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Abstract— Today’s smart phones, with their embedded high- generation smart phone video sensors. This discussion of
resolution video sensors, require computing capacities that are g|SP architecture, which is synthesized and routed for TSMC
too high to easily meet stringent silicon area and power consump- 65 nm technology, likewise details the silicon area, power

tion requirements (some one and a half square millimeters and o mption d moutational characteristics of o
half a watt) especially when programmable components are used. consumpti and computationa racteristics our new

To develop such capacities, integrators still rely on dedicated concept.

low resolution video processing components, whose drawback is

low flexibility. With this in mind, our paper presents elSP — Il. VIDEO PIPELINE

a new, fully programmable Embedded Image Signal Processor A get of embeddable processes is necessary for the capture

architecture, now validated in TSMC 65nm technology to achieve . .
a capacity of 16.8 GOPs at 233 MHz, for 1.5 mrhof silicon area and enhancement of video images and photographs produced

and a power consumption of 250 mW. Its resulting efficiency Py Complementary Metal Oxide Semiconductor (CMOS)
(67 MOPs/mW), has made elSP the leading programmable sensors. Various processing steps and algorithms can be

architecture for signal processing, especially for HD 1080p video incorporated into the image reconstruction chain, alsomno
processing on embedded devices such as smart phone. as the "video pipeline”.

I. INTRODUCTION . .
Because evaluation of sensor exposure parameters is

Video sensors, particularly as used in smart phones, halifficult, captured images do not usually cover the complete
become a familiar part of everyday life. This market is phaci sensor dynamic range. Histogram normalization [1] or local
drastic constraints on the power consumption and siliceasar adaptive methods [2] can, however, be applied to make
of video image processors. Sensors are thus necessanlyi-asoptimum use of the available dynamic range for pixel value
ated with signal processors, not only for color reconstoact coding.
purposes, but also for intrinsic image enhancement. The al-
lowable power consumption of embedded image processors

is currently a few hundred milliwatts, while smart phonel ;T T6T5 61 B Noise reduction is an essential
computing capacities exceed many billions of operations p¢ RlGglRl G Rl G processing step. Image signal-
second (GOPs). To afford such capacities, today’s phor to-noise ratio diminishes with a

integrators rely on dedicated video processing comporteats |9 B |G| B |G| B | reduction in pixel size, which

offer limited flexibility. With the programmable computing |[R|G|R|G|R |G is also the trend observed in
architectures now on the market, High Definition (HD) video G| B|G|B |G| B mobile consumer products.
processing, which requires several tens of GOPs, cannot [ [gIrIGIr |G Fixed-pattern noise (FPN) is
built into mobile devices. Because integrators prefer tbhen essentially linked to disparities
their own image enhancement functions, it is crucial to maky. 1. Standard Bayer color in  Substrate properties and can
the computing resources behind the currently available@sn array filter. be successfully characterized and
as programmable and as flexible as possible. Section two removed. Electronic noise caused

of this paper presents some common color reconstructibyp thermal excitation is an additive white Gaussian noise.
and image enhancement methods, followed, in section thrés, effect can be limited by applying a Gaussian blur or
by an estimate of the computing resources necessaryldoal adaptive filter. Finally, so-called "salt and peppedise
implement them. Section four then describes the proposecturs when pixel values are corrupted with respect to their
Embedded Image Signal Processor (elSP) architecture neghborhoods. This type of noise is particularly visibte t
fully programmable architecture designed to handle HD p08the human eye. Median filters or techniques enabling removal
video streamsife. 1920<1080 resolution at 25 frames perof extreme pixel values from a given group are best suited to
second), thereby anticipating the capacities needed fat- nethis type of denoising [3].



