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Abstract—This paper proposes a low-power very large-scale in-
tegration (VLSI) architecture for motion tracking. It uses a hier-
archical adaptive structured mesh that generates a content-based
video representation. The proposed mesh is a coarse-to-fine hierar-
chical two-dimensional mesh that is formed by recursive triangula-
tion of the initial coarse mesh geometry. The structured mesh offers
a significant reduction in the number of bits that describe the mesh
topology. The motion of the mesh nodes represents the deformation
of the video object. The architecture consists of a motion estima-
tion and motion compensation units. The motion estimation archi-
tecture generates a progressive mesh code and the motion vectors
of the mesh nodes. It reduces the power consumption, it uses a sim-
pler approach for mesh construction, approximates the mesh nodes
motion vector by using the three step search algorithm and it uses
parallel motion estimation core to evaluate the mesh nodes motion
vectors. Moreover, it maximizes the lifetime of the internal buffers.
The motion compensation architecture uses a multiplication-free
algorithm for affine transformation, which significantly reduces
the complexity of the motion compensation architecture. More-
over, using pipelined affine units contributes to the power savings.
The video motion compensation architecture processes a reference
frame, mesh nodes and motion vectors to predict a video frame.
It implements parallel threads in which each thread implements a
pipelined chain of scalable affine units. This motion compensation
algorithm allows the use of one simple warping unit to map a hier-
archical structure. The affine unit warps the texture of a patch at
any level of hierarchical mesh independently. The processor uses a
memory serialization unit, which interfaces the memory to the par-
allel units. The architecture has been prototyped using top-down
low-power design methodology. The performance analysis shows
that this processor can be used in online object-based video appli-
cations such as in MPEG and VRML.

Index Terms—Affine transformation, digital video processing,
HDTV, low power architecture, mesh-based motion tracking, mo-
tion compensation, motion estimation, multimedia, VLSI.

I. INTRODUCTION

M OTION estimation and compensation through a de-
formable mesh is one of the more advanced methods for

video sequence representation. It outperforms the famous and
widely used block matching algorithm (BMA) since warping
is capable of producing a more accurate representation of the
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dynamics of a video sequence and thus is an attractive tool for
many applications in digital video processing.

The advantage of the mesh-based method is the ability to gen-
erate continuously varying motion fields. This is especially im-
portant because natural video sequences generally give rise to
smooth or slowly varying motion fields. In particular, camera
zoom, movement of the objects toward or away from the camera
and rotational motion of objects are much better described in
a mesh-based model than in the traditional block-based motion
and the overall motion field results in the smallest possible error
metric [1].

The mesh-based transformation was used to compensate for
the distortions introduced by the imaging system in the field of
remote sensing [2]. Image warping is also used to generate spe-
cial effects in computer graphics [3], [4]. Mesh-based systems
for motion compensation and video compression are used in
digital video processing [5]–[9]. A hierarchical version of the
mesh motion is introduced [10]. A finite-element approach to
the mesh warping and its application in video coding [11]–[14].
The mesh model is used for manipulation of synthetic objects as
well as representations in joint natural-synthetic environments
[15], [16]. Mesh-based methods have also been used with great
success in processing medical image sequences [17]–[19].

The mesh-based motion model uses a mathematical transfor-
mation that maps one set of polygons in a frame to another set of
polygons in the following frame. The pixels within the polygons
are mapped from one frame to another through interpolation.
Regular mesh and delaunay meshes are two main approaches
to design a two-dimensional (2-D) mesh-based triangular mesh
[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-
cient video representation since it does not capture the video dy-
namics. On the other hand, the delaunay triangular mesh suffers
from the complexity of delaunay algorithm and the overhead of
sending the location of the mesh nodes. A possible approach
that reduces the mesh code size is to implement the delaunay
algorithm in both the encoder and the decoder.

