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Optimal Multidimensional Bit-Rate Control
for Video Communication

Eric C. ReeddMember, IEEEand Jae S. Lim, Fellow, IEEE

Abstract—in conventional bit-rate control, the buffer level is and/or reduced spatial resolution due to the required trans-
controlled by adapting the quantization step size with afixed frame mission of overhead bits. The conventional approach is often
rate and spatial resolution. We consider a multidimensional (M-D) applied to low-bit-rate applications for simplicity [3]. However,

bit-rate control where the frame rate, spatial resolution and quan- ina th ti | hat | bit rat . th
tization step size are jointly adapted for buffer control. We intro- using the conventonal approach at low bit rates requires the

duce a fundamental framework to formalize the description of the frame rate and spatial resolution processed by the encoder to
M-D buffer-constrained allocation problem. Given a set of oper- be chosera priori. The choice of these parameters is critical
ating points on a M-D grid to code a nonstationary source in a since they have a direct impact on the quantization and overall
buffer-constrained environment, we formulate the optimal solu- - yiqaq quality. Quite often, frames must be dropped arbitrarily
tion. The formulation allows a skipped frame_ to be re(_:onstructed t t buff fl Furth . th t
from one coded frame using any temporal interpolation method 0 pre.ve.n utter overfiow. Fur §rm0re, since .ese parameters
and is shown to be a generalization of formulations considered in feémain fixed, they are not adapting to a nonstationary source.
the literature. In the case of intraframe coding, a dynamic pro- In this paper, we consider a more general multidimensional
gramming algorithm is introduced to find the optimal solution.  (M-D) bit-rate control where the buffer level is controlled by
The algorithm allows one to compare operational rate-distortion j5intly adapting the frame rate, spatial resolution and quantiza-
bounds of the M-D and conventional approaches. We also discuss;. . . . .
how a solution can be obtained for the case of interframe coding t'(_)n stepsize [4]. Some variable frame rate E_md spatial resolution
using the optimal dynamic programming algorithm for intraframe ~ bit-rate control schemes have been considered. For example,
coding by making an independent allocation approximation. We the frame rate is adjusted based on the histogram of difference
illustrate that the M-D approach can provide bit-_ratt_e r_eductions (HOD) measure in [5], [6]. The basic idea is to reduce the frame
over 50%. We also show that the M-D approach with limited-looka- 546 \yhen motion becomes faster and increase the frame rate
head provides a slightly suboptimal solution that consistently out- . .
performs the conventional approach with full-lookahead. when motlon ,becomes slolvver.. The HOD.measure is useful for
detecting motion and was first introduced in [7]. A source model
is used in [8] to predict rate-distortion (R-D) characteristics and
the frame rate is adjusted to ensure a minimum picture quality
of the coded frames. A statistically based approach is taken in
[9] where buffer control is performed by vertical subsampling
[. INTRODUCTION and quantization. While these approaches are ad hoc, they can

N DIGITAL VIDEO communications, buffering is neces-Yi€ld better video quality over conventional approaches.
sary to absorb variations between the source rate and thd is paper formalizes the M-D bit-rate control process. In
channel rate. Due to the broad number of applications, tR@rticular, we define the M-D buffer-constrained allocation
problem of allocating bits in a buffer-constrained environmeRfoblem and present an integer programming formulation. The
has been studied extensively [1], [2]. Most of the emphadpoblem involves selecting which frames to code (and which
has been placed on the conventional bit-rate control approd&Nes to skip), along with the spatial resolution and the quan-
where the problem is how to choose quantizers under a bufféation stepsize for each coded frame in a buffer-constrained
constraint while the frame rate and spatial resolution proces&iyironment such that the reconstructed video sequence is as
by the encoder remain fixed. The conventional approach G¥S€ as possible to the original according to some objective
well suited for high-bit-rate applications where overhead usedgasure. Our formulation of the problem allows a skipped
small fraction of the bit rate and high-quality video is achieveljame to be reconstructed from one coded frame determined by
by coding at full frame rate and spatial resolution. At low bithe choice of a reconstruction pattern and reduces to the formu-
rates, however, it is necessary to code at a reduced frame f8Hon in [2] for the special case of conventional bit-rate control
where the video is coded at full frame rate and spatial resolu-
tion. The added flexibility of the M-D bit-rate control approach
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Laboratory and Motorola Broadband Communications Sector. The associateg@urce. For example, the controller has the flexibility to skip
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(e-mail: jslim@mit.edu). many interesting questions to consider with the M-D approach.
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M-D bit rate controller ¢

the M-D approach compared with the conventional approacl

What is the optimal video format as a function of bit rate an Frame rate | SPatial Quantization
buffer size? . "resolulton | stepsize

A dynamlg programming alg_orlthm is prese_nted to ob?aln ai?g:; DAe;?y Sslflfstzltillplcr _> Encoder |—»l E;s;)ft:r
optimal solution for the case of intraframe coding, a special ca Do |

of dependent coding. Dependency still exists with the case : I

intraframe coding since skipped frames are reconstructed from

coded frames. In the special case of conventional bit-rate cefy. 1. lilustration of M-D bit-rate control approach. Controller jointly

trol where the video is coded at full frame rate and spatial relapts four encoding parameters: frame rate parametpatial subsampling

. . . . arameters,,, s, and quantizer parameter The video enters the preprocessor

olution, our algorithm reduces to the optimal independent %Tth a delay of A K frames to achieve better bit allocation.

gorithm in [2]. Extending our previous work in [10], we also

consider the case of interframe coding and discuss how a so-

lution can be obtained using the optimal dynamic programming

algorithm for intraframe coding by making an independent allo- Formulation 1:(M-D Buffer-Constrained Allocation Problem)

cation approximation. While our algorithm is computationalliven a set of operating points on a M-D grid, a sequence of

expensive, it can be directly used for nonreal-time encoding, filames, a finite buffer, and spatial and temporal interpolation

benchmarking, and as an aid in the development of suboptimatthods to be used at the receiver, the goal is to select the

algorithms. operating points (i.e., select which frames to code, and which
The optimal solution allows one to compare the operation#mes to skip, along with the spatial resolution and quantizer

R-D bounds of the M-D and conventional approaches. To of¢r each coded frame) such that 1) the buffer is never in

tain an optimal solution, however, it is assumed that one h@¥erflow and 2) some global distortion metric is minimized.

access to the entire video sequence. While this is true for non-

real-time encoding applications, it is not true for real-time en- Section II-A defines the encoding parameters that represent

coding applications due to delay requirements. Therefore, ®ach opera_tlng point. Section II-B defines a fu_ndamental set of

compare the performance of the M-D bit-rate control in the cakgconstruction patte.rns used Fo reconstruct sklpped frames from

of limited-lookahead with the optimal solution (full-lookahead)c0ded frames. Section II-C discusses the delay imposed on the

