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MULTIPLEXING VIDEO STREAMS USING DUAL-FRAME VIDEO CODING
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ABSTRACT

We consider the transmission of multiple video source streams over
a shared channel from a server. Using the rate-distortion curves and
dual-frame video coding with high quality long-term reference (LTR)
frames, we propose a method to reduce the sum of mean squared error
for all the video streams. A simple motion activity detection algorithm
was used to determine the amount of high quality given to the LTR
frames. Using H.264/AVC, the results show considerable improve-
ment over a baseline scheme where each video stream is provided with
equal bitrate.

Index Terms— Dual-frame buffer, H.264/AVC, high quality up-
dating, video compression, long-term reference frame.

1. INTRODUCTION

Transmission of multiple video streams from a central server (or from
multiple separate servers but with centralized rate allocation) to mul-
tiple destinations over a path with a shared link is a common sce-
nario. Some applications are transmission of digital video over wire-
less broadband, video-on-demand services, video surveillance, and
transmission in a cognitive radio situation where multiple users share
the same bandwidth. The total bitrate of multiple video streams is lim-
ited by the bandwidth of the central server. Therefore, it is important
to efficiently allocate the overall bitrate among the video streams to
enhance the overall quality.

Joint bitrate allocation has been widely studied [1-5] to improve
the overall quality for multiple video streams. A multi-camera surveil-
lance system was considered in [1] where peak signal-to-noise ratio
(PSNR) improvement was shown for transmitting video content only
when there is any activity captured by a camera. However, it did not
consider the case in which all cameras were capturing an activity si-
multaneously. A distributed approach with high convergence time for
transmitting multiple video streams was considered in [2] where the
bitrate allocation was made by link price updated using the subgradi-
ent method. A parallel encoder system with large delay and memory
requirements was adopted in [3] where multiple streams are encoded
with several bitrates, and a combination of bitrates for multiple streams
was selected to maximize the PSNR. A superframe concept was used
in [4] where one frame each from multiple video streams are combined
into a superframe and a quantization parameter (QP) is found to max-
imize the overall PSNR. In [5], a resource allocation algorithm was
proposed to reduce PSNR fluctuation while maintaining high PSNR
using fine granularity scalability (FGS). It reduces PSNR fluctuations
but also reduces overall PSNR.

In [6], three optimization objectives for transmitting multiple video
streams over a shared channel were studied: maximizing overall PSNR,
minimizing overall mean squared error (MSE), and minimizing the
maximum MSE. Using subjective tests, it was shown that minimizing
the overall MSE corresponds best to subjective preferences. Using this
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result, we chose the performance criterion of minimizing the overall
MSE. The results here should not be compared directly with a method
that assumes any other performance criterion.
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Fig. 1. Bitrate allocation for multiple video streams

In this paper, we compare seven methods of transmitting multiple
video streams under the constraint of a fixed total bitrate. Each video
stream is given an equal bitrate (“fair” allocation), or alternatively, we
allocate bitrate based on instantaneous frame complexity using rate-
distortion (R-D) curves. We also combine dual-frame video coding
with these two methods. The quality of the long-term reference frame
is determined by a simple motion activity detection algorithm. We
assume there is a controller that performs bitrate allocation based on
the information provided to the controller by individual users as shown
in Figure 1. We also compare rate allocation using H.264 JM rate
control and the superframe methods described in [4,7].

The paper is organized as follows: Section 2 discusses dual-frame
video coding and the motion detection algorithm. R-D curve fitting
and various bitrate allocation methods are discussed in Section 3. Re-
sults and conclusions are given in Section 4.

2. DUAL-FRAME CODING AND MOTION DETECTION

In multiple frame prediction, more than one past frame is used in the
search for the best match block. At the cost of extra memory storage
and extra complexity for searching, multiple frame prediction has been
shown to provide a clear advantage in compression performance [8,9].