Hierarchical mesh representation provides rendering at var-
ious levels of detail (quality, scalability) and it allows progres-
sive transmission of the mesh geometry and the motion vec-
tors [21]. Using the delaunay mesh, the hierarchical represen-
tation can be achieved by ordering the mesh nodes according to
their importance and then different disjoint sets are generated,
where each set represents a resolution. The union of all sets will
generate the fine resolution. In summary, the complexity of the
2-D mesh-based video representation is based on extracting the
video dynamics, designing the inner nodes and coding the mesh
nodes.
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Performance and power consumption are the main objectives
of the video coding for mobile applications. Special architec-
tures are required for efficient hardware solutions delivering
sufficient video processing performance and low power con-
sumption [22], [23]. Surveying the literature, only a few very
large-scale integration (VLSI) architectures for video motion
tracking codecs that use 2-D mesh-based motion estimation and
compensation exists.

This paper presents a mesh-based motion tracking architec-
ture that uses a novel 2-D hierarchical mesh-based video model.
It reduces the computational operations and employs techniques
to reduce the power consumption as well. The new video model
and its architecture are suitable for mobile video applications
and the architecture can be used as a building block for MPEG
codec. The proposed motion tracking architecture is divided
into motion estimation and motion compensation architectures.
The motion estimation architecture generates a coarse-to-fine
content-based mesh. It optimizes the overhead of sending the
mesh’s geometry by coding the splitting locations instead of
the mesh nodes’ locations. The coarse level is split into inde-
pendent triangular patches that can be processed in parallel and
each patch is hierarchically triangulated using a structured tech-
nique, which simplifies the processing unit. It uses the three
steps motion estimation algorithm [24], [25] to simplify the mo-
tion estimation architecture. The motion compensation architec-
ture uses parallel-pipelined threads, which implement scalable
affine units. The affine units can be used with any level of hier-
archical mesh and they warp the mesh patches independently.

The rest of the paper is organized as follows: Section II de-
scribes the low power design methodologies, Section III de-
scribes the proposed video model, Section IV describes the 2-D
mesh-based motion estimation architecture, Section V describes
the 2-D mesh-based motion compensation architecture, Sec-
tion VI presents the performance of the proposed video rep-
resentation and the motion tracking architecture, Section VII
presents the prototyping methodology and finally Section VIII
concludes this paper.

II. L OW-POWER DESIGN METHODOLOGIES

With the advances of the mobile communication and per-
sonal communication services (PCSs), there is a trend to run
video applications on mobile systems. High speed data and com-
putation-intensive processing will lead to much higher power
consumption than traditional portable applications. Due to the
limited power-supply capability of current battery technology,
current research efforts face two conflicting design challenges.
One is to explore high-performance design and implementa-
tion techniques that can meet the stringent speed constraints for
real-time systems. The second is to consider low-power design
approaches to prolong the operating time of portable devices.

Power consumption has been introduced as a major design
parameter due to the fast growing technology in mobile com-
munications, which require portable power supplies. There
are three main sources of power dissipation in a complemen-
tary–metal–oxide semiconductor (CMOS) circuit: 1)switching
power, which is consumed by the circuit capacitance during
transistor switching; 2)short-circuit power, which is due to

current flowing from power supply to ground during transistor
switching; and 3)static power, which is due to leakage and
static currents. The switching and short circuit power are
known as dynamic power, which constitutes about 99% of
the total power dissipation in CMOS VLSI circuits. Dynamic
power is given by the following equation:

where is the system clock frequency, is the power
supply voltage, is the capacitance at node, is the
voltage swing at node, is the switching probability at node
, and is the short circuit current at node.

As system speed increases, the increase in power consump-
tion becomes a major problem. The increase in the power dis-
sipation will generate extra heat and reduce the reliability of
a circuit. The development of techniques allowing low-power
circuits is crucial to the practicality of future products. Due
to its quadratic dependence, lowering contributes a sig-
nificant power saving. However, the delay in processing time
will increase as decreases. To meet the throughput require-
ments, the delay must be compensated for at the system and
algorithmic/architecture design level. Simply, a new version of
the design that allows more latency is required.

Low-power system-level approaches involve two main tech-
niques. One is partitioning the system into modules and shutting
down modules that are not working such as multichip modules
(MCMs) [39]. The other approach is to use a monitor sched-
uler to distribute the workload over several functional units. The
scheduler can be a hardware or software monitor.

