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Abstract
Last generation video encoding standards increase
computing demands in order to reach the limits on
compression efficiency. This is particularly the case of
H.264/AVC specification that is gaining interest in
industry. We are interested in applying parallel
processing to H.264 encoders in order to fulfill the
computation requirements imposed by stressing
applications like video on demand, videoconference,
live broadcast, etc. Given a delivered video quality and
bit rate, the main complexity parameters are image
resolution, frame rate and latency. These parameters
can still be pushed forward in such a way that special
purpose hardware solutions are not available. Parallel
processing based on off-the-shelf components is a
more flexible general purpose alternative. In this work
we propose a hierarchical parallelization of H.264
encoders very well suited to low cost clusters. Our
proposal uses MPI message passing parallelization at
two levels: GOP and frame. The GOP level encodes
simultaneously several groups of consecutive frames
and the frame level encodes in parallel several slices
of one frame. In previous work we found that GOP
parallelism alone gives good speed-up but imposes
very high latency, on the other side frame parallelism
gets less efficiency but low latency. Combining both
approaches we obtain a compromise between speed-up
and latency and then a broader spectrum of
applications can be covered.

1. Introduction
The bandwidth available nowadays in computer
networks and also in the Internet allows video delivery
applications to reach acceptable performance levels.
An important aspect that gives support to video
communications is video encoding and this will
continue to be the case even with future bandwidth
increments. This is because raw video requires a huge

amount of data transmitted per second, particularly
when high resolution and frame rates are involved.
Video compression is based on removing sensitive
redundant information and in the high spatial and
temporal correlation. Last generation video encoding
techniques, particularly H.264/AVC [1], push the
capabilities of these techniques to their limits. The
result is a reduction on the bandwidth requirements in
several orders of magnitude.
Encoding efficiency has a price that is computation
power. H.264/AVC encoders have a very high CPU
demand, the most critical case is encoding with latency
and real time response requirements. When this is
combined with high quality video formats, the only
adequate platforms are those with supercomputing
capabilities (i.e. clusters, multiprocessors and special
purpose devices).
We are interested on cluster platforms because they
are becoming a commonly available resource in an
increasing number of companies and institutions that
require high-performance systems able to cope with
large-scale applications (i.e. high-performance web
server platforms). Parallel programming on clusters is
also very flexible and it allows the design of parallel
video encoders adapted to almost any requirement.
Resources available on clusters vary from single to
multiple CPU per node, and in every node we can have
multimedia extensions in the CPUs and powerful
graphic coprocessors. To make efficient use of all
these computation resources we can combine different
programming approaches:
•

•

Message passing parallelism. Message
passing runtimes and libraries (i.e. MPI [2])
allow using a cluster to develop distributed
versions of a video encoder.
Multithread parallelism. Multithreading (i.e.
OpenMP [3]) permits using SMP cluster
nodes to reduce response time of the local
encoder MPI process.

•

Optimized libraries. Sequential code can be
optimized by using additional resources like
SIMD extensions and GPUs to perform
complex operations. This optimization
approach can be applied by hand or using
optimized libraries (i.e. Intel IPP [4], AMD
ACML [5], OpenGL [6], etc).

These techniques can be combined hierarchically in
such a way that the three levels (message passing,
multithreading and optimization) are quite orthogonal.
Analysis and implementation of every level is
independently done and the individual improvements
of each level sum up to improve the overall application
performance.
A video sequence is a stream of frames generated at
a certain frequency or frame rate. H.264/AVC
specification allows the definition of a number of
consecutive frames as an independent unit (Group Of
Pictures or GOP) to be encoded. H.264 also allows
defining slices inside a frame as frame portions that
can also be independently encoded. Then message
passing level can be decomposed in these two levels.
In previous work we have implemented and
evaluated GOP based and slice based parallel video
encoders [7,8]. In this paper we present the results
obtained with an H.264/AVC parallel encoder that
combines GOP and slice parallelism using MPI on
clusters. The paper is organized as follows: First we
estimate the performance that we can expect by means
of analytical tools: Little law [9] and PAMELA [10].
Next we discuss the design and main issues related to
the implementation. Then we present the performance
measurements obtained in two clusters and, finally,
some conclusions and future work directions are
drawn.

