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ABSTRACT

The ever-increasing demands of the modern telemetry system for the transmission of high
resolution digital video data at primary and sub-primary bit rates necessitate the
employment of efficient motion-compensated video coding algorithms. This paper reviews
the current status of motion compensation techniques. The two major classes of motion
estimation methods currently being used for predictive coding of time varying images:
block matching and pel-recursive algorithms are treated in thorough detail. Examples of
practical video coding systems using motion compensated compression are exhibited.
Recent advances in the VLSI technology have made it possible to fit the entire circuitry
required for a motion compensation algorithm onto a single chip.

1. INTRODUCTION

The problem of frame-to-frame motion estimation of the pixels in the moving part of a
sequence of video frames has long been under investigation . Motion considerations[1.2]

have become more and more important in such diverse fields as biomedical engineering
(e.g., in modeling of the human vision system and in the estimation of the heart movements
from x-ray imaging for diagnosis and supervision of patients after heart surgery , motion[3]

analysis of cloud and other atmospheric processes for the meteorologist, robot vision,
airborne imaging systems , automatic target recognition and tracking  missile guidance,[4]      [5]

satellite imagery analysis for surveillance purposes, and image coding. In this paper we
only consider the last application, that of the bandwidth reduction achievable through the
estimation of motion which allows for compression of image sequences for efficient
transmission.

Data Compression techniques applied to video images have been well known . In[6,7,8,9]

particular, interframe coding has been proposed for reducing the frame-to-frame signal
redundancy by segmenting the video scene into two parts, the stationary area and the
moving area. Interframe coding attempts to encode only the information associated with
the moving part of the scene since the stationary part repeats from frame to frame.



Recently, motion estimation has been added as a tool for improving the performance of
interframe video coding algorithms. Several algorithms have been developed for estimating
the displacement vector of a moving object from two successive frames. Once this
displacement vector is known, it can be used for improving the performance of video
coding techniques as it has been already done with motion-compensated predictive coding,
transform coding and motion-adaptive frame-interpolation. In this paper we present a
comprehensive overview of the current status of motion estimation techniques and their
applications to video compression, with the focus being on schemes developed for efficient
transmission of digital video signals at “low” bit rates. Generally, the term “low bit rate” is
applied to transmission at the region below 2 Mbits/s. In the current terrestrial digital
transmission systems, motion video signals are usually transmitted through primary rate
channels (1.544 Mbits/s in North America and 2.048 Mbits/s in Europe), while a bit rate of
768 Kbit/s is used in satellite transmission systems. In the next generation of digital
networks, i.e., the integrated services digital network (ISDN), the B-channel of 64 Kbits/s
and the H0-channel of 384 Kbits/s are considered to be appropriate for full motion video
signal transmission. The telemetry channel rate varies depending upon the application; it is
normally around 20 Mbps for ground-to-ground communications and from 1 Mbps to 10
Mbps for air-to-ground transmission.

2. MOTION ESTIMATION TECHNIQUES

One of the main recent advances in image coding is the application of motion estimation
algorithms. In a sequence of video frames a moving object generates frame-to-frame
luminance changes. These luminance changes can be used to estimate the parameters of a
mathematical model describing the movement of the object . In real scenes, the motion of[3]

a three-dimensional rigid object can be a complex combination of translation and rotation.
Up-to-date, because of real-time computing requirements, only relative simple models
considering the translation component of motion have been considered for video coding.
Most practical motion estimation algorithms make the following assumptions: 1) objects
move in translation in a plane parallel to the camera plane (i.e., effects of camera zoom and
object rotation are not considered) 2) illumination is spatially and temporally uniform 3)
occlusion of one object by another and uncovered background are neglected. Under these
assumptions the pixel values of two consecutive frames are related by:

where S (v, t) indicates the intensity distribution, J is the time between two frames, D is
the two-dimensional translation vector of the object during the time interval [t - J, t] and v
is the vector indicating spatial position. In real scenes a good estimate of S (v, t) is
Ö = S (v - D, t - J). The motion estimation problem is then reduced to the estimation of the
displacement vector D using the intensities of the present and previous frame. Motion



estimation techniques can broadly be classified as: block matching algorithms (BMA) and
pel-recursive algorithms (PRA). The former estimates the motion on a block-by-block
basis assuming that all pels within the block have a uniform motion. The latter, estimates
the motion on a pel-by-pel basis and, in general, it achieves better estimates of the true
motion than the BMA class of algorithms at the cost of increased computational load. Note
that motion compensation per sec does not compress data, it simply produces pertinent
information for compression.

