Comparative Study of Partial Closed-loop Versus Open-loop
Motion Estimation for Coding of HDTV

Jeffrey S. McVeighand Siu-Wai Wé

1carnegie Mellon University 2AT&T Bell Laboratories
Department of Electrical and Computer Engineering 600 Mountain Ave.
5000 Forbes Ave. Murray Hill, NJ 07974

Pittsburgh, PA 15213

ABSTRACT reconstructed images. However, the choice of reference

. o ) ) . images for the motion estimation process is not as
Motion estimation is a vital function of video coders thatstraightforward.

utilize motion compensated prediction to exploit the temporal

redundancy of video signals. The reference images used here are two obvious choices for the reference images to be
the motion estimation process can be either original imageassed in the motion estimation process: the original images or
(open-loop architecture) or reconstructed images (closedhe reconstructed images. For a given input image block, the
loop architecture). While the closed-loop architecture igoal of motion estimation is to find the motion vector which
intuitively superior to the open-loop architecture, closed-loopgninimizes the cost of encoding the block. This cost is usually
motion estimation is more difficult to implement in a real-measured as the distortion between the input block and the
time video encoder. A compromise is to perform open-loggorresponding block displaced by the motion vector in the
integer-pel accurate motion estimation followed by closedreference image. Since reconstructed images are used as
loop half-pel accurate estimation. In this paper we presenttgferences in the prediction process, the closed-loop
comparative study of the performance of half-pel closed-loogrchitecture is intuitively superior to the open-loop motion
versus open-loop motion estimation for coding of Highestimation architecture. However, a real-time encoder with
Definition Television with the MPEG algorithm. Simulation closed-loop motion estimation is more difficult to implement
results indicate that, on average, closed-loop half-pehan one with an open-loop architecture. Therefore one must
accurate motion estimation provides slightly betterconsider the trade-off between performance and the
performance. This improvement depends on the bit rate of t@mplexity in the selection of a motion estimation scheme. A
coded video stream. For relatively high bit rates, the closedompromise between entirely open-loop and closed-loop
loop implementation often provides no improvement andmplementations would be to perform part of the estimation
sometimes an actual degradation of performance. Analysis Bgsed on the original images and the remainder on
why a closed-loop implementation does not guarantee gconstructed images. A possible example of this

better performance is presented. compromise, termed half-pel closed-loop motion estimation,
entails open-loop coarse (full-pel accurate) motion estimation

1. INTRODUCTION followed by closed-loop fine (half-pel accurate) motion
estimation.

Motion estimation is a necessary but computationally

intensive process of motion compensated predictive codert! this paper we present a comparative study of the
An important application of motion estimation is found in theperformance of closed-loop versus open-loop motion
Motion Picture Expert Group (MPEG) standard whichestimation for coding High Definition Television (HDTV)
employs block-based motion compensation to predict awith the MPEG-2 algorithm. For practical considerations, our

input frame from one or more pre\/ious|y coded frames [1, 3FtUdy is focused on the process of estimating the fractional
) ) ) parts of the motion vectors, assuming that the integer part is

A typ|cal M_PEG compatible e_:ncoder consists of thealways performed in the open-loop fashion.

following basic processes: 1). estimate motion vectors for the

current input frame from one or more reference images, 22  MOTION ESTIMATION

perform motion compensated prediction with the motion

vectors and previously reconstructed images, 3). generate aRtPck-based motion estimation proceeds by initially
encode the prediction error signal, and 4). reconstruct thgectioning the input image into equally sized blocks, called
frame from the encoded error signal, motion vectors angnacroblocks in MPEG jargon. A search technique is then
decoded reference frames. To avoid error accumulation at téployed to find a displacement vector, or motion vector,
decoder, motion compensation must operate on the&hich minimizes a pre-defined distortion function between



the current macroblock and the displaced macroblock in theomplete the prediction loop, the dequantized and inverse
reference image. Common distortion functions are positivdransformed error signal is added to the motion compensated
non-decreasing functions of the difference between thprediction to reconstruct a coded image which is stored in
luminance components of the original macroblock and th&rame Buffer 2.

