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Abstract— In this paper, three technical elements that to-
gether implement trick-play modes of digital VCR, for ATV
recording are proposed: a data arrangement format, a trick-
play tracking algorithm, and a coefficient extraction algo-
rithm. First, an efficient tape format is carefully designed
for fast forward and reverse playbacks at various speeds.
It can accommodate two pickup head configurations. The
success of this format relies on a reliable trick-play tracking
scheme. This tracking scheme is capable of automatically
driving the pickup heads to trace the correct trajectory in
typically less than 350ms. Lastly, an adaptive coefficient ex-
traction algorithm is presented, which produces fairly good
quality trick-play images under severe bit limitation. A re-
lated issue is to choose a balanced bit budget that provides a
good comprise between picture spatial quality and temporal
quality. Simulations at a video recording bit rate of 25Mb/s
have been conducted to demonstrate the effectiveness of our
proposed system.

I. INTRODUCTION

To match the functions of the traditional analog VCR,
trick-play or shuttle mode operation is considered to be an
essential feature of the all-digital VCR (DVCR). The trick-
play mode in a traditional VCR is implemented by simply
increasing the tape feeding speed to the desired trick-play
speed. Consequently, the pickup head traverses several
tracks on the tape and reads in a portion of data stored
on each track. However, the picked-up signals from dif-
ferent tracks still form a complete picture field with minor
defect caused by the border between two nearby tracks. Al-
though the displayed picture is a concatenation of several
non-overlapped segments from different pictures (tracks),
the image quality appears to be acceptable when the trick-
play speed is not very high. The key reason that makes the
above operation working in the analog VCR is that each
picture field is recorded evenly on one track.

Unlike traditional VCR, the huge amount of the uncom-
pressed digital video data excludes the possibility of record-
ing them directly on a 1/4 in tape using a low-cost home-
use machine. Fortunately, the mature video compression
techniques such as MPEG-1 {1} and MPEG-2 [2] make it
possible to reduce data rate drastically without noticeable
picture quality degradation. Playing time of compressed
video on an ordinary tape can go beyond two hours. One
significant drawback of the compressed digital data is its
uneven bits distribution varying drastically from one part
of an image to the other part. The bit rate changes also
significantly from picture to picture for an MPEG-like com-
pression technique. In addition, the reconstruction of a
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certain picture frame may rely on the (decoded) previous
(and/or next) pictures. Only the intra-coded pictures can
be independently decompressed. This side effect of video
compression makes it difficult to produce reasonable video
quality in trick playback without a carefully designed tape
format and data allocation scheme.

Recently, the draft specification [3] of Advanced Televi-
sion (ATV) has been submitted for approval for the High
Definition Television (HDTV) standard in the United States.
The ATV video compression syntax conforms to the MPEG-
2 standard at a nominal data rate of approximately 18.4
Mbps. Together with Dolby AC-3 audio compression at a
nominal data rate of 384 Kbps, video and audio data are
multiplexed and packetized into fixed length packets with
description headers. Each packet consists of 188 bytes in-
cluding a 4-byte link header. In total, a 19.2 Mbps bit
stream is used to deliver one ATV program. In order to
increase compression efficiency and picture quality, both
the predictive (P-frame) and the bi-directional predictive
(B-frame) coded pictures are included in the proposed stan-
dard. These pictures are the so-called inter-coded frames
and can not be decoded independently; therefore, they can
not be used for trick play.

Along with the development of digital television com-
pression, digital video recording technology also proceeds
in parallel toward higher density. Three types of digital
video recording systems have been developed and speci-
fied, namely, CCIR 601 pictures at 25 Mbps, HDTYV reso-
lution pictures at 50 Mbps, and (American) ATV coded bit
streamn at 25 Mbps [4]. The bit rate reduction algorithms
in the first two systems contain only the intra-coded pic-
tures. Since the picture size of ATV is about 6 times larger
than that of the CCIR 601 pictures, it is believed that the
inter-frame coding techniques must be fully used to achieve
good image quality at a bit rate of 19.2 Mbps. However,
because the lengths of the non-intra coded pictures vary
drastically, it is difficult to implement the trick-play modes
for this type of highly compressed video data [5] —[6].

