2025 4F-5 A 31 A, AARFELDFERMIASEEL, Vol.55, No.3, H-2025-24

FAEBRIERHICE T B ERAEO TR
- HHARERBHGE NI A Yy 7« ) v T - E— ZHEEEEREE T LVOHES -
i — A R
TTEETREARBIME T T275-0016 T-EEEEEHHEHEAE 2-17-1

I TRETERERAD LR
E-mail: f kazuhiro.iida@it-chiba.ac.jp

H5FL HHOERAMEDOTERLDIZOVTIE, TNETICE L DR R IN TS, JEEES % v
FREMERRIC XD, EEROSFHRO 1A & FMERICRRE DA RETA, b, BN S N5 5 ARERIS L
ETHIEDPHSLIZINT WS, —H, JAHEES 2 FHREMER T, JTEERHRTE) O 5 kHz D
LDy FEE—I B ERARNRICHFS L TCORE I EPHLLIIIN TS, ZOHMRICEIDE, bbbz bR
HAEICDERIRYD ) v FEE— 7 TCHER LS X Yy 7 - ) v F - ©— 27 HEEBEEREE 7V (PNP €
TIVNERELTWS, ZDLHIC, FEDRKEBIRTOGFENEECTH % LT 2 HRRERIRMEGR L, FED MK
BIRTDORIE(, v F)DBEETH S T2 PNPEFNVIE—HMHKL Tw3, AFETIE, R4, B, #BAIC
HHL, PNP €7V & FAPRERBIGROME LA S, RIZ, MR M%EZ LERIERRmEEIciiRL, ERMH
HOFEDR»DICBIT 2K & 2 %2 KL 723558 PNP € 7V %2 RET 3%,

F—TU—NKN HHEN, BREERE, B, ARRERR, /v S, =72

Cues for vertical sound localization in the upper median plane: Integration
of directional band theory and parametric notch-peak head-related transfer
function model
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Abstract A number of studies have examined cues for the perception of the vertical angle of a sound image. Sound localization
tests using narrow-band signals revealed that there exist directional bands that were perceived in specific directions (front, above,
and rear), regardless of the direction of the actual sound source. On the other hand, sound localization tests using wide-band
signals revealed that spectral notches and peaks above 5 kHz in the head-related transfer function (HRTF) contribute to vertical
angle perception. Based on this finding, a parametric notch-peak HRTF model (PNP model), which is reconstructed using the
minimum number of notches and peaks required for vertical angle perception, has been proposed. Thus, the directional band
theory, which claims that the presence of specific frequency components is important, and the PNP model, which suggests the
importance of the absence of specific frequency components (notches), appear to be contradictory. In the present study, the
authors first focus on the front, above, and rear directions and attempt to integrate the PNP model and the directional band theory.
Then, expanding the scope to the entire upper median plane, a hypothesis regarding the cues for vertical angle perception and
the extended PNP model are proposed.

Keywords Localization, Head-Related Transfer Function, Median plane, Directional band, Notch, Peak

1. FU®IC 1960 FERIC %> C, MHBRRAZS X O H KL X
FROMGAREDFH2 0 13 1900 4ER{H I 13 A NELEROELATTMEDOERNBEBE R I N
5 #1 T\ 7 (Lord Rayleigh, 1877, 1907). % D # (Sayers, 1964; Toole and Sayers, 1965), k5 i A%
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22w T 1970 FR2 5L ORI ED S, B
AR E B B (HRTF) O IRIE A X7 VR F2RZ» D L L
THLGETZIEPHLPIIR>TVE, TNIFARY
FIrFa—tMENTWV3, 51, ARXZb+F7L
X2—DAREZMEWALTHAEVED STV S,

Blauert(1969/70) % 2 % 1 & \» T A IAE 5 (1/3
oct. band noise)# IEHFHE DHI N, L, B2 6 7 v
B LRI T 2 EREMERLZEmML, FROGMHIC
Bb o $RED M EIG, LA, #BA)CERZAET
LHEBHFET 22 L2 ME L, T owBIZTREIR
EHER LN %,