For the conventional bit-rate control approach where the viggystem.
is coded at full frame rate and spatial resolution, it is demo[&-
strated in [2] that slightly suboptimal solutions can be obtained
with limited-lookahead. The conventional approach with lim- E&ch operating point defines the choice of four encoding
ited-lookahead is also analyzed in [11] where the buffer coR&rameters:
straints are viewed as a set of bit budget constraints. 1) temporal subsampling or frame rate parameteshich
Section Il defines the M-D buffer-constrained allocation  defines the distance from the last coded frame;
problem. An integer programming formulation is presented in 2) quantizer parametey, which represents one-half the
Section Il and the optimal algorithm is presented in Section [V, quantization stepsize;

Experimental results for both intraframe and interframe coding 3) horizontal spatial subsampling parameg, which de-
are discussed in Section V. fines the horizontal spatial resolution;

4) vertical spatial subsampling parametgr, which defines
the vertical spatial resolution.
Il. PROBLEM DEFINITION These parameters can be defined at the frame or block level.
. o .. _We consider a frame layer rate control wherg, s, ands,, are
‘The M-D bit-rate control approach is illustrated in Fig. lqefined at the frame level. Our frame layer rate control deter-
Video enters a pre-processor with a delay\dt’ frames so the mines an optimal bit allocation among each coded frame. The
controller has knowledge @t K future frames to achieve betterresulting bit allocation can then be used by a block layer rate
bit allocation. The pre-processor performs temporal and spai@htrol wherey, s;,, ands, are defined at the block level. Given
subsampling operations on the video input and therefore canthe bit budget for a coded frame resulting from our frame layer
represented by a cascade connection of a skipped/coded switgh control, the frame can be coded in various ways as long
followed by a spatial subsampler. The encoder produces a cais-the bit budget is not exceeded. In the case of MPEG-4 [12]
pressed bitstream representation of the subsampled video. Rik&ere a video sequence is comprised of multiple video objects,
produced by the encoder are placed into the buffer at a vasperating points can be chosen separately for each video object.
able rate and pulled from the buffer at an assumed constant rdtee methods discussed in this paper can be used to obtain an
To control the level of the buffer, the M-D bit-rate controlleroptimal bit allocation among the different objects.
jointly operates the skipped/coded switch, spatial subsampleiThe quantization performed during the coding process is sig-
and the quantizer used in the encoder. The optimal operatiomificantly affected by the video format chosen for coding. Sup-
the pre-processor and the quantizer is obtained by solving #ese the source has an original frame raté,dfs and a spatial

M-D buffer-constrained allocation problem which is defined agsolution ofA; x M, pixels per frame. The frame rate chosen
follows: for coding is given by

Pre-processor

Encoding Parameters
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. Conventional
| bit rate controller
a priori
i S0 S, q
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Input _| Spatial Encoder

Delay | OE N
video T AR ——’O\ Subsampler| *| Encoder =2 pyppey

I Pre-processor

Fig. 2. [lllustration of conventional bit-rate control approach. Controller adap
guantizer parametey while frame rate parametérand spatial subsampling
parameterss;,, s, are fixed at levels chosea priori. The video enters the
preprocessor with a delay & frames to achieve better bit allocation.

ki k-i+1 k1 k

. . (© (d)
fi==, 1=1,2,... dmax (1)
. . Fig. 3. lllustration ofi reconstruction patterns between coded frames i

wherei,,,, represents the maximum allowable frame rate pandk. Reconstruction pattern, for 0<n<i — 1, corresponds to using frame
rameter. Similarly, the spatial resolution chosen for coding ?E)— ¢ to reconstruct fUthe( ?kiPPEd frames: (a) fecons”g‘zgg’” pattern 0,

. - . reconstruction pattern 1, (c) reconstruction pattern 2, an reconstruction
glven. by(Ml/Sh) X (Ma/sv), sny 50 = 1, ?7 Tt SUbS.amplm.g patterni — 1. In the figure, we assumé > 3. Shaded frames represent
the video in both the temporal and spatial dimensions prior teundary frames.

coding increases the bit allocation to pixels that are coded by a

factor of s3,-s,,-¢. . . . .
Shedurt and/or forward reconstruction. It is convenient to illustrate the

In the M-D approachi, s, s, andg are jointly adapted to . . L
control the buffer level as illustrated in Fig. 1. The convention%lelemed. reconstruction patterns resulting from the optimization
showing the boundary frames.

bit-rate control approach, a special case of the M-D approach; %

illustrated in Fig. 2. In the conventional approaghs adapted  hen a frame is skipped, it is reconstructed at the receiver
for buffer control whilei, s, and s, remain fixed. The fixed from & coded frame defined by the selected reconstruction

levels ofi, s, ands, are chosera priori independent of the pattern using some form of temporal interpolation. Typically,

quantization performed during the coding process. The frarfigr0-order hold temporal interpolation is used. When zero-order
rate parameteris typically determined based on experience arl Id tempqral _|nterpolat|on is used, the reconstruction pattt_erns
the spatial subsampling parameteys s, are often set to 1 for illustrated in Fig. 3 represent the most relevant patterns. Since

the luminance component and 2 for the chrominance comgB€ difference between skipped and coded frames generally

nents. A theoretical approach is taken in [13] to obtain the oficréases with incregsing distanpe, other rleconstruction.patterns
likely to result in a suboptimal solution. With additional

timal frame rate. Since the frame rate and spatial subsamplit§ y | .
parameters are chosen automatically during the coding proceQgPlexity at the receiver, skipped frames can be reconstructed

with the M-D approach, there is no need to choose these parafi"d motion-compensated temporal interpolation [14]-[16].
When motion-compensated temporal interpolation is used,

etersa priori. In both the M-D and conventional approaches,'" =" ' ) )
any encoder can be used for compression. bl-d!rectlonal reconstruction may be_ useful, especially yvhen
motion vectors used to reconstruct skipped frames are estimated
at the receiver from the motion detected between two coded
frames. Bi-directional reconstruction is not considered in this
When the frame rate parameteis selected, there ate— 1  paper and is left as a problem for future research. Allowing
skipped frames that must be reconstructed from coded framigisdirectional reconstruction or additional reconstruction
There are multiple ways to reconstruct the skipped frampatterns significantly increases the complexity of the problem
from coded frames. This section establishes a fundamentaking it difficult to guarantee an optimal solution.
framework that allows a skipped frame to be reconstructed fromTypically, conventional and M-D bit-rate control algorithms
one coded frame through the choice of a reconstruction pattemconstruct skipped frames using the reconstruction pattern in
Using the frame rate parametethe controller can select from Fig. 3(d) which involves forward reconstruction only. In low
one ofi reconstruction patterns defined and illustrated in Fig. 8elay applications, the frame reorder delay associated with the
Reconstruction patterm, for 0<n<i — 1, corresponds to using additional reconstruction patterns is not acceptable. However,
the previously coded frame to reconstruct the nexfuture in streaming video applications where a significant delay is tol-
skipped frames. With this set of reconstruction patterns, it éable, frame reorder delay is acceptable. In our experiments,
possible to obtain an optimal solution to the M-D buffer-corthe controller can select from any of the reconstruction patterns
strained allocation problem for the case of intraframe codingdefined in Fig. 3 for both the M-D and conventional bit-rate con-
The shaded frames in Fig. 3 will be referred to as boundainpl approaches. If desired, the optimization can be performed
frames. A frame is a boundary frame if it has an adjacent framéth any subset of reconstruction patterns. In the M-D case, the
which is reconstructed from a different coded frame. A codedconstruction patterns have a significant effect on the optimiza-
frame is also a boundary frame when it is not used for backwatrdn. If the skipped frames are reconstructed more efficiently,