predicted macroblock, for example, the mean absolute error : . . .

n a real-time encoder we wish to estimate motion vectors for
(MAE) and the mean squared error (MSE). . . ) )

a current input frame in parallel with the rest of the encoding
The minimum distortion block is searched for over a preoperations. An implementation can be envisioned which
specified search area. If an exhaustive search is performgekrforms closed-loop motion estimation in parallel with the
i.e. each location within the search area is examined, the pather operations by encoding and reconstructing an image
pel complexity of estimating motion vectors will be block as soon as the motion vector for the block is available.

O([2h+1][2v + 1]) , where the search ranges covens  The resulting new reference frame can be stored in Frame

horizontal times+v vertical locations. Constrained searcfuffer 2 with a double-buffering scheme. This set-up
techniques exist, such as logarithmic, cojugate direction, arlleviates the need to wait until all motion vectors are
hierarchical, which attempt to reduce the amount of@lculated for an image before beginning the rest of the
computations compared with an exhaustive search b§ncoding operations. However, the processing of such a
limiting the number of locations examined. These techniqueg/osed-loop implementation must be fast enough to ensure
compromise the coder's performance for a reduction ishat the reconstructed image is available within one frame
complexity of motion estimation. Since all locations within Period, for use in the next frame’s motion estimation. Also,
the search area are not examined, the minimum distortigh? @dditional frame buffer capable of storing one complete
block can not be guaranteed. frame is required.

Although pels are located at integer locations over the imag® Simpler implementation, which also performs the motion
through interpolation. We shall consider half-pel accuratéS the open-loop motion estimation structure. The motion
motion estimates where bilinear interpolation is used t&stimation for the current frame proceeds while the previous
estimate the non-integer pel location values. A form oframe is being encoded and reconstructed. The drawbacks of
hierarchical searching is usually performed, where full-peHSing an open-loop implementation are the added frame
motion estimation is followed by half-pel accurate motionbuffer required to store the original reference images and the
estimation. This technique is utilized to provide half-pelPOssible degradation in performance as compared to a closed-
accurate motion vectors without requiring each half-pel0op implementation. The half-pel closed-loop architecture

location within the search area to be examined [2]. attempts to maintain low hardware complexity while
) ) hopefully providing performance better than the completely
A basic block diagram of an MPEG encoder capable Otf.)pen-loop structure.

performing both open and closed loop motion estimation is
shown in Fig. 1. While the MPEG standard provides for both
intraframe and interframe coding, only predictively coded
frames will be considered in this paper.

u + e transmit

The encoding process begins with motion estimation. If the peT Q Vie
current input frame is tagged as a forward predicted frame (P o1
frame) a previous reference frame is used. On the other hand, i
if the current frame is to be bidirectionally predicted (B +
frame), both previous and future reference frames are used in IDCT
the motion estimation. The reference frames stored in Frame ,

. u Frame
Buffers 1 or 2 are used for open or closed-loop motion MC Buffer 2 _ ,

. . . . DCT: Discrete Cosine Transform
estimation, respectively. The motion vectors are losslessly mv‘ IDCT: inverse DCT
encoded and are sent to the decoder. Motion compensation Q: quantization

. . . . M Q-1: inverse quantization
uses these motion vectors to predict the current input image MC: motion compensation
from the reconstructed reference frames stored in Frame — \'\;'LEC motiprglesltimatt?n g