This paper is organized as follows. The basic operations
of an ATV DVCR system and the problems we need to
solve are described in Section II. Due to the limitation of
usable data rate for trick play, it is not efficient to sim-
ply duplicate the same data on several locations of which
only one can be accessed at one time. To implement an
efficient trick-play system, three elements are proposed in
this paper. First in Section III, we suggest a tape format
which allows us to record the duplicated data only once un-

0098 3063/95 $04.00 © 1995 IEEE



1160

Tape feeding direction
@Bpeennonnocnnrornoornionn

\ \

Fig. 1: Trick play scanning path.

der the assumption that the pickup heads can be precisely
controlled to trace the data. Hence, a two-stage data path
tracking algorithm is developed in Section IV. Motivated
by the concept of phased-locked loop, this tracking method
can trace and lock into the correct data path within a very
short amount of time. Third, the limited data rate avail-
able for trick play should be utilized efficiently so that the
reconstructed video has the best possible quality. An adap-
tive coefficient extraction scheme is therefore presented in
Section V. It selects the DC component and a portion of
the AC components from the intra-coded data based on a
picture-dependent threshold. Simulation results in Section
VI indicate that the trick-play video quality produced by
our system is quite acceptable.

II. HiGH SPEED PLAYBACK OPERATION
IN DigitaL VCR

Figure 1 illustrates the scanning paths or trajectories of the
pickup heads in the high speed playback mode. The regu-
lar track pattern (parallel tracks in Figure 1) is generated
by the normal speed recording. Typically, adjacent tracks
are recorded in opposite magnetic polarization to prevent
interference between tracks. The shading area shows an
example of the tape area used to store the trick-play data.
It is clear that the trick-play data should be placed on the
high speed trajectories so that they can be retrieved during
high speed playback.

Because the inter-coded data length is irregular in an
ATV compressed bit stream, the independently decodable
data are randomly scattered on the tape tracks. It is very
difficult to pick up the decodable data for trick-play use
directly from the normal playback data tracks. A feasible
approach is to replicate some of independently coded data
and place them on the high speed playback paths. In our
scheme, the trick-play data are located in zone 1. In this
arrangement, if the pickup head falls in zone 2, no trick-
play data can be retrieved as illustrated by the arrow line
in Figure 1. Therefore, we need to investigate the data
path tracking problem.

At the beginning of running the trick-play mode, there
is a transient period in which the tape feeding speed is
increased from the normal speed to the desired trick-play
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speed. If the pickup head falls in zone 1 when the tape
speed reaches the desired speed, the trick-play data would
be completely recovered. Otherwise, no trick-play data
would be retrieved. Trick play tracking algorithm described
in Section IV assures that the pickup head would stay in
zone 1 and the tape feeding speed is maintained at a stable,
desired speed after a short transient period.

In ATV recording, the original ATV transport bit stream
is recorded for normal playback. In addition, the trick-play
data are extracted from the ATV transport bit stream,
packetized and stored in the specific areas (zone 1) on
the tape for trick-play modes. Figure 2 is the block dia-
gram showing the operations of an ATV recording system.
In the trick-play data extraction process, it is desired to
have fewer decoding and/or encoding procedures to reduce
hardware complexity. It is often suggested that only the
DCT coefficients of I-frames are extracted because they can
be decoded independently. Since the DC components are
most important among all the DCT coeflicients, they are
always extracted and replicated on the trick-play trajecto-
ries. However, to improve the recovered image quality in
trick-play, we manage bit budget in such a way (Section
VI) that a portion of AC coefficients can also be inc¢luded.

I1I. TaPE RECORDING FORMAT

A carefully designed tape format which satisfies the spec-
ification of consumer-use digital VCR [4, 6] is proposed
here. To provide versatile services to VCR users, it sup-
ports three different trick-play speeds: 3x, 9x, and 27x
at both forward and reverse directions. To accommodate
different magnetic head configurations of a two-head scan-
ner, one more trick-play trajectory is placed to satisfy the
two cases where the two heads are located side-by-side or
they are diametrically opposite in 180 degree. Our data
allocation conforms to the aforementioned 25 Mbps space
limitation for consumer-use digital VCR. Figures 3 to 5 are
the data distribution patterns for the 3x, 9x, and 27x for-
ward and reverse trick-play modes. The slant pattern of
real tracks is tilted to upright here for easy graphical draw-
ing. The trick-play data are located in the sync-blocks. A
sync-block is composed of 2 bytes sync-word, 3 bytes iden-
tification code, 77 bytes data payload and 8 bytes parity
check code. These sync-blocks are marked with different
mosaic textures to indicate their usage. One point we like
to make here is that most sync-blocks in the 3x mode can
be shared by both forward play and reverse play to save
space. Unfortunately, the overlapped areas for the other
two (9x and 27x) trick-play modes are much smaller, and
hence data sharing is not worth considering.

