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Introduction: Direction-of-Arrival in the Field of Acoustics
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O is a x-subarray DOA,
@ is a z-subarray DOA.

Usages of acoustic Direction-of-Arrival (DOA) estimation
» Speech enhancement, source separation, human computer interaction
» Other applications; surveillance, automatic camera management
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Introduction: Preliminary Assessment

» Discussion: The existing framework of acoustic DOA estimation

Acoustic DOA Estimation
DOA Estimation for Wireless Communication Level of Robustness
BN [ [ A
Wideband Method Classic & Simplest
Narrowband Method
— —

High Efficiency

» Problem: Lack of high efficient techniques and suitable theory
when it comes to the acoustic DOA estimation
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. Preliminary Assessment

» Discussion: The existing framework of acoustic DOA estimation

Acoustic DOA Estimation
DOA Estimation for Wireless Communication Level of Robustness
BN [ [ A
Wideband Method Classic & Simplest
Narrowband Method

Extension of
framework,
theory, techniques

» Solution: Propose a new theory to extend the existing framework
form wireless communication field to acoustic signal processing
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Introduction: Research Objective and Contribution

» To propose an alternative theory for acoustic DOA estimation;
this theory enables some useful techniques in wireless communication
field to implement an acoustic DOA estimation for reducing a
computational complexity and facilitating the estimation algorithm.

Q
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Presentation Outline

® Research #1: Acoustic DOA Estimation by using Theory of Orthogonal
Procrustes Analysis
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Research #1: System Overviews
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Research #1: Microphone Structure

Cramer-Rao bound (CRB)

Microphone A/{ e

Structure Figure CRB U
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d = 2SNR (2%")2, CRB represents
the lowest error bound of DOA.

Cross Array
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Research #1: Microphone Structure

Cramer-Rao bound (CRB)

Microphone -~
Structure Figure CRB U
Octagon Array 57 >
(Circle Array) et SR
L-Shaped Array 60 x|
Cross Array 'L—"I""" 963
oM » Octagon CRB has only 5%
Triangle Array ]§\ 108 smaller than L-Shaped CRB.
ot M3 » DOA for L-Shaped array is
5 = 2SNR (2%1)2' CRB represents widely proposed recently.
the lowest error bound of DOA. (more DOA technique)

“ Y. Hua et al., “L-shaped for estimating 2D DOA," IEEE, 1991.
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Research #1: General Model via Cross-Correlation

Signal Model at X-axis : Signal Model at Z-axis :
z(t,f) Al f) st f) z(t,f) A-(0,f) s(t,f)
I .
I ||
signals received by the microphone array signals received by the microphone array
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Research #1: General Model via Cross-Correlation

Signal Model at X-axis : Signal Model at Z-axis :
xz(t,f) Az (o, f) s(t,f) z(t,f) A-(0,f) s(t,f)
I ||

signals received by the microphone array signals received by the microphone array

General MOdeI for Egtlmatlng DOA : source's variance each frequency

x(t,[f)z ) AZ(6.f)

X
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Research #1: Well-known Direction-of-Arrival Methods

General Model fOr Es'tlmatlng DOA : source's variance each frequency
x(t,f) z

t, AZ(0,[)
><_

7
sz{ff) S{ff}

Slngular Value Decomposmon & Estimating Left (and Right) Matrices

Well-known methods for estimating subarray angles:
» Multiple Signal Classification (MUSIC) [R.Schmidt, 1986]
» Estimation of Signal Parameters via Rotational Invariance Techniques
(ESPRIT) [R.Roy et al., 1989]
» 2-dimensional MUSIC [M.G.Porozantzidou et al., 2010]
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Research #1: Well-known Direction-of-Arrival Methods

General Model fOr Es'tlmatlng DOA : source's variance each frequency

z(t,f) z t, AZ(0,[)

X

Slngular Value Decomposmon & Estimating Left (and Right) Matrices

Well-known methods for estimating subarray angles:
» Multiple Signal Classification (MUSIC) [R.Schmidt, 1986]
» Estimation of Signal Parameters via Rotational Invariance Techniques
(ESPRIT) [R.Roy et al., 1989]
» 2-dimensional MUSIC [M.G.Porozantzidou et al., 2010]

