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ABSTRACT
This paper proposes a new multi-criteria analystl@h to acoustically characterize a specific
type of building: the courtrooms. A Courtroom astically studied regarding several criteria:
their speech intelligibility, speech privacy (t@ifin contiguous rooms) and intruding noise.
These characteristics are evaluated by numericahpeters that describe the sound field within
and the sound insulation. In this paper sevegifitant acoustic parameters are used and
logically weighted to find a representative unigondex of evaluation of the room, the GIAE
(Global Index of Acoustic Evaluatipmated on a scale for O (worst) to 20 (best). &beustic
parameters used are: Reverberation Time (RT) (geevd 500 and 1000 Hz frequency bands),
weighted normalized airborne sound level differeat®valls and partitions (Dn,w according to
ISO 140-4 and 717-1) and facades (D2m,n,w accordin§O 140-5 and 717-1), Rapid Speech
Transmission Index (RASTI) (with sound source ie fladge position and in the defendant
position). The multi-criteria mathematical modsl presented and numerically tested with a
large selected sample of 28 courtrooms in Port(igelght from 2.75 to 6.85 m and Volume
from 150 to 880 r}).

1. INTRODUCTION
A Courtroom is acoustically studied regarding selesriteria: their speech intelligibility
(within), speech privacy (to/from contiguous roomasid intruding noise. These characteristics
are evaluated by numerical parameters that desthibesound field within and the sound
insulation given by their separating walls with ¢éing rooms or entrance hall, and the facade.

Several significant acoustic parameters are usad lagically weighted to find a
representative unique index of evaluation of a woam, the GIAE Global Index of Acoustic
Evaluation rated on a scale for O (worst) to 20 (best).

The acoustic parameters used are: Reverberatioe [RT) (average of 500 and 1000 Hz
frequency bands), weighted normalized airborne ddevel difference of walls and partitions to
surrounding rooms (Dn,w according to ISO 140-4 &id-1, similar to FSTC) and facades
(D2m,n,w according to ISO 140-5 and 717-1), Rapédegh Transmission Index (RASTI) (with
sound source in the judge position - J - and irdfendant position - D).
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2. GLOBAL INDEX OF ACOUSTIC EVALUATION (GIAE)

The GIAE Global Index of Acoustic Evaluatios found from a mathematical function that
depends on several decision critéfig ; (ap are the several acoustical parameters named above)
Each CriterionCyp i Normalizes the value of the acoustical paraméterifstanceRT in s) to a
normalized scale from O (the worst value) to 2@ (tlest value). Each acoustical parameter is
weighted W, from O to 1) regarding its importance on the ollemaoustical behavior of the
room.

Each Courtoom (that is, each alternatyes rated by the GIAE as follows:

GlAE(a)ZWRT- CRT(a-i)"'WDn,W(interior)-CDn,w(interior)(ai)"'WDZm,n,WCDZm,n,vx(a-i)"'VVRASTICRAST(ai) (1)

Or using the values for the weigs

GlAE(a) =0.50 CQT(aI) +0.20 CDn,W(interior)(ai) +0.10 CDZm,n,V\(ai) +0.20 CQAST(ai) (2)
Where:
Crr (&) - normalized performance (from O worst to 20 bestyarding acoustical

parameter RT for alternati\a (courtroomi);
Conw (interiony (&) - normalized performance (from O worst to 20 bestyarding acoustical
parameter Dn,w(interior walls) for alternatiag(courtroomi);

Co2mnw(a) - normalized performance (from O worst to 20 bestyarding acoustical
parameteD,n n w(facade) for alternativa, (courtroomi);

CrasTi(&) - normalized performance (from O worst to 20 bestyarding acoustical
parameter RASTI for alternatig (courtroomi);

Wgr - weight factor for criteria RT (=0.5);

W b, wiinterior) - weight factor for criteri®y w(interior) (= 0.2);

W b2mnw - weight factor for criteri®,mnw (= 0.1);

W RrasTI - weight factor for criteriRASTI (= 0.2).

The Cpn,w (interiory aNACrasTiare also the accumulation of two sub-criteria:

- The criterion for Interior Sound Insulati@bn w (nteriory @dds the effect of the sound insulation
with contiguous rooms with the sound insulationtiie entrance lobby (this is usually worst
because of the door that connect both spaces)llaw$:

CDn,W (interior) (al) =0.20 CDn,W (contiguous roomé@i) +0.80 CDn,w (entrance Iobbﬁﬁi) (3)

- The criterion for RASTCrastiadds the effect of the RASTI with the sound soatcihe judge
position (J) with the RASTI with the sound sourtéh@ defendant position (D) as follows:

CrasTi(@) = 0.60 GrasTi (&) + 0.40 GrasTi Df&) (4)

Tables 1 to 5 present the conversion functionsafothe Criteria used regarding all acoustical
parametersRT, RAST) Dn,w with contiguous room<Dn,w with entrance lobbyand D2m,n,w
(facade).



