skeleton.joints[idx_joint ]. position.v[2]/1000.0 f

))) s

std ::string filename = file —>out_dir + 7 /joints/” +std
;:to_string (images [1]. get_device_timestamp () .count ()
— (int64_t) file —>record_config.
start_timestamp_offset_usec)+’Cam’+std :: to_string (
file —>camera_id) +7 .pcd”;
pcl::io::savePCDFileBinary (filename , xcloud_joints);
#endif

}
¥
// Copy depth
frame-—>DepthWidth = images[1]. get_width_pixels();
frame—>DepthHeight = images[1]. get_height_pixels();
frame—>DepthStride = images[1]. get_stride_bytes ();
const unsigned depth_size = frame-—>DepthStride * frame-—>
DepthHeight ;
frame-—>Depthlmage. resize (depth_size);
memcpy (frame—>Depthlmage . data (), reinterpret_cast<const uintl6_t
*>( images[1]. get_buffer()), depth_size % 2);
// Copy body map
if (images [2].1s_valid ()){
frame—>BodyMapWidth = images [2]. get_width_pixels () ;
frame—>BodyMapHeight = images[2]. get_height_pixels();
[2 ()

frame-—>BodyMapStride = images[2]. get_stride_bytes

I
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const unsigned bodymap_size = frame—>BodyMapStride * frame—>
BodyMapHeight ;

frame—>BodyMaplmage. resize (bodymap _size);

memcpy ( frame—>BodyMaplmage . data (), reinterpret_cast<const

uint8_tx>( images[2]. get_buffer()), bodymap_size);

}

kda::image transformed_color_image = file —>k4a_transform.
color_image_to_depth_camera(images[1l], images[0]) ;
k4a::image point_cloud_image = file —>k4a_transform.

depth_image_to_point_cloud (images[1],
K4A_CALIBRATION_TYPE DEPTH)
// Copy point cloud

const size_t cloud_buf_size = point_cloud_image. get_size () ;

?

frame—>PointCloudData.resize (cloud_buf_size x 2);

memcpy (frame—>PointCloudData.data (), reinterpret_cast<const
int16_t«>( point_cloud_image.get_buffer () ), cloud_buf_size )

// Copy color

frame—>ColorWidth = transformed_color_image.get_width_pixels();

frame—>ColorHeight = transformed_color_image.get_height_pixels ()

frame-—>ColorStride = transformed_color_image.get_stride_bytes();

const uint8_t* color_image = \
reinterpret_cast<const uint8_tx>( transformed_color_image.

get_buffer());

const size_t color_size = transformed_color_image.get_size();

frame->ColorImage . resize (color_size) ;

memcpy (frame—>ColorImage .data (), color_image, color_size);

// Copy the transformation matriz (to master camera)

frame—>transform2master = Eigen:: Matrix4f(file —>transform2master
) ;

// Resource recycle

transformed_color_image . reset () ;

point_cloud_image . reset () ;

if (images[1].1is_valid()) frame—>timestamp = images[1].
get_device_timestamp ().count() — (int64_t) file —>
record_config.start_timestamp_offset_usec;

printf (”%—32s”, file —>filename.c_str());
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}

for (int i = 0; i < 2; i++)
{
if (images|[i] != NULL)
{
images[i].reset();
images [i] = NULL;
}

else

{

printf(”--%12s”, 77 );

}

return frame:;

Framelnfox process_capture(recording_t xfile)

{

k4a::image images[2];

Framelnfox frame = new Framelnfo () ;
images [0] = file —>capture.get_color_image ();
images [1] = file —>capture.get_depth_image () ;

// Copy depth

frame-—>DepthWidth = images[1]. get_width_pixels();

frame—>DepthHeight = images[1]. get_height_pixels();

frame-—>DepthStride = images[1]. get_stride_bytes ();

const unsigned depth_size = frame->DepthStride * frame-—>
DepthHeight ;

frame-—>Depthlmage. resize (depth_size);

memcpy ( frame—>Depthlmage . data (), reinterpret_cast<const uintl6_t

*>( images[1]. get_buffer()), depth_size x 2);

k4a::image transformed_color_image = file —>k4a_transform.
color_image_to_depth_camera (images|[1], images[0]);
k4a::image point_cloud_image = file —>k4a_transform.

depth_image_to_point_cloud (images[1],
K4A CALIBRATION_TYPE DEPTH
// Copy point cloud

const size_t cloud_size = point_cloud_image.get_size ();

(
)

I

frame—>PointCloudData.reserve (cloud_size % 2);

frame—>PointCloudData.resize (cloud_size);
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memcpy (frame—>PointCloudData.data (), reinterpret_cast<const
int16_t«>(point_cloud_image.get_buffer () ), cloud_size );
// Copy color
frame-—>ColorWidth = transformed_color_image.get_width_pixels () ;
frame->ColorHeight = transformed_color_image.get_height_pixels ()
frame-—>ColorStride = transformed_color_image.get_stride_bytes();
const uint8_tx color_image = \
reinterpret_cast<const uint8 _tx>( transformed_color_image.
get_buffer());
const size_t color_size = transformed_color_image. get_size ();
frame—>Colorlmage. resize (color_size);
memcpy (frame—>ColorImage . data (), color_image, color_size);
// Copy the transformation matrixz (to master camera)
frame—>transform2master = Eigen:: Matrix4f(file —>transform2master
);
// Resource recycle
transformed_color_image.reset () ;
point_cloud_image . reset () ;
for (int i = 0; 1 < 2; i++)
{
if (images[i]| != NULL)
{
frame—>timestamp = images|[i].get_device_timestamp ().count ()
— (int64_t) file -—>record_config.
start_timestamp_offset_usec;
images[i].reset ();
images [i] = NULL;
}

else

{

pfintf(””%128”, 7777>;

