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In this study we investigate the influence of the video frame rate on the subjective
quality of digital video. MPEG-4 videos showing content of different type and frame
rates, and having a resolution typically used in mobile environments, have been shown
to a test audience, which then rated the subjectively perceived quality of the videos.
The resulting mean opinion score (MOS) then indicates for given bitrates, which frame
rate is optimal for the used videos. We show that in contrast to classical assumptions,
the optimal frame rate often is as low as 10 or even 5 frames per second.
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1 Introduction

The demand for mobile multimedia content, especially digital video, has increased drasti-
cally in the last years, and new efficient compression schemes together with rapid bandwidth
growth have enabled services such as live broadcast and wireless video on demand. However,
mobile video consumption is hindered by the typically limited bandwidth and unreliability of
wireless access technologies like GPRS, UMTS, or soon mobile WiMAX. Additionally, mobile
terminals like smartphones or personal digital assistants (PDAs) offer a much smaller display
compared to, for instance, TV sets or small laptop computers. When using a specific codec,
the reduction of bandwidth for a given video usually is done by one of the following ways: (i)
reduce the image resolution of the video, (ii) decrease the image quality due to higher image
compression rates (resulting usually in larger quantization), or (iii) reduce the frame rate, i.e.,
the number of frames sent per second (fps). If the video resolution is given by the terminal
resolution, for instance Common Intermediate Format CIF (288 lines and 352 pixels per line)
or Quarter Common Intermediate Format QCIF (144 lines and 176 pixels per line) [1], then
only techniques (ii) and (iii) remain.
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Any combination of (ii) and (iii), however, has a severe impact on the way human observers
would judge the perceived quality of the videos. Image quality reduction affects the spatial
information of the video, images get blurred or show tiles of, for instance, 8 x 8 pixels,
image details no longer can be distinguished. Reducing the frame rate affects the temporal
information of the video, videos with reduced frame rate get jerky, objects jump from one place
to the other without smooth motion. If the video should be compressed for a fixed predefined
target bitrate, then it has to be decided to which extent each of the aforementioned reduction
principles should be used, since for instance a reduction of the frame rate will result in better
image quality, a higher frame rate on the other side will result in lower image quality.

In principle, the quality of videos can be computed by using two ways. Objective metrics,
for instance the Mean Squared Error (MSE) or the Peak Signal to Noise Ratio (PSNR) [2]
compute mathematical metrics for the pixel by pixel difference, resulting in values which must
be interpreted with care, since the connection between the metric and the quality perceived by
humans is not obvious. Subjective metrics are derived by showing videos to a large audience
and asking them for their subjective opinion. The main result then is given by the mean
opinion score (MOS), i.e., the average over all ratings [3, 4].

Many researchers have investigated the effect of a reduction of frame rate on the sub-
jectively perceived quality of videos. Reducing the frame rate usually is done for frame
dropping. This means that the video has been compressed with fixed frame rate, for instance
25 or 30frames per second, and is then streamed over an unreliable packet network with
best effort service, limited bandwidth and unpredictable bandwidth variation. In case the
available bandwidth suddenly drops, some of the video frames may be dropped in order to
decrease the needed video bitrate [5, 6]. This method, however, does not affect the spatial
information of the videos, since the sent frames are not altered. In [7] the authors focus on the
relationship between raw quantization, i.e., image quality, frames per second, peak rate and
MOS of MPEG-2 videos. In [8] the authors investigate the MOS-based optimal frame rate for
sports videos showing high temporal information, i.e., fast camera and object movement. In
[9] the authors derive the MOS-based optimal frame rate for different video types and codecs
for videos compressed with the fixed bitrates 100 and 300kbit /s, but without justifying their
choice of encoding bitrate and restricting the parameter frame rate to 30, 15, and 10.

It is interesting to note that in all recent investigations about the influence of the frame
rate on the subjectively perceived video quality, it has been found that if the available network
bandwidth is limited, then the optimal frame rate usually is not the typical maximum like
25 or 30frames per second, but lower. This is also the case for videos with high temporal
activity, for instance sports or action sequences, contrasting previous assumptions that in
such cases, the video compression should always trade image quality for a maximum frame
rate. For achieving smooth motion we show in this paper that the optimum frame rate can
even be as low as 5 frames per second.

This choice can be explained by the fact that a lower frame rate leaves more bits for the
individual frames and thus results in better image quality (for less frames). To some extent
human observers obviously prefer a jerky video with a good image quality to smooth motion
with blurred images. Hence we aim at finding the optimum number of frames per second that
gives the best subjective results when maintaining a certain image quality of the videos.

