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[57] ABSTRACT 

A full motion color digital video signal is compressed, 
formatted for transmission, recorded on compact disc 
media and decoded at conventional video frame rates. 
During compression, regions of a frame are individually 
analyzed to select optimum fill coding methods specific 
to each region. Region decoding time estimates are 
made to optimize compression thresholds. Region de
scriptive codes conveying the size and locations of the 
regions are grouped together in a first segment of a data 
stream. Region fill codes conveying pixel amplitude 
indications for the regions are grouped together accord
ing to fill code type and placed in other segments of the 
data stream. The data stream segments are individually 
variable length coded according to their respective 
statistical distributions and formatted to form data 
frames. The number of bytes per frame is dithered by 
the addition of auxiliary data determined by a reverse 
frame sequence analysis to provide an average number 
selected to minimize pauses of the compact disc during 
playback thereby avoiding unpredictable seek mode 
latency periods characteristic of compact discs. A de
coder includes a variable length decoder responsive to 
statistical information in the code stream for separately 
variable length decoding individual segments of the 
data stream. Region location data is derived from re
gion descriptive data and applied with region fill codes 
to a plurality of region specific decoders selected by 
detection of the fill code type (e.g., relative, absolute, 
dyad and DPCM) and decoded region pixels are stored 
in a bit map fo.r subsequent display. 

15 Claims, 32 Drawing Sheets 
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DIGITAL VIDEO DECOMPRESSION SYSTEM 

FIELD OF THE INVENTION 

This invention relates generally to systems for reduc- 5 

ing the amount of digital data required to represent a 
digital video signal and particularly to systems for de
coding a compressed digital video signal representative 

comprising control means for causing said first decod
ing means to decode said region descriptive codes prior 
to the decoding of said region fill codes by said second 
decoder means. · 

In accordance with a further aspect of the invention, 
said region descriptive and fill codes are conveyed by 
separate segments of said video input signal, said seg
ments being individually variable length coded in ac
cordance with their respective statistical distributions of a full motion color video signal. 

BACKGROUND OF THE INVENTION 
10 and said decoding apparatus includes a multimode vari

able length decoder for variable length decoding said 
region descriptive codes in accordance with a first sta
tistical code and for variable length decoding said re-

The need for compression to facilitate recording of a 
digital video signal on relatively narrow-band media, 
such as a compact disc (CD), has been recognized. In a 
system proposed by Takahashi et al. in U.S. Pat. No. 15 
4,520,401, a digital video signal is encoded using differ
ential pulse code modulation (DPCM) for recording on 
a digital audio disc. In the known system, luminance (Y) 
and chrominance (R-Y, B-Y) components of a video 
frame are separately compressed using DPCM. A cir- 20 
cuit divides the components into picture element data 
groups of a specific number of rows or columns which 
are adjacent on a screen. A header signal is provided 
having a synchronizing signal, a picture mode identifi
cation signal and a picture information quantity identifi- 25 
cation code. The header signal is added to the beginning 
position of each of the divided picture element data 
groups to produce a digital video output signal having a 
signal format in which the digital luminance, the two 
kinds of digital color difference signal and the header 30 
signal are time sequentially multiplexed and recorded. 

gion fill codes in accordance with a second statistical 
code, said decoding apparatus further including circuit 
means coupled to said input means for deriving said 
statistical codes from data included in a third segment of 
said video input signal. 

BRIEF DESCRIPTION OF THE DRAWING 

The foregoing and further features of the invention 
are shown in the accompanying drawing in which like 
elements are denoted by like reference designators and 
in which: 

FIG. 1 is a block diagram of a digital video interac
tive system embodying the invention providing record
ing and reproduction of full-motion video, multi-chan
nel digital audio and auxiliary (e.g., interactive) data 
using a compact disc read-only memory (CD-ROM) as 
the recording media; 

FIG. 2 is a block diagram of a digital video encoder 
used in a recording portion of the system of FIG. 1; 

FIGS. 3-9 are diagrams illustrating digital video 
signal formats at various stages of processing in the 
encoder of FIG. 2; 

In an example of the Takahashi et al. system still 
frames of digital video are recorded and updated at a 
rate of about four seconds per frame. The division of the 
compressed data into groups of lines with each group 35 
containing complete color information provides a psue
do-motion effect in that the line groups may be sequen
tially updated while displaying the previous frame 

FIGS. 10-12 are diagrams illustrating two methods of 
processing "oversized" frames in the encoder of FIG. 2; 

FIG. 13 is a block diagram of a formatter providing 

40 padding and dithering for use in the encoder of FIG. 2; 
FIG. 14 is a block diagram of a pre-compression 

processor used in the encoder of FIG. 2; 

thereby providing a partially moving picture. 

SUMMARY OF THE INVENTION 

A system for compressing and formatting a full mo
tion color digital video signal is described herein. The 
present invention is directed to satisfying the need for 
apparatus for decoding a compressed signal of the type 45 
herein described to enable display of full motion video 
images at normal video frame rates. 