— 7, INWEET 2 H VI EHREMERICED,
HRTF D 5kHz L LD AR VD /) v F EE—=T D
FROEAAMEICHFS L TR ERREINTVS
(Hebrank and Wright, 1974; Butler and Belendiuk,
1977; Mehrgardt and Mellert, 1977; Musicant and
Butler, 1984). / v F O B IZEH O L7 MA 2300
o EHICBET 2IcoNTEL & D (Butler and
Belendiuk, 1977; Shaw and Teranishi, 1968), Z ®
Sy FRBEOAZRIIENEICE > THRINATEETDH %
L HEIN T 5 (Moore etal., 1989), L7=2-
T, /v FREEO ERAKE R B Ao EE
REXPHDD 1 2L LTHEETLZLEEZONS,
o OHAICEDWT, BEIHEH & DM HRTF 2 5
HWHELZ v FEE—TDITRTCELEF—-HE2HT
R L7 X Yy 7+ ) vF - E—2 HRTF %
FU(LLE PNP £F L EER)BRE I N T W 3 (lida
et al., 2007),

ZokHie, FWEEHEEDO LAAMREIIN L TRE
DRBEBR T DHEEVPEETH 5 £ T 2 J5 AP EF IR
Hime, EAWHES O LREMMEICHN L TRED K
By DORB(, v F)OEEMEZ FRT 52 PNPET LV
F—HRMEKLTw 3,

AffgE ik, T EFRHEOESG, EH, BED 35
M2 H LT PNP & 7V & J A P 5 5 8 3 i oD 9 ok
DMARR L RED TR ZHETHREL, MHFD
Merika s, RICNRET 2 H A%z LFRIERRAE
WACHEER LT EAMAMTE DO F230 D 1B § 2 IKEt % 1
£T5, 61K, TORMICEIWTPNP €TV E2H
BT 5,

2. FEAMBICEAIZINTANIY Y - /vy

F - E—=7 HRTF EFT I EABREFTHRIER
FRAMEDOFRZ 2D E L THERESIN TS

PNP € 7V & R EMFEEGRHIC OV THL <3

T 5.

21N AKNYY Y - JyF - E—T HRTFEFT I
lida et al. (2007)I3%E W HRTF % / v F L E—7 I
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SREL, ZOLEBH L E—F2HTHERL -
PNPEFTNLZRELTCWVS, /v FEE—=71F, TR
D ERAICKEL 22w 3-4 kHz 5D ¥ — 27 (Shaw
and Teranishi, 1968) % TR M % & L < &3 %)H
27 N IF E(P1, NI, P2, N2 % &), IIR 7 4
Ny EROTHLEAESE, L)L, QT/HAIX MYy
7ICEBHEN B, Fig. 1 12 PNP ®EF L0l %2R7,
Fig. 1(a)® st i3 & % #5a35 o 11 /7 1) o 52 HRTF
ZRT. ZOHRTF 2420/ v FE 420D —71(C
SREL, 2o DL TE2AVTHBERL 7 PNP € F L
BHEMTRT PNP@I)TH %, EPERIERm 7 HH
(30°MIBE)ICB VT, Ha LK EFED PNP €57V %
ERL L, T0o &R E B 2 B AR A RN %
FEC(free air equivalent coupling to the ear)~v F
+ v (Moller, 1992) TR T 2 FHREM I % 1T7% >
7o, ZOFE®R, 7 H A4 TICE W THEN HRTF & [F%
DEREMVIEEZRIETEDZ ) v F LEE—7 DR/
Bk, 4 kHz L ECTRDEAEEOEY 2 2D/ v F
(N1, N2)¢ 1 2D ¥ —27(P1)TdH % Z & (Fig. 1(b)%
w~ L7,

¥/, BT EHREMERICED, FEIEEICX
STRHEAMS EADOEEE P2 Bh¥ichsdr I L
DS »ick b, EJHD PNP EFLDERAEKIC P2
Z3BfNn L 7= (lida and Ishii, 2018), & 512, RIEDHF
HCIKHzMEDE =7 BB FHMEICHFE LT3
¢ % B L (Nakamura and lida, 2025), # ® PNP
ETIICIE PO ZEML 7. Table 1 iIc 26 DGR
bEO L FFIRIERE 7 FHICEF % PNP €710
RAERZRT.
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Fig. 1 Examples of PNP models. (a) Measured HRTF and
PNP model with all notches and peaks, (b) PNP model
reconstructed using N1, N2, and P1

Table 1 Minimum components of the PNP model in the
upper median plane.