}

return frame;

}

pcl :: PointXYZRGBNormal Laser_coord_exract(recording_t xfile , const

int reptime, std::chrono::duration<int, std::micro> laser_time
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, int color){

Eigen:: Vector3f LaserCenter{0, 0, 0};

int frame_rate = 30;

switch(file —>record_config.camera_fps){
case K4A FRAMES PER_SECOND.5 :

frame_rate = 5;break;

case K4A FRAMES PER SECOND_15 :
frame_rate = 15;break;

case K4A_ FRAMES_PER_SECOND_30 :
frame_rate = 30;break;

default

printf (”ERROR: - Failed -to- fine -frame-rate-setting!\n”);
ki
// Find the nearest frame to the assigned time stamp.
std :: cout << laser_time.count() << std::endl;
file —>playback . seek_timestamp (laser_time ,
K4A PLAYBACK_SEEK DEVICE_TIME) ;
if (!file-—>playback.get_next_capture(&file —>capture))
{
printf (”ERROR: - Recording - file - is ~empty: -%s\n” , file —>filename .
c_str());

}

// Transform depth image to cloud

Framelnfox frame = process_capture(file);

std :: cout << frame->timestamp << std::endl;

if (frame-—>timestamp — laser_time.count() > 500000/ frame_rate)
file —>playback.get _previous_capture(&file —>capture);

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr source_cloud (new
pcl:: PointCloud<pel :: PointXYZRGBNormal >) ;

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr cloud (new pcl::
PointCloud<pcl :: PointXYZRGBNormal>) ;

pcl:: Indices indices;

const int count = frame-—>ColorWidth % frame-—>ColorHeight ;

const int coord_stride = 1;

const int rep_count = 20;

source_cloud—>reserve (count);

std :: vector<int> CloudBuf(count x 3);

std :: vector<int> ColorBuf(count * 3);
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std :: vector<int> valid (count % 3, 0);
std :: cout <<” Generating- Laser-Cloud-From-Frames, - count =-"<<
count << std::endl;
for (int rep_idx = 0; rep_idx < reptime; rep_idx++){
frame = process_capture(file);
for (int i_px = 0; i_px < count * 3; i_px++) {
int PCData_cast = (int) frame—>PointCloudData.data () [i-px];
CloudBuf[i-px ] += PCData_cast;
valid [i_.px] += (int) (PCData_cast != 0);
if ((i,px—2) % 3 = 0 && (PCData_cast != 0)){
int RData_cast = frame->ColorImage.data ()[4 * (i_.px—2) / 3

+ 2];
int GData_cast = frame-—>ColorImage.data ()[4 * (i_.px—2) / 3
+ 1];
int BData_cast = frame-—>ColorImage.data ()[4 * (i_.px—2) / 3
+ 0];
ColorBuf[(i-px)] = RData_cast;
ColorBuf[(i-px + 1)] = GData_cast;
ColorBuf[(i-px + 2)] = BData_cast;
}
¥
file —>playback.get_next_capture(&file —>capture);
}
for (int i_pt = 0; i_pt < count; i_pt += coord_stride) {
if (valid[3 % i_pt + 2] = 0) continue;
if (CloudBuf.data()[3 % i_pt + 2] = 0) continue;

std :: vector<uint8_t> rgbPt{(uint8_t)frame—>Colorlmage.data () [4
* 1i_.pt + 2], (uint8_t)frame—>Colorlmage.data()[4 % i_pt +
1], (uint8_t)frame—>Colorlmage.data ()[4 * i_pt + 0]};

std :: vector<uint8_t >::iterator id_cmax = std::max_element (
rgbPt.begin (), rgbPt.end());
std :: vector<uint8_t >::iterator id_cmin = std:: min_element (

rgbPt.begin (), rgbPt.end());
size_t id_max = std:: distance(rgbPt.begin (), id_cmax);
if (rgbPt[0] = rgbPt[1] && rgbPt[1] = rgbPt[2]) continue;
intl6_t H= 0;
switch (id_max ) {

case 0:
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H=60 % ((intl6_t)rgbPt[1] — (intl6_t)rgbPt[2]) /(intl6_t)
((xid_cmax)—(*id_cmin)) ;
break ;
case 1:
H= 60 % ((intl6_-t)rgbPt[2] — (intl16_t)rgbPt[0]) /(intl6_t)
((xid_cmax)—(*id_cmin)) ;
break ;
case 2:
H=60 %« ((intl6_t)rgbPt[0] — (intl16_t)rgbPt[1])/(intl16_t)
((xid_cmax)—(*id_cmin)) ;
break ;

