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A Low Power VLSI Architecture for Mesh-Based
Video Motion Tracking
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Abstract—This paper proposes a low-power very large-scale in- dynamics of a video sequence and thus is an attractive tool for
tegration (VLSI) architecture for motion tracking. It uses a hier- many applications in digital video processing.
archical adaptive structured mesh that generates a content-based 1,4 advantage of the mesh-based method is the ability to gen-

video representation. The proposed mesh is a coarse-to-fine hierar- t ti | . tion fields. This i ally i
chical two-dimensional mesh that is formed by recursive triangula- €&l€ CONtNUOUSIly varying motion nields. This IS especially Im-

tion of the initial coarse mesh geometry. The structured mesh offers portant because natural video sequences generally give rise to
a significant reduction in the number of bits that describe the mesh smooth or slowly varying motion fields. In particular, camera
topology. The motion of the mesh nodes represents the deformation zoom, movement of the objects toward or away from the camera
of the video object. The architecture consists of a motion estima- 54 rotational motion of objects are much better described in
tion and motion compensation units. The motion estimation archi- X . .
tecture generates a progressive mesh code and the motion vectors? mesh-based mOO_'e' than in the tr.adltlonal block-basgd motion
of the mesh nodes. It reduces the power consumption, it uses a Sim_and the overall motion field results in the smallest pOSSIbIe error
pler approach for mesh construction, approximates the mesh nodes metric [1].

motion vector by using the three step search algorithm and ituses  The mesh-based transformation was used to compensate for
parallel motion estimation core to evaluate the mesh nodes motion the distortions introduced by the imaging system in the field of

vectors. Moreover, it maximizes the lifetime of the internal buffers. . o | inais al d
The motion compensation architecture uses a multiplication-free "€MOte sensing [2]. Image warping is also used to generate spe-

algorithm for affine transformation, which significantly reduces ~ Cial effects in computer graphics [3], [4]. Mesh-based systems
the complexity of the motion compensation architecture. More- for motion compensation and video compression are used in
over, using pipelined affine units contributes to the power savings. digital video processing [5]-[9]. A hierarchical version of the

The video motion compensation architecture processes a referencemesh motion is introduced [10]. A finite-element approach to
frame, mesh nodes and motion vectors to predict a video frame.

It implements parallel threads in which each thread implements a th€ mesh warping and its application in video coding [11]-[14].
pipelined chain of scalable affine units. This motion compensation The mesh model is used for manipulation of synthetic objects as
algorithm allows the use of one simple warping unitto map a hier- well as representations in joint natural-synthetic environments
archical structure. The affine unit warps the texture of a patch at  [15], [16]. Mesh-based methods have also been used with great
any level of hierarchical mesh independently. The processor uses agyccess in processing medical image sequences [17]-[19]
memory serialization unit, which interfaces the memory to the par- . - )
allel units. The architecture has been prototyped using top-down 1€ mesh-based motion model uses a mathematical transfor-
low-power design methodology. The performance analysis shows mation that maps one set of polygons in a frame to another set of
that this processor can be used in online object-based video appli- polygons in the following frame. The pixels within the polygons
cations such as in MPEG and VRML. are mapped from one frame to another through interpolation.
Index Terms—Affine transformation, digital video processing, Regular mesh and delaunay meshes are two main approaches
HDTV, low power architecture, mesh-based motion tracking, mo- - tg design a two-dimensional (2-D) mesh-based triangular mesh
tion compensation, motion estimation, multimedia, VLS. [20]. Using a regular mesh reduces the mesh code size since the
mesh is known in both encoder and decoder but it lacks the effi-
|. INTRODUCTION cient video representation since it does not capture the video dy-

OTION estimation and compensation through a d%w_amlcs. On the other hand, the delaunay triangular mesh suffers

formable mesh is one of the more advanced methods 1™ the complexity of delaunay algorithm and the overhead of

or
video sequence representation. It outperforms the famous

sg(rjlding the location of the mesh nodes. A possible approach
. . . : S &t reduces the mesh code size is to implement the delaunay
widely used block matching algorithm (BMA) since warplng%I
is capable of producing a more accurate representation of

%c:rithm in both the encoder and the decoder.
ierarchical mesh representation provides rendering at var-
ious levels of detail (quality, scalability) and it allows progres-
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Performance and power consumption are the main objectivasrent flowing from power supply to ground during transistor
of the video coding for mobile applications. Special architeswitching; and 3)static powey which is due to leakage and
tures are required for efficient hardware solutions deliverirgjatic currents. The switching and short circuit power are
sufficient video processing performance and low power cokhown as dynamic power, which constitutes about 99% of
sumption [22], [23]. Surveying the literature, only a few veryhe total power dissipation in CMOS VLSI circuits. Dynamic
large-scale integration (VLSI) architectures for video motiopower Paynamic iS given by the following equation:
tracking codecs that use 2-D mesh-based motion estimation and
Compensation exists. denamic = fclk : Vdd : ((Cz : VYSWingi : Pi) + Isc : PL)