Target vertical angle (deg.) N1 N2 P1 P2 PO
0, 30, 60, 120, 150 X X X
90 X X X X
180 X X X X

2.2 AMREFIHER
RIZH P BRI Ic > WC3HT 2. Blauert
(1969/70) I3 EEZE N IEFHE DT, L7, %85I



BLEZAY—AD 1255 1/3 oct. band noise # 7
VY LRIBICRRT 2EREIToL, BEBEIIAREL
EBR AR A, EA, A 3HEE»S 1 O%E

ATHIE L7, Z0E, FHEAHICED S TR,
EH, BAHICEBRZNE T 3HWEBEET S 2 E1H

STk, TNo DWHIIAIRPRERER L FIEN
TV %, HI A 75 Ak E ik o ol A 3 80& 315, 400,
500 Hz 8 X ¥ 3.15, 4, 5 kHz, k4% 8 kHz, # K4
1$0.8,1,1.25, 1.6 kHz & X 810, 12.5 kHzT» %,

Z D%, HEPRERIEIZ 1/3 oct. band noise 721}
THELZOTIE R, WiHEZED 7 1/6, 1/12, 1/24
oct. band noise HMBFTICB VT HEL 5 2 & 3HE
X 7= (Itoh et al., 2007; fliH, 2017a), @iz 1/6 oct.
band noise @ JjHRERILHE U S50 14 U 2 i
L 7= f7i 2 ks U 72 fi3%(1.12-3.15 kHz, 4-4.5 kHz,
6.3-9 kHz)IcB\W T, JLD 1/6 oct. band noise &
[ U 5w /7 kg o3 4k U 72 (B, 2017a).

I 5T, JHIAPRE IR A HIRAE 5 o bR RN
WNLTHHEESETEILEPICOVTHRAN I N, HiH,
L7, BADOHFRRERRTH % PO EED 1.25,
4, 8kHz @ 1/3 oct. band #H# 7 1 )L ¥ (Table 2)D \»
TN Z AW A O S ICBARAALT, BEENOHE
7, EF, BAHICRBEBLEAE =267y ¥LR)HE
I BRI PRR E i (B, 2017a),

Table 2 Specifications of 1/3 oct. band-boost filters.

Center frequency (kHz)
1.25,4,8

Band width (Oct.)
1/3

Boosted level (dB)
6,12,18, 24,30

ZOMER, MEHZBLIVOCEBRECEO ST, FHIT
R’ARLZZAE—2DFA(ERAA 0, 90, 180°)IC AR
S, 2Fh, EHEBET BT, HrRkREHR
BoHEg: ERAMEICZEEEZRIEI Erok, &
L, HBRENISAB2MWA S L HEBRV 2 OIS
22 EDHot, TRBPTHEL -EGAE, HSBL W
BOHBOGHRIIAEC—ADOFAICHMEL, "5z
WO BERIE A RREFEO FHICHE L, 2D
MBI, RWBES VLTI, HraREHHIZ LA
MHMBEDOFERLD ELTHFELEY, b LLEATS
THBHILEZRLTVDS,