» These methods hold great promise in high efficient DOA method
» It is impossible to directly apply in human voice (multiple frequency)
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Research #1: Angle Matrices on Wide Frequency Range

At frequency fl :

H
( A2 (0, £) Share identical angles

for all frequency bins

l | o Wy
Ra-5) Sy Aw(¢7 f;) * Aw(¢? fé)

At frequency f :

( st f AL, 1) Share identical angles
for all frequency bins
v v

Ruw) Sy Az (9 , f;) * Az (0 , f;)

» Sources always have various frequency ranges; music, human voice
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At frequency fl :

H
A2 (0, £) Share identical angles
for all frequency bins

l | o Wy
Ra-5) Sy Aw(¢7 f;) * Aw(¢? fé)

At frequency f :

st f AL, 1) Share identical angles
for all frequency bins
v v
Ruw) Sy Az (9 , f;) * Az (0 , f;)

» Sources always have various frequency ranges; music, human voice

» The left & right matrices are differences for all frequency bins

» However, they share same angles for all frequency bins
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Research #1: Problem of Multiple Subspace

Subspace At frequency f1 : Subspace At frequency fz: Subspace Intersection :

intersect
Signal Subspace
(Possible DOAs)

Signal Subspace
(Possible DOAs)

Intersection Area = True DOAs

.’?l

Geometric portrayal of 3 sensor case at Geometric portrayal of 3 sensor case at Geometric portrayal of 3 sensor case
1 portray: 2

» Signal subspace area represent the possibility of true DOAs
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Research #1: Problem of Multiple Subspace

Subspace At frequency f1 : Subspace At frequency fz: Subspace Intersection :

intersect
Signal Subspace
(Possible DOAs)

Signal Subspace
(Possible DOAs)

Intersection Area = True DOAs

.’?l

Geometric portrayal of 3 sensor case at f2 Geometric portrayal of 3 sensor case

Geometric portrayal of 3 sensor case at f1

» Signal subspace area represent the possibility of true DOAs
» DOAs can be determined by intersecting the area between f; and £
» When there is no intersection area, it is impossible to detect DOAs

Public Defense August 22, 2019
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Research #1: Problem of Multiple Subspace

Subspace At frequency f1 : Subspace At frequency fz: Subspace Intersection :

intersect

Signal Subspace
(Possible DOAs)

Signal Subspace
(Possible DOAs)

Intersection Area = True DOAs

.’,‘l

Geometric portrayal of 3 sensor case at f1 Geometric portrayal of 3 sensor case at f2 Geometric portrayal of 3 sensor case

» Signal subspace area represent the possibility of true DOAs
» DOAs can be determined by intersecting the area between f; and £
» When there is no intersection area, it is impossible to detect DOAs

» Employing conventional DOA estimation in each frequency bins
cannot obtain this intersection area
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Research #1: Problem of Multiple Subspace

Subspace Intersection : Subspace Transformation (all frequency bins) :

Arrows represent signal subspace vector
(obtained by conventional DOA method in each frequency bins)
1

Geometric portrayal of 3 sensor case Geometric portrayal of 3 sensor case

» Problem: How to get the center of intersection area (or signal
subspace vector at f,) without employing the intersection area?
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Research #1: Problem of Multiple Subspace

Subspace Intersection : Subspace Transformation (all frequency bins) :

Arrows represent signal subspace vector
(obtained by conventional DOA method in each frequency bins)
1

Geometric portrayal of 3 sensor case Geometric portrayal of 3 sensor case

» Problem: How to get the center of intersection area (or signal
subspace vector at f,) without employing the intersection area?

» Solution: Subspace transformation for all frequency bins
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Research #1: Subspace Transformation Process
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Research #1: Subspace Transformation Process
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> A (D, fo) = Ty Ax (9, f), A (0,f)=T,nA-(0,f), Vf.