Decoding apparatus in accordance with an aspect of 
the invention includes means for providing a com
pressed digital video signal of a type in which each 50 
frame thereof comprises a plurality of coded regions, 
each region being encoded by a region desrriptive code 
and a region fill code, said region descriptive codes 
conveying data representative of the size and location 
of said regions within said frames, said region ftll codes 55 
conveying pixel amplitude indications for said regions. 
A first decoding means, coupled to said input means, 
decodes said region descriptive code to provide region 
address data. A second decoding means, coupled to said 
input means, decodes said region fill codes to provide 60 
pixel values. A memory means, coupled to said first and 
second decoding means, stores said pixel values for said 
regions at addresses provided by said address data to 
provide a decoded bit map containing one frame of 
pixels. 65 

In accordance with another aspect of the invention, 
said region descriptive and fill codes are conveyed by 
separate segments of said video input signal and further 

FIG. 15 is a block diagram illustrating details of a 
portion of the processor of FIG. 14; 

FIG. 16 is a block diagram of a digital video compres
sor used in the encoder of FIG. 2 providing intra-frame 
and inter-frame region-specific coding, quantization by 
region area and frame-segmented variable length cod
ing; 

FIG. 17 is a flow chart illustrating operation of an 
intra-frame coder used in the compressor of FIG. 16 for 
compressing still video frames and the first frame of a 
motion video sequence; 

FIG. 18 is a region diagram illustrating image edge 
analysis used in the compressor of FIG. 16; 

FIG. 19 is a block diagram of a roughness estimator 
providing split/fill decisions for use in the compressor 
ofFIG. 16; 

FIGS. 20-23 are region diagrams illustrating bi-linear 
absolute fill coding used in the compressor of FIG. 16; 

FIG. 24 is a region diagram illustrating measurement 
of boundary errors; 

FIG. 25 is a block diagram of an audio compressor 
used in the encoder of FIG. 2; 

FIG. 26 is a diagram illustrating quad-tree regional
ization; 

FIG. 27 is a diagram illustrating binary tree regional
ization of an image in the compressor of FIG. 16; 



Vedanti Systems Limited - Ex. 2015 
Page 35

3 
4,785,349 

4 
FIGS. 28 and 29 are examples of split/fill coding FIG. 58 is block diagram of apparatus providing the 

diagrams for the regionalized image of FIG. 27; region DPCM decoding of FIG. 57; 
FIGS. 30 and 31 are examples of "tree" codes for the FIG. 59 is a table listing of area dependent adaptive 

coding diagrams of FIGS. 28 and 29, respectively; quantization values for "dequantizing" pixel data in the 
FIGS. 32A-J are region diagrams illustrating edge 5 decoder of FIG. 48; 

distribution analysis for determining a most favorable FIG. 60 is a block diagram of apparatus for providing 
region split direction; area dependent dequantization in the decoder of FIG. 

FIG. 33A is a flow chart for computer apparatus for 48; 
FIGS. 61 and 62 are diagrams illustrating dyad dedetermining a most favorable split direction in the com-

pressor of FIG. 16 by analysis of the distribution of 10 coding in the decoder of FIG. 48; and 
horizontal and vertical edges in a region; FIG. 63 is a block diagram of a dyad decoder for use 

FIG. 33B is a table listing of parameters for the appa- in the decoder of FIG. 48. 

ratus of FIG. 33A; DETAILED DESCRIPTION 
FIGS. 34A and 34B are diagrams illustrating two 

forms of region splitting in the compressor of FIG. 16; 15 The digital video interactive system of FIG. 1 com-
FIGS. 35A-35E are diagrams illustrating weighted prises a recording system 6 and a playback system 8. 
d. filt · · th of FIG 16· The recording system includes sources 10, 12 and 14 me mn 1 enng m e compressor . , 

FIGS 36A 36c d. 'II tr tt'ng non lt'near which provide, respectively, a multi-channel sound . - are mgrams 1 us a -
signal S1, a color motion video signal S2 and an auxil-low-pass ftltering for use in the encoder of FIG. 16; d 

FIG. 37 is a diagram illustrating finding a most favor- 20 iary data signal S3. An encoder 16 encodes an com
bines signals S1, 52 and 53 to form a digital recording 

able split direction by polynomial fit comparisons; signal 54 (hereinafter, "bit-stream") that is recorded on 
FIG. 38 is a flow chart for computer apparatus imple- a compact disc read-only memory (CD-ROM) disc 20 

menting the split direction method of FIG. 37; by means of a CD-ROM recorder 18. Auxiliary data 
FIG. 39 is a flow chart illustrating operation of an 25 signal 53 may comprise interactive data associated with 

inter-frame coder used in the compressor of FIG. 16 for the video or audio signals or some other type of digital 
coding the second frame and all subsequent frames of a data which may be independent of the audio or video 
motion video sequence; data. 

FIG. 40 is a diagram illustrating region translation in The average data rate of the bit-stream S4 is con-
the inter-frame coder of FIG. 39; 30 trolled by a selection of encoding parameters to equal 

FIGS. 41 and 42 are vector and flow chart diagrams, the standard CD-ROM record/playback bit-rate of 
respectively, illustrating selection of a best region about 1.2 mega-bits per second. The parameters are 
search direction in the inter-frame coder of FIG. 39; selected, as will be explained, so as to enable recording 

FIG. 43 is a diagram illustrating region translation of up to one hour of full-motion digitally encoded color 
and relative coding used in the inter-frame coder of 35 video, multi-channel digital audio and auxiliary data on 
FIG. 39; CD-ROM disc 20. 

