
548 ASHRAE Transactions

only signal T1 was significantly found to be more annoying 
than signal T4, but the trend as shown in Figure 6 is that signals 
with the higher PR of 9 in this study were perceived as more 
annoying than the ones with PR of 5. The plot for distraction 
responses is similar. The fact that the tonal signals were not 
found to be more annoying or distracting than the ‘neutral’ T1 
condition may be linked more to perception of loudness rather 
than tonalness. As Table 1 indicates, the signal T1 had the 
highest sone rating, which may have influenced the annoyance 
responses it generated, more so than its lack of tones. 

Relationships between Task Performance  
and Subjective Perception

Previous research by the authors has indicated that task 
performance scores are often significantly linked to subjective 
perception ratings, even if they do not change in a statistically 
significant fashion with regards to noise conditions (Bowden 
and Wang 2005, Ryherd and Wang 2007). Such a relationship 
was statistically tested using a linear mixed model in SPSS. 
Results show that there are significant relationships between 
performance and perception. Typing scores decreased as 
subjects perceived the noise to be more rumbly (F=13.52, 
p<0.01), roaring (F=5.21, p<0.05), or changing in time 
(F=3.81, p<0.05) in character, and when they felt more 
annoyed (F=14.19, p<0.01) or distracted (F=18.75, p<0.01) 
by the sound. Figures 7 and 8 show examples of the typing 
scores in relation to distraction responses and rumble ratings. 
The average adjusted typing speed decreased from 53 wpm to 
40 wpm (or 24%) with higher distraction responses, and less 
regularly from 52 wpm to a low of 34 wpm with higher rumble 
ratings. (Note that the number above each standard error of the 
mean bar in Figures 7-10 indicates the number out of 360 
observations that some participant assigned that rating.) 

Math and reasoning task performances, however, actually 
significantly improved with higher ratings of hiss or roar and 
only seemed to decrease somewhat with rumble ratings. 
Figure 9 shows the average math scores increasing from a low 
of 71% to a high of 85% with higher hiss ratings (F=8.91, 
p<0.01), while Figure 10 indicates average reasoning scores 
decreasing from 93% to a low of 84% with higher rumble 
ratings (F=4.81, p<0.05). The fact that a difference is found 
here between typing performance and math/reasoning perfor-
mance is not unexpected, as the authors and others have previ-
ously found that the type of task can affect results since 
different neural processes occur in accomplishing the tasks 
(Hughes and Jones 2001, Landström 2004, Ryherd and Wang 
2007); the typing task requires less cognitive thought than 
math/reasoning tasks. Low frequency rumble seems to be the 
only noise characteristic that generally produces lower scores 
for typing and math/reasoning performance, corroborating 
what has been found by other researchers (Leventhall et al. 
2003). With other noise characteristics such as roar and hiss, 
it could be that subjects feel annoyed or distracted so perfor-
mance on a routine task like typing degrades, but the increased 
annoyance or distraction may compel subjects to focus more 

Figure 6 Subjective annoyance responses to the various 
noise conditions, averaged across all subjects. 
The bars represent the standard error of the 
means.

Figure 7 The average adjusted typing speed in words per 
minute at each subjective distraction response 
value. The bars represent standard error of the 
means. Numbers above the bars represent the 
number of observations out of 360 in which a 
participant gave this response to a noise 
condition.
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when working on cognitive tasks like math/reasoning, result-
ing in better performance scores.

Relationships between Indoor Noise  
Criteria Ratings and Task Performance  
or Subjective Perception

Although the indoor noise criteria ratings listed in Table 
1 do not vary widely across the six signals tested in this phase, 
one research question that this project sought to answer was: 
how well do indoor noise criteria ratings relate to task perfor-
mance or subjective perception results? Linear mixed models 
were used to investigate these relationships.

None of the indoor noise criteria levels in Table 1 were 
found to be significantly related to task performance scores. 
However, some of the subjective perception ratings were 
captured by the objective indoor noise criteria. Both LAeq
(F=4.96, p<0.05) and sones (F=4.92, p<0.05) were confirmed 
to be significantly related to loudness perception. That these 
two descriptors are most linked to differences in loudness 
perception from the list in Table 1 is not unexpected, even in 
this study where the levels of the noise conditions did not vary 
greatly. In terms of detecting tones, the NC method was the 
only one to be significantly related to subjective perception of 
tones (F=7.46, p<0.01). This result is logical, because NC is a 
tangency method so that a prominent tone in a particular 

Figure 8 The average adjusted typing speed in words per 
minute at each subjective rumble rating value. 
The bars represent standard error of the means. 
Numbers above the bars represent the number 
of observations out of 360 in which a participant 
gave this rating to a noise condition.

