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Abstract

Head Related Transfer Functions(HRTFs) are the source of information for research of
spatial hearing and describe the relations between the perception of a sound and the sound
source. However, one of the problems in 3-D sound synthesis is the computational load of
accurate HRTF approximation. To overcome this, both computationally efficient and
perceptually relevant digital models of HRTFs have to be created. In general, 1IR filters
have the advantage over FIR filters of representing transfer functions with lower orders.
but are more difficult to design. Some current techniques that use 1R filters to model
HRTFs are based on Prony’s method, Yule-Walker method, BMR(balanced model
reduction) method.

This thesis proposes a method for low order IIR model using auditory characteristics
from high order FIR impulse response. Listening tests have been performed to determine
the subjective preference of different HRTF filter design. The results of listening tests

showed that proposed 1IR model outperform conventional method.
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1. A4 &

ol AJ7te] ojE EA3 FIHA ““gf?} +%(sound image)& & A3,
FA 243 APANIE &4 AorleS HZ FEu do)(Multimedi a),
7]”?:.]' # A (Virtual Reallty) %7—5, %—"](Telecommumcatlon), Ay ZAoztE 3

B Z7]7](Aids for Blind), 27 $4l(Actual Feeling Communication) 5 %< °F
oA FEg T YTl

dA S Ao CaYEFL FAY A=E AP S AT viojx T2 AA
(binaural processor)?} 2 719 23 A AAB-E 4 EWLL2E T Z A X(transaural

processor) F7FAZ U oAt o]F vlolxd TR AHAE EXx (mono) AlE
£ 99 wako] FAATIE Z2AARA ulx] JYHAZTE volxd FFL
2 dojd Ay 2L NI HEdTh ERAY TRAAE oY T2
Aol 23 AQBA] A= F3Hcrosstalk)E A A7) AT F3HA A7
(crosstalk canceller)”t 7+ A o] BH1][2].

A Eobilld FEHI e A7 d2Fdole violx=d HHE ]
€3 349 4 A Azl oA F AL nA AY F+E
vlg 2 Fd YA SRS A8, nEdelA S¢S AMsE, 424
o2 EAFA g 9& FAFez AFY F gloH, o] Ax"E o f
3 H=ES AEE A 393U AL AFY F Uk o]E AJEH ]
Ast7] e o8 JHA HSeiug, & FRASEs, AT (Head
Related Transfer Function ; HRTF)S©°) Q34 HEd|, ©]F HRTF © A3
A A" SYozHYH AlFY AR AGHE +FF HF & A3 A
Ho] 2499 HAE BHdt= ARE st Yok

HRTF & Y%A o8 F 3k (anechoic chamber)?] 2] o]m oA Alg
o} A T fuls =(dummy head)ol]l A€ wlo]Z2EQ] JHUX FHE 57
o] AL £ don, EHE d892 $HS A LY AFER A8
FIR(Finite Impulse Response)@ Ej¢] HRTF TEE AAT & Aoi2]. 23y &
Fd ™2 @S AGFolA AEY(windowing)dtL, HANIHIE
ZEE QAFAAE 9 441 kHz 9 EE3I F95(sample rate)ol X Hox
100~200 /1 e] BES X E=2, AA FIR IHE FA37] AdAE o
2o Aatol mao weld, 939 HRTF 7} &9 Az vXE 53L& X
gaiel AN Ade] s ES A E&E £ AYY HRIF 299
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O3 2-2. YekEQl HIOlLd Z2AHM X

HRTF & AtZ9] o9, 5%, AntA9 adn de g 43 A £ A
2" AdolEz Y JPU2 $HL FIRIUHZA APHo=w 73 €
4= otk a2y, dHolg €4 glo] HRTF & A3 oF Smsec 7} Y8311
44.1 kHz B23 Fold o 22070 tap & 2T o] AE AANLE
AgstEd F$ T ALES convolution ok =2 = F 2000 THH ] ALt
< T F JdEe TZAHA7F Q3

olg]gt BF AL Zol7] YA E wolxd T2 A XS HRTF IHE
ARz 2dysts o] ettt dwrd oz 4 HRIF & AIFF el
A windowing 3131 HAYAHEE 2T E AT WHE AHEEFARL O]
A}l 100 ~ 200 78] MEZ FE JHRG4]6]. ol B AZ(low ordenE EE
P3te dgoz F 77 AAE F ded, 2 e 5FE HRIFE
resampling 3+ ¥ olth wHeF =4 A 441 kHz 2 B E3€ HRIF & 2 2w

© 2 resampling &+ 22.1 kHz o] EFE3 F35E 7HF RAoln BE =
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50 ~ 100 = Eols Aotk shA|vt o] WS Agsteld AREE &9 9

H 2

Al 221 kHz o) BEE FREE vhHof st dA S0 wg
Aok vk AAE F s e @b WS plr g9 grrE 2EH S

FAE & o

IR Az W= A o]c} guix o g FIRLQHTE’T IR JE 2 ndgsh=
Bc}tll-ij Oﬂ}i Pron} o‘L . Yule-Walker Ho %Ol %19«]“]' E‘ {'%(}ﬂ }\‘1 = O]EE}' :é;

ol &84 el Balanced Model Reduction 28 & /‘}%{ﬂ'q’[ﬂ

2.2 Balanced Model Reduction = °1 53 grrr 23 434

WA NN ASREE b pr BEE ST 2 A g4 G U
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F(z)=by+b,z"'+ v +b z7"
= by, + F, (2) (2-2)

L R sute-space BAZ ABFE Bhg3} ek

0 0

10 - 0 0 0 (2-3)
A4 = S B = .
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¢ = [bl b bn~l bn] D :bo
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T g oele
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b, 0 - 1 2-5)

Al
M

Singular Value



1024 BEEF OB RBhE mICE B2

Decomposition(SVD)& 4 Ut}

H=VAV'
3714 A & singular value & 3o 2 zt= tlz}he) H(diagonal matrix)©] L
V & dgste ngdEels, V VT =1 oo

n 24 FIR 9E (A, B, C)¢ Hankel matrix 7} 2] 2-5 ¢} #o] Z3jdtd, k &
2= reduced balanced Al 2¥1& 23} e Alx"o 2 Yeld 4 Qlth

(4,,B.,C) (2-6)

A7) zzte] 4,,B,,C, & o 2.