TABLE |

Sinale-sensor processing svstems operate by capturin COal\./IPUTING RESOURCES REQUIRED TO RECONSTRUAID 720p AND HD
g p g sy p y capturing 1080 VIDEO STREAM

luminance image. To reconstruct color data, sensor pixels

are covereq by a filter that alternatively allows each pimel fype of HD 720p HD 1080p Process
record a primary color. The best known type of color filter iSrocess 20MPx/sec 52MPx/sec Represen-
the Bayer filter depicted in Figure 1. The white balancingste (GOPs) (GOPs) tatveness

. . . . R . ()
adjusts gain for color components, to make final image cOl@fite Balancing 0.7 19 4%
look natural. The existing literature proposes many methotemosaicing 35 9.2 21%
for illuminant color estimation [4], ranging from a simple’\s"ﬁgr'ggn?ﬁgo's'”g g; 2%86 gig;"

. . . . 0

"grey world” assumption to the "Retinex” [5] approach. Themgr 167 GOPsS 745 GOPs 100%

demosaicing step generates three plans (red, green and bite
or luminance/chrominances) for each of the colors obtained
fr.om the raw image [6].. Finally, it is possible to improve  Sate of the Art
visual image quality using contrast enhancement and edde
sharpening techniques. Most of the now available mobile consumer products em-
ploy system-on-chip (SOC) architectures that are builtiado
Following these steps, it is usually necessary to apply %&neral-purpose embedded processing cores coupled with de
high_pass filter for Sharpening purposes; but local adapti{pated coprocessors. Such solutions lack flexibility, sitteeir
filters are also used to sharpen edges. Contrast enhancerREpessing parameters are “frozen” for as long as a non-
is likewise often needed for better visual perception ofgma reconfigurable SOC, which may be used in more than one
displays. This step involves processes ranging from comm@gneration of products, remains in place. Strong market de-
gamma correction to more sophisticated "tone mappingnand for more flexible real-time video processing companent
techniques [7] . has thus generated a flurry of research activity, both insndu

trial laboratories and academic institutioresg( University of
[1l. COMPUTING RESOURCES Stanford or MIT). One offshoot of this is the family of chips

By studying a set of representative algorithms for th%roposed by Stream Processors Inc., for real-time videaustr

processing steps described above, it was possible to dsti Jocessing [9]. Another is the Coarse-Grained Reconﬂge_wab
the computing resources needed for HD 720p and HD 108 age Stream Processor (ISP) [10] that can handle HD videos.

video reconstruction. The algorithms selected for thiglgtu '.Ie. .the latter |s_not fully progr_ammable, it offers grgater
were as follows: flexibility than dedicated processing components. The &nag

] ) ) memory that must be associated with it is neverthelessl§¢ost
. f|x§d pattern. noise corrgctlop; . in terms of silicon area. Among yet other developments,
« noise reduction by median filtering; o SiliconHive markets a customizable architecture, known as
. bllat_eral_ filtering (to represent local z_idaptlve filters); HiveFlex, which accommodates 4 to 128 programmable pro-
« application of convolution-based< filters; cessors [11]; and Xetal proposes a programmable, massively
« estimation and correction of white balance ("grey worldparajiel processor integrating 320 computing elements. [12
and "white patch” techniques); SIMPIl architecture [13] has 4096 parallelized procesgors
« bilinear and constant-hue demosaicing. computation of as many pixel blocks. With their high power
The number of processor operations dedicated to combnsumption (higher than a half Watt) and large silicon srea
puting filter results was also studied. Results of this studigigher than 2 mr#), none of these components are directly
demonstrated that more than half of processor cycles @®beddable in smart phones. Many of them also need an
devoted to address computation and program control [8]. Theage memory. Storage of an HD plan in fact requires several
computing capacity required for a video pipeline to processm? of silicon area in 65 nm technology.
HD 1080p, 1926:1080 streams at 25 frames per second, using
the previously listed algorithms, is 44.5 GOPs. As showB. Parallelism