This paper presents a mesh-based motion tracking architec-
ture that uses a novel 2-D hierarchical mesh-based video moggtere £, is the system clock frequencyyy is the power
It reduces the computational operations and employs techniqg@pply voltage(; is the capacitance at NOde Vaying ; is the
to reduce the power consumption as well. The new video modglitage swing at nodg, p; is the switching probability at node
and its architecture are suitable for mobile video applicatiopsandI,. is the short circuit current at node
and the architecture can be used as a building block for MPEGAs system speed increases, the increase in power consump-
codec. The proposed motion tracking architecture is dividéidn becomes a major problem. The increase in the power dis-
into motion estimation and motion compensation architecturggpation will generate extra heat and reduce the reliability of
The motion estimation architecture generates a coarse-to-fipgircuit. The development of techniques allowing low-power
content-based mesh. It optimizes the overhead of sending #aeuits is crucial to the practicality of future products. Due
mesh’s geometry by coding the splitting locations instead €f its quadratic dependence, lowerifig, contributes a sig-
the mesh nodes’ locations. The coarse level is split into indgificant power saving. However, the delay in processing time
pendent triangular patches that can be processed in parallel @lfincrease ad/yq decreases. To meet the throughput require-
each patch is hierarchically triangulated using a structured teghents, the delay must be compensated for at the system and
nique, which simplifies the processing unit. It uses the threggorithmic/architecture design level. Simply, a new version of
steps motion estimation algorithm [24], [25] to simplify the mothe design that allows more latency is required.
tion estimation architecture. The motion compensation architec{ ow-power system-level approaches involve two main tech-
ture uses parallel-pipelined threads, which implement scalabligues. One is partitioning the system into modules and shutting
affine units. The affine units can be used with any level of hiegown modules that are not working such as multichip modules
archical mesh and they warp the mesh patches independent{iCMs) [39]. The other approach is to use a monitor sched-

The rest of the paper is organized as follows: Section Il dafer to distribute the workload over several functional units. The
scribes the low power design methodologies, Section Il decheduler can be a hardware or software monitor.
scribes the proposed video model, Section IV describes the 2-DBesides the system-level low-power approaches, the al-
mesh-based motion estimation architecture, Section V descrilg@sithmic/architectural approach is the most promising one
the 2-D mesh-based motion compensation architecture, Sp®]. The algorithmic/architectural low-power design can be
tion VI presents the performance of the proposed video refchieved by reformulating the algorithms and mapping them
resentation and the motion tracking architecture, Section {H efficient low-power VLSI architectures to compensate for
presents the prototyping methodology and finally Section Vithe speed penalty caused by low supply voltage. The power
concludes this paper. savings of the algorithmic/architectural level are in the range of
70%—-90% [23]. The current goal is to reduce the total power
dissipation of the electronic systems to two orders of magni-
tude less than what it would have been with the conventional

With the advances of the mobile communication and petechnology [41]. Approximations, parallel and pipelined design
sonal communication services (PCSs), there is a trend to mproaches are used to compensate for the delay penalty [40],
video applications on mobile systems. High speed data and cdrt].
putation-intensive processing will lead to much higher power Low-power and high-performance architectures can be
consumption than traditional portable applications. Due to tlaehieved using approximation approaches which trade high
limited power-supply capability of current battery technologyperformance with the cost of the circuits, pipelining which
current research efforts face two conflicting design challengeésades the overhead of extra buffers with latency and parallel
One is to explore high-performance design and implementachitectures which trade the area with latency.
tion technigues that can meet the stringent speed constraints fdn the approximation approaches, the constraints are relaxed
real-time systems. The second is to consider low-power desigrorder to reduce the cost and yield acceptable performance.
approaches to prolong the operating time of portable devicesApproximation approaches generally lead to much simplified

Power consumption has been introduced as a major desagohitectures, which then add to the savings in total implemen-
parameter due to the fast growing technology in mobile cortation cost. For example, three-step motion estimation [30] is
munications, which require portable power supplies. Theusually employed to reduce the computational complexity while
are three main sources of power dissipation in a complemenaintaining a performance comparable with the full-search mo-
tary—metal—oxide semiconductor (CMOS) circuit:sijitching tion estimation schemes [43].
power, which is consumed by the circuit capacitance during Pipelining is a commonly used technique to achieve
transistor switching; 2phort-circuit power which is due to high-speed data processing. The main idea behind pipelining

Il. Low-POWER DESIGN METHODOLOGIES
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Fig. 1. Video frame representation. (a) Original frame. (b) Frame background. (c) Object texture. (d) Binary layer. (e) Hierarchical mesh layer.

a design is shortening the delay through the critical path lpyedicted frames are synthesized by mapping the patches of the
inserting latches between consecutive pipeline stages. Apravious frame onto the corresponding patches of the current
result, the speed of the system is faster than that of the origifr@ime. The image construction uses an affine transformation to
system at the penalty of increasing the latency by the numbemsép the patch texture. It has been proved that the affine trans-
pipelining stages. On the other hand, the pipelining can be ugetmation has a small computational cost regardless the shape
to compensate for the delay incurred in the low-power desigii the patch [27].
when the supply voltage drops significantly. Some derivations The proposed mesh-based video representation uses a hier-
of the pipelining techniques are asynchronous circuit pipeliniragchical triangular mesh to model the dynamics of the video
[44], two-level (word/bit-level) pipelining [45] and bit-level sequence. The motion vectors of the mesh nodes carry the de-
pipelining approaches [46]. formation across a video sequence. The predicted images are
Parallel data processing decomposes the desired function isyathesized by mapping the patches of the previous frame into
independent and parallel small tasks. These tasks are execthedorresponding patches of the current frame. This mapping is
concurrently and individual results are combined to obtaeasily realized since the transformation between two triangles is
the desired computation result. It is a “divide-and-conquedescribed by a 2-D affine transformation [15], [26]-[33].
strategy in solving problems. The fast Fourier transform (FFT) The hierarchical adaptive structured mesh [20] is a technique
[47]is a famous example where the algorithm first decomposkesrrowed from the 3-D modeling for mesh construction. It uses
an N-point FFT into two N/2-point FFTs and expands thacoarse-to-fine mesh. The number of mesh nodes and triangular
computation recursively to form a parallel computing networkpatches increases gradually according to a threshold function.
Adding new mesh nodes is based on successive triangulation to
Ill. PROPOSEDMESH-BASED VIDEO MODEL minimize the mesh code that describes the mesh topology.

