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Abstract— In this paper we present an implementation of an tolerant, and programmability, to allow the use of sopbated
H.264 video encoding algorithm on a Cell Broadband Engine video encoding algorithms and image/video analytics sarféw

(CBE), for the application of high-quality video surveillance. The Current video surveillance systems are typically based on
proposed system aims to encode three channels of a standard-

definition (720 x 480) video stream at 30 frames per second € use of digital video recorders (DVR), which are esséptia
with a target bit-rate of 2 Mbps. The presented encoder is PCs with video encoding boards. These typically employ
compliant with the main-profile of the H.264 standard, and ues MPEG2/MPEG4 [1] compliant video encoding algorithms.

a learning-theoretic mode selection algorithm as an alterative  These solutions have several shortcomings vis a vis thegrec
to brute-force rate-distortion optimized mode selection,enabling ing requirements. Since each DVR can typically process anly

significantly reduced computational complexity. The CBE ofers . .
an aggregate of 204.8 GFlops of computing power, at 3.2 GHz i few channels of video, hundreds of servers would be required

8 Synergistic Processor Elements (SPEs), each with 128-bifide  for installations with thousand of cameras. This dramédyica
vector processing capability. The SPEs are under the contif increases the TCO for such solutions. Secondly the use of

a central Power Processor Element (PPE) which has its own MPEG-based video encoding algorithms results in a sigmifica

128-bit vector processing unit and all units are connected ypan ; ; - _
on-chip broadband bus with 25.6 GB/s bandwidth capacity and Ic:cssh In com nge‘fs;)n effI((:jlenc;:va_vh(TIn C.Ompg.r;d tlo th:m‘state
an 1/0O bus providing 50 GB/s. This combination of processing 0 '_t e-art H. _[ ] standar " inally, it is difficult to

units and high-speed internal buses is ideally suited for tatarget  reliable and flexible DVS solutions from PC-based DVRs.

application of multi-channel real-time H.264 video encodig. The In this paper, we present an implementation of an H.264
proposed system employed only the standard tools providedith  video encoding algorithm on a Cell Broadband Engine (CBE),
the CBE toolkit, without resorting to customized assembly ével for the purpose of digital video surveillance. In particylae
programming. will focus on the design of a single CBE based H.264 video
encoding system which aims to encode three channels of a
standard-definition (SD) video stream at 30 frames per sbcon
at a target bit-rate of 2 Mbps. The proposed architecturéean
There is an obvious need today for large-scale enterpriséed to serve as the core of a large-scale DVS system which
class Digital Video Surveillance (DVS) solutions, whichncawould be scalable, have far smaller TCO than DVR based
assist governments, local authorities and other orgaaimt solutions, and allow high programmability.
to improve safety and security. Such systems are currentlyCell Broadband Engine has enormous power for processing
finding applications in industries and organizations agmi® broadband content for media, entertainment and video game
as transportation, retail, finance and government. Anoth@gustries. In 2001 Sony, IBM and Toshiba started to co-
emerging trend is the rapid growth in the number of camerggvelop Sony’s next generation PlayStatidPU at a joint
constituting such systems. A good example of this is thet@afejesign center in Austin, Texas. Sony had a vision of bringing
City project in Moscow wherein the city government plans tgirtual reality to the experience of their game players.sThi
finish installation of 90000 cameras around the city by 200defined the architecture of the CBE - highly parallel, veistfa
of which around 6000 have been already installed. with huge memory throughput. The three companies disclosed
The chief concerns that need to be addressed while desigie details on the 64-bit Power Architecttfebased CBE
ing a large-scale DVS system are as follows. The solutign the International Solid-State Circuits Conference €3
should be scalable, such that it can be expanded to addi@sg005 [3]. This multi-core chip contains one 64-bit Power
a growth in the number of surveillance devices on an olrchitecture based core and eight 32-bit Synergistic Risme
demand basis, and can be used to address installations withi@ments (SPEs). The chip285 mm? device fabricated with
large number of such devices. The second key concern is thghm silicon-on-insulator (SOI) technology with 250M tota
of low total cost of ownership (TCO). This requires that theumber of transistors integrated.
hardware and software complexity and maintenance costs behe H.264 standard provides state-of-the-art video cospre
feasibly low. An important aspect of this is that the systemion with gains of up to 50% in compression efficiency, when

allow efficient compression of the captured video such thasmpared to previous standards such as MPEG-4. The key
the storage costs can be kept low. Other key concerns include

reliability, i.e. ensuring that the system be redundantfantt- LplayStation is a trademark of Sony Computer Entertainment |