2. Performance analysis
As we show in [8] an efficient parallel video
encoder can be implemented dividing the video stream
in GOPs. We defined a GOP as 15 consecutive frames
following the IBBPBBP… coding pattern. Considering
the availability of enough computation resources
(cluster nodes) then we can always achieve real time
response but with a high latency (GOP encoding
sequential time).
On the other hand in [7] we got good performance
and latency in a slice based parallel encoder.
Unfortunately the scheme gives limited scalability and
then real time response is achievable only under
limited circumstances.

Both approaches can be combined in order to get
the better of every one: scalability and low latency.
Processing several GOPs in parallel will contribute to
increase throughput. When real time response is
achieved, that is throughput is equal to frame rate,
additional computational resources can be used to
parallelize GOP encoding in order to reduce latency.
This is done dividing frames in several slices and
processing slices in parallel.
Processes in GOP level parallelization interact
slightly with a master process to get GOP ids and at the
end of the GOP encoding process to compose the
video encoded bit stream. Slice level parallelization
has a greater level of interaction among processes
because after encoding one frame, we have to decode it
in order to keep the DPB (Decoding Picture Buffer)
updated with reference frames used in motion
estimation.
To describe more precisely the aggregated effect on
performance when GOP and slice parallelism are
combined we will use Little’s law: N = X*R. In order
to have a precise definition of the equation’s terms, we
have to define what a job is. We consider a job the
encoding of one GOP. Then the equation terms are:
o N: Number of GOPs processed in parallel.
o R: Elapsed time between a GOP enters the
system and the same GOP is completely
encoded.
o X: Number of GOPs encoded per second.
If we have nP nodes in the cluster and every GOP is
decomposed in nS slices, then the number of GOPs
processed in parallel will be N = nP / nS.
If slices are processed in parallel with efficiency ES
and if the sequential encoding time of one GOP is RSEQ
then GOP parallel encoding time is:
R = RSEQ /( nS * ES)

(1)

Here we suppose that GOP parallelization gets and
efficiency close to 1, as experimentally found at [7,8].
Finally the GOP throughput of combined parallel
encoder is:
nP
nS
n
X =
= P ⋅ ES
(2)
RSEQ
RSEQ
nS ⋅ E S
The effect on performance of combining GOP and
slice parallelism is to reduce response time (latency)
but throughput if affected negatively if the efficiency
of slice parallelization is significantly less than 1.

As an example let consider a 1 hour video sequence
in HDTV format at 1280x720 and 60 frames/sec. We
suppose that a H.264/AVC sequential encoder is able
to encode one GOP (15 frames) in 5 seconds. If only
one slice per frame is defined in a parallel encoder (no
slice parallelism is present) then:
X =

nP
RSEQ

(3)

To get real time response, X has to be equal to 60
frames/sec or 4 GOPs/sec then

n P = 4 ⋅ 5 = 20 nodes

(4)

GOP parallelization gives real time response in a 20
nodes cluster but with 5 seconds latency. If the
maximum allowed latency in the application is fixed to
1 second, then we can include slice parallelism to
comply with this requirement. Let suppose ES as 0.8
then, how many slices do we have to define and how
many cluster nodes are required?
4⋅5
= 25 nodes
0. 8
RSEQ
5
nS =
=
= 6.25 slices
R ⋅ E S 1 ∗ 0.8

nP =

28
⋅ 0.8 = 4.48 GOPs/sec
5
RSEQ
5
R=
=
= 0.89 sec
n S ⋅ E S 7 ∗ 0.8

L = par (p=1..nS)
delay(tS); delay(tW)
seq (i=0..log2(nS)-1)
par (j=1.. nS)
delay(tL + tC*2i)
The parallel time obtained solving this model is:

T ( L) = t S + tW + t AG

(9)

t AG = log 2 (n s ) ⋅ t L + (n S − 1) ⋅ t C
(5)

So, efficiency can be computed as:

(6)

The number of slices and the number of GOPs have
to be integers. Then, we set nS to 7 and N to 4, so the
number of required nodes is adjusted to 28. The
estimated performance indexes are:
X =

composed and decoded to update de DPB in every
node [1]. We implemented this synchronization by
means of MPI_Allgather [2].
In our PAMELA model we suppose that
MPI_Allgather is implemented efficiently using a
binary tree. The number of slices processed in parallel
is nS and the mean slice encoding time is tS. We call tW
the mean wait time due to variations in tS and the
global synchronization forced by allgather MPI
operation. The communication parameters are tL (start
up time) and tC (transmission time of one encoded
slice). Then, the PAMELA model to parallel encode
one frame is:

(7)
(8)

In this example, we have obtained that the
combined parallel encoder gives real time encoding
with latency less than 1 sec on a cluster with 28 nodes.
As shown before, the efficiency of the slice
parallelization scheme is very important because it has
a direct effect in throughput and latency. We are going
to estimate ES by means of a PAMELA model
parameterized with measurements taken on a
conventional cluster.
Slice parallelization consists of partitioning every
frame in a GOP in a fixed number of slices. Then
every slice is encoded in parallel. Before proceeding
with the next frame, the actual frame has to be

nS ⋅ t S
t
t +t
+
ES = T = S W AG =
nS
nS
TSEQ

1
(10)
t +t
1 + W AG
tS
We have obtained experimental estimations of tS
and tW using a sequential H.264 encoder on the
Foreman CIF video sequence. Communications
parameters tL and tC have been measured running IMB
ping pong benchmark [11] on a cluster with four dual
Opteron nodes interconnected by a Gigabit Ethernet
switch. The measurements correspond to message sizes
around the size of one encoded slice. With 4 slices we
got a mean encoded slice size of 4056 bytes. The
parameter values obtained appear on the next table
(time values are shown in microseconds):

tL
60

tC
0.0133*4056

tS
840000

tW
20586

tAG
421

Estimated efficiency for a slice based parallel
encoder running in a 4 nodes cluster is:
ES =

1
= 0.976
20586 + 421
1+
840000

(11)

37,5

36,9
36,6

CIF
720x480

36,3
36
35,7

1
= 0.976
20586 + 408
1+
840000

(12)

35,4
1

2

4

8

16

32

Slices/Frame

We notice that efficiency is not limited by allgather
communication overhead, but it is limited by
synchronization wait due to differences among slice
encoding time. The percentage of wait time related to
encoding time increases when the slice size decreases.
This penalizes efficiency when we increase the number
of slices. Another negative effect of increasing the
number of slices, and then decreasing their size, is a
reduction on encoding performance. Both factors limit
the number of slices we can define and then the
amount of available parallelism.

3. Scalability of slice parallelism
H264/AVC [12] encoders use a 16x16 pixel
macroblock (MB) as data encoding unit. A slice is
composed by a specific number of MBs. So, we can
define several slices in a frame. Every slice is encoded
and transmitted independently, limiting error
propagation. In our context slices define slightly
coupled tasks that can be performed in parallel.
160

Figure 2. PSNR loss vs number of slices per frame.
We can see also that in CIF resolution with 8 slices
we have a bit rate increment close to 20% which is
clearly inadmissible. When we apply slice parallelism
we get good speedup with 8 processors then scalability
is not limited by the parallel algorithm but by the
increase on bit rate. Other encoder quality parameters
like PSNR do not behave so adversely. We can se in
figure 2 that PSNR has as small variation around 35.5
dB in CIF resolution and around 37 dB in 720x480.
Finally we have noticed that encoding time
decreases when the number of slice increases. In figure
3 we can see a significant encoding time decrement in
both CIF (33%) and 720x480 (27%).
60
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A better estimation is obtained by running IMB
allgather benchmark [11] on the cluster configuration
we are going to wok on. The allgather time obtained
experimentally on the cluster with 4056 bytes
messages is 408 microseconds. Then, the estimated
efficiency is:
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Figure 3. Encoding time vs number of slices per frame.
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Figure 1. Bitrate overhead vs. number of slices/frame.
However, defining several slices in a frame reduces
encoding efficiency. The most adverse effect is a
significant bit rate increment that is inversely
proportional to the number of MBs per slice. That
means that the feasible number of slices will depend on
the video resolution, as shown at figure 1.

We conclude that bit rate is the encoding efficiency
parameter that limits the number of slices we can
define. Particularly a number between 4 and 12 slices
seems to be adequate depending on the video
resolution. Parallel encoders based on slice parallelism
give good speedups up to 8 slices as we will show in
the experimental results section.