Motion Compensation

LTR Frame

STR Frame Current Frame

Fig. 2. Dual-frame video coding

In dual-frame video coding [10-13], two frames are used for in-
ter prediction, a short-term reference (STR) and a long-term reference
(LTR), as shown in Figure 2. Both encoder and decoder store LTR and
STR frames. For encoding frame n, the STR is frame n — 1 and the
LTR is frame n — k, for some & > 1. The LTR frame can be chosen by
jump updating, in which the LTR frame remains the same for encod-
ing N frames, then jumps forward by N frames and again remains the
same for encoding the next IV frames. In continuous updating, every
frame has a turn serving as an STR and as an LTR. In jump updating,
every frame serves as an STR, but only every N'*" frame serves as an
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LTR; this allows the use of high quality LTRs, where the LTR frames
are allocated more bits than regular frames. This has been shown to
enhance the quality of the entire stream [12, 13]. In [12], the assump-
tion was that regular frames could be starved of bits so as to generate
high quality LTR frames at even intervals, provided that a long-term
average bit rate constraint was met. In this paper, we use the term
“regular dual-frame” to mean one in which LTR frames are not as-
signed a quality higher than that of non-LTR frames. For the video
streams and bitrates examined, high quality LTR frames improved the
average video quality by 0.6 dB over a regular dual-frame encoder.
In [13], dual-frame video coding was considered in a cognitive radio
scenario consisting of a low bandwidth channel that is periodically
supplemented by the rental of a substantially larger bandwidth for a
short interval of time. Here, a high quality frame was formed from
the extra bandwidth and used as an LTR frame for some time. In this
paper, we will use dual-frame video coding for enhancing the quality
of multiple video streams simultaneously.

In dual-frame video coding, a key issue is to allocate an appro-
priate number of bits to ensure a high quality LTR frame. For a low
motion video stream, we should allocate many bits to the LTR frame
since the quality of subsequent frames will also be high because they
are similar to the LTR frame. For high motion parts of a video stream,
it is not desirable to spend many bits on an LTR frame because its
higher quality will soon be useless as the subsequent frames rapidly
become different from the LTR.

We detect the motion of a video stream by comparing the current
and previous frames. We considered a large set of QCIF videos to
determine the threshold and amount of extra quality given to an LTR
frame. We divide a frame into macroblocks (MBs) of size 16 X 16 pix-
els and calculate the sum of absolute differences (SAD) between each
MB and the co-located MB in the previous frame. The MB is consid-
ered active if the SAD is above a predetermined threshold, otherwise
inactive. Examining a wide range of thresholds, we chose a threshold
of 500. Figure 3 shows the result of activity detection for the Foreman
and Mother Daughter videos. On the x-axis is the frame number and
on the y-axis is the percentage of MBs above the threshold. It shows
that Foreman is of higher motion than Mother-Daughter.
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Fig. 3. Percentage of MBs above the motion threshold of 500 for the
Foreman and Mother-Daughter video streams.

Let m be the average fraction of active MBs in the 10 frames prior
to an LTR frame. The bit allocation for the LTR frame (LTR_bits) is
given by

2 X reg_bits, if m > 0.5
LT R bits = ¢ 10 X reg_bits, ifm < 0.1 (1)
(12 — 20 x m) X reg.bits, otherwise,

where reg_bits is the average number of bits assigned to a regular

frame. These allocations and threshold values were determined ex-
perimentally but not carefully optimized for these videos. The results
were found to hold for other video streams. Motion activity detection
is done in real-time and we do not need to store the video in advance. A
similar method in [1] considered binary classification of video activity.

3. METHODS FOR MULTIPLEXING VIDEO STREAMS

In this section, we describe the allocation of bits to multiple video
streams simultaneously. We have N video streams and B kbps of total
bitrate available to transmit these video streams. The simplest bitrate
allocation is to divide bits equally among the video streams and among
the frames. If a video stream is f frames per second, then each frame
gets Ni;f bits. We call this method EqualBits and it could be called
a “fair” allocation. Given the number of bits to encode a frame of a
video stream, the reference software model of H.264 [14] will search
and choose the best prediction mode to reduce the MSE.