3.PNPETFTIEAMAREFTRERDBKS

i PR EFIKTHIITE BRGS0 LA AR
W& PNP €7 )VCHWTE ZLWHES O LAMA
Rz ZnHBEEORCEEBRTHY, WHE2F
JE7 S HATE 2P BHFET 23T TH2D. AET
&, IEHE OIS, bBJ, BFICHENEEZYTT, PNP
T TV & T 1A PR GE T IR B G O € R D W FE R & RGE D
AMRERZHE TIREL, MEOREZHAR D,
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31 /vy F-E—VRAEBBREARREFTHD LR
9, EhmAoFHRERo LA ME ) vF - E—2
EHBROHEREZMET L. DOFEBEOIERHICEIT S
FHWHRTF DA 7 —< v 7% Fig. 2 IZ” T, KD
11X HRTF ORIEL RV 235E {, B OFEBITEK W
tERY.Fh, /)y F-E—7BEHKETRT. NI,N2
BB EhHE2EICELTERO ERA IS T
BIICZLLTE D, RAMMEOFER2D ELTH
RWEIR2|OE LTS, IS5ICHEMICBET S L,
N1, N2 BB & bic EA A 05 6 120°IC [ 9
KON THMT %2, N1 FE B 120°2 5 270°1 1A A
> THWAT %5, N2 ¥ 270° I > T N1 &
DIER»ICHAT S, 20 kHic N1, N2 ¥ E
FAL 1N 1IETIERVEZD, NI, N2Dwindy
—HORBEELZ T T ERMAE-BNICRE IR,
CHDIEHRHO ERMAMEICIZ200 ) v FRBLER
HMHThLrEEZDLI LW TE D, —J7, PL,P2,P0O
Mg EFHEAmcEbs T —EThh, TR LR
fAAERETCELHERTHI LIFEZONL VL,

Below 270

Rear 180
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Source vertical angle
in the median plane (deg.)

Relative amplitude (dB)

Front

Below -90

Frequency (kHz)

Fig. 2 Relative amplitude of the HRTFs for a subject
in the median plane. Solid lines denote N1, N2, P1, P2,
and PO.

RIZ, E— 7AW E AR EFEEZHET 5. 118
H o9 #l HRTF 25 P1,P2,PO0 Z#iii L, 2oL/
WE oYz B L7 (Table 3), Z#1% Blauert 28
WG Lanisg, b, B0 kERE(Table 4) &
w3 % &, PL, P2, PO A H I Z2n 2 niisg, £,
BADHMREFHLE BT LBbL 5,

Table 3 Median values of the P1, P2, and PO
frequencies for 118 ears (kHz).
P1 P2 PO
4.0 8.3 1.0

Table 4 Frequency ranges of the Blauert’s directional
bands for the front, above, and rear directions (kHz).

Above
7.1-9.0

Rear
0.7-1.8

Front
2.8-5.6
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HRTF ET )L AMRERTHEBROFT SRR

DEoF R XD, HakEmR#Eins PNP €7 LI
BT 32U TORIPE»ND,

KF 1 : PNP EFVIZ/ v F, BXOEIA, L7,
BAHOAMPREFRH AU KR E— 7 TREKL %
EFANTHE, Stz sz L, PNPEFIVIZHARE
FHEmZzEEL, 2N/, v F2MATZLDTH 3,

4, F¥IREHFHELSBRICEIT2EHROLEAXN
BOFENND
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PNP € 7L & HAREFHOMLAIC OV THE L 2,
AFETIE, NRETZHA%Z ELRIE bk kg
LTERMAEOFERLDIZOTHEL, Kz
275,
4.1 E¥IRIEFRED A FRE TR

Hm P ERRE T, B, BATEFEL DO
Tl %\, Itoh et al. (2007)i% Blauert & [A&E D &4
SE A FEBR % vhoD I B0t 0.8 kHz 5 12.5 kHz % C
? 1/3 oct. band noise & 1/6 oct. band noise % ]
WCEHEM L 7. 727 L, Blauert (2 #BZ IcMHE L 7235
GHmER S, Eh, BAD 3EE»S 1 2%2EAT
F&E XD L, Itoh ef allZ#BFilc~ey v
JHECRHEIEL LX), MIBLAELERAZLD
WE X KRD L, 2 0fEE, flE o 0 FHEE» 3 kHz
fHiE2 5 12,5 kHz (i TR B2 IKHE-> T, &%
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WECHEHEN IS L 2. HIE o HL A S 0.8 »
5 1.6 kHz Tli¥, %< oE%Z X 180°H L < & 150°fF
EICafm L., 2% 0, ArREREIEE S, LA,
BAHELFTIZARL, EEREPREERICE T 2 8E5EN
HBETEL 7.
4.2 FHFIRIEEFE 7 AADEEBEREK