if (id.max != color) continue;
if (color = 0 && (H < —30 & H > 10)) continue; // filter the
color in interest
if (color = 1 && (H < —40 & H > 20)) continue; // filter the
color in interest
if (color = 2 & (H < —30 & H > 10)) continue; // filter the
color in interest
if ((xid_.cmax) < (char) (100)) continue; // Find the points
whose brightness (Value) > V/255, wvalid only when the
exposure of the camera was squeezed .
if ((xid_cmin) > (char) (0.5 % (xid_cmax)) ) continue; // Find
the point red enough (S > 50% => (100—S)%)
// BGR —> RGB
pcl :: PointXYZRGBNormal point ;
point.x = CloudBuf.data()[3 x i_pt + 0] / 1000.0f / (float)
valid[3 % i_pt + 0];
point .y = CloudBuf.data()[3 % i_pt + 1] / 1000.0f / (float)
Valhi[3 x i_pt + 1];
point.z = CloudBuf.data()[3 * i_pt + 2] / 1000.0f / (float)
valid [3 % i_pt + 2];
point.r = (uint8_t)frame—>Colorlmage.data ()[4 * i_pt + 2];
(uint8_t )frame—>ColorImage.data ()[4 * i_-pt + 1];
)| I
) |

point . g
4 % i_pt + 0

(
(
point.b = (uint8_t)frame—>ColorImage. data (
y)||std::isinf(point.

if (std::isinf(point.x)||std::isinf(point.
z)) continue;
if (point.r = 0 && point.g =— 0 && point.b = 0) continue;
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source_cloud—>points.push_back(point);

}

std :: cout << color << 7-Color-filtered” << std::endl;

pcl:: StatisticalOutlierRemoval<pcl::PointXYZRGBNormal> sor ;

sor.setInputCloud (source_cloud);

sor .setMeanK (40) ;

sor.setStddevMulThresh (1.0);

sor. filter (xcloud);

pcl::removeNaNFromPointCloud (* cloud , xcloud, indices);

std :: cout <<” Constructed -PCL-PointCloud - for - Laser - Marker: -7 <<
std :: endl;

pcl:: NormalEstimationOMP<pcl :: PointXYZRGBNormal, pcl::
PointXYZRGBNormal> ne;

const double normal_radius = 0.01;

ne.setInputCloud (cloud);

// Create an empty kdtree representation, and pass it to the
normal estimation object.

// Its content will be filled inside the object, based on the
given input dataset (as no other search surface is given).

pcl::search :: Octree<pcl :: PointXYZRGBNormal >:: Ptr tree (new pcl::
search :: Octree<pcl :: PointXYZRGBNormal>(normal_radius) ) ;

ne.setSearchMethod (tree);

// Use all neighbors in a sphere of radius 3cm

ne.setRadiusSearch (normal_radius);

ne.useSensorOriginAsViewPoint () ;

ne.compute (xcloud);

// Resource recycling;

file —>capture.reset () ;

for (auto pt: cloud->points){
LaserCenter (0) += pt.x;
LaserCenter (1) += pt.y;
LaserCenter (2) 4= pt.z;

}

LaserCenter = LaserCenter / (float)cloud-—>size ();

std::string filename = 7 ../output/Cfilteredcloud_” + std::
to_string (color) + "Cam” + std::to_string(file-—>camera_id) +
7 . ped”;

pcl::io::savePCDFileBinary (filename , xcloud);
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cloud->clear () ;
return pcl::PointXYZRGBNormal (LaserCenter (0), LaserCenter (1),
LaserCenter (2), (uint8_t)(255%(color = 0)), (uint8_t) (255x%(
color = 1)), (uint8_-t)(255%(color = 2)));
}
void Copylntrinsics(
const k4a_calibration_camera_t& from,

Cameralntrinsics& to)

to.Width = from.resolution_width ;
to.Height = from.resolution_height;
const k4a_calibration_intrinsic_parameters_t& params = from.

intrinsics . parameters;

to.cx = params.param.cX;
to.cy = params.param.cy;
to.fx = params.param. fx;
to.fy = params.param. fy;
to.k[0] = params.param.kl;
to.k[1] = params.param.k2;
to.k[2] = params.param.k3;
to.k[3] = params.param.k4;
to.k[4] = params.param.k5;
to.k[5] = params.param.k6;
to.codx = params.param.codx;
to.cody = params.param.cody;
to.pl = params.param.pl;

to.p2 = params.param.p2;
}
void CalibrationFromK4a (

const k4a_calibration_t& from,

CameraCalibration& to)

Copylntrinsics (from.depth_camera_calibration , to.Depth);

CopylIntrinsics (from.color_camera_calibration , to.Color);

// Extrinsics from depth to color camera

const k4a_calibration_extrinsics_tx extrinsics = &from.
extrinsics [K4A_CALIBRATION TYPE DEPTH] |
K4A_CALIBRATION_TYPE_COLOR | ;
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for (int i = 0; i < 9; ++i) {
to.RotationFromDepth[i] = extrinsics-—>rotation [i];
}
for (int i = 0; i < 3; ++i) {
to. TranslationFromDepth[i] = extrinsics —translation [i];

