BMTE ©| &3 HRTF HE AA

2EE °, A
dFoi st Aoty
HRTF Filter Design Using Balanced Model Truncation

Dong-Hyun Kim , Ki-Man Kim

Dept. of Radie Sci.&Eng., Korea Maritime University

E-mail : silhouet@chollian.net , kimkim@hanara kmaritime.ac.kr

[}
i

of

HAEF A=) Bzt Aojold BEHQ vel A@§r4(Head-Related Transfer Function)= o
HH2o2 FIR £& IR U962 7dHu], IR ¥ele] A% FR 2o} vl@® A% 2ddo] ssd
A& etk B =294 Balanced Model Truncation(BMT)& ©] &3t vlusd e 48 7}
A€ FIR €81§ IR YH2 A%t QAL A2de] AND THA B4HA AN Age =
ole W< AANZ, 71FY WA 59 A HE SHmA gt

LA 2

dolel AZtel ofW EXEFE FzielA LAl
TS 8 A, TN F48 APAINE &
AR7lge A, /H3E4 2 BEudHY B
B Fobo] AFPAACl I § BofamA F
¢ 2 glon, ol AgdolAsy] gsie
og 71x mEoE, £ FRALES oA
¥(HRTF) Fo] ¥astA o o|F HRIF:
AFTLANA FHE S gozRE Alge H=
AgEE 393 #AS WY, Ago) 299
AXE Bddte T2 JRE Pt Ytk

HRTF= dwrdog R3kdo] ¢lole oW 9
204 ArgY # Ee dnldz=d dxd" vlo]
g9 g2 $HE A dg 4 gloy,
3" YE2 RS ¥HY A52 FHH Ag
3to] FIR 3= HRTF HElE HAE 4 Y1)

azvd 39 J¥E2= $He 2VA4Ee
Delay Lineo. & tX5t3, HA9uisieg s
ATFAAsE o 441KHz9 Sample Rateo] 4] 3o
E 100~20071¢] Sample¢ 7}x2 2, 4A|7t FIR
gel g FdE3) fsiME ul$ B2Z3 A4l
ot wetAd, fele] HRTF7F g9 Xz 7
e EAE TP AN Ao sdieE
Ao H&L w9 HAF HRTF 2] 7ol

gFolgt & % ok

IIR ¥ele FIR ¥E RO e (42 2dy
o] 7FsdtEZ HRTF ¥EE HAIZ Aol 715
FEE @2 AFE A4 € W Fol AgEH1
Now, ol HdAWYLEE Prony's Method,
Yule-Walker Method 5] UtH1].

£ =E4ME Balanced Model Truncation®
o]83ld ¥ F& A4E 71N FIRYH 9
HRTF UE|& IR ¥el2 dAIS A A
259 HAZ TEA FFHA AU A
Eole WYg AAstan, 719 4A Py
g §3l 459 Hrlg saz gt

IIl. BMTE 0|83t HRTF ZE{ AA

Y+#E<Q Balanced Model Reduction'd}® &
FIR ¥Eels} IR ¥E| 2% 3 go) slesin, au
9 de 2% R €8 &7 H49, e
< &AME AASI2]

1) ALY4+E state-space Fe) 2 W3}

2) controllability grammiand} observability
grammiang A 4§}

3) A]2"2 Balanceddt ¥E|Z S Hankel

—424—



singular value& #AlAtgch.
5) Hankel singular valueZ %3 X|2¥l9] =
& A3t
6) reduced order state-space HEjE AY¥4
Fez Al

a3 Aride BMT el A4s Fv 3
@3] 371 98 FIR YElo] =3g BMT el
E5% gHE ALS T3]

WA, NJje] AF3E 71Ae FIR g8HE o
3 2o Ad g4 Y2 JeEd ¢ do.

F(Z)=60+C12’1+...+C,,Z-n )
=Co+F1(Z)

YUE F(2)& state-space FEefE Wty o}g
o g

x(k+1)=Ax(k) + Bu(k) )
W k) = Cx(k) + Du(k) (3)
714
0 .00 1
1

A=

»

0 ..
0 ..00 p_|0
)

0 .10 0

C=[ Cl CZ C3 Cn]» D=C()

olAl FIR #ejol (A, B, C) AMxglel disiA
&3 22 e o Hankel matrixg& 78 4 9l
t}.

e ¢ ... Cy
H= C:'z 6;3 vee 9 @)
c, 0 ... 1

(5)9] H matrix€ symmetric matrixe]2 2 o}
=5 ol £ & AU

H=vAVT 6)

7]
VvVT=] ot

n %4 FIR g€ (A, B, )2} Hankel matrix7}
(6)3 o] EaEtd, kA4 reduced balanced
A2FE oga 28 Aadez Jehd 4 9l
=3

(A4, By, Cp) ™

o714,

A= Vi AV,
B,= V{B
C,=CV,

o},

wetA, A HE F(z)E state-apace FE|2
HEG @4 L3 gy ol o e
¢ g2 Jed 4= 9o

Av=V2n1RDTAV(L:n—1,1:4)
B,= V(1,1:R7 ®)
Ce=CV(lin,1: k)

AF7A9) FIR geo] Hee Fej) BMTH
He gestd s gk

1) Hankel matrix H§ @£t}

2) H matrix& V& A2 &%

3) Hankel singular value§ eh}o} reduced
orderg ZAAJT)

4) A; B,, C, matrix& A%k

5) state-spaceZ EHH A|2¥& ALFLH)
2 Hygin.