In this paper, the curve-fitting model for the R-D curve of a frame
in video stream n is given by

b
R'n.

where R,, is the number of bits and D,, is the distortion for a frame 7
in video stream n. an, by, are the coefficients for generating this curve-
fitting model. Other curve-fitting models are available in the literature
[15]. We use the least squares approach to find a,, and b,. We take
14 R-D measurement points using different QPs. The complexity of
generating R-D curves can further be reduced by using the method
described in [16] and is not included in this paper.

Given the R-D curve-fit for a frame in each video stream, the sum
of MSE for all the video streams can be minimized using standard
optimization techniques like the Lagrangian multiplier. Consider the
i*" frame of each video stream. The optimization problem can be
formulated as

Dn(Rn) = an +

@

N N B
i n n ol n < e -
I%LHX_:ID (Rn) stZ;R <7 3)
Using Lagrange multipliers, the bit allocation for video j is
Vb B
R; / Vjel1,2,..,N (4)

The bit allocation achieved by Eq. 4 essentially finds a point in
each R-D curve where the slope is the same for all the curves. We
denote this method of bitrate allocation as EqualSlope [6]. This mini-
mizes, on a per frame basis, the sum of MSE:s for all the video streams.
This method gives extra bits to a video stream that is experiencing high
motion by taking some bits from the low motion video streams. Both
EqualBits and EqualSlope allocation require neither any input buffer
to store raw frames to be encoded nor any output buffer to store the en-
coded bitstream that needs to be transmitted (because the multiplexed
bitstreams achieve the constant target output rate for each frame).

Both the methods above use only STR frames for motion compen-
sation. By using dual-frame video coding, we can further reduce the
sum of MSE by exploiting the LTR frame. Let L,, be the number of
bits assigned to an LTR frame for the n*”* video stream and let the LTR
update interval be K. Note that L,, varies with the motion activity of
a video stream, as described in the previous section. Using EqualBits,
each video stream should get 1]\(]13 bits for K frames. In the LTR ex-
tension to EqualBits, out of this pool of bits, L, bits are assigned to an
LTR frame. We define

KxB
— L
Nxf n
n — 5
" K1 )
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We allocate r, bits to each of the remaining K — 1 frames in that
group of K frames in the stream. The LTR frames are assigned to
each video stream in a round-robin fashion where any particular video
stream is assigned an LTR frame at a regular interval and between
two LTR frames for any given video stream, there will be one LTR
frame for each of the other video streams. This may also be deemed a
“fair” allocation. Although the number of bits L,, given to the LTR for
stream 1 may be higher than that for some other stream, the number
of bits r,, given to the other K — 1 frames in that group of K frames
for stream n will be correspondingly lower, so each video stream is
allocated an equal number of bits over K frames. Some of the bits are
taken from the regular frames in order to raise the quality of the LTR
frame. This method is called LTR_EqualBits.

We can also incorporate dual-frame video coding in the EqualS-
lope method. Again, the bit allocation for LTR frames is as described
in LTR_EqualBits. Using Eq. 4, for any frame where no stream has an
TR, the bits allocated to video j are

R; = XY rn, Vj€1,2,.,N (©6)
’ znlm Z

where 7, is defined by Eq. 5. If, at any time instant, a video stream
k has an LTR frame, then that video stream receives L bits and the
remaining video streams will receive EqualSlope allocation, i.e.

Tn, VJ€1723’NaJ7£k (7)

This method uses dual-frame video coding with high quality LTR
frames and EqualSlope allocation for regular frames and is denoted by
LTR_EqualSlope. Note that both LTR_EqualBits and LTR_EqualSlope
do not require any input buffer to store raw frames but they require a
fixed size output buffer to store the encoded bitstream for transmission
if the transmission channel has constant bitrate.