I. INTRODUCTION



features incorporated in the H.264 standard, from which af months or even years. Even at the cost of a few cents per
derives most of its compression gain, are the use of efficianegabyte of storage, it is clear that storage costs would pla
arithmetic coding, the use of quarter-pixel accurate nmti@ significant role in the TCO.

vectors for motion compensation, and the use of severalFinally, the CBE is fully programmable, and the blade
different macroblock prediction modes and block sizes fawenter has built in redundancy, in the form of redundant
encodingl 6 x 16 macroblocks. A key concern, in this contextethernet switches for example. Thus, a CBE based H.264 video
is the large increase in encoder computational complexiycoding system seems like an ideal choice for buildingelarg
(as compared to the MPEG standards) resulting from tkeale DVS solutions. In the remainder of this paper we will
need for macroblock mode selection. Large computatiordiscuss the design of a low-complexity H.264 encoder, and
complexity is undesirable as it necessitates a correspgnddescribe how it was implemented on the CBE.

increase in hardware resources required for achieving real

time compression. In this paper, we will describe the design  Ill. TIME-EFFICIENT H.264 IMPLEMENTATION

of a computationally efficient H.264 encoder which utilizes Our implementation of the H.264 encoder contains all main-
learning-theoretic mode-selection algorithms to sigaifity profile tools with the exception of interlaced coding and
reduce encoder computational complexity, without sadmific weighted prediction. In addition it employs a subset of all
compression efficiency. possible block coding modes, which will be further desatibe

The organization of the paper is as follows. Section 2 brieflg this section. We now provide a brief description of the
describes the advantages of the proposed CBE based vitle-efficient mode selection algorithm employed in our 4.2
compression system. Section 3 briefly describes the legwniimplementation. Details can be found in [4].
theoretic mode selection algorithms for efficient H.264 eom The main-profile of the H.264 standard defines two main
pression. Section 4 describes the Cell Broadband Engiclasses of prediction modes f@a6 x 16 luma macroblocks,
Architecture (CBEA) in greater detail. Section 5 provides namely the intra prediction modes and the inter prediction
brief description of the issues involved in porting the Hi26modes. Chroma block mode selection is implicitly decided by
encoder implementation onto the CBE. Finally, Section the selected luma block mode. There are two intra prediction
concludes the paper with a brief presentation of results. modes—the Intral6 (116) mode and the Intra4 (14) mode. The
116 prediction mode generates a caulalx 16 predictor for
the current macroblock using neighboring macroblocks from
the current frame. The |4 prediction mode generates causal

We propose to design a CBE based H.264 video encodex 4 predictors for each of the 16 constitueht< 4 blocks
which can be used as the core constituent of a DVS systeh.the current macroblock. Several intra prediction subesod
The central motivation for this is that such a core providege provided within these two mode classes, including rine |
the possibility of constructing a large-scale DVS solutioprediction modes and four 116 prediction modes.
that has excellent scalability, low TCO, and is reliable and The standard also provides two main inter prediction modes,
programmable. In this section, we will briefly discuss thessne of which is invoked depending on the frame type. P
advantages. frames utilize single reference-list prediction, while Brhes

Scalability is achieved by the possibility of using the CBHitilize two-list prediction. The standard allows thé x 16
with IBM blade centers. Given that each CBE can encode thregcroblock to be partitioned into smaller blocks of varying
channels of SD video at 30 frames per second (fps), a fslkes for the purpose of motion compensation. In the predent
capacity blade center containing seven blades each carryiimplementation we restrict ourselves to the useléfx 16
two CBEs can encode 42 streams of SD video at 30 fps. Thick-based motion compensation to reduce time complexity
is very high—compare, for example, to a typical PC carryinGiven this restriction, there is only one available P predic
six PCI boards each of which can encode a single SD vidawde (denoted the P16 mode) and four available B modes,
channel. Thus the number of servers required by a CBE basegnely list0 B prediction (B_L0), list 1 B prediction (B_L1)
solution would be almost an order of magnitude lower thasidirectional B prediction (B_Bi), and direct mode predtct
that required by a PC based DVS system. (B_Dir).

