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Abstract 
An existing model for the prediction of the overall end-to-end 
conversational speech quality in telecommunication scenarios 
is extended to include the use case of a hands-free terminal 
(HFT) in a vehicle on one side and a cordless phone in an 
office room on the other side. For this purpose, a 
conversational test with untrained and trained test subjects 
voting on the perceived overall conversational quality is 
conducted. The test conditions include intentionally 
introduced impairments to the end-to-end connection. 
Additionally, the test subjects vote the most important 
individual quality dimensions of the conversation, i.e. 
listening quality, echo disturbance, interactivity, double talk 
capability and listening effort. The auditory results for this 
new use case shed light on the influence of the acoustic 
masking effects caused by driving noise and cognitive load on 
voting on these individual quality aspects relevant in a 
conversation. The results discussed serve as basis to adapt the 
prediction model to the new use case. The results show a clear 
and expected offset using hands-free terminals compared to a 
conversation with handsets on both sides. 

Conversational Test 
A model for the prediction of the overall end-to-end 
conversational speech quality (MOSE2E,G) in a 
telecommunication connection was developed [1] and 
validated by conversational tests (CT) in a VoIP scenario 
using cordless handsets (CHS) [2]. A preliminary CT with 
expert test subjects has laid the groundwork to adapt the 
model for hands-free telephones (HFT) in vehicles [3]. The 
investigation presented here is part of a process of developing an 
instrumental model moving from expert test subjects to include 
naïve test subjects in the auditory evaluation of the test 
conditions. Test subjects were invited to discuss over a 
telecommunication connection in a complex scenario. The 
connection includes a development board of a hands-free 
implementation installed in a vehicle cabin of a driving 
simulator, a VoIP network and a cordless handset terminal as 
depicted in Fig. 1. The driving simulator features an 
interactive driving mode. 

 
Figure 1: Conversational Test Setup, HFT to CHS 

Signal processing relevant for the perception of 
communication aspects of both devices (HFT and CHS) is 

manipulated to create a wide range of communication 
impairments. These impairments are listed in Table 1 for the 
HFT and in Table 2 for the CHS. For example, the HFT 
implementation H1 represents a state-of-the-art hands-free 
speakerphone according to IUT-T P.1100 with high acoustic 
quality. Device H6 represents an impaired acoustic echo 
canceller (AEC) providing an overall attenuation of only 
27 dB, audible in transmit direction (Tx). Similarly, CHS 
device D1 and D14 represent a high-quality, off-the-shelf 
implementation, D3 has an artificially shaped frequency 
response with a high-pass characteristic (HP0) in receive 
direction (Rx). 

Table 1: Used HFT Configurations 
No. Impairment Direction 
H1 high-quality, development board - 
H2 no noise reduction Tx 
H3 noise reduction limited to 7dB Tx 
H4 frequency response HP1 Rx 
H5 frequency response LP1 Rx 
H6 AEC limited equals 27 dB echo Tx 
H7 AEC limited equals 36 dB echo Tx 
H8 artificial digital echo 27 dB Tx 
H9 artificial digital echo 36 dB Tx 

H10 no noise reduction frq. resp. HP2 Tx,Rx 
H12 mobile phone speakerph. mode Tx,Rx 
H13 mobile phone & Bluetooth HFT Tx 

For this CT, one test subject participated in the driving 
simulator with the installed HFT, the other in an office room. 
The test consisted of 21 conditions (C1 to C21) as shown in 
Table 3, combining the 12 different HFT configurations as 
per Table 1 and the 9 different CHS devices as per Table 2. 

Table 2: Used CHS Configurations 
No. Impairment Direction 
D1 high-quality, off-the-shelf device - 
D3 frequency response HP0 Rx 
D7 level variation 6 dB louder Tx 
D8 level variation 6 dB quieter Tx 

D10 level variation 9 dB louder Tx 
D11 artificial digital echo 27 dB Tx 
D12 artificial digital echo 36 dB Tx 
D13 artificial digital echo 18 dB Tx 
D14 high-quality, off-the-shelf device - 

In Table 3 each condition contains one label describing the 
effective impairment that both subjects perceived on their side 
of the connection. The different labels refer to a specific kind 
of impairment, i.e.: 

 L+6, L-6: the volume level is increased (L+6) or 
decreased (L-6) by 6 dB. 

 EA18, EA27, EA36: an echo with an echo loss of 18 dB, 
27 dB and 36 dB is artificially introduced into the signal 
path. 
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 D700, D1200: a total overall one-way delay of 700 ms or 
1200 ms. Total baseline delay is 200 ms. 

 AEC27: an echo with an average echo loss of 27 dB is 
created by a deliberately misconfigured HFT echo 
canceller. 

