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Optimal Multidimensional Bit-Rate Control
for Video Communication

Eric C. Reed, Member, IEEE,and Jae S. Lim, Fellow, IEEE

Abstract—In conventional bit-rate control, the buffer level is
controlled by adapting the quantization step size with a fixed frame
rate and spatial resolution. We consider a multidimensional (M-D)
bit-rate control where the frame rate, spatial resolution and quan-
tization step size are jointly adapted for buffer control. We intro-
duce a fundamental framework to formalize the description of the
M-D buffer-constrained allocation problem. Given a set of oper-
ating points on a M-D grid to code a nonstationary source in a
buffer-constrained environment, we formulate the optimal solu-
tion. The formulation allows a skipped frame to be reconstructed
from one coded frame using any temporal interpolation method
and is shown to be a generalization of formulations considered in
the literature. In the case of intraframe coding, a dynamic pro-
gramming algorithm is introduced to find the optimal solution.
The algorithm allows one to compare operational rate-distortion
bounds of the M-D and conventional approaches. We also discuss
how a solution can be obtained for the case of interframe coding
using the optimal dynamic programming algorithm for intraframe
coding by making an independent allocation approximation. We
illustrate that the M-D approach can provide bit-rate reductions
over 50%. We also show that the M-D approach with limited-looka-
head provides a slightly suboptimal solution that consistently out-
performs the conventional approach with full-lookahead.

Index Terms—Bit-rate control, buffer control, rate-distortion
optimization, variable frame rate, variable spatial resolution, very
low bit rate, video transmission.

I. INTRODUCTION

I N DIGITAL VIDEO communications, buffering is neces-
sary to absorb variations between the source rate and the

channel rate. Due to the broad number of applications, the
problem of allocating bits in a buffer-constrained environment
has been studied extensively [1], [2]. Most of the emphasis
has been placed on the conventional bit-rate control approach
where the problem is how to choose quantizers under a buffer
constraint while the frame rate and spatial resolution processed
by the encoder remain fixed. The conventional approach is
well suited for high-bit-rate applications where overhead uses a
small fraction of the bit rate and high-quality video is achieved
by coding at full frame rate and spatial resolution. At low bit
rates, however, it is necessary to code at a reduced frame rate
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and/or reduced spatial resolution due to the required trans-
mission of overhead bits. The conventional approach is often
applied to low-bit-rate applications for simplicity [3]. However,
using the conventional approach at low bit rates requires the
frame rate and spatial resolution processed by the encoder to
be chosena priori. The choice of these parameters is critical
since they have a direct impact on the quantization and overall
video quality. Quite often, frames must be dropped arbitrarily
to prevent buffer overflow. Furthermore, since these parameters
remain fixed, they are not adapting to a nonstationary source.

In this paper, we consider a more general multidimensional
(M-D) bit-rate control where the buffer level is controlled by
jointly adapting the frame rate, spatial resolution and quantiza-
tion stepsize [4]. Some variable frame rate and spatial resolution
bit-rate control schemes have been considered. For example,
the frame rate is adjusted based on the histogram of difference
(HOD) measure in [5], [6]. The basic idea is to reduce the frame
rate when motion becomes faster and increase the frame rate
when motion becomes slower. 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
and quantization. While these approaches are ad hoc, they can
yield better video quality over conventional approaches.

This paper formalizes the M-D bit-rate control process. In
particular, we define the M-D buffer-constrained allocation
problem and present an integer programming formulation. The
problem involves selecting which frames to code (and which
frames to skip), along with the spatial resolution and the quan-
tization stepsize for each coded frame in a buffer-constrained
environment such that the reconstructed video sequence is as
close as possible to the original according to some objective
measure. Our formulation of the problem allows a skipped
frame to be reconstructed from one coded frame determined by
the choice of a reconstruction pattern and reduces to the formu-
lation 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
allows the controller to be more adaptive to a nonstationary
source. For example, the controller has the flexibility to skip
more frames when the temporal correlation is high and to code
more frames when the temporal correlation is low. Similarly,
the controller has the flexibility to spatially subsample frames
prior to coding when the spatial correlation is high. There are
many interesting questions to consider with the M-D approach.
For example, how much coding gain can be achieved using
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the M-D approach compared with the conventional approach?
What is the optimal video format as a function of bit rate and
buffer size?