The tables included in these figures describe the exact
locations of the sync-blocks allocated to a particular trick-
play speed. Because of periodicity, only one period is shown
in each table. For example, in the forward 3x playback
mode (Figure 3), head A picks up sync-blocks 26 to 53 on
the Oth track, and head B picks up sync-blocks 21 to 40 on
the 1st track (solid line, side-by-side head configuration)
or on the 3rd track (dotted line, opposite head configu-
ration), depending on the heads geometric configurations.
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Fig. 2: Block diagram for ATV recording.
In reverse play, on the other hand, head A picks up sync-
blocks 26 to 45 on the 6th track and blocks 114 to 117 on SB 5 15 25 35 45

the 4th track, head B picks up sync-blocks 21 to 40 on the
7th track and blocks 109 to 112 on the 5th track (solid line,
side-by-side head configuration), or sync-blocks 21 to 40 on
the 3rd track and blocks 109 to 112 on the 1st track (dot-
ted line, opposite head configuration), depending on the
two-head configurations. In each play direction, 48 blocks
are retrieved for every 6 tracks (one scan at 3x fast play-
back). One may notice that, many assigned blocks (26-45,
21-40) in 3x play speed are shared by the forward and
the backward playback modes. Therefore, in total, only
80 sync-blocks per 6 tracks are allocated to 3x trick-play
mode for both forward and reverse directions and for two
different types of head configurations. On the average, 13.3
sync-blocks per track are reserved for the 3x trick-play.

The other two figures can be interpreted similarly. In
these two cases, 12 and 4 sync-blocks per track, on the
average, are allocated to the 9x and the 27x trick-play
modes, respectively. In the digital VCR’s specifications
[4], 135 sync-blocks per track are allocated for recording
data. After subtracting the sync-blocks of all the trick-
play modes, around 105 sync-blocks per track are available
to store the normal play signal — the ATV input transport
bit-stream. Since the pickup heads data scanning rate is
about 300 tracks per second, there is enough room to store
the 19.4 Mbs normal play data. One factor that compli-
cates somewhat the format design is that the sync blocks
corresponding to different speeds can not overlap. Also, we
prefer to distribute these trick-play data blocks as evenly
as possible so that the tracking algorithm described in the
next section could be more reliable.

IV. Trick-PLAYy TRACKING METHODS

Because the trick-play data are distributed only on the
assigned scanning trajectories, it is necessary to keep the
pickup heads precisely on these trajectories so that they
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Fig. 3: Sync-block allocation for 3x trick-play.
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Fig. 5: Sync-block allocation for 27x trick-play.

could retrieve all the corresponding trick-play data. With-
out loss of generality, the 3x forward trick-play track struc-
ture shown in Figure 6 is used as an example to illustrate
our tracking algorithm. As described earlier, each track
is segmented into a number of blocks, called sync-blocks.
Each sync-block consists of a sync word, an identification
code and a data area [4]. The identification code can be
assigned during recording to assist in tracking or recogniz-
ing data during playback. In our proposal, one distinct
identification code is assigned to each mode that specifies
a particular trick-play speed and direction.

Figure 7 is the functional block diagram of the proposed
two-stage tracking system for trick-play. The tape feeding
speed is controlled by the servo speed control block. Mag-
netic heads in the scanner assembly read in the recorded
signals from the tape and pass them to the signal process-
ing block. The signal processing block then demodulates
the recorded signals and also corrects the impaired data.
The brain of this tracking system is the proposed two-stage
tracking algorithm block. It has two inputs. One input
comes from the sync word detection block that detects the
sync-words and counts the number of matched identifica-
tion codes. This count is then handed to the tracking algo-
rithm block. The other input comes from the conventional
pick-up signal sampling and detection circuit. It detects
the signal strength difference between the sampled signals
from the two magnetic heads and this information is then
fed to the tracking algorithm block to keep the heads stay
on the correct trajectory. This process is generally called
Automatic Track Finding (ATF). The blocks enclosed by
the dashed line represent the parts which already exist in
the current digital VCR specifications. The rest of this
diagram are needed to support ATV recording.

