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ABSTRACT 
Artificial heads are commonly used for the recording of samples intended for sound quality 
evaluations. When results from listening tests and psychoacoustic analyses shall be compared it 
is important to be aware of the variability between measurements made under similar conditions. 
To study this kind of variability, the interior sounds of five passenger cars of the same brand, 
model and production year were recorded binaurally. The recordings were made using two 
different artificial heads (Head Acoustics HMS I and HMS III) and a binaural microphone 
headset (Head Acoustics BHM). The recordings were made at constant speed on a test track with 
controlled surface roughness. Based on the recordings loudness, sharpness, roughness and 
annoyance were judged in a listening test. The results show how the sound quality can be 
expected to vary between specimen of cars of the same brand and model. This observed 
variability was compared to the accuracy of the three different binaural microphones used. 
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1. INTRODUCTION 
The use of artificial head recordings has become a standard method for sound quality evaluations 
within the automotive industry1. While played through headphones true to life reproductions are 
achieved. Sound quality is commonly assessed through listening tests based on the artificial head 
recordings. Such tests become very extensive if large amounts of samples are to be examined. 
Therefore, the number of samples is often limited. To avoid drawing too extensive conclusions 
from a limited set of samples it is important to be aware of the expected variability between 
measurements made under similar conditions. Some studies on acoustic response variability in 
cars have shown large variations among nominally equal cars2-4. However, it is difficult to draw 
conclusions on the variability in perceived sound quality based on such measurements. The main 
objective of this study was to study the variability between artificial head recordings made in 
five nominally equal passenger cars. Tyre sound was used as a case to assess whether the 
variations between the cars should be considered as substantial when compared to typical 
variations caused by a single component of the car. In addition, the listening tests were repeated 



using recordings made with three different binaural microphones. The objective of this addition 
was to examine whether differences between nominally equal cars are better detected with some 
of the binaural microphones. 

2. METHOD 
A. Recording of sound stimuli 
Sound stimuli for listening tests were created by binaural recording of interior sound in five 
nominally equal cars (mid-sized estate cars of the same brand, model and production year, and 
equipped with the same interior trims). The same sets of rims and tyres were used on all cars. 
From now on the cars are labeled Car 1 to 5. All cars were less than one year old with mileage 
between 9500 and 20000 km. This was considered to be a typical first year mileage for a buyer 
of a new car, and hence the results should be representative of the spread in sound quality as 
experienced by owners of new cars. In order to minimize measurement uncertainty, all 
recordings were made at constant speed, 60 km/h, on a 70 m long straight section of a test track. 
The surface of the track was dry asphalt. During the tests the temperature varied between -15 and 
-5 ºC. The test sounds were recorded as a part of a study on winter tyre sounds. Therefore, 
studded winter tyres were used. In order to create differences in sound character two different 
sets of tyres were used (from now on labeled Tyre 0 and Tyre 1). Both were of the same 
dimension, 205/55-16, but from different manufacturers. All measurements were made using a 
Head Acoustics HMS III artificial head. In addition, recordings with Tyre 0 were repeated using 
a Head Acoustics HMS I artificial head and a Head Acoustics BHM binaural microphone 
headset. The artificial heads were placed in the front passenger seat. The binaural microphone 
headset was worn by the driver. Data acquisition was made using a Brül & Kjær frontend (Type 
3032A) and Brül & Kjær Pulse software. All measurements were repeated twice. A summary of 
the set of recorded stimuli is found in Table 1. 
 

Table 1:  The recorded stimuli. 

Binaural microphone HMS III artificial head HMS I artificial head BHM binaural microphone 
headset 

Number of nominally 
equal cars 

5 
(Car 1 to 5) 

5 
(Car 1 to 5) 

5 
(Car 1 to 5) 

Sets of tyres 2 
(Tyre 0 and 1) 

1 
(Tyre 0) 

1 
(Tyre 0) 

Number of repetitions 2 2 2 
Total number of stimuli 20 10 10 
 
 

B. Reproduction of sound stimuli 
Sound stimuli were reproduced using equalized headphones (Head Acoustics HPS IV). For 
recordings made with the HMS III head, headphone equalization filters supplied by Head 
Acoustics were used. For the BHM headset and the HMS I artificial head, free field equalization 
filters designed at Luleå University of Technology were applied to the recordings. Then, the 
recordings were reproduced using the free field equalization filters supplied with the 
headphones. 



