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Hierarchical Motion Estimation With Content-Based Meshes
Ghassan Al-RegitMember, IEEEYucel AltunbasakSenior Member, IEEEand Russell M. Mersereabellow, IEEE

Abstract—Two-dimensional mesh-based models provide a good each other (especially around small patches), destroying the
alternative to motion estimation and compensation. The estima- connectivity of the mesh. To this effect, search-based solutions
tion of the best node-point motion vectors is a challenging task. To to node-point motion estimation with triangular and/or quadri-

this effect, Nakaya and Harashima proposed a hexagonal matching lateral h d tial t f ti h b d
procedure. Toklu et al.improved the hexagonal search algorithm '2l€ral Meshes and spatial transiormations have been propose

in terms of both motion-estimation accuracy and computational [2], [3], [7]-[11]. In particular, Nakaya and Harashima [2]
complexity by employing a hierarchy of regular meshes. Recog- proposed a hexagonal matching procedure where the motion
nizing the limitations of regular meshes, Van Beelet al.extended yector at a node point is estimated by iterative local minimiza-
Toklu et al's work by utilizing content-based meshes. Here, We iy of the prediction error. Toklet al. [16] extended this
provide an alternative hierarchical motion-estimation method with . )
content-based meshes where hierarchical representations are em-me'[,hOd by_ emP'Oy'r_‘g a hierarchy of regulgr mgsﬁeg SU_Ch that
ployed for both the images and the irregular meshes in order to Motion estimation with a coarse mesh provides initialization for
provide further improvements in computational complexity aswell  the next (finer) level of the mesh. However, both Nakaya and
as motion accuracy. The comparison results are provided with real Harashima and Toklet al. utilized regular meshes. Regular
video sequences. meshes are obtained by dividing the image area into equal size
Index Terms—Hierarchical motion estimation, model-based triangular or rectangular elements, hence, they may not have the
coding, two-dimensional mesh, two-dimensional mesh-basedability to reflect the scene content, i.e., a single mesh element
motion representation, video compression. may contain multiple motions. To this effect, hierarchical
quad-tree meshes are proposed in which patches that yield
|. INTRODUCTION high motion-compensation error are successively subdivided.
. .. A more fundamental approach to overcome the problem of
WO-DIMENSIONAL (2.'.D) dense m0t|on-est|mat|on mesh elements with mrt))?e than one motion is topemploy a
methods can be classified as block-based, optical-fig ntent-based mesh, which is not limited to a pseudoregular

:?lﬁat'oﬂ'bgseg’b pel—dr%curswe, gnd BayeS|an. met.hclzjsh. jerarchical structure. Content-based meshes aim to match
though, block-based dense motion compensation yields higg, ., yaries of patches with important scene features [3], [4].

peak signal-to-noise ratio (PSNR), the corresponding de ﬁe[4] Altunbasak and Tekalp proposed a computationally
motion field usually contains several outliers (because of tlé icie'nt algorithm for content-based 2-D triangular mesh
aperture problem and lack of overall smoothness constrain@ sign. Van Beelet al. [17] extended Tokluet al’s work

Optical-flow equation-based methods yield smoother denB : ) : ;
L . employing coarse-to-fine content-based meshes in motion
motion fields, but they do not perform well in terms of PSNR ? ploying

Joint B . i timati d ati th estimation. However, although both Toldtial's and Van Beek
oint bayesian maotion-estimation and segmentation Mmethogs,,q oy employ coarse-to-fine meshes, the image/frame
have the ability to provide both piecewise smooth motion fiel

ze is kept the same, i.e., the number of nodes at each level of
and excellent PSNR performance. However, they are generglly oo hierarchy changes while all meshesstitielaid on
time consuming and parameter dependent.

°D h-based model id d alt ive t t_the original image since no hierarchical image representation
-D mesh-based models provide a good afternative 10 motin o 5 1veq. Here, we provide an alternative hierarchical

estimation and compensation, as reported by several researc Son-estimation method with content-based meshes that

[2]_.[1”5]' T'?r(]a)t/haris:mpllce eno#'ghfor;ast ikr)n;t)lementfatlions (e superior to the aforementioned method in terms of both
pecially wi € help of graphics cards), but powerful enou rformance and complexity. A comparison among various

for describing the motion content accgrately. . . 2-D mesh-based motion-estimation methods is summarized in
In 2-D mesh-based methods, motion compensation witl gle |

each mesh element (patch) is accomplished by a spatia

transformation (affine, b”i”e"’?“ etc.),' whose paramet'ers €80 van Beelet al.[17], while the proposed method is described
be computed from node-point motion vectors. ESt'mat'C&? Section lll. Section IV describes the coarse-to-fine and

of motion vectors around each node independently (e.g., Ne-to-coarse mesh-generation algorithms emploved in the two
block-matching or deformable block matching) is usuall%n ° sr-generat gonthms gmployec in W