The dynamics of a video sequence can be modeled as block 0,?\ coarse-to-fine mesh (Fig. 2) is generated as fixed triangular

2-D mesh. An advantage of the 2-D mesh representation over#ﬂ%Sh at level 0, then each patch is split according to a threshold

L o ction and the mesh nodes increase gradually. Recording the
block-based model is its ability to represent more general typéj%]itting operation generates the mesh ?opologyy Note that gach

of motions, such as rotation, scaling, reflection, translation, ant . .
shear [4], [27]. time three nodes are added, three motion vectors are estimated at

The video object tracking model tracks the changes of tljRost. The successive triangulation is shown in Fig. 3. In this ap-
Boach, an adaptive technique generates four triangular patches.

video frames by tracking independent video objects. The vidf 3 h th 4ing for the tri | ich. wh "
frame is segmented into independent video objects, with e o (c) shows the coding for the trianguiar paich, W ,ere
ans that the mesh is split into three triangles and ‘0’ means

object represented using a hierarchical mesh and texture [37]: o
t no further splitting.

The motion vectors of the mesh nodes carry the transformati h tod hi hical h toool b ted
of the video object across the video sequence. The deformation] € generated hierarchical mesh topology can be represente

of a triangular patch represents the motion of the image poiﬁ'@'ng progressive or nonprogressive code. The progressive

on a common rigid plane. The predicted images are synthesif&&“ng technigue dgscribes each mesh level, while the nonpro-
by mapping the patches of the previous frame into the con@ESSive one describes the mesh of each coarse patch. Fig. 4

sponding patches of the current frame. This mapping is eas ows two different mesh code representations. Fig. 4(a) shows

realized since the transformation between two triangles is d4de progressive code,.where each level is a refinement of the

scribed by a 2-D affine transform. previous mesh IeveI.. Fig. 4(b) shows .the mesh code where each
A hierarchical mesh-based motion estimation and compt—:-[ﬁa—ltCh in the level O is coded sequentially.

sation technique is proposed in [21]. It uses a hierarchical mesh . o

representation with multiplication-free affine transformatiorf>- Mesh Nodes Motion Estimation

The basic idea is to divide the image frame [Fig. 1(a)] into The motion of the mesh nodes describes the deformation

a background [Fig. 1(b)], a video object texture [Fig. 1(c)f the mesh topology. It represents the dynamics of the video

a binary layer [Fig. 1(d)], and a hierarchical triangular patchcross a sequence. To estimate a mesh node motion vector,

[Fig. 1(e)] and then estimate the motion vectors of the nod#®e node is surrounded by a block. The three steps motion

of the triangular patches. estimation algorithm [30] is used to estimate the motion vector
The motion estimation algorithm processes two frames anflithe mesh nodes (Fig. 5). The three-step motion estimation

generates a 2-D mesh and the motion vector for each m¢3@] reduces the computational complexity while maintaining

node. The motion compensation algorithm processes a refitie performance comparable with the full-search motion

ence frame, a mesh and motion vectors to predict a frame. Tés®imation schemes.
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Level O

Level 2

Fig. 2. 2-D mesh construction.

AN TN

(O]

1111100100010100000010000000000000000
(a) ()

Fig. 3. Triangular patch coding. (a) Patch triangulation. (b) Tree

representation. (c) Bit code representation. . . L
Fig. 5. Mesh nodes motion estimation.

level 0 =111100111100

patch is processed to generate finer mesh granularity using a hi-

erarchical adaptive structure approach. The hierarchical struc-

Jevel 2 = 000000000000000000000000000000000000 ture mesh is co.nstructed to reduce the error among the motion
vectors of the triangular patch [20]. For each new node, the mo-
tion vector is estimated. The algorithm will process all possible

level 1 =000001000101000001001011010001001

10000 1010000 101010 0000000 patches until the max level of splitting is reached or the patch
splitting condition is not satisfied. The 2-D mesh-based video
10000 0 0 100100000 1011000000000 motion estimation algorithm is listed in Fig. 6.

110000000 1100100000000 O O
(b)

Fig. 4. (a) Progressive and (b) nonprogressive mesh code.

C. Mesh-Based Motion Compensation Algorithm

A 2-D mesh is a planar graph that partitions a 2-D image
region into polygonal patches consisting of triangles or quad-
rangles. The vertices of the polygonal patches are referred
to as node points. Mesh-based motion modeling differs from

The mesh-based motion estimation algorithm generates a Bck-based motion modeling in that the polygonal patches
hierarchical structured mesh and a motion vector for each méshthe current frame are deformed by the movement of the
node. The proposed algorithm processes an initial coarse mashte points into polygonal patches in the reference frame. The
with a fixed patch size. The motion vector of each mesh notiexture inside each patch in the reference frame is warped into
is estimated. The motion vector of each mesh node is evaluatiee current frame using parametric mapping as a function of
using the three-step search (TSS) algorithm. Then each coahsenode-point motion vectors.

B. Mesh-Based Motion Estimation Algorithm
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For each patch, pi is represented as triangle abc,
1: Given the maximum number of levels /4.