We chose the encoding bitrate b; for source video i on the basis of image quality analysis
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first, thus ensuring that the image quality stays above some tolerance threshold. We then
created videos having a resolution typically found in mobile terminals, with different frame
rates but with fixed bitrate b; for video ¢, and asked a number of human observers to rate
the subjectively perceived quality of the videos and computed the MOS. Our findings are
consistent with previous papers in the way that for limited bandwidth the frames per second
should always be below the maximum.

2 Experimental Design

2.1 Used Standards

The methods used for our data collection and evaluation followed commonly used standards
and settings to assure comparability and reproducibility of our results. Settings for realization
of subjective tests elaborated by the MPEG-group were used according to published directives
[10]. In this work, data was assessed by the SSCQM method (see Section 2.3).

Preprocessing and verification of obtained data were based on recommendations of the
ITU [3] and on classic statistical methods [11]. Data analysis was performed following recom-
mendations of the ITU [3].

2.2 Test Videos

For comparability and reproducibility of our results we followed standard rules for subjec-
tive video experiments [3, 4]. Choice of the test sequences is critical as their specific subjective
ratings should lead to a valid evaluation for all the video clips. Hence we took the following
parameters into account:

e Frame rate (frames per second)
e Resolution (width, height)

o Bitrate (kbit/s)

e Spatial activity (SA)

e Temporal activity (TA)

The test sequences were encoded in MPEG-4 (Chapter 2) using the Mpegable Broadcaster
Version 2.1¢ which offers the possibility to specify the parameters frame rate, resolution and
bitrate. The frame rate was the central parameter of this investigation. For each setting of all
other parameters, video clips were encoded for the frame rate values 5, 10, 15 and 25 frames
per second. As subjectively perceived video quality also depends on the display size of the
presentation [12], the video resolution was equally defined as parameter. In a first evaluation
session, all the test sequences were encoded in CIF resolution (352 x 288). In a second step,
only a subset of these sequences was encoded in QCIF resolution (176 x 144), in order to keep
the number of necessary test runs as small as possible. The parameter spatial activity (SA)
indicates the amount of color changes in a frame. The computation of its value was based on
DCT analysis [13]. Temporal activity (TA) indicates the amount of color changes over time.

%http://www.mpegable.com/
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We used a professional video tool for deriving the metrics SA and TA for the test videos.*The
following test sequences have been selected according to their average temporal and spatial
activity:

e Sequence Conference shows a talking head. It has nearly no SA and only little TA.

e Sequence Comic shows a typical animated scene as often seen in TV programmes made
for children. It exhibits moderate SA and little TA.

e Sequence Advertising shows a shampoo commercial with fast movement and short sub-
scenes. It can be described by moderate SA and TA.

e Sequence Soccer shows a fast sports scene of a typical soccer match. It has high SA and
high TA.

Average SA versus average TA of the selected clips is shown in Fig. 1 and the respective
standard deviations of SA and TA are listed in Table 1.

Average SA and TA
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Fig. 1. Average SA versus average TA of selected video clips.

Table 1. Averages and standard deviations of SA and TA.

Conference Comic Advertising Soccer

avrg std avrg std avrg std avrg std
SA  0.045 0.29 0.09 036 0.17 064 034 045
TA 798 033 7.79 042 919 364 1269 3.71

In order to demonstrate the variability of SA and TA over time, their time-dependent
behavior is shown in Fig. 2 and Fig. 3.

The video tool we used also implements an objective video metric mimicking subjective
MOS scores for image quality called Digital Video Quality (DVQ) [13]. The used reference
videos originally are encoded with very high bitrates and thus result in high DVQ quality
parameter (qp) values, which denote best quality for value 100 and worst quality for value 0.

bhttp:/ /www.rohde-schwarz.com/www/dev_center.nsf/html/111420frame
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Temporal Activity (TA)
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Fig. 2. Time-dependent TA variation of selected video clips

Spatial Activity (SA)
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Fig. 3. Time-dependent SA variation of selected video clips

The original encoding bitrate must be regarded as limiting factor of possible picture qual-
ity. In a first step the new encoding bitrate was chosen such that the average value of the
quality parameter gqp obtained by DV(Q evaluation ranged between 55 and 80. As the bitrate
for the clip Soccer had to be set to 1500kbit/s to achieve a quality parameter qp ranging
within those boundaries, a much lower bitrate was investigated as well.