B. Reconstruction Patterns
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the number of coded frames resulting from the optimization wik variable. The total end-to-end delay can be made constant

decrease. by setting it to the maximum level at the beginning of trans-
mission. Therefore, we can Ugk?’y, = AT fr max N (2),
C. Delay Considerations whereAT s, nax represents the maximum frame reorder delay

The components of a generic video transmission system {flPosed on the system. If the maximum allowable distance
clude the encoder, encoder buffer, transmission channel, 86fween coded framesis... frames, then the maximum frame
coder buffer and decoder. Delay is introduced into the systdfPrder delay igmax — 1 frames and\ 7y max < (imax — 1)7 .

in a variety of ways, including: A Ar: th_e betzﬁ]inging gf trans_tmissiotn,_ bl:_ffer dc.;,\tlaytiﬁ ir:c_trotdg_iec:
; . y having the decoder wait a certain time after the first bit o
1) delayed encodindhT', the bitstream is received before starting to decode it. The buffer

2) encoder processing delayl’. ; o ) )
3) encoder buffer dela T, delay in video frames i& L when the decoder waitA L frame

i intervals (orAL7 s). A detailed analysis of buffer relationships
£) channel ransmission d6iayT can be found in [18] and [19].
6) decoder buffer dela\Ts;; “ Given a frame reorder delay &f K frames, a buffer delay of
7) decoder processing delayr’,. AL frames, and a maximum allowable distance between coded

Delay requirements depend on the application. In vidé{)ames Ofismay frames
transmission applications, decoding is performed in real-time AT<(AK + AL + e — 1)7. A3)
while encoding can be performed either in real-time or non- -
real-time. In real-time encoding applications, communication In the case of nonreal-time encoding, encoding is performed
can be interactive (e.g., video conferencing) where low delayf-line and the total end-to-end delayl” through the system
is required or noninteractive (e.g., streaming live video) whei® defined as the time at which transmission begins to the time
delay requirements are relaxed. In nonreal-time encoding (ea. which the first frame is displayed. Here, we are concerned
streaming stored video), the video is transmitted from storagéth the delay introduced by frame reordering and decoder
and similar to the noninteractive real-time encoding case, delayffering. Assuming that decoder processing and channel
is introduced into the system only (ideally) at the beginning efansmission delay are negligible
transmission. Since the user notices delay only at the beginning
of transmission, the delay can be significant (i.e., 200 ms AT = ATy + AT'qy < (AL + iiax — 1)7 . (4)
or greater). The methods developed in this paper are most
appropriate for streaming video where delay requirements are
relaxed.

In the case of real-time encoding, the total end-to-end delaySince the encoding parameters and reconstruction patterns
AT through the system is defined as the time at which a framee integer variables, the M-D buffer-constrained allocation
is generated to the time at which it is displayed. In this case, weoblem can be solved using techniques in the field of integer
are concerned with the delay introduced by delayed encodipgpgramming [20]. This section presents an integer program-
frame reordering and encoder/decoder buffering. If we assumég formulation of the M-D buffer-constrained allocation
that processing and channel transmission delay are negligitgegblem. The formulation allows a skipped frame to be re-

IIl. I NTEGER PROGRAMMING FORMULATION

the total end-to-end delaX T is given by constructed from one coded frame using the reconstruction
patterns in Fig. 3.
AT = ATy + ATy, + ATy + ATy 2 Suppose the controller can choose froframe rate parame-

] ) ) ters,@ quantizer parameters;, horizontal spatial subsampling
Given a constant end-to-end delay/’, a frame input into the parameters anf, vertical spatial subsampling parameters. Let
system at time will be displayed at the receiver attime-AT. ;= qanote the maximum frame rate parameter andviete-

It 7 = 1/f, is the time interval for one video fram&\T/7"  ote the length of the video sequence. The combination of all
represents the total end-to-end delay in video frames. parameters defines the set of operating points on a M-D grid.

When encoding is performed in real-time, only a finitg gt the indexj = 1,...,1QS.S, represent one of the oper-

window of the entire sequence is known at each decision instaghg points ordered into a 1-D vector.
due to delay requirements. To account for the complexity of Define z(k) to be the index for the operating point used to
future video frames, the encoder can perform delayed encodigie framek. Coding framek with operating pointz(k) pro-

with a delay of AK" frames. In this case, the encoder makegces a rate;, (0t distortiond,, .y and buffer stateB(k)
a decision for frame: using the knowledge of framels to  given py ’ ’

k + AK to achieve better bit allocation.

In the context of MPEG video [17], frame reorder delay B(k) =Bk =)+ rpom) —:C, k>0 (5)
occurs from the backward prediction associated with the use
of bi-directionally predicted frames (B-frames). From Fig. 3vhereC is channel rate per frame and the frame rate param-
frame reorder delay occurs in our work from the use of bacRI€r associated with operating pairit:). If frame & is skipped,
ward reconstruction to reconstruct skipped frames from cod&tF) is set to zero andy o = 0. Since overhead bits required
frames. Since the number of skipped frames recOnStrume‘ﬂ'l'he rate includes the overhead bits required to specify that operating point
using backward reconstruction varies, the frame reorder delay) is selected.
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to reconstruct a skipped frame are negligible, they are includedConventional bit-rate control is a special case of the M-D ap-
with the rate of a coded frameAlternatively, the overhead bits proach. To obtain an optimal solution for the conventional ap-
can simply be neglected. In the interval between coded frampspach, the frame rate and spatial subsampling parameters are
the buffer state decreases linearly at the rat@ bfts per frame. fixed at some specified level (i.el, = S;, = S, = 1) and
If the buffer state falls to zero at any given time, stuffing bits arhe optimization is performed with respect to quantizer param-
used to maintain the buffer at the zero level. It is assumed tleér and reconstruction pattern selection. In the special case of
the first frame is always coded and the channel turns on aftemventional bit-rate control where every frame is coded at full
the bits for the first frame are released to the buffer. Thereforesolution,p(k) = & and Formulation 2 reduces to the familiar
B(0) = B(—1) + 70,2(0), Where B(—1) is the initial buffer formulations previously presented in the literature [1], [2], [19].
state. While we focus on the fixed-rate channel, Formulation 2 can be
Since skipped frames are reconstructed from coded franessily extended to the case of a variable-rate channel [1], [19].
defined by the choice of a reconstruction pattern, the sequence
p(k) is introduced wherg(k) is set tok if frame k is coded and IV. OPTIMAL ALGORITHM
set tor if frame & is skipped and reconstructed from frame
Therefored. ..,x)) represents the distortion of frankeecon-
structed from frame(k) which has been coded with operatin