2: ICMVI‘EIII = 0

3: Compute the motion vectors v,, vp, V..

above, the algorithm uses only two additions per pixel to gen-
erate the X, Y) pair. The algorithm is based on the fact that
the pixels are integer values and the mapping can be evaluated

4: If the motion vector is not sent using the values of neighboring pixel as shown in the following

5: Send X and Y component equation:
6: Mark node for send

7: I (eurrent < bmax ) f(x+1,y) =ai1(x+1) + apy +a;3 =1f(x,y) + an
8: If (Jvo-vs| > th OR |v,-v | > th OR |vp-v | > th
9l: Lob([:ate new nlodes|d, e, f =) f(x,y +1) =anx+aia(y +1) +a;3 =f(x,y) +ap
10: Generate vy, v, vy g(x+1,y) =au(x+1)+a;y + ais = g(x,y) + ais
11: F h
or each node a, b, ¢ g(x7y n 1) —aux + am(y + 1) tag = g(x y) tags

12: If the motion vector is not sent

13: Send X and Y component . . .
14: Mark node for send Moreover, the scanline algorithm uses only four affine param-

15: Output ‘1° eters but it suffers from the cost of evaluating these parameters.
16: Increment (eurrent ) The affine parameters can be evaluated at the three nodes of the
17: Else output °0° N triangular patch as shown in the equations at the bottom of the
18: Repeat steps 2-17 until all patches are visited page, Where(, ¢;) are the motion vectors and( v;) are the
location of the node.
The scan-line algorithm reduces the computational cost of
0 calculating the pixel value and reduces the number of param-
eters to four, but it suffers from the computation cost for eval-
uating the affine parameters. In the following we will present a

Fig. 6. Proposed 2-D mesh-based motion estimation.

a totally multiplication free algorithm that can be used to design
£ the video object compensation algorithm with only addition op-
a0 @ erations.

Fig. 7. Multiplication-free algorithm triangular topology. o .
E. New Multiplication-Free Algorithm

D. Affine Transformation The new multiplication-free algorithm uses a finite space
The affine transformation is widely used in texture mappin pproach and processes the mesh patches independently. Each
and it defined as follows [4]: atch will be mapped using affine algorithm. To illustrate the
novel multiplication-free algorithm for affine transformation,
consider the triangular topology shown in Fig. 7. The four
affine parameters that are required by the scan-line algorithm
will be evaluated as follows:

f(x,y) =ai1x + apy + a;3
g(X,y) =aux + a5y + a;e

wheref(z,y) andg(x,y) are the new pixels locationz(y) is

the pixel location, andi;;—a;¢ are the affine parameters. The a;1 = — (pi = piti)

affine transformation can be computed once the parameters can C

be evaluated. i _(Pim1 —pi)
The affine transformation suffers from the cost of evaluating ¢

the affine parameters and the multiplication operations. To cal- ajg = — M

culate the affine parameters, six equations are needed. We can ¢

solve the equations at the triangle vertices usingXhandY a;s5 _w

components of the motion vector. A scan-line algorithm [27] is
proposed to simplify the calculation of the affine transformdf C' = 2", the division can be replaced by a shift operation.
tion. Instead of using four multiplication operations and four The multiplication-free algorithm is shown in Fig. 8. Using
additions for calculating theX, Y") pair in the two equations the finite space analysis, each triangular patch is translated to

L= (pi — Pit1) X Yi—1 + (Pit1 — Pi1) X Yi + (Pic1 — Pi) X Yig1
. (i — i) X Yi1 + (Tig1 — Tim1) X Yi + (Tig1 — T5) X Yig1
(Pi = Pit1) X i1+ (Pt — Pi1) X Ti + (Pi—1 — Pi) X Tiy1
(i — ig1) X Yic1 + (i1 — Tic1) X Yi + (Tig1 — T5) X Vi1
= (qi = qig1) X yic1 + (i1 — qit) X yi + (i1 — @) X yina
(@ — i) X Yo+ (T — Tio1) Xy (Tig1 — T5) X Y1
(i — Giv1) X i1+ (Gipr — qi1) X i+ (¢i-1 — @) X Tiq1
(@i — i) X yic1 + (@1 — Tim1) Xy + (T — 25) X Yip1

Q2 =

a;5 =
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Patch
Translation > Calculate Texture Patch
to the Origin Parameters > Mapping —| Retranslation
Fig. 8. Multiplication-free algorithm for general mesh.
. Previous Current
Frame Frame
> 1T T
-C, 0 I_',_—_Jl
Node Node Node
Motion Motion Motion
Estimation Estimation Estimation

493

I |

G0 Splitting Register
Queue Unit 1 Amay

L . Mesh Motion
the origin (0, 0). The parameters are evaluated and the texture is Code Vectors

warped. Then the patch is retranslated to its correct position. No-
tice that the assumption of the size to Bev@ll relax the patch Fig. 10. Motion estimation architecture.
translation to be only address mask. Fig. 9 shows the mapping

of the mesh patches to the origin. X Y1 2 2 X8 Y3 My My Mip My Mig Mg Lad Tpe

[ [ I T [ TTTTTTII

, o . . 6 6 6 6 6 6 4 4 4 4 4 4 22I
The proposed motion estimation architecture is based on the

presented 2-D mesh-based motion estimation algorithm. It prag. 11. Queue word entry.