}
void print_body_information (k4abt_body_t body)
{
std :: cout << "Body-ID:-” << body.id << std::endl;
FILEx outcsv;
outcsv = fopen(”./body_frames.csv”, "a”);
fprintf(outcsv, "New-body\n”);
for (int i = 0; i < (int)K4ABT_JOINT_ COUNT; i++)
{
kda_float3_t position = body.skeleton.joints[i]. position;
k4da_quaternion_t orientation = body.skeleton.joints[i].
orientation
k4abt_joint_confidence_level_t confidence_level = body.
skeleton.joints[i]. confidence_level;
fprintf (outesv, ”Joint[%d]:-Position [mm] - (-%f, -%f, -%f-); -
Orientation - (-%f, -%f, -%f,-%f);-Confidence-Level -(%d) - -\n" ,
i, position.v[0], position.v[l], position.v[2], orientation.
v[0], orientation.v[l], orientation.v[2], orientation.v
[3] , confidence_level);
}
fprintf(outcsv, "\n\n");

fclose (outesv);

Listing B.8: include/camera_extrinsics.hpp

#pragma once

#include <cstdint >

#include <vector>

#include <iostream >

#include <Eigen/Eigen>

#include <k4a/k4a.hpp>

#include <k4arecord/playback.hpp>
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#include
F#include
#include
#include
#include
#include
F#include
#include
#include
#include
F#include
#include
#include
#include
#define
// #defi
/) #defi
// Custo
struct
{
FEigen :
Eigen :

}s

<k4abt . hpp>

<pcl/io/pcd_io.h>

<pcl/common/io .h>
<pcl/common/geometry .h>
<pcl/common/transforms.h>
<pcl/features/integral image_normal .h>
<pcl/filters /passthrough .h>
<pcl/filters/extract_indices.h>
<pcl/filters/voxel_grid.h>
<pcl/filters/statistical _outlier . removal.h>
<pcl/search/octree.h>
<pcl/features/normal_3d_omp.h>
<pcl/features/principal_curvatures.h>
<pcl/registration/icp.h>

BOXCLIP

ne CHECKJOINTS

ne BGGENERATE

mized structure

CameraExtrinsics

: Vector3f translation;

: Quaternionf rotation;

struct Cameralntrinsics

{

// Sensor resolution

int32._
// Int
float
float
float
float
float

}s

t Width, Height;
TINSLCS
Cy;
fx, fy;
k[6];
codx ,

pl,

cx

cody ;
p2;

struct CameraCalibration

{
// Int

Camer

rinsics for each camera

Depth ;

alntrinsics Color,
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// Extrinsics transform from 3D depth camera point to 3D point
relative to color camera
float RotationFromDepth [3%3];
float TranslationFromDepth [3];
¥
struct Framelnfo
{
// Accelerometer reading for extrinsics calibration
float Accelerometer [3];
// Body including the joints, etc.
Eigen :: Matrix4f transform2master = Eigen:: Matrix4f:: Identity (4,
4);
Eigen :: Quaternionf rotation2master;
pcl :: PointCloud<pcl :: PointXYZRGBNormal> neck;
kdabt_joint_confidence_level_t confLevel =
K4ABT_JOINT_CONFIDENCE_NONE;
// Color image
std :: vector<uint8_t> ColorImage;
int ColorWidth = 0, ColorHeight = 0, ColorStride = 0;
// Depth image
std :: vector<uintl6_t> Depthlmage;
int DepthWidth = 0, DepthHeight = 0, DepthStride = 0;
// Body map image
std :: vector<uint8_t > BodyMaplmage;
int BodyMapWidth = 0, BodyMapHeight = 0, BodyMapStride = 0;
int idx_closest_body = 0;
// Point cloud data
std :: vector<intl6_t> PointCloudData;
uint32_t Cameralndex;
int FrameNumber;
std ::string filename;
uint64_t timestamp = 0;
b
struct AlignmentTransform
{
float Transform [16];
bool Identity = true;

inline void operator=(const Eigen:: Matrix4f& src)
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Identity = src.isldentity ();
for (int row = 0; row < 4; 4++row) {
for (int col = 0; col < 4; 4+col) {
(

Transform [row * 4 4+ col] = src(row, col);

}

inline void Set(Eigen:: Matrix4f& dest) const
{
if (Identity) {
dest = Eigen:: Matrix4f:: Identity () ;
} else {
for (int row = 0; row < 4; ++trow) {
for (int col = 0; col < 4; 4++col) {
)

dest (row, col) = Transform[row % 4 + col];

b
class ExtrinsicsCalibration
{
public:
ExtrinsicsCalibration ()
{
}
“ExtrinsicsCalibration ()
{
}

bool CalculateExtrinsics (
const std::vector<Framelnfox>& frames,
std :: vector<AlignmentTransform>& extrinsics ,
std :: vector<uint64_t >& timestamps,
std::string out_dir);

private:
std :: vector<pcl :: PointCloud<pcl :: PointXYZRGBNormal >:: Ptr>
full_cloud ;
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bool GenerateFullCloudFromFrames(Framelnfo frame) ;

bool GenerateBodyCloudFromFrames(Framelnfo frame):;

bool GenerateBGCloudFromFrames(Framelnfo frame);

bool DownSample(pcl:: PointCloud<pcl :: PointXYZRGBNormal >:: Ptr&

cloud, const float voxel_size, const int idx);

Listing B.9: include/LaserCalib.cpp

#include <stdio.h>
#include <malloc.h>

#include <iostream>
#include " LaserCalib . hpp”

int main(int argc, char sxargv)