FIG. 44 is a table illustrating region area dependent The encoding of the digital full-motion color video 
adaptive quantization used in the compressor of FIG. portion of the recording signal to meet the relatively 
16; low channel capacity of the CD-ROM disc player re-

FIG. 45 is a flow chart illustrating operation of the 40 quires very substantial data reduction. In a specific 
apparatus in FIG. 16 providing area dependent quanti- example to be described, this data reduction is on the 
zation of FIG. 44; order of about 150:1 for an exemplary video frame rate 

FIG. 46 is a block diagram of a stream segmented of 30 FPS (frames per second). To meet this critical 
variable length coder for use in the compressor of FIG. requirement, while avoiding visible "artifacts" associ-
16; 45 ated with conventional video compression techniques, 

FIG. 47 is a diagram illustrating the format of data encoder 16 converts the video signal S2 to a color frame 
"streams" provided by the compressor of FIG. 16; sequential component form and separately subjects each 

FIG. 48 is block diagram of a compressed digital frame of each component to a number of specially 
video signal decoder used in the playback system 8 of adapted processes as will be described. Briefly listed, 
FIG. 1; so these include variable sub-sampling, variable inter-

FIGS. 49, 50 and 51 are examples of table listings of frame and intra-frame compression employing what 
data stored in a region location memory of the decoder will herein be termed "region-specific" encoding, area 
of FIG. 48 for absolute, relative, dyad and DPCM dependent adaptive quantization, "segmented" variable 
coded regions of FIG. 48; length coding, reverse frame sequence reformatting, 

FIG. 52 is a block diagram illustrating a memory 55 padding and frame dithering. 
organization for use in the decoder of FIG. 48; The selection of the individual processes, the selec-

FIG. 53 is a diagram illustrating relative region de- tion of the share of data reduction provided by each 
coding of an inter-frame coded region by the decoder of process and the selection of variable compression pa-
FIG. 48; rameters (e.g., thresholds, operating modes and, partie-

FIG. 54 is a block diagram of apparatus providing the 60 ularly, when to quit compressing) represents critical 
relative decoding of FIG. 53; choices in meeting the objective of encoding full motion 

FIG. 55 is a diagram illustrating absolute region de- color video for storage on CD-ROM digital audio tape 
coding in the decoder of FIG. 48 of an intra-frame (DA T) or other bandwidth limited media. Such choices 
coded region; depend on more than merely the channel capacity of the 

FIG. 56 is block diagram of apparatus providing the 65 CD-ROM media. They depend as well on variables 
absolute decoding of FIG. 55; such as the video frame rate, the desired spatial resolu-

FIG. 57 is a diagram illustrating DPCM decoding of tion, certain specific characteristics of the video image 
a region in the decoder of FIG. 48; content and on parameters of the decoder that is ulti-
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mately used for reconstituting the image. As will be 
explained, each individual video frame is converted to a 
component form and each component is divided to 
form a number of blocks (hereafter "regions") of pic
ture elements ("pixels"). Each region is then individu
ally "custom" encoded. This process is hereafter re
ferred to as "region-specific" coding. The coding for 
each region is selected from a group of codes to enable 
the video decoder in playback system 8 to meet the 
strict requirement of completing all decoding tasks as- 10 
signed to it in "real time", that is, within one video 
frame interval (a variable). 

6 
One reason for periodically resetting or bypassing 

DPCM encoder 210 is to prevent audio errors, which 
may occur in the CD-ROM transmission system, from 
propagating from frame-to-frame. This feature also 
facilitates subsequent editing of sequences to enable any 
frame to be chosen as an edit point. This feature is im
plemented as, shown in FIG. 25 by means of a compara
tor 214 which supplies a reset signal to reset input R of 
audio A DPCM encoder 211 when the byte count of the 
compressed audio signal S6 (produced by a byte 
counter 216) exceeds the byte limit set by a byte limit 
source 218. 

The foregoing and other aspects of recording system 
6 are discussed in detail with reference to FIGS. 2-47 Video Coding Overview 
and 61, 62. Details of playback system 8 are discussed 15 The principal elements providing video encoding in 
later with reference to FIGS. 48-63. FIG. 2 comprise a pre-compression processor 220, a 

Encoder 16, in FIG. 2, includes input terminals 202, digital video compressor 230 and an output signal for-
204 and 206 for receiving audio signal Sl from source matter 250 which are described herein in detail with 
10, video signal S2 from source 12 and auxiliary data refeence to FIGS. 3-47. As an overview, processor 220 
signal S3 from source 14, respectively. As an overview 20 provides conversion of video signal S2 to a non-stand-
of the audio processing, signal S1 is subjected to chan- ard format that provides a variable amount of data re-
nel selection and analog-to-digital (A/D) conversion, duction, facilitates subsequent compression and contrib-
compressed with provisions for preventing frame-to- utes to certain features of the system relating to variable 
frame propagation of errors and stored for later recov-

25 
frame-rate processing for controlling spatial-temporal 

ery as blocks of audio data to be included in each video resolution. Some images are converted at one frame rate 
frame of bit stream S4 thereby providing audio/video for subsequent display at an entirely different rate. 
synchronization. Compressor 230 employs, broadly speaking, four 

In detail, audio signal S1 is applied to a channel selec- types of processing for reducing the quantity of digital 
tor and analog-to-digital AID converter unit 208 which 30 data to encode a frame to a specific "optimum" value. 
includes operator controls (not shown) for selecting the This value is related to the CD-ROM channel capacity 
number of channels to be encoded and the channel but varies as a function of several variables including 
sampling rate. One chailnel is selected for monophonic the frame rate, the desired spatial-temporal resolution, 
recording, two for stereo, four for stereo/bilingual, etc. and other factors relating to error propagation and 
The sampling rate currently used for high quality audio 35 visual appearance. The processing "types" include in-
recording is 31.25 KHz which supports a 15 KHz audio tra-frame region-specific coding for still frames and for 
bandwidth. The rate may be halved for standard quality the first frame of a motion video sequence. Inter-frame 
or quartered for voice grade audio applications. region-specific coding is used for the second and subse-