The complete tracking operation is divided into two sta-
ges. At the first stage, the tape feeding speed is increased to
the desired speed and the head position is adjusted at the
same time to trace the correct trajectory. We call this stage
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the searching stage and will be the focus of discussions. At
the second stage, called tracking stage, tracking control is
exercised to keep the scanner head from drifting out of the
trick-play trajectory after the first stage is completed; that
is, the tape speed has reached the correct trick-play speed
and the head position has been placed on the right track.
It is interesting that although there is only one adjustable
variable — tape speed — under our control, two targets,
head position and tape speed, can be changed to the desired
values simultaneously.

At the beginning of searching stage, the tape driving
servo is accelerated towards the desired trick-play speed.
During this acceleration period, the scanner heads still pick
up the recorded data; however, these data are incomplete
and thus can not be decoded to produce pictures. But
they can be used to assist tracking in the searching stage.
As shown in Figure 6, (line with arrow) some sync-words
and 1dentification codes can be detected though the tape
feeding speed does not match the trick-play speed exactly.
In fact, we do not want to drive the tape speed directly
to the final speed as the traditional VCR does. This is
because the head position likely falls outside the correct
trick-play trajectory and if this happens none of the trick-
play data can be retrieved; therefore, we gain very little
information about the position of the pickup heads. In-
stead, the tape initial speed is set to a speed close but not
identical to the final speed. An instance is shown in Fig-
ure 6. Because there exists a speed difference between the
current scanning path (solid arrow line) and the desired
one (dashed line), the heads pick up a portion of trick-
play data and this information (the number of trick-play
data blocks) will be used to tune the tape speed and the
heads position. The idea is simply to increase/decrease the
tape driving speed iteratively so that the sync block count
(in one scan) would gradually approach the correct (max-
imum) sync block count. Eventually, when we achieve the
maximum sync block count, the tape speed matches the
desired speed and, at the same time, the pickup heads are
positioned on the correct trajectory as shown in Figure 6.

Based on essentially the same principle, two tracking
methods for the searching stage have been developed. One
is called difference method and the other is zero-crossing
method.

A. Difference Method

This method is rather simple. It counts the matched
identification (ID) codes, computes the difference between
two successive scans and then accelerates or decelerates the
tape driving servo aiming at increasing the ID count. Fig-
ure 8 is the flowchart of the proposed tracking algorithm.
After the trick-play command is issued, the tape driving
servo is accelerated toward a pre-determined target speed.
During this period, the control algorithm is disabled to
avoid making wrong decisions. When the feeding speed
reaches the initial target speed (nVy — AV), where V; is
the nominal normal playback speed, n, the desired trick-
play multiples, and AV, the selected speed increment, we.
begin to count the matched identification (ID) code nurn-
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Fig. 7: Block diagram of the two-stage tracking algorithm.

ber C,, in one scan. Then we compare the current ID
count, Cy,, to the previous count, Cp,_1. If the heads are
‘already on the right track, we should receive the maximum
count C. (C is a constant and represents the number of
the allocated sync-blocks for one scan during trick play.)
If Cyy, is smaller than C, there is a mismatch of either tape
speed or head position.

It is found empirically that C,, i1s a quadratic concave
function of the distance between the current scanning path
and the desired one for our trick-play block distribution
pattern. If C,,, < C,,—1, AV is divided by L and its sign
is reversed. It is found that L = 4 is a preferred choice
according to our experiments. Then, the tape speed is in-
creased/decreased to the new value, V; = nV; — AV, and
we again check whether Cy, = C or not. The above proce-
dure is repeated until the answer becomes yes. We, then,
are on the right track and the tape speed is not changed.
If we stay on the right track for several scans we then en-
ter the tracking stage; otherwise, we continue adjusting the
servo speed. Note that V; is the nominal normal playback
speed of the player. Although it should be close to the nor-
mal playback speed of the recorder, they, the recorder and
player speeds, in general are not exactly the same. There-
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fore, the final AV is proportional to the difference between
the recorder speed and the player nominal speed.