. . . : o variapble-len encoaer
Buffer 2. The predicted image is then subtracted from the Buffer 1 4 original imageg
original image to form the error signal. The Discrete Cosine u’: predicted image
T f DCT) i lied hi . | d open/closed loop e: error signal
ransform ( ) is applied on this error signal to reduce mv- motion vectors

spatial redundancy. The DCT coefficients are quantized and

. . Fi 1. MPEG Encoder Block Di ith Closed-|
variable-length encoded for transmission to the decoder. To gure neocer ek Jiagram Wi osed-laop

and/or Open-loop Motion Estimation



3. RESULTS AND ANALYSIS

Three separatel280x 720 HDTV test sequences were
encoded with the MPEG-2 algorithm using both open-loop
and half-pel closed-loop motion estimation. The motion 2%
estimates were calculated for standard luminance
macroblocks of sizd6x 16 pels. Full-pel accurate motion
estimation was followed by half-pel accurate estimation.
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Figure 1. YSNR of raft sequence after quantization for open and

where u(i,j) denotes the current input luminance half-pel closed-loop motion estimation

macroblock under consideration adf + p, j +Qq) denotes
the displaced reference image block. The components of the . .. . -

motion vector are the values of p and g which minimize (EQ,_, BeforeQ
1). For bidirectional frames, motion vectors were estimated e
independently in both forward and backward directions. The
bidirectional estimate was then obtained by averaging the®”
forward and backward predicted macroblocks. The *®
prediction type decision, i.e. forward, backward, ™~
bidirectional, or intra, was based on the minimum MSE soo
between the original image and the reconstructed reference

images. 40.00

Performance comparisons were obtained by calculating thee®
peak signal-to-noise ratio of the reconstructed luminanceroo
images, 10,00

(EQ 2)
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whereo? equals the mean squared prediction error. YSNR
values were calculated and compared before and after
guantization to observe the effect of quantization on the ] ] ) o
performance relationship between the different motiorfStimation, given by (EQ 3), is depicted in Fig. 3, before and
estimation schemes. Per-macroblock prediction errors we@fter guantization.

?Azgr%%ﬁgzirgggg.evaluate performance gain on an individual gain = YSNRoseq— YSNRper (EQ 3)

Figure 2. Raft sequence: half-pel closed-loop motion
estimation gain, before and after quantization (Q)

i i On average, half-pel closed-loop motion estimation provides
In the first experiment, 90 frames of the raft sequences wejg,iior performance than the open-loop implementation, with

coded. The spacing between coded frames was specified §ater gain observed prior to quantization. The performance
30 frames between intra-coded imagéé £ 30 ) and $pss from quantization is most likely due to the fact that
frames between forward predicted imagés € 5 ). Theyuantization has an equalizing effect on the SNR’s through
remaining frames were bidirectionally predicted. Thethe introduction of errors. Since the motion estimation
sequence was coded at a target bit rate of 17 Mbits/sec. Thgocedure minimizes the specified distortion function, the
YSNR'’s after quantization for both open and half-pel C|Osedprediction error energy may be less with the closed-loop
loop motion estimation are shown in Fig. 2. implementation, but the entropy may increase; hence, coarser
nquantization would need to be performed to maintain the

The gain of closed-loop over open-loop half-pel motio X ;
desired bit rate.



While the closed-loop implementation usually providesslightly better performance than the open-loop
better performance, the gain is marginal with a maximunimplementation, with the pre-quantization gain being greater
increase in YSNR of 0.11 dB before quantization and 0.08 dBian the gain after quantization. The amount of gain for the
after quantization. Upon viewing the reconstructed images, éncoded sequence with a bit rate of 17 Mbits/sec is similar to
was extremely difficult to perceive any difference in qualitythat obtained for the raft sequence. The gain is a function of
between video coded with the two motion estimationthe bit rate of the sequence, with lower bit rates achieving
architectures.  Although the half-pel  closed-loopgreater gain. Needless to say, as the bit rate decreases so does
implementation provides a better YSNR for most frames, athe overall YSNR of the encoded sequence.

actual degradation in _performance (negatlve_ gain) ISrhe dependence of the gain on the bit rate of the sequence is
observed for some frames. The causes of this counter

intuitive result will be analyzed in detail subsequentl due to the fact that for high bit rates the original and
y q y: reconstructed images bear little difference. Therefore, little or