Optimization Problem for Estimating T.r, T .15 (impracticable!)

mi_pimize HAX (¢, f6) — Ty Ax (9, f)”i ,
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minimize HAZ 0,1) — Tz{f}Az (0, f)Hi o
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Research #1: Possible Solution for Estimating T s}

New Model for Estlmatlng TU,

w( "t 0 AZ(0. 1)
I
zz{ff} S{ffo}
z(t, (¢ ,Jf, A: (9. )
I Rozissy . I Stes) ﬁ
» Matrices above are valid iff x (t,f),z(t,f) are not a stationary signal
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Research #1: Possible Solution for Estimating T s}

New Model for Esllmatmg Tm

z( (t,f) s, 0 AL (0, f)
-~
Ra:z{fj;) S{ffo
z(t, (t,f ”t,o Al(p, f)
I———-ﬂ
I Mﬂ{ff} E I S{ff} !.____.
» Matrices above are valid iff x (t,f),z (t, f) are not a stationary signal

Practical Optimization Problem for Estimating T (s}

2
minimize ||Ruz(r, £} — Tty Rocr) ||
x{f}
2
m'”':“}'ze [Rxxif} — Tt Rttt I
f
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Research #1: Solution for Estimating T sy, T ,¢f)

Given a temporal frequency f, the solution matrices are defined as:
U1y = Rutr ) R iy or Wi} = Ructr i} Risct ot}
U(r) = Roir.t) Rt iy Poiry = Reor i} Rizitnny)-
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Research #1: Solution for Estimating T, T i
Given a temporal frequency f, the solution matrices are defined as:

H H
Yy = Refr ey Rcinny or iy = Rofr t) Rt iy
U(r) = Roir.t) Rt iy Poiry = Reor i} Rizitnny)-

Theorem: Orthogonal Procrustes Analysis

The one possible solution of the optimization problems are given as:

H
T = Vn Uiy

H
T = Van Uz

where W, 1, W,(f are factorized via Singular-Value Decomposition;

H H
iy = Uit 2ty Vigry T Uy 2 it Vi iy

H H
Pty = Uniny 2oy Vain + Undny 2oy Vaiey-

v
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earch #1: Solution for Estimating T sy, T ,¢f)

Ry 1y
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The above components can be referred to as singular values
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Research #1: New Framework for Estimating DOA

Si5. 1)
Sig.1

Az (9, 1)
Sis.£)

AL(6. f)

» Employ SVD in each frequency bins
» Transform all f into 7, space

» R, is now able to perform SVD; it is
compatible with recent subspace methods.

21 /49
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Research #1: New Framework for Estimating DOA

DOA Estimation Steps:

1. Obtain Tyys), Toiny

Ay (9. 1)
S5, 2. Calculate Ry,
R..=f 38 8 i
3. Performing SVD of

Sig. £}

Sig. 1} AL (8. f)

R, = UxVvH

4. Estimate DOA angles
- : U=A,(o,1)
» Employ SVD in each frequency bins ’
Ploy aneney V=A%)

» Transform all f into f, space (X. Nie et al., 2015)

» Possible to change
another method

» R, is now able to perform SVD; it is
compatible with recent subspace methods.

ﬁ X. Nie et al., "Array aperture extension algorithm for 2-d doa estimation with
I-shaped array,” 2015.
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Research #1: Experimentation

» Experiment Setup : » Room Dimensions :

Noise from|Air Cenditioners

’\ Mlcrophoncs

Noise from
EWall Rgﬁgcnon '
2y

» Number of Microphone : 8 T Ix1x] metér scale
» Capture time : 5 second
> Reverberation time : 0.3 second » KUT meeting room (A511)
> SNR value : 22.78 dB » 2 - 3 People speak to the
» Focus only front direction microphones simultaneity
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Research #1: Experimental Result

» Performance under the real environment
» Azimuth (1) and elevation (or zenith, §) angles are considered

> COS ¢k = sin B cos Py

Incident Sources Average of Calculated DOAs (Degree)
Number  Position  Angle (Degree) IMUSIC TOFS  CSS-PGAM  Proposed Method
U 45.000 58.292 57.231 60.276 57.877
s & 50.000 56.207 55.119 53.537 50.140
Un 135.000 139.610 142.596 failed 152.335
th 100.000 91.673 91.788 Jailed 99.245
W 45.000 failed Jailed 57.489 49.943
& 55.000 Jailed Jailed 57.079 48.291
3 U 100.000 Jailed Jailed 97.312 98.575
. & 95.000 Jailed Jailed 93.189 93.505
s 135.000 140.857 141.631 failed 149.198
th 135.000 93.449 94.939 failed 119.271
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Research #1: Re

ﬁ [IMUSIC] G. Su et al., “The signal subspace approach for multiple wide-band
emitter location,” 1983.