After entering the tracking stage, tape speed is main-
tained at V;. The tracking control is now taken over by a
different mechanism which keeps the pickup heads inside
the desired trajectory. However, this is a fine tuning mech-
anism and is effective only when the deviation is less than a
track pitch. This mechanism has been widely discussed in
the traditional recording system and thus is not described
here. In addition to the fine-tune tracking, the ID code
counter is continuously running to ensure precise tracking.
If C,, < C, then we jump back to the searching stage with
AV equal to the last AV multiplied by L with reversed
sign.

B. Zero-Crossing Method

Phase-locked loop (PLL) is a well-known and powerful
technology in communication systems. The problem that
PLL tries to solve is rather similar to the tracking prob-
lem in DVCR. Namely, the goal is to adjust one quantity
(frequency in PLL and speed in tracking) at the receiver
(player) so that this quantity and its integral (phase in
PLL and location in tracking) would match those set at
the transmitter (recorder). However, there are differences
in these two types of systems as will be discussed below.

The digital version of PLL (DPLL) has been widely in-
vestigated and many versions have been developed for dig-
ital communications. According to the structure of phase
detector, DPLL is classified into four categories [7]: (1)
Flip-Flop DPLL; (2) Nyquist Rate DPLL; (3) Zero-Crossing
DPLL; and (4) Lead/Lag DPLL. Zero-crossing (ZC) DPLL
is the simplest one among them in implementation. Fur-
thermore, the characteristics of its measurements are close
to those in our DVCR tracking system.

Figure 9 shows the basic operation of a ZC phase de-
tector. Typically, the input signal is an analog signal and
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the local oscillator produces a pulsive periodic signal. The
sampled output is a discrete signal having values only on
the instances of pulses. Based on the sampled outputs, we
adjust the frequency of the local oscillator so that its cut-
put (sampling pulses) would match both the frequency and
the phase of the input signal. Once they are matched, the
sampled outputs become zero.

To track the recorder trick-play speed and locate the cor-
rect trajectory, the basic operation of the searching stagein
DVCR tracking is similar to that of ZC-DPLL. The player
trick-play speed and the cut-in position in DVCR play the
same roles as the local oscillator frequency and the phase
difference between input and local oscillator. The matched
identification code count (per scan) Cp, can be viewed as
the sampled output in ZC-DPLL. But our goal in DVCR is
to drive C,, to its maximum value C rather than to drive
it to zero. There are other differences between these two
systems. For one, the sampled output in ZC-DPLL can be
either positive or negative but the count number can only
be nonnegative in DVCR. For the other, the nonzero sam-
pled outputs are detected whenever there is a mismatch
in either frequency or phase in ZC-DPLL but the nonzero
Cp can be measured only when the cut-in position is near
the correct trick-play trajectory. Because of these differ-
ences, the original ZC-DPLL structure can not be adopted
without modifications.

A modified ZC-DPLL structure, shown in Figure 10, is
proposed to handle the trick-play tracking problem. The
sampled outputs in the original ZC-DPLL converge to zero.
To use its design philosophy, we add a bias to our mea-
sured inputs. We take the difference between the sync-
block count C,, and the maximum count C and use it
as the sampled output. However, because this difference
value is always nonpositive, the current count C,, must be
compared to the previous one, C,,_1, to decide whether the
current scanning path is approaching or leaving the desired
path. Another modification is the addition of a feedback
path that takes care of the control signal polarity. With-
out this, wrong decision may be made if the scanning path
crosses over the desired trajectory. A higher order loop
filter D(z) could be used to reduce the steady state error
as described in [7]. A high order filter can also provide a
wider range of tolerance for the speed discrepancy between
different recorders. However, a simple delay element seems
to be sufficient for our system.

The loop gain k is an important parameter which affects
the stability of this feedback structure. If k& is small, the

IEEE Transactions on Consumer Electronics, Vol. 41, N¢, 4, NOVEMBER 1995

system stability is ensured but the transient time t6 the de-
sired state is often long. If k is very large, the entire system
could be unstable. It is rather difficult to derive the exact
mathematical model of the sync-block count as a function
of tape speed, because it depends on the tape format and
the input/output relation of this nonlinear feedback sys-
tem. Therefore, the trial-ard-error approach is used to
find appropriate k values. Equation (1) shows how the &
value affect the servo control signal AVp,41:

AVm+l:k'f(cm_ m—l)'(C"'Cm)'f(AVm)'Vl’ (1)

where V; is the nominal normal playback speed (a constant
at player), and f(-) is the thresholding function, i.e.,

1, forz >0
f(z)—{ 1, forz<0. @)

As mentioned earlier, a nonzero Cy, is received only when
the current cut-in position is near the desired trick-play
path. In this case, we do not know the head location other
than the fact that it is away from the correct trajectory.
This situation is different from that of ZC-DPLL, where
the sampled output value always indicates the phase dif-
ference. The cut-in position is random in real situation.
To shorten the transient period, the initial speed deviation
AV can not be too small. When AV is small, two consec-
utive scanning paths would be close to each other. Thus, if
the initial cut-in position is away from the correct trajec-
tory, it would take many scans before the pickup heads hit
a portion of the correct trajectory and start sensing sync-
blocks. Only then, C,, can provide information about the
distance between the current head location and the cor-
rect trajectory. Consequently, the zero crossing feedback
structure begins to work effectively. Therefore, the choice
of k value becomes a dilemma because k£ needs to be small
enough to ensure stability. A way to solve this problem
is to change k during the trajectory searching process [8].
We begin with a larger value, which is about 0.02 to 0.04
in our simulations. And then we divide £ by L whenever
Cin-1 is zero and C), is nonzero. It is found empirically
that L = 4 seems to be a good value, which happens to
be the same as the L value in the difference method in the
previous subsection. Once the correct trajectory is locked,
the process enters the iracking stage and the fine-tuning
speed control over there is the same as before.

C. Simulation Results

We simulate the above two tracking methods using the
designated tape formats in Section III. In our simulation,
the tape feeding servo acceleration is assumed to be a fixed
constant in both directions. The value of acceleration (de-
pending on the motor) only affects the transient time; it
does not affect the characteristics (such as stability prop-
erty) of both methods. Figure 11 shows the simulation
results of the 9x forward trick-play case. The solid lines
represent the outcomes of the zero-crossing method and
the dashed lines represent those of the difference method.
Both methods are stable as demonstrated by these figures.
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Although we did not perform detailed mathematical anal-
ysis on the proposed tracking schemes, exhaustive simula-
tions have been conducted for every cut-in position spacing
1 pm apart. Table 1 summarizes the entire set of results.
It shows the average settling time (the time spending on
the searching stage) of all the tested cut-in positions in
each trick-play mode. It is clear from these results that
the performance of the zero crossing method is better than
that of the difference method. From the set of simulation
data we gathered, it is interesting to observe that the peak
settling time is due to mostly the long elapsed time — the
time before receiving the first nonzero ID count Cy,. As
discussed before, increasing the initial k& value could reduce
this elapse time, but it then increases the time needed for
the scanning path to converge to the correct path. There
may exist a best trade-off in selecting and adjusting the &
value. However, we only tried a number of initial & values
with a heuristic adjustment algorithm as described in the
above. Nevertheless, the results are satisfactory.

V. ADAPTIVE COEFFICIENT EXTRACTION
FOR TRICK PLAY:

The third element of an ATV DVCR system is to select
the compressed data for reconstructing pictures in trick-
play modes. We propose a coeflicient extraction criteridn
based on the allocated bit rate budget and the magnitude
of DCT coefficients. Using the methodology of MPEG,
the DCT coefficients of a block are quantized and coded
by a variable-wordlength table, which is a combination
of the well-known run-length coding and Huffman coding.
Among all the DCT coefficients, the DC coefficient is coded
separately because of its importance and distinct character-
istics. On the other hand, AC coefficients are conéat‘enated
to form runs.” A (nonzero) run indicates a variable number
of zero coefficients followed by one nonzero coefficient. To
reduce hardware complexity, it is preferred to extract AC
coefficients at the borders of runs because no further data
decoding/encoding processes are needed for extracting and
recording purpose. To ‘decide ‘which runs should be ex-
tracted, an adaptive extraction criterion derived based on
the image contents complexity and the allocated bit budget
is developed to achieve better image quality.