To observe the relationship between target bit rate and thre gain is obtained by using the reconstructed images for the
performance gain of using half-pel closed-loop motionmotion estimation procedure. However, as the bit rate
estimation over open-loop estimation, thirty frames of thelecreases the quality of the reconstructed images suffers and
sequence bulls were encoded at 3, 10, and 17 Mbits/sec witfe reconstructed images often differ greatly from the original
N = 30 andM = 3. The results are shown in Fig. 4. images. A closed-loop structure can more effectively handle

. . . ., the image degradations of low bit rate sequences.
Once again the half-pel closed-loop implementation provides

In an attempt to understand why half-pel closed-loop motion

VENR 0B x 102 estimation provides only a slight gain, and sometimes even a
b loss in performance, the macroblock prediction errors were
o A FMbitsssT examined for 15 frames of the tulips sequence coded at 17
40000 RV Mbits/sec withN = 30 andM = 3 . The gain experienced
35000 B per frame before and after quantization is shown in Fig. 5a.

Here, the gain prior to quantization is comparable to that
obtained for the two previous sequences. However, after
‘ L quantization the gain is actually negative for all frames except
20000 for the first, intra coded, frame (Frame 0).
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Figure 5b plots the per-macroblock gain, in dB, of the
prediction error before quantization for the half-pel closed-
loop implementation over the open-loop architecture. For
intra-coded macroblocks, the variance of the original pixels
000 —f | within the macroblock are used in the computation of the

Frame

100.00

50.00

000 00 deto S0, 2000 200 S0k gain. The resolution of the images wb280x 720 , which
results in 3600 macroblocks per image. The first 3600

YSNR, 0B x 103 macroblocks are from Frame 9, followed by the 3600
45000 ; v macroblocks from Frame 10, and so on. The prediction types
40000 B! e were P, B, B, and P for frames 9, 10, 11, and 12, respectively.

Approximately half of the prediction errors for the open-loop
: estimation are less than the half-pel closed-loop values. This
30000 validates the per-frame results which showed only minimal
/ ‘ gain for the closed-loop structure. Since the prediction error
is defined as the difference between original and
o ._ reconstructed images, it would appear that a smaller
150,00 ‘3 macroblock prediction error would be produced using the
{ " reconstructed reference frames than using original reference
images. Unfortunately, the results of Fig. 5b indicate that this
is not always the case. Four distinct causes of why the half-
ad pel closed-loop estimation does not guarantee a better
Frame performance were examined.

350.00
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200.00

0.00 5.00 10.00 15.00 20.00 25.00 30.00

The first and most obvious reason deals with the discrepancy
Figure 3. Gain for bulls sequence at varying bit rates: (a). beforein the distortion functions used in the motion estimation
quantization, (b). after quantization



process and the performance measure. While the motionacroblock and a predefined threshold, the macroblock is
vectors are selected on the basis of the minimum MAE, thimtra-coded. A scenario may exist, given by (EQ4), where
macroblock type decision and the calculation of gain arbéoth closed-loop error and open-loop error are greater than
based on the MSE criteria. A probability exists such that théhe variance but the threshold lies in between the two
half-pel motion estimation selects a block which has a loweprediction error values.

MAE value but a greater MSE value. The performance,
measured by the MSE, would then be degraded for the
closed-loop procedure. This can be avoided if all operationi

. : . Assuming that the cost of encoding an intra-coded
and performance evaluations use the same distortion . . - .
measure macroblock is measured by the variance of the original pixels

in the macroblock while that of encoding a nonintra-coded
Secondly, the open-loop prediction error may be less than timeacroblock is measured by the mean squared prediction
closed-loop error when macroblocks are selected to be intrafror, the condition in (EQ 4) leads to the following
coded within a predictively encoded frame. In a typicalrelationship.
MPEG encoder, such as the one used in our experiments, if
the motion compensated prediction error of a macroblock is (EQS)
greater than both the variance of the original pixels in th%v

errory,en> threshold> errog,seq> variance (gq g)

here Costoseq andCost,,., are the costs of coding the
macroblock when closed-loop and open-loop motion