 N60, N120: test person in the driving simulator drive at 
60 km/h or 120 km/h. 

 Sil60, Sil120: on the CHS side no background noise 
(BGN) is played back but the respective residual noise of 
the HFT driving noise is audible on the CHS side. 

 LP1, HP1, HP2: a lowpass (LP1) or high-pass (HP1, 
HP2) filter characteristic is introduced into the receive 
(Rx) signal path of the HFT. 

 NR0, NR7: noise reduction is turned off (NR0) or is 
limited to maximum of 7 dB (NR7). 

 DT14, DT24: A double talk (DT) attenuation of 14 or 
24 dB is introduced into the send path (Tx) of the HFT. 

Both participants are presented with a map. The maps on both 
sides show slightly different sections, locations, and 
destinations. The objective for the conversation is to find a 
fitting meeting point. The driving condition in the simulator 
and the discussion about the meeting point introduces a 
realistic and significant cognitive load on both test subjects. 
The task represents a real-life scenario and initiates a lively 
conversation between the driver and the person in the office 
environment.  

Table 3: Conversational Test Conditions 

No. 
Perceived 

Impairment on 
HFT Side 

Perceived 
Impairment on 

CHS Side 
HFT  CHS 

C1 LP1, N120 sil120 H5 D1 
C2 L+6, N120 NR0, sil120 H2 D7 
C3 EA36 EA36 H9 D12 
C4 D700 D700 H1 D1 
C5 EA27, N60 EA27, sil60 H8 D11 
C6 REF NR0, HP2 H10 D1 
C7 L-6, N120 NR7, sil120 H3 D8 
C8 EA27, N120 EA27, sil120 H8 D11 
C9 D1200 D1200 H1 D1 

C10 EA18, N120 AEC27, sil120 H6 D13 
C11 REF2 REF2 H1 D14 
C12 BtHft, D700 DT14, D700 H13 D1 
C13 BtHft DT14 H13 D1 

C14 Mob, D700, 
N120 

DT24, D700, 
sil120 H12 D1 

C15 Mob DT24 H12 D1 
C16 EA27 EA27 H8 D11 
C17 N120 sil120 H1 D1 
C18 REF REF H1 D1 
C19 HP1, N120 sil120 H4 D1 
C20 N120 sil120 H1 D1 
C21 L+6 AEC27-6 H6 D7 

The CT incorporates impairments not only for all 5 quality 
dimensions separately but also for combinations of different 
quality dimensions. The combination is required in order to 
identify the interrelation between conversational aspects, 
necessary to tune the prediction model. Devices H1, D1 and 
D14 are not impaired, serving as references combined in 

conditions C11 and C18. Several conditions include driving 
noise of 60 km/h and 120 km/h, either separately or most of 
the time in combination with other impairments. Conditions 
C16, C10, C8, C5 include both driving noise and/ or echo and 
can therefore be used to deduce the driving noise masking 
effect on echo, compared to conditions C17 and C20 which 
only include driving noise (C20 is a repetition of C17). Other 
conditions combine frequency response filters with driving 
noise (C1, C19, C20), delay and double talk attenuation (C13, 
C14, C15) and altered speech signal levels with and without 
driving noise (C2, C7, C20). 10 pairs of test subjects are 
invited to the CT, resulting in a total number of 20 test 
subjects and 18 votes per condition for HFT and CHS each 
(two pairs only voted one side each). Of these 18 votes, 8 are 
gathered from pairs of expert listeners and 10 from naïve test 
persons. The pairs of tests subjects knew each other before. 
This facilitates the conversation and leads to natural 
discussions. The test is subdivided into two parts with 13 and 
12 test conditions. Both parts start with two anchor conditions 
and let test subjects get used to the test design, tasks and the 
kind of disturbances. These conditions are not used for further 
analysis. 

  
Figure 2: Scatter Plot comparing Auditory Results for Expert 

vs. Naïve Test Subjects for HFT (left) and CHS (right) 

Figure 2 shows the scatter plot comparing the auditory results 
for expert and naïve test subjects. Both groups voted quite 
similar. The expert’s judgements show a slight tendency to be 
more critical. In the following the results are averaged over 
all test subjects.  

Auditory Results 
Figure 3 to 8 show the auditory results for the MOSE2E for 
each quality dimension averaged over all test subjects 
resulting in 18 votes per condition on each side including the 
95% confidence intervals as per [4]. Due to the large number 
and complexity of results the following analysis highlights a 
few exemplary result interpretations for each quality 
dimension. 