Let A, represent the absolute value (or the squared value)
of the first nonzero AC coefficient in the nth DCT block
of an I-frame. We then calculate the AC coefficient av-
erage A = 7{,—25:1 A,,, where N is the total number of
blocks in an I-frame. Observing the fact that the A value
is an indication of the image complexity, a threshold T' =
w(B — By.) - A is defined, where B is the bits allocated
to a decoded trick-play picture, By, is the bits consumed
by the DC coefficients of all the image blocks, and w(:) is
a non-increasing weighting function. If A, is larger than
T, the first run and the associated AC coefficient of the
nth DCT block is extracted and followed by EOB (end
of block) code; otherwise, it is discarded. We repeat the
above procedure until all the bits are running out. Because
w(-) is a function derived empirically and because the im-
age contents vary drastically form sequence to sequence,
the optimum T value should be tuned for different image
sequences. To fully utilize the very limited trick-play space
and also to take advantage of the temporal correlation be-
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Table 1: Average settling time for various trick-play modes.
Trick Play Mode 3x -3x 9x -9x 27x -27x
Difference Method 148ms | 148ms | 222ms | 280ms | 383ms | 446ms
Zero-Crossing Method | 95ms | 90ms | 125ms | 133ms | 289ms | 311ms

start
intraframe

A =intial value A;
T =w(B)A

o

Y

n=1, Z=0

A, extracted with
threshold T

n=n+l, Z=Z+A,

A=Z/IN
T = w(B-By)'A

By : Total bits extracted for DC coeff in one frams.

B, : Total bits extracted in one frame.

next trick play intraframe

Fig. 12: Adaptive coefficient extraction.

tween nearby image frames, 7" value is modified to T+ 6 or
T — 6 depending upon whether the allocated budget B has
been consumed completely or not in the previous extracted
frame. Figure 12 shows the flowchart of this adaptive ex-
traction algorithm. To simplify hardware implementation,
A and By, can be calculated from the previous trick-play
frame instead of the current frame.

VI. BITS ALLOCATION AND SIMULATION RESULTS

Here comes another issue for trick-play. There is a trade-off
between the spatial resolution and the temporal resolution
of the displayed trick-play sequence. The spatial resolution
here is referred to the still image quality and the temporal
resolution is the smoothness of movement in a video se-
quence. Since the total available bits number is fixed, if we
allocate more bits to a coded frame, fewer frames can be
coded. Hence, we have better spatial resolution (each dis-
played picture looks good) but the object motion is jerky.
On the other hand, a higher coded frame rate leads to
smooth motion but lower spatial image quality. After ob-
serving the decoded sequences of both high and low frame
rates, we feel that under the severe limitation of trick-play
bit rate, it is preferred to have a reasonable spatial image

quality with lower temporal resolution.

Another limitation in selecting displayed frames comes
from the GOP (group of pictures) structure in the MPEG
standards. There is only one I-frame per GOP. For exam-
ple, if GOP=9, we have only one I-frame for every 9 pic-
tures in the MPEG-compressed bit stream. Therefore, the
true 3x trick-play mode, one displayed picture per 3 frames,
cannot be implemented unless we want to go through the
complicated decoding/encoding processes at the recorder.
And even we want to do so, the limited available bits for
trick-play would lead to very poor spatial quality pictures.
A simple approach but with more acceptable overall video
quality is to extract the only one I-frame for every 9 frames.
In other words, one extracted picture is displayed for 3-
frame time in the 3x trick-play mode.

Under the consideration of all the above factors, the
displayed picture sequence arrangement for three popu-
lar GOP numbers are designed as shown in Figure 13. If
the GOP number is 9, each extracted frame is repeated
three times for all trick-play modes. Similarly, each ex-
tracted frame is repeated four and five times for GOP=12
and GOP=15, respectively. Using the tape formats de-
fined in Section III, the number of allocated sync-blocks
for £3x trick-play modes is 24 blocks per track on the av-
erage. Though the average allocated sync-blocks is 36 for
+9x and £27x trick-play modes, only 2/3 of them store
the recorded trick-play data. The rest are reserved for fur-
ther error correction because the error probability is higher
for faster trick-play modes. A two-head scanner assembly
rotates at 150 rounds per second is taken as an example
here. In this case, 300 tracks per second are accessed. If
the picture refreshing rate is 30 frames per second and the
extracted frames are repeated n times, the bit budget of
each reconstructed trick-play frame is calculated as follows,

B = 300 tracks/sec - % sec/frame - 24 SB/track
-77 bytes/SB
= n-147840 bits/frame (3)