The data rate of the digitized audio signal S5 is re- quent frames of a motion video sequence. Encoded 
duced for recording by means of an adaptive differential 40 frames are subjected to further data reduction by two 
pulse code modulation (ADPCM) encoder 210 which processes in compressor 230 which will be referred to 
encodes the sample-to-sample differences of signal S5 to herein as "area dependent adaptive quantization" and 
form a compressed digital audio signal S6. Since succes- "segmented stream variable length coding". These pro-
sive audio samples are often highly correlated, fewer cesses are applied to each video frame to reach the 
bits are required to encode the sample differences. The 4s desired "optimum" value noted above. Some sequences 
term "adaptive" means that the encoder is of a type that of frames may be repeatedly compressed with a change 
changes the bit significance of encoded differences as a of compression thresholds to reach the optimum com-
function of the previous encoded difference so as to pression value. 
provide fme resolution over a wide dynamic range. From time to time, an "impossible" frame may be 

Encoder 210 may be of conventional design but it is so encountered which is hopelessly oversized and can not 
highly desirable for purposes of overall audio/video be reduced to the desired byte count by altering com-
coding that provision be made either to bypass or reset pression parameters without introducing noticeable 
it on a periodic basis so as to periodically encode an visual artifacts. Such oversized frames receive special 
audio sample with full resolution. Illustratively, en- treatment in formatter 250 which combines the audio, 
coder 210 (FIG. 25) is reset once every 256 bytes. Re- 55 video, auxiliary (e.g., interactive) and other data to 
call that the audio signal is ultimately organized in a create the recording bit-stream signal S4. Specifically, 
block form with one block of audio data included with formatter 250 analyzes frames backwards from the last 
each block of video data in bit stream S4. The formation frame to the first and "borrows" space from short 
of audio data "blocks" is supported via buffer store 212 frames to hold the extra data of the oversized frames. 
which stores signal S6. Later the formatter 250 recovers 60 Other functions provided by formatter 250 include add-
the stored signal (S7) periodically on a frame-by-frame ing "padding" data to undersized frames and dithering 
basis when the audio and video data are combined as the number of bytes of data per frame to arrive at a 
will be explained. Typical audio block sizes currently specific average frame rate selected to keep the CO-
used are 130 and 134 bytes for a video frame rate of 30 ROM system operating at its maximum channel capac-
FPS and voice grade audio. The audio block size de- 65 ity and to avoid pauses during playback. Pauses are 
pends on the sampling rate, the number of audio chan- avoided because the recovery time (the "seek mode 
nels to be recorded, and audio dithering within the latency") of a CD-ROM player can be lengthy and 
formatter 250. unpredictable. 
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Details of video processing are discussed in the fol- able for decoding each frame and 9,000 bytes are avail-

lowing five sections entitled "Video Pre-Compression- able for encoding each frame. This increased decoding 
Processing", "Video Compression Processing", "Post- time and quantity of image data can be used in a variety 
Compression Processing", "Playback System", and of ways to provide improved image quality. One may 
"Video Decoding". for example, increase the number of pixels in the en

coded frame or may more accurately enoode the same 
Video Pre-Compression Processing number of pixels as at the higher frame rate (30 FPS). 

Pre-compression processor 220 is coupled to input FIG. 14 shows a specific implementation of pre-com-
terminal 204 (in FIG. 2) for converting the standard pression processor 220 for providing the variable sub-
video signal S2 to a non-standard form specially 10 sampling and format conversion functions previously 
adapted for the particular types of compression and described. Processor 220 comprises an RGB decoder 
formatting functions subsequently employed in encoder 1402 which converts the composite video signal to 
16. Specifically, each frame of the video signal S2 is RGB component form. The RGB components are ap-
converted in the "pre-compression" processor 220 to plied via anti-aliasing (2 MHz) low-pass filters (1404, 
form three separate component frames comprising one 15 1406 and 1408) to inputs of a programmable graphics 
luminance sub-frame and a pair of color-difference sig- workstation 1410. A suitable workstation is the "Adage 
nal sub-frames. Each of the color-difference sub-frames 3000 Color Raster Display System". Operator control 
is sub-sampled by a predetermined amount with respect unit 222 of FIG. 2 comprises a terminal unit 222' (in 
to the luminance sub-frame which, itself, may or may FIG. 14) which supplies a "skip list" of fields, lines and 
not be sub-sampled with respect to the original video 20 pixels to workstation 1410 as well as anti-alias filter 
frame. The original video signal may be analog or digi- coefficients and sample rate control data. Data reduced 
tal and may be of component form, composite form or sub-frames of Y, I and Q samples are produced by the 
of another suitable form such as multiplexed analog work station and stored in a disc store 1412. 
component (MAC) form. FIG. 15 is a block diagram illustrating the specific 

FIGS. 3, 4 and 5 illustrate the pre-compression pro- 25 programmed configuration of workstation 1410 for use 
cessing of one frame of video signal S2 for the case in processing video signal S2 to create the non-standard 
where signal S2 is assumed to be an NTSC standard sub-frame signal format of FIG. 5. The anti-alias filtered 
composite video signal, one frame of which is shown in analog RGB signals provided by filters 1404-1408 are 
FIG. 3. FIG. 4 illustrates an intermediate stage of pre- applied to respective analog-to-digital converters 
compression processing in which the composite signal 30 1502-1506 which digitize the signals at a rate selected to 
has been decoded to RGB component form, stripped of provide 512 pixels per active line interval as controlled 
synchronizing and blanking intervals and digitized to by terminal 222' coupled to the workstation timing and 
form RGB picture element (pixel) arrays representing control unit 1530. The digitized RGB signals (FIG. 4) 
the "active" video portion of each RGB field. The are sub-sample by two banks of switches 1510 and 1514. 
array dimensions, as illustrated, are 512 pixels horizon- 35 Switches 1510 are timed by unit 1530 to skip alternate 
tally by 240 pixels vertically for each RGB component. fields of the RGB signals. Switches 1514 skip alternate 