[TOFS] H. Yu et al., “A new method for wideband doa estimation,” 2007.

=) =)

[CSS-PGAM] B. Suksiri et al., “A computationally efficient wideband
direction-of-arrival estimation method for |-shaped microphone arrays,” 2018.
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Presentation Outline

© Research #2: Extension Theory of Orthogonal Procrustes Analysis for
Acoustic DOA Estimation
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Research #2: Problem with Previously Version

a(( t,, A0, f)
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At frequency f : E I Sin Dol X
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E I H Source Index of f
2
Sien

> Index have to be arranged correctly
z(t,f) z ( ) ! ”t f AZ(6,f)

> Pair matching technique between
I Eﬁ I the temporal space is required
R..ys Sy
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earch #2: Problem with Previously Version

Subspace At frequency f1 : Subspace At frequency f2: Subspace Intersection :

variance variance

intersect

Signal Subspace ﬁ

(Possible DOAs)

x

Signal Subspace
(Possible DOAs)

" Intersection Area = True DOAs
1
Geometric portrayal of 3 sensor case at f1 Geometric portrayal of 3 sensor case at f2 Geometric portrayal of 3 sensor case

intersect I

Signal Subspace

Signal Subspace (Possible DOAs)

(Possible DOAs)

No Intersection Area,
fz no DOAs result!

Geometric portrayal of 3 sensor case at fl Geometric portrayal of 3 sensor case at fz Geometric portrayal of 3 sensor case
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Research #2: Possible Solution

» Discussion: Why Did This Happen?
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Research #2: Possible Solution

» Discussion: Why Did This Happen?
> Answer: Because T,(g), Tx(p), -~ are estimated separately

T.{f} Ry TS}

A, ($.f) A (6, 0) St ) Alo, 1) Ao AY6.))
T.{f} Ry py T}

A (D) AV ) Ao f) Stz ) Al f) Aler) AN6.))

X X X
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Research #2: Possible Solution

» Discussion: Why Did This Happen?
> Answer: Because T,(g), Tx(p), -~ are estimated separately

T.{f} Ry TS}

A, ($.f) A (6, 0) St ) Alo, 1) Ao AY6.))
T.{f} Ry py T}

A (D) AV ) Ao f) Stz ) Al f) Aler) AN6.))

X X X

> Solution: T (41, Ty(s}, - have to be estimated simultaneously
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Research #2: New Solution for Estimating T (s, via

New Optimization Problem for Estimating T ,(f via R,

o 2
minimize Hsz{fo’ﬁ)} — Txri Rz 03 |I¢
x{f}
K
Yok (T Reiriy) Zak xe{f f})
subject to kle
Z O-?n (sz{f,fo}) =0,
m=K+1
where S°K | 02 (A) is the sum-of-squares K largest singular values of A.

Bandhit Suksiri (KUT) August 22, 2019 29 /49



Research #2: New Solution for Estimating T (s via R,,

Given a temporal frequency f, the solution matrices are defined as:

E = sz{f,fo}R!jz{fo,fo}'
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Research #2: New Solution for Estimating T (s via R,,

Given a temporal frequency f, the solution matrices are defined as:

E = sz{f,fo}Ri'z{fo,tg}‘

Proposed Theorem: Extension Theory of Orthogonal Procrustes

The one possible solution of the optimization problems are given as:

ut

e{f}s e{f}s7

Tyn=V
where E, ¢y is factorized via Generalized Singular-Value Decomposition;

Exify = Uery, Xegy, Verpy, T Uery, Tery, Ve -

&{f}s

v
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Research #2: New Solution for Estimating T (s via R,,

Given a temporal frequency f, the solution matrices are defined as:

E = sz{f,fo}Ri'z{fo,t%}‘

Proposed Theorem: Extension Theory of Orthogonal Procrustes

The one possible solution of the optimization problems are given as:

ut

e{f}s e{f}s7

Tun=V

where E, ¢y is factorized via Generalized Singular-Value Decomposition;

_ H H
Exiry = Ue{f}s Se{f}s Ve{f}s + Ue{f}nze{f}n Ve{f}n'
Note that |Ue Ue{f}n] is not unitary, V., does not depend on f;
Ve = Ve, = Veps), = = Ve,

v
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Research #2: New Solution for Estimating T (s via R,,

