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DESCRIPTION

BUFFER MANAGEMENT IN VARIABLE BIT-RATE
COMPRESSION SYSTEMS

The present invention relates to a method and apparatus for the
compression of digital video signals and in particular to the use of such method
and apparatus in the encoding and decoding of signals.

Variable bit rate (VBR) video compression is known to give advantages
over constant bit-rate (CBR) video compression. The main reason for this is
that in a CBR system the bit rate has to be set so that the worst case quality
is acceptable while in a VBR system the bit rate is set so that the quality (which
is kept constant) is acceptable. The difference between the average bit rate
of a VBR compressed signal compared to the bit rate of a CBR compressed
signal has been found to be to be close to 30% in favour of VBR compression.

Though VBR compression is better than CBR, it can only be used in a
limited number of applications. In principle the medium should be able to
convey variable bit-rate signals. In terms of the ISO/OS| model, aimost every
medium conveys a fixed bit rate at the physical layer. On a higher level, the
medium can be converted into a (logically) variable bit rate medium.

One particular épplication of VBR compression is joint bit-rate control,
in which a number of sources make use of a single channel. In the case of
joint bit-rate control the bit-rate of the video signals is controlled such that the
individual bit rates can be varying (through optimal allocation of bit rate) but so
that the sum of all bit rates is constant. This type of system may occur in for
instance cable félevision or in satellite television services. _

The idea of joint bit-rate control for mutti-program video signal encoding
has been found ta be advantageous, particularly for video signals coded
according to the 1SO MPEG standards. Basically a system for joint bit-rate
control needs technical measures for two problems, namely the bit allocation
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and the buffer management. To deal with bit allocation, the bit need of the
programs is measured and the blts are spread accordmgly over the programs.
Buffer management encompasses several sub—problems some of which are |
described in "Constraints ori variable bit-rate video for ATM-networks” by Amy
Reibman and Barry Haskell; in IEEE Transactlons on Circuits and Systems for

' Video Technology, Vol 2, No. 4 December 1992 pp 361-372. The Reibman
‘and Haskell paper ‘examines the constralnts resultlng from encoder and

decoder buffenng in an asynchronous transfer mode (ATM) network, in
partrcular the addltlonal constralnts needed to prevent overflowing or
underflowing of the decoder buffer when a variable bit-rate data channel links
encoder and decoder. ‘They descnbe a method in which the number of
encoded bits for each video frame and the number of bits transmitted across
the variable bit-rate channel are selected jomtly a necesslty |mposed by the

' dlﬁenng constraints |mposed on the transm:tted blt rate by the encoder and

decoder buffers respectwely

ln all these applrcatlons the transmlsslon of video can be in the MPEG
format. An MPEG decoder contains a physlcal buffer; and correct MPEG bit
streams must fulfil the video bufferlng verifier (VBV) constraints, which means
that the signals may not overflow or underflow a hypothetical decoder buffer
As will be shown hereinafter, an incorrect buﬁer"management"_may limit the
performance of a VBR compression system. The analyses of buffering systems

rely strongly on the concept of a system delay whereby, in order to have a

continuous dlsplay of video, the deIay must be ‘constant. Thls requirement has

an effect on the buffering strategy.

For CBR systems glven ‘a fixed decoder buffer slze the delay must be

| relatlvely Iarge for a low: bit-rate and relatlvely low for a high bit-rate in order to
| make full use of the avallable buffenng space in‘the decoder. If the bit rate is

vanable a compromrse setting of the buffermg ‘system must be used. As a

'consequence of this compromlse the effective buffer size in the decoder is too
low for an acceptable performance at low bit rates. Essentlally, two things are

required, namely a constant end-to-end delay, and a low buffering delay for
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high bit rates and a high buffering delay for low bit rates. These requirements
would appear to be incompatible.

It is an dbject of the present invention to provide improved stability of
decoder buffer operation. .

It is a further object of the present invention to provide greater efficiency
in encoder buffer management.

in accordance with the present invention there is provided a method of
compression for transmission of encoded digital video signals having a variable
number of data bits per image frame, comprising the steps of.

a) detecting a first bit rate of the encoded digital video signai bit
stream;

b) sequentially writing the signal bit stream into a buffer at the first
bit rate;

c) deriving a second bit rate as a percentage of the first bit rate,
changes in which percentage are inversely related to changes in the first bit
rate;

d) reading the bit stream out of the buffer at the second bit rate.