. AIS30[M HolnHE

BMTZ d74® HRTF ¥ele 4% Hs1e 9
8 128 7/l taps& 3= FIR ¥"ES Prony
method2 A7 @ 16/16 (ploe /zero) tap IIR ¥
E], BMT2 A9 16/16 tap IRYE & v w3l
TH4].

o714 ALg-® HRTFE 99 128 sample 4
€ z'e MIT Media Lab.8} compact HRTFo]c}.

29 L& 128709 tapFE % FIR e 9
HRTF ¥E] ¢J8H~ &oojtl. azimuth, elevation
2% 0 olmnz 3, $& ZF FYWH g MR
.

—425—



PAC ~=—s § >
o

Time
29 1. 128tap FIR HRTFYE o 982 &9
¥ 2.& Prony method® AA® 16/16 tap

€ 7}A& HRTF ¥Ei9} 128 tape] FIR HRTF ¥
Blote] A1 FYdMY 28 dehd Rl

03

2

®AC s B>
8 -

Time
19 2. 16/16 tap Prony method HRTF HE]
error plot (Time Domain)

1% 3.2 Prony methodZ AAIE 16/16 tap
€ 7}A= HRTF ¥E s} 128 tap] FIR HRTF ¥
Ejgte] Fitg G 2§ vebd Roldh

25|

o8

© 0t 02 03 04 085 08 07 08B 08

Normalize Frequency

1§ 3. 16/16 tap Prony method HRTF ¥ H
error plot (Frequency Domain)

19 4.5 1287)9) tap ¥ & FIR #e9
HRTF ¥YE|§ BMTE AAY el Hankel
singular valued Jeld ol

/
/
/

]
LT

Iy 4. 128709 sample & 2+ HRTF9)
Hankel singular value

2% 5.2 BMTE HAE 16/16 tapg 7IAE
HRTF ¥Ej$} 128 tape] FIR HRTF ¥WE|9}e) A
7 GgeiMe 23E JE Aot

03
[X]
(X}
° w HMWJ VNV

21

02

BOAC ~e—T E >

23

04

o5

o £ ) © ) 100 120 140

19 5. 16/16 tap BMT HRTF HWE| error plot
(Time Domain)

01 02 03 04 OS5 08 OF 08 09 1

Normalize Frequency

219 6. 16/16 tap BMT HRTF ¥} error plot
(Frequency Domain)

—426—



3% 6& BMTZ MAW 16/16 taps 7HAE
HRTF ¥E s} 128 tape] FIR HRTF WEjste] F
g4 goelxe L& veEhd Rojch

9 AgeX B £ UA%xo] 16/16 tapg 7HA =
BMT #ieg A7AE HRTF ¥EY #H$, 4
3 4% Jella e, Prony methodZ 4
A" 9 vold HRTF WHE A 5+ dl
& A=2 AsA d35d AL B 5 Al
19/19 tapo2 AAIE 7Z{ole Prony method
B 48 548 Ryod, 94 BMTE 44
€ A vuy & | 4] olAe A& &

& Ak

. 48

B =Fo A& Balanced Model Truncationg
o]&-3te] vl L A4E JIAE FIRYEH Y
HRTF ¥EH & IR ¥z HASHL, 71&9 4
A Wi 4% vn Yrte Yo

A gl 243, a2 HRTF "HElg AA %
= 7%, BMTWH L 0|48 o & IR ¢ 4
A ARG e 3 548 RAY

239 A= o] DSP T2AMZ T4
3l HAZ At AFT ndE NE A
.

sAnes

[1] J-M. Jot, V. Larcher, and O. Warusfel,
"Digital signal processing issues in the

transaural
stereophony”, in  Proc.  98th  Audio
Engineering Society Convention, Paris, France,
Feb. 25-28, 1995

[2] H. Kimura and Y. Honoki, "Balanced
approximation of digital FIR filter with
linear phase characteristics', in Proc. Int.

context of  Dbinaural and

Symp. Circuits Syst. (Kyoto, Japan), vol. 1,
June 5-7, 1985, pp. 283-286.

[3] Bartlomiej Beliczynski, "Approximation of
FIR by IIR Digital Filter: An Algorithm
Based on Balanced Model Reduction",

IEEE. Trans. Signal Processing, vol. 40, no.
3, pp. 532~542, 1992

[4] T. P. Krauss, L. Shure, and J. N. Little,
Signal ~ Processing Toolbox for Use with
Matlab, Mathworks, Feb. 1995.

—427—