Total cost of ownership would be reduced in two ways by Macroblock mode selection involves selecting the predalicti
such a system. Firstly, the large reduction in the number wfode class, and further selecting the specific predictiodemo
servers, described above, would directly reduce the haslw&om that class, which results in the best compression effi-
maintenance and system administration costs. This is acceiency for coding the current macroblock. Thus mode sealacti
tuated by the use of the Linux operating system with thavolves, (1) Choosing between inter and intra predicti@,
CBE, which reduces TCO substantially compared to Windowifintra prediction is to be used, choosing between 14 and 116
machines. Secondly, the use of the H.264 encoding algoritimodes, (3) If P prediction is used, finding the best motion
which is upto two times more efficient than previous stanslardompensated macroblock prediction, and (4) If B prediction
reduces storage costs by upto half. The importance of this da to be used, choosing the most efficient of the four B
be seen readily. A single camera running at 4 fps and 0.4 Mbp®des, and finding the best motion-compensated macroblock
would generate 4.3 GB of data in a day. Thus a large-scaeedictor.

DVS system with 3000 cameras would generate 13 terabyte§he main shortcoming of the conventional H.264 mode
of data a day, which may be required to be stored for a periedlection algorithm, as implemented by the reference esrcod

II. PROPOSEDCELL BROADBAND ENGINE BASED SYSTEM



is that all possible predictor modes are evaluated durindemo(Toshiba) started in 2001, and the architecture of the msmre
selection, for comparison using a Lagrangian functiondl [Shas been presented in the International Solid-State @srcui
Each such mode evaluation is quite costly in terms of cor@onference (ISSCC) in 2005 [3].
putational complexity, requiring the current macroblockbe CBE is a heterogeneous chip multiprocessor with a 64-bit
differentially encoded with respect to the generated tedi Power Processor Element (PPE) with L2 cache and eight spe-
with the error being transform coded, quantized and CABA€lalized coprocessors (Synergistic Processor ElemeRELS
coded. In our implementation, we make use of a learningn a SIMD-based architecture with 32-bit wide instructions
theoretic approach to select from among the main predictiiy. 2. The PPE has its own 128-bit vector processing unit
classes, and to further select the best prediction modérwittand all units are connected by an on-chip broadband bus.
the selected class. The learning-theoretic algorithmaisméd Each SPE is a private system-on-chip with the processing uni
offline using a set of standard training sequences, and oslynnected to limited 256KB of Local Storage (LS) which may
a small amount of computation is required, to compute th@ntain program, stack, local data structures and DMA lsiffe
learned discrimination functions, during encoding. This t The eight SPEs provide tremendous computing power with an
time complexity of mode selection, which is a significanaggregate of 204.8 GFLOPS at an operating frequency of 3.2
constituent of the overall time complexity of the referenc&Hz. The SPE SIMD engine provides 128-entry 128-bit SIMD
H.264 encoder, is significantly reduced. register file and up to 16-way SIMD to exploit data parallelis
Fig. 1 shows a simplified block diagram of the proposetihe PPE is connected to the SPEs through the internal Element
mode selection algorithm. First, a fast motion compengatitnterface Bus (EIB). The EIB also connects to the L2 cache
algorithm, termed the stabilized diamond search (SDS) @hd Memory Interface Controller (MIC), and it can handle
gorithm (akin to the diamond search algorithm proposed up to 96 bytes/cycle. The processing units (PPE and SPESs)
[6]), is used to find the best motion compensated P/B modecess the system memory through the shared MIC which
predictors. For the case of B frames, the b&stx 16 B is connected to dual channels of Rambus XDftoviding
mode is selected on the basis of the motion-compensatiotal bandwidth in the range of 25GB/s. Memory access is
cost associated with each, which consists of a weightpdrformed via DMA-based interface & 25.6 GB/s) initiated
combination of the motion-vector encoding cost and the sumy either the PPE or an SPE. The DMA is managed by the
of absolute differences (SAD) of the current macroblock argbftware. Each DMA request can transfer in the range of 16
the predictor macroblock. Subsequently, a learning-#@or bytes and 16 KB of data. Communication with the rest of the
classification algorithm, which operates on a set of tramsfo system is done through the high speed FlexIO interface.
domain features extracted from the macroblock and the P/BThe SPE was designed with a compiled code focus from
mode predictor, is used to select between the inter and inth@ beginning. The SIMD-optimized compiler for the SPE
prediction classes. Finally, if intra prediction is setbta is based on IBM XL compiler technology optimized for
second classification algorithm is used to select betweeivth the SPE architecture, and supports altivec-like intrimsiad
and the 116 prediction modes, and the best submode is sgtlediimited auto-vectorization. A complete system simulator f
by a time-efficient search algorithm which utilizes par$D the PowerPC (called Mambo) is also available to emulate the
values. behavior of a CBE. The Mambo simulator let the user be able
Both the inter-intra and 14-116 decisions are made usirg get details of statistics in a system running a real watt]o
supervised binary classification [7] using classifier trf8}s which may be unable to get from the real hardware.
As detailed in [4], classification is performed as follows.
Prior to classification thd6 x 16 current macroblockn is
downsampled to & x 4 array, denotean,. Denoting thet x 4
Hadamard transform afi, asT gmy, the following set of fea-