By the provision of the "tunable delay" resulting from the varied output
and input bit rates in the encoder buffer, the contents of the nominal decoder
buffer will remain substantially constant. The relationship between input and
output rates means that at high input signal bit rates, where the remainder of
the buffering system (provided by the encoder stage and the decoder) provides
a relatively low delay, the tunable delay provides a relatively high delay. At low
input signal bit rates, the tunable delay is reduced to counter the relatively
higher detay introduced by the remainder of the buffering system.

The range of possibie input bit rates may suitably be divided into discrete
jevels with a derived second bit rate being maintained constant until an input
signal bit rate within a different one of the levels is detected at which point the
second bit rate is recaiculated. For a minimum input bit rate, the second bit
rate is suitably set to equal that bit rate: in other words, at minimum input bit
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' rate, the delay is set to zZero.

Successive grouplngs of one or more |mage frames may be specified
wrth the second bit rate being derived from the ﬁrst frame of the grouping and
mamtamed constant untll the bit rate of the ﬁrst frame of a succeeding
grouplng is ‘detected. The groupmgs may be determined on the basis of
successive frames within a range of bit rates as mentioned above or may be
specified on other crltena For sngnals encoded according to the MPEG

| "standard a ﬁrst groupmg may be spectf ed for I-plctures wrth one or more

other grouplngs for other types of i |mage _
Also in accordance with the present invention there is provrded a video

"s'ignal encodmg apparatus operable to encode a digital video srgnal for

transmission, the apparatus compnsnng an encoder stage operable to encode
a received video srgnal aocordlng toa predetermnned codlng scheme and to
output the s|gna| as a variable bit-rate data stream and a buffer coupled to

' receive the said vanable bit-rate data stream from the encoder and arranged

to output a data signal for transmission; characterised by means operable to
detect the blt-rate of the said variable bit-rate data stream, to derive a second
bit rate as a percentage of the encoder stage output bit rate, which percentage

'changes |n inverse relation to changes in the encoder stage output rate, and

to control the buffer output data S|gnal bit rate at the said second bit rate.
Further in accordance with the present |nvent|on there is provrded an
encoded vrdeo srgnal compressed (for transmrssron) by the method recited
above. The sngnal compnsrng a bit stream of encoded data for a succession
of |mage frames has its lnstantaneous bit rate mversely related to the bit
den5|ty of an |mage frame n frame penods later where n is determined by the
sald blt densﬁy As wrll be understood the bit rate of the uncompressed slgnal
is determmed by the bit densrty and the n frame penods (where n is not

| necessanly an mteger) corresponds to the Iag mtroduced by the tunable delay.

Preferred embodiments of the p"re's'ent:in\"lention will now be described,

by way of example only, and with reference to the accompanying drawings in
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which:

Figure 1 schematically represents a series of image frames coded
according to the MPEG standard,;

Figure 2 Is a block diagram of part of an encoder apparatus embodying
the inventio_nﬁ

'Figure 3 represents usage of the encoder buffer of the apparatus of
Figure 2 in relation to decoder buffer usage;

Figure 4 graphically represents increase in decoder buffer fuliness over
time; . |

Figure 5 represents a modified version of Figure 3 embodying the
present 5nvention;

Figure 6 schematically illustrates the combination of video and MPEG
program streams; and

Figure 7 represents skew resulfing from bit-rate changes.

The fol!oWing description is concerned with the management of MPEG-
coded video signals by way of example, although it will be readily appreciated
by the skilled practitioner that the invention is not restricted to such coding
standards. .

The MPEG standard describes a syntax and semantics of bit streams
for compressed video and associated audio. Whilst the semantics in principle
specify the functionality of the decoder, the standard provides no prescriptions
for the decader architecture. Each decoder will have an input buffer of some
sort but how tI__iis is to be realized and what exact size this buffer must have is
not specified. .