2.1 Block-Matching Algorithms for Motion Estimation

With block-Matching Algorithms, the frame to be processed is tiled off into subblocks of
(MxN) pixels each. All pixels of a single subblock are assumed to have the same
displacement. The displacement estimate for a certain subblock is found by comparing this
subblock in the present frame with a corresponding subblock within a search area of size
(M+2p)(N+2p) in the previous frame (Figure 1), where p denotes the maximum
displacement allowed. The assumption made here is that the interframe motion of the
block is bounded by this area. The subblock comparison is made with respect to an
arbitrary cost function (matching criterion). This can be either a second-order cost
function like the mean-squared-error (MSE) (proposed by Jain & Jain , a correlation[10]

type cost function like the normalized cross-correlation function (NCCF) ,[8]

or, a much simpler (first-order) cost function based on the image differentials on small
image blocks (i.e., luminance variations in time and space). The differential methods were
introduced by Limb & Murphy  and then further analyzed in Cafforio & Rocca . A very[11]        [12]

popular criterion which belongs to this class is the Mean of the Absolute Difference
(MAD) criterion posed by Koga et al.[13]

The MAD criterion has the advantage that no multiplications and no divisions are required.
Experimental results have shown that the particular choice of the matching criterion has no
significant influence on the amount of searching or the accuracy of the motion estimate,[8]

and thus, because of its simplicity, the MAD criterion is generally preferred.



Extensive computations are required for a brute force estimation of the best match.
Evaluation of the criterion function for every pel shift in the horizontal and vertical
direction within the search area would require (2p + 1)  evaluations. For instance, with a2

maximum allowable displacement of p=6 pixels and the MAD criterion (Figure 1) a brute
force method would require the MAD function to be evaluated at 169 shifts and the
minimum out of all these values to be selected.

2-D logarithmic Search (DMD)

Jain & Jain  have presented an algorithm which uses the MSE criterion as the distortion[10]

function and performs a logarithmic 2-D search that tracks the direction of minimum
distortion (DMD) on the data within the search window. It is based on the assumption that
the distortion function increases monotonically as the search moves away from the
direction of minimum distortion. The search procedure is illustrated in Figure (2) for a
specific example with p=6 pels, and is described briefly here. At each step five shifts are
checked. The distance between the search points is halved if the minimum distortion or
mismatch occurs at the center of search locations, or at the boundary of the search area.
For the example shown in Figure 2, five steps were required to get the displacement vector
at the point (i,j)=(2,6).

Three-Step-Search

In 1981, Koga et al.  introduced a similar method called the three-step motion estimation[13]

algorithm which is illustrated in Figure 3. At the initial step of this procedure eight coarsely
spaced pels around the center pel are tested. In the second step, again eight pels are used
around the pel of minimum distortion found from the first step, but in this step spacing is
finer than the first step. This process is continued for yet another step, resulting in the final
displacement vector (namely, the vector (i,j)=(2,6) in Figure 3).

Conjugate-Direction-Search (CDS), One-at-a-time-Search (OTS)

More recently, Srinivasan and Rao  presented a highly efficient search method called the[14]

Conjugate-Direction-Search method (CDS) and a simplified version of it, the One-at-a-
Time-Search (OTS). ne conjugate direction method, in its simplified version, is a two-step
search procedure described here using the example of Figure 4. Starting at the origin
(corresponding to the static block condition), the vertical direction y is fixed while the
location for the minimum in the x-direction is sought after. The algorithm determines the
minimum in the x-direction when it is located between two higher values for the
neighboring pels. Starting from this location the search is repeated along the y-axis. Using
this method the maximum number of searches is (2p+3) as opposed to (2p + 1)  required2

by the brute force method. Srinivasan and Rao  have reported that, in evaluating the[15]



signal-to-noise-ratio between the predicted frame using motion compensation and the
original frame, simulations on several video frame sequences have shown that there was
about 6% degradation in using OTS as opposed to the brute-force method.