{

if (arge != 4 & arge = 1)
{
printf(” Usage:-./laser_reg -<exp-date-yyyymmdd>-<scenario -name>
-<serialnumber>\n");
return 1;
¥
size_t file_count = (size_t) 4;
// Allocate memory to store the state of N recordings.
recording_t *xfiles = reinterpret_cast<recording_t*>(malloc(
sizeof (recording_t) % file_count));
if (files = NULL)
{
printf(” Failed -to-allocate -memory- for -playback - (%zu-bytes)\n” ,
sizeof (recording_t) x file_count);
return 1;
¥
memset (files , 0, sizeof(recording_t) % file_count);
std :: cout <<” Transforming-the-images-to-the-point-cloud-based-on
-stored-extrinsic-at-\”build\” -folder.”<< std::endl;
std :: cout <<”

<< std ::endl;
// Main process to transform the images to the point clouds./

bool master_found = false;
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kda_result_t result = K4A RESULT SUCCEEDED;

kda_stream _result_t stream_result = K4A STREAM RESULT SUCCEEDED;

int frame_rate = 30;

if (result != K4A RESULT SUCCEEDED) {
printf(”Some-error-occured-in-initiation-process!”);

return —1;

}
std ::string out_dir = 7.7,
out_dir = 7 ../output/” + std::string(argv[2]) + 7/” 4+ std::

string (argv[3]) ;
std:: filesystem :: create_directories (out_dir+” /necks/”);
#ifdef CHECKJOINTS

std:: filesystem :: create_directories (out_dir+”/joints/”);

#endif

std::string dir_Laser_input;

// dir_Laser_input = std::string(”../input/”) + std::string(argv
[1]) + std::string(”/”) + std::string(argv[2]) + std::string
/")

dir_Laser_input = std::string(”../../../THzExp/”) + std::string(
argv[1]) + std::string(”/”) + std::string(argv[2]) + std::
string (7/7);

bool terminated = false;

double count = 0;

//Open the wvideo.//

for (size_t i = 0; i < file_count; i++)

{
files [i]. filename = "./”7; // For init the string var
files [i].filename = dir_Laser_input + std::string(”SN”) + std

::string (argv [3]) + std::string (”"Cam”) + std::to_string (i +
1) 4+ std::string (” .mkv”);
files[i].out_dir = out_dir;

files [1]. playback = kd4a::playback::open(files[i]. filename.

cstr());
if (!files[i].playback.is_valid())
{
printf(” Failed -to-open- file:-%s\n”, files[i].filename.c_str
)

break;
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}

files [i].record_config = files[i].playback.
get_record_configuration () ;

files[i].kd4a_calibration = files[i].playback.get_calibration ()

files [i].camera_id = i;

files [i].k4a_transform = kda::transformation(files[i].
kd4a_calibration);

files [1]. playback.set_color_conversion (
K4A IMAGE FORMAT_COLOR BGRA32) ;

if (i = 0) {files[i].record_config.wired_sync.mode =
K4A WIRED SYNCMODE MASTER; printf(”Opened-master-recording
-file: -%s\n”, files[i].filename.c_str());}

else if (files[i].record_config.wired_sync.mode =
K4A WIRED_SYNC_ MODE_SUBORDINATE) printf(”Opened-subordinate
-recording - file: -%s\n”, files[i].filename.c_str());

else if (files[i].record_config.wired_sync.mode =—
K4A WIRED_SYNC MODE STANDALONE) printf (”Opened-standalone -
recording - file: -%s\n”, files[i].filename.c_str());

Y

else
{
printf ("ERROR: - Failed -to-recognize -the-sync. -mode: -%s\n” ,
files [1]. filename.c_str());
result = K4A RESULT FAILED;
break ;
}
// Find the nearest frame to the assigned time stamp.
files [i].playback.seek_timestamp (std::chrono:: duration<int
std :: micro>(1000000), K4A PLAYBACK SEEK DEVICE.TIME) ;
if (!files[i].playback.get_next_capture(&files|[i].capture))
{
printf (”ERROR: - Recording- file -is ~empty: -%s\n” , files [i].
filename.c_str());

I

}

Framelnfox frame = process_capture(&files[i]);
if (frame—>timestamp — std::chrono::duration<int, std::micro
>(600000) .count () > 500000/ frame_rate) files[i].playback.

get_previous_capture(&files [i]. capture);




140 APPENDIX B. POST-PROCESSING OF THE HUMAN MOTION

}

printf (”"%—58s-%12s\n” , " Source- file”, "TIME");
printf (” \n” ) ;
while (true) {

count++;