Recognising the impdrta_nce of random access for stored video and the
significant bit-rate reduction that may be cbtained fhrough motion-compensated
interpolation,. the MPEG'Istandard recognises three types of pictures (frames)
namely ihtra;bictu_res, predicted picfures and interpolated pictures, generally
referred to -és l', P, and "'-;B'-pictures' respectively. I- pictures provide access
points for random pictures and accordingly have only limited compression. P-
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plctures are coded W|th reference to a past (I or P) prcture and often form a

~ reference for future P-pictures. B-plctures have the highest degree of

compressron but reqmre both a past and future reference for predrctron A
typrcal MPEG sequenoe of I, P and B-plctures is shown in Flgure 1

A schematic representatlon of an MPEG encoder is shown in Figure 2.
A received video slgnal VIN is passed to encoder stage 10 together with a
control sugnal Q which varies the quantlsatlon coarseness of the encodlng
many cases (although not for jomt bit rate encodmg) the control srgnal Qis kept
constant to- malntam coarseness at the same average level. The control signal
Q is derived on the basis of the mcommg video slgnal VIN by detector (DET) 12.
The output of the encoder stage 10is passed to an encoder buffer 14 at a first
bit rate and also to a calculation’ unit 18. The calculatlon unit 16 derives a
value for a second bit rate and passes this to a header rnsertlon stage (HIN)
18 which reads the srgnal bit stréam out of the buffer at the second bit rate and
places the bit stream CBOUT ona commumcatlon channel for transmission to a

receiver/decoder. The basis of the calculatlons performed by unit 16 to derive

an approprlate second blt rate will now be descnbed |n terms of a theoretical
encoderldecoder buffer arrz - ;ement ' '

The MPEG standarc constrains bit streams such ‘that they may not
overﬂow or underﬂow a hypothetlcal buffer: this hypothetlcal buffer can be
related to the physlcal buffers appearlng in the srgnal encoder and decoder

'stages

In studles of buffer management problems, analysrs of the combination
of the encoder buffer and the decoder buffer uses a model of the two buffers
as shown in Figure 3: this model erI be used to explaln the problem that
occurs in a varrable blt-rate sltuatlon -

The MPEG standard is partltloned m three parts the vrdeo part, the
audio part and the systems part The vrdeo part ¢ontains a mechanism called
.the VBV and the. systems part contams a part calied the transport system
target decoder (T-STD) MPEG decoders are realisable because the signal

(bltstream) has to fulfil certain condrtlons, and bitstreams that fulfil the VBV



WO 96/20575 PCT/IB95/01087

10

15

20

25

30

condition {or similar for T-STD) are said to be compliant. Since bitstreams
must fulfil tﬁaf VBV condition it is possible to design decoders that can
decode combl‘iant bitstreams. |

The VBV dgﬁnition is based on a hypothetical decoder which reads the
compressed pictures in zero time from the VBV buffer and a channel that
continuously fills up the buffer. Figure 4 shows characteristic VBV buffer
contents as a function of time for a part of the MPEG frame sequence of
Figure 1. Thé VBV is specifically defined for constant bit-rate operation. In
case of variable bit-rate operation, the MPEG standard specifies that the
definition of the VBV buffer is overruled by the definition of the T-STD.

The bitstream is written into the buffer at the bit-rate specified in the
sequence header. The bitstream contains information about the contents of
the VBV buffer. This information is presented in a field in each picture
header called the VBV delay, which specifies the time between the moment
that the header enters the VBV buffer and the moment of decoding the
picture.

In the systems part of the MPEG standard, mechanisms are defined
that provide means to synchronise the decoder. These mechanisms are
called the decoding time stamp (DTS} and the presentation time stamp (PTS}
which are measured in time units. The mechanism of system clock reference
{SCRY} is used to recover the correct time. The complete decoding operation
is described again in terms of a hypothetical decoder which is referred to as
the standard target decoder (STD). The systems part describes two types of
systems layer: the transport stream and the program stream. The STD for
the transport stream is referred to as T-STD and for the program stream the
term P-STD is uséd. in the following the difference between these streams
is explained.

in principle the program stream is defined for applications which have
a very low error probability such as optical recording. The basic
characteristic of the program stream is that it can convey only one program
and that the bit-rate can be varying: as such it may be of limited general use.
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Of greater utllrty is the transport stream, whlch is mtended for muilti-program