Table 1: Conversion function for Reverberation Tink&T] (average 500-1k Hz)

RT (s) Cgr(points) | RT(s) Cgr (points)
[0.0;0.1] 6 [1.0; 1.2 19
[0.1;0.2 8 [1.2;1.4] 18
[0.2;0.3 10 [1.4;1.6] 16
[0.3;0.4] 13 [1.6;1.8] 14
[0.4; 0.5 14 [1.8 ;2.0 12
[0.5;0.6] 17 [2.0; 2.5]

[0.6 ;0.7 18 [2.5; 3.0
[0.7 ;0.8 19 [3.0;3.5]
[0.8; 1.0 20 >3.5 0

Table 2: Conversion function foRASTI

RASTI CrasTi (points) RASTI CrasTi (points)
[0.90; 1.00] 20 [0.50; 0.55] 11
[0.85; 0.90[ 19 [0.45; 0.50[ 10
[0.80; 0.85] 18 [0.40; 0.45] 8
[0.75; 0.80[ 16 [0.30; 0.40[ 7
[0.70; 0.75] 15 [0.20; 0.30[ 4
[0.65; 0.70[ 14 [0.10; 0.20[ 2
[0.60 ; 0.65] 13 [0.00; 0.10[ 0
[0.55; 0.60[ 12

Table3: Conversion function fob, ,, (with contiguous rooms)

Di,w (contiguous room) (AB)  Cpnwic.ry (POINES) | Diw (contiguous roomy (AB)  Cpnwicr) (POINtS)
>50 2.0 39 9
49 19 38 8
48 18 37 7
47 17 36 6
46 16 35 5
45 15 34 4
44 14 33 3
43 13 32 2
42 12 31 1
41 11 <30 0
40 10




Table4: Conversion function fob,, (with entrance lobby)
Dn,w (entrance lobby) (d B) CDn,w(e.l.) (pOintS) Dn,w (entrance lobby) (d B) CDn,w(e.l.) (pOintS)

>3€ 20 27 7
35 19 26 6
34 18 25 5
33 16 24 4
32 14 23 3
31 12 22 2
30 10 21 1
29 9 <20 0
28 8

Table5: Conversion function foD,m »w(facade)
D2m,n,w (dB) CDZm,n,W(pOintS) D2m,n,w (dB) CDZm,n,W(pOintS)

> 34 20 25 7
33 19 24 6
32 18 23 5
31 16 22 4
30 14 21 3
29 12 20 2
28 10 19 1
27 9 <18 0
26 8

2. APPLICATION

A. The Sample
The above described multi-criteria method was weiga sample of 28 courtroorim Portugal
that are described in Table 6 (with four examplesas in Figures 1 to 4).

Figures 1 and 2: Examples of Courtrooms (Vouzela and Celorico dma3e
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Figures3 and 4: Examples of Courtrooms (Covilhd and Skia)