The bit budgets corresponding to three GOP structures
are summarized in Table 2. The bit budget for GOP=9 is
less than those of the other two structures, but its picture
refreshing rate is higher. Hence, the image temporal resolu-
tion for GOP=9 is better and could compensate somewhat
the loss in spatial quality due to lower frame budget. Be-
cause the bit budget is the same for all the trick-play modes
for a given GOP structure, only one coefficient extraction
process (and one set of parameters) is needed.
Simulations are conducted to demonstrate the effective-
ness of the above bit allocation scheme and the coefficient
extraction method. Three speeds — 3x, 9x and 27x — at
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Frame 0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 656 69 72 75 78 81 84 87 90 03 96 ¢8 102 105 108
GOP =9
Intra o 9 18 27 36 45 54 63 72 81 90 99 108

13 0 0 0 9 9 9 18 18 18 27 27 27 36 36 36 45 45 45 54 54 54 63 63 63 72 72 72 81 81 81 90 90 90 99 99 99 108

19 o ] 0 27 27 27 54 54 54 81 81 81 108
27 o o 0 81 81
GOP =12
Intra o 12 24 36 48 60 72 84 96 108

13 0 0 0 0 12 12 12 12 24 24 24 24 36 36 36 36 48 48 48 48 60 60 60 60 72 72 72 72 84 84 84 B4 06 96 96 096 108

19 o 0 0 0 36 36 36 36 72 72 72 72 108
27 o 0 0 0 108
GOP =15
intra o 15 30 45 60 75 20 105

13 0 0 0 0 0 15 15 15 15 15 30 30 30 80 30 45 45 45 45 45 60 60 60 60 60 75 75 75 75 75 90 90 80 80 90 105 105

19 0 o o 0 [} 45 45 45 45 45 20 20 90

+27 o 0 i 0 0 0

Fig. 13: Available frames during trick-play for different GOP structures.

Table 2: Trick play bit budgets vs. GOP. Table 3: Trick-play picture average PSNR vs. GOP.
GOP structure 9 12 15 GOP structure 9 12 15
B (bit budget) | 443 Kb | 591 Kb | 739 Kb normal play 34.8dB 34.8dB 34.9dB

trick play 23.1dB 24.1dB 24.1dB

both forward and reverse directions have been‘included in
our tests. An HDTV video sequence with 1920 x 1080 res-
olution is used in simulation at a compressed bit rate of
18.4 Mbps. This image sequence is coded using GOP=15;
therefore, the average bit budget is 739 Kb/frame for stor-
ing the trick-play data. The recovered trick-play picture is
shown in Figure 14. It has been suggested that only the
DC components are retrieved for trick-play pictures. How-
ever, its picture quality, as shown in Figure 15, is clearly
less favorite when compared to the one (Figure 14) includ-
ing some runs of AC coefficients. Table 3 shows the aver-
age PSNR for several GOP structures using the proposed
trick-play system. The PSNR of trick-play pictures is lower
than that of the normal playback pictures for about 10 dB.
Since the trick-play pictures are typically used for contents
searching purpose, their quality observed on monitor in real
time seems to be quite acceptable.

VII. CONCLUSIONS
In this paper, we propose three elements in a DVCR sys-

tem for implementing trick-play functions. They are 1) Fig. 14: Recovered trick-play picture of an HDTV se-
an efficient data arrangement format for trick-play modes,

2) a trick-play tracking algorithm to precisely guide the

quence.
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Fig. 15 Recovered plcture with DC coefficients extracted
only.

heads tracing the correct trajectories, and 3) a coefficient
extraction algorithm to achieve rather good trick-play im-
age quality. Particularly, the tape format for ATV record-
ing with- forward and reverse trick-play modes at 3x, 9x and
27x speeds is presented in detail. This tape format can
accommodate two- different two-head configurations. Ex-
tensive experiments show that the proposed zero-crossing
tracking algorithm converges typically in less than 350ms.
This algorithm is fairly simple and thus lends itself to
easy hardware implementation. Also, we propose an adap-
tive coefficient extraction algorithm which selects the most
important AC coeflicients based on a picture-dependent
threshold. Our simulations demonstrate that this algo-
rithm produces acceptable picture quality within the de-
signed bit budget. Limited by available tape space, bits
assigned to a trick-play image frame is quite small. The
compromise between spatial and temporal resolution has
been carefully made in our design to produce a good over-
all visual quality.
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