. . lementations of the proposed method, respectively. The
not desirable because: 1) motion vectors do not represent }Qg prop P y

. N . ults are discussed in Section V.
entire 2-D dense motion field and 2) motion vectors may cross

ection Il briefly describes the hierarchical method proposed

Il. BACKGROUND
Manuscript received January 30, 2002; revised March 16, 2003. This paper . ) ) . )
was recommended by Associate Editor S. U. Lee. The hierarchical content-based motion-estimation method

The authors are with the Center for Signal and Image Processirrg',oposed by Van Beeét a|_[17] is especially relevant within
Georgia Institute of Technology, Atlanta, GA 30332-0250 USA (e-mail;

gregib@ece.gatech.edu; yucel@ece.gatech.edu; rmm@ece.gatech.edu). the_ context Of this-pa.per, _hence'_ it will be briefly described.
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TABLE |
COMPARISON OFVARIOUS 2-D MESH-BASED MOTION-ESTIMATION ALGORITHMS

Method ] Motion Est. | Mesh-Type I Mesh Hierarchy I Image Size/Hierarchy
Nakaya et al. [2] Search Regular None N/A

Wang et al. [3] Optimization | Content-based | None N/A

Altunbasak et al. [4] | Closed-form | Content-based | None N/A

Toklu et al. [16] Search Regular Coarse-to-fine | Constant size

Van Beek et al. [17] | Search Content-based | Coarse-to-fine | Constant size
Proposed Search Content-based | Hierarchical Var. size/Gaus. Pyr.

Ro ni

12 levels. These two implementations are discussed in the Sec-
tions IlI-A and B, respectively.

A. Implementation |

As mentioned earlier, the proposed method constructs a hier-
archical representation for both the image and 2-D mesh. This is
valid in both implementations. However, in the first implemen-
ns tation, the 2-D mesh is designed at the coarsest level. The 2-D

mesh in the next finer level is then constructed from the coarser
Fig. 1. Generating a fine 2-D mesh from a coarse one while the image is kéB?Sh by a coarse-to-fine mesh-generation algorithm, which is
spatially at the same size. described in Section IV-A.
Fig. 2 illustrates this implementation for a specific example of

of generating a fine mesh from a coarse mesh. The finer met\évr?'level hierarchy for simplicity, though it can easily be gen-

. . eralized for any number of levels. An outline of this implemen-
represents the scene motion more accurately since new n

odes
are introduced. This is illustrated in Fig. 1, where the mesh (t)%%on s as follows.

the left, i.e.,M; 1, represents the coarse mesh, while the one

on the right, i.e. M, denotes the fine mesh. M, ;, there are 1. Generate a coarse image 1; by blurring
nine node points labeled as, ..., ng that are retained idZ; and downsampling the original image Iy.
with more node points introduced by the mesh refinement &- Design a mesh  M; for the coarse image
gorithm. These new node points are denoted as gray-color dbts

and the new edges appear as dashed lines. The motion veckbor€ompute the motion vectors at the node

calculated by the generalized polygonal search procedure [2paints in M;.

ns ns

ne ny
My M,

the node points of the coarse méeh, ; are used in initializing 4. Generate a fine mesh M, by refining M,
newly added node points in the fine megh. In the remainder using the coarse-to-fine mesh-generation
of this paper, this method is referred to as method I. algorithm.

lll. THEORY After this step, the motion vectors for the node pointdip

Feds to be initialized by the node-point motion vectors esti-

tracking in terms of motion vector accuracy and computation at_ed at level 1f Assun:je tha_t we _ahre mtedr_ested n f_demg the
complexity, itstill incurs high computational load. To furthermo.tIon vectors ora node point with coordinates) in Io.
reduce the computation time, the proposed method construTcPsl,S can be achieved as follows.
a hierarchical/pyramid representation for both the images

and corresponding meshes. Accordingly, the image at edachFind the corresponding coordinates of

Although the above method outperforms the single-levg

level will be a blurred and downsampled version of the imaghe node point in I, which are equal to

in the previous level. Similarly, the 2-D mesh at each levélz/2,y/2).

will be a coarse version of the one in the previous level. AA Locate the patch P; in I; where the

a result, the computation time is significantly reduced singmint ( z/2,y/2) lies in.