Besides the system-level low-power approaches, the al-
gorithmic/architectural approach is the most promising one
[40]. The algorithmic/architectural low-power design can be
achieved by reformulating the algorithms and mapping them
to efficient low-power VLSI architectures to compensate for
the speed penalty caused by low supply voltage. The power
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
technology [41]. Approximations, parallel and pipelined design
approaches are used to compensate for the delay penalty [40],
[42].

Low-power and high-performance architectures can be
achieved using approximation approaches which trade high
performance with the cost of the circuits, pipelining which
trades the overhead of extra buffers with latency and parallel
architectures which trade the area with latency.

In the approximation approaches, the constraints are relaxed
in order to reduce the cost and yield acceptable performance.
Approximation approaches generally lead to much simplified
architectures, which then add to the savings in total implemen-
tation cost. For example, three-step motion estimation [30] is
usually employed to reduce the computational complexity while
maintaining a performance comparable with the full-search mo-
tion estimation schemes [43].

Pipelining is a commonly used technique to achieve
high-speed data processing. The main idea behind pipelining
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(a) (b) (c) (d) (e)

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 by
inserting latches between consecutive pipeline stages. As a
result, the speed of the system is faster than that of the original
system at the penalty of increasing the latency by the number of
pipelining stages. On the other hand, the pipelining can be used
to compensate for the delay incurred in the low-power design
when the supply voltage drops significantly. Some derivations
of the pipelining techniques are asynchronous circuit pipelining
[44], two-level (word/bit-level) pipelining [45] and bit-level
pipelining approaches [46].

Parallel data processing decomposes the desired function into
independent and parallel small tasks. These tasks are executed
concurrently and individual results are combined to obtain
the desired computation result. It is a “divide-and-conquer”
strategy in solving problems. The fast Fourier transform (FFT)
[47] is a famous example where the algorithm first decomposes
an N-point FFT into two N/2-point FFTs and expands the
computation recursively to form a parallel computing network.

III. PROPOSEDMESH-BASED VIDEO MODEL

The dynamics of a video sequence can be modeled as block or
2-D mesh. An advantage of the 2-D mesh representation over the
block-based model is its ability to represent more general types
of motions, such as rotation, scaling, reflection, translation, and
shear [4], [27].

The video object tracking model tracks the changes of the
video frames by tracking independent video objects. The video
frame is segmented into independent video objects, with each
object represented using a hierarchical mesh and texture [37].
The motion vectors of the mesh nodes carry the transformation
of the video object across the video sequence. The deformation
of a triangular patch represents the motion of the image points
on a common rigid plane. The predicted images are synthesized
by mapping the patches of the previous frame into the corre-
sponding patches of the current frame. This mapping is easily
realized since the transformation between two triangles is de-
scribed by a 2-D affine transform.

A hierarchical mesh-based motion estimation and compen-
sation technique is proposed in [21]. It uses a hierarchical mesh
representation with multiplication-free affine transformation.
The basic idea is to divide the image frame [Fig. 1(a)] into
a background [Fig. 1(b)], a video object texture [Fig. 1(c)],
a binary layer [Fig. 1(d)], and a hierarchical triangular patch
[Fig. 1(e)] and then estimate the motion vectors of the nodes
of the triangular patches.

The motion estimation algorithm processes two frames and
generates a 2-D mesh and the motion vector for each mesh
node. The motion compensation algorithm processes a refer-
ence frame, a mesh and motion vectors to predict a frame. The

predicted frames are synthesized by mapping the patches of the
previous frame onto the corresponding patches of the current
frame. The image construction uses an affine transformation to
map the patch texture. It has been proved that the affine trans-
formation has a small computational cost regardless the shape
of the patch [27].

The proposed mesh-based video representation uses a hier-
archical triangular mesh to model the dynamics of the video
sequence. The motion vectors of the mesh nodes carry the de-
formation across a video sequence. The predicted images are
synthesized by mapping the patches of the previous frame into
the corresponding patches of the current frame. This mapping is
easily realized since the transformation between two triangles is
described by a 2-D affine transformation [15], [26]–[33].

The hierarchical adaptive structured mesh [20] is a technique
borrowed from the 3-D modeling for mesh construction. It uses
a coarse-to-fine mesh. The number of mesh nodes and triangular
patches increases gradually according to a threshold function.
Adding new mesh nodes is based on successive triangulation to
minimize the mesh code that describes the mesh topology.

