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Subjective Quality Estimation Model for Video Streaming Services

with Dynamic Bit-Rate Control
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SUMMARY  This paper proposes a subjective model for estimating the
quality of video streaming services with dynamic bit-rate control. In a sub-
jective quality assessment test, we clarify users’ perceptions of distributed
video signals whose quality is time-variant due to dynamic bit-rate control.
Using this result, we constructed an estimation model considering the fol-
lowing three characteristics: 1) the influence of the video section where
quality degradation is large will strongly affect the overall quality, 2) the
impression of a past quality weakens with the passage of time, and 3) the
range of evaluation scores becomes wider when the time duration of an
evaluation is longer. We found that the proposed model enables the accu-
racy of estimating overall subjective quality to be dramatically improved
compared with that of a model that averages segmental quality. The esti-
mation error of the proposed model is less than the statistical reliability of
the subjective score even for verification data. We also show that our find-
ings are applicable to QoS design/management issues for video streaming
services with dynamic bit-rate control.

key words: video streaming, dynamic bit-rate control, QoS, quality esti-
mation, subjective assessment

1. Introduction

With the bandwidth of access lines to the Internet becom-
ing broader, various video distribution services are being
developed and provided. To maintain customer satisfaction
at high levels, it is becoming more important to offer high-
quality video distribution services by managing the quality
of service (QoS).

The methods of distributing video on IP networks are
classified into “downloading” and “streaming.” The former
transmits a video file from a server to a user terminal and
plays the video after the data transmission has been com-
pleted. The latter plays the video while the video data is
downloading. Since the quality of IP networks is not nec-
essarily guaranteed, degradation in network quality, such as
that caused by IP packet losses, IP packet transmission de-
lays, and delay variations, is caused. This network quality
degradation negatively affects the perceived QoS of video
distribution services. For example, the downloading time,
i.e., the waiting time, increases in the former, and video
quality deteriorates due to block distortion and freezes in
the latter.

This paper focuses on subjective quality for video
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streaming services because the video quality is indepen-
dent of network performance in video downloading ser-
vices. This is also because that there have been many stud-
ies about the relationship between network performance and
the waiting time, i.e., TCP throughput. Some approximation
formulas for computing TCP throughput from the packet
loss ratio and delay (round trip time: RTT) have been pro-
posed [1], [2].

Video streaming services generally implement a mech-
anism for dynamically changing their bit rates to offer real-
time services using limited network and/or terminal re-
sources. A terminal sends information about the amount of
received/lost data, the time variation of data arrival, and the
amount of terminal data buffering to a server, so the server
can evaluate the degree of network congestion from this in-
formation. If a server judges the network to be congested, it
decreases the video coding rate of the transmitted video. Se-
rious quality degradation due to packet loss, such as block
distortion and freezes, can be avoided by this mechanism
although video quality slightly deteriorates when the cod-
ing rate becomes lower. However, it is not clear how the
user perceives video quality that is time variant due to dy-
namic bit-rate control and what QoS management methods
are suitable for grasping the quality that each user perceives.

Although subjective quality assessments usually exam-
ine short-term video sequences [3], we study on video qual-
ity of long-term sequences with dynamic quality change.
There have been some related studies on temporal variations
of video quality assessed by the single stimulus continuous
quality evaluation (SSCQE) method [3]. However, these
studies have mainly focused on how well the time-variant
quality diagram of a video sequence could be evaluated [4],
[5]. Little is known about overall quality of long-duration
video sequences [6]. However, there have not been studies
of what parameters are effective for managing video QoS.

In this paper, we propose an estimation model of sub-
jective quality for video streaming services with dynamic
bit-rate control. The video sequence to be assessed was
three minutes long. The proposed model for estimating
subjective overall video quality is discussed considering
short-term qualities of 15-second inputs because the SSCQE
method to the range of bit-rate and kind of applications is
still under investigation [3].