A dynamic programming algorithm is presented to obtain an
optimal solution for the case of intraframe coding, a special case
of dependent coding. Dependency still exists with the case of
intraframe coding since skipped frames are reconstructed from
coded frames. In the special case of conventional bit-rate con-
trol where the video is coded at full frame rate and spatial res-
olution, our algorithm reduces to the optimal independent al-
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-
cation approximation. While our algorithm is computationally
expensive, it can be directly used for nonreal-time encoding, for
benchmarking, and as an aid in the development of suboptimal
algorithms.

The optimal solution allows one to compare the operational
R-D bounds of the M-D and conventional approaches. To ob-
tain an optimal solution, however, it is assumed that one has
access to the entire video sequence. While this is true for non-
real-time encoding applications, it is not true for real-time en-
coding applications due to delay requirements. Therefore, we
compare the performance of the M-D bit-rate control in the case
of limited-lookahead with the optimal solution (full-lookahead).
For the conventional bit-rate control approach where the video
is coded at full frame rate and spatial resolution, it is demon-
strated in [2] that slightly suboptimal solutions can be obtained
with limited-lookahead. The conventional approach with lim-
ited-lookahead is also analyzed in [11] where the buffer con-
straints are viewed as a set of bit budget constraints.

Section II defines the M-D buffer-constrained allocation
problem. An integer programming formulation is presented in
Section III and the optimal algorithm is presented in Section IV.
Experimental results for both intraframe and interframe coding
are discussed in Section V.

II. PROBLEM DEFINITION

The M-D bit-rate control approach is illustrated in Fig. 1.
Video enters a pre-processor with a delay of frames so the
controller has knowledge of future frames to achieve better
bit allocation. The pre-processor performs temporal and spatial
subsampling operations on the video input and therefore can be
represented by a cascade connection of a skipped/coded switch
followed by a spatial subsampler. The encoder produces a com-
pressed bitstream representation of the subsampled video. Bits
produced by the encoder are placed into the buffer at a vari-
able rate and pulled from the buffer at an assumed constant rate.
To control the level of the buffer, the M-D bit-rate controller
jointly operates the skipped/coded switch, spatial subsampler
and the quantizer used in the encoder. The optimal operation of
the pre-processor and the quantizer is obtained by solving the
M-D buffer-constrained allocation problem which is defined as
follows:

Fig. 1. Illustration of M-D bit-rate control approach. Controller jointly
adapts four encoding parameters: frame rate parameteri, spatial subsampling
parameterss ; s and quantizer parameterq. The video enters the preprocessor
with a delay of�K frames to achieve better bit allocation.

Formulation 1:(M-D Buffer-Constrained Allocation Problem)
Given a set of operating points on a M-D grid, a sequence of
frames, a finite buffer, and spatial and temporal interpolation
methods to be used at the receiver, the goal is to select the
operating points (i.e., select which frames to code, and which
frames to skip, along with the spatial resolution and quantizer
for each coded frame) such that 1) the buffer is never in
overflow and 2) some global distortion metric is minimized.

Section II-A defines the encoding parameters that represent
each operating point. Section II-B defines a fundamental set of
reconstruction patterns used to reconstruct skipped frames from
coded frames. Section II-C discusses the delay imposed on the
system.

A. Encoding Parameters

Each operating point defines the choice of four encoding
parameters:

1) temporal subsampling or frame rate parameter,, which
defines the distance from the last coded frame;

2) quantizer parameter,, which represents one-half the
quantization stepsize;

3) horizontal spatial subsampling parameter,, which de-
fines the horizontal spatial resolution;

4) vertical spatial subsampling parameter,, which defines
the vertical spatial resolution.

These parameters can be defined at the frame or block level.
We consider a frame layer rate control where , and are
defined at the frame level. Our frame layer rate control deter-
mines an optimal bit allocation among each coded frame. The
resulting bit allocation can then be used by a block layer rate
control where , and are defined at the block level. Given
the bit budget for a coded frame resulting from our frame layer
rate control, the frame can be coded in various ways as long
as the bit budget is not exceeded. In the case of MPEG-4 [12]
where a video sequence is comprised of multiple video objects,
operating points can be chosen separately for each video object.
The methods discussed in this paper can be used to obtain an
optimal bit allocation among the different objects.