FIG. 5 illustrates the final stage of pre-compression pixels, so that the resultant digitized and sub-sampled 
processing in which the digital RGB arrays of FIG. 4 RGB signals each comprise arrays of 256X240 pixels 
have been converted to form a single luminance signal per frame. 
sub-frame (Y) measuring 256X240 pixels and two color 40 A matrix 1516 converts the sub-sampled RGB signals 
difference signal subframes (I and Q) each measuring . to YIQ form. The I and Q color difference signals are 
64 X 60 pixels. The three sub-frames are stored in a each sub-sampled 4:1 both vertically and horizontally 
memory (to be described) for subsequent individualized with respect to the luminance signal Y. This is provided 
"custom" compression. Comparing FIGS. 3, 4 and 5 it by horizontal anti-alias low-pass filters 1518 (500KHz), 
is seen that one frame of signal S2 (FIG. 3) which re- 45 vertical anti-alias low-pass filters 1520 (60 lines/picture 
quires 737,280 bytes in digital RGB form (FIG. 4) is height), switches 1522 which skip 3 of 4 lines and 
reduced to 69120 bytes after sub-sampling, conversion switches 1524 which skip 3 of 4 pixels. The formatted Y, 
and formatting (FIG. 5) thus providing an effective data I and Q sub-frame signals (FIG. 5) are then stored in 
reduction for the frame of a factor of about 11:1 for the respective sub-frame locations in the disc store (e.g., a 
assumed rate of 30 FPS. 50 hard disc drive) 1412 for subsequent recovery and corn-

An operator control unit 222 is provided in FIG. 2 for pression. 
varying the sizes of the sub-frames of FIG. 5 as a func- As previously explained, the filtering and sub-sam-
don of the frame rate to facilitate varying the temporal piing parameters are variables which depend on the 
and spatial resolution of encoded frames. This feature of frame rate. For the specific examples of FIGS. 14 and 
the system relates to subsequent compression of the 55 15 the frame rate is assumed to be 30 FPS. At different 
signals in the following way. The CD-ROM recording frame rates the operator inputs appropriate anti-alias 
system can support a bit rate of about 1.2 mega-bits per filter coefficients, skip lists and conversion frequencies 
second as previously noted. For 30 FPS (frame per to timing and control unit 1530 via terminal222'. At any 
second) video this channel capacity corresponds to a frame rate or resolution, however, it is important that 
video byte count (8-bits/byte) of 5125.12 bytes per 60 the original signal, of whatever form (analog or digital, 
frame. Of this, typically about 4500 bytes per frame are component, composite or MAC), be converted as 
available for video with the remainder being used for shown in FIG. 5 to a form comprising a luminance 
audio and other data. The video compressor (to be component Yanda pair of color-difference components 
described) meets this requirement by compressing the that are filtered and sub-sampled both vertically and 
formatted YIQ sub-frames by another factor of about 65 horizontally with respect to the luminance component. 
15:1 from 69120 to under 4500 bytes per frame for the Color difference components I and Q are used as exam-
assumed rate of 30 FPS. If the playback frame rate is pies herein. Alternatively, the color components may be 
halved then twice as much time (I! 15th second) is avail- of other forms, such as R-Y and B-Y or U and V. 
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Pre-compression processor 220 of FIG. 14 may be 
modified for processing a video input signal of MAC 
format by replacing RGB decoder 1408 with a MAC 
decoder providing YUV line sequential to YUV line 
parallel outputs, deleting the RGB/YIQ matrix in FIG. 5 
15 and changing the sub-sampling parameters as needed 
to arrive at the individual (separated) sub-frames of 
luminance and color-difference components of FIG. 5. 
It will be appreciated that other variations are possible. 
For example, the source may be decoded to YIQ or 10 
YUV component form prior to filtering. Sampling may 
be done on either RGB or YIQ. 

VIdeo Compression Processing 

After pre-compression processing the Y, I and Q IS 
video sub-frames are recovered one at a time from disc 
store 1412 for independent compression. The sequential 
recovery of sub-frames is indicated symbolically in 
FIG. 2 by sub-frame selector switch 224. In the position 
shown, switch 224 applies all Y sub-frames of a motion 20 
video sequence to compressor 230 which compresses 
and stores the complete sub-frames in a buffer store 232. 
Switch 224 is then advanced and the compression pro
cess is repeated for all of the I sub-frames of the se
quence. Finally, compression is applied to all of the Q 25 
sub-frames of the sequence thereby completing an initial 
stage of compression of a sequence of color frames. 
Alternatively, switch 224 may be advanced to select the 
Y, I and Q subframes of one complete frame of the 
sequence for compression before advancing to the next 30 
frame of a sequence. 