Overall End-to-End Speech Quality Results, MOSE2E,G 
Figure 3 shows the auditory results MOSE2E,G for the overall 
conversational speech quality. Both reference conditions C11 
and C18 achieve the highest overall scores for the HFT side 
(4.3 MOSE2E,G). The reference condition on the HFT side is 
also assessed in C6 with a consistently high score of 4.1 
MOSE2E,G. The reference conditions C11 and C18 also 
achieve a high overall score on the CHS side (C11: 4.0 
MOSE2E,G, C18: 3.8 MOSE2E,G). Interestingly, the reference 
condition C18 in the previous CT featuring only cordless 
handsets according to [5] achieved a higher overall score (4.3 
MOSE2E,G). This might reflect the known user experience: it 
is noticeable if the call is coming from a vehicle hands-free 
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terminal, the transmitted speech sounds perceptibly more 
reverberant compared to a handset. The presence of driving 
noise for a velocity of 120 km/h (C17 and C20) degrades the 
MOSE2E,G by approximately 0.6 MOS to 3.6 and 3.7, 
respectively. 

 
Figure 3: MOSE2E,G Auditory Results 

Listening Quality Dimension, MOSE2E,LQO 
Figure 4 shows the auditory results MOSE2E,LQO for the 
listening quality dimension. The MOSE2E,LQO on the HFT side 
is around 4.0 for the undisturbed reference conditions (C6, 
C11, C18). Besides this, it is affected mainly by frequency 
response changes particularly in presence of driving noise. 
The LP-filter (C1) and also the HP-filter (C19) yield a 
MOSE2E,LQO of 2.3. These two conditions highlight an 
interesting interrelation to the MOSE2E,LE (see further 
discussion in the respective section below). In condition C13 
and C15, different hands-free devices were used (C13: 
Bluetooth HFT, C15: mobile phone in speakerphone mode). 
The MOSE2E,LQO drops to 2.8 and 2.7. The comparison of C11, 
C18 (both reference condition on the HFT side, no driving 
noise, 3.9 and 4.1 MOSE2E,LQO), and C17, C20 (both reference 
condition but combined with 120 km/h driving noise, 4.0 and 
3.8 MOSE2E,LQO) show comparable results. Subjects assess the 
listening situation reliably. The same can be stated for a 6 dB 
higher playback level (C2, 120 km/h, 4.0 MOSE2E,LQO). Vice 
versa, a 6 dB lower playback level (C7, 120 km/h, 2.7 
MOSE2E,LQO) clearly affects the listening quality rating, even 
the sound in the sense of frequency response did not change 
in this condition at all. The significantly higher listening effort 
(C7, 2.0 MOSE2E,LQO, see Figure 6) indicates this 
interrelation. On the CHS side the MOSE2E,LQO results are 
robust against NR settings in the HFT implementation. C17, 
C19, C20 on the one hand side (NR not limited), and C7 (NR 
limited to 7 dB) and C2 (NR disabled) on the other hand lead 
to similar results. The influence of the HP2 in C6 is clearly 
noticeable.   

Echo Disturbance Dimension, MOSE2E,ECHO 
The echo ratings are all high with MOSE2E,ECHO scores of 4.0 
or higher for all conditions without explicitly introduced  echo 
disturbances (see Figure 5). Only condition C9 featuring an 
extremely long one-way delay of 1200 ms leads to an 
unexpected low result on the HFT side. This needs to be 
double checked using the recordings of the conversations (see 
setup in Figure 1). On the HFT side the echo-free reference 
conditions C11 and C18 show high MOSE2E,Echo scores of 4.7 
and 4.3, respectively. Introducing a linear electrical echo with 
36 dB echo loss (C3), the score decreases to 3.6 MOS. Further 
increasing the echo to an echo loss of only 27 dB (C16), the 
MOSE2E,Echo score drops to 2.7, as expected.  

 
Figure 4: MOSE2E,LQO Auditory Results 

 
Figure 5: MOSE2E,Echo Auditory Results 

 
Figure 6: MOSE2E,LE Auditory Results 

 
Figure 7: MOSE2E,Inter Auditory Results 

 
Figure 8: MOSE2E,DT Auditory Results 

Introducing driving noise of 60 km/h (C5), the perceived echo 
disturbance improves to 3.2 MOSE2E,Echo showing the masking 
effect. For higher speed of 120 km/h, the MOSE2E,ECHO further 
improves to 4.5, indicating that the echo is no longer audible. 
Vice versa, an echo loss of only 18 dB (C10) is still perceived 
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by the test subjects resulting in a mediocre MOSE2E,Echo of 3.3. 
These results are further used to estimate masking in a 
conversational scenario. On the CHS side the echo results also 
decrease as expected with echo disturbances (C11, C18 
undisturbed, 4.7 MOSE2E,Echo), C3 (36 dB, 4.4 MOSE2E,Echo), 
C16 (27 dB, 2.2 MOSE2E,Echo) and C21 (21 dB, 2.0 
MOSE2E,Echo). The masking due to residual driving noise is 
low for the strong echo of 27 dB (C5, 60 km/h, 2.0 
MOSE2E,Echo and C8, 120 km/h, 2.2 MOSE2E,Echo). The masking 
of residual echo from deliberately misconfigured HFT echo 
canceller is higher (C10, 120 km/h, 3.8 MOSE2E,Echo). 