ExtrinsicsCalibration extrinsicsCalib;
std :: vector<Framelnfox> frames(file_count);
std :: vector<AlignmentTransform> extrinsics (file_count);
std :: vector<uint64_t> timestamps(file_count);
kda_stream_result_t stream_result;
// Find the lowest timestamp out of each of the current
captures.
for (size_-t i = 0; 1 < file_count; i++)
{
if (files[i].playback.get_next_capture(&files[i].capture))
{
Framelnfox frame = process_capture_incbody(&files[i]);
kda_imu_sample_t imu_sample;
printf (7% 32s-%121d -usec\n” , frame->filename.c_str (),
frame—>timestamp) ;
files [i].playback.get_next_imu_sample(&imu_sample);
for (int j = 0; j < 3; ++j) {

frame—>Accelerometer[j]| = imu_sample.acc_sample.v][j];
}
frame-—>Cameralndex = 1i;
frame—>filename = files[i]. filename;
frames [i] = frame;

timestamps [i]= frame—>timestamp;

extrinsics [i] = frame—>transform2master;

files [i].capture.reset () ;

if (frames|[i]-—>DepthHeight % frames[i]->DepthWidth — 0){

terminated = true;
break;
¥
¥
else {
terminated = true;

break ;
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}
}

if (terminated) break;

std :: cout << 7 Calculating - Extrisincs” << std::endl;

if (!extrinsicsCalib.CalculateExtrinsics (frames, extrinsics,
timestamps, out_dir)) {

std :: cout << "Full-registration-failed” << std::endl;

}

for (auto& frm : frames) delete frm;
}
std :: cout << count << ”-frames-transformed.\nDone\n”;
for (size_-t i = 0; 1 < file_count; i++)
{
if (files[i].handle != NULL)
{

kda_playback_close(files [i].handle);
files [i].handle = NULL;

}
free(files);

return result = K4A RESULT SUCCEEDED 7 0 : 1;

Listing B.10: include/camera_extrinsics.cpp

#include " camera_extrinsics.hpp”
#include <fstream>

#include <filesystem >

#include <typeinfo>

namespace fs = std:: filesystem;

bool ExtrinsicsCalibration :: GenerateFullCloudFromFrames (

Framelnfo frame)

const int idx = frame.Cameralndex;
if (!frame.PointCloudData.data()) {
return false;

}

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr source_cloud (new
pcl:: PointCloud<pecl :: PointXYZRGBNormal>) ;
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pcl ::

pcl ::

ful

PointCloud<pcl :: PointXYZRGBNormal >:: Ptr cloud (new pcl::
PointCloud<pecl :: PointXYZRGBNormal>) ;

Indices indices;

l_cloud [idx] = cloud;

const int count = frame.ColorWidth % frame.ColorHeight;

const int coord_stride = 1;

source_cloud-—>reserve (count);

for

i

(int i = 0; i < count; i += coord_stride) {
f (frame.PointCloudData.data()[3 * i + 2] = 0) continue;

// BGR —> RGB
pcl :: PointXYZRGBNormal point ;

point.x = frame.PointCloudData.data()[3 * i + 0] / 1000.0f;
point.y = frame.PointCloudData.data()[3 % i + 1] / 1000.0f;
point.z = frame.PointCloudData.data()[3 * i + 2] / 1000.0f;
point.r = (uint8_t)frame.Colorlmage.data()[4 * i + 2];
point.g = (uint8_t)frame.Colorlmage.data()[4 * i + 1];
point.b = (uint8_t)frame.ColorImage.data()[4 * i + 0];

source_cloud-—>points.push_back(point);

}

pcl ::

SOor .

SOr

SOor

sor .
pcl:
pel ::

StatisticalOutlierRemoval <pcl ::PointXYZRGBNormal> sor ;
setInputCloud (source_cloud);

.setMeanK (40) ;

.setStddevMulThresh (1.0);

filter (xcloud);

:removeNaNFromPointCloud (* cloud , *cloud, indices);
NormalEstimationOMP<pecl :: Point XYZRGBNormal, pcl::
PointXYZRGBNormal> ne;

const double normal_radius = 0.01;

ne.

//
//

pcl ::

ne.

//

ne.

setInputCloud (cloud);

Create an empty kdtree representation , and pass it to the
normal estimation object.

Its content will be filled inside the object, based on the
given input dataset (as no other search surface is given).
search :: Octree<pcl :: PointXYZRGBNormal >:: Ptr tree (new pcl::
search :: Octree<pcl :: PointXYZRGBNormal>(normal _radius) ) ;
setSearchMethod (tree);

Use all neighbors in a sphere of radius S3cm

setRadiusSearch (normal_radius);
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ne.useSensorOriginAsViewPoint () ;
ne.compute (xcloud);
return true;
¥
bool ExtrinsicsCalibration :: GenerateBodyCloudFromFrames (

Framelnfo frame)

const int idx = frame.Cameralndex;
if (!frame.PointCloudData.data()) {
return false;
}
pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr source_cloud (new
pcl:: PointCloud<pecl :: PointXYZRGBNormal>) ;
pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr cloud (new pcl::
PointCloud<pcl :: PointXYZRGBNormal>) ;
pcl::Indices indices;
full _cloud [idx] = cloud;
const int count = frame.ColorWidth * frame.ColorHeight ;
const int coord_stride = 1;
source_cloud-—>reserve (count ) ;
for (int i = 0; i < count; i 4= coord_stride) {
if (frame.PointCloudData.data()[3 * i + 2] = 0 || frame.
BodyMaplmage.data () [i] = (u_char) 255) continue;
// BGR — RGB
pcl:: PointXYZRGBNormal point ;

point.x = frame.PointCloudData.data()[3 * i + 0] / 1000.0f;
point.y = frame.PointCloudData.data()[3 = i + 1] / 1000.0f;
point.z = frame.PointCloudData.data()[3 = i + 2] / 1000.0f;
point.r = (uint8_t)frame.ColorImage.data()[4 % i + 2];
point.g = (uint8_t)frame.ColorImage.data()[4 % i + 1];
point.b = (uint8_t)frame. Colorlmage.data()[4 % i + 0];