In this section, we show that forward dynamic programming
21] can be used to solve the M-D buffer-constrained allocation
pointz(p(k)). If framek is coded, it is reconstructed from itself roblem for the case of |ntraframe_cod|ng which Isa special case
(6., 2(p(k)) = (k). GiVENimax, p(k) € [max(k — imax + ofdep_endent cod_lng.The case of intraframe coding corresponds
1,0),. .k, min(k + fmax — 1, N = 1)]. to codlngframe_smd_epen_dentlyQfothercoded frames, however,

E R max dependency still exists since skipped frames are reconstructed
from coded frames. Section IV-A defines a trellis that represents
all feasible buffer paths. Section IV-B presents the optimal al-
é;a)rithm. Section IV-C describes a M-D bit-rate control algo-
rithm for the case of limited-lookahead. Finally, Section IV-D
discusses the complexity of growing the trellis. While any addi-
tive distortion metric may be used, we will assume throughout

Formulation 2: (Integer Programming Formulation)
Given spatial and temporal interpolation methods to be us
at the receiver, find the sequence&:) (operating points) for
k=0,...,N —1andp(k) (reconstruction patterns) fot =

1,..., N — 1 that solves . . . .
B this section for notational convenience that = 1,V k.
N-1
min Y widy wp(r)) A. Trellis
=0 Iti ful to begin by defini trellis t tallthef
subject toB(k)<Buae, k=0,...,N —1 is useful to begin by defining a trellis to represent all the fea-

sible buffer paths. The following definitions describe the trellis.

wherew, represents a temporal weighting factor for frarhe » Stage:Each stage represents a frame that will be either
Bi,..x is the buffer size and(0) = 0. skipped or coded.
Node: Each node is a triplet(k,b,n) where

The weighting factors can be chosen to take into accountper- %k € 0,..., N — 1 is the stage numbei,€ 0,. .., Byax iS
ceptual effects. For example, the weights can be chosen from the buffer state and € 0,. .., min(¢yax — 1, N — k — 1)
statistical measures such as those defined in [7] to account for represents the number of future skipped frames that are
temporal masking effects. Weights can also be chosento achieve reconstructed from coded frarheln the remainder of this
different tradeoffs between quantization noise and temporal res-  section, we will assume for notational convenience, unless
olution. For this purpose, it is useful to consider the weighted  otherwise stated, thatin(é,,,x—1, N —k—1) = 05— 1.

distortion metric given by » Branch: A branch links a node in one stage with a node
in another stage as illustrated in Figs. 4 and 5. If operating
WY ooy + (L= w) Y diaay, w € [0,1] (6) point j (which uses frame rate parametpat stage: has
kec kecr R-D characteristicéry, ;, dx;), then nodék —<, b, n) will
where( is the set of coded frames afitlis the set of skipped be linked to nodek, b + 4 ; — +-C,m) by a branch of

frames. Coded frames can be weighted more heavily by setting COSt Weightdy i yt15 + -+ 4 dij + -+ + diym
w > 1/2. This has the effect of reducing the number of frames  for 0 < n <4 —1,0 < m < imax — 1, provided no
that are coded which, in turn, reduces quantization noise. This overflow occurs [see Fig. 4(a)]. Here, corresponds to
is useful when the temporal correlation is small. Setting= using reconstruction pattenn as illustrated in Fig. 4(b)
1,V k results in the total unweighted distortion. It is worthwhile ~ Petween coded framés— i andk. Notice that the branch
to mention that minimizing the maximum distortion of a frame ~ €ost includes the distortion of coded frarhend all the
does not yield a desirable solution at low bit rates. In this case, ~Skipped frames reconstructed front it.

the algorithm will try to code every frame since skipped frames * Path: A path is a concatenation of branches (see Fig. 5).
have the largest distortion. A feasible buffer path is a path linking nodes at the initial

stage to nodes at the final stage.
20verhead bits are required to specify the reconstruction patterns and any
transmitted motion vectors in the case motion-compensated temporal interpcFrames in the intervgk —i+n+1, . ... k+m] can be considered as a unit
lation is used. Overhead bits are non-negligible if multiple motion vectors anéhich is coded independently of other units. If bi-directional reconstruction is
transmitted for each skipped frame. In this case, frames are no longer skippalfbwed, this is no longer the case.
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Algorithm 1: (Global Optimization)

Step 0: Choose an initial buffer stat&(—1). The algorithm
begins by coding the first frame with all quantizer and spa-
tial subsampling parameter combinations. For each parameter
combination, the first frame is used to reconstruct the mext
framesP<n<inax—1, o populate all the achievable nodes at
stage 0. If any parameter combinations achieve the same rate,
only the combination producing the minimum distortion will
be kept. Set the stage counto zero.

Step 1:At stagek add permissible branches (no buffer overflow)
to the end nodes of all surviving paths. At each node, a branch
is grown for all operating points and reconstruction patterns,
and the cost of that branch is added to the total accumulated
cost of the path arriving to the node in a future stage. If an
operating point has a frame rate parametgroranches will
be grown linking nodes at stagewith nodes at stagé + .

If 4+ > N — 1, then branches will be grown linking nodes
(k,b, N — k — 1) with nodeg N — 1,b — (N — k — 1)-C,0).

Step 2: Of all the paths arriving at a node in stage+ i, the
minimum cost path is chosen and the rest are pruned. Note that
a path surviving the current iteration may be pruned in a future
iteration.

Step 3:Incrementk by 1 and go tdStep luntil £ = N — 1.

rate parametef: (a) Using an unweighted distortion metric, the branch cost

is given bydy_;1ny1,; + -+ di; + -+ + ditm,;. (b) Corresponding
reconstruction patterns and boundary frames. Frames contributing to cos
indicated branch include coded frarheand all skipped frames reconstructed

from it.

Buffer Level
A

Branches Path A: kept (minimum cost)

Path B: pruned

node
<7 (B(k+3),0)

k+3

»  Stage No.
! node \

(B(k+1),2)

Reconstruction Pattern

Of all the paths arriving at a given node, only the path with
t9L minimum aggregate cost may be part of the overall optimal
solution. Paths with higher aggregate cost cannot be part of the
overall optimal solution. The aggregate cost of a path arriving
at node(k, b, n) represents the total distortion of reconstructed
frameso0, ...,k + n. With the reconstruction patterns defined
in Fig. 3, the distortion of future reconstructed franies n +
1,...,N—1isindependent of the distortion of the fidfst-n+1
frames. Since all paths arriving at nogde b, n) have the same
resources available to code future framkesn +1,..., N — 1,

a path with higher aggregate distortion can be discarded without
loss of optimality.