CMXM

Suppose we have a set of E, () € and all of them have a full rank;

Exiny = sz{ﬂ,@}Rgzm,ﬁ,}v
Exity = Reina)Rainry

' H
Exiry = RXZ{vafo}RXZ{i%,ﬂ,}'
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Research #2: New Solution for Estimating T (s via R,,

(CMXM

Suppose we have a set of E, () € and all of them have a full rank;

Exiry = sz{ﬂ,ﬁ)}Rgz{a,a}v

Exiry = Re(nfiRcien)

' H
Exiry = RXZ{vafo}RXZ{i%,ﬂ,}'

Employing Generalized Singular-Value Decomposition, we have:

. H
Exiny = Uepyy Tegy), Ve{fl} FUery Pey,V E{fl}
Extay = Uepyy Tegyy Ve + Uepyy Zeggy Ve, -
_ H H
Extiey = Uepny Feay, Versy, T Uerny, Feny, Versy,-
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Research #2: New Solution for Estimating T (s via R,,

(CMXM

Suppose we have a set of E, () € and all of them have a full rank;

Exiry = sz{ﬂ,ﬁ)}Rgz{a,a}v

Exiry = Re(nfiRcien)

' H
Exiry = RXZ{vafo}RXZ{i%,ﬂ,}'

Employing Generalized Singular-Value Decomposition, we have:

. H
Exiny = Uepyy Tegy), Ve{fl} FUery Pey,V E{fl}
Extay = Uepyy Tegyy Ve + Uepyy Zeggy Ve, -
_ H H
Extiey = Uepny Feay, Versy, T Uerny, Feny, Versy,-

» Question: How to factorize it simultaneously (not separately)?
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Research #2: New Solution for Estimating T (s via R,,

(CMXM

Suppose we have a set of E, (7} € and all of them have a full rank;

Exiry = sz{ﬂ,ﬁ)}Rgz{a,a}v

Exiry = Re(nfiRcien)

' H
Exiry = RXZ{vafo}RXZ{i%fo}'

Employing Generalized Singular-Value Decomposition, we have:

. H
Exiny = Uepyy Tegy), Ve{fl} FUery Pey,V E{fl}
Extay = Uepyy Tegyy Ve + Uepyy Zeggy Ve, -
_ H H
Extiey = Uepny Feay, Versy, T Uerny, Feny, Versy,-

» Question: How to factorize it simultaneously (not separately)?
» Answer: High-Order Generalized Singular-Value Decomposition
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Research #2: New Solution for Estimating T (s via R,,

Definition of High-Order Generalized Singular-Value Decomposition

E,. (5 Ueiry, Zein), Ueiny, etni},
E. (5 Ueiry Zein), VHL Ueiry, Eeth}, VH
5 - 5 €s : €n
Exifo Ueifo}, Zeife), Ueifo), e(f),
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Research #2: New Solution for Estimating T (s via R,,

Definition of High-Order Generalized Singular-Value Decomposition

Exiny Uetny, Zetn), Ueiny, Zetny,

Exey | _ | YetaZetnr | | Yetar,Zetad, | n

EX{fP} Ue{fP}sze{fP}s Ue{fP}nze{fP}n
Important Criteria: V., = Ve{fl}s = Ve{f2}s =...= Ve{fP}s
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Research #2: New Solution for Estimating T (s via R,,

Definition of High-Order Generalized Singular-Value Decomposition

E.(n) Uetny, Zetn), Uetny, Zeiny,

Extey| _ | Vetnn, Zetm, v Ueny, Ze(n), Vi

Exifo) Ueifo), Ze(fo), Ueifo}, Zefte)},
Important Criteria: V, = ve{ﬁ}s = Ve{f2}s =... = Ve{fP}s (valid!)
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Research #2: New Solution for Estimating T (s via R,,

Definition of High-Order Generalized Singular-Value Decomposition

E ) Ueti}, Eeth, Ueiay, Eeifi},
E. iz Ueih) Zei Ueiry Zegr,
:{ 2| _ ef 2}5: e{f2}, VI:s n ef 2},7: e{f2}, VeH,,-
Exifpy Uepy, e}, Ueitpy, Zeife},
Important Criteria: V, = Ve{fl} = Ve{f2} =... = Ve{,P} (valid!)
s _SUT _ s
Ty i{ﬂ}s
T U
New Solution of T, f: X_{fz} = Ve, e{_fZ}s
K
T} _Ue{fp}s_