YSNR, 0B x 10°3 — estimations are employed, respectively. In this case, the
oo A ECTa prediction error is smaller for the closed-loop implementation
1:23 — A but the macroblock type decision results in a higher cost for
. [V U] coding the macroblock.
7000 — \\ / \\ / \\/ Using a non-eghaustive. search for the bidirectional estimate
60.00 ] Y for B frames is the third reason why closed-loop motion
5000 ] estimation does not guarantee a performance gain. A
000 J bidirectionally estimated block obtained from open-loop
000 ] motion estimation may produce a lower prediction error,
jzz ] even though the prediction error is greater for the individual
' forward and backward prediction blocks. Gain can be ensured
lzz only if the bidirectionally predicted macroblock selected by
oo the open-loop estimation is also examined by the closed-loop
000 procedure. This macroblock will be examined if both open
o0 oo 000 ooy ™ and closed-loop motion estimation are performed or if the
a. search for the bidirectional estimate is exhaustive. An
S exhaustive half-pel accurate search entails finding the
1000 minimum distortion block over 81 locations (9 locations for
oo each forward and backward reference images).
o0 The final cause of possible degraded performance for closed-
2:22 : s iimH| B A T loop motion estimation deals with the reference images used
Yoo I A N TN in the motion compensated prediction process. Due to the fact
o that the predictive encoder possesses memory, the
-L00 — Iy reconstructed reference images in the two implementations
o0 L A L A 1 are not necessarily identical. This mismatch in the
st ‘ reconstructed reference images is the result of the half-pel
0o motion estimation coupled with variations between quantizer
800 step sizes imposed by the rate control mechanism. Therefore,
oo the motion compensated prediction for the closed-loop and
e s a0 open-loop cases do not operate on identical reference images,
00 500 b. 1000 1800 hence it is possible for the open-loop architecture to yield

better performance for some macroblocks.
Figure 3. Tulips sequence: (a). gain, per frame, before and )
after quantization, (b). macroblock gain for half-pel closed-  The influence of each of the above factors on the performance

loop over open-loop motion estimation for frames 9-12. of closed-loop estimation was examined by removing the
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Figure 3. Performance gain for tulips sequence before
quantization. Trial 0: standard half-pel closed-loop motion
estimation, Trial 1: MSE distortion function used and intra
threshold set to zero, Trial 2: half-pel closed loop ME on B-
frames only, open-loop ME performed on P frames, Trial 3:
exhaustive half-pel closed-loop bidirectional search, Trial 4:
combination of Trials 1-3.

described discrepancies and re-encoding the tulips sequence.

closed-loop architecture. Cases were observed where the
encoding process actually caused frames with gain before
quantization to result in a loss of performance. This was

attributed to the fact that the motion estimation procedure

attempts to minimize the prediction error energy, which may

or may not decrease the entropy of the DCT coefficients.

While the half-pel closed-loop estimation usually produced a
performance gain, any gain observed was marginal and for a
few cases the prediction error actually increased. A
performance gain for the closed-loop implementation could
not be guaranteed for the following reasons: 1). different
distortion functions used in motion estimation and
performance evaluation, 2). the use of a threshold value for
intra/nonintra macroblock type decision, 3). non-exhaustive
bidirectional search, and 4). differing reference images used
in the prediction process for closed-loop and open-loop cases.

For a bit rate of 17 Mbits/sec, the gain experienced after
quantization for the three sequences examined was always
less than one-tenth of a dB. Since the gain of using a half-pel
closed-loop architecture was shown to be quantitatively and
subjectively insignificant, we suggest that system designers
may chose the architecture which vyields a smaller
implementation complexity subject to the design
specification of the encoder.
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estimation provided slightly better performance tha

n

completely open-loop estimation. The gain in performance
was shown to depend on the bit rate of the video sequence,
with lower bit rates yielding larger gain. Since the
reconstructed images closely resemble the original images
for high bit rates, little or no advantage is attained by using a
closed-loop motion estimation architecture. The encoding of
the prediction errors diminished the gain obtained with a



