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INTRODUCTION 
The ST measures were proposed by Gade (1989) for assessing stage acoustic conditions. The ST measures 
assess the level of reflected sound returning back to the musicians on stage. The level of the acoustic response was 
found subjectively relevant by Dammerud (2009), but mainly for detecting the mediocre halls that had an excess or 
lack of audible acoustic response on stage. In Dammerud (2009) there was found a preference for measuring 
acoustic levels using G (Strength) instead of ST. Both measures are currently included in ISO 3382-1 (ISO, 2009). 
This article goes into detail why the G measures appear to be superior to ST measure. In brief there are two main 
reasons: objective reliability of the reference level and subjective relevance. 
 
THE ACOUSTIC MEASURES G AND ST 
The acoustic measure G (Strength) was originally proposed by Lehmann (1976) and represents the total level of the 
acoustic response of the room including the direct sound. The reference level is the free-field direct sound level at 
10 m distance from the source. Obtaining the direct sound level with the measurement equipment in use will require 
a refection-free zone where only the direct sound can be observed over a sufficient amount of time, without any 
disturbing reflections. Normally the time duration of the direct sound is so long that the measurement system 
(loudspeaker and microphone) must be brought into an anechoic chamber to measure undisturbed direct sound 
levels at all octave bands (preferably 63 to 4000 Hz). The level of both the sound source (loudspeaker) and the 
microphone must be monitored after the calibration to avoid that the calibrated level drifts/changes. If obtaining 
acoustic measures that assess energy ratios, like C80 and D50, the level of the acoustic response within certain time 
intervals can be obtained. C80 is the most common energy ratio for concert halls, allowing us to calculate the level of 
the acoustic response within 0–80 ms and 80 ms to infinity based on measured G and C80, namely Ge (Gearly or  
G0–80) and Gl (Glate or G80–∞). In Dammerud (2009, p.131), among others, there is shown how to calculate Ge and Gl 
from G and C80. 
 
The ST measures include three different measures, according to Gade (1992): STearly, STlate and STtotal. All these 
three measures are based on measuring the acoustic response on stage with the microphone at 1 m distance from 
the loudspeaker, with the stage fitted with chairs (Gade, 1992). STearly is found as the total level of reflected sound 
within 20–100 ms after the direct sound was emitted from the loudspeaker. STlate and STtotal use different time limits, 
100–1000 ms and 20–1000 ms respectively. The reference level for the ST measures is the total level within  
0–10 ms, intended to only include the direct sound and the stage floor reflection. Measuring with the microhphone 
1 m from the sound source was motivated by trying to emulate a musician on stage with the instrument 1 m away 
from the his/her ears. Such a relative reference based on the measured response (in-situ) may be seen as 
convenient, since the actual absolute acoustic level can be arbitrary and there is no need for calibrating the 
measurement system in a reflection-free environment. But as will be discussed below, this convenience has its price 
in reliability for the values obtained at different locations and stages. 
 
RELIABILITY OF THE REFERENCE LEVEL 
When obtaining the reference level for G, the obtained direct sound level should according to ISO 3382-1 be based 
on 29 different rotations of the loudspeaker relative to the microphone (29 rotations evenly distributed over 360° 
horizontal rotation, resulting in approximately 12.4° rotation between each measurement). This may not be regarded 
as a fully sufficient way to obtain the actual emitted sound in all directions from the source, but it is likely to be more 
reliable than finding the direct sound level based on only one measurement and source rotation. For ST the direct 
sound level is obtained in-situ (at the location) from only one measurement. But since the time window for the 
reference level is 0–10 ms, the reference level will include not only of the direct sound. The floor reflection as well as 
reflections from any objects not farther than 2 m from the source or the microphone will also be included in this time 
window. Figure 1 shows a loudspeaker and microphone set up for measuring ST, 1 m apart and both at 1 m height 
above the stage floor. The sound paths in black lines represent the sound components that are wanted within the  
0–10 ms time window. The shaded sound paths are reflections that are not wanted. Reflections from chairs and 
music stands can be avoided by making sure that no chairs or music stands are closer than 2 m from both the 
loudspeaker and microphone. This will ensure that such reflections will arrive approximately 12 ms after the arrival 
of the direct sound at the microphone. But the reflection from the stage riser front will be impossible to avoid unless 
the source position is sufficiently far from any risers (mainly around the front centre of the stage for most stages). 
 