First, we clarify the subjective quality estimation char-
acteristics of distributed video signals whose quality is time-
variant due to dynamic bit-rate control. Second, using this
result, we construct an estimation model considering the fol-

Copyright © 2006 The Institute of Electronics, Information and Communication Engineers



298

lowing three characteristics: 1) the influence of the video
section where quality degradation is large will strongly af-
fect the overall quality, 2) the impression of a past quality
weakens with the passage of time, and 3) the range of eval-
uation scores becomes wider when the time duration of an
evaluation is longer. Third, we verify the accuracy of the
proposed model using the verification test results. The esti-
mation error of the proposed model is less than the statistical
reliability of the subjective score. Finally, we apply our find-
ings to QoS design/management issues for video streaming
services with dynamic bit-rate control.

The remainder of this paper is structured as follows.
The factors affecting users’ perceptions are considered
based on a subjective quality experiment in Sect.2. An es-
timation model of subjective video quality considering the
above subjective quality characteristics is proposed and the
accuracy of the model is discussed in Sect. 3. The proposed
model is applied to the verification data and its validity is
clarified in Sect.4. Quality design/management issues for
video streaming services with dynamic bit-rate control are
discussed in Sect. 5. Finally, in Sect. 6, we summarize our
findings.

2. Factors Affecting Subjective Video Quality

In video streaming services with dynamic bit-rate control,
the video coding rate, i.e., video quality, is dynamically
changed according to network congestion. It is well known
that the influence of the video section where quality degra-
dation is large will strongly affect the overall quality [7].
Therefore, the overall video quality cannot be expressed by
averaging the short-term quality. It is also well known that
the impression of a past quality weakens with the passage
of time [6], [8]. In this section, we quantify the above fac-
tors affecting the subjective video quality when it is changed
according to various bit-rate alteration patterns.

2.1 Subjective Video Quality Assessment

In a subjective test, a music video was prepared as a source
sequence. The sequence was three minutes long although
subjective tests usually examine sequences that are about 10
seconds long [3]. This is because: 1) a test sequence has a
changing bit-rate with a cycle of several seconds or more,
2) a certain amount of time (on the order of a minute) is re-
quired for subjects to understand the meaning of video con-
tent, and 3) a test sequence should include various scenes
and movement in the scenes.

The test sequences were produced as follows. First,
a source sequence was coded at 2 Mbit/s, 768 kbit/s, and
256 kbit/s using an MPEG4-based codec. Then, each test se-
quence was played on a PC monitor, converted to an HDTV
signal, and recorded on a VTR. Finally, video signals in the
VTR were edited as the test sequences whose bit-rate was
dynamically changed. In a test, edited signals were recon-
verted and played on a PC monitor. Note that the sound
quality was not degraded in any of the test sequences.
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Fig.1  Patterns of bit-rate alteration.

Table1 Five-grade quality scale.

Score  Rating scale
5 Excellent

Forty bit-rate alteration patterns consisting of three
quality-level sections are shown in Fig.1. White, gray,
and black sections denote video sequences at 2 Mbit/s,
768 kbit/s, and 256 kbit/s, respectively. The video quality at
the rate of 2 Mbit/s is almost equivalent to the original qual-
ity, so sections with bit-rates other than 2 Mbit/s are called
“quality-degraded sections” in this paper.

The absolute category rating (ACR) method [9] was
used in the subjective assessment test. Subjects watched a
video sequence for three minutes and evaluated the video
quality using the five-grade quality rating scale [9] shown in
Table 1. The subjective quality for every 15 seconds (12 sec-
tions in the 3-minute test sequence) was also evaluated using
the same method. Moreover, acceptability of video quality
for three minutes was evaluated using a binary acceptance
scale: yes or no. The subjective quality was represented as
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a mean opinion score (MOS) calculated by averaging the
scores of 40 subjects, 20 males and 20 females, ranging in
age from 20 to 35. The subjects were non-experts not di-
rectly concerned with video quality as part of their work,
and were therefore not experienced assessors. All subjects
had experience with Internet services via a broadband net-
work. The PC monitor size was 17 inches and the video
to be assessed was displayed in the full-screen mode. The
ratio of viewing distance to picture height was four (about
90 cm).