The compressed signal S9, as shown in FIG. 7, in
cludes the three individually compressed sub-frames, 
each of which consists of a bitstream hader (H) fol
lowed by the compressed data for the sub-frame (Y, I, 35 
or Q). The header identifies which sub-frame the data 
corresponds to, the size (number of pixels horizontally 
and vertically) of the sub-frame, a checksum for diag
nostic purposes, and various tables used by the decoder. 
Further details of the format of signal S9 are discussed 40 
later with reference to FIGS, 46 and 47. The com
pressed data of FIG. 7 will hereafter be referred to as a 
video data "stream". 

The feature of compressor 230 of individually com
pressing the YIQ sub-frames to form the compressed 45 
digital video "stream" S9 greatly enhances the com
pression efficiency. One reason is that even though the 
sub-frames represent the same image, they can differ 
from one-another dramatically because they represent 
different color measures of the image. Some images, for 50 
example, may contain no flesh tones. Others may con
tain no blue-green tones. Others may contain no color at 
all. A further reason for individual sub-frame compres
sion relates to the statistical distribution of codes repre
senting the image. Variable length coding is employed 55 
as one compression step. Variable length codes are 
selected in accordance with the frequency distribution 
or statistics of data to be coded. Since the statistics of Y, 
I and Q encoded sub-frames differ, individual variable 
length codes are employed that are optimized for each 60 
sub-frame. There are, in fact a number of separate statis
tical codes for each sub-frame as will be discussed. 

After compression, the compressed video streams 
(S10) are recovered from buffer store 232 and applied to 
a byte count monitor 234 and to a decode time monitor 65 
236 which identify, respectively, the number of data 
bytes and the decoding time for each individual frame 
of a video sequence. Since audio and auxiliary data will 

be added to each frame, the average byte count should 
be less than the total number of bytes allowed per frame 
in the bit stream S4. For encoding a video signal for 
playback at 30 FPS from a CD-ROM, the average num
ber ofbytes available per frame is 5125.12. This is deter
mined by dividing the CD-ROM channel capacity by 
the video frame rate. Monitor 234 provides an accumu
lated average byte count over a sequence of video 
frames (alternatively monitor 234 may be arranged to 
count bytes on a frame-by-frame basis). This count is 
used for setting compression thresholds in a compres
sion threshold control unit 238 to maintain the average 
byte count of signal S10 below 4500 bytes per frame. 
This allows room in the frame for audio and other data 
that is later added. Dashed lines are used to signify this 
closed loop procedure which is presently performed 
manually in a current implementation of encoder 16. 

As previously noted, oversized video frames that can 
not be reduced to 4500 bytes are accounted for during 
reformatting by borrowing space from an earlier frame. 
The mechanics of this are discussed later, in the section 
on video post compression. Decode time monitor 236 
measures the time it takes to decompress each sub-frame 
of the compressed digital video signal SlO. This mea
surement may be accomplished by applying the signal 
S10 to a decoder such as processor 30 of the playback 
system 8 and measuring the processor decode time. For 
an exemplary playback rate of 30 FPS, the decode tim 
of a frame should be no more than l/30th of a second. 
When this monitor detects a larger decode time, thresh
olds in the threshold control 238 are adjusted to reduce 
the decode time of the "oversized" frame. 

Alternatively, threshold 238 can be adjusted to 
merely keep the running average of the decode time 
below l/30th of a second. With such a strategy, there is 
no need to repeat a compression, even if it exceeds the 
allowed decode time. In other words, the average can 
still be acceptable even if individual frames are not. As 
will be described subsequently, the playback system can 
cope with such temporary excesses in the decode time, 
without any effect on the playback rate, by using a 
technique of borrowing decode time from "short" 
frames (i.e., those frames that require less than l/30th of 
a second to decode). This alternative technique of cod
ing "oversized" frames applies where the average de
code time is less than 1!30th of a second, and the play
back system has adequate buffer storage. The amount of 
buffer storage needed by the playback system is moni
tored within the formatter 250 (FIG. 2), and if it is 
excessive, the threshold control is adjusted to reduce 
the decode time further. This alternative strategy for 
using the decode time monitor is desirable, because it 
permits a more accurate encoding of those frames that 
need a long decode time. 

The decode time monitor may alternatively comprise 
an estimator, based on the known decoding time charac
teristics of the video processor 30. A careful examina
tion of the decode process will reveal that it consists of 
a fixed number of well defined operations (say "A", 
"B", etc.) each of which requires a maximum length of 
time to complete. The encoder has available to it the 
precise bit stream that will be processed by the decoder. 
Hence the encoder can determine precisely how many 
times each of these operations will be performed for 
each sub-frame. The decode time estimate, T, is simply 
the sum of products: 
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N 
T= :l: A;K; 

i=l 

(1) 

In the summation, each term "A;" represents the total 
number of times a particular decoding action is per
formed. The term K;represents the maximum decoding 
time of the action. Examples of such actions include 
relative, absolute, DPCM and dyad decoding. More- 10 
over, each decoding action may comprise several ac
tions depending on where the pixel is in the region being 
decoded. To facilitate the use of such an estimator, the 
digital video compressor 230 stores the A; counts associ
ated with each sub-frame in the buffer-store 232. They 15 
are retrieved by means of a connection (not shown) 
from monitors 234 and 236 to store 232. As an example 
of the use of equation 1 for estimating decoding time, 
the products that may be summed are (1) the number of 
regions described by respective fill data codes times 20 
respective first constants, (2) the number of pixels in
cluded in each type of region times respective second 
constants and (3) the number of rows of pixels included 
in respective types of regions times respective third 
constants. A constant term may be added to the sum of 25 
products to account for decoding steps common to all 
regions to be decoded. 