 
Figure 1: Direct sound and reflections on stage that can be included in the 0–10 ms time window. 
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Table I shows measured G within the time interval 0–10 ms, G0–10, for a stage with risers. G0–10 corresponds with the 
reference level used for ST. A higher reference level will result in a reduced ST value. Five different source positions 
were used where positions 3–5 were close to or at a stage riser front. For each source position the microphone was 
set 1 m from the centre of the loudspeaker for measuring ST and the source rotation was held fixed relative to the 
microphone for all the five measurements to keep values of G0–10 as constant as possible. We see that the reference 
level for ST varies within both octave bands and source positions. The variation with frequency is unavoidable due 
to the interference between the direct sound and the floor reflection (comb filtering). The total level of direct sound, 
floor reflection and riser front reflection will depend on the phase relations between these three waves. The 
difference in G0–10 at different octave bands at the same source position is up to 2.0 dB. Within one octave band 
differences up to 1.5 dB is found. The values for G0–10 at positions 3–5 are slightly higher compared to positions 1–2. 
 

Table I: G0–10 measured at one particular stage at five different source positions. 
Source position 250 Hz 500 Hz 1000 Hz 2000 Hz 

S1 22.7 20.1 21.2 21.0 
S2 22.5 20.2 21.1 20.5 
S3 23.1 21.6 21.6 21.1 
S4 22.1 20.5 21.6 21.3 
S5 21.8 21.6 22.1 21.3 

 
To illustrate the variations of the reference level for ST, here are examples of different values of STearly that actually 
are based on the same acoustic level within 20–100 ms: 

• –12.0 dB at the 1 kHz octave band measured at the middle of the stage front. 
• –13.5 dB at the 250 Hz octave band measured at the middle of the stage front. 
• –12.9 dB at the 1 kHz octave band measured close to a stage riser front. 

 
These differences may be seen as small, but the variation of ST with different stage enclosure designs can typically 
be within this same range. Gade found a preference for STearly within –11 to –13 dB (Gade, 1992). This 
recommended range is the average value within the four octave bands 250 to 2000 Hz. When comparing values of 
ST at different stages, are the differences found mainly due to differences in the stage enclosure design or mainly 
due to different staging conditions like risers and source positions? The reflections off riser fronts will be highly 
attenuated with an orchestra on stage, so such reflections do not appear relevant to perceived conditions on stage. 
 
In addition, the source-receiver distance of only 1 m distance will lead to a significant change of the reference level 
for ST if the microphone is not exactly 1 m from the acoustic centre of the source, or if the loudspeaker or 
microphone are not exactly 1 m above the stage floor (loudspeaker stands often have 1.2 m as minimum height). 
The comb filtering between the direct sound and floor reflection will change with different distances and heights, 
leading to a change of the reference level. Unless these requirements for ST are not followed (source-receiver 
distance, transducer heights and avoiding reflecting surfaces within 2 m radius) we will have significantly differences 
in the reference level for ST measured by different people with different equipment at different stages. 
 
On the contrary, for G the reference level will not be affected the staging condition and is constant between octave 
bands. The reference level for G only rely on the calibration carried out in a sufficiently reflection-free environment in 
advance of the actual measurements (or in retrospect assuring that the levels on the equipment have not changed 
since the measurement were carried out). A reflection from a riser front will be less significant for G or Ge compared 
to ST since this reflection will be one sound wave among a lot of sound waves. For ST we ideally only have the 
direct sound and floor reflection for the reference level. For ST, an additional riser reflection will make a significant 
contribution to the reference level. In addition, all reflected sound will contribute to an increase the value of G. That 
ST can have its value reduced due to more reflected sound on stage can be confusing, for instance when comparing 
values at different stage locations. Equation (1) shows the definition of STearly based on measured G. The result from 
Dammerud (2009) suggests that measured acoustic levels will have increased reliability if referring to G20–100 
directly, instead of subtracting G0–10 (to remove the absolute reference). 
 
