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Standards for calculating room acoustical parameserd) as 1ISO 3382, in many cases
do not, or only partially, specify the requirements thaheasured impulse response should
meet to allow calculation of a certain parameter.ifstance, to determine the reverberation
time, clear requirements are stated with regard to xperential shape of the decay curve
and the associated decay range, i.e. thecdn only be calculated if the INR (Impulse re-
sponse to Noise Ratio) > 45 dB while fof, The requirement is INR > 35 dB. To calculate
the Strength (G) from an impulse response, 1ISO 3382 requiresimum decay range (INR)
of 30 dB, and sets the integration time limit to the pwiare the decay curve has decreased
by at least 30 dB. For the Inter Aural Cross Correlafl&CC) an integration time limit in
the order of the reverberation time is suggested, irrdgpeat the noise level. For the Sup-
port (ST) the integration time limit for the late egeis set to 1 s. For calculating energy re-
lated parameters such as ClaritgdiGind Definition (@g) no practical value is specified for
the late energy integration time limit. It is thenefaften left to the user of the standard to
find a practical interpretation of the time infinityathappears in the theoretical formulas de-
fining the parameters. Under the most adverse conditlussnay lead to variations in the
calculated parameter values larger than the JND. Theemde of the INR and the integration
time limit on the calculated parameter values are tigeged. The result is a proposal for
practical values of the integration time limits basedhe INR and the reverberation time.

1. Introduction

Fig. 1 shows an example of a measured impulse respodsts alerived Energy Time Curve
(ETC). The usability of a measured impulse responsedéaving acoustical parameters) is mainly
determined by the available decay range. To this end th& (INfRulse response to Noise Ratio) is
used as a quality parameter. Many room acoustic paranatemderived from the room impulse
responses. Examples of such parameters are the nat@ybdime, which is related to the energy
decay rate, the clarity, the definition and the cetitme, which are related to early to late energy
ratios, and the speech intelligibility, which isatdd to the energy modulation transfer characteris-
tics of the impulse response. Because for energy ptesne requirements are stated in the stan-
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dards with regard to the quality of an impulse responsepfitiem have been investigated, being
the clarity Go and the centre timesT
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Figure 1. Measured impulse response p(t) and energy time curgé)p|
h(t): actual system response, n(t): noise, INR: imprdsponse to noise ratio.

The definitions of these parameters according to 1SO 3384aré given by Egs. (1) and (2). The
Cgo is calculated from the squared impulse response:

80ms
p?(t)dt
Cso =10lg - [dB] (1)

¥

p?(t)dt

80ms

The parameter & is calculated from the squared impulse responisg tise following relation:
¥
t xp?(t)dt
To=%———x000 [mg 2)
p?(t)dt

0

In theory these formulas hold for infinite measuesitimes and zero noise, while obviously
neither of these conditions can be met in practoe. practical measurements of finite length, one
is tempted to equate infinity with the end of theasurement. However, in the presence of noise
this results in parameter values that depend oretiggth of the measurement. For IACC calcula-
tions, 1ISO 3382 suggests using the reverberata &s the integration limit. This is valid as long
as the INR of the impulse response is sufficielattge, and has not been artificially increasedgisin
noise compensation. Otherwise, it is still possiblénclude a relatively large section of noiseha
calculations, making the results dependend ondiserevel. An approach that includes as much as
possible of the decaying impulse response whiléudkay most of the noise, would be to use the
crosspoint of decay line and noise levgld) as the (infinite) integration limit. Hereafteretinfi-
nite designation inf will be used rather than tiggisol . The influence of the noise and the inte-
gration time limit on calculated and measured patamvalues related tosdand a multiple of the
crosspoint for infinity (Fig. 2) are investigated.
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Figure 2. The crosspoint is defined as the point where the decay line craksesoise level.