4. Hierarchical H.264 parallel encoder
As we mentioned in the introduction we are going
to combine two levels of parallelism in order to

Altix 3700 with 44 nodes Itanium II interconnected by
a high performance proprietary network giving a
NUMA architecture. It runs Linux RedHat 9.0 with
GNU tools and MPICH. Performance measurements
are obtained encoding the 720x480 standard sequence
Ayersroc composed by 16 GOPs. The combination of
number of active GOPS (or processor groups) and
number of slices per frame are described in table 1.
Cluster

#Groups #Slices

01Gr_08Sl

Mozart

1

8

02Gr_04Sl

Mozart

2

4

04Gr_02Sl

Mozart

4

2

08Gr_01Sl

Mozart

1

8

01Gr_16Sl

Aldebaran

1

16

02Gr_08Sl

Aldebaran

2

8

04Gr_04Sl

Aldebaran

4

4

08Gr_02Sl

Aldebaran

8

2

16Gr_01Sl

Aldebaran

16

1

7
6,8
6,6
6,4
6,2
6
5,8

P0'
P0

Configuration

Table 1. Working modes at both clusters.

SpeedUp

achieve scalability and low latency. In the first level
we divide the input video sequence in blocks of 15
consecutive frames (GOPs). Every GOP is assigned to
a processor group inside the cluster. Every group
encodes its GOP independently of other groups. When
one GOP is completely encoded, the processor group
is ready to encode the next video GOP.
Every processor group has a local manager (P0) that
communicates with the global manager (P0’). The
local manager asks for a new GOP to be encoded by its
group when the current one is completely encoded.
The global manager informs about the GOP
assignment by sending a message with the assigned
GOP number to the requesting local manager. The on
demand GOP assignment method is quite simple and
gives a good load balance.
Inside a processor group a GOP is processed
decomposing its frames in slices, in such a way that
every processor in the group processes a slice. Once a
processor has the next GOP number to encode, it can
read and encode its corresponding slice on the frames
belonging to that GOP.
Slices are defined getting MBs in scan order in such
a way that the number of MBs per slice is as much
balanced as possible. When all the slices belonging to
a frame are encoded they have to be integrated to build
the encoded frame. Next, all the encoded frames
corresponding to a GOP are put together to form the
output bit stream.

P1

P2

P0

P1

P2

P0

P1

P2

5,6
5,4
01Gr_08Sl

02Gr_04Sl

04Gr_02Sl

08Gr_01Sl

Configuration
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Figure 4. Hierarchical H.264 parallel encoder.
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5. Experimental results

11
10,5
10

In order to evaluate the proposed H.264 hierarchical
parallel encoder we choose two different clusters of
workstations named Mozart and Aldebaran.
Mozart has 4 biprocessor nodes with AMD Opteron
246 at 2 GHz interconnected by a switched Gigabit
Ethernet. On the software side it runs Linux SuSE 9.1,
Intel C compiler 8.1 and MPI 2.0. Aldebaran is an SGI
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02Gr_08Sl
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08Gr_02Sl

16G_01Sl

Configuration

(b)
Figure 5. Speedup in (a) Mozart and (b) Aldebaran.
In figure 5 we can see that increasing the number of
slices per frame has a significant adverse effect on

speedup that reduces GOP throughput. This effect is
the same in both clusters.
Average GOP coding time (sec)

200
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slices per frame will not be such limiting factor to
obtain acceptable speedups
As future work, we plan to complete the
hierarchical approach by introducing OpenMP
multithreading and SIMD optimizations in order to
make profit of the parallelism available in hardware
resources.
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Figure 6. Mean GOP encoding time
However, we show in figure 6 that the mean GOP
encoding time is effectively (linearly) reduced when
the number of slices per frame increases. The speedup
loss is bigger than the one we expected. After
performing some additional experiments, we
discovered that the speedup loss is mainly due to the
synchronization wait time associated to allgather
operation. This operation is performed at the end of
each frame (as mentioned before). Also, as the number
of slices per frame increase, the synchronization wait
time becomes larger, reducing the overall application
performance (as shown in figure 5). So, we have to
further analyze their causes, in order to improve the
overall performance of slice parallelism.

6. Conclusions and future work
A hierarchical parallel video encoder based on
H.264/AVC specification was proposed. After
performing some analysis about the convenience of a
hierarchical parallel approach and developing a
GOP/slice parallel version, experimental results
confirm the results from previous analysis, showing
the ability of getting a scalable and low latency H.264
encoder. This is performed adjusting the cluster
configuration by setting up the number of processor
groups (or parallel encoded GOPs) and the number of
processor in a group (or number of slices in a frame).
Depending on the application requirements we can
reach an adequate balance between throughput and
latency.
However, some issues remain open, as mentioned in
previous section. So, we are analyzing the causes that
lead to speedup loss when increasing the number of
slices per frame. If we find a solution, the number of
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