2.2 Experimental Results

The effects of the percentage (P) of quality-degraded sec-
tions at the same bit-rate (768 kbit/s or 256 kbit/s) in three
minutes are shown in Fig. 2 in terms of the MOS. The re-
sults where the positions of a quality-degraded section in
the video differed were averaged, and there was one quality-
degraded section in all cases. The MOS decreased mono-
tonically with increasing P and was a convex function. This
result indicates that the quality-degraded section strongly af-
fected overall quality.

The effects of the position of a quality-degraded sec-
tion are shown in Fig.3. The quality of patterns 4, 7, 27,
and 30 was a little poorer than that of patterns 2, 5, 25, and

O Bit-rate changes between 2 Mbit/s and 768 kbit/s
A Bit-rate changes between 2 Mbit/s and 256 kbit/s

Bit-rate of quality
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Fig.2  Effects of percentage of quality-degraded sections.
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Fig.3  Example of “recency effect.”
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28, respectively. The quality-degraded sections of the latter
are located earlier than that of the former. This phenomenon
is the recency effect described in [8]. There was no statisti-
cally significant difference caused by the number of quality-
degraded sections.

These results suggest that P is a major factor affect-
ing subjective quality for video streaming services with dy-
namic bit-rate control.

3. Estimation Model of Subjective Video Quality
3.1 Proposed Model

In this section, the model for estimating subjective overall
video quality is discussed considering short-term qualities
of 15-second inputs. Temporal variations of the short-term
qualities for each bit-rate are shown in Fig. 4. Although each
short-term quality at the same bit-rate is slightly different,
we suppose that these qualities are the same. That is, the
quality corresponds to the bit-rate. Therefore, we construct
the estimation model of subjective video quality by using an
averaged MOS.

In consideration of the subjective quality characteris-
tics described in the previous section, we propose the fol-
lowing subjective quality-estimation model.

! 0(r) 720 1T gt
Qest = — ] 800 s (D)
f e w20 T gy
~180
where
MOS (1) -1
o) = ln{m}. 2

e O, : estimated overall quality in an interval scale

e MOS(t): short-term MOS of 15-second at time ¢ ob-
tained by the subjective test

e w, T: constants

Here, to construct the quality-estimation model, we used an
interval scale Q obtained by converting the MOS [10] be-
cause the MOS is on an ordinal scale and its values do not

5
M
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Fig.4 MOSs of every 15-second for each bit-rate.
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Fig.6  Quality estimation using proposed model (without compensation
for range of MOS).

necessarily linearly represent the subject’s sensory impres-
sions [11]. In Eq. (1), the term ¢~*2® represents a weight for
QO(t) expressing strong influence of the video section where
degradation is larger for overall quality. Moreover, the term
¢!/ shows a weight for Q(t) reflecting the recency effect.
Estimated overall quality in an interval scale is calculated
by weighted averaging for Q(¢). Constants w and T can be
determined from the subjective test results.

3.2 Estimation Accuracy of Proposed Model

The relationships between subjective and estimated MOS
are shown in Figs. 5 and 6. The estimated MOSs were cal-
culated by simply averaging the short-term MOSs of 15
seconds as shown in Fig.5 and applying the proposed es-
timation model shown in Fig. 6. Here, from the subjective
test results, constants w and 7' in Eq. (1) were set to 0.355
and 441, respectively. These figures indicate that the pro-
posed model has good quality estimation accuracy. How-
ever, MOS is overestimated and underestimated in the areas
where the subjective MOS is bad and good, respectively.
This is the same phenomenon described in [12] in which the
range of MOSs becomes wider when the time duration of an
evaluation sequence is longer. This change in the range was
therefore corrected by the following cubic function whose
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Here, the analysis of variance (ANOVA) result showed that
all terms of the cubic function were indispensable except
for a constant term because partial regression coefficients in
Eq. (3) were significant at the 5% level.