the patches and search ranges are small in size at the coadegalculate the affine parameters (for P;

level of the pyramid. Another advantage arises from the factfrom the motion vectors of the vertices
that motion-estimation algorithms are less prone at becomiafy the patch P;.
trapped at the local minima when applied to coarse imagés Compute the motion vector for the point
(e.g., blurred and downsampled images). (z/2,y/2) from the affine parameters esti-

In this paper, two different implementations of this methothated in step 3. Scale this motion vector
are proposed. They differ in the level of hierarchy at which thgy a factor of two to calculate the motion
mesh is designed, as well as the method of constructing mesictor for the node point ( z,y) in M.
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Fig. 2. lllustration of implementation | for a two-level hierarchy.
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Fig. 3. lllustration of implementation Il for a two-level hierarchy.
B. Implementation Il reconstructed, the rest of implementation Il is the same as that

While the first implementation designs the 2-D mesh at thcg implementation 1.

coarsest level, this implementation designs the mesh at the

finest level. Similar to the first implementation, the tracking

algorithm is still applied on the coarsest level. However, while As mentioned earlier, the two implementations of the pro-

a coarse-to-finanesh-generatiorlgorithm is needed for the posed method differ in the level of hierarchy at which the mesh

first implementation, here, a fine-to-coarseesh-reduction is designed, as well as the method of constructing mesh levels.

algorithm is employed. While the first implementation employs a mesh-refining algo-
The process of getting a coarse mesh from a fine one is modihm, the second one uses a fine-to-coarse mesh-generation al-

fied from progressive-mesh methods, which are commonly egerithm. These two algorithms are described here.

ployed in 3-D computer graphics [18]. This technique will be

discussed in details in Section IV-B. Fig. 3 illustrates this imA. Coarse-to-Fine Mesh Construction

plementation for a specific example of two-level hierarchy. The Here we modify the 2-D content-based triangular mesh de-

outline of this implementation is as follows. sign previously proposed by Altunbasak and Tekalp [4]. The al-

gorithm retains the selected node points from the coarser mesh

level, and further selects nonuniformly spaced node points at

IV. MESH CONSTRUCTION

L. Generate a coarse image - I1 by blurring each level. An outline of the algorithm is as follows.

and downsampling the original image Iy.

2. Design a 2-D mesh M, for the original o

image Io. 1. Generate an  L-level Gaussian image

3. Construct a coarse mesh M, from M, by  Pyramid by blurring and downsampling the

applying the fine-to-coarse mesh-reduction original image pair. Let L= 0...,L -1

algorithm. denote levels of the hierarchy, where
[ = 0 represents the original images. Set
l=L-1.

This is indicated by the right-hand arrow that heads up tl2e Label all pixels as “unmarked.”
hierarchy in Fig. 3, while in the firstimplementation, this arrovB. Scale the locations of all node points
heads down the hierarchy, as in Fig. 2. Afftefi; and M, is selected at the level I + 1 by a factor of
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Fig. 4. Partitioning the image into patches such that the predefined functigq,g|

of the DFD within each patch attains approximately the same value.

two. Include these points in the list of
selected node points at the level l.
4. Compute the average displaced frame
difference (DFD) DFD..[l] given by

> DFD(z,y)
(z,y)
DFDav[l] = KT
where the summation is over all the image
pixels at the level [, and K]l is the
number of node points at that level.
The goal is to partition the image into
patches such that the predefined func-
tion of the DFD within each patch attains
approximately the same value as shown in
Fig. 4.
5. Grow a region about all selected node
points until > DFD(z,y) in this region is
greater than DFD,.[l]. Label all pixels
within this region as “marked.”
6. If the number of retained nodes (from
the coarser level of the hierarchy) is
less than  K]Jl], then select more node
points as follows.
(@) Compute a cost function C(z,y) as-
sociated with each unmarked pixel as a
predefined function of spatio-temporal in-
tensity gradients [4] . The cost function
includes terms that are functions of both
spatial and temporal intensity gradients
so that selected node points, hence, the
boundaries of the patches, coincide with
spatial and motion edges.
(b) Find the unmarked pixel with the
highest  C(x,y), which is not closer to any
other previously selected node point than
a prespecified distance. Label this point
as a node point.
(c) Grow a region about this node point
until > DFD(z,y) in this region is greater

1)

1003

Edge Collapse
n —m——  »

—
Node Split

Fig. 5. Constructing fine meshes from a given coarse mesh and visa versa.

than DFD,.[l]. Label all pixels within
this region as “marked.”

(d) Go to 6(c) until a desired number of
node points ( K][l]) are selected.