if (point.r = 0 && point.g = 0 && point.b = 0) continue;
source_cloud—>points.push_back(point);
}
pcl:: StatisticalOutlierRemoval <pcl :: PointXYZRGBNormal> sor ;
sor.setInputCloud (source_cloud);
sor .setMeanK (40) ;
sor.setStddevMulThresh (1.0);
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}

sor. filter (xcloud);

pcl::removeNaNFromPointCloud (* cloud , xcloud, indices);

pcl:: NormalEstimationOMP<pcl :: PointXYZRGBNormal, pcl ::
PointXYZRGBNormal> ne;

const double normal_radius = 0.01;

ne.setInputCloud (cloud);

// Create an empty kdtree representation, and pass it to the
normal estimation object.

// Its content will be filled inside the object, based on the
given input dataset (as no other search surface is given).

pcl::search:: Octree<pcl :: PointXYZRGBNormal >:: Ptr tree (new pcl::
search :: Octree<pcl :: PointXYZRGBNormal>(normal_radius) ) ;

ne.setSearchMethod (tree);

// Use all neighbors in a sphere of radius 3Scm

ne.setRadiusSearch (normal_radius);

ne.useSensorOriginAsViewPoint () ;

ne.compute (xcloud);

return true;

bool ExtrinsicsCalibration :: GenerateBGCloudFromFrames (

{

Framelnfo frame)

const int idx = frame.Cameralndex;

if (!frame.PointCloudData.data()) {
return false;

ki

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr source_cloud (new
pcl:: PointCloud<pecl :: PointXYZRGBNormal>) ;

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr cloud (new pcl::
PointCloud<pcl :: PointXYZRGBNormal>) ;

pcl:: Indices indices;

full_cloud [idx] = cloud;

const int count = frame.ColorWidth % frame.ColorHeight

const int coord_stride = 1;

source_cloud—>reserve (count);

for (int i = 0; i < count; i += coord_stride) {
if (frame.PointCloudData.data()[3 * i + 2] = 0 || frame.

BodyMaplImage. data () [i] != K4ABTBODY_.INDEX MAP BACKGROUND
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|| frame.PointCloudData.data()[3 % i + 1] > 900.0f || frame.
PointCloudData.data()[3 * i + 1] < —1700.0f) continue;

// BGR —> RGB

pcl :: PointXYZRGBNormal point ;

point.x = frame.PointCloudData.data()[3 * i + 0] / 1000.0f;
point.y = frame.PointCloudData.data()[3 = i + 1] / 1000.0f;
point .z = frame.PointCloudData.data()[3 * i + 2] / 1000.0f;
point.r = (uint8_t)frame.ColorImage.data ()[4 % i + 2];
point.g = (uint8_t)frame.ColorImage.data()[4 % i + 1];
point.b = (uint8_t)frame. Colorlmage.data()[4 % i + 0];

if (point.r = 0 && point.g = 0 && point.b = 0) continue;
source_cloud-—>points.push_back(point);
}
pcl:: StatisticalOutlierRemoval<pcl::PointXYZRGBNormal> sor ;
sor.setInputCloud (source_cloud);
sor.setMeanK (40) ;
sor.setStddevMulThresh (1.0);
sor. filter (xcloud);
pcl ::removeNaNFromPointCloud (* cloud , *cloud, indices);
return true;
}
bool ExtrinsicsCalibration :: DownSample(pcl:: PointCloud<pcl ::
PointXYZRGBNormal >:: Ptr& cloud , const float voxel_size , const
int idx)

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr cloud_filtered (new
pcl:: PointCloud<pecl :: PointXYZRGBNormal>) ;

pcl::Indices indices;

// Downsample the point cloud

pcl:: VoxelGrid<pcl :: PointXYZRGBNormal> sor ;

sor.setInputCloud (full_cloud [idx]) ;

sor.setLeafSize (voxel_size, voxel_size ,voxel_size);

sor. filter (xcloud_filtered);

cloud = cloud_filtered ;

if (!cloud) {
std :: cout <<”VoxelDownSample-failed”’<< std ::endl;
return false;
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// Estimate normals with full resolution point cloud

pcl:: NormalEstimationOMP<pcl :: PointXYZRGBNormal, pcl ::
PointXYZRGBNormal> ne;

const double normal_radius = voxel_size * 5.0;

ne.setInputCloud (cloud_filtered);

// Create an empty kdtree representation, and pass it to the
normal estimation object.