The relationship between subjective and compensated
estimated-MOS is shown in Fig.7. The root mean square
errors (RMSEs) in Figs.5, 6, and 7 were 0.64, 0.18, and
0.15, respectively. The half value of the averaged 95% con-
fidence interval in a subjective test was 0.25, so the qual-
ity estimation accuracy of the proposed model with/without
compensation is sufficiently good.

4. Verification Test

In the previous section, the coefficients of the model were
determined from the subjective test results. To verify the
generality of the model, it is necessary to examine the esti-
mation accuracy when the model is applied to non-training
data, i.e., different evaluation results. Therefore, we validate
the proposed model using verification data.

4.1 Subjective Video Quality Assessment

In a verification test, a movie and a music video were pre-
pared as source sequences, where the music video was the
same as that used in the test described in Sect. 2. Each se-
quence was three minutes long. The movie video sequence
was coded at 2 Mbit/s, 1 Mbit/s, 512 kbit/s, and 192 kbit/s.
The music video sequence was coded at 2 Mbit/s, 768 kbit/s,
and 256 kbit/s. Thirty five bit-rate alteration patterns are
shown in Fig.8. Patterns 1 to 25 are of the movie video
and patterns 26 to 35 are of the music video. The test
sequences were produced by the same method as that de-
scribed in Sect. 2. The rating scale and the other assessment
environment were also the same as those used in Sect. 2.
Forty subjects who were different from those in Sect. 2 par-
ticipated in this test.
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4.2 Estimation Accuracy of Proposed Model Using Verifi-
cation Data

The estimation accuracy of the proposed model is demon-
strated without compensation in Fig. 9 and with compensa-
tion in Fig. 10. The coefficients of the model used in the test
were the same as those determined in Sect. 3.

The RMSE in Fig.9 was 0.25 and that in Fig. 10 was
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Fig.10  Quality estimation using proposed model (with compensation,
verification data).

0.19. The half value of the averaged 95% confidence inter-
val in the subjective test was 0.23, so the quality estimation
accuracy of the proposed model with compensation is suf-
ficiently good for the verification data. Therefore, overall
quality can be accurately estimated by this model indepen-
dent of MOS input values and the kind of video content. We
found that all coefficients in Egs. (1) and (3) were unaffected
by the difference in video contents used in the tests. Apply-
ing the proposed model to other kinds of video contents is
for further study.

5. Application to Quality Design and Management

In this section, we discuss quality design/management is-
sues for video streaming services with dynamic bit-rate con-
trol. This is based on the proposed model and our findings
in the previous section.

5.1 QoS Design

Our subjective video quality-estimation model suggests that
the percentage P of the duration of the quality-degraded
sections is a major factor affecting subjective video qual-
ity. When the effect of “irregularity” of deterioration was
strong, the quality for P < 100% became lower than that for
P = 100% as reported in [13] which assessed video qual-
ity degradation due to irregular frame-rate reduction. In our
experiments, however, for deterioration due to dynamic bit-
rate change, video quality for P < 100% was not lower than
that for P = 100%. Here, we describe a guideline of QoS
design that makes good use of these characteristics.

First, the video quality can be maintained more than
that at the guaranteed bit-rate by allocating a minimum guar-
anteed bandwidth to each video flow. (In this paper, a “flow”
is defined as streaming video traffic distributed from a server
to a user’s terminal.) This means that the lowest quality of
the distributed video can be guaranteed. DiftServ AF [14]-
[16], which is standardized in IETF, is one of the methods
for guaranteeing a minimum usable bandwidth. If this tech-
nique and a video distribution technique are combined, we
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can achieve the video distribution with a maintained mini-
mum quality. For example, it is effective to set the minimum
quality to satisfy MOS=3.5. Figure 11 shows the relation-
ship between MOS and acceptance rate of video quality ob-
tained from the subjective test in Sect.2. The acceptance
rate of quality is more than about 90% when the MOS is
greater than 3.5. The video quality can be maintained at
more than MOS=3.5 by allocating a minimum guaranteed
bandwidth to satisfy MOS=3.5.