From Fig. 1 and Table 2 it can be concluded that sequences containing high TA and/or
SA need a higher encoding bitrate to reach the same quality parameter qp as sequences with
low TA and/or SA.

Table 2. Properties of reference sequences.

Video clip Bitrate [kbit/s] qp
Conference CIF 1923 86
Comic CIF 1986 80
Comic QCIF 433 94
Advertising CIF 2185 78
Advertising QCIF 341 89

Soccer CIF 5247 62
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2.3 Test Environment

Subjective evaluation was achieved following the Single Stimulus Continuous Quality
Method (SSCQM) [3, 4]. The data has been collected in two rounds at two different places,
thus implying different environmental factors (light, position, etc.). In the first round, evalu-
ations of test sequences in CIF resolution were performed, in the second round the sequences
in QCIF resolution and additionally a lower bitrate (128 kbit/s) of the sequence Soccer in CIF
resolution were assessed. The tests were performed on a notebook with 14.1” active matrix
TFT display and Windows XP. The subjectively perceived video quality of our test sequences
was assessed using software developed in Java. As the SSCQM was chosen to rate the video,
the software contained a scrollbar allowing the test persons to change the rating continuously
during video presentation (Fig. 4).

El Subjektive Bewertung =

[ PersonalData | Rating | Analysis |

Video Rating

videolist: [Beispiel bt
Statiiss |Press huton t

Please mowve the slider to rate the video

<

1] 25 50 75 100

Play next video

Fig. 4. Subjective video quality rating software.

The player fiplay® was used for video clip presentation. Each test sequence was evaluated
by at least 15 non-experts. The video quality of all test sequences was rated by using DVQ
as described above. In addition to the quality parameter qp, TA and SA, DVQ evaluated the
parameter frame rate. Thus the quality rating per frame could be transformed into a quality
rating by time unit, realized by calculating the mean quality parameter qp value of all the
frames per time unit. Each test person was asked to accomplish one test run consisting of
the presentation and rating of all selected video clips in random order.

2.4 Data Preprocessing

The collected data contained all ratings performed, including invalid scores and results of
unreliable test persons that had to be filtered out before proceeding the analysis. Basically,
Hartung [11] takes two types of measurement errors into consideration: (i) the systematic and
(ii) the statistical error. As a measurement value consists of true value, systematic error and
statistical error, detection and quantification of the latter are subject of the preprocessing
phase. Furthermore different methods for identification of outliers are proposed by the ITU
3, 4].

¢http://sourceforge.net/projects/ffmpeg/
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A systematic error depends on the measurement tools that were applied. It can be repro-
duced by using the same settings and parameters. In the presented experiment a systematic
error was detected by analyzing the software used to obtain the subjective rating.

The statistical error, however, is unpredictable. Its significance can be evaluated if multi-
ple measurements with identical settings are available (i.e., repeated measurements), and is
assessed using confidence intervals.

A single measurement can also accidentally be erroneous and must hence be considered
as outlier that has to be removed. In our experiment, outliers typically resulted from a short
distraction of a test person during the quality evaluation phase. Therefore, a test to identify
such insignificant measurements was carried out before analyzing data.

Preprocessed collected data as will be pointed out in Sections 2.5, 2.6 and 2.7 was analyzed
in three steps. First, by using the statistic tool R?a simple analysis of variance [11] was per-
formed to investigate whether the parameter frame rate influences the subjectively perceived
quality of the test sequences. In a second step, the resulting data reflecting dependencies
with respect to this parameter were diagrammed. These graphical figures then were used for
further interpretation of results. In a third step the considered data finally was approximated
by suitable models.

2.5 Scores

For each test sequence 7 and each test person j the mean rating score p;; over time was
calculated. In other words, p;; denotes a single scalar subjective mean score that was given
from person j to sequence i. Some test persons reacted more confidently than others during
evaluations. They used the whole available range for their votes while more reserved persons
only slightly moved the slide during the whole clip. As the same interval of quality parameter
qp changes had different meanings for different persons, their votes were normalized. For each
test person its minimum and its maximum rating value was calculated by

min max

Hi = milnﬂija Hi = mlaXMz'j-

Then the mean minimum and maximum rating value over all test persons was determined:

N N
min __ i min max __ i max
H =N E My M =N E g
=1 j=1

These values were used to standardize the single ratings:
,aij _ — X (Nmax _ Nmin) + umin'

As the overall quality estimation of the test persons differed, standardized scores were trans-
formed into standardized-centered scores [3, 4]:

fij = flij — Zﬂz‘j + Zﬂij- (1)
i )

4http://cran.r-project.org/
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2.6 Systematic Error

Systematic errors caused by the rating software were eliminated before data analysis. As
illustrated in Fig. 4 a test person had to perform the following steps to rate a test sequence.

e The button “Play next video” had to be pressed to start the clip presentation.
e The mouse had to be moved to the scrollbar at its initial position.
e With mouse button pressed, the test person could start rating.