_ environments. The bit-rate for each program is allowed to vary ‘but the sum

of all bit-rates must be constant. The transport stream uses a fixed size
packets of 188 bytes " The T-STD can be used for HD-CD (VBR optical
medlum) by readlng a varrable blt-rate from the dlsk and addlng an artrflclal
empty program to the bltstream in passrng the mformatlon from the reader
on to the decoder such that the total bit-rate’i |s constant The defmrtron of

" the functlonalrty of both the P- STD and the T-STD ls S|mllar We have

recognrsed that a problem in conventronal buffer-management is that the
avallable buffer space in the decoder depends on the’ bit rate. At low bit rate
we have too small an effectlve decoder buffer avallable that will hamper the
|mage quality. I o

Refernng back now to the model of Frgure 3, the buffenng model uses

" the followmg parameters

® the (discrete) time n

® the current blt rate RiIn]

® the rnput-output delay d

® physical encoder buffer size B

® physical decoder buffer size B,

® encoder buffer pointer E[n]

. decoder buffer'pOin'te'r D[n]

° range of decoder buffer pointer D,,,,,,[n] < D[n] < Dpain]

® range of encoder buffer pointer Em,,,[n] < EIn] < Epg,lnl

_ lt will be noted that the' range of the’ buffer pornts is introduced as a

separate varlable whlch is time dependent wrth the current buffer pointers
Eln]} and D[n] representlng the buffer contents A key variable in the buffer
system is the rnput—cutput delay d which denotes the time between inputting
a prcture to the encoder and the trme that this prcture is decoded by the

decoder ln the foIIowmg denvatlons, we asslime d to be an integer number

of plctures, although non- mteger values are possrble as well. This variable

s necessarlly constant over the entire sequence since otherwise a non-
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continuous display would result, affecting miotibn portrayal.

We assume that the buffers are operated in the following way

EIn] = E[n-1] - Rin] + pIn] (Equation 1)
D[n] = DIn-1] + RIn] - pin-d]

In this model we assume an action {next n) every new picture. From
this buffer behaviour model the following relation between the encoder buffer

contents and the decoder buffer contents can be derived

n

Dinl + EIn-d1 = Y, Rl {Equation 2)
=n-d+1

From Equation 2 we can derive relation between the boundaries of the
buffer contents which yields

n
Dpednl = Y RIA - Eyln-d]
i=n-d+1
n {Equation 3)
D lnl = E RIA - E, In-d]
i=n-d+1

This equation shows that underflow in the encoder is linked to
overflow in the decoder and vice versa; the encoder buffer and decoder
buffer have dual behaviour. Clearly, there is a lag of d samples between
encoder and decoder constraints. _

A common choice {that is made in the Reibman and Haskell paper

mentioned previously) is to select:
D Inl = Egfn-dl =0 (Equation 4)

This choice means that underflow in either of the two buffers is in fact
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a physical underflow and, hence, a loss of data. Underflow in the encoder

means the following violation on the decoder side of

DIn] > Dyglnl - (Equation 5)
with
D, [n] =+ E RIA ' (Equation 6)

i=n-d+1

" Hence the maximum available buffer éb_‘éé_'e' in'the decoder depends on
the (integrated) bit rate over the past d sampiég. “This may lead to problems
if, for instance, the bit rate is constant over more than d samples. In such

a situation we have

Dpex[n] = deR (Equation 7)

hence at a low bit-rate we have a small effective decoder buffer available. -
At a low bit-rate we still may have relatively large I-pictures, which can
happen for scenes with high detail and absolutely no motion. Since the
available buffer space is small; it is a conventional technique to reduce the
quality of that |-’picturé such that the buffer constraint in Equation 5 is not .
violated. | S

Our solution to this problem is to have a small tunable delay TD, as
shown in Figure 5, between the encoder (EB) and decoder (DB) buffers on
the encoder side of the traﬁsmission channel TC, and also to use a relatively
high bit-rate for the |l-picture. ‘The small delay averages out over a small
number of pictures, and hence a small bit-rat_e peak will help. The special

treatment of I-picture"s' means that over a series of pictures such as the
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sequence of Figure 1, we use two bit-rates; a relatively high one for the
period of time containing the i-pictures and a iower one for the other classes
of pictures. This provides us with higher peak bit-rates. For the sequence
of Figure 1, we therefore have three groups of pictures {(GOP’s), one for each
of the |-pictures and one for the GOP of P- and B-pictures between them,
with the bit-rate remaining constant {either high or low} in each GOP. .If
desired, a third bit-rate (between the relatively high and relatively low levels)
may be specified for P-pictures in which case the sequence of Figure 1 would
comprise five GOP with the bit-rate following the pattern of high-low-
medium-low-high over the series.