tures are used for 14-116 discrimination: (1) The macrokloc A straight forward mapping of multiple H.264 encoders
high frequency contentf; = i ,3°1 ,|Tyma(i,j)l. onto a Cell processor might statically assign 'n’ SPEs to 'm’
(2) The macroblock horizontal frequency contefit = encoders, constrained by the 8 available SPEs, Unfortiynate
> ITma(0,5)], and (3) The macroblock vertical fre-gurveillance differs from the usual video application, say
qguency contentfs = 2?22 |Trm4(i,0)]. In addition, for broadcasting or conferencing, in that the frame rates aressi
intra-inter classification, the following features wereeds can vary from camera-to-camera and even from time-to-time
(3) The absolute sum of the transform coefficients of thifeom the same camera. It is not unusual for a low-interest
prediction error between the downsampled current macetiblocamera to be sampled at 5 fps while a main thoroughfare is
my, and the downsampled motion compensated predjctor monitored at the full 30 fps. Likewise, the frame size may
i.e.fq= Zle ijl IT g (ma — pa) (i, 7). vary depending upon the scene under observation, SIF and
SD being the two principle resolutions, and with time if an
alarm occurs which switches a camera from SIF to SD. For
surveillance applications, then, statically assigningeSRo

CBE is a very powerful processor which is highly suitabl@ncoders would not make the most efficient use of the Cell’s
for game and multimedia processing. CBE is the result gisources.

a collaboration between Sony Computer Entertainment Inc.
(SCEI), IBM Corporation (IBM) and Toshiba Corporation 2XDR is a trademark of Rambus corp.

V. H.264 IMPLEMENTATION ON CELL BROADBAND
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Fig. 2. CBE block diagram.

The approach we used was to assign an SPE to an encaslea window of at most eight rows of macroblocks from the
to complete a unit of work and then to be reassigned. Theference frame is maintained inside the SPE and one row
H.264 encoding process was divided into three basic funstio of macroblocks from the current frame is processed against
motion estimation (ME), transform and quantization (Pijda it. As the ME function proceeds thru the frame, one row
CABAC (AC). Each of these functions operates on an entiod macroblocks is fetched from both the reference and the
frame at a time and constitutes the unit of work for an SPEurrent frames. Though several search heuristics are wsed t
The SPE is passed a command block which contains tlimit the number of SAD computations, search results are
operation to be performed, and pointers to the frame buffas quarter-pixel resolution. Besides motion estimatidms t
on which it is to perform the function. As the SPE completesinction also computes the heuristic used to select between
the function on a frame, it notifies the PPE which reassignsiiittra and inter coding for a macroblock. This, along with the
to the next pending work unit. In this way, any mix of framenotion vectors and motion compensated prediction is retlirn
rates, frame sizes, and IPB stream structures can be managesy/stem memory after each row is processed.

automatically by the Cell. As with the ME function, the second function, transform and

As mentioned, the encoding process was divided into thrgaantization (PI), processes a frame by row of macroblocks.
functions. The first, motion estimation (ME) was, perhaps, t Each row of macroblocks from the current frame is read
most difficult to port to an SPE due to the large amount d@fito the SPE along with the motion-compensated prediction
buffering this function requires. In our implementatiohgt for that row and the intra/inter decision made by the ME
range for motion estimation was limited to a window of ugunction. Though the intra/inter decision was made by ME,
to eight macroblocks in the vertical direction but can skardntra prediction needs further refinement to select eitlier16
the full width of the frame in the horizontal direction. Thabr 4 x 4 mode which is, again, decided by a heuristic. After



this, an exhaustive search is made of either the gux 16 - _ PSNR-Rate plotfor Tabletennis SD
possible predictions or the ninkex 4 predictions. From these
predictions are generated the macroblock coefficientaigtra
form and quantization) and the reconstructed frame (imvers 33l
guantization, inverse transform and loop-filter). Once B$ h
completed the reconstructed frame is available to be used as
a reference for the next frame.