cesses two video frames and generates a 2-D hierarchical mesh

and motion vectors of the mesh nodes. The block diagram fgr

motion estimation architecture is shown in Fig. 10. It consists ) _ _

of two memory blocks, three motion estimation units, a queue, 1 '€ memory unit consists of two blocks. The first memory

a splitting unit and a register array. The architecture proces&i@ck contains the reference frame and the second one contains

the initial mesh nodes in a sequence that maximizes the d’éﬂﬁ current frame._The size of each plock will be the size of the

reusability and minimizes the internal storage [21]. wdeq frame. In this prototype, the size of the QCIF format is
To estimate the motion vector of each mesh node, the nod&fsidered and the size of each block is 7544 byte.

surrounded by a block of pixels. Then it uses the TSS [25] and

the mean absolute difference (MAD) [22] to estimate the motidhr Queue

vector of each node. The splitting unit adds new mesh nodesThe queue unit stores the node locations; this information is

according to a threshold function. The new nodes represent treeded to compute the recursive triangulation operations. The

finer mesh granularity. The queue unit stores the motion vectogsieue is used to generate the progressive coding. A stack with

this information is needed to perform the recursive triangulatidthe same configuration can be used to generate the nonprogres-

operations. The register array stores the motion vector and nodige coding described in Fig. 4.

location. The control unit synchronizes the operation betweenThe queue word has nine entries, each one represents a mesh

different blocks. node (Fig. 11). Each queue entry consists of: 1) 36 b represent
In the presented prototype, each triangular patch in I¢vethree mesh nodes; 2) 24 b represent three motion vectors; 3) 2 b

can be split into four triangles, which requires the addition @fre used to represent the level of the triangle; and 4) 2 b are used

three nodes. As in Fig. 2, the mesh, at level 0, consists of fixealdefine the patch type T. The total size of each queue entry in

triangular patches. At level 1, new nodes are added depending case is 64 b and the queue length for a mesh Witk M

on the threshold function. Note that each time three nodes a@des and up td. levels is((N — 1)*(M — 1) + 3*L)*R*2,

added, three motion vectors are estimated at most. whereR is the number of bits for each entry. Note that four bits

Fig. 9. Mesh patches are mapped to the origin.

IV. 2-D MESHBASED MOTION ESTIMATION ARCHITECTURE

Memory
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et Vo !

LN 101 01 Initiate the
Stack with
11 00 C PLg?:mes d the Rgular 2
d 01 10 e f Frames
Load
III Three Nodes Push the
01 01 th:ggck New patches
00 00 to the Stack
. If Stack
g h l Empty
10 4q, b’ G d’ e’ﬁ & h’ z 6 Estimate
Three MVs
§ LILII
! Test for Find the
Fig. 12. Different patch type. Splitting Ni,“;le“s’.ee 8
5 Location
MVx MVy S 7
1
2 Fig. 14. Mesh coding and motion estimation FSM.
3
4 the sequence that is shown in Fig. 40. Each patch has one queue
Z entry and the fields of the queue entry is set to its proper values
7 as shown in Fig. 40.
8 . . .
9 E. Splitting Unit
10 The splitting unit generates the mesh nodes according to a
}; threshold function. In this prototype, the threshold function is
I considered as the difference between the motion vectors. Fig. 16
I shows the gate level implementation for the splitting nodes. In
1 this implementation, 4 b motion vector representation is consid-

ered since the maximum threshold is of value four.

Fig. 13. Structure of the register array (3 levels triangulation). . . . .
F. Mesh Node Motion Estimation Unit

are used for each motion component since the search WindoVJ’he node motion estimation unit estimates the motion vector
size is [-7, 7] for each node. The motion values are normalizdd" eﬁch node in the mesh toporllpgy. It |mplements§1 bIocI?]
[0, 14] and the value 15 is used as initial value to indicate thi{2{ching motion estimation architecture. It surrounds eac

the motion is not estimated yet. The patch type is as shownrmde with'a block of peils, then it uses the TSS and the MAD
Fig. 12, the patch type is used for coding purposes. [22] to estimate the motion vector of each node. The three-step

motion estimation algorithm optimizes the architecture for low
power.

The node motion estimation unit is a real time three-step
The register array unit stores the motion vectors and the Iginck matching motion estimation architecture. The proposed
cations of the mesh nodes. Fig. 13 shows the structure of §@hitecture is based on the real time three-step motion estima-
register array for three levels of triangulation. The register arrgyn architecture. It uses real-time three steps search algorithm,
stores the motion vectors of the mesh nodes, in addition tqQmawhich the search can be interrupted any time and the archi-
status bit to indicate the validation of the current value. NotiGgcture reports the current motion estimation as a motion vector.
that the nodes |, Il, and I1l are coarse level nodes, while nodgge architecture benefits from the additive property of the three

C. Register Array

1-12 are the full splitting mesh nodes. steps search algorithm. The performance analysis scrutinizes
_ further the advantage of implementing of the MAD as block
D. Control Unit matching criterion. The performance analysis shows that the ar-

The control unit synchronizes the operation between differe¢ftitecture requires 41 kHz for one block three step motion esti-
blocks. The control unit is designed as finite state machine afi@tion and 17.6 kHz for only one step. The motion estimation
it is summarized in Fig. 14. The mesh-based motion estimatiéfire supports an extremely high bandwidth requirement with
architecture uses 10 states. To describe the operation of the #§-minimum input—output (I/O) pins and hardware resources
tion estimation architecture, assume a square mesh, as showaf@ it has the following specifications:

Fig. 12 and the mesh, at level O, has eight triangular patches. a) 16x 16 pels block size;

In State 0, previous and current frames are loaded. In State 1h) window size—8 to +7 pels;

the queue is initialized. The mesh nodes, at level 0, are added ik) MAD is used as a block matching criteria;
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i’xz > Fig. 17. Block diagram for the TSS motion estimation unit.
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Fig. 16. Mesh splitting logic. ¢ (”W”WShift/Sum
d) real-time search algorithm is used in the sense that the |
search can be interrupted at any step and the most recent
motion vector will be reported.