ﬁ S.P. Ponnapalli et al., "Higher-Order Generalized Singular Value Decomposition for
Comparison of Global mMRNA Expression from Multi-organisms,” PLOS ONE, 2011.
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Research #2: Performance Evaluation

» Performance under the reverberation environment (RT60)
> (0RO pROA) are placed at (41.41°,60°), (60°,45°), (75.52°,30°)
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Research #2: Performance Evaluation

» Performance under the reverberation environment (RT60)
> (0RO pROA) are placed at (41.41°,60°), (60°,45°), (75.52°,30°)
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Research #2: Experimentation

» Experiment Setup : » Room Dimensions :

Noise from|Air Cenditioners

’\ Mlcrophoncs

Noise from
EWall Rgﬁgcnon '
2y

» Number of Microphone : 8 T Ix1x] metér scale
» Capture time : 5 second
> Reverberation time : 0.3 second » KUT meeting room (A511)
> SNR value : 22.78 dB » 2 - 3 People speak to the
» Focus only front direction microphones simultaneity
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Research #2: Experimental Result

» Performance under the real environment
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Research #2: Experimental Result

» Performance under the real environment

Incident Sources RMSE of DOAs (Degree)
Proposed ~ Proposed
- Angle Squared ~ Method Method
Number Position (Degree) IMUSIC TOFS TOPS TOPS with with

MUSIC ESPRIT

1 o1 96 03050  0.2050 1.0950  1.3350 0.7750 0.7074
] 86 0.5400 1.2600  1.2750 2.0150 0.5700 0.6915

Average 0.4225 0.7325 1.1850 1.6750 0.6725 0.6995

o1 65 1.1857  1.7286 20.0143 28.5857 1.5000 2.0284

5 01 150 9.6000 6.6857 26.3571  39.7857 8.8143 8.6800
¢2 55 1.0714 1.6857 222571  19.4000 29714 3.8695

0, 100 83714 83857 5.0143  6.7857 6.6714 3.1630

Average 5.0571 4.6214 18.4107 23.6393 4.9893 4.4353

P 58 2.1400 2.3900 46.5500 52.8100 3.6600 4.0334

01 55 55.0000 55.0000 55.0000 55.0000 9.4300 4.1057

3 ¢2 100 1.8400 2.0000 41.5700 62.4000 1.8700 2.4554
62 95 95.0000 83.4200 52.4500 71.4800 9.7700 5.8638

$3 130 109300 11.8900 28.8300 32.2800 8.2500 6.9071

03 120 26.9800 25.8400 16.1200 18.0100 5.9400 7.3165

Average 31.9817 30.0900 40.0867 48.6633 6.4867 5.1137
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[IMUSIC] G. Su et al., “The signal subspace approach for multiple wide-band
emitter location,” 1983.

[TOPS] Y. S. Yoon et al., “Tops: new doa estimator for wideband signals,” 2006.
[TOFS] H. Yu et al.,, “A new method for wideband doa estimation,” 2007.

[Squared-TOPS] K. Okane et al., “Resolution improvement of wideband
direction-of-arrival estimation "squared-tops”,” 2010.

i

[MUSIC] R. Schmidt, “Multiple emitter location and signal parameter estimation ,
1986.

[ESPRIT] R. Roy et al., * ESPRIT-estimation of signal parameters via rotational
invariance techniques,” 1989.
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Presentation Outline

O Research #3: Acoustic DOA and Variance Estimation via
Complex-Valued Tensor Factorization
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Research #3: Problem with Previously Version

> In research #1, accuracy performance of acoustic DOA estimation is
improved, but information of frequency bins are compressed and lost

> In research #2, the accuracy performance is further improved, but we
didn't address how to obtain information of frequency bins
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Research #3: Problem with Previously Version

> In research #1, accuracy performance of acoustic DOA estimation is
improved, but information of frequency bins are compressed and lost

> In research #2, the accuracy performance is further improved, but we
didn't address how to obtain information of frequency bins

Fourier transform || ' : "
of sources ’
f o N 1
R, s.d
S SFSF f Jfrin f + . fo
| > [ | l. l.
KxK KxK KxK KxK