Table 6: Main characteristics of the 28 courtrooms in Pgatwsed as sample

Alt. Courtroom| Volume () Area (nf) Height(m) Length (m) Width (m) Absorption §n N. seats
as Almeide 20¢ 67 3.1C 9.€ 7.0C 29.¢ 40
a C. Branco 878 172 5.10 15.1 11.40 31.0 170
a3 Cel. Beira 516 101 5.10 135 7.50 38.7 85
a Covilha 1 880 173 5.10 15.0 11.50 121.4 120
a5 Covilha 2 169 59 2.85 8.3 7.15 78.2 50
ag FCRodrigo 484 103 4.70 14.3 7.20 314 60
ay F.Algodres 441 100 4.40 11.4 8.80 35.8 55
ag Fundao 1 478 107 4.45 11.3 9.50 47.3 85
Qg Fundao 2 397 107 3.70 11.3 9.50 46.5 85
a;c  Gouveia 424 115 3.70 15.5 7.40 67.2 90
a;; ld.-a-Nove 71¢ 15& 4.7C 15.C 10.2( 30.2 9Q
a;; Mangualde 707 120 5.90 14.1 8.50 38.5 35
a;z  Meda 331 95 3.50 13.7 6.90 68.8 a0
a;4 Oleiros 195 71 2.75 9.7 7.30 25.9 35
a;z  O. Frades 374 98 3.80 11.3 8.70 96.8 30
a5 O.Hospital 416 109 3.80 12.3 8.90 94.2 45
a;;  Pinhel 468 104 450 13.0 8.00 40.8 55
a;¢e  Sabugal 469 92 5.10 11.5 8.00 28.7 55
a;c  Satao 256 83 3.10 13.1 6.30 39.9 65
a Seial 508 107 4.75 11.5 9.30 30.6 55
a, Seia: 574 121 4.7k 13.C 9.3C 32.¢ 65
a,; Serta 662 97 6.85 10.5 9.20 80.5 60
a3 S.Vouga 150 50 3.00 10.0 5.00 52.1 24
a,s Trancoso 416 113 3.70 12.5 9.00 25.8 70
ax VNFCoba 276 89 3.10 13.1 6.80 23.1 70
a Viseu 1l 560 111 5.05 15.2 7.30 31.1 90
a,; Viseu 2 156 46 3.40 8.8 5.20 25.1 27
a Vouzela 343 116 2.95 11.3 10.30 121.5 80
Minimum 150 46 2.8 8.3 5.0 23 24
Mean 445 103 4.2 12.3 8.3 50 67
Maximum 880 173 6.9 15.5 11.5 122 170
St. Deviat. 199 30 1.0 2.0 1.6 29 31




Table 7 presents the results found especiallyGoAE and Table 8 shows a statistics
summary of the values found.

GIAE values were found from 3 (minimum) to 15 (nmaxm) with a mean and a median of
about 11.2 (that is 56% of a maximum of 20).

The Figure 5 shows the statistics histogram oRB&IAE values calculated.

Table 7: Results of the application of the multi-critenethod to the 28 courtrooms sample

Alt. i — Courtroom’s town | ¢ Crastis C rastio C ras Conw(entrance ~ Conw GIAE
lobby) (interior)
a; - Almeida 18 13 12 13 0 2 13
& - Castelo Branco 12 10 10 10 0 2 9
& - Celorico da Beira 16 10 10 10 2 3.6 12
a, - Covilha 1 0 7 7 7 3 4.4 3
as - Covilha 2 18 12 11 12 2 3.6 13
& - F. Castelo Rodrigo 18 12 11 12 3 4.4 13
& - Fornos de Algodres 8 8 8 8 3 4.4 7
ag - Fundao (1) 18 11 11 11 3 4.4 13
a - Fundao (2) 18 11 11 11 3 4.4 13
a0 - Gouveia 19 12 11 12 10 10 15
a1 - ldanha-a-Nova 6 7 7 7 0 2 6
a;» - Mangualde 12 10 10 10 3 4.4 10
a3 - Meda 16 11 10 11 1 2.8 12
a4 - Oleiros 20 13 13 13 0 2 14
a5 - Oliv. Frades 20 14 13 14 4 5.2 15
a6 - Oliv. Hospital 20 13 13 13 0 2 14
a,;7 - Pinhel 16 11 11 11 2 3.6 12
ayg - Sabugal 8 10 8 9 4 5.2 8
ayo - Satao 20 13 12 13 0 2 14
a - Seia (1) 12 10 10 10 0 2 9
a1 - Seia (2) 12 10 10 10 0 2 9
a, - Sertd 6 8 7 8 2 3.6 6
a3 - Sever do Vouga 19 13 12 13 0 2 13
&4 - Trancoso 16 11 11 11 1 2.8 12
as - VNFoz Cba 14 10 10 10 0 2 10
as - Viseu (Sala 1) 12 10 8 9 5 6 10
a7 - Viseu (Sala 2) 19 12 12 12 7 7.6 14
&g - Vouzela 15 15 15 15 3 4.4 12

C from 0 (worst) to 20 (best)

Table 8: Statistics summary of values found

Parameter Minimum Mean Median ~ Maximum
GIAE 3 11.2 11.2 15
Car 0 14.6 16 20
CrasTi 3 7 11 11 15
C rasTi D 7 10.5 10.5 15
CrasTi 7 11 11 15
C bnwiinterion) 2 3.7 3.6 10

C from 0 (worst) to 20 (best)
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Figure5: The histogram of all 28 GIAE found with the sampsed.