Fig. 17 shows the block diagram for the proposed architec- 14
ture. It consists of processor array unit and motion vector gener- MAD
ation unit. The processor array is the computational core for the )
architecture. It calculates nine MAD values using the referenEld: 18:  Processor element structure (MAD architecture).
block and a search area. Then it sends them to the MVG, which
compares the MADs and decide the motion vector with the min- The processing array consists of nine MAD units, two first-in
imum MAD. The control unit generates the memory address fiost-out (FIFO), and three registers. Each MAD unit processes a
supply the motion estimation unit with the exact addresses foel at a time. Each unit generates a MAD by using the block and
the pels value in the current and previous frame. its counter part in the previous frame. Théi) and P(i) buses
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Fig. 19. Frame allocation for Lena (532512).

are used to deliver the 2-pels data for the MAD unit in each. Scalable Affine Unit
column calculate three MAD in the same column simultane-
ously. The two FIFOs are used to adjust the timing gaps nee
for three columns MAD to achieve the maximum pipeline gral
ularity.

he scalable affine unit warps the triangular patch. It is scal-
e in the sense that it uses more cascaded units with the in-
"trease of the mesh hierarchical levels. The block diagram for

to shift the MAD coming from a neighbor element, from right e steps of evaluating the constant are shown in Fig. 24.
left. All the motion vectors are moved to the MVG, which gen-

erates the motion vector by comparing the incoming MADs.
The motion vector generator collects the motion vectors froﬁi Mesh Code Buffer

nine MAD units in each step. Fig. 18 shows only the details The mesh code buffer stores the code of the adaptive struc-

of the motion vector generator in th€ direction and they” tured mesh. The mesh initially is a regular triangular mesh. Each

direction is similar. The value that is stored in X register, at ariyiangular patch is split into hierarchical triangulation. This tri-

instance, may be considered as a final or an intermediate mot@ngulation is represented a sequence of “1” and “0” where each

vector. In another words, if the system runs out of resources; 1t represents a split. Each split is associated with three motion

will consider the current motion vector as final value, otherwiseectors that represent the motion of the three nodes.

it will continue the three steps. The structured hierarchical mesh is a technique borrowed
from 3-D modeling for mesh construction. Fine-to-coarse
and coarse-to-fine are two approaches used to define the

V. 2-D MESHBASED MOTION COMPENSATIONARCHITECTURE  hierarchical mesh representation. The former generates a fine

mesh, removes selected nodes from a full-resolution mesh and

Enerates the hierarchical mesh. In the latter, a coarse-to-fine

. %—.\%h, the number of nodes and triangles increases gradually

to the frame buffer. The size of the frame to mapMrx M based on a specified threshold function. The adding of nodes is

'mage W!" l_ae(N +14) x (M + 14) since the motion Veclor jased on successive triangulation to minimize the mesh coding.
value is limited by |7, 7]. In this prototype, the frame buffer is

divided into four quadrants as shown in Fig. 19. The buffers are e .

not disjoined; there is an overlap region between buffers to a%‘- Memory Serialization Unit

commodate the parallel operation. The mesh coding buffer unitThe memory serialization unit is used to serialize the memory
loads the hierarchical mesh. The memory serialization is usedting. Write requests are issued by the parallel affine unit ar-
to synchronize that data writing operation to the current framehitectures. Fig. 25 shows the structure of the memory serial-
The control unit synchronizes the parallel affine unit operationigation unit for two parallel affine units. This structure can be
The operation of the control unit is summarized in Fig. 21. extended to any number of parallel units. TA¢D, are the

The motion compensation architecture is shown in Fig. 20.
uses four scalable affine units, each having independent ac
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Fig. 20. Block diagram for the mesh-based motion compensation architecture.

\, A. Response Time of the Motion Estimation

0 The response time is one of the most important parameters
Load for the online video applications. It is defined as the latency of
P Frames . . . . . . .
1 the motion estimation algorithm. The response time is highly
dependent on the details of the building blocks. To evaluate
the performance of the proposed motion estimation algorithm,
the computational cost is measured as a number of blocks pro-
cessed. Figs. 27 and 28 show the performance of the motion es-
timation algorithm using four different algorithms: 1) The three
steps motion algorithm with 8 8 block (TSS-8); 2) the fixed
2-D mesh using 16-pels resolution (Q-1-16); 3) the fixed 2-D
mesh using 32 pels resolution (Q-1-32); and 4) the motion esti-
mation using the proposed hierarchical adaptive structure mesh
with two levels of details (Q-2-32). Note that the computational

cost considers only the maximum number of the block because

memory address and data for the predicted frame. They are g e tormance of the proposed algorithm depends on the con-
erated by the affine unit W; is the data valid signal, which in- tent of the video sequence.

dicates data needed to be written to the membjys a control . Fig. 27 shows the performance of the algorithms using QCIF,

line that serializes the parallel data to be transferred to the m B« 256 and CIF video format Fig. 28 shows the performance
memory. The prototype implements an 8.'b gddrgss and 8-b dgfg, algorithms using 512 512, CCIR-601, and HDTV video
with & 16_bA./l.)i b.us. F|g. 26 ShO\.NS the timing d|agram for th‘?ormat. It shows about 90% savings using the mesh-based mo-
memory serialization unit. It considers four parallel affine unit fon estimation technique compared to the block matching tech-