4 =V 4V,
B, =V]B
G =CV,

wald, ¢ UE Fz)E state-apace FEE HB3 4 2.3 & AL3H 53
Zol £ 2tad Felz veEld 5 ATHT]

A, =VQ2:n1:k) AV(1:n-1,1:k)
2-7)
B, =V(,1:k)’

C,=CV(:n,l1:k)

2744 FIR Lol g Feo BMRUHS Add oo 2o
(8][10].

1) Hankel matrix H & THET}
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2) H matrix & 2] 2-5 2191 SVD wtr}.

LERN O reduced order & A A $kC}
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3) Hankel singular value
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v =(x,*H, )+ (x,*H,)

yr = (‘xm *Hra )+(xm *Hrb)

q714, x,< Ex 48, y, 3 y, & EALT AL 7HFe Lol
o},

A EME o] &3t AAE 2] 3-13 & FF9 HRIF ¥HE 18 3-1
3 o}

Hlb
(‘below 9kHz )

H,
( above 9kHz )

X o
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H,.,
( below 9kHz )

H,.
( above 9kHz)
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2 =@ s BMRER S °]838t9 £& 25E 7M1= FIR B9 HRTF



754 oled sajdeatae] A3 nalel w9y oz

et

HES IR FHZ AAS D, QS A xwo] A7 FaA w2 Aol 7))
el AES FolE HPH S Al A8l ok, T3k IR e ZAFERE HRTE 3
eS8} PN A ATFLE ux= Tk gl

Uoue SRS e g 4a mY AAA BAss 047} Sy

IR HRTF 2E7} 9 E p
o8 Q& ¢ EAS Hoon, E3 UM 5]1—%011 —8—*&7&,%}7} Bl =
ol o A R $he =4
FANA H Ao

HRTF J¥ AAA 74 2471 5
T oAEd, dE7 ¥ 455 71
Al ckeko] vk &) %] ]

Aotel Wl A Ao AN WAsE BE AANSS HRTE 7} wkako)
ek dlo)E wo] 28 F ol HYE 7] wfEo) o] HE 2 Fo] HRTF Al 72
2 HHoR B 5 goog 2471 53R e,

AQHE HRTF AR oA 74 Fo 8k 2

(o]
ol dAolrh BE W dAsl FEE FHAIT]

e Ztze) g 2 =k
e g ol o] RRe) AlgEE kol o] wrh o]4HY ooy
AHeEel S Aol sk Bk Be A7) o]fo) Ak wrh gma 4uo
RES BEE AT ¢ A Aotk

Fom A H Al Asgle) sl FAS alAE W o] el
At FAEE AT F AEE dlofop & dow H=E HHE 9o u)
olwd ZRAN olglol. % o] ~uA HHAE U Edred Asu
AE oo Hof @ o}

FrEd

(1] F8E. Y53 71AAFA ch. 1-3. 1997,
]

[e]
D. Begault, 3-D Sound for Virtual Reality and Multimedia, Academic Press. ch. 2-1.



1028 BEIEEASRR KB WXk W28

[3] J. Huopaniemi and M. Karjalainen, “Review of digital filter design and
implementation methods for 3 — D sound,” 102™ Audio Engineering Society (AES)
Convention, preprint no. 4461, Munich, Germany, March 1997.

[4] DKistler and F. Wightman, “A model of head-related transfer functions based on
principal components analysis and minimum-phase reconstruction,” J. Acoust. Soc.
Am., vol. 91, no. 3, pp. 1637 — 1647, 1992.

[5] Bill Gardner and Keith Martin, “HRTF Measurements of a KEMAR Dummy — Head
Microphone,” MIT Media Lab Perceptual Computing — Technical Report #280, May
1994.

[6] J-M. Jot, V. Larcher, and O. Warusfel, "Digital signal processing issues in the context
of binaural and transaural stereophony,”" in Proc. 98th Audio Engineering Society
Convention, Paris, France, Feb. 1995.

[7] Bartlomiej Beliczynski, “Approximation of FIR by IIR Digital Filters: An Algorithm
Based on Balanced Model Reduction,” IEEE Trans. Signal processing, vol. 40, no. 3,
pp. 532 — 541, Mar. 1992.

[8] Jonathan Mackenzie, Jyri Huopaniemi and Vesa Vilimaki, “Low-order modeling of
head-related transfer functions using balanced model truncation,” /EEE Signal
processing letters, vol. 4, no. 2, pp. 39-41, Feb. 1997.

0258, 17T, “WFIR X 0|83 wolx=d I HA, &35t 3]
st g o3, Al 17 A, 1(s)Z, pp. 193-196, July 1998.

[10] AE@, 7719, “BMT & o4 HRTF I HA», AFHFERELY

3] FA1Z3ste 3], pp. 424-427, Nov. 1998.
[11] A58, 275, “dddggse Az 2dyhol &3 277, Lty
3 stearg g3, Al 17 4, 2(s)E, pp. 35-38, Nov. 1998.