C. Listening test 
In a listening test 15 subjects were asked to judge how well the sound stimuli were described by 
4 verbal attributes, loud, sharp, rough and annoying, using a verbal attribute magnitude 
estimation method5. All subjects were male and had self-reported normal hearing. The mean age 
was 26 years (SD 5 years). The judgments were made using a computer interface with scales 
ranging from “not at all” to “extremely”, see Figure 1. In the analysis, the scales were divided 
into 101 equally long sections, numbered from 0 (not at all) to 100 (extremely). The subject 
results were normalized with respect to the group mean and standard deviation. The stimuli were 
looped and played continuously at the same level as they were recorded at (approximately 78 
dBA). 
 

 
Figure 1: Computer interface used for judgements in the listening test. 

 

3. RESULTS AND DISCUSSION 
A. Perceived differences between the two tyres and the five cars 
The perceived differences between the sounds of the 2 tyres and the 5 cars were analyzed using 
ANOVA. In these comparisons only recordings made with the Head Acoustics HMS III artificial 
head was used. Significant effects (p≤0.05) were found for judgments of Loud and Annoying 
(see Table 2 and Figures 2 and 3). Tyre 0 was judged as being louder and more annoying. An 
interesting observation is that there are significant differences in judgments of Annoying 
between the different specimens of the nominally equal cars. The difference between the least 
and the most annoying car is three times as large as the difference between the two tyres. No 
second order interaction effects were observed. 
 



Table 2:  ANOVA for the dependent variables Loud and Annoying with the factors Car (5 levels) and Tyre (2 
levels) based on recordings with the HMS III artificial head. 

Analysis of Variance for Loud – Type III Sums of Squares 
Source SS Df MS F-Ratio P-Value 
Main Effects 
A: Car 882.4 4 220.6 1.58 0.1803 
B: Tyre 1420.7 1 1420.7 10.16 0.0016 
Interactions 
AB 323.0 4 80.7 0.58 0.6792 
Residual 40550.9 290 139.8   
Total (corrected) 43176.9 299    
 
Analysis of Variance for Annoying – Type III Sums of Squares 
Source SS Df MS F-Ratio P-Value 
Main Effects 
A: Car 2358.1 4 589.5 2.73 0.0294 
B: Tyre 843.9 1 843.9 3.91 0.0490 
Interactions 
AB 1505.6 4 376.4 1.74 0.1404 
Residual 62599.0 290 215.9   
Total (corrected) 67306.5 299    
All F-ratios are based on the residual mean square error. 
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Figure 2: Means and 95 % Tukey HSD intervals for judgments of Loud based on recordings in the 5 cars using both 

sets of tyres. Only recordings made with the HMS III artificial head are included. 
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Figure 3: Means and 95 % Tukey HSD intervals for judgments of Annoying based on recordings in the 5 cars both 

sets of tyres. Only recordings made with the HMS III artificial head are included. 

B. Perceived differences between recordings made with the different binaural 
microphones 

ANOVA was used to analyze the perceived differences between recordings made using the three 
different binaural microphones (Head Acoustics BHM, HMS I and HMS III). Recordings from 
all five cars fitted with Tyre 0 were used. The effects of two factors, Car (5 levels, Car 1 to 5) 