2. Infinity calculations

Practical signals from which the acoustical paramse€, and Ts are calculated can be mod-
eled as an ideal impulse response h(t) with addesm(t):

p(t) = Axh(t) + Bn(t) (3)

The scaling factors A and B are used to model W (impulse response to noise ratio) with the
following relation:

INR = 20Xg —g [dB] 4)

The ideal impulse response h(t) is assumed to &tarO and has an exponential decay related to

the reverberation timesg§:
-3t

h(t) =r(t)30™ (5)

Where r(t) is a carrier signal with RMS value of 1.

2.1 Cgp calculations (exponential)

The G Is calculated from the squared impulse response:

80ms
p?(t)dt
Cy =10y >——  [dB (6)
p?(t)dt

80ms

For practical responses of limited length thatudel noise, the infinity in the limit of the denorain
tor integral needs further specification.

N p?(t)dt = t2A2 2 (t) + B2 xn?(t) + 2xA xh(t) xB xn(t)dt 7)

t1l t1l
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Because the signals h(t) and n(t) are uncorrelatédaverage value 0, the integral over their prod-
uct is 0. Using:

— T60
- 624n(10) ®

whereTg is the reverberation time, expressed in secoradgdon the decay rate over a dynamic
range of 60 dB, normally starting at 5 dB below ithigal level of the decay curve.

We can now write:
t2 4 )
p2(t)dt= A> XK x ek - ek +B?Xt,-t,) (9)

t1l

The crosspoint is defined as the point where tloayléne crosses the noise level. A plot gf &s a
function of the INR, taking a multiple of the crpsst time for infinity, shows that the 35 dB
stated in ISO 3382 as the minimum required decageas valid, assuming infinity is taken to be
0.75 to 1.00d0ssand Teo is at least 0.5 s. With INR values below 35 dB @e becomes highly
dependent on the integration limit, and quicklygi@utside the JND (= 1 dB) limits. In particular,
taking the crosspoint itself as the integrationitliseems to be a good choice. Fig. 3 shows the in-

fluence of the noise and the integration time dowated G error values related tosgand a mul-
tiple of the crosspoint for infinity.
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Figure 3. The influence of the noise and the integration timé lon calculated g error values
related to Ty and a multiple of the crosspoint time for infinity.

2.2 Tscalculations (exponential)

The parameter Jis calculated from the squared impulse responsg uke following rela-
tion:

Lint
t xp?(t)dt
Ty =%————>1000 [mg (10)
p?(t)dt

0

For practical responses of limited length thatudel noise, the infinity in both limits needs furthe
specification.
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Lint tint

p2(t)dt = A2 xh?(t)+ B2 x?(t) + 2 xAxh(t) B n(t)dt (11)
and
timt xp? (t)dt = timt {AZ02(t) + B2 w2(t) + 2Ah(t) B n(t)] di (12)

Because the signals h(t) and n(t) are uncorrelatddaverage value 0, the integral over their prod-
uct is 0. We can write:

Lint - tint
p*(t)dt=A*xK x1- ek +B*%,, (13)

0

and
i - tin
txp?(t)dt = A>xK? + A XK e K Xt

0

o +K) B (14)

The plot of T error as a function of the INR wherg ts taken to be a multiple of the crosspoint
position, shows that in all cases the INR mustigaér than 35 dB. Also, with increasing INR the
Ts converges to the value for the theoretical caserevho noise is present in the response signal.
The best choice (by a small margin) far is the crosspoint position. Fig. 4 shows the mfice of

the noise and the integration time on calculate@rior values related tosgand a multiple of the
crosspoint for infinity.

Figure 4. The influence of the noise and the integration timé lon calculated Jerror values
related to T, and a multiple of the crosspoint for infinity.