The quantization performed during the coding process is sig-
nificantly affected by the video format chosen for coding. Sup-
pose the source has an original frame rate off/s and a spatial
resolution of pixels per frame. The frame rate chosen
for coding is given by
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Fig. 2. Illustration of conventional bit-rate control approach. Controller adapts
quantizer parameterq while frame rate parameteri and spatial subsampling
parameterss , s are fixed at levels chosena priori. The video enters the
preprocessor with a delay of�K frames to achieve better bit allocation.

(1)

where represents the maximum allowable frame rate pa-
rameter. Similarly, the spatial resolution chosen for coding is
given by , , . Subsampling
the video in both the temporal and spatial dimensions prior to
coding increases the bit allocation to pixels that are coded by a
factor of .

In the M-D approach,, , and are jointly adapted to
control the buffer level as illustrated in Fig. 1. The conventional
bit-rate control approach, a special case of the M-D approach, is
illustrated in Fig. 2. In the conventional approach,is adapted
for buffer control while , and remain fixed. The fixed
levels of , and are chosena priori independent of the
quantization performed during the coding process. The frame
rate parameteris typically determined based on experience and
the spatial subsampling parameters, are often set to 1 for
the luminance component and 2 for the chrominance compo-
nents. A theoretical approach is taken in [13] to obtain the op-
timal frame rate. Since the frame rate and spatial subsampling
parameters are chosen automatically during the coding process
with the M-D approach, there is no need to choose these param-
etersa priori. In both the M-D and conventional approaches,
any encoder can be used for compression.

B. Reconstruction Patterns

When the frame rate parameteris selected, there are
skipped frames that must be reconstructed from coded frames.
There are multiple ways to reconstruct the skipped frames
from coded frames. This section establishes a fundamental
framework that allows a skipped frame to be reconstructed from
one coded frame through the choice of a reconstruction pattern.
Using the frame rate parameter, the controller can select from
one of reconstruction patterns defined and illustrated in Fig. 3.
Reconstruction pattern, for , corresponds to using
the previously coded frame to reconstruct the nextfuture
skipped frames. With this set of reconstruction patterns, it is
possible to obtain an optimal solution to the M-D buffer-con-
strained allocation problem for the case of intraframe coding.

The shaded frames in Fig. 3 will be referred to as boundary
frames. A frame is a boundary frame if it has an adjacent frame
which is reconstructed from a different coded frame. A coded
frame is also a boundary frame when it is not used for backward

Fig. 3. Illustration ofi reconstruction patterns between coded framesk � i

andk. Reconstruction patternn, for 0�n�i � 1, corresponds to using frame
k � i to reconstructn future skipped frames: (a) reconstruction pattern 0,
(b) reconstruction pattern 1, (c) reconstruction pattern 2, and (d) reconstruction
patterni � 1. In the figure, we assumei > 3. Shaded frames represent
boundary frames.

and/or forward reconstruction. It is convenient to illustrate the
selected reconstruction patterns resulting from the optimization
by showing the boundary frames.

When a frame is skipped, it is reconstructed at the receiver
from a coded frame defined by the selected reconstruction
pattern using some form of temporal interpolation. Typically,
zero-order hold temporal interpolation is used. When zero-order
hold temporal interpolation is used, the reconstruction patterns
illustrated in Fig. 3 represent the most relevant patterns. Since
the difference between skipped and coded frames generally
increases with increasing distance, other reconstruction patterns
are likely to result in a suboptimal solution. With additional
complexity at the receiver, skipped frames can be reconstructed
using motion-compensated temporal interpolation [14]–[16].
When motion-compensated temporal interpolation is used,
bi-directional reconstruction may be useful, especially when
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
paper and is left as a problem for future research. Allowing
bi-directional reconstruction or additional reconstruction
patterns significantly increases the complexity of the problem
making it difficult to guarantee an optimal solution.

Typically, conventional and M-D bit-rate control algorithms
reconstruct skipped frames using the reconstruction pattern in
Fig. 3(d) which involves forward reconstruction only. In low
delay applications, the frame reorder delay associated with the
additional reconstruction patterns is not acceptable. However,
in streaming video applications where a significant delay is tol-
erable, frame reorder delay is acceptable. In our experiments,
the controller can select from any of the reconstruction patterns
defined in Fig. 3 for both the M-D and conventional bit-rate con-
trol approaches. If desired, the optimization can be performed
with any subset of reconstruction patterns. In the M-D case, the
reconstruction patterns have a significant effect on the optimiza-
tion. If the skipped frames are reconstructed more efficiently,
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the number of coded frames resulting from the optimization will
decrease.