// Its content will be filled inside the object, based on the
given input dataset (as no other search surface is given).
pcl::search :: Octree<pcl ::PointXYZRGBNormal>::Ptr tree (new pcl::

search :: Octree<pcl :: PointXYZRGBNormal>(voxel_size));
ne.setSearchMethod (tree);
// Use all mneighbors in a sphere of radius 3Scm
ne.setRadiusSearch (normal_radius):;
ne.useSensorOriginAsViewPoint () ;
ne.compute (xcloud);
pcl::removeNaNFromPointCloud (¥ cloud , xcloud, indices);
indices.clear () ;
pcl::removeNaNNormalsFromPointCloud (* cloud , #cloud, indices);
return true;
}
bool ExtrinsicsCalibration :: CalculateExtrinsics (
const std::vector<Framelnfox>& frames,
std :: vector<AlignmentTransform>& output ,
std :: vector<uint64_t>& timestamps,
std::string out_dir)

if (frames.empty()) {
std :: cout <<”No-images-provided-to-registration”’<< std::endl;
return false;
}
const int camera_count = static_cast<int>( frames.size() );
output.resize (camera_count);
full_cloud .resize (camera_count) ;
std :: vector<Eigen :: Matrix4f> current_transform (camera_count) ;
std :: vector<Eigen :: Matrix4f> final_transform (camera_count);
for (int camera_index = 0; camera_index < camera_count; ++

camera_index)
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{
#ifdef BGGENERATE

GenerateFullCloudFromFrames (x( frames [camera_index]) ) ;
#else
if (frames|camera_index]—>BodyMapHeight * frames|camera_index

|—>BodyMapWidth != 0) {

GenerateBodyCloudFromFrames (*( frames [ camera_index]) ) ;
}else(

GenerateFullCloudFromFrames (x( frames [camera_index]) ) ;
}
#endif
std::string matfile = 7./ Laser_transform” + std::to_string(

camera_index )+ 7. txt”;

std ::ifstream fin (matfile);
Eigen :: Matrix4f temp;
for (int i =0;i<4;i++){

for (int j =0;j<4;j++){

fin >> temp(i,j);

}

}

current_transform [camera_index] << temp.cast<float >();
frames [camera_index]—>transform2master << current_transform |
camera_index |. cast <float >();

fin.close () ;

}

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr final_cloud (new pcl
:: PointCloud<pecl :: PointXYZRGBNormal>) ;

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr neck_cloud (new pcl
:: PointCloud<pcl :: PointXYZRGBNormal>) ;

Eigen:: Vector3f neck_est{0, 0, 0};

int count_valNecks = 0;
// Save to PLY and JSON after Normal ICP
for (int camera_index = 0; camera.index < camera_count; ++

camera_index )

pcl:: PointCloud<pecl :: PointXYZRGBNormal >:: Ptr cloud_i(
full _cloud [camera_index]) ;
pcl::transformPointCloudWithNormals (xcloud_i , *xcloud_i, frames
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[camera_index|—>transform2master) ;

pcl:: transformPointCloudWithNormals (frames [ camera_index]—>neck
, frames[camera_index|—>neck, frames]|[camera_index]—>
transform2master ) ;

if (frames|[camera_index]—>confLevel =

K4ABT_JOINT_CONFIDENCE MEDIUM)

count_valNecks++;
Eigen:: Vector3f cur_neck{frames|[camera_index]—>neck [0].x,
frames [ camera_index]—>neck [0].y, frames|[camera_index|—>
neck [0].z};
frames [ camera_index]—>neck. clear () ;
neck_est 4= cur_neck;
}
#ifdef CHECKJOINTS
pcl:: PointCloud<pel :: PointXYZRGBNormal >:: Ptr cloud_joints (
new pcl:: PointCloud<pecl :: PointXYZRGBNormal>);
std::string filename = out_dir + 7 /joints/” +std::to_string
(timestamps [camera_index | )+"Cam”"+std :: to_string (
camera_index) +”.pcd”;
if (pcl::io::loadPCDFile(filename, xcloud_joints)==0)
{
pcl ::transformPointCloudWithNormals (x cloud_joints , x
cloud_joints , frames|[camera_index|—>transform2master);
pcl::io::savePCDFileBinary (filename , xcloud_joints);
¥
#endif
xfinal_cloud 4= xcloud_i;
cloud_-i—>clear () ;
¥
#ifdef BOXCLIP
pcl:: PassThrough<pcl :: PointXYZRGBNormal> pass;
pass.setInputCloud (final_cloud);
pass.setFilterFieldName (7x”);
pass.setFilterLimits (—1.0f, 1.0f);
pass. filter (xfinal_cloud);
pass.setFilterFieldName (7y”);
pass.setFilterLimits (—1.0f, 1.0f);
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pass. filter (xfinal_cloud);
pass.setFilterFieldName (72”);
pass.setFilterLimits (—1.3f, 0.9f);

pass. filter (xfinal_cloud);

#endif
std ::string filename = out_dir + 7/” +std::to_string (timestamps
[0])+ 7 .pcd”;
std :: cout <<” Generated-Cloud , -count -=-"<< final_cloud —>size () <<
std :: endl;

std :: cout <<”Saving-point-cloud”’<< std ::endl;
std :: cout <<filename<< std::endl;
pcl::io::savePCDFileBinary (filename , xfinal_cloud);
if (count_valNecks) {
neck_est/=float (count_valNecks) ;
std :: cout <<count_valNecks << std::endl << neck_est << std::
endl ;
neck_cloud-—>push_back (pcl :: PointXYZRGBNormal (neck_est [0] ,
neck_est [1], neck_est[2]));
filename = out_dir + ”/necks/” +std::to_string(timestamps/[0])
+ 7 .pcd”;
pcl::io::savePCDFileBinary (filename , sxneck_cloud);
}
for (auto& cld : full_cloud) {
cld—>clear () ;

}

neck_cloud-—>clear () ;
full _cloud . clear () ;
final_cloud —>clear () ;

return true;
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