7. Given the selected node points at the
[, apply a triangulation procedure
(e.g., Delaunay triangulation [19]) to ob-
tain a content-based mesh.

8. Decrease [ by one. Unless | <
step 2.

0 go to

Intuitively, at each level, the algorithm tries to place more
densely populated node points where the motion is erratic. It
should also be noted that previously selected node points are re-
tained at the next level. These node points claim their neighbor-
hood before any additional node points are selected at the next
level. That is, a region is grown and marked around already se-
lected nodes from the previous level before we start selecting
additional nodes at the current level.

B. Fine-to-Coarse Mesh Construction

The fine mesh construction algorithm used in the second im-
plementation depends on two related operations: node split and
edge collapse, which are shown in Fig. 5. These two opera-
tions are the 2-D mesh equivalent operations to the 3-D mesh
ones, which are called vertex-split and edge collapse, respec-
tively. Practically, a series of node-split operations will produce
a fine mesh from a coarse one, while a series of edge-collapse
operations will resultin a coarse mesh from a fine mesh. The fol-
lowing algorithm outlines the main steps in constructing levels
of coarse meshes from a fine one.

1. Start with a fine mesh M.

2. Apply the edge-collapse transform
ecol;(ns,n;) on the edge connecting the nodes
n, and n;, where n, and n; are internal
nodes of the mesh. The index 7 in  ecol; in-
dicates the level at which this edge-col-

lapse command is taking place.

3. The choice of the edge as well as the
new location of the new node, with connec-
tivity- K and A scalar attributes, depends
on minimizing the following energy func-

tion:

EK = IJI\}iB{Espring(N) + Escalar(N7 A)}
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TABLE I
EXPERIMENTAL RESULTS FOR THESEQUENCE“FLOWER&GARDEN" (352 x 240)

Method | PSNR | Time | f of | # of internal Search Step

in sec | Lev. | Nodes Size Size
I 1423 [4516 |3 [100, 16, 1] 2, 4, §] [0.5, 1.5, 4.0]
IT 1435 | 3551 |3 [100, 16, 1] 2,2, 2] [0.5, 0.75, 1.0]
I 14.34 | 157.75 | 3 (100, 16, 1 4, 8, 16] 0.5, 1.5, 4.0]
II 1596 | 125.81 | 3 (100, 16, 1 4, 4, 4] 0.5, 0.75, 1.0]
I 1294 [ 5784 |5 [100, 64, 36, 16, 1] | [2, 4, 8, 16, 32] | [0.5, 1.5, 4.0, 10.0, 24.0]
II 1696 | 3613 |5 [100, 64, 36, 16, 1] | [2, 2, 2, 2, 2] [0.5, 0.75, 1.0, 1.25, 1.5]
I 14.72 196.20 | 5 100, 64, 36, 16, 1 4, 8,16, 32, 64] | [0.5, 1.5, 4.0, 10.0, 24.0]
I 17.19 127.52 | 5 100, 64, 36, 16, 1 4,4, 4,4, 4] 0.5, 0.75, 1.0, 1.25, 1.5]

TABLE Il
EXPERIMENTAL RESULTS FOR THESEQUENCE“FOREMAN” (352 x 288)

Method | PSNR | Time | f of | # of internal Search Step

in sec | Lev. | Nodes Size Size
I 2709 | 49.12 | 3 [100, 16, 1] 2,4, § [05, 1.5, 4.0]
IT 2787 | 3342 | 3 [100, 16, 1] 2,2, 2 [0.5,0.75, 1.0]
I 2461 | 17058 | 3 100, 16, 1] [4, 8, 16] [0.5, 1.5, 4.0]
II 2783 | 11828 | 3 [100, 16, 1] [4, 4, 4] (0.5, 0.75, 1.0]
I 27.50 | 68.99 5 [100, 64, 36, 16, 1] | (2, 4, 8, 16, 32] [0.5, 1.5, 4.0, 10.0, 24.0
II 29.22 | 4259 |5 [100, 64, 36, 16, 1] | [2, 2, 2, 2, 2] [0.5, 0.75, 1.0, 1.25, 1.5
I 27.63 | 235.61 |5 100, 64, 36, 16, 1] | [4, 8, 16, 32, 64] | [0.5, 1.5, 4.0, 10.0, 24.0
1T 29.22 15041 | 5 100, 64, 36, 16, 1] | [4, 4, 4, 4, 4] 0.5, 0.75, 1.0, 1.25, 1.5

where Eg,.ing iS used to regularize this
optimization problem and Eqcalar(N, A) cal-
culates the cost in terms of attributes

of the new vertices (intensity and motion
vector). More specifically, FEqc.1ar calcu-
lates the distortion between the new frame
when the edge is collapsed and the frame
when no edges are collapsed. This is done
for all edges and the edge with the min-
imum distortion is chosen to be collapsed.
This energy function is minimized over all
edges and the edge with the minimum E is
collapsed at this ecol; transform. In order
to achieve scale invariance of the terms,

the mesh is uniformly scaled to fit in

a unit square. The reader is referred to

[18] for more information on this energy
function minimization for 3-D meshes.