We expect EqualSlope will perform better than EqualBits because,
in EqualSlope, bits are allocated to different video streams based on
their complexity. We expect that LTR_EqualBits will perform better
than EqualBits and LTR_EqualSlope will perform better than EqualS-
lope because of the advantages of dual-frame video coding.

For comparison, we included the results for H.264 JM reference
software rate control [14] for individual video streams and implemented
the superframe methods described in [4, 7]. With JM rate control
(H.264_RC), a target bitrate was assigned and the encoder was allowed
to use the R-D optimization method to efficiently encode each video
stream separately. The superframe method was implemented in two
different ways: SF_EqualBits and SF_RC. In SF_EqualBits, the bits
used for each superframe are constant and the encoder finds a QP that
meets the constraint. In SF_RC, the target bitrate for the whole super-
frame stream was assigned and then H.264 encodes superframes with
rate control (bit constraint for individual superframes is waived).

4. RESULTS

The simulation was performed using the baseline profile of H.264/AVC
[17] reference software JM 9.6 [14], modified for our work. All the
video streams used for the simulations are QCIF (176 x 144 pixels)
at 30 frames per second and of length 300 frames. The first frame is
an I-frame and the remaining frames are P-frames. We considered a
lossless channel of N x 15 kbps, for N video streams. Note that it
does not include the first frame which is separately INTRA-coded for
each video stream. For LTR_EqualBits and LTR_EqualSlope, the dis-
tance between two LTR frames in a video stream is set at 25 frames
and there are a total of 12 LTR frames.
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Table 1 shows the results of multiplexing video streams using all
seven methods described in section 3. The table shows the average
MSE and its corresponding PSNR for the video streams. For any video
stream in Table 1, the PSNR is calculated from the MSE, where the
MSE is the average MSE of the whole video stream. The average
PSNR is calculated from the MSE averaged within and across all the
video streams. We can see that, for a high motion video such as Fore-
man, EqualSlope reduces its MSE by assigning more bits, and the low
motion video such as Mother-Daughter receives fewer bits and thus
there is an increase in its MSE. The MSE reduction for the high mo-
tion video is much larger than the MSE increase for the low motion
video when compared to the EqualBits case. When high quality LTR
frames are used, we see MSE reduction in all the videos compared to
EqualBits. When the EqualSlope technique is applied along with LTR
frames, we see that high motion videos further reduce their MSE com-
pared to LTR_EqualBits while there is some increase in MSE for low
motion videos. But when we compared the overall MSE, we found
that LTR _EqualSlope performs the best. In this case, LTR _EqualBits
performs marginally better than EqualSlope. Figure 4 shows the MSE
versus frame number for two of these four multiplexed video streams.
The seven curves in each figure represent different methods of multi-
plexing video streams. As can be seen in figure, LTR_EqualSlope per-
forms the best overall, providing the best MSE for low motion video
streams such as container, while being nearly the best for high mo-
tion video streams such as Carphone or Foreman. The quality pulsing
caused by the LTR methods is apparent in the MSE plot of Figure 4(b)
but is not perceptually noticeable when viewing the video.

Table 1. MSE and PSNR for multiplexed video streams

MSE Carphone | Foreman | Mother-D. | Container Avg MSE
EqualBits 167.49 | 259.74 41.43 98.94 141.90
EqualSlope 144.86 164.55 63.97 113.08 121.62
H.264_ RC 154.16 | 251.39 34.30 47.04 121.72
SF_EqualBits 137.79 153.03 79.62 127.75 124.55
SF_RC 126.60 132.78 69.07 117.06 111.38
LTR_EqualBits 149.39 | 238.54 33.25 40.36 115.38
I.TR_EqualSlope || 133.94 164.27 45.98 47.98 98.04
PSNR Carphone | Foreman | Mother-D. | Container | PSNR(Avg MSE)
EqualBits 25.89 23.99 31.96 28.18 26.61
EqualSlope 26.52 25.97 30.07 27.60 27.28
H.264 RC 26.25 24.13 3278 31.41 27.28
SF_EqualBits 26.74 26.28 29.12 27.07 27.18
SF_RC 27.11 26.90 29.74 27.45 27.66
LTR_EqualBits 26.39 24.36 3291 32.07 27.51
LTR_EqualSlope 26.86 25.98 31.50 31.32 28.22