FIG. 16 is a simplified block diagram of digital video 
compressor 230 which includes an input terminal 1602 
for receiving the YIQ selected sub-frame signal S8 from 30 
switch 224 and another input 1604 for receiving the 
threshold control signal Sll from control 238. Mode 
switch 240 of FIG. 2 is indicated symbolically as switch 
240' in FIG. 16. In the position shown (UP), mode 
switch 240' applies the video sub-frame signal 58 to an 35 

intra-frame region-specific coder 1610 which produces 
a region-specific coded signal S12 that is applied via 
mode switch 240' to an area dependent adaptive quan
tizer 1630. The quantized region coded signal 514 is 

40 applied to a stream-segmented variable length coder 
1640 as the final compression step in producing the 
compressed signal S9 for storage in buffer 232 (FIG. 2). 
Reversing the position of switch 240' applies the video 
input signal S8 to an inter-frame region-specific coder 45 
1620 and selects the inter-frame coded signal S13 for 
quantization. Both encoders 1610 and 1620 are coupled 
to receive the threshold control signal Sll. 

In operation, mode switch 240' is placed in the UP 
position for encoding still frames and the first frame of 50 
a motion video sequence using intra-frame coder 1610. 
Briefly stated, coder 1610 splits the frame into a number 
of small groups of similar pixels referred to herein as 
"regions". For each region a code is produced for rep
resenting the values of all pixels of the region. This 55 
technique provides very substantial data reduction 
(compression) because very few bytes of code are 
needed to specify where a region is, how big it is and 
what "fill" values are to be used to represent the region 
pixels. Further, the specific coding method used for 60 
each region is optimally chosen based on detailed char
acteristics of each region. This technique (herein, "re
gion-specific" coding) of tailoring the encoding strat
egy, not just to individual images, but actually to indi
vidual regions within an image, greatly increases the 65 
amount of compression possible. Details of (1) how to 
find the regions, (2) how to code or "fill" the region (3) 
how to identify "good" and "bad" fill values and (4) 

what to do about "bad" fills are shown and described 
with reference to FIGS. 17-38. 

Switch 240' is placed in the down position for encod
ing the second frame and all subsequent frames of a 
motion video sequence using inter-frame coder 1620. 
This different coding mode is used because once the 
first frame is encoded by coder 1610, the second and 
later frames can be coded on a "relative" basis using 
differences of the regions from frame-to-frame. One 
advantage of this "relative" coding of region differ
ences is that smaller numbers are produced and smaller 
numbers can be represented using fewer" bits by means 
of variable length coding in which shorter codes are 
assigned to smaller numbers. Details of (1) how to find 
the best direction to look for corresponding regions in a 
previous frame, (2) how to encode the region if found 
and (3) what to do if a corresponding region does not 
exist are discussed with reference to FIGS. 39-43 and 
61, 62. 

The region-specific coded signals 512 and 513 are 
subjected to what is termed herein as "area dependent" 
adpative quantization in quantizer 1630 which provides 
further data reduction. Recall that frames are coded as 
regions of pixels. The size of each region varies with 
details of the overall image. For example, in areas of 
high detail there will be many small regions of a few 
pixels each. Conversely, in areas of low detail there will 
be a smaller number of regions but these regions will 
contain tens or even hundreds of pixels each. Quantizer 
1630 achieves data reduction by variably quantizing 
region data as a function of the region area (i.e., the 
number of pixels in the region) such that smaller regions 
are more coarsely quantized (and thus require fewer 
bits) than larger regions. This process, and the psycho
visual effect that makes the quantization essentially 
invisible, will be discussed with reference to FIGS. 44 
and 45. 

The quantized region-specific coded signal 514 re
ceives additional data reduction (compression) in vari
able length coder 1640. Briefly, the data describing an 
image is rather complex. It includes data describing 
how the regions were split and filled, how regions were 
shifted, parameters describing the fill values in terms of 
bi-linear polynomial coefficients and further data in 
DPCM and dyad coded form. The point is that each 
video stream includes many types of data. These differ
ent types of data are formatted to occur in separate 
"segments" of each video stream. Coder 1640 deter
mines the statistical occurrence of data for each individ
ual segment of a video stream and assigns the shortest 
code to the most frequently occurring data within each 
segment. This is done independently for each one of the 
Y, I and Q sub-frames comprising a stream. In a pre
ferred application, the different forms of region-specific 
codes are biased, so to speak, towards zero so that small 
numbers have a higher frequency of occurrence than 
larger numbers and thus are assigned shorter variable 
length codes by coder 1640. Details of the foregoing 
"stream segmented" variable length coding are de
scribed with reference to FIGS. 46 and 47. 

Compressor 230 of FIG. 16 has been implemented by 
programming a digital computer as described with ref
erence to FIGS. 17-47. For the computer, a model 
VAX 11/785 manufactured by Digital Equipment Cor
poration was selected. Compression speeds of a few 
minutes per frame have been achieved for typical mo
tion video sequences. The principal goal of compressor 
230 is not speed but rather is high quality for the images 
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that are ultimately displayed. This goal is achieved in formed. Terminal nodes of the tree are encoded with 
large part through the use of what is herein termed the region fill values. 
"region-specific" coding as will now be described. The code (FIG. 30) to describe the complete tree 

Region specific coding comprises two actions, consists, therefore, of two types of data: "values," 
namely, (1) dividing the image into seeral regions ("re- 5 which are the fill values, and "actions", which are the 
gionalization"), and (2) selecting "optimal" fill parame- split or fill commands. The "actions" and "values" are 
ters for each region. These two actions are performed encoded using the same code "space". That is, they 
concurrently, as will be described with reference to each comprise variable-length-encoded non-negative 
FIG. 17. numbers. It is always possible, however, to distinguish 