Figure 9 The average math score in percent correct at 
each subjective hiss rating value. The bars 
represent standard error of the means. Numbers 
above the bars represent that number of 
observations out of 360 in which a participant 
gave this rating to a noise condition.

Figure 10 The average reasoning score in percent correct 
at each subjective rumble rating value. The bars 
represent standard error of the means. Numbers 
above the bars represent the number of 
observations out of 360 in which a participant 
gave this rating to a noise condition.
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octave band would raise the NC value by raising the tangency 
point.

No significant relations were found between the spectral 
ratings provided by certain criteria (NCB, RC, and RC Mark 
II) and the subjective ratings of rumble, roar or hiss. However, 
Figures 11 and 12 show plots of the six noise conditions and 
their average subjective rumble and hiss ratings, respectively, 
averaged across all subjects. In examining Figure 11, NCB 
rated signals T3, T5 and T6 as rumbly, which does seem to 
reasonably follow the subjective ratings. RC and RC Mark II, 
however, rated none of these six as rumbly. In examining 
Figure 12, NCB rated signals T4, T5, and T6 as being hissy, 
which only matches perception of T6. Meanwhile, RC rated 
only signal T6 as hissy, while RC Mark II rated all others as 
having excessive high frequency. From this analysis, it 
appears that the RC Mark II spectral rating system does not do 
well with matching subjective perception, while the spectral 
ratings of the NCB and RC methodologies may be reasonably 
linked to perception. 

DISCUSSION AND SUMMARY

The results of this project can help to answer two central 
questions, regarding noise characteristics of building mechan-
ical systems, subjective perception, and task performance. The 
first is: which noise characteristics are linked to higher annoy-
ance and distraction responses? Among the noise characteris-
tics surveyed, it was found that loudness perception is most 
closely linked to annoyance/distraction, followed by the 
perception of roar, rumble and tones in the noise. (Recall that 
annoyance and distraction responses were highly correlated in 
this study.) Consequently, in designing commercial office 
buildings, the degree of loudness, roar, rumble and tones in the 
background noise should be minimized to optimize worker 

comfort. Particularly with regards to tones, certain signals 
with tones of PR=9 were generally perceived in this project as 
more annoying than those of PR=5, but more research should 
be conducted to investigate a wider range of tonal prominence 
ratios across different frequencies.

The second question is: which noise characteristics are 
linked to lower task performance scores? While none of the 
typing or math/reasoning scores were found in this study to be 
statistically related to the degree of tonalness in the noise 
conditions, there was indication that signals perceived to be 
more rumbly generally produced lower performance on typing 
and math/reasoning tasks. This finding further supports the 
fact that the degree of low frequency rumble should be mini-
mized in background noise conditions of offices, not only for 
occupant comfort but also for improved performance. Further-
more, statistically significant relationships were found 
between higher annoyance/distraction responses and lower 
typing performance, so reducing occupant annoyance/distrac-
tion by reducing the other perceived characteristics of loud-
ness, roar, and tones, may have additional benefits on 
performance.

In general, the currently used indoor noise criteria listed 
in Table 1 do not significantly relate to task performance 
scores. Subjectively, some of the criteria do well in rating 
loudness perception, and only one (NC) seems to respond to 
increasing tonal prominence, but spectral quality ratings of 
rumble, roar, hiss are not as consistent. Results from this phase 
of research have been considered with those from a subsequent 
phase of ASHRAE 1322-RP, involving building mechanical 
system noise with time-varying fluctuations, to assist in deter-
mining what components make up an ‘ideal’ indoor noise 
criteria method – one that matches human perception and links 
to human performance for a broad range of mechanical system 

Figure 11 Subjective rumble ratings of the various noise 
conditions, averaged across all subjects. The 
bars represent the standard error of the means.

Figure 12 Subjective hiss ratings of the various noise 
conditions, averaged across all subjects. The 
bars represent the standard error of the means.
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noise conditions in buildings. Readers are referred to the other 
manuscript for further detailed discussion.
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