For each test sequence some time elapsed, until rating was performed. Therefore the average
over time mentioned in Section 2.5 corresponds to the average over time minus the first 2.5
seconds per video clip and test person.

2.7 Owutliers and Statistical Error

Ratings falsified by short distraction of the test person for example might have lead to an
insignificant or invalid result. To identify such erroneous data, a David-Hartley-Pearson-Test
[11] has been performed. Statistical errors were determined using two different methods: the
[Bo-test and the computation of the confidence interval. To verify whether a test person re-
turned reliable ratings, a (a-test for SSCQM was carried out [3]. This test equally indicated,
whether the distribution could be considered as normal, a fundamental prerequisite for sub-
sequent analysis of variance. Except for single seeds, the data resulted in being normally
distributed. Reliability of results was assessed by computing a 95% confidence interval of raw
and manipulated data (standardized, centered, rejection of outliers and unreliable observers).

2.8 Analysis of Variance

Analysis of variance was applied in order to investigate whether the parameter frame rate had
an impact on the collected data. Each test sequence was considered with respect to the four
different frame rates selected (5, 10, 15, 25 frames per second). Ratings related to one test
sequence and frame rate were grouped. The p-value of the ratings of each clip distributed in
four groups was calculated using the statistical tool R. Therefore the interpretation of the p-
value has been extracted from [14], adapted to this particular study, and is shown in Table 3.
The null-hypothesis was defined as follows: Frame rate changes of a test sequence have no
influence on its subjectively perceived video quality.

Table 3. Interpretation of the p-value.

p-Value Interpretation
p>0.1 No indication against the null-hypothesis
0.05<p<0.1 Weak indication against the null-hypothesis

0.01 <p < 0.05 Moderate indication against the null-hypothesis
0.001 < p < 0.01 Strong indication against the null-hypothesis
p < 0.001 Very strong indication against the null-hypothesis

The null-hypothesis is considered as rejected if the p-value is smaller than 0.01. Table 4
shows the p-values for each test sequence. It can be concluded that the subjective ratings of
all test sequences depend on the frame rate, which has a significant influence on the perceived
video quality.
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Table 4. p-Values of the ratings.

Video Bitrate [kbit/s] Resolution p-Value
Conference 64 CIF 0.0003184
Comic 64 CIF 4.556e-09
Advertising 128 CIF 7.784e-06
Soccer 1500 CIF 0.0045
Soccer 128 CIF 7.08e-06
Comic 32 QCIF 4.521e-10
Advertising 48 QCIF 9.598¢-06

The sequence Comic is highly affected by this parameter, followed by Advertising and Soc-
cer at a low bitrate. The sequences with the highest score of quality parameter qp, Conference
and Soccer encoded at 1500kbit/s, yield the lowest dependency.

3 Subjective Results

The following figures give an overview of the subjective ratings collected. The single dots
symbolize normalized and centered ratings from (1). The solid line represents the mean
rating value of these scores and the dashed lines represent the boundary of the corresponding
95% confidence interval, here assuming a normal distribution (see Section 2.7). The median
is not shown in these figures as the values are almost similar to the mean scores.

The results show a mean confidence interval width below 10.5 and a maximum confidence
interval width of 20. This results in a mean error of around 5 and a maximum error of 10
quality parameter units with a probability of 95%. Furthermore as pointed out in [4, 10]
interpretation of video quality is commonly done using the five quality classes bad, poor,
fair, good, and excellent, each representing in this case 20 quality parameter units (bad if
gp € [0,20),..., excellent if gp € [80,100]). Thus when mapping the MOS to these five
classes, the correct class is chosen with high probability.

Conference CIF

100 T T T I
. fTean
£ 80 x 95% CI -~ -~ -~ |
=i % % Subjective  x
< EES
=1 60 - < - X R o -
~ 8 -
f? 40 % ) ! -
= x X
5’ 20 % x .