C. Delay Considerations

The components of a generic video transmission system in-
clude the encoder, encoder buffer, transmission channel, de-
coder buffer and decoder. Delay is introduced into the system
in a variety of ways, including:

1) delayed encoding ;
2) encoder processing delay ;
3) encoder buffer delay ;
4) frame reorder delay ;
5) channel transmission delay ;
6) decoder buffer delay ;
7) decoder processing delay .
Delay requirements depend on the application. In video

transmission applications, decoding is performed in real-time
while encoding can be performed either in real-time or non-
real-time. In real-time encoding applications, communication
can be interactive (e.g., video conferencing) where low delay
is required or noninteractive (e.g., streaming live video) where
delay requirements are relaxed. In nonreal-time encoding (e.g.,
streaming stored video), the video is transmitted from storage
and similar to the noninteractive real-time encoding case, delay
is introduced into the system only (ideally) at the beginning of
transmission. Since the user notices delay only at the beginning
of transmission, the delay can be significant (i.e., 200 ms
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 delay
through the system is defined as the time at which a frame

is generated to the time at which it is displayed. In this case, we
are concerned with the delay introduced by delayed encoding,
frame reordering and encoder/decoder buffering. If we assume
that processing and channel transmission delay are negligible,
the total end-to-end delay is given by

(2)

Given a constant end-to-end delay , a frame input into the
system at time will be displayed at the receiver at time .
If is the time interval for one video frame,
represents the total end-to-end delay in video frames.

When encoding is performed in real-time, only a finite
window of the entire sequence is known at each decision instant
due to delay requirements. To account for the complexity of
future video frames, the encoder can perform delayed encoding
with a delay of frames. In this case, the encoder makes
a decision for frame using the knowledge of frames to

to achieve better bit allocation.
In the context of MPEG video [17], frame reorder delay

occurs from the backward prediction associated with the use
of bi-directionally predicted frames (B-frames). From Fig. 3,
frame reorder delay occurs in our work from the use of back-
ward reconstruction to reconstruct skipped frames from coded
frames. Since the number of skipped frames reconstructed
using backward reconstruction varies, the frame reorder delay

is variable. The total end-to-end delay can be made constant
by setting it to the maximum level at the beginning of trans-
mission. Therefore, we can use in (2),
where represents the maximum frame reorder delay
imposed on the system. If the maximum allowable distance
between coded frames is frames, then the maximum frame
reorder delay is frames and .

At the beginning of transmission, buffer delay is introduced
by having the decoder wait a certain time after the first bit of
the bitstream is received before starting to decode it. The buffer
delay in video frames is when the decoder waits frame
intervals (or s). A detailed analysis of buffer relationships
can be found in [18] and [19].

Given a frame reorder delay of frames, a buffer delay of
frames, and a maximum allowable distance between coded

frames of frames

(3)

In the case of nonreal-time encoding, encoding is performed
off-line and the total end-to-end delay through the system
is defined as the time at which transmission begins to the time
at which the first frame is displayed. Here, we are concerned
with the delay introduced by frame reordering and decoder
buffering. Assuming that decoder processing and channel
transmission delay are negligible

(4)

III. I NTEGERPROGRAMMING FORMULATION

Since the encoding parameters and reconstruction patterns
are integer variables, the M-D buffer-constrained allocation
problem can be solved using techniques in the field of integer
programming [20]. This section presents an integer program-
ming formulation of the M-D buffer-constrained allocation
problem. The formulation allows a skipped frame to be re-
constructed from one coded frame using the reconstruction
patterns in Fig. 3.

Suppose the controller can choose fromframe rate parame-
ters, quantizer parameters, horizontal spatial subsampling
parameters and vertical spatial subsampling parameters. Let

denote the maximum frame rate parameter and letde-
note the length of the video sequence. The combination of all
parameters defines the set of operating points on a M-D grid.
Let the index represent one of the oper-
ating points ordered into a 1-D vector.