The computing complexity of the search procedure is related to the number of shifts for
which the distortion function needs to be evaluated. Figure 5 shows a comparison of the
number of search shifts and sequential steps required by each of the above search methods
in the given examples. Notice that, for a real-time implementation, the number of required
sequential steps can be a more important feature than the number of search points, since
some of these can be evaluated by parallel computing. It is clear that all three methods are
based on some heuristics and may experience difficulties in certain real scenes. It must be
noted that the displacement estimation accuracy of the BMA class of algorithms is
generally limited to 0.5 pels. This could, in principle, be increased by including
interpolated values of the pels; however, the complexity is usually prohibitive.  Another[16]

characteristic of the BMA methods is that, since pels that are not yet transmitted to the
receiver are used in the displacement calculation, displacement values need to be
transmitted separately as overhead. For an extensive analysis and comparison of motion
estimation techniques with respect to estimation accuracy, convergence rate and
computation complexity, the interested reader should refer to Netravali & Haskel  and[16]

Musmann et al.[8]

2.2 Pel-Recursive Algorithms for Motion Estimation

Netravali and Robbins  were the first to develop a recursive motion estimation algorithm[17]

that improves the estimation accuracy at the expense of increased computation complexity.
In recursive estimation algorithms it is assumed that an initial estimate      is known, andI

then used to produce an improved estimate:      =      + U , where U  is the so calledI + 1      I  i   i

update term of iteration I. Iterations may be performed along a scanning line, from line to
line, or, from frame to frame. Also, iterations may be performed at every pel (pel-recursive
algorithms) or at a block of pels.  Recursive algorithms outperform the BMA methods,[16]

especially, at the presence of multiple moving objects within a single scene, provided that
the rate of convergence is sufficiently fast. In order to calculate the update term, recursive
algorithms utilize the relationship between spatial and temporal changes in the intensity.
Knowing     , a function of the displaced frame difference (DFD)I

can be used as a criterion for calculating the estimate     . Where,             , are theI + 1

horizontal and vertical components, respectively, of the estimate     . In the ideal caseI

DFD converges to zero as    converges to the true displacement vector D. Netravali and
Robbins  came up with an algorithm which minimizes the squared value of the DFD[16,17]



function iteratively with I using the gradient method (steepest descent method). Figure (6)
illustrates how this method approaches the true displacement vector D after a certain
number of iterations. The minimum mean squared estimate of D obtained in this fashion,
gives the updating algorithm:

where L is a gradient operator with respect to the horizontal and vertical coordinates x,y

Notice that the evaluation of DFD and L S  in the last algorithm requires an interpolationk - 1

of the luminance S  (                    ) for non-integral displacements           . Pixels in thek - 1

neighborhood of the non-integral point are used in this interpolation as shown in Figure 7
(with [D] denoting D rounded to an integer number of pel spacings.) It is interesting to
note that at each iteration we add to the old estimate a vector that is either parallel to or
opposite to the direction of the spatial gradient of image intensity. Also notice that, if the
gradient of intensity is zero, i.e., absence of edges, the algorithm will do no update.
Therefore, it is only through the occurrence of edges with different orientations in real
video scenes that converge of      to the actual displacement D is possible.