Listening Effort Disturbance Dimension, MOSE2E,LE 
Figure 6 shows auditory results for the MOSE2E,LE for the 
listening effort dimension. The presence of driving noise (C1, 
C5, C7, C8, C10, C14, C17, C19, C20) shows the expected 
strong effect on MOSE2E,LE on the HFT side in the vehicle. 
The reference conditions C6, C11 and C18 show the highest 
MOSE2E,LE scores around 4.6. As indicated above, the 
MOSE2E,LE on the HFT side needs to be analyzed with regards 
to the MOSE2E,LQO results: The reference conditions C11 and 
C18 yield a MOSE2E,LE score of 4.6, while driving at 120 km/h, 
these scores drop to 3.7 (C17) and 3.8 (C20). Introducing a 
high-pass filter into the signal chain and maintaining the 
playback loudness (C19), the score drops to a MOSE2E,LE of 
3.2. In contrast, the application of a LP-filter, again 
maintaining the playback loudness (C1), the MOSE2E,LE 

significantly decreases to 2.1 MOS. The LP-filtered speech is 
more masked by driving noise, as expected.  

Interactivity Quality Dimension, MOSE2E,Inter: 
The auditory MOSE2E,Inter results in Figure 7 show that test 
subjects react on both sides on all delay impairments (C4, C9, 
C12, C14). However, the obvious, additional influence of 
listening effort (C1, C7, see Figure 6) and double talk 
impairments (C13, C14, C15, see Figure 8) shows clear 
interrelation. The review of test subject’s comments is 
necessary for further analysis.  

Double Talk Disturbance Dimension, MOSE2E,DT: 
The MOSE2E,DT results (Figure 8) show the expectedly strong 
decrease of the scores on the CHS side for the conditions with 
impaired double talk performance. C12, C13 and C15 result 
in roughly 2.8 MOSE2E,DT. Condition C14 includes driving 
noise and shows the worst performance with 2.3 MOSE2E,DT. 
The inserted double talk attenuation also modulates the 
transmitted driving noise and makes it more noticeable.  

Prediction Model Considerations 
The two-stage prediction model [1] makes use of instrumental 
tests in laboratory environment to obtain technical and MOS-
based for both terminals used in a conversation. An end-to-
end MOSE2E score is then derived for each quality dimension. 
In a second step, these dimension-individual MOSE2E scores 
are weighted in a nonlinear manner and summed to the overall 
end-to-end conversational quality prediction MOSE2E,G.  
Hitherto the model predicts end-to-end conversational speech 
quality using two cordless handsets [2]. Figure 9 and 10 show 
the scatter plots between the instrumental prediction (x-axis), 
and the auditory results gathered in this conversational test 
using the same model settings. 

  
Figure 9: Scatter Plot Instrumental vs. Auditory Results for 

HFT (left) and CHS (right) 
This leads to systematic 
quality under-estimation, on 
the HFT side (left) as well as 
on the CHS side (right). The 
Pearson correlation 
coefficients are 0.74 and 
0.85 (see Table 4).  

The model must now be 
adapted, starting with a 
correlation of the auditory 
results and the instrumental 

predictions for each individual quality dimension separately.  

Table 4: Prediction Model Performance Metrics 
 Pearson’s R RMSE 

HFT Side 0.74 1.13 
CHS Side 0.85 0.88 

Combination 0.78 1.00 

Conclusion 
An extensive conversational test has been conducted in a 
complex in-vehicle hands-free scenario. The test 
methodology was adapted from the “Kandinsky” tests [8] to a 
realistic hands-free use case. The auditory results are 
comprehensive and detailed and provide insight into the 
interrelation between the quality dimensions. Masking, 
cognitive load in a driving simulator and the navigation task 
seem to cause less critical quality ratings. The current model 
settings underestimate the auditory judgement in the HFT new 
use case. The next step is the correlation of auditory results 
and model prediction for the single quality dimensions and 
finally, the overall conversation speech quality prediction. 
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Figure 10: Combination of 

HFT and CHS 
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