The writing process is scheduled among the four units using ﬁues. It shows that at a certain mesh size, as the coarse mesh

E; signal wherei = 0,1,2,3. Notice that the memory write resolution increases the computational efforts decreases because

control signal MW is raised every other clock cycle, which alc') the reduction in the number of the mesh nodes. Fig. 29 shows

lows the use of slow on-chip cache. U;lng QCIF format and Jt e performance saving of using different video formats com-
frame;/s_ 188 172x2x 15 memory write cycles/s are neededpared to the TSS-8 algorithm. It shows that the saving is a func-
The minimum frequency will be 1.031 MHz. tion of the size of the video-frame. It is shown that the smaller
size of the video-frame results in more saving than the larger
size. Notice that the HDTV achieves about 14% more saving
To measure the performance of the proposed mesh-batiegh the QCIF using the Q-2-32 algorithm.

video representation and the motion estimation architectureFig. 30 shows the number of addition operations using the
several experiments have been conducted. The architectureses line and the new multiplication-free algorithm for different

been prototyped in C++ to study the visual performance afrdme sizes. In this evaluation, one multiplication operation is
then it has been prototyped on silicon to study the operatiopsrformed using 11 addition operations. It shows that the new
performance. algorithm outperform the scan-line algorithm. It is low power

Split
Frame
Local

Buffers

Image

Texture

Decode
Mesh

Fig. 21. Motion compensation FSM.

VI. PERFORMANCEANALYSIS
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Fig. 25. Memory serialization unit.
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Fig. 24. Affine unit FSM.

Fig. 26. Timing diagram for the memory serialization unit.

B. Mesh Code Size

The size of the mesh code defines the required bandwidth.
The generated code size outperforms the currently used mesh

technique since it needs less computational effort. Moreovergciding techniques. To compare the proposed technique with the
reduces the latency of the operation due to the savings in therently used techniques, the same benchmark, as in [33], is
number of operations. Fig. 31 shows the percentage savinguséd. Fig. 32 shows the number of bits that is used to code the
the computation cost. Itis noticed that the saving increases whraash nodes using (522512 frame size). It compares the pro-

the size of the mesh patches decreases due to increase imptised technique with the 6 b/node coding, the predictive coding

number of the patches.

proposed in [20] and the Benoit approach [33]. Fig. 32 shows
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QCIF 256x256 CIF
Video format

C. Visual Quality Size

The visual quality is determined as the statistical peak signal
to noise ratio (PSNR), which is evaluated as the following:

2552
N, Np

~ 2
ﬁ > 2 (emn = Cmm)

m=1n=1

PSNR =10 x log

wherec,, ,, are pels of the original video object plan (VOP) at
location ¢n,n) and¢,, , are pels of the reconstructed VOP.

Fig. 27. Performance of the TSS, Q-1-16, Q-1-32, and Q-2-32 motion To study the visual quality of the proposed architecture, a

estimation algorithms using QCIF, 256256 and CIF formats.

ETSS O0Q-1-16 O0Q-1-32 AQ-2-32
800.0E+3

700.0E+3
600.0E+3
500.0E+3
400.0E+3
300.0E+3
200.0E+3

No. of b locks processed

512x512 CCIR-601 HDTV
Video format

C++ prototype that generates the proposed 2-D mesh and the
motion vectors has been developed. The motion compensation
algorithm warps the triangular patches (it maps the texture) to
predict the frame. It uses the affine transformation, which is
defined asX = a;17 + a0y + a;3 andY = ajux + a;5y + a6.

The affine transformation can be calculated after the constants
a;1 — a;¢ are evaluated.

Fig. 33 shows the PSNR for the first 90 frames of the QCIF
carphone video sequence. It shows the PSNR using the 2-D
mesh with coarse size of 32 pels with 1, 2, and 4 mesh levels
(Q-1-32, Q-2-32, and Q-4-32). Fig. 34 shows the rate distor-
tion for the carphone sequence using the 2-D mesh with coarse
size of 32 pels with 1 and 4 mesh levels (Q-1-32 and Q-4-32).
Fig. 35 shows the PSNR for the first 30 frames of the QCIF
Claire video sequence. The figure shows the PSNR using the
2-D mesh with coarse size of 16, 32, and 64 pels with one mesh
level (Q-1-16, Q-1-32, and Q-1-64). Figs. 33—41 indicate clearly

F|g 28. Performance ofthe TSS, Q-16, Q-1-32, and Q-2-32 motion eSUmanﬂlib Superlorlty of the proposed algorlthm. Moreover' it shows

algorithms using 51% 512, CCIR-601, and HDTV formats.

HQCIF H256x256 OCIF @512x512 B CCIR-601 MHDTV

Percentage savings in the
processing time

Q-1-32 Q-2-32
Video format

Fig. 29. Percentage savings in the processing time for the Q-1-32
Q-2-32 motion estimation algorithms using QCIF, 26@56, CIF, 512x 512,
CCIR-601, and HDTV formats.

the number of nodes versus the number of coding bits. In t@
figure the proposed technique outperforms the other methq

the increase in the mesh level will enhance the PSNR, since
more information can be used for motion compensation and
smaller initial resolution will contribute to the performance en-
hancement since more information will be known. The rate-dis-
tortion curves shows that the proposed algorithm is better than
the regular mesh approach.