The original steepest descent algorithm of Netravali and Robbins requires multiplications
at each iteration, which is undesirable for hardware implementation. A simplified version
of this algorithm, the so called sign-only single pel steepest descent algorithm, has been
proposed.  Motivated by the work of Netravali and Robbins, several other recursive[16]

motion estimation algorithms have been developed, such as, the Newton-Raphson method,
an algorithm proposed by Cafforio & Rocca,  and the algorithm of Bergmann. A[18]

description and comparative performance analysis of all the above algorithms can be found
in Musmann et al.  A theoretical proof of the converge of the recursive algorithms to the[8]

true displacement vector and an analysis of their rate of converge is presented in
Moorhead et al.  The influence of noise on the accuracy of recursive displacement[19]

estimation has been investigated by Sabri,  and further theoretical results concerning the[20]

accuracy of iterative procedures are presented in Yamaguchi.[21]

2.3 Feature Extraction Algorithms for Motion Estimation

During the past few years there has been an increased interest in the transmission of
moving pictures at very low data rates (e.g., for video conferencing or visual telephony



using both Basic and Primary ISDN access ). The extreme economy in the[22,23,24]

representation of imagery data for successful communication at such low rates (56-64
Kbit/s and 64xN Kbits/s, where N=1,2,...,5) has necessitated some fresh approaches to
video coding. Motivated by this necessity a new class of video coding techniques,
collectively known as second-generation image coding techniques , has recently[25]

evolved. These algorithms rely on the decomposition of the image into contour and texture,
and code the two parts separately. With these algorithms emphasis is generally given to the
location of object boundaries at the expense of shading and texture information. In parallel
with feature-based coding techniques, feature-based motion estimation algorithms have
also been developed. The feature-based motion estimation algorithms (used in conjunction
with predictive coding techniques) extract edges in a first step and then use either one of
the basic motion estimation algorithms described above or some novel approaches based
upon pattern-recognition and matching methods in order to estimate the motion of the
edges. These techniques are still in the early design stage requiring very complex
computations.[8]

3. MOTION-COMPENSATED VIDEO CODING TECHNIQUES

Video coding techniques generally fall into four main categories : predictive, transform,[9]

hybrid and conditional replenishment coding. Rapid progress in the VLSI technology has
permitted the extension of these algorithms to interframe coding methods, whose merits for
bandwidth reduction have long been recognized. To further improve the efficiency of
interframe coding, research has now been focused on motion-compensated techniques.

3.1 Motion-Compensated Interframe Predictive Coding

Adaptive intra-interframe Differential Pulse Code Modulation (DPCM) is one of the most
widely used video coding schemes. An advantage of DPCM is that it can be easily built in
digital hardware for real-time implementation. Interframe predictors, in general, use a
combination of pels from the present frame as well as the previous one. While for scenes
with low details and small motion frame difference predictors performs the best, as the
motion in the scene is increased, intraframe predictors do better. New algorithms have
been developed that adapt the predictor to the nonstationary statistics of an image by
properly switching between intraframe and interframe prediction. Furthermore, a
considerable research effort has been recently focused on the field of motion-compensated
prediction. Obviously, if an estimate of moving pels is available, then more efficient
prediction can be performed using elements in the previous frame that are appropriately
displaced. Predictors with forward motion estimation generally apply block-matching
techniques to estimate the displacement of objects and transmit the displacement vector in
addition to the prediction error,  whereas predictors with backward motion estimation[14,26]

use recursive estimation techniques and need not transmit the displacement vector. Koga et



al.  have adaptively combined a block matching motion-compensated interframe[27]

predictor with intraframe (previous sample) prediction in order to achieve high efficiency
at any speed. This scheme has been developed and implemented in a practical codec. Even
though the majority of motion-compensated predictive coders employ block matching
schemes, there also exist a few high performance coders that utilize pel-recursive
techniques.[28]

3.2 Motion-Compensated Interframe Hybrid Coding

A number of state-of-the-art coding algorithms resemble the basic structure of the generic
hybrid codec with motion-compensated prediction exhibited in figure 8 (see, Jain &
Jain , IEEE Trans. on Sel. Areas in Comm., Special Issue, “Low-Bit rate of Moving[10]

Images,” vol. 5(7), Aug. 1987). The generic hybrid codec combines a DPCM scheme
along the motion-trajectory of the video sequence with a two-dimensional intraframe
transform coder. The prediction value Ö takes into account a displacement estimate      that
is obtained by one of the standard motion estimation techniques by an analysis of the
signal S (in the majority of practical codecs, a block matching algorithm is used). Since S
is not available at the receiver,     has to be transmitted. The prediction error e is further
encoded by the intraframe transform coder that eliminates spatially redundant information
from the signal e. At the receiver, an intraframe transform decoder generates the
reconstructed prediction error e’, which differs from e by some transform coding error.
The transmitter contains a replication of the receiver in order to be able to generate the
same prediction value Ö as the receiver.