A coarse-to-fine mesh (Fig. 2) is generated as fixed triangular
mesh at level 0, then each patch is split according to a threshold
function and the mesh nodes increase gradually. Recording the
splitting operation generates the mesh topology. Note that each
time three nodes are added, three motion vectors are estimated at
most. The successive triangulation is shown in Fig. 3. In this ap-
proach, an adaptive technique generates four triangular patches.
Fig. 3(c) shows the coding for the triangular patch, where ‘1’
means that the mesh is split into three triangles and ‘0’ means
that no further splitting.

The generated hierarchical mesh topology can be represented
using progressive or nonprogressive code. The progressive
coding technique describes each mesh level, while the nonpro-
gressive one describes the mesh of each coarse patch. Fig. 4
shows two different mesh code representations. Fig. 4(a) shows
the progressive code, where each level is a refinement of the
previous mesh level. Fig. 4(b) shows the mesh code where each
patch in the level 0 is coded sequentially.

A. Mesh Nodes Motion Estimation

The motion of the mesh nodes describes the deformation
of the mesh topology. It represents the dynamics of the video
across a sequence. To estimate a mesh node motion vector,
the node is surrounded by a block. The three steps motion
estimation algorithm [30] is used to estimate the motion vector
of the mesh nodes (Fig. 5). The three-step motion estimation
[30] reduces the computational complexity while maintaining
the performance comparable with the full-search motion
estimation schemes.

Authorized licensed use limited to: New Jersey Institute of Technology. Downloaded on March 24,2010 at 11:59:48 EDT from IEEE Xplore.  Restrictions apply. 



BADAWY AND BAYOUMI: LOW POWER VLSI ARCHITECTURE FOR MESH-BASED VIDEO MOTION TRACKING 491

Fig. 2. 2-D mesh construction.

Fig. 3. Triangular patch coding. (a) Patch triangulation. (b) Tree
representation. (c) Bit code representation.

(a)

(b)

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

B. Mesh-Based Motion Estimation Algorithm

The mesh-based motion estimation algorithm generates a 2-D
hierarchical structured mesh and a motion vector for each mesh
node. The proposed algorithm processes an initial coarse mesh
with a fixed patch size. The motion vector of each mesh node
is estimated. The motion vector of each mesh node is evaluated
using the three-step search (TSS) algorithm. Then each coarse

Fig. 5. Mesh nodes motion estimation.

patch is processed to generate finer mesh granularity using a hi-
erarchical adaptive structure approach. The hierarchical struc-
ture mesh is constructed 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
patches until the max level of splitting is reached or the patch
splitting condition is not satisfied. The 2-D mesh-based video
motion estimation algorithm is listed in Fig. 6.

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
block-based motion modeling in that the polygonal patches
in the current frame are deformed by the movement of the
node points into polygonal patches in the reference frame. The
texture inside each patch in the reference frame is warped into
the current frame using parametric mapping as a function of
the node-point motion vectors.
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Fig. 6. Proposed 2-D mesh-based motion estimation.

Fig. 7. Multiplication-free algorithm triangular topology.

D. Affine Transformation

The affine transformation is widely used in texture mapping
and it defined as follows [4]:

where and are the new pixels location, ( ) is
the pixel location, and – are the affine parameters. The
affine transformation can be computed once the parameters can
be evaluated.

The affine transformation suffers from the cost of evaluating
the affine parameters and the multiplication operations. To cal-
culate the affine parameters, six equations are needed. We can
solve the equations at the triangle vertices using theand
components of the motion vector. A scan-line algorithm [27] is
proposed to simplify the calculation of the affine transforma-
tion. Instead of using four multiplication operations and four
additions for calculating the ( ) pair in the two equations

above, the algorithm uses only two additions per pixel to gen-
erate the ( ) pair. The algorithm is based on the fact that
the pixels are integer values and the mapping can be evaluated
using the values of neighboring pixel as shown in the following
equation:

Moreover, the scanline algorithm uses only four affine param-
eters but it suffers from the cost of evaluating these parameters.
The affine parameters can be evaluated at the three nodes of the
triangular patch as shown in the equations at the bottom of the
page, Where ( ) are the motion vectors and ( ) are the
location of the node.