0 | | | | |
0 5 10 15 20 25 30

Frames/s
Fig. 5. Conference (CIF, 64 kbit/s)

The experimental results for the sequence Conference are shown in Fig. 5. The sequence
contains both little SA and little TA. Especially since the TA is small, there is no need to
smooth its motion, meaning that a high frame rate would be useless. Such a choice just
affects the perceived quality in a negative way as there is less bitrate available for each single
frame. In Fig. 5 it can be observed that the subjectively perceived quality first decreases,
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then remains constant at low level. The test persons could not notice any difference in quality
for 15 and 25 frames per second. This means that there is a lower bound slightly above 40 qp,
which is reached at approximately 15 frames per second.

Comic CIF
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Fig. 6. Comic (CIF, 64 kbit/s)
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Fig. 7. Comic (QCIF, 32 kbit/s)

The results for the sequence Comic are shown in Fig. 6 and Fig. 7. The sequence contains
little TA but more SA than Conference. In Table 4 it has been shown that the subjectively
perceived quality of Comic is more sensible to the variation of the frame rate than Conference.
This leads to the assumption that a lower frame rate must be selected for clips containing
more spatial activity because more encoding bitrate is needed for each frame to produce the
same picture quality as for videos with lower spatial activity. A frame rate increase implies a
decrease of encoding bitrate available for each frame, and therefore the overall consequence is
a more significant quality decrease of the video clip. In Fig. 6 and Fig. 7 it can be noticed that
the quality decrease for the frame rates 5 to 15 frames per second is intensified with respect
to Conference. Similar to Conference, a lower bound (30 qp) of subjectively perceived quality
of Comic, reached at 15 frames per second can be observed.

The results for the sequence Advertising are shown in Fig. 8 and Fig. 9. This sequence
contains some moderate spatial and temporal activity. Smoothing motion by raising a very
low frame rate from 5 to 10 frames per second for sequences with medium temporal activity
increases the subjective quality perception, but a further increase has negative effects because
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the decreasing picture quality becomes the dominant factor for the subjectively perceived
video quality. In Fig. 8 and Fig. 9 it can be observed that the subjectively perceived quality
increases from 5 to 10 frames per second, but decreases from 10 to 25 frames per second. This
observation can be made for both CIF and QCIF resolutions. However, this effect is more
accentuated in QCIF.

Advertising CIF
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Fig. 8. Advertising (CIF, 128 kbit/s)
Advertising QCIF

100 T T T T T
o Mean
£ 80 95% CI - -- -- =
g Subjective  x
£ 60l i .
= B s
& .
b A0 -
E !
S 20 x —

0 | | | | |
0 5 10 15 20 25 30

Frames/s

Fig. 9. Advertising (QCIF, 48 kbit/s)

The results for the sequence Soccer are shown in Fig. 10 and Fig. 11. This sequence has
higher spatial activity and much higher temporal activity than the other clips. It has been
used in the experiments with two different encoding bitrates. At a very high bitrate the
curve shown in Fig. 10 is comparable to the result obtained for sequence Advertising in CIF
resolution (Fig. 8). The quality increase is extended to 15 frames per second and the overall
ratings are much higher. In this case the picture quality is high enough to ensure a high
rating that can be improved by smoothing the motion. From 15 to 25 frames per second the
decrease of the picture quality seems to become the dominant factor and the perceived quality
decreases again. In the case of low bitrate-encoded Soccer sequence presented in Fig. 11 the
same behavior as for Advertising in the QCIF resolution can be observed. The picture quality
becomes dominant at 10 frames per second.

In general it can be said that for test sequences with high TA a much higher bitrate had to
be used to obtain the same quality level. The increase of the SA had no effect on the needed
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Fig. 10. Soccer (CIF, 1500 kbit/s)
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Fig. 12. MOS versus Temporal Activity.

bitrate. This leads to the question how the MOS depends on temporal activity. Fig. 12 gives
an overview of our results. It shows the behavior of the MOS in relation to TA of each chosen
frame rate. The MOS first reacts with an increase and then a decrease in all cases. For the
TA interval from 7.7 to 8.7 TA a frame rate of 5 frames per second returns the highest MOS,
while in the TA interval from 8.85 to 12.7 a choice of 10 frames per second delivered the best
result. In both intervals a frame rate of 25 frames per second yields the lowest result.
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4 Analytical Models

In order to estimate similarities between the observed MOS ratings for different videos we
created analytical models for the MOS curves and compared their model parameters. The
behaviour of the obtained quality ratings changes at a frame rate of 15 frames per second,
therefore different models were created for the two intervals 5 to 15 frames per second and 15
to 25 frames per second. The major differences in quality perception were observed in the first
interval while the quality parameter remained constant or decreased in the second interval.
This means that there are three interpolation points available for an approximation of the
subjective ratings in the first interval, resulting in a quadratic model. In Fig. 13 and Fig. 14
an approximation ¢p(z;ta,r, bps) of the subjective rating curves, defined by equations (2) to
(8), is proposed. The parameters are defined as shown in Table 5.