KxK Compressed Diagonal Matrix
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Research #3: Problem with Previously Version

Sif 7y
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earch #3: Problem with Previously Version

Sif 7y

mee

(CMXFXM

and the inner index K
> D,,(ry are rearranged by lateral slices of Q

> Given an 3"-order tensor Q €

——> A. (0, ],

Dy, depth

A (9, f) 4\

row

z-subarray angle
x-subarray angle

diag(Sy,1.)

diag(Sy,) )
dlag(Su )
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Research #3: New Sample Cross-correlation

Tensor Representation

Q: [[AX (¢7 ﬁ))?Pv'az (97 fo)]] )

Q.;. =Dy, (lateral slice represent.)

oY

H
Dyz(ry = Txiry Rty T2ipy-

CMXM

v

is the sample cross-correlation matrix
(CMXM

sz{f,f} S
are the transformation matrices

v

Tury Ty €
A, (9,f),A,(0,f) € CM*K is the array manifold matrices
A, (0, f,) € CM*K is complex conjugate of the elements of A, (6, f,)

v

v

v

P c ]RigK is the sample variance matrix for all frequency
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Research #3: DOA Estimation via Tensor Factorization

» To isolate Ay, P, A, from Q, tensor factorization is employed

» Employing Complex-valued Parallel Factor Analysis model;

O-gl{fmin} 0-52{fmin} o O-EK{fmin}
P = "i{f} "i{f} o "i{f}
Ugl{fo} Ufz{f;,} T "fK{fo}

2 . . . -
o5 (f) Is @ variance of the signal source s, (t, ) or singular values

» Estimate DOA angles 2 : U= A, (6,1%,), V=A,(0,f)

ﬁ IN.D.Sidiropoulos et al., “Blind PARAFAC Receivers for DS-CDMA System,” 2000.

ﬁ 2B.Suksiri et al., “A Highly Efficient Wideband Two-Dimensional Direction
Estimation Method with L-Shaped Microphone Array,” |IEICE-EA, 2019.
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Research #3: Variance Estimation Performance

The three sources were the following piano notes; (a, d) G5 - 783.99 Hz,
(b, €) C5 or Tenor C (523.25 Hz), (c, f) A4 or A440 (440 Hz).
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Research #3: Variance Estimation Performance

The three sources were the following piano notes; (a, d) G5 - 783.99 Hz,
(b, €) C5 or Tenor C (523.25 Hz), (c, f) A4 or A440 (440 Hz).
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Research #3: Angle Estimation Performance

(0RCA, pPOA) are placed at (41.41°,60°), (60°,45°), and (75.53°,30°)
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Research #3: Angle Estimation Performance

(0RCA, pPOA) are placed at (41.41°,60°), (60°,45°), and (75.53°,30°)
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Research #3: Angle Estimation Performance

[
B
B
[
[

[IMUSIC] G.Su et al., “The signal subspace approach for multiple wide-band
emitter location,” 1983.

[TOPS] Y.S.Yoon et al., “Tops: new doa estimator for wideband signals,” 2006.
[TOFS] H.Yu et al., “A new method for wideband doa estimation,” 2007.

[WS-TOPS] H.Hirotaka et al., “Doa estimation for wideband signals based on
weighted squared tops,” 2016.

[CSS-DOP] B.Suksiri et al., “A Highly Efficient Wideband Two-Dimensional
Direction Estimation Method with L-Shaped Microphone Array,” IEICE-EA, 2019.
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Presentation Outline

® Summary: Conclusions
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Summary: Conclusions, Contribution

Conclusions:

» An extension of techniques, new framework and suitable theory for
estimating acoustic DOAs are presented.
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» These alternative provide a new framework for recent narrowband
subspace methods to estimating acoustic DOA,; for reducing the
computational complexity and facilitating the algorithm.
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Summary: Conclusions, Contribution

Conclusions:
» An extension of techniques, new framework and suitable theory for
estimating acoustic DOAs are presented.

» These alternative provide a new framework for recent narrowband
subspace methods to estimating acoustic DOA,; for reducing the
computational complexity and facilitating the algorithm.

Contribution:

» This work bridge a research gap of acoustic source compatibility on
the recent narrowband and wideband subspace methods to estimate
DOA of the acoustic sources directly and effectively.
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