Define to be the index for the operating point used to
code frame . Coding frame with operating point pro-
duces a rate 1 , distortion and buffer state
given by

(5)

where is channel rate per frame andis the frame rate param-
eter associated with operating point . If frame is skipped,

is set to zero and . Since overhead bits required

1The rate includes the overhead bits required to specify that operating point
x(k) is selected.
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to reconstruct a skipped frame are negligible, they are included
with the rate of a coded frame.2 Alternatively, the overhead bits
can simply be neglected. In the interval between coded frames,
the buffer state decreases linearly at the rate ofbits per frame.
If the buffer state falls to zero at any given time, stuffing bits are
used to maintain the buffer at the zero level. It is assumed that
the first frame is always coded and the channel turns on after
the bits for the first frame are released to the buffer. Therefore,

, where is the initial buffer
state.

Since skipped frames are reconstructed from coded frames
defined by the choice of a reconstruction pattern, the sequence

is introduced where is set to if frame is coded and
set to if frame is skipped and reconstructed from frame.
Therefore, represents the distortion of framerecon-
structed from frame which has been coded with operating
point . If frame is coded, it is reconstructed from itself
(i.e., ). Given ,

.

Formulation 2: (Integer Programming Formulation)
Given spatial and temporal interpolation methods to be used
at the receiver, find the sequences (operating points) for

and (reconstruction patterns) for
that solves

subject to

where represents a temporal weighting factor for frame,
is the buffer size and .

The weighting factors can be chosen to take into account per-
ceptual effects. For example, the weights can be chosen from
statistical measures such as those defined in [7] to account for
temporal masking effects. Weights can also be chosen to achieve
different tradeoffs between quantization noise and temporal res-
olution. For this purpose, it is useful to consider the weighted
distortion metric given by

(6)

where is the set of coded frames andis the set of skipped
frames. Coded frames can be weighted more heavily by setting

. This has the effect of reducing the number of frames
that are coded which, in turn, reduces quantization noise. This
is useful when the temporal correlation is small. Setting

results in the total unweighted distortion. It is worthwhile
to mention that minimizing the maximum distortion of a frame
does not yield a desirable solution at low bit rates. In this case,
the algorithm will try to code every frame since skipped frames
have the largest distortion.

2Overhead bits are required to specify the reconstruction patterns and any
transmitted motion vectors in the case motion-compensated temporal interpo-
lation is used. Overhead bits are non-negligible if multiple motion vectors are
transmitted for each skipped frame. In this case, frames are no longer skipped.

Conventional bit-rate control is a special case of the M-D ap-
proach. To obtain an optimal solution for the conventional ap-
proach, the frame rate and spatial subsampling parameters are
fixed at some specified level (i.e., ) and
the optimization is performed with respect to quantizer param-
eter and reconstruction pattern selection. In the special case of
conventional bit-rate control where every frame is coded at full
resolution, and Formulation 2 reduces to the familiar
formulations previously presented in the literature [1], [2], [19].
While we focus on the fixed-rate channel, Formulation 2 can be
easily extended to the case of a variable-rate channel [1], [19].

IV. OPTIMAL ALGORITHM

In this section, we show that forward dynamic programming
[21] can be used to solve the M-D buffer-constrained allocation
problem for the case of intraframe coding which is a special case
of dependent coding. The case of intraframe coding corresponds
to coding frames independently of other coded frames, however,
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-
gorithm. 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
this section for notational convenience that .

A. Trellis

It is useful to begin by defining a trellis to represent all the fea-
sible buffer paths. The following definitions describe the trellis.

• Stage:Each stage represents a frame that will be either
skipped or coded.

• Node: Each node is a triplet where
is the stage number, is

the buffer state and
represents the number of future skipped frames that are
reconstructed from coded frame. In the remainder of this
section, we will assume for notational convenience, unless
otherwise stated, that .

• Branch: A branch links a node in one stage with a node
in another stage as illustrated in Figs. 4 and 5. If operating
point (which uses frame rate parameter) at stage has
R-D characteristics , then node will
be linked to node by a branch of
cost weight ,
for , , provided no
overflow occurs [see Fig. 4(a)]. Here, corresponds to
using reconstruction pattern as illustrated in Fig. 4(b)
between coded frames and . Notice that the branch
cost includes the distortion of coded frameand all the
skipped frames reconstructed from it.3

• Path: A path is a concatenation of branches (see Fig. 5).
A feasible buffer path is a path linking nodes at the initial
stage to nodes at the final stage.