Kz, FHERIFEPHEHARICE T 2 5 m PR ERE L
BB DOBIMR % % 5. Blauert(1969/70) (% Hi /7
D 75 [P E AT T 1%, 105 @ HRTF 134 /5 ® HRTF &
HELTCZRAVLF—DBREIEE2RELL, Iz
212 LC, BEERIEPHE 7 o 118 Hd HRTF %
AWwT, ERMAITEICRIEL XL23Mio 6 i & g
LCRE % 2 BB ( Bk E e ) 2 0T L 72, ik
J W B D 4y B 1x 93.75 Hz T% %, Fig. 31 118
D HEBFEAEBEOHENERZ R T, MR IEH QM
EHICHHI L Tw s,

MANZED D 5 7= & 5k B D 55 A7 i P 1% 2 2
WT 20, EREMDP 0°2 5 120°To HiBkF %L 3
kHz 352> & 8 kHz ff3E & T L 72, 0° D w8k i I
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D, 2L DEMIZF 1.5kHz U F &R o7, 180°D 5k
FE Bk PO P SE —3 L7, £72, HRTF @ 2 kHz
DT OIREARZ b Vil T 2 Laikik e’
m¥ 2 EMEINTEH (Asano et al., 1990), 1.5
kHz LT ICHEET % Hilk A 150°L 180°D AT
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Fig. 3 Relationship between the dominant frequency and
the dominant vertical angle for 118 ears. The radii of the
circles are proportional to the relative frequency of the
number of ears.
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4.4 EHIRIEFHE 7 ARAOEHEERBICKE TS
a8 L NI

I, HBEAEEICE Y 32 FHEBKL X)L (MDL:
Mean Dominated Level)Z Rk & 72, &£ H d LEERIEH
M 7 5o HRTF 2 H\wT, FEEEKEICE VT,
7HBED) BRHRKEVRIFAL XV LD 6 DR
WL XRXVDOEDEEEEH L. X512, ZOfED 118
HToVs% ko (A (1)).
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7
1 1
MDL(f) = mz [g;u(i.f)m =L@ Y| for LG Pmar # LG 1)

(1)
T,
it H&ES(1-118), j: ERAERS(1-7), £ BEEE KK
(Hz), Li,jf): HRTF DR LV ~)V(dB), L(if )max * H
#5 i » HRTF O AW E fic 8 % 7 /il d HRTF @
HRIE L~V 0 it A it (dB),

MDL & 95%fE# X [ %# Fig. 4 (273 %. MDL 13 & 3
BRES bt RELS BI2HEMPRA NG, T2FT
DHMHTHEMZ M TTE % 1-10 kHz TiFx MDL i3 3
BX% 36 dBTho7, TofEFERHIESINTY
35— 7 OB (Moore et al., 1989) & Hig L TK
FWw, £/, 95%EEXMEIE 0.5 dB LT TH- 7.
HRTF OfRIEA X7 P LDOAZEFIKE LI LEDAS
T3 H(HH, 2017b), ZH L HEET 3 L FH bk
LRUVDEANZEIZNI EWZ S,
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Fig. 4 Mean dominant level and 95% confidence interval
for seven vertical directions in the upper median plane
averaged over 118 ears.
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2 LERBOTAE—7LEWVA D,

DEXD, PlLEmiAoMREICMAT, EAAICHED
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EFRFEPHAMICE T Pl %8 E 2 2HB L %2
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AP 60°R 120°TEHFROMH L AHKRETH Y,
MEL 7 ERADIES DEINARE (PR, 2024),
L L, #63E PNP € F)LCId, SR EEz2HET 2
LIk T, HROMWHBBHKIC 2D, EMKEED
mEdT23ZEBRMEFEINS,



¥, R PNPE T VO HBA KR EZBRFAT 22 &
kD, BEBREICE W TIEAAEN HRTF % F K
DEBEMKEE 2B A 2 HRTF 2 £ T % 2 WM 28
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Fig. 5 Relationships between N1, N2, P1 (solid lines), and
Pd (broken lines) for a subject in the median plane. Black
closed circles denote dominant frequencies for 30, 60,
120, and 150°, and white closed circles denote dominant
frequencies for 0, 90, and 180° in the median plane.
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Fig. 6 Relationship between the dominant frequency and
the dominant vertical angle for three individual ears.
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