The use of this specified bit-rate technique in the encoder may be
detected from the decoder by testing Equation 5 on the bit stream. if the
equation yielés an "overflow" it shows the technique to have been used.

The choices for our farger encoder buffer and appropriate bit-rate over
time will now be described. The conventional choice made in Equation 4 is
the source for existing problems: we have appreciated that by making an

alternative choice more flexibility in the decoder is provided. We choose

Dmin =0 (Equation 8)
Dmax = BD

which may be considered as an advance selection of the largest possible
decoder buffer. As will be shown, this choice leads to a larger encoder

buffer. Note that an alternative choice for the buffer, such as

(Equation 9}

n
Duxln] = A+B @ Y Al
i=n-d+1

will yield similar conclusions for the encoder buffer, unless A = 0, B = 1
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(whlch is the case in the orlglnal problem)

Substltutmg the chouces from Equatlon 8i ln Equatlon 3 yields

E.[n-d] = 2 Rl -8, (Equation 10)
- i=n-d+1 o o .
and
n N _ . .
Enmaxln-d] = ¥ R[r] o ' {Equation 11)

i=n-d+1

o These equatlons show that the Iower I|m|t ‘of the encoder buffer
contents is non—zero whlch means that the encoder buffer must be larger
than is conventlonal In fact the physucal 5|ze of the encoder buffer equals
that of the decoder buffer plus some margln The margm is calculated from
the maximum and minimum bit rate on the channel as will be demonstrated
below. | _
Considering Equation 10 for our analysis, analysis of the extremal
values of E,, vields insight in important system characteristics. One end of
the scale is reached when E,,,,,, = 0. This sltuatlon will occur if we transmit
for more than d symbols at the minimum bit rate. Substituting these

assumptlons in Equatlon 10 ylelds
By = deR,;, . (Equation 12)

Thus we use the minimum bit rate to select the required delay. It is
appreciated that this delay will 'Qenerally be larger than in the conventional
situation, but the actual value remains acceptable, especially in the case of
recordlng appllcatlons

At the other end of the scale we find the required extra buffer size by.
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considering that the encoder buffer size can be written as
B = B, + margin (Equation 13)
5 where the margin is equal to the maximum value of E;,. The maximum value

is reached if the bit rate is at its maximum value for more than d samples

(pictures}. (n this case we find

Rmax

min

margin = dORm,, = By

10 (Equation 14)

Turning now to the calculation of the time dependent bit rate R[n], the

decoder buffer content is required to be the same at the beginning and at the

16 end of a GOP. Figure 4 illustrates this condition using the decoder buffer
fuliness.

From Equation 1 it can be seen that this condition means

o n n
? Y pi-l= ¥ R

i=n-d+1 f=n-d+1

(Equation 15)

and keeping the bit rate R[i] = R constant over a GOP of length N pictures

26 we have

y p[}‘-d] = NoR {Equation 16)

i=n-d+1

30
From Equation 15 it will be appreciated that the channel bit rate has
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to change d samples after the source bit rate has changed and also that the

bit rate will generally have to be changed withir_i_ a picture, rather than at the

"header of a picturéﬁ' although this inay occasionally occur. The bit rate

changes are shown in terms of the MPEG syntax in Flgure 6, where the

reference numerals ‘denote the following:-

101: pack layer in systems syntax-

102: _PES layer in systems syntax

103: video layer (payload in systems syntax)

104: picture header i in video Iayer

105: PES header in systems b|t stream contalnlng DTS and PTS

106: pack header in systems bit stream containing ESCR and

ES_RATE o |

The MPEG transport stream is meant for multi-program environments
and the ‘program stream is meant for envirorimients with one program, like
optical recording. Figure 6 shows how a video bit stream can be wrabped
in a program stream. In the program stream we have the MPEG concepts
PACK-headers and PES-headérs (PES-packetized elementary stream). The
PACK-header contains information on the elementary stream i'ate (=ES-

RATE). Since PACK-header's_ are not necessa_l_'ily constrained to precede

- picture-headers or PES-headers we are allowed to change the bit rate at any

moment.