It has been shown that a combination of motion-compensated interframe prediction and a
two-dimensional Discrete Cosine Transform (DCT), is highly efficient.  The CCITT[29]

Study Group XV (the Video Coding Specialist Group) is in the final stage of adopting a
worldwide standard specification for codecs operating at bit rates 384xN Kbits/s and at
64xN Kbits/s, where N=1,2,3,4, or 5. The standard under consideration is a hybrid coding
scheme of conditional replenishment using motion-compensated prediction, followed by
discrete cosine transform (DCT) coding and/or vector quantization. Srinivasan and Rao[15]

have reported some promising results of simulation for another hybrid codec based on the
one-at-a-time search and the C-matrix transform (an approximation to the DCT transform),
while, Strobach  has recently introduced yet another hybrid adaptive scheme that[30]

attempts to optimize both the motion estimation and coding jointly. This last coder
combines a DPCM structure for coding in the temporal direction and an adaptive
quadtree-based scheme for coding the prediction error signal.



Image entropy coding is sometimes used in conjunction with either transform or predictive
coding techniques.  Koga et al.  reported some promising improvements that could be[3l,32]   [27]

obtained by using Markovian entropy codes in adaptive interframe-intraframe predictive
coding with motion compensation.

3.3 Interpolative Coding Techniques

A considerable reduction of the data rate can be obtained when frames are skipped at the
transmitter and then interpolated at the receiver. However, these techniques run into
difficulties if there is motion in the scene. Moving objects become blurred by normal linear
interpolation. However, some experimental results show promise that the blur can be
reduced by motion-adaptive frame interpolation. The underlying principle of motion-
adaptive interpolation is illustrated in Figure (8). Lippman  proposed a motion-adaptive[33]

frame interpolation scheme for reducing the bit rate of an airborne television camera. A
variation of the pel-recursive motion compensation technique of Cafforio and Rocca has
been used for motion compensated interpolation and some promising experimental results
of this scheme have been shown in Cafforio et al.[34]

3.4 Motion-Compensated Color Video Image Coding

Motion compensation of color video signals can be performed either on component or
composite signals. In the case of components, the motion estimation is usually based on
the luminance component and then the same estimate is also used for the chrominance
components. A DPCM codec with a variable stage motion search based on the luminance
component and using a block matching algorithm was recently applied with very good
results  to a test sequence provided by NASA. For composite video signals, the problem[40]

of displacement estimation is complicated by the phase relationship of different samples.
Two promising approaches are : a) to treat samples of the composite signal of each[16]

phase separately and independently, and b) to derive an approximation of the luminance
component of the signal by locally averaging the composite samples and using it for
motion estimation. However, due to the poorer quality of displacement estimation, motion
compensation in the composite-signal-domain is not as efficient as motion compensation in
the component-domain .[37]

4. MOTION-COMPENSATED CODECS: REAL TIME IMPLEMENTATIONS

From the motion-compensated interframe coding techniques, which were first developed
for use in videoconferencing, the ones based on the block-matching search method have
long been implemented in commercial products . Nowadays, motion-compensation[13,31]

emerges as an efficient technique for improving the performance of video codecs for
transmission over bandwidth restricted channels. It is used in such diverse fields as HDTV



(the MUSE system developed by NHK employs a motion-compensated interframe
interpolation algorithm), videoconferencing (in the emerging CCITT H.261 standard, also
known as, Px64), and visual telephony . Motion compensated schemes have not as yet[22,24]

found applications in the stringent environment of the telemetry channel mainly because of
the nature of the telemetry video signal which, generally, exhibits such rapid motion from
frame to frame that the current technology employed for motion compensated techniques
cannot handle. However, the performance of motion-compensated techniques is expected
to increase dramatically in the next few years with the availability of a new generation of
fast signal processors (suitable for video coding), transputers, parallel processors, linear
and quadratic systolic arrays, etc. At the same time, advances in VLSI design allow the
development of ASIC devices performing motion-compensation at a vary affordable cost.