C. Limited-Lookahead OptimizatioddK <« N — 1

To obtain an optimal solution, one needs to grow the full
trellis before allocating bits to any frame. For a lengthse-
qguence, a trellis of deptly is generated which requires the en-
tire sequence to be available for processing. With real-time en-
coding, only a finite window of the entire sequence is known at

Fig. 5. lllustration of optimization. When the frame rate paramétsrused,

nodes at stagle will be linked to nodes at stade+i. Of all the paths arriving at
a given node, only the minimum cost path has to be kept. For exahpkethe

minimum cost path arriving to nodeB(k + 3),0) at stagek + 3. Therefore,

pathB can be pruned without loss of optimality.

each decision instant due to delay requirements. For this case,

the optimization can be performed in a sliding window fashion

where paths are grown and released based on a limited number

of frames. The optimal solution obtained using Algorithm 1 can

o be used as a benchmark to assess performance.

B. Global OptimizationAK = N — 1 Suppose the encoder performs delayed encoding with a delay
Given an initial buffer state, the algorithm described belowf AK frames. In this case, a decision for frakis determined

can be used to generate the shortest path through the trellisdfased on the optimal path frobro X+ A K. A decision involves

any given final buffer state. In the special case of conventiordétermining whether framé is coded or skipped and whether

bit-rate control where every frame is coded at full resolutioiit, is reconstructed using backward or forward reconstruction in

imax = 1 and our algorithm reduces to the algorithm in [2the case it is skipped. The following algorithm can be used to

which solves the case of purely independent coding. Fig. 5 generate a feasible buffer path with limited-lookahead. In the

lustrates the optimization. algorithm, we assumAK < N — 1.
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REED AND LIM: OPTIMAL MULTIDIMENSIONAL BIT-RATE CONTROL FOR VIDEO COMMUNICATION 879

Algorithm 2: (Limited-Lookahead Optimization) Therefore, the order of complexity of growing the trellis for the
Step 0:Choose an initial buffer stat&(—1). The first frame conventional approach is given by
is coded as follows: Determine the optimal path through the
trellis from stages 0 taAK for some final buffer state. The Cc = O(BmaxN Qimax)- (8)
encoding parameters used for the first frame in the chosen
optimal path is final. Set the stage counto 1. Set the last  To gain some insight into the complexity, assum\g.. and
coded framé€ to zero. N are (approximately) T0and 16, respectively. Also, assume
Step 1: Determine the optimal path through the trellis fromthat I, @, S35, andin.x are all (approximately) 10. In this
stagest to min(k + AK, N — 1) for some final buffer state. case, the number of comparisons needed to compute an op-
The trellis is grown starting from stagewith buffer state de- timal solution for the M-D and conventional bit-rate control
fined by the recursion in (5). Lét’ represent the first coded approaches is (approximately)*tcand 16, respectively. The
frame in the chosen optimal path. complexity of the M-D approach is roughly three orders of mag-
Step 2:1f min(k + AK, N —1) = N — 1, the decision for the nitude larger.
remainingN — k— 1 frames in the chosen optimal path is final Itis possible to reduce complexity at the cost of a slightly sub-
and the algorithm terminates. Otherwise, rep8&tp 1with optimal solution by reducing the number of nodes in the trellis.
k and! determined as follows: If frame is skipped and re- As stated earlier, each node is defined as a tr{igt, n). In one
constructed from framé&using forward reconstruction in the approach, the number of nodes can be reduced by buffer state
chosen optimal path, the corresponding decision for frdmeclustering as discussed in [2]. For a fixed valuengfonly the
is final. In this casefk is incremented t& + 1 and/ is un- minimum cost path of those arriving to a set of buffer statesin a
changed. If framé is coded (i.e.k’ = k), the corresponding local neighborhood is kept. The clustering factor determines the
decision for frame is final and botht and! are incremented size of the neighborhood. The number of nodes can also be re-
by 1. If framek is skipped and reconstructed from frarke duced by ignoring the dependency introduced with frame skip-
using backward reconstruction in the chosen optimal path, tipéng. In this case, only one path (i.e., the minimum cost path for

corresponding decision for framésk +1, ..., k" isfinal. In n = ng) of those arriving to a given buffer state is kept. Each
this casef is incremented t&’ + 1 and! is incremented to node then becomes a péir, b) and the number of nodes is re-
K. duced by a factor of,,,..

V. RESULTS

When an optimal path is chosen frdtmo k£ + AK in Algo- ) o o
rithm 1, the choice of the final buffer state at stdge AK is This section illustrates the optimization results for the M-D
arbitrary. As a result, increasingK does not guarantee a lowerdnd conventional bit-rate control approaches. In all experiments,

global cost. the objective is to minimize the total unweighted distortion with
the sum of absolute error (SAE) as the distortion measure. Mean
) square error (MSE) is not used since the squaring operation
D. Complexity

places more emphasis on the larger distortion associated with
In this section, we estimate the order of complexity ofkipped frames which results in the coding of more frames.
growing the trellis for the M-D and conventional bit-rate con- The encoder used in the experiments is similar to H.263 [22]
trol approaches. The order of complexity refers to the numb@ith all advanced options turned off. We experiment only with
of comparisons that need to be performed to compute H¢ luminance component of the test sequences. Therefore, the
optimal solution. LetB,,., denote the buffer sizé,,., denote overhead associated with the chrominance components is re-
the maximum frame rate parameter a¥iddenote the length of moved. Zero-order hold temporal interpolation is used to recon-
the video sequence. Suppose thereldrame rate parametersystruct skipped frames from coded frames and bilinear interpo-
Q quantizer parametersS;, horizontal spatial subsamplinglation is used to reconstruct coded frames that are spatially sub-
parameters ané, vertical spatial subsampling parameters. sampled [23]. We experiment with global motion-compensated
Let us first consider the M-D approach. There are at mo§mporal interpolation in [10]. In all experiments, the initial
BuaxNimax Nodes in the trellis to be considered. A branch iguffer state is set to zero (i.e3(—1) = 0) and the buffer size
grown to each node for all feasible operating points. There aré#€t t0Bmax = AL-C, for some integeA L corresponding to
total of 125, S, operating points. For a given operating poin buffer delay ofAL frames.
there are at mosf, . reconstruction patterns to consider. There- Ve experiment with two video sequences which have a length
fore, the order of complexity of growing the trellis for the M-DOf 80 frames (i.e.JV' = 80) and size of 16(x 128 pixels at 30

approach is given by f/s and 8 bits/pixel. Therefore, the raw data rate is approximately
5 Mb/s. The two test sequences will be referred t€agphone
Crrp = O (Buax NIQS,S,i%,.) . @ andResourceCarphoneis the well-known head-and-shoulders

sequence with no scene changes Badourcés a movie trailer

with two scene changes. Relative to each otBarphoneis in-
active whileResourcés highly active with varying characteris-
tEs in different scenes. The first scene change occurs between

For the conventional approach, there are at mgt..NV
nodes in the trellis to be considered due to uniform subsal
pling in time. There are a total @ operating points and,,.
reconstruction patterns to consider for each operating point4The sequences were clipped from their original QCIF versions.
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frames 23, 24 and the second scene change occurs betw 14}

. . . —— M-D
frames 65, 66. The first scene has the highest activity (lowe ‘ -6~ Gonventional (i=6 (5 f/s), no subsampling)
—— Conventional (i=4 (7.5 f/s), no subsampling}

temporal correlation) while the middle scene has the lowesta ;| -5 Gonventional (i=3 (10 #5). no subsampiing)
tivity (highest temporal correlation). :
The added flexibility of the M-D bit-rate control approach,, |
allows the controller to be more adaptive to the source cha2
acteristics. One would expect the benefit of this added erxE1
bility to increase with the variability of the source characters
istics. As a result, one should expect the M-D approach &
provide larger coding gains over the conventional approad
for Resource.

