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Figure 1 Block diagram of the proposed HPPR reverberation approach
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HPPR IR, 5 RR L8 5 ISM A H/AHI 0 RIR 5 < {55 K9H. 15M
SOWIE ) Allen I Berkley 14 3R 1, JUSEA AR RLYE —/MERPR 3 AR, — 237 L S
L — R A5 51 B 0 M AP U A 75 FE AL, (R PR 5 BIEE LT Py = [, i, 2]
P =20,y 2], AR A 1= Ly, Ly, L], BT RO LA RS R Br, By B,
KHRAE, b €=1,2, e=1 Fm EAAKERIF A IIHEE, € =2 FORMIR MHEE. (I BHEERT B
53 S ) B P 5 0 0 T AT 75 2R, T8 P 2 AU 7 515 S ORI o Ul
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q,u,ve0, 1} TR — RN =L (g, u,0) FES. M={(my,my,m.):—M < mg,my,m, < M} RR—
RN ZLE R (g, my,ms) BIERS, Horh M FROR OB o o i T2 0I5 | R I e B e R
BRI AN URE I B (W R T RNREESE) P R, = [(1-2¢) 25—, (1—2u)ys —y, (1—20) 2, — 2]
AR T AR IR R PR AL B, Ry = [2me Lo, 2my Ly, 2m. L] 5275 8B SO IR RESUL D 18] RS
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B, FDN 1 — R A E I 30 B 200 S A5 P e S e B A B, & S BRI K (BY) B 7 = m, T
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IRWIE, H,(w) FSEIRIN E] 7, AR E] T, (w) THRFTR, Horp T, (0) RN T BB AR I RE 5
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NSV T 28] J SUIVRR e £E I — AU - e Y A R DR, A b SRR e I T B A B
MR EERTHIZE T (w) 2230 N E 2.
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e giit ikl 45 € — /N IR, R BUREULY) RIR f— 4y i e A0 7. EDR (£ 4015
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Figure 2 Two-dimensional representation of the ISM principle. The rectangular room enclosing the black point is the
original room, circles (o) represent the considered image sources, the 8 parameters indicate the reflection coefficients of the
corresponding boundaries
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log (BB)

B, i B,=B,=B, £ B,

, W B, # B,=B, £ B,

(7)

>N I:P7
By = (Beafes)” ", (8)
By = (ByaBy2) ", 9)
Bz = (Bz,lﬂz,Q)p/Lz ) (10)

v = 0.5772157 /& Euler-Mascheroni 7%, Ei(-) X885, EAUH L, F£RH ISM #5
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Figure 3 (Color online) Simulated by the proposed HPPR reverberation simulation approach in an environment with the
dimension 6.0 mx5.0 mx3.0 m. (a) Room impulse response (RIR); (b) energy decay relief (EDR)
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T BAE HPPR VR MR 7 V2 B G 2P, AR 770 38 d 250 {E S0 A0 = W00 Wy S 56 SR 0] L VRAR 28 SCTR
AR L (HPPR) . bRdE ISM J732 (ISM) PAA Beist ) ISM(ISM-DRM) J57%.

3.1 HEEH RIR

N T BAE HPPR MBI IVE R Rk, e B0E 55 1EURS N 6.0 x 5.0 x 3.0 m®, 2 4f& Sabin 24
30O A B IR (8] 436 ms. ARYE SCHA [11) S EUEL, FIA ISM R X RIR BEEEI A, =
15 dB 2 Hil B0 5 30 B S R ATARAEL, Xof M2 VR e T (DS SR e A J SRR WD ) 20 RN IR ) Nt =
130 ms.

HPPR VRIS iE45 2 B b i S A 3(a) B, Herb 3 B 23R ISM RS0 B 1R i A
FDN HE300 0 i IR I 7 7 A te. AL 3(a) FTLLFE Y HPPR AUt 0 S J01VR i 4 097 i B R
AR ELES, IX R B TSM AL LIV M R FDN B0 J5 BHVR e ZE B Sk s B TP . B 3(b)
i TR A HPPR B K RIR 7ER — A1) EDR, M B AT CUE 215 3 7R i A 3 VR i 72 A7
RS T AR AR S VR A S SR TR ANAE AT A AN S R AR, XL ISM ARG
S F IR A FDN AU 2 ()5 SRR — S SEIl 1 -1 .