A number of video processors capable of performing real-time motion-compensated
coding already exists in the market. For example, in January 1990, Compression Labs,
Inc., introduced the Rembrandt II codec line for videoconferencing. This codec line can
support up to four video compression algorithms, including the emerging CCITT H.261
video compression standard, also known as Px64. C-Cube Microsystems, Inc., announced
in February 1990, the CL550 single chip image processor that allows real-time video
compression at rates in excess of 0:1. Four CL550s are deemed powerful enough to
process HDTV video in real time. This chip adheres to the recently adopted CCITT/ISO
JPEG standard scheme for multimedia still image compression.

From the area of single chip implementation of motion compensation schemes, we could
mention the STV3220 motion estimation chip by SCS-Thomson Microelectronics; it
performs real time full search block matching for 8x8, 8x16 and 16x16 pixel block sizes in
a search area with maximum assumed displacement of 15 pixels at pixel rates up to 18
Mhz (see “Advanced Imaging,” Febr. 1990). Another product is the LT2000 TV standard
system converter developed by Oki Electric for conversion among NTSC, PAL and
SECAM (see J. of Electr. Eng., Supplement issue 1990). Due to the different number of
lines in different standards, unnatural motion and jerkiness develops during the conversion
process. The Oki converter employs a gradient pel-recursive motion estimator to detect
motion vectors and correct the distortion using motion-compensated interpolation methods.

5. CONCLUSION

Motion estimation can provide reasonable improvements to interframe coding. Low
bit-rate coding of moving images could combine most of the above described compression
techniques, along with preprocessing (spatial sub-sampling and frame skipping) and
postprocessing (frame insertion and spatial interpolation) techniques. In addition to all of
these, image entropy coding could be used to further improve the performance of video
codecs.



Although, motion estimation algorithms require intensive computations, advances in the
VLSI technology and the availability of fast general purpose digital signal processors and
dedicated video processors have brought us closer to the real-time implementation of
sophisticated motion-compensated codecs. Many of the recent technological advances are
expected to show up soon in the telemetry system . It is our belief that motion-[38]

compensated video coding will be an integral part of the now emerging, fully integrated,
digital telemetry system.
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Figure (1): Block Matching Method: Figure (2): Illustration of 2D-logarithmic
Geometry of the search area for the search procedure. The approximated
computation of the Frame Difference displacement vectors (0,2), (0,4), (2,4),
Function. A: an mxn block in the previous
frame, located at position (i,j). B: the
displaced block in the current frame,
located at position (i+kj+l). D: the
displacement vector (k,l).

(2,5), (2,6) are found in five steps. A
maximum displacement of six pels is
assumed. (from Musmann et al.[8]



Figure (3): Illustration of the three step Figure (4): Illustration of a simplified
procedure. The approximate displacement conjugate direction search method. The
vectors (3,3), (3,5), and (2,6) are found in estimated displacement vectors (2,6 is
three steps. (from Musmann et al. found in step nine. (from Musmann et[[8]

al.[8]

Figure (5): Required number of
search points and sequential steps for
the three main block-matching search
procedures and a search area
corresponding to a maximum
displacement of six pels from frame to
frame. The total number of search
points is Q=169. (from Musmann et
al )[8]



Figure (6): Illustration of Steepest Figure(7): Recursive Motion Estimation.
Descent procedure used in recursive Displacement estimate     is updated at
motion estimation. The update term at pel a. Gradient of intensity L  is
eatch iteration is proportional to the obtained by using intensities at pels
gradient L   (DFD (x, y,    )) . (Netravali b,c,d,e,f in the field (j-2). (From Netravalik       k

2

& Haskel ). & Haskel  )[16]

k-1

vb ( v -       k t - J)

[16]

Figure (8): Generic model of a Hybrid Codec.



Figure (9): Illustration of linear and motion-
adaptive frame interpolation. (From Musmann
et al. ).[8]

 