As expected, H.264_RC performs better than EqualBits because,
with an output buffer, there is more freedom in assigning the bits to
various frames according to their relative complexity in H.264_RC.
But its performance is quite similar to EqualSlope where the complex-
ity of video streams is exploited simultaneously at the frame level.
SF_EqualBits performs much better than EqualBits because it also al-
locates bits at the frame level based on complexity. Although both
EqualSlope and SF_EqualBits assign bits to each video stream based
on complexity, the performance of EqualSlope is still better than that
of SF_EqualBits due to the fact that EqualSlope gives the optimal bit
allocation based on the R-D curve of each video stream (Eq. 3 and
Eq. 4) at the frame level which may not result in the same QP as
SF_EqualBits. Similarly, SF_RC performs better than H.264_RC be-
cause it not only uses the output buffer for variable bitrate but also
distributes the bits within a superframe based on complexity. With
the use of LTR frames and EqualSlope, LTR _EqualSlope outperforms
both H.264_RC and SF_RC by 19% and 12% respectively. In terms of
PSNR, LTR _EqualSlope outperforms SF_RC by 0.56 dB and H.264 _RC
by 0.94 dB. When comparing individual video streams we find that, for
high motion video streams, SF_RC reduces the MSE by a huge mar-
gin, but at the expense of a large increase in the MSE for low motion
video streams. On the other hand, LTR_EqualSlope reduces the MSE



of high motion videos by a huge margin but it marginally increases the
MSE of low motion videos.

500{] = EqualBits

—— EqualSlope

— H264_RC
— - SF_EqualBits

450 SFRC

—— LTR_EqualBits

—— LTR|

400

MSE

150
Frame Number

(a) Foreman video stream

—— EqualBits

—— EqualSlope

— H264_RC

— - SF_EqualBits
SF_RC

—— LTR_EqualBits

— LTR_EqualSlope

180

160

60

/

1

I
200

=

40

£
100
Frame Number

(b) Container video stream

Fig. 4. MSE variation with frame number for multiplexed video
streams

During simulation trials it was observed that if we allocate many
bits to LTR frames, then the performance of LTR_EqualBits tends to
be very close to LTR_EqualSlope. When more bits are given to LTR
frames, then fewer bits are left for other frames. Therefore, when we
equalize the slope for these other frames, there are not many bits to
adjust and we get a very small advantage from doing EqualSlope. If
we give fewer bits to LTR frames, then the effect of LTR frames is
small. In that case, the performance of LTR_EqualBits is close to that
of EqualBits. Therefore, it is necessary to moderate the amount of
extra quality given to LTR frames to achieve better performance.

In conclusion, we considered seven different ways to allocate bi-
trate for multiple video streams, two of which are new. We considered
the R-D curve properties for performing bitrate allocation. We found
that MSE reduction can be achieved using dual-frame video coding
with high quality LTR frames. One novel idea in this paper was the
use of motion activity detection to determine the amount of high qual-
ity for LTR frames. Multiplexing video streams using high quality
LTR frames with a fixed amount of extra bits going to the LTRs re-
gardless of motion activity was found to give poor performance. The
second novel idea for multiplexing video streams was to combine the
high quality LTR frames in dual-frame video coding with EqualSlope.
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This new method was shown to outperform existing methods for mul-
tiplexing video streams.
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