The consequences of Equation 15 and Equation. 16 are shown in Figure
7 which shows the skew between moment of inputting the groups of
pictures to the buffer and the moment of -Eél"*\a'n"ging' the bit rate: the
continuous lines represent the time interval in which the bits resulting from
compressing a GOP are written into the buffer, and the dashed lines indicate
the time interval for which the output bit rate calculated for that GOP is
applied. _ _

In the foregoing, we have shown an enhanced buffer management
strategy that does not put constraints on the quality of compression, fdr-only

a small extra delay.
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From reédding the present disclosure, other modifications will be
apparent to persons skilled in the art. Such modifications may involve other
features which are aiready known in the design, manufacture and use of
digital video signal encoding and decoding systems and devices and
component parts thereof and which may be used instead of or in addition to
features already described herein. Although claims have bene formulated in
this application to particular combinations of features, it should be
understood that the scope of the disclosure of the present application also
includes any ﬁovel feature or any novel combination of features disclosed
herein either explicitly or implicitly or any generalisation thereof, whether or
not it relates to the same invention as presently claimed in any claim and
whether or not it mitigates any or all of the same technicat problems as does
the present invention. The applicants hereby give notice that new claims
may be .formulated to such features and/or combinations of such features
during the prosecution of the present application or of any further application

derived therefrom.
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1. A method of compressuon for transmnssmn of encoded digital

~ video slgnals havmg a varlable number of data blts per |mage frame,

comprlslng the steps of _ _
a) _ detectmg a flrst blt rate of the encoded dlgltal vndeo signal bit
stream; |

b) | _s-::equential'l'y 'w_r'it'ing:_ the sngnalbltstreamlnto a huffer at the first

 bitrate;

C)' derlvmg a second blt rate as a percentage of the flrst bit rate, .
changes in whlch percentage are mversely related to changes in the first bit
rate, '

d readmgtheblt .stre.'ar'n_' outofthebuffer atthe second bit rate.

2. A method as clalmed |n Clalm 1 whereln for a speclfled range
of first bit rates, the second bit rate equals the flrst blt rate at the minimum

first bit rate value.

3. A method as claimed in Claim 1 or Claim 2, wherein successive
groupings of one or more image frames are specified, and the second bit rate
is derived from the bit rate of the frame, or the first frame, of the grouping
and maintained constant until the bit rate of the first frame of a succeeding

grouping is detected.

4. A method as claimed in Claim 3, wherein for signals encoded
according to the MPEG standard, a first grouping is assigned to |-pictures and

a second grouping is assigned to - :her types of image.

8.  Video signal encoding apparatus operable to encode a digital
video signal for transmission, the apparatus comprising:

an encoder stage operable to encode a re'ceived video signal according
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to a predetermined coding scheme and to output the signal as a variable bit-
rate data stream; and
| a buffer coupled to receive the said variable bit-rate data stream from
the encoder and arranged to output a data signal for transmission;
characterised by means operable to detect the bit-rate of the said
variable bit-rate data stream, to derive a second bit rate as a percentage of
the encoder stage output bit rate, which percentage changes in inverse
relation to changes in the encoder stage output rate, and to control the buffer

output data signal bit rate at the said second bit rate.

6. Apparatus according to Claim 5, wherein the encoder stage is
configured to encode the received video signal in accordance with the MPEG

standard.

7. Apparatus according to Claim 5, wherein the means operable to
detect encoder stage output bit rates specifies a plurality of contiguous
ranges of bit rate values and is configured, on first detecting an encoder
output bit rate value with a first one of the ranges, to maintain the derived
second bit rate substantially constant until a bit rate within another of the
ranges is detected.

8. An encoded digital video signal compressed by the method of
Claim 1, comprising a bit stream of encoded data for a sequence of video
image frames, characterised in that the instantaneous bit rate of the signal is
inversely related to the bit density of an image frame n frame periods later
where n is determined by the said bit density.