In State 2, three mesh nodes are loaded from the queue and
stored in the register array as shown in Fig. 15(a). In State 3, a
check if the motion vector is equal to 15 will take place. Thenin
State 4, the motion vectors will be estimated and placed in the
register array, as shown in Fig. 15(b). Note that State 4 will be
executed only for patches in the level 0. In State 5, a check for
splitting will take place and three new nodes may be placed in
the register array as in State 7. In State 8, the motion vectors will
be estimated for the new three nodes. In State 9, the nodes wiill
be pushed to the queue in the proper node order. Fig. 41 shows
the queue after splitting the first patch. In State 6, a check for an

pty queue condition will take place and the system may start
at state O.
The PSNR of the foreman, carphone, and salesman QCIF se-
uence is presented in Figs. 38—41. The PSNR of the small mesh
e outperforms the large size of the mesh patch since it bene-
§ from the extra local information.

since the coding of the splitting operation can code more than

one node using one bit about 60% gain can be achieved over the
other methods. This amount can be used to enhance the quanti-

VIl. ARCHITECTUREPROTOTYPE

zation or increase the number of node per mesh, which resultdhe architecture has been prototyped using /6 CMOS

in a better quality.

technology with three layers of metal. The design methodology
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Fig. 30. Performance of the multiplication free MF and the scan line SL for 16, 32, and 64 mesh resolution using QLIE5@58nd CIF formats.
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Fig. 31. Percentage of performance saving for the multiplication free MF compared to the scan line SL for 16, 32, and 64 mesh resolution using«QSH;, 256

and CIF formats.
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Fig. 32.  Number of bits versus number of nodes.

desired behavior of the architecture, while Cadence tools are
used for the “back-end” steps.

The behavior of the architecture is modeled using Verilog and
is synthesized, simulated and analyzed using Synopsys. Then,
Cadence is used for schematic capture and modification using
gate-level Verilog code to generate the final layout.

The technology and symbol libraries used in both Synopsys
and Cadence for synthesis and simulation are generated based
on the standard-cell library. This guarantees the synthesized de-
sign has simulation results close to the final layout.

Transferring the design from Synopsys to Cadence is
accomplished by generating a Verilog netlist, which creates
symbol and schematic views for all levels for the design hier-
archy. Power and ground pads are then added to the top-level
schematic.

Two groups of simulations are used, one tests the correctness
of the design at different design steps, the other measures dif-
ferent performance parameters for the proposed architecture.

Many verification simulation steps are involved in the design
flow. The first one uses Verilog simulation tools to verify the

used in the prototyping is shown in Fig. 39. Synopsys tools arerrectness of the architecture’s behavior. The second is applied
used for the “front-end” steps, which capture and simulate the confirm the functionality of the extracted gate level circuit.
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o ]
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@ 33 A R AL AY - of the architecture has a total area of 980 %2®83.96.m? for
§ >‘:// Y A == Q132 the motion estimation architecture and 4807x20183.96,m?
32 - Qe for the motion compensation architecture. The power and delay
a1 "0'1'16 is estimated using HSPICE simulation. According to the Syn-
0 5 0 15 20 25 30 opsys extraction and SPICE simulation, the motion estimation
Frame no. architecture is expected to consume power less than 0.6 W. The

delay and power consumption for different building blocks in
Yhe motion estimation architecture are shown in Table I. The
delay for the motion compensation architecture is 58.9 ns while

the power consumption is 562.45 mW. The delay and power

_The third ensures tha_t the gate-lev_el SCh_ematiC’ which has b%scﬁsumption for different building blocks are shown in Table II.
imported and edited in Cadence, is equivalent to the propose

architecture. These are followed by the design rule checking
(DRC) and the layout versus schematic (LVS), which are done
with Cadence Diva. Once LVS is done, it is assumed that theThis paper presents a VLSI architecture for mesh-based mo-
layout is functionally correct. tion tracking. The new architecture uses a novel hierarchical

The architecture has been prototyped usingm6CMOS mesh coding technique. It optimizes the mesh coding using an
technology with three layers of metal. The layout of prototypadaptive structured mesh to capture the contents of the video

Fig. 35. PSNR for Q-1-16, Q-1-32, and Q-4-64 motion compensati
algorithm using Claire QCIF format.

VIII. CONCLUSION
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Fig. 41. Queue after the splitting in the finer leval)(for the mesh shown in Fig. 12.

sequence. The structured mesh offers a significant reductioraitnierarchical structured triangulation technique, that simplify
the mesh topology coding (about 60%). the processing unit; 3) using the three steps motion estimation
The proposed architecture offers low power performance agorithm to simplify the motion estimation of the mesh nodes;
the algorithmic level by: 1) decomposing the mesh into indepe#} using finite space analysis and a multiplication-free affine
dent triangular patches that can be processed in parallel; 2) udiragnsformation, which significantly reduce the complexity of the
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TABLE |
POWER AND DELAY DIFFERENT
BUILDING BLOCK

(11]

[12]
Module Delay (ns)[Power (mW)
Control Unit 6.3 47.14
Address
Generator 13.2 29.16 [13]
TSS 11.7 209.68
MVU/Split Unit 18.9 123.6
Architecture 29.7 589.58 [14]
TABLE I [15]

POWER AND DELAY DIFFERENTBUILDING BLOCK

Module Delay (ns) Power (mW) [6]
Control Unit 5.6 16.73

Queue 26 4.17

Register 24.6 14.58 [17]
Affine Unit 28.3 123.45

Architecture 58.9 562.45

(18]

motion compensation architecture; and 5) pipelining the affin%g]
unit contributes a considerable power savings.

The architecture is prototyped using Q.68 CMOS tech-
nology with three layers of metal. The performance results of?d]
the prototype show that the architecture can be used for online
applications and the power consumption shows that it is suitablg1]
for mobile applications.
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