The scan-line algorithm reduces the computational cost of
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
totally multiplication free algorithm that can be used to design
the video object compensation algorithm with only addition op-
erations.

E. New Multiplication-Free Algorithm

The new multiplication-free algorithm uses a finite space
approach and processes the mesh patches independently. Each
patch 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:

If , the division can be replaced by a shift operation.
The multiplication-free algorithm is shown in Fig. 8. Using

the finite space analysis, each triangular patch is translated to
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Fig. 8. Multiplication-free algorithm for general mesh.

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

the origin (0, 0). The parameters are evaluated and the texture is
warped. Then the patch is retranslated to its correct position. No-
tice that the assumption of the size to be 2will relax the patch
translation to be only address mask. Fig. 9 shows the mapping
of the mesh patches to the origin.

IV. 2-D MESH-BASED MOTION ESTIMATION ARCHITECTURE

The proposed motion estimation architecture is based on the
presented 2-D mesh-based motion estimation algorithm. It pro-
cesses two video frames and generates a 2-D hierarchical mesh
and motion vectors of the mesh nodes. The block diagram for
motion estimation architecture is shown in Fig. 10. It consists
of two memory blocks, three motion estimation units, a queue,
a splitting unit and a register array. The architecture processes
the initial mesh nodes in a sequence that maximizes the data
reusability and minimizes the internal storage [21].

To estimate the motion vector of each mesh node, the node is
surrounded by a block of pixels. Then it uses the TSS [25] and
the mean absolute difference (MAD) [22] to estimate the motion
vector of each node. The splitting unit adds new mesh nodes
according to a threshold function. The new nodes represent the
finer mesh granularity. The queue unit stores the motion vectors,
this information is needed to perform the recursive triangulation
operations. The register array stores the motion vector and nodes
location. The control unit synchronizes the operation between
different blocks.

In the presented prototype, each triangular patch in level
can be split into four triangles, which requires the addition of
three nodes. As in Fig. 2, the mesh, at level 0, consists of fixed
triangular patches. At level 1, new nodes are added depending
on the threshold function. Note that each time three nodes are
added, three motion vectors are estimated at most.

Fig. 10. Motion estimation architecture.

Fig. 11. Queue word entry.

A. Memory

The memory unit consists of two blocks. The first memory
block contains the reference frame and the second one contains
the current frame. The size of each block will be the size of the
video frame. In this prototype, the size of the QCIF format is
considered and the size of each block is 176144 byte.

B. Queue

The queue unit stores the node locations; this information is
needed to compute the recursive triangulation operations. The
queue is used to generate the progressive coding. A stack with
the same configuration can be used to generate the nonprogres-
sive coding described in Fig. 4.

The queue word has nine entries, each one represents a mesh
node (Fig. 11). Each queue entry consists of: 1) 36 b represent
three mesh nodes; 2) 24 b represent three motion vectors; 3) 2 b
are used to represent the level of the triangle; and 4) 2 b are used
to define the patch type T. The total size of each queue entry in
our case is 64 b and the queue length for a mesh with
nodes and up to levels is ,
where is the number of bits for each entry. Note that four bits
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Fig. 12. Different patch type.

Fig. 13. Structure of the register array (3 levels triangulation).

are used for each motion component since the search window
size is [ 7, 7] for each node. The motion values are normalized
[0, 14] and the value 15 is used as initial value to indicate that
the motion is not estimated yet. The patch type is as shown in
Fig. 12, the patch type is used for coding purposes.

C. Register Array

The register array unit stores the motion vectors and the lo-
cations of the mesh nodes. Fig. 13 shows the structure of the
register array for three levels of triangulation. The register array
stores the motion vectors of the mesh nodes, in addition to a
status bit to indicate the validation of the current value. Notice
that the nodes I, II, and III are coarse level nodes, while nodes
1–12 are the full splitting mesh nodes.

D. Control Unit

The control unit synchronizes the operation between different
blocks. The control unit is designed as finite state machine and
it is summarized in Fig. 14. The mesh-based motion estimation
architecture uses 10 states. To describe the operation of the mo-
tion estimation architecture, assume a square mesh, as shown in
Fig. 12 and the mesh, at level 0, has eight triangular patches.