3.2 EXWN0TSLIE

TE WM S256 A BATTFER =42 17 9 ANASE G TR b 97 G5 TR ARAR vV € [30, 100] m3 FIVR
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Figure 4 Matlab GUI and listener test environment for evaluating the algorithms. (a) Matlab GUI; (b) listener test

environment
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Figure 5 (Color online) Listening test results averaged across all simulated scenarios and different stimuli for the tradi-
tional algorithms (ISM and ISM-DRM) and the proposed HPPR approach
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Table 1 Execution time speed-up factor Rcpu

Parameter Value
Teo (s) 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Rcpu 1.15 1.34 1.54 1.49 1.40 1.23 1.36

FEPITAT RELADL 55 (R AR T i B 25 R Fon T 5. WK 5 /TLUR H: Z25RE S P EA
Al T-#15 5, W45 ITU-RBS.1534 Frde, St R M0 SEi2 A 20; BT 3 Mg TR MRl i 45
B FIRMA A 5 H A R ) LRI RUR, BB 1AL RAKF RO gk In 5 538, B iE g AR
W) T3 X I 285 SRR 20, R T S5 45 AT 3 I ETJT 22404 (ANOVA). I T 7 Z i B e H 3
TP A R R DA, AL EAE ANOVA M i R b, 815 5 A 2255 5 KRB IEAEN. ANOVA
T EERERY]: ANFENRA BRI INENAAERZE 2R (F(2,18) = 0.47); BIAGETHE SCERBE, #olxt 3
TR MRS TT VR AL TR S 5 A B 2] R 2 5. (R, HPPR MR VA 516 G2 T H N
I8 B (R AR UL 5 V2 EL A R R P i TR R

3.3 HERESH

T 6 HPPR VRN, 732 v S0 B AT A, JATTR 140 A5 VR magEAT T 40, A iR
A Teo M 0.1 s ZBALH] 0.7 s 2045, [AIBERN 0.1 s; BEANRIRAIZAE T, X5 20 AN 5 AR I HE T 11
L. AP RIARFAAE 30, 100] m® BEALILSE, 75 URAEUSCAL B 7E b3 (8] W BE AL A0, X TAE R 452 1
Too0, 77 HiE3% ISM-DRM Fil HPPR JRMIFIL 5 VETE 20 ANASE G5 (8] Fh R M A0 3T 7% 19 CPU I [E]. H
THEXS ThRE ISM 5725, ISM-DRM 7 ik S E T/, S BT, [RMAE T S0 BT e o i i A %
FE& ISM 5. ZE53#1dr, ISM-DRM /7341 HPPR YRR 7 VL, V&I Ta#5E N A, = 15 dB.

TEXS B B AT i, BATRA T AT MIBEFEF Repy 2047, HsE SN ISM-DRM F=4E
TR T T A S HPPR P2 AR BT 7 1] 2 B, 745 58 ROTR MR A] Teo 2515 F, PR A2/ 20 A
ANTR] 5 [A1VE W BT 5 - 350 B TR R I R 7810 T 36 1. 3% 1 4 3B AR T ISM-DRM TR A4 5
%, HPPR VR MR 7 vE v B FE TR, vF SO R Z04e & 1 30%. HPPR WRMAHH 0 H 21
WD EZAF T (1) BRI ISM AR B AR /N RIR; (2) EHRWH T 55
I FDN BE#E=E, AR EAREFER SRS .

4 g

A IR T —Fh 3 T B AE AU AL (1) HPPR JE AR 1. HPPR VMRS 1
o FRNE S SR ISM 2R E R RIR 5 < (F5807 4, FREM A FDN B
4=, FDN WZ3 i FIHIR 1) EDR S8 IR 5 3ok e, it 75 55 A S 3 R e 48
If AU PR P VY. S AR S AN T UL Wy SR B AR IR 1 I 77 VR A A, AR T E AT SR AR
ISM-DRM VML, 772, HPPR TR M AR A0, 77 32 FLAG AH [A] i VR i B e 250 1, (H B A B PR 1) o1 40 3 B2 A
BRI R 1.
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A hybrid physically- and perceptually-based approach for rever-
beration simulation

XU HuaXing, XIA RiSheng, LI JunFeng* & YAN YongHong

Institute of Acoustics, Chinese Academy of Sciences, Beijing 100190, China
*E-mail: lijunfeng@hccl.ioa.ac.cn

Abstract Reverberation simulation in many areas including live music and computer games has important
applications. Traditional physical and perceptual-based reverberation simulation techniques require a high com-
putational cost and lack the specific characteristics of the room, respectively. This paper presents a hybrid artificial
reverberation synthesis method (HPPR): the early reflections are generated by convolving with the impulse re-
sponse modeled by the image source method (ISM) based on the physical characteristics; the late reverberation
is produced by the feedback delay network (FDN) based on the perceptual characteristics. Furthermore, we pro-
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pose a method to estimate the energy decay relief (EDR) of the modeled early reflection and thus compute the
parameters of the feedback delay network using the method. This process results in the smooth transition from

the early reflections to the late reverberation in the time-frequency domain. Numerical simulation and subjective

hearing experiments confirm the effectiveness of the proposed method.
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