and Mic (3 levels: BHM, HMS I and HMS III) were analyzed. Second order interactions were 
included. It was hypothesized that if interaction effects occur, the choice of microphone could 
influence the results. No such interactions were found (see Table 3). From Figure 4 it is obvious 
that the results are depending on which microphone that is used. Different microphones give 
different loudness ratings. Since sharpness, roughness and annoyance are influenced by 
loudness6,7,8, the differences in ratings of these attributes may be explained as an effect of 
different loudness levels. This could be corrected by appropriate modifications of the 
microphone equalizations. Since no interactions were found between Mic and Car, more reliable 
conclusions on the variability between the five nominally equal cars may be drawn by merging 
the data collected with all three microphone setups. This results in 6 repetitions for each car (2 
repetitions for each microphone). Significant differences (p≤0.05) between the cars are found for 
the variables Loud and Rough. The difference in judged loudness between the loudest and 
quietest car is twice as large as the differences in judged loudness between the two tyres 
(compare Figures 2 and 5). The outdoor temperature may affect the interior sound of the car. 
However, the temperature was quite stable during the tests (from -15 to -5 ºC). The recordings of 
the six repetitions with one car were made during approximately 3 h. Since the lowest 
temperatures were found in mornings and evenings, there was a spread in temperatures between 
repetitions of each car. Further studies are required to guarantee that outdoor temperature does 
not influence the results. 
 

Table 3:  ANOVA for the dependent variables Loud, Sharp, Rough and Annoying with factors Car (5 levels) and 
Mic (3 levels: BHM, HMS I and HMS III). 

 
Analysis of Variance for Loud – Type III Sums of Squares 
Source SS Df MS F-Ratio P-Value 
Main Effects 
A: Mic 75599.9 2 37800.0 241.1 0.0000 
B: Car 3939.6 4 984.9 6.28 0.0001 
Interactions 
AB 1669.8 8 208.7 1.33 0.2258 
Residual 68202.5 435 156.8   
Total (corrected) 149412.0 449    
 

Analysis of Variance for Sharp – Type III Sums of Squares 
Source SS Df MS F-Ratio P-Value 
Main Effects 
A: Mic 28613.3 2 14306.7 47.70 0.0000 
B: Car 1589.7 4 397.4 1.33 0.2597 
Interactions 
AB 3690.1 8 461.3 1.54 0.1418 
Residual 130474.0 435 299.9   
Total (corrected) 164368.0 449    
 

Analysis of Variance for Rough – Type III Sums of Squares 
Source SS Df MS F-Ratio P-Value 
Main Effects 
A: Mic 23439.8 2 11719.9 40.91 0.0000 
B: Car 3133.8 4 783.4 2.73 0.0286 
Interactions      
AB 2487.0 8 310.9 1.09 0.3723 
Residual 124622.0 435 286.5   
Total (corrected) 153682.0 449    
 

Analysis of Variance for Annoying – Type III Sums of Squares 
Source SS Df MS F-Ratio P-Value 
Main Effects      
A: Mic 78483.1 2 39241.5 154.85 0.0000 
B: Car 1592.0 4 398.0 1.57 0.1811 
Interactions      
AB 2958.9 8 369.9 1.46 0.1699 
Residual 110239.0 435 253.423   
Total (corrected) 193273.0 449    
All F-ratios are based on the residual mean square error. 



 

 
Figure 4: Means and 95 % Tukey HSD intervals for judgments of Loud based on recordings in the 5 cars using Tyre 

0 for comparison of results based on the three different binaural microphones used. 
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Figure 5: Means and 95 % Tukey HSD intervals for judgments of Loud and Rough based on recordings in the 5 

cars using Tyre 0. Two repetitions using each of the 3 binaural microphones were made, in total 6 repetitions. 
 
 

4. CONCLUSIONS 
It was found that variations in interior sound between different specimens of nominally equal 
cars may be larger than variations caused by the use of tyres of different design. This was 
apparent for judgments of loudness and annoyance, where the differences between cars were 
between two and three times larger than the difference between the two tyres. It is of great 
importance to be aware of such variations, especially if the number of stimuli is limited. 
Recording of all stimuli using a single car should be avoided.  

There were significant differences in judgments depending on which binaural microphone 
that was used. Changes in equalization would probably correct for this. Since no interaction 
effects were found between used microphone and studied car, the conclusion was that all of the 
three binaural microphones should perform well as long as they are properly equalized.  
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