In State 0, previous and current frames are loaded. In State 1,
the queue is initialized. The mesh nodes, at level 0, are added in

Fig. 14. Mesh coding and motion estimation FSM.

the sequence that is shown in Fig. 40. Each patch has one queue
entry and the fields of the queue entry is set to its proper values
as shown in Fig. 40.

E. Splitting Unit

The splitting unit generates the mesh nodes according to a
threshold function. In this prototype, the threshold function is
considered as the difference between the motion vectors. Fig. 16
shows the gate level implementation for the splitting nodes. In
this implementation, 4 b motion vector representation is consid-
ered since the maximum threshold is of value four.

F. Mesh Node Motion Estimation Unit

The node motion estimation unit estimates the motion vector
for each node in the mesh topology. It implements a block
matching motion estimation architecture. It surrounds each
node with a block of pels, then it uses the TSS and the MAD
[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
block matching motion estimation architecture. The proposed
architecture is based on the real time three-step motion estima-
tion architecture. It uses real-time three steps search algorithm,
in which the search can be interrupted any time and the archi-
tecture reports the current motion estimation as a motion vector.
The architecture benefits from the additive property of the three
steps search algorithm. The performance analysis scrutinizes
further the advantage of implementing of the MAD as block
matching criterion. The performance analysis shows that the ar-
chitecture requires 41 kHz for one block three step motion esti-
mation and 17.6 kHz for only one step. The motion estimation
core supports an extremely high bandwidth requirement with
the minimum input–output (I/O) pins and hardware resources
and it has the following specifications:

a) 16 16 pels block size;
b) window size 8 to 7 pels;
c) MAD is used as a block matching criteria;
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(a)

(b)

(c)

Fig. 15. Register array: (a) after loading the first patch, (b) after estimating the
motion vectors, (c) after splitting occurs.

Fig. 16. Mesh splitting logic.

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-
ture. It consists of processor array unit and motion vector gener-
ation unit. The processor array is the computational core for the
architecture. It calculates nine MAD values using the reference
block and a search area. Then it sends them to the MVG, which
compares the MADs and decide the motion vector with the min-
imum MAD. The control unit generates the memory address to
supply the motion estimation unit with the exact addresses for
the pels value in the current and previous frame.

Fig. 17. Block diagram for the TSS motion estimation unit.

Fig. 18. Processor element structure (MAD architecture).

The processing array consists of nine MAD units, two first-in
first-out (FIFO), and three registers. Each MAD unit processes a
pel at a time. Each unit generates a MAD by using the block and
its counter part in the previous frame. The and buses
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Fig. 19. Frame allocation for Lena (512� 512).

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

The MAD processing element calculates the sum of the MAD
between two blocks in two different frames. Fig. 18 shows the
structure of one of the processor elements (PE). The PE pro-
cesses a pel from each block at a time. It includes a mechanism
to shift the MAD coming from a neighbor element, from right to
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 from
nine MAD units in each step. Fig. 18 shows only the details
of the motion vector generator in the direction and the
direction is similar. The value that is stored in X register, at any
instance, may be considered as a final or an intermediate motion
vector. In another words, if the system runs out of resources, it
will consider the current motion vector as final value, otherwise
it will continue the three steps.

V. 2-D MESH-BASED MOTION COMPENSATIONARCHITECTURE

The motion compensation architecture is shown in Fig. 20. It
uses four scalable affine units, each having independent access
to the frame buffer. The size of the frame to map an
image will be since the motion vector
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
not disjoined; there is an overlap region between buffers to ac-
commodate the parallel operation. The mesh coding buffer unit
loads the hierarchical mesh. The memory serialization is used
to synchronize that data writing operation to the current frame.
The control unit synchronizes the parallel affine unit operations.
The operation of the control unit is summarized in Fig. 21.

A. Scalable Affine Unit

The scalable affine unit warps the triangular patch. It is scal-
able in the sense that it uses more cascaded units with the in-
crease of the mesh hierarchical levels. The block diagram for
the affine unit is shown in Fig. 22. The unit consists of a queue
to store the mesh at level. The triangular patch is split into four
patches and subsequently stored in the queue. If the patch needs
to be triangulated, the patch will be forwarded to another affine
unit. The structure of the warping unit is shown in Fig. 23 and
the steps of evaluating the constant are shown in Fig. 24.