DISTOR

A. Intraframe Coding Experiments

In these experiments, all coded frames are intrafram¢ °8f
(I-frames). We consider bits rates ranging from 20-100 kb,

corresponding to compression factors ranging from 50-25 o7 - - p pvs - " - 0
With the M-D approach, the controller can choose fron, RATE (Kb/s)
1) the set of frame rate parameters given lgy {17 Tt anaX} Fig. 6. Operational R-D bounds f@arphone. M-D approachXL = 10,

for some specified,,,.x; 2) the set of spatial subsampling:.... = 9) and conventional approach foe= 3, 4, 6 withs;, = s, = 1.
parameters given by, s, € {1,2}, allowing each coded

frame to be subsampled by factor of 1 (no subsampling) or 2

in either direction; and 3) the set of quantizer parametersto I~

used for each coded frame given pye {1,...,31}, ordered * : o onal (26 5 5. no subeamping)
from finest to coarsest. With the conventional approach;,  1s| e o O
ands, are fixed at specified levels and the same set of quantiz

parameters are used for control. 14

1) Global Optimization: This section compares the op-§1.3_
timal solution of the M-D and conventional bit-rate controls
approaches using Algorithm 1. Since the entire sequence5
assumed to be known, the total end-to-end deddyis given
by (4). To make a fair comparison, the del&y” is set equal
for the two approaches at any given bit rate.

To obtain the same total delay?’, the optimization is first
performed for the M-D approach with a givelL. The total s
delay is then given by the sum of the buffer and maximur
frame reorder delay resulting from the optimization. For i %8
given buffer size, the maximum frame reorder delay impose o
on the system tends to decrease with increasing channel r 2 30 40 50
since more frames are coded as the channel rate increases.

Once the total delay is determined for the M-D approakly, Fig. 7. Operational R-D bounds f&esourceM-D approach AL = 10,

is chosen (typically increased) for the conventional approatt = 9) and conventional approach foe= 3, 4, 6 withs. = s, = 1.

such that the total delay is equal to that achieved with the

M-D approach. Using the conventional approach with framédeo format at the given rate. The R-D curves for the M-D
rate parameter < i,,,.., the maximum possible frame reordeapproach were generated witfy. = 10 andi,,,... = 9.5 Then,
delay isi — 1 frames. If the maximum frame reorder delayAL is chosen for the conventional approach at each bit rate to
imposed on the system is larger thar 1 frames using the achieve the same total end-to-end delay as achieved with the
M-D approach, the buffer size will be increased to achiewd-D approach. For example, the frame reorder delay using
the same total delay. the M-D approach at 100 kb/s f@arphoneis 5 frames (see

A comparison of the operational R-D bounds for the M-[Fig. 8). Hence, the total buffer and frame reorder delay is 15
and conventional bit-rate control approaches is shown in Figsirémes. To compare the M-D approach with the conventional
and 7. The horizontal axis represents the channel transmissa@proach at 100 kb/s arid= 4, AL is set to at least 12 since
rate and the vertical axis represents the average SAE otlee maximum possible frame reorder delay is 3 frames when
a frame. Operational R-D bounds are obtained by choosing= 4.
the final buffer state that yields the minimum global cost. Figs. 6 and 7 illustrate that significant coding gains are
R-D curves are shown for the conventional approach at thraehieved with the M-D approach. Fig. 6 shows bit-rate
different frame ratesi(= 3, 4, 6) with s;, ands, setto 1. R-D  _ )

Given B,.. = AL-C, i,,.. < AL to prevent encoder buffer underflow.

data that is miss_ing_ inthe ﬁgures for th_e Conyemional approaﬁ'hmx > AL between two coded frames, the encoder buffer would underflow
at the low rates indicates that no solution exists for the selecteslilting in inefficient use of the channel.

U
N

DISTORTION (ABSOI

60 70 80 90 100
RATE (Kb/s)
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TABLE |
OPTIMAL VIDEO FORMAT FOR CARPHONEUSING M-D BIT RATE CONTROLWITH AL = 10 AND #max = 9 AS A FUNCTION OF BIT RATE
Number of Spatial resolution of coded frames (s, X s, subsampling)
Channel rate (kb/s) | frames coded | 1x1 subsampling | 2X1 or 1x2 subsampling | 2X 2 subsampling
20 12 0 8 4
40 12 8 3 1
60 13 12 1 0
80 16 15 1 0
100 18 18 0 0
TABLE I
OPTIMAL VIDEO FORMAT FOR RESOURCEUSING M-D BIT RATE CONTROLWITH AL = 10 AND i, = 9 AS A FUNCTION OF BIT RATE
Number of Spatial resolution of coded frames (sp, X s, subsampling)
Channel rate (kb/s) | frames coded | 1x1 subsampling | 2x1 or 1x2 subsampling [ 2X2 subsampling
20 14 0 6 8
40 22 4 4 14
60 23 5 8 10
80 23 7 13 3
100 26 8 17 1
10 T T T T T T 10 T T T
"1 I ] l 1 - "L { ‘ { ]
OHIJ [1 LI [. | ; L[ JI[ Ommrmf-l-[ll . ; . AI ‘
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
20 T T T T T T T 20 T T T T T T T
() 10 [ E (b) 10} 1
T A 11 O O O O O T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
1 T T T T T T T 2 T T T T T T
(c) 05F 1 © 1 { ‘ ‘ ‘A
% m 2 0 m 5 & 76 80 % 10 20 30 a0 5 %0 7 80
1 T T T T T T 2 T T T T T T T
N1 o e B I
00 1‘0 2‘0 3‘0 4‘0 5‘0 GlO 7‘0 80 00 10 2‘0 0 4‘ 0 5;0 éﬂ 7A0 80
FRAME NUMBER FRAME NUMBER