Second, we can design the number of simultaneous
flows at which the minimum quality for video streaming
services with dynamic bit-rate control can be maintained.
Dividing the bandwidth of a bottlenecked link by the min-
imum bit-rate for achieving the required minimum quality
gives the number of simultaneous flows. For another ex-
ample, when the minimum quality is guaranteed for a cer-
tain percentage of flows and the duration of video stream-
ing follows an exponential distribution, the possible number
of simultaneous flows can be simply approximated by an
M/M/S/S queuing model. The number of users accommo-
dated in a bottlenecked link can be determined by taking
into consideration how many users receive video-streaming
service simultaneously.

5.2 QoS Management

We can manage QoS for video distribution services with
dynamic bit-rate control by using the proposed model. By
grasping the relationship between the bit-rate and subjective
video quality (MOS) in advance, we can estimate the sub-
jective video quality that a user perceives and manage it by
monitoring the change in bit-rate. Since the video quality at
the same coding rate varies with resolution and movement
in the video, video quality at a certain rate should be deter-
mined by evaluating many video sequences. For instance,
video sequences prepared in [17] can be used in subjective
tests. From a subjective test result, the relationship between
the distributed bit-rate and MOS can be represented by using
the average quality characteristic. It is possible to manage
quality with an appropriate safety margin using strictly as-
sessed video sequence quality results.

As a result, the change in bit rate can be treated as a
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time series representing the video quality. In video distri-
bution services, the video quality of any past three minutes
can be estimated in measuring the distributed bit rate for
each video flow.

In video on demand (VoD) services, we can prelimi-
narily evaluate changes in video quality for each bit rate of
a video sequence. Therefore, by using this database as the
model input, distributed video quality can be managed more
accurately because the time series for video quality can be
obtained directly. Many objective video quality measure-
ment techniques have now been developed [7], [18], so QoS
management combined with those techniques is a topic for
further study.

6. Conclusion

This paper proposed a model for subjectively estimating the
quality of video streaming services with dynamic bit-rate
control. This model can be used to estimate long-term video
quality of three minutes from short-term qualities. In this
model, the following factors affected the users’ perceptions:
1) the influence of the video section where quality degrada-
tion is large will strongly affect the overall quality, 2) the
impression of a past quality weakens with the passage of
time, and 3) the range of evaluation scores becomes wider
when the time duration of an evaluation is longer. Consider-
ing the above, the proposed model enables overall subjective
quality to be accurately estimated and therefore dynamically
improved compared with that of a model that averages qual-
ity segmentally. Moreover, we validated that the estimated
error with the proposed model was less than the statistical
reliability of a subjective score for verification data.

Based on the proposed model and our findings, we dis-
cussed QoS design/management issues for video streaming
services with dynamic bit-rate control. The key points of
the characteristics of the estimation model are that the per-
centage P of the duration of quality-degraded sections is a
major factor and video quality is not lower than the qual-
ity for P = 100%. This means that the video quality can
be maintained at more than the guaranteed bit rate by allo-
cating a minimum guaranteed bandwidth. This result lets
us design the number of simultaneous flows at which the
minimum quality for video streaming services with dynamic
bit-rate control can be maintained. We found that QoS for
video distribution services can be managed by monitoring
the change in bit rate related to MOS.

Topics for further study include studying the effects of
time durations of video sequences, a QoS management com-
bined with an objective video quality evaluation technique,
and a QoS control method based on the derived users’ per-
ceptions.
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