The last function is the CABAC encoding (AC) of the mo-
tion vectors and coefficients. Although not suited to a vecto
processor, it was necessary for an SPE to do this encoding as
the PPE alone would not have the processing power to handle 28} - S| T 8.2 Reference H.264) |
multiple streams along with all of the housekeeping chores i . ‘ ‘ |2 Reference MPEG4
must do, e.g., orchestrating the flow of frames from multiple 005 Ol O e b aerpixel) 03 0%
cameras through the SPEs for compression and handling the
network traffic required to send the compressed results tarig. 4. PSNR-Rate plots for standard definiti@ble_tennissequence.
server for storage. Despite the serial nature of the CABAC
code, the SPE is able to perform this function in approxityate PSNR-Rate plot for Mobile SD
the same amount of time as the PPE. T T T T T T
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w w
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VI. RESULTS

To analyze the performance of the presented H.264 encoder,
three standard definitiori720 x 480) 4:2:0 YUV sequences, .l

namely,cheers mobile_and_calendaandtable_tenniswere
encoded using three encoders—the proposed time-efficient
encoder, the reference JM8.2 H.264 encoder, and a reference
MPEG-4 encoder. 59 frames of each sequence were encoded 8y

PSNR (dB)
w
o

using each of these encoders. A comparison of compression 2} —*— a2 Reference H.264] |
efficiency for the three codecs was done by comparing PSNR- |t rereneweess
Rate curves for each Sequence_ 2%.1 0.125 0.15 0.175 0.2 0.225 0.25 0.275 0.3 0.325 0.35 0.375 0.4

Rate (bits per pixel)

PSNR-Rate for Cheers SD

34

Fig. 5. PSNR-Rate plots for standard definitionobile_and_calendar
sequence.

on a Windows based Pentium workstation, is about 40 times
faster than a corresponding software implementation of the
H.264 reference coder.
Table | shows the average time each function (ME,PI,AC)
takes for the three different video sequences, each enatded
three different bitrates. These times were measured on a 2.4
T 82 Reference H264 | GHz CBE. As expected, CABAC requires increasing amounts

ol | T RerenepRRed of time as the bit rate increases. Note that the processing
O 0425 015 OIS B8 tanarpnay o1 09 0979 03 required to produce the next reference frame (ME+PI) can
be done well within the 33 millisecond frame period so that
Fig. 3. PSNR-Rate plots for standard definitidneerssequence. motion estimation for the next frame can begin as soon as the

frame arrives. Virtually all of the encoding is performed by
Figure 3 compares the convex hull of the PSNR-Rate pehe SPEs with only a small amount of NAL unit processing
formance curves for the three codecs for theerssequence. being done by the PPE.

The rate is measured in terms of bits-per-pixel. For refegen

0.2 bits-per-pixel corresponds to a rate of approximately 3.1

Mbps at 30 fps. As can be seen, the IBM H.264 codec is
about 1-1.5 dB inferior to the reference H.264 codec, amftd ISO/IEC JTC 1/SC 29/WG 11, “Mpeg-4 video coding stangafoo.
is 1.5-2 dB superior to the reference MPEG4 codec. Similk# T- Wiegand, G.J. Sullivan, G. Bjontegaard, and A. Lutf@verview of

. . the h.264/avc video coding standartE’EE Transactions on Circuits and

_resu_lts fortable_tennisand mc_;bﬂe_and_calendaare shown ~ Systems for Video Technologyol. 13, no. 7, pp. 560-576, July 2003.
in Figures 4 and 5 respectively. We note that the loss 8 D. Pham et al., “The design and implementation of a fiesteration cell

compression efficiency vis a vis the reference H.264 encoder Processor,” 2005. _ - , _
[4] A. Jagmohan and K. Ratakonda, “Time-efficient learnirdedretic

1S accompa_nled by a Iarge gainin Compl"tat'onal eff|C|ency.— algorithms for h.264 mode selection,” Proc. IEEE Int. Conf. Image
a software implementation of the presented encoder, rgnnin Processing 2004, pp. 749-752.
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