3. Infinity measurements

The time infinity is also investigated by analysiBigneasured impulse responses of extremely
high quality, each mixed with synthetic noise. Bablshows g and Ts for each impulse response,
in the 1 kHz octave frequency band, at a measurelaegth equal to & and INR exceeding 80
dB. The addition of synthetic noise resulted in 8 mew impulse responses, with the INR ranging
from 10 through 60 dB. From each new impulse respd®, and Ts were calculated, whergst
(Egs. (6) and (10)) was varied from 04&tto 1.50¢t0ss and wheretsss is the point where the de-
cay line crosses the noise level (Fig. 2). Theisgpoint of the impulse response is fixed atQ. =
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Table 1. Used impulse responses for 1 kHz octave band am#asurement length = .

Room Vol [m’] | INR[dB] | Teo[s] | Ceo[dB] | Ts[ms]
Reverberant 90 86 5.0 -4.89 353.1
Concert hal 13000 80 2.0 3.13 86.6

Not reverberant 100 97 0.5 9.14 37.0

3.1 Cgy measurements

Fig. 5 depicts the clarity &g measurement error as a function of reverberatme Tso, decay
range INR and the chosen infinity, given as a mplétof the crosspoint time value. It shows that in
all cases the INR must be higher than 35 dB. Algith increasing INR the & converges to the
value for the theoretical case where no noiseasqnt in the response signal. The best choice for
tint IS the crosspoint position.

Figure 5. The influence of the noise and the integration tiimé lon measured & error values
related to Ty and a multiple of the crosspoint for infinity.

3.2 Ts measurements

Fig. 6 shows the centre timg Teasurement error as a function of reverberaimg s,
decay range INR and the chosen infinity, given asudiiple of the crosspoint time value. It shows
that in all cases the INR must be higher than 354180, with increasing INR theslconverges to
the value for the theoretical case where no n@ggesent in the response signal. The best choice
for ti¢ is again the crosspoint position.

Figure 6. The influence of the noise and the integration tiimé lon measured Jerror values
related to T, and a multiple of the crosspoint for infinity.
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4. Results and discussion

Table 2. Calculated and measured parameter value errors fdf,; = teross@nd INR = 35 dB.

. t|nf = tcrossand INR = 35 dB
Reverberatior
Time Tgo Cgo €rror(ano =1 dB) Ts error@anp= 10 ms*
Caculated Measured Calculated Measured
Teo=0.5s <0.10dB <0.05dB <1.0ms <0.2ms
Teo=2.0s <0.02 dB <0.02 dB <50ms <0.2ms
Teo=5.0s <0.02 dB <0.01dB <10 ms <2.0ms

Table 3. Calculated and measured parameter value errors fdf,; = teross@nd INR = 45 dB.

. t|nf = tcrossand INR = 45 dB
Reverberatior]
Time Tgo Cgo €rror(Inp = 1 dB) Ts erroranp= 10 ms)
Caculated Measured Calculated Measured
Te0=0.5s <0.010dB <0.010 dB < 0.5 ms <0.1ms
Te0=2.0s < 0.005 dB <0.010 dB < 1.0 ms <0.2ms
Teo=5.0s < 0.005 dB < 0.005 dB < 2.0 mg <0.5ms

5. Conclusions

Using the crosspoint of the decay line and theentgigel as an optimal approximation of infi-
nite time in energy ratio parameters, the followsan be concluded on the impact on noise and
measurement time on the room acoustic parametait/dlso and centre time &

In all cases the INR value must be higher thanB5tlde same value that is needed to
calculate Fo.

Parameter errors obtained from practical impulspaoases tend to be much smaller
than calculated errors obtained from comparablerdtEal impulse responses based
on pure exponential energy decays.

Using an INR value of 35 dB (the minimum INR fospTalculations), the measured

Cgo-error, at least for reverberation times excee@rigs, is less than 0.05 dB. In this

case the thegferror is less than 2 ms.

Using an INR value of 45 dB (the minimum INR fogsTalculations), the measured

Cgo-error at least for reverberation times exceedifgs) is less than 0.01 dB. In this
case the thegferror is less than 0.5 ms.
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