in table I, most of these resources are employed for edgeag gn example, for a processor running at 233 MHz,
sharpening (51%), median filtering (22%) and demosaicing gfy three processor cycles per pixel would be available for
the raw_image (21%). Suc_:h analysis also serves to determﬁ?@cessing an HD 1080p image stream. This is far from
the basic operations required to run the algorithms. enough for the several dozen cycles needed to perform even
a simple convolution. As already seen above, more than
50% of processor cycles are used for address computation
This section describes the elSP architecture, which can doed program control. Different kinds of parallelism must be
programmed to process video streams with different resoimplemented to increase the processing time available per
tions, namely HD 720p and HD 1080p. This programmabilitgixel. Instruction-level parallelism (ILP) is supporteg bse
enables support of a wide range of algorithms, in particulaf Very Long Instruction Word (VLIW) processors. Spatial
those requiring access to pixel neighborhoods. parallelism is ensured by parallel use of several procsssor

IV. EISP ARCHITECTURE



each assigned to a different pixel. Temporal parallelism |is | Results serialization F—

supported by pipelining processes and performing control T T 7 .
address computation and data access as background tasks. | viw .| viw VLIW VLIW VLIW VLIW

g moo[f| w 3 i#4 #5 i#6
C. Computing Tiles 5 E ] ] ] ]

T T T "‘
T I l } cighborhood
RN EARAREE registers

[ | |

Line buffer 1 borhood
Neighborhood Line buffer 2 controller
Controller

elSP architecture is made up of programmable computing )
tiles that integrate two-way VLIW processors specificallyi program
designed to limit power consumption and silicon area usag(——Soue
Unlike a conventional VLIW processor, the two-way desigfl v
calls for all operators and registers to be shared by the t\
data paths. Processor data path width is 24 bits, and its cpre 7 i
logic comprises 5200 two-port equivalent gates. A scradhp| comoront ouput Rl
memory option (up to two2?* addressable 24 bit words,
typically 256x24 bits) is likewise proposed. By running two
instructions per clock cycle, the processor core perfortossh Chanmnel
of 400 MOPs at 200 MHz. The VLIW processors operate in
Single Instruction Multiple Data (SIMD) mode and are all
associated with the same program memory. This is the part of
the tile that is dedicated to computation. It collaboratéth &
neighborhood controller designed to limit power consuopti
and silicon area. Its function is to convert the incomingepix
stream to a formi(e. pixel values and relevant neighborhooéfixed pattern noise cancellation can be achieved with five
data) that can be directly accessed by the processors.dn thicles per pixel and does not require neighborhood access.
way, data access instructions are performed as background
tasks, and address computation is completely eliminated Histogram normalization requires eight cycles per pixel.
processor level. The neighborhood controller is desigrmed Rartial histograms are contained in the processor scradchp
limit power consumption and silicon area while allowingadit The interframe delay is then used to combine them into a
processor access to all neighborhood data. Each computiagnplete histogram.
tile contains an input/output interface that enables iratign
of pixel values from the incoming stream and serves fdoise reduction is implemented by replacing the pixel
reconstruct the outgoing stream from tile-computed daiahS value by the average neighborhood value, if the latter diffe
a tile typically contains 4 to 16 processors. Processoratipgy significantly from the formeri(e. falls outside a tolerance
frequency is defined when the program is compiled, thusnge of 12.5% o%th of the initial value). With two-way
affording optimum control of system power consumptionvVLIW processors, this operation requires fourteen cycles a
Complex processing operations require chaining of tiles tgcess to a 55 neighborhood, which is less "costly” than a
build a complete elSP processing architecture. Pixel teasis median filter.
between tiles take place via a Time Delay Multiplexed Access
(TDMA) bus to enable reconfiguring of the order in which th&samma correction makes use of a lookup table (LUT)
tiles transmit data. This bus also provides a clock signal thstored in the processor scratchpad and requires 4 cycles wit
keeps the whole architecture synchronized for tile chaininhe two-way processor.
purposes.

Insctruction

! Line buffer 3
FSM :

Fig. 2. A 6 processors computing tile.