FIGS. 27-31 provide an overview of the regionaliza- 10 between an action and a value based on context, that is, 
tion process called binary tree decomposition. In this the position of the action or value in the code sequence. 
simplified example, the region 2702 consists of four For instance, in the example of FIG. 28, when a "fill" 
subregions (2704, 2706, 2708, 2710) in which the pixels action is encountered, the next number must be a value. 
are assumed to have uniform gray levels (e.g., 141, 112, The next item after this value must be another action, 
90 and 98 out of a possible range of 256 gray levels). 15 etc. 
The pixel value distribution of this sub-frame is atypical, In more detail, the tree description data is ordered 
and is only intended to illustrate how binary tree region- using the following rule. For each node that is split, all 
alization is applied, and how the resulting decomposi- the data pertaining to the "top" node (if a horizontal 
tion can be efficiently encoded. In the more general split) or the "left" node (if a vertical split) is listed, 
case, the "fill'' (i.e., the code representing the region 20 followed by all the data for the other node. This is an 
pixel values) is described by the linear expression Ax+- inherently recursive procedure that begins with the 
By+C, where the coefficient "A" represents the slope root node of the tree and operates successively on nodes 
or brightness gradient in the horizontal (X) direction, of the tree until all terminal nodes of the tree are 
"B" represents the gradient in the vertical (Y) direction reached. For the example tree in FIG. 28 this yields the 
and "C" represents a constant or uniform level of 25 tree code shown in FIG. 30. This short code, together 
brightness over the region. In the example of FIG. 27, with the dimensions of the original image, gives all the 
the terms A and B of the fill polynomial Ax+By+C are information one needs to specify the size and location of 
both zero. every region and the value of every pixel in the image 

Binary tree decomposition is performed by splitting a 2702. The "H" and "V" symbols signify horizontal and 
region in half, and then possibly splitting each of the 30 vertical splits. The "F" symbol signifies a fill action. 
resulting sub-regions in half, until the resulting sub- FIG. 29 illustrates an alternative and preferred for-
regions can be efficiently encoded. Later, in the discus- mat for encoding the binary tree data for the regions of 
sian ofFIG.17, a number of strategies are described for FIG. 27. It differs from the method of FIG. 28 in that 
deciding when a sub-region should be split, and in the fill data is encoded as node differences rather than as 
which direction it should be split, horizontal or vertical. 35 the actual values of the end nodes. This requires calcu-
For FIG. 27, these decisions are easy. The first split, lation in the decoder to recover the actual fill values but 
labeled split 1 in FIG. 27 splits the region horizontally has an advantage in that the encoded values are numeri-
into two equal halves. The top half 2704 can be effi· cally smaller. Compare, for example, the values 141, 90, 
ciently encoded by the single value 141, while the bot- 98, 112 of FIG. 30 with the values -7, -37, -18, and 
tom half needs further decomposition. A further verti- 40 8 of FIG. 31. Since the values are encoded using a varia-
cal split, split 2 divides the remaining area in half. The ble-length code, this produces greater coding effi-
right half (2706) can be efficiently encoded by the value ciency, since this weights the statistics of the values 
112 and hence is not split any further. The left half, more heavily towards small numbers. 
however, requires a further horizontal split, into two The coding procedure which results in the binary 
subregions 2708 and 2710 which can be efficiently en- 45 tree illustrated in FIG. 29 is performed as follows. First, 
coded by the values 90 and 98. the encoding process which develops the binary tree of 

Other regionalization strategies are possible. For FIG. 28 is performed. Next, pairs of fill values at termi-
example in quad-tree decomposition, instead of picking nal nodes from the same branch point are differenced 
a single split direction, both split directions are used and averaged. The difference value is assigned to the 
together. This leads to a regionalization as shown in 50 branch point and is the value which will subsequently 
FIG. 26 where region 2602 is split to form four more be encoded in the tree description. The average value is 
regions 2604-2608 one of which (2608) is further split to also assigned to the branch point, but only for the pur· 
form four reigons. Binary tree regionalization is the pose of determining other nodal or branch values work-
preferred mode because it has been found to normally ing backwards up the tree. That is, the average values 
result in fewer regions and hence fewer bits and less 55 are averaged and differenced with absolute or average 
decode time. values from a corresponding node on a parallel branch. 

FIGS. 28 and 30 illustrate the encoding of the abso- The difference value is assigned to the branch point as 
lute f:tll values and region locations of the example of the value to be encoded, and the new average value is 
FIG. 27. The term "absolute" as used herein signifies ftll used to determine the next difference and average value 
values obtained solely from the region data of the re- 60 working hierarchically up the tree. Differences are 
gion being coded. The term "relative" as used herein determined by subtracting the left nodal or branch 
signifies region fill values based upon frame-to-frame value from the right nodal or branch value. 
region differences. The inverted tree-like structure of In the example illustrated the terminal nodal value 90 
the coding diagram 2802 in FIG. 28 represents succes- is subtracted from the terminal value 98 to produce the 
sive divisions of region 2702 and is called a "binary 65 difference value + 8 which is assigned to the branch 
tree" because each branch is split to form two branches. point designated "split 3". The average of the nodal 
The top node of the tree represents the whole image. values (90+98)!2=94 is also applied to the branch 
Each time a region is split, two new node values are point and shown in angle brackets. The average value 