Fig. 8. Optimal parameter and reconstruction pattern selectioGdgehone  Fig. 9. Optimal parameter and reconstruction pattern selectioRéepurce
using M-D bit-rate control withA L = 10 andima, = 9 at 100 kb/s. (a) Frame using M-D bit-rate control witA L = 10 andi,,... = 9 at 80 kb/s. (a) Frame
rate parameter and boundary frames (represented by dotted lines), (b) quantiterparameter and boundary frames (represented by dotted lines), (b) quantizer
parameter, (c) horizontal and (d) vertical spatial subsampling parametgagsameter, (c) horizontal and (d) vertical spatial subsampling parameters
(2 = subsampled, & not subsampled). Frame reorder delay is 5 frames d@ = subsampled, t not subsampled). Frame reorder delay is 6 frames due
to backward reconstruction of skipped frames 19-23 from coded frame 24. to backward reconstruction of skipped frames 24-29 from coded frame 30.
Frames 23, 24 and 65, 66 represent scene change boundaries.
reductions ranging from 20% to 50% f@arphoneand Fig. 7
shows bit-rate reductions ranging from 30% to above 50% for Fig. 8 illustrates the optimal parameter and reconstruction
Resource. The larger gains feesourcere due to larger varia- pattern selection using the M-D bit-rate control @arphoneat
tions of the source characteristics. 100 kb/s. Similarly, Fig. 9 illustrates the optimal parameter and
The M-D hit-rate control approach automatically determinggconstruction pattern selection using the M-D bit-rate control
the optimal video format. Tables | and Il show the optim&br Resourcet 80 kb/s. In the figures, all the parameters are set
number of coded frames and the chosen spatial resolutiontofero if a frame is skipped. Figs. 8(a) and 9(a) show that the op-
the coded frames as a function of channel rateGarphone timal solution skips more frames when the temporal correlation
and Resource, respectively. The tables show that the spaimhigh and codes more frames when the temporal correlation is
resolution of the coded frames tends to increase with highew. For example, Fig. 9(a) shows that the smallest frame rate
channel rates. They also show that the optimal number of codetameters are selected in the first scene, which has the lowest
frames increases with higher channel rates. This relationskémporal correlation, and the largest frame rate parameters are
can also be seen in Figs. 6 and 7 by focusing on the R-D cungdected in the middle scene, which has the highest temporal
of the conventional bit-rate control approach. Notice that loweprrelation. It is also worthwhile to notice in Fig. 9 that the op-
frame rates perform better at lower channel rates and higttienal algorithm invokes spatial subsampling in regions of low
frame rates perform better at higher channel rates. This is teenporal correlation. When the temporal correlation is low, the
reason why the curves intersect at some bit rate. algorithm codes more frames which results in less bits allocated
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Fig. 10. Optimal buffer path foResourcewith By,.. = 26,667(AL = 10)  Fig. 12. Performance of M-D bit-rate control approach @arphonewith
andi,,., = 9 at 80 kb/s. AL = 10, imax = 9 andAK = {4,9}. Operational R-D bounds serve
as a benchmark.

—— 80 kb/s 16
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Fig. 11. Performance of M-D bit-rate control f@arphoneas a function of

buffer size( Buayx = AL-C) at 40, 60 and 80 kb/s With,., = AL. Fig. 13. Performance of M-D bit-rate control approach Resourcewith
) ) AL = 10, 40 = 9 andAK = {4,9}. Operational R-D bounds serve as a
benchmark.

to each coded frame. Rather than using coarse quantization, the
algorithm favors spatial subsampling with finer quantization. of a coded frame being instantaneously placed into the buffer,
Figs. 8 and 9 illustrate that the optimal solution allocates thehile the steady declines between coded frames represent bits
largest number of bits to coded frames with the largest depdaeing extracted from the buffer at the channel rate. The figure il-
dency range (i.e., coded frames used to reconstruct the mlastrates that the optimal algorithm uses the full dynamic range
skipped frames) when the objective function is the total uwf the buffer. In addition, since the goal is to minimize distor-
weighted distortion. They also illustrate that the optimal algdion, the optimal algorithm tries to prevent buffer underflow and
rithm tends to use a reconstruction pattern that assigns a skiptieatefore utilizes the channel resources efficiently.
frame to the nearest coded frame (see Fig. 3(c)). In generalAll the results in this section have been generated with=
the difference between a skipped and coded frame increase$(ag-ig. 11 illustrates the R-D performance of the M-D bit-rate
their distance increases. For example, consider frames 30-36antrol approach as a function &€ for Carphoneat var-
Fig. 9(a). Skipped frames 31-34 are reconstructed from codeds bit rates. The curves were generated by choosing the final
frame 30 while skipped frames 35—-38 are reconstructed frdiaffer state that yields the minimum global cost with an im-
coded frame 39. posed total budget constraint 8F-C bits. The figure illustrates
Fig. 10 illustrates the optimal buffer path corresponding to ttikat the marginal gain of increasing the buffer size decreases as
optimal parameter selection in Fig. 9. The buffer path followthe buffer size grows. As the buffer size grows, the buffer con-
the recursion in (5). The discontinuities or jumps represent bgraints eventually become irrelevant. When this happens, the
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Fig. 14. M-D approach with limited-lookahead outperforms convention#ig. 16. Interframe coding R-D curves fResourcaising Algorithm 1. M-D
approach with full-lookahead foResource R-D curves of conventional approach AL = 10, im.x = 9) and conventional approach for= 2, 3, 4
approach represent full-lookahead case. with s;, = s, = 1.

) I I

T solution is obtained with a limited-lookahead of 9 frames
g " Gomentional 5 (101, nosuveemiingy | Which demonstrates that it is not necessary to increase the delay
—& Conventional (i=2 (15 f/s), no subsampling) . ..

beyond 9 frames. These results illustrate the finite memory of
the problem [2]. Since the allocation of bits for the first few
frames is less likely to be influenced by the allocation of bits
for the last frames as the sequence length grows, the allocations
can be chosen independently. The memory of the problem
increases with increasing buffer size since there are more buffer
states at each stage.

Fig. 14 combines the full- and limited-lookahead results
of the M-D and conventional bit-rate control approaches to
illustrate that the M-D approach with a limited-lookahead of
9 frames consistently outperforms the conventional approach
with full-lookahead.

9.5

DISTORTION (ABSOLUTE ERROR)

I ! 1 )