B. Mesh Code Buffer

The mesh code buffer stores the code of the adaptive struc-
tured mesh. The mesh initially is a regular triangular mesh. Each
triangular patch is split into hierarchical triangulation. This tri-
angulation is represented a sequence of “1” and “0” where each
“1” represents a split. Each split is associated with three motion
vectors that represent the motion of the three nodes.

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
hierarchical mesh representation. The former generates a fine
mesh, removes selected nodes from a full-resolution mesh and
generates the hierarchical mesh. In the latter, a coarse-to-fine
mesh, the number of nodes and triangles increases gradually
based on a specified threshold function. The adding of nodes is
based on successive triangulation to minimize the mesh coding.

C. Memory Serialization Unit

The memory serialization unit is used to serialize the memory
writing. Write requests are issued by the parallel affine unit ar-
chitectures. Fig. 25 shows the structure of the memory serial-
ization unit for two parallel affine units. This structure can be
extended to any number of parallel units. The are the
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Fig. 20. Block diagram for the mesh-based motion compensation architecture.

Fig. 21. Motion compensation FSM.

memory address and data for the predicted frame. They are gen-
erated by the affine unit. is the data valid signal, which in-
dicates data needed to be written to the memory.is a control
line that serializes the parallel data to be transferred to the main
memory. The prototype implements an 8-b address and 8-b data
with a 16-b bus. Fig. 26 shows the timing diagram for the
memory serialization unit. It considers four parallel affine units.
The writing process is scheduled among the four units using the

signal where . Notice that the memory write
control signal MW is raised every other clock cycle, which al-
lows the use of slow on-chip cache. Using QCIF format and 15
frames/s 188 172 2 15 memory write cycles/s are needed.
The minimum frequency will be 1.031 MHz.

VI. PERFORMANCEANALYSIS

To measure the performance of the proposed mesh-based
video representation and the motion estimation architecture,
several experiments have been conducted. The architecture has
been prototyped in C++ to study the visual performance and
then it has been prototyped on silicon to study the operations
performance.

A. Response Time of the Motion Estimation

The response time is one of the most important parameters
for the online video applications. It is defined as the latency of
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
the performance of the proposed algorithm depends on the con-
tent of the video sequence.

Fig. 27 shows the performance of the algorithms using QCIF,
256 256 and CIF video format. Fig. 28 shows the performance
of the algorithms using 512 512, CCIR-601, and HDTV video
format. It shows about 90% savings using the mesh-based mo-
tion estimation technique compared to the block matching tech-
niques. It shows that at a certain mesh size, as the coarse mesh
resolution increases the computational efforts decreases because
of the reduction in the number of the mesh nodes. Fig. 29 shows
the performance saving of using different video formats com-
pared to the TSS-8 algorithm. It shows that the saving is a func-
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
than the QCIF using the Q-2-32 algorithm.

Fig. 30 shows the number of addition operations using the
scan line and the new multiplication-free algorithm for different
frame sizes. In this evaluation, one multiplication operation is
performed using 11 addition operations. It shows that the new
algorithm outperform the scan-line algorithm. It is low power
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Fig. 22. Block diagram for scalable affine unit.

Fig. 23. Patch warping unit.

Fig. 24. Affine unit FSM.

technique since it needs less computational effort. Moreover, it
reduces the latency of the operation due to the savings in the
number of operations. Fig. 31 shows the percentage saving of
the computation cost. It is noticed that the saving increases when
the size of the mesh patches decreases due to increase in the
number of the patches.

Fig. 25. Memory serialization unit.

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
coding techniques. To compare the proposed technique with the
currently used techniques, the same benchmark, as in [33], is
used. Fig. 32 shows the number of bits that is used to code the
mesh nodes using (512512 frame size). It compares the pro-
posed technique with the 6 b/node coding, the predictive coding
proposed in [20] and the Benoit approach [33]. Fig. 32 shows
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Fig. 27. Performance of the TSS, Q-1-16, Q-1-32, and Q-2-32 motion
estimation algorithms using QCIF, 256� 256 and CIF formats.