4. If

the total number of nodes

> number of boundary nodes in M;,

then repeat step 2 for another set of
nodes. Otherwise, stop the algorithm and
the resulting mesh is the coarsest mesh.

V. RESULTS

with two video sequencesLBWER&GARDEN and FOREMAN.
These experiments were conducted using a 933-MHz PC.
Furthermore, the motion-estimation method, proposed by
Lucas and Kanade, was used for methods | and Il [1]. We used
the first implementation we discussed in Section Il because
both implementations give similar performance. The results
are documented in Tables Il and Ill fon®&WER&GARDEN

and FOREMAN sequences, respectively. The parameters used in
these experiments are also tabulated in the same tables. The
number of nodes at each level of hierarchy is provided in the
fifth column where the first number in the array represents the
number of nodes at the finest level while the last number in the
array represents the number of nodes at the coarsest level. The
number of nodes at each level is kept the same for both methods
and the same mesh design is used for both methods. The search
size in method | is increased by a factor of two in both the
horizontal and vertical directions at each level of the hierarchy
since it does not utilize an image pyramid representation.
Without increasing the search size, method | would be at a
disadvantage. The PSNR of the motion compensated frame
difference is calculated and tabulated in the second column for
a pair of frames in each sequence. The PSNR before motion
compensation is 11.31 and 22.41 for theoOWER&GARDEN

and FOREMAN sequences, respectively. Notably, in Table I,
the PSNR deteriorates from 27.09 to 24.61 when the search
size increases using method I. This is because the search algo-
rithm got trapped at a local minima when the search range is
increased, as explained in Section Ill. However, it is less likely

We have designed experiments to compare the proposkdt the proposed method gets trapped at local minima since
method (method II) with the algorithm in [17] (method I)the motion-estimation algorithm is applied on coarse images.
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TABLE IV
THEORETICAL COMPARISON RESULTS

N. of additions
L-1
Method I | 3 9N2X 1
=
7 a—
Method II | 3° ON?%&; 41
=0

1005

Third, hierarchical image representation utilized in method
II will decrease the execution time for content-based mesh
design/modification process at higher levels.

(1
(2]

The execution time is given in the third column of Tables Il (3]
and lll. This is the total processing time including the decima-

tion time. No effort has been directed to optimize algorithms in

[4

terms of execution speed. As shown in these tables, the main
advantage of the proposed method is its speed. The execution
time for the proposed method is smaller than the execution tim >

of method | for all conducted experiments.

The theoretical computational complexity for both methods is [6]

given in Table IV, whergV by N is the original image size?
is the number of nodes at the finest levak, by R is the search

range at the finest mesh levélis the number of iterations at the

(71

hexagonal matching procedurg,is the search step size at the
finest mesh level, and is the number of levels. This table pro-
vides an approximate number of addition operations involvedI[9]
in the motion-estimation stage. Since the affine warping opera-
tions along a horizontal line can be computed using additions,
the multiplication operations is negligible. In the calculation for[10]
method I, the search randgis assumed to be increased at each

level by a factor of two. Similarly, the step siZeis increased
by the same ratio. The number of nodess reduced by four at

(11]

each level for both methods. This table assumes a regular mesh
as opposed to a content-based mesh to make the calculationg
tractable. From the results in Tables Il and Il and the compar-
isons in Table IV, we can claim that the proposed method per-
forms equally or slightly better in terms of PSNR and runs sig{13]
nificantly faster. The latter is a direct consequence of pyramid

image representation.

VI. CONCLUSION

(14]

(15]

Method Il has three main advantages as compared to
method I. These advantages are valid in both implementationﬁ.e]
First, the pyramid/hierarchical image representation will reduce
the computational complexity considerably. Node-point mo-
tion-estimation computational complexity is mainly a function ;7
of the number of nodes, patch sizes, and search range. Second,
since the image is blurred and downsampled at higher levels,
the proposed method is more likely to lock onto global motionsm]
at these levels rather than being trapped by local motions.

1P has been dropped while simplifying the expressions.

(19]
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