« bilinear filter demosaicing;
« edge sharpening.

Automatic white balance is estimated using the grey-
world method. During the relevant cycle, a counter is
This section describes how a video pipeline is ported tacremented and the pixel value is multiplied by a predefined
the elSP architecture. It first presents the algorithms agdefficient. The system takes advantage of interframe delay
their arrangement on the different computing tiles. It thef compute these muiltiplication coefficients. Four prooess

provides hardware implementation results (power consiampt cycles are required, but no an access to pixel neighborhood
and silicon area data). is necessary.

V. IMPLEMENTATION AND RESULTS

A A'QO“th”F . Bilinear demosaicing by the two-way VLIW processor
A video pipeline was ported to the two-way VLIW procesrequires ten processor cycles and access to a3 3
sor to validate the elSP architecture. This chain included theighborhood.

following operations:
« fixed pattern noise correction; Finally, edge sharpening for the three color channels
« histogram normalization; derived from demosaicing is performed by 3 convolution,
« hoise reduction by defective pixel deletion; using 12 processor cycles.



B. Adaptability to Algorithms

All the proposed video pipeline algorithms cannot be exe-
cuted by a single computing tile. This would require 85 psace
sor cycles;.e. at least 32 processors at 233 MHz on a single
tile. Data interdependency would further complicate such a
configuration, particularly for access to pixel neighbartis.

A tile computing capacity (in cycles) can be obtained by the
equation 1.

< Clockpyoe B

-1 ProcN
Clockpi )x rocINb

The best way to simplify integration of the algorithms i{
therefore to distribute them over more than one tile. Anlidea
arrangementj.e. six tiles containing six processors each, is
shown in Figure 3. This architecture can perform 16.8 GOP{]
or 2.8 GOPs per tile, at 233 MHz. It consumes 40 mW per
tile, for an efficiency of 70 MOPs/mW,; and its total silicon

ig. 4.
cratchpads and a@ neighborhood access — TSMC 65nm 0.13 mm

area is 1.5 mrhfor 240 mw. [3]
Tile #4 : 1200
Edge Sharpening
Red Channel [4]
6 PE @ 166MHz - 79%
Tile #1 : 17 cyeles Tile #2 : 13 cyotes Tile #3 : 14 cyes Tile #5 : 12 yeles
FPN Removal Noise Reduction ‘White Balancing Edge Sharpening
Histogram Normalization Gamma Correction Bilinear Domsaicing Green Channel
(5]
6 PE (@ 233MHz - 72% 6 PE @ 233MHz - 100% 6 PE @ 233MHz - 77% 6 PE (@ 166MHz - 79%
Tile# 6 : 12 cyoies
Edge Sharpening
Blue Channel
, [6]
6 PE (@ 166MHz - 79%
Fig. 3. Algorithms arrangement on the different computingstile
[71

VI. CONCLUSION

For today’s competitive embedded processor market, whefd
mobile devices still rely essentially on dedicated proicess
components, this paper proposes a new solution: elSP, a
fully programmable computing architecture for real-timeéeo

; - 9]
processing. Not only does elSP allow control of silicon areé
and power consumption (1.5 nim250 mW),it also proposes
enough real computing capacity (16.8 GOPs) to accommodate
the HD 720p and HD 1080 video streams that will becomgy,
the standards for future smart phone imaging. Results given
here were validated on an elSP model synthesized and routed
in TSMC 65 nm technology for a frequency of up to 400
MHz — an example of a routed tile is shown in Figure 4. Witft1]
this design it is possible to customize computing capadity t
individual requirements, by increasing the number of psece
sors per elSP computing tile, their operating frequencigbe
overall number of tiles. Such an architecture also allows ift%!
corporation of cutting-edge algorithms. Further improeais,
for example integration of dedicated coprocessors, are now
being studied, with a view to extending elSP technology to
telecommunication applications. [13]
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