Fig. 28. Performance of the TSS, Q-16, Q-1-32, and Q-2-32 motion estimation
algorithms using 512� 512, CCIR-601, and HDTV formats.

Fig. 29. Percentage savings in the processing time for the Q-1-32 and
Q-2-32 motion estimation algorithms using QCIF, 256� 256, CIF, 512� 512,
CCIR-601, and HDTV formats.

the number of nodes versus the number of coding bits. In this
figure the proposed technique outperforms the other methods
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-
zation or increase the number of node per mesh, which results
in a better quality.

C. Visual Quality Size

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

where are pels of the original video object plan (VOP) at
location ( ) and are pels of the reconstructed VOP.

To study the visual quality of the proposed architecture, a
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 as and .
The affine transformation can be calculated after the constants

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
the superiority of the proposed algorithm. Moreover, it shows
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. Then in
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 will
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
empty queue condition will take place and the system may start
at state 0.

The PSNR of the foreman, carphone, and salesman QCIF se-
quence is presented in Figs. 38–41. The PSNR of the small mesh
size outperforms the large size of the mesh patch since it bene-
fits from the extra local information.

VII. A RCHITECTUREPROTOTYPE

The architecture has been prototyped using 0.6-m CMOS
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 QCIF, 256� 256, and CIF formats.

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 QCIF, 256� 256,
and CIF formats.

Fig. 32. Number of bits versus number of nodes.

used in the prototyping is shown in Fig. 39. Synopsys tools are
used for the “front-end” steps, which capture and simulate the

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
correctness of the architecture’s behavior. The second is applied
to confirm the functionality of the extracted gate level circuit.
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Fig. 33. PSNR for Q-1-32, Q-2-32, and Q-4-32 motion compensation
algorithm using carphone QCIF format.

Fig. 34. Rate distortion for Q-1-32 and Q-4-32 using carphone QCIF format.

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

The third ensures that the gate-level schematic, which has been
imported and edited in Cadence, is equivalent to the proposed
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 the
layout is functionally correct.

The architecture has been prototyped using 0.6-m CMOS
technology with three layers of metal. The layout of prototype

Fig. 36. PSNR for mesh size 8, 16, and 32 using foreman QCIF format.

Fig. 37. PSNR for mesh size 8, 16, and 32 using salesman QCIF format.

Fig. 38. PSNR for mesh size 8, 16, and 32 using carphone QCIF format.

of the architecture has a total area of 9807.207683.96 m for
the motion estimation architecture and 4807.204183.96 m
for the motion compensation architecture. The power and delay
is estimated using HSPICE simulation. According to the Syn-
opsys extraction and SPICE simulation, the motion estimation
architecture is expected to consume power less than 0.6 W. The
delay and power consumption for different building blocks in
the 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
consumption for different building blocks are shown in Table II.

VIII. C ONCLUSION

This paper presents a VLSI architecture for mesh-based mo-
tion tracking. The new architecture uses a novel hierarchical
mesh coding technique. It optimizes the mesh coding using an
adaptive structured mesh to capture the contents of the video
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Fig. 39. Prototyping steps.

Fig. 40. Queue initialization for the mesh shown in Fig. 12 at the coarse level (l ).

Fig. 41. Queue after the splitting in the finer level (l ) for the mesh shown in Fig. 12.

sequence. The structured mesh offers a significant reduction in
the mesh topology coding (about 60%).

The proposed architecture offers low power performance at
the algorithmic level by: 1) decomposing the mesh into indepen-
dent triangular patches that can be processed in parallel; 2) using

a hierarchical structured triangulation technique, that simplify
the processing unit; 3) using the three steps motion estimation
algorithm to simplify the motion estimation of the mesh nodes;
4) using finite space analysis and a multiplication-free affine
transformation, which significantly reduce the complexity of the
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TABLE I
POWER AND DELAY DIFFERENT

BUILDING BLOCK

TABLE II
POWER AND DELAY DIFFERENTBUILDING BLOCK

motion compensation architecture; and 5) pipelining the affine
unit contributes a considerable power savings.

The architecture is prototyped using 0.6-m CMOS tech-
nology with three layers of metal. The performance results of
the prototype show that the architecture can be used for online
applications and the power consumption shows that it is suitable
for mobile applications.
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