STearly = G20–100 – G0–10             (1) 
 
In Dammerud (2009) it was suggested to measure on stage a source-receiver distance within 6–9 m instead of 1 m. 
One of the motivations was giving priority to physical reliability instead of subjective relevance since omnidirectional 
responses will be far from real conditions in any case. This increased measurement distance leads to variations of 
the source-receiver distance becoming smaller. It also leads to the direct sound level being lower compared to the 
level of reflections from the stage enclosure, leading to the actual source rotation being less critical for the actual 
measured value. Reflections from chairs and music stands may still lead to some change of measure values, but it 
will not affect the reference level. Measuring G and C80 at 6–9 m distance across the stage can therefore be seen to 
contribute to a significantly higher reliability and easier to make one-to-one comparisons between different stage 
enclosures. It will nonetheless be beneficial to measure the acoustic responses on empty stage because in addition 
to a furnished stage, since this removes the variations due to chairs and music stands close to source or the 
microphone. Such measurements will be very useful for calibrating a computer model of the actual stage. 
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SUBJECTIVE RELEVANCE 
In Dammerud (2009) the ST measures were found to have limited subjective relevance. STlate showed significant 
correlation with perceived reverberation, whereas STearly did not correlate significantly with any of the subjective 
aspects investigated. Ge and Gl were found subjectively relevant regarding perceived reverberation (slightly higher 
correlation than STlate) and having an optimum level of early and late reflected sound on stage. The time limits for 
STearly appeared to make it difficult to assess the amount of early reflected sound from the stage enclosure, since 
reflections arriving up to 100 ms can consist of reflections also from the main auditorium for smaller venues. 
 
As mentioned in the introduction, the assessed levels of the acoustic response were found relevant mainly to detect 
mediocre venues. When the level of the acoustic response is within an optimal range other aspects of the acoustic 
response appeared crucial, among them the direction of the reflections returning to the musicians. The perceived 
direction of the reverberant response appeared relevant for the musicians. Locating the reverberant or late acoustic 
response from the main auditorium appears to give the players a sensation of acoustic contact with the audience 
area, what the players describe as ‘projection’. If we measure the level of the late acoustic response on both the 
stage and in the audience area we can get an indication of direction of the dominating late acoustic response on 
stage. Such an indication will be available if we obtain values of G and C80 both on stage and in the audience area 
and calculating Gl. This leads to a preference for G over ST not only for objective reliability but also for subjective 
relevance. An increased measurement distance from 1 m to 6–9 m may also be regarded as subjectively more 
relevant since the acoustic conditions normally are most challenging and relevant for musicians far apart on stage. 
 
ESTIMATING STAGE AVERAGE VALUES OF ST FROM MEASURED G 
If measuring G is superior to ST it would be tempting to only measure variations of G (like Ge and Gl) and estimate 
values of ST based on the results for G. In Dammerud (2009) stage average values of Ge within 500–2000 Hz were 
found to correlate highly with the corresponding results for STearly (r = 0.97). The same was found to be the case for 
Gl and STlate (r = 0.98). The high values of the correlation coefficient, r, suggest a linear relationship between Ge and 
STearly, and Gl and STlate. Equations (2) and (3) show how to estimate STearly and STlate from such linear models. 
 
STearly = a·Ge – b            (2) 
 
STlate = a·Gl – b             (3) 
 
Equations (4) and (5) show how STearly and STlate relate directly to Ge and Gl respectively. In a perfectly diffuse 
sound field and fully consistent reference levels we could expect a equal to 1 resulting in STearly = Ge – b. But due to 
the reference level of ST being inconsistent due to variations of staging conditions and variation across octave 
bands, a will easily not be equal to 1. The results in Dammerud (2009) suggest a = 1.48 and b = –26.9 for estimating 
STearly based on measured Ge (both within 250–2000 Hz), and a = 0.67 and b = –19.4 for estimating STlate based on 
measured Gl (previously not published). These results are based on 40 measurements on eight different stages. 
The problem is that the values of a and b are highly likely to be different for another set of venues, source positions 
and risers, and consequently not be generally valid. This leads to the conclusion that actually measured values of 
ST are difficult to estimate and further illustrates the problem with the reference level for ST. 
 
STearly = Ge – G0–20 + G80–100 – G0–10          (4) 
 
STlate = Gl – G80–100 – G0–10           (5) 
 
CONCLUDING REMARKS 
Using G for measuring the level of the acoustic response in both the audience area and on stage appears to have a 
lot of advantages regarding objective reliability and subjective relevance. The use of G enables for instance 
comparisons between stage and audience area. One reference level that consistently show higher measured levels 
with more reflected sound energy present will also make it easier for people to relate to and interpret measured 
values. G is not a perfect measure either, but apparently better than ST. ST has been the de-facto standard for 
stage measurements over the last 20 years and is part of the current ISO 3382-1 standard. It will be relevant to still 
measure ST for backwards compatibility and further verification of results, but it appears highly beneficial for future 
studies to also measure and report T, G, C80, Ge and Gl as well, both on stage and within the audience area. 
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