Approximation Low TA

100 T I
Comic QCIF (2) ——
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< 60 e -
g TSEs=Ili-
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= | TV
& 20 [~ i
0 I ] |
° 10 15 20 2
Frames/s
Fig. 13. Approximation of clips containing low TA.
Approximation Medium/High TA
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0 I ] |
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Fig. 14. Approximation of clips containing medium/high TA.

Table 5. Parameters of the approximation function gp.

Parameter Name Range of values

T frame rate {5, 10, 15,25}

ta temporal activity  {low (!), medium (m), high (h)}
r resolution {QCIF (q),CIF (c¢)}

bps encoding bitrate 32 — 1500
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The subjective quality perception of the first interval was approximated by a polynomial
function of degree two, and to the second interval by a linear function. The logistic function
proposed by the ITU [3] was not used because its shape is not suitable for the collected results
obtained in this work. The polynomials for the low-TA case are defined as follows:

L _ —0.042% — 142+ 64 if x <15 (Comic QCIF)
qp(x, l, q, 32) - { 34 else (2)
N _ —0.2222 + 1.7x+53  if x <15 (Comic CIF)
qp($7 l, c, 64-) - { 29 else (3)
. —0.0822 — 0.2z + 62 if x <15 (Conference CIF
iteon = { ) o<1s ( bW

The polynomials for the medium/high-TA case are defined as follows:

(e he128) — { :8:gi2++3;.5x +1 ieflsaég 15 (Soccer 128) (5)
dp(wi b, e, 1500) = { :gjgixj §23a: + 48 ;flsi <15 (Soccer 1500) (©)
dp(z;m, c,128) = { :2.39;; +2x 445 leflsi <15 (Advertising CIF) 7)

dp(wim, q,48) = { :g.ix; 5+ 7.5z + 17 glsfz <15 (Advertising QCIF) ®)

Some equations show obvious similarities with respect to their polynomial coefficients. For
instance, concerning x < 15, (2), (3), and (4) have offsets which are comparable in size. Also,
there is a striking similarity between (5) and (8) and between (6) and (7) for z < 15. Since
the respective pairs show completely different content (Soccer and Advertising), the similar
models indicate a more general subjective principle behind the measurements.

On the other hand, for x > 15, the approximations show obvious similarities concerning
the coefficients of  between (5) and (6) and between (7) and (8). Here the similarity can be
explained by the same content that is shown in the respective pairs.

5 Conclusion

As already shown by the analysis of variance, variations of the parameter frame rate have
a significant influence on the subjectively perceived video quality. The amount and direction
of this influence depend on the parameters TA and SA of the video sequence. The performed
investigation leads to the following conclusions:

e The value of the frame rate corresponding to a maximum quality level depends on the
encoding bitrate. For low encoding bitrates (128 kbit/s) the maximum is reached at
about 10frames per second and for a very high bitrate (1500kbit/s) the maximum is
reached at a value around 15 frames per second.

e If the frame rate is increased, the subjectively perceived quality decreases for sequences
with low temporal activity until a lower bound is reached. Thus the minimum frame
rate of 5frames per second is recommended in this case.
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e The previously described decrease is intensified for sequences with high spatial activity.
Therefore the optimal choice for the parameter frame rate remains unchanged.

e If the parameter frame rate is increased, sequences containing high temporal activity
first react with an increase of the subjectively perceived quality, followed by a decrease.

e Piecewise polynomial models for low-TA videos on the one hand, and for medium/high-
TA videos on the other hand show striking similarities, indicating a general tendency
of subjective user ratings for varying frame rate.

We conclude that our findings are consistent with the findings of other authors, showing that
for human observers a minimum image quality is most important and must be ensured even

at the expense of a dramatic drop of frame rate. But unlike previous works, in our findings

the optimum frame rate may even be as low as 10 or even 5 frames per second.
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