85 ' L I L

TN ke 2 ®® % B. Interframe Coding Experiments

Fig. 15. Interframe coding R-D curves f@arphoneusing Algorithm 1. M-D . This section presents results of the M_D_and convenﬂo_nal
approach AL = 10, im., = 9) and conventional approach for= 2,3,4  bit-rate control approaches for the case of interframe coding.
with s, = s, = 1. We study the case where the first coded frame is an I-frame and
all other coded frames are predicted from the previously coded
optimal budget-constrained solution is reached and the margiframe (i.e., P-frames). However, I-frames can be inserted at any
gain becomes zero. It is also worth noting that increagidg desired location (e.g., scene changes) to restart the prediction
has the effect of reducing the number of coded frames. loop. In addition, B-frames can be inserted to achieve more ef-
2) Limited-Lookahead Optimizationp to now, we have ficient compression. A solution is obtained using Algorithm 1.
only considered the performance of the M-D approach assumigedictive coding dependency is accounted for in Step 1, how-
full knowledge of the source. In this section, we consider perfogver, an independent allocation strategy is employed in Step 2
mance with limited-lookahead using Algorithm 2. In this casayhen paths are pruned. Using Algorithm 1 is attractive since the
the total end-to-end dela¥T" is given in (2). In each iteration of global optimization results in efficient bit allocation.
Algorithm 2, the final buffer state that yields the minimum dis- In Step 1 of Algorithm 1, branches are grown from the end
tortion is chosen. Similar to the experiments in SectionAY, nodes of all surviving paths. Each surviving path at stager-
is set to 10 and,,,.x is set to 9. The operational R-D boundsesponds to a unique allocation of bits to all previously coded
obtained from Algorithm 1 are used as a benchmark. frames including framé. Due to predictive coding dependency,
The results forCarphoneand Resourceare illustrated in branch costs grown from the end nodes of surviving paths de-
Figs. 12 and 13 wittAK = {4,9}. Operational R-D bounds pend on the previously coded frames which vary with each sur-
(AK = N — 1) are also shown in the figures to compareiving path. When a branch is grown connecting nodes in stages
performance. The figures illustrate that a slightly suboptimalandk + ¢, framefk + ¢ is predicted from coded framiewhich
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TABLE 1l
INTERFRAME CODING VIDEO FORMAT FOR CARPHONEUSING M-D BIT RATE CONTROLWITH AL = 10 AND i, = 9 AS A FUNCTION OF BIT RATE
Number of Spatial resolution of coded frames (s}, X sy subsampling)
Channel rate (kb/s) | frames coded [ 1x1 subsampling [ 2x1 or 1x2 subsampling | 2x2 subsampling
15 33 30 2 1
20 40 39 0 1
25 48 47 1 0
TABLE IV
INTERFRAME CODING VIDEO FORMAT FOR RESOURCEUSING M-D BIT RATE CONTROLWITH AL = 10 AND i.0x = 9 AS A FUNCTION OF BIT RATE
Number of Spatial resolution of coded frames (sj, X sy subsampling)
Channel rate (kb/s) | frames coded | 1x1 subsampling [ 2x1 or 1x2 subsampling | 2x2 subsampling
15 38 17 13 8
20 44 23 14 7
25 47 29 12 6

is different for each surviving path. To obtain the R-D charac- Figs. 15 and 16 illustrate that significant coding gains are
teristics associated with each surviving path that account for taehieved with the M-D approach. Fig. 15 shows bit-rate reduc-
predictive coding dependency, the most recent coded frametiohs ranging from 10% to 20% f&@arphoneand Fig. 16 shows
every surviving path is stored in memory. Once all branches d-rate reductions ranging from 15% to 25% fBesource.
grown from a given surviving path, the associated frame is r8imilar to the results obtained with the intraframe coding case,
moved from memory. To reduce the number of frames that muatger gains are obtained wilesourcelue to larger variations
be stored in memory and the number of R-D data points thaftthe source characteristics. Since interframe coding exploits
need to be computed, the buffer states are clustered by a factdeofiporal correlations in the source, one can expect smaller
100 and frame skipping dependency is ignored by retaining ordgding gains compared to the gains achieved with intraframe
one path for each buffer state. Reducing the number of nodexling.
leads to little performance loss. Tables IIl and IV show the number of coded frames and the
In Step 2 of Algorithm 1, pruning at each node may resufhosen spatial resolution of the coded frames as a function of
in a suboptimal solution since the R-D characteristics of futugé@annel rate foCarphoneandResource, respectively. The ta-
coded frames depend on the allocation of bits given to friame bles show that the spatial resolution of the coded frames tends
i. By pruning at each node in stage-:, the algorithm allocates to increase with higher channel rates. They also show that the
bits to framek+: independent of this future dependency (i.e., aiumber of coded frames increases with higher channel rates.
independent allocation approximation). The benefit of pruning
is that it prevents the complexity of the problem from increasing VI. CONCLUSION
expo_nentially. At the cost of increased complexity and memory Many ad hoc M-D bit-rate control algorithms have been pro-
requirements, more than one path can be kept at each nodeposeq in the past. In this paper, we formalized the M-D bit-rate
In these experiments, the M-D controller can choose frogontrol problem and developed a dynamic programming algo-
1) the set of frame rate parameters giveriley {1, ... ,%uax} rithm to compute an optimal solution. Our algorithm can be di-
for some specifiedi,.x; 2) the set of spatial subsamplingrectly used for nonreal-time encoding, for benchmarking, and
parameters given by, s, € {1,2}, allowing each coded as an aid in the development of suboptimal algorithms. While
frame to be subsampled by factor of 1 (no subsamplingyir algorithm is optimal only for the intraframe coding case, it
or 2 in either direction; and 3) the set of quantizer pasan be used to provide a solution for more complex scenarios
rameters given by € {8,10,12,15,18,21,25,31} and such as interframe coding.
q € {6,8,10,12,14,16,20,31} for I- and P-frames, respec- The work presented in this paper provides the foundation for
tively, ordered from finest to coarsest. With the conventiongbme interesting future research. For example, it is interesting
approachyi, sx, and s, are fixed at specified levels and theto consider the M-D bit-rate control problem when channel
same set of quantizer parameters are available for control. rates can be chosen by the user under ATM policing constraints
A comparison of the R-D curves for the M-D and converfl9]. In this case, the problem is to jointly select the source
tional bit-rate control approaches is shown in Figs. 15 and 1&d channel rates to optimize the quality of the transmitted
R-D curves are shown for the conventional approach at thrédeo subject to source buffer and network policy constraints.
different frame ratesi(= 2, 3, 4) with s;, ands, setto 1. R-D Extending the work in [19], the optimal solution to this problem
data that is missing in the figures for the conventional approacan be obtained by extending the trellis defined in this paper
at the low rates indicates that no solution exists for the select@tiere each node would represent a quadruplet rather than a
video format at the given rate. The R-D curves of the M-D apriplet. The added dimension represents the state of the policy
proach were generated with, = 10 andi,,.. = 9. Then, function defined by the choice of the channel rates.
the R-D curves of the conventional approach were generated td he multiplexing of two or more video sources is another area
achieve the same total end-to-end delay using the methods flis-future research. In the case of MPEG-4 where a video se-
cussed in Section V-A. guence is comprised of multiple video objects, operating points

Authorized licensed use limited to: Fenwick & West. Downloaded on January 24,2025 at 18:45:03 UTC from IEEE Xplore. Restrictions apply.

Amazon/DivX
Exhibit 1013
Page 12



REED AND LIM: OPTIMAL MULTIDIMENSIONAL BIT-RATE CONTROL FOR VIDEO COMMUNICATION

can be chosen separately for each video object. The methods der
veloped in this paper can be used to jointly select the operatin
points for each object to obtain an optimal bit allocation under rﬁ
buffer constraint. Since objects can take on different frame rates,
the composition problem would need to be addressed [24].  [19]

In addition, the conventional budget-constrained allocation
problem [25] can be generalized using the same principles dis-
cussed in this paper by defining the M-D budget-constrainejﬁol
allocation problem. Other interesting extensions include the u
of bi-directional reconstruction and macroblock level encoding22]
decisions. (23]
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