C. Relationships Between GIAE and Architectural Features

Simple models

The Table 9 displays simple models to expediteBdpmt theGIAE for a courtroom using an

architectural feature of the room (Figure 6 showsaphical example with the best value found).
It was found that about 55% of the variance inGh&E is explained by the Volume of the

room, being this and the Height two most impor&ehitectural features.

Table 9: Best simple regression models betw&AE and architectural features.
Model 2§

GIAE =-800x10° xV? -0,003xV +145 0.55

GIAE=-0,015xH?* - 182xH +19.1 0.45

16 - GIAE

R?=0,5539
14 -
12

10 -

0 T T T T 1
0 200 400 600 800 1000

V (m3)
Figure 6: Best regression model between architectural feadf{¥’olumg andGIAE.



General linear models

To improve the simple models of Table 9, generadr models were tested and the results are
shown in Table 10. Using two architectural feasutiee variance explained by the model for
GIAE increases now to 58%. The Table 10 also showsg#meral linear models for the
prediction OfCRT andCRAgT;

Table 10: General linear models

GIAE=11.46 - 0.0144% + 0.4934L R?=0.58
Crr=16.299 - 0.0243¥% + 0.7380L R?=0.59
CRASTI: 16.577 - 1.27281 + 0.01459 - 0.0165/N R2 =0.60

GIAE - Global Index of Acoustic EvaluationV - Volume (m), L - Length (m),H - Height (m),A - Sound
Absorption (M), N (number of seats)

D. Design rules

In order to synthesize the goals of this study,|@4dl presents the ideal values for the acoustical
parameters used in this multi-criteria method toece two types of objectives:

- An ideal GIAEGIobal Index of Acoustic Evaluatiqabout 20, or 100%);

- A good GIAEGIobal Index of Acoustic Evaluatiaralue (about 15, or 75%).

Table 11: Values for the main acoustical parameters to aehiggeal or good GIAE results

Courtroom with an ideal acoustical Courtroom with a good acoustical
Parameter ) _
behavior GIAE = 20) behavior GIAE= 15)
RT(s)* [0.8; 1.0[ [1.4; 1.8
RASTI [0.90; 1.00] [0.70; 0.80]
Dn,w (contiguous roomsﬁdB) > 49 [44; 46]
Dn,w (entrance Iobby‘dB) > 35 [32; 33]
D2m,n,w(facade)(dB) >33 [30; 31]

GIAE - Global Index of Acoustic Evaluation, * Average df®and 1k Hz

4. CONCLUSIONS
This paper proposes a new multi-criteria analysisdeh to acoustically characterize the
courtroom. A Courtroom should be acoustically sddegarding several criteria: their speech
intelligibility (within), speech privacy (to and dm contiguous rooms) and intruding noise.
These characteristics must be evaluated by nunhgrazameters that describe the sound field
within and the sound insulation given by their sapag walls with bordering rooms and with
the entrance lobby, and the facade.

In this paper several significant acoustic paramsetvere used and logically weighted to
find a representative unique index of evaluatiothefroom, the GIAEGlobal Index of Acoustic
Evaluation rated on a scale for O (worst) to 20 (best).

The objective acoustic parameters used were:

- Reverberation TimeRT) (average of 500 and 1000 Hz frequency bands);
- Weighted normalized airborne sound level diffeeenf walls and partition®f,w according
to ISO 140-4 and 717-1, similar to the FSTC);



- Weighted normalized airborne sound level diffeeenf facades2m,n,waccording to ISO
140-5 and 717-1);

- Rapid Speech Transmission IndéRAST) (with the sound source in the judge position,
facing the audience and in the defendant posifaming the judge).

The multi-criteria mathematical model was presgrdad numerically tested with a large
selected sample of 28 courtrooms in Portugal (\Méightsfrom 2.75 to 6.85 m andolumes
from 150 to 880 1).

Simple formulas and general linear models weredoior expedite relationships between
GIAE and the main architectural features. In ttase, expedite relationships were found that
could explain about 60% of the variance in the Waked GIAE values.

A short set of ideal values for the objective atmuparameters are proposed in order to
achieve a high value of the GIAE that can be usefuhe design of new courtrooms or on
rehabilitation projects.

A very good acoustically courtroom will be achidvuethere is @&RTof about 1 s, an
average RASTI of about 0.7, a Dn,w (or FSTC) witht@guous rooms above 44 dB, a Dn,w
with the entrance lobby above 32 dB and a D2m,fgeagle) above 30 dB.

This new method is a reasonable and easy waytdcaral/or evaluate an overall acoustic
quality of a courtroom.
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