3Frames in the interval[k�i+n+1; . . . ; k+m] can be considered as a unit
which is coded independently of other units. If bi-directional reconstruction is
allowed, this is no longer the case.
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Fig. 4. Illustration of a branch linking node(k � i; b; n) to node
(k; b + r � i�C;m) using operating pointj with corresponding frame
rate parameteri: (a) Using an unweighted distortion metric, the branch cost
is given byd + � � � + d + � � � + d . (b) Corresponding
reconstruction patterns and boundary frames. Frames contributing to cost of
indicated branch include coded framek and all skipped frames reconstructed
from it.

Fig. 5. Illustration of optimization. When the frame rate parameteri is used,
nodes at stagek will be linked to nodes at stagek+i. Of all the paths arriving at
a given node, only the minimum cost path has to be kept. For example,A is the
minimum cost path arriving to node(B(k + 3);0) at stagek + 3. Therefore,
pathB can be pruned without loss of optimality.

B. Global Optimization:

Given an initial buffer state, the algorithm described below
can be used to generate the shortest path through the trellis for
any given final buffer state. In the special case of conventional
bit-rate control where every frame is coded at full resolution,

and our algorithm reduces to the algorithm in [2]
which solves the case of purely independent coding. Fig. 5 il-
lustrates the optimization.

Algorithm 1: (Global Optimization)
Step 0: Choose an initial buffer state . 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 next
frames, , to 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 countto zero.

Step 1:At stage 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 parameter, branches will
be grown linking nodes at stagewith nodes at stage .
If , then branches will be grown linking nodes

with nodes .
Step 2:Of all the paths arriving at a node in stage , 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: Increment by 1 and go toStep 1until .

Of all the paths arriving at a given node, only the path with
the 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 represents the total distortion of reconstructed
frames . With the reconstruction patterns defined
in Fig. 3, the distortion of future reconstructed frames

is independent of the distortion of the first
frames. Since all paths arriving at node have the same
resources available to code future frames ,
a path with higher aggregate distortion can be discarded without
loss of optimality.

C. Limited-Lookahead Optimization:

To obtain an optimal solution, one needs to grow the full
trellis before allocating bits to any frame. For a lengthse-
quence, a trellis of depth 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
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
be used as a benchmark to assess performance.

Suppose the encoder performs delayed encoding with a delay
of frames. In this case, a decision for frameis determined
based on the optimal path fromto . A decision involves
determining whether frame is coded or skipped and whether
it is reconstructed using backward or forward reconstruction in
the case it is skipped. The following algorithm can be used to
generate a feasible buffer path with limited-lookahead. In the
algorithm, we assume .
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Algorithm 2: (Limited-Lookahead Optimization)
Step 0:Choose an initial buffer state . The first frame
is coded as follows: Determine the optimal path through the
trellis from stages 0 to for some final buffer state. The
encoding parameters used for the first frame in the chosen
optimal path is final. Set the stage countto 1. Set the last
coded frame to zero.

Step 1: Determine the optimal path through the trellis from
stages to for some final buffer state.
The trellis is grown starting from stagewith buffer state de-
fined by the recursion in (5). Let represent the first coded
frame in the chosen optimal path.

Step 2:If , the decision for the
remaining frames in the chosen optimal path is final
and the algorithm terminates. Otherwise, repeatStep 1with

and determined as follows: If frame is skipped and re-
constructed from frameusing forward reconstruction in the
chosen optimal path, the corresponding decision for frame
is final. In this case, is incremented to and is un-
changed. If frame is coded (i.e., ), the corresponding
decision for frame is final and both and are incremented
by 1. If frame is skipped and reconstructed from frame
using backward reconstruction in the chosen optimal path, the
corresponding decision for frames, is final. In
this case, is incremented to and is incremented to

.

When an optimal path is chosen fromto in Algo-
rithm 1, the choice of the final buffer state at stage is
arbitrary. As a result, increasing does not guarantee a lower
global cost.

D. Complexity

In this section, we estimate the order of complexity of
growing the trellis for the M-D and conventional bit-rate con-
trol approaches. The order of complexity refers to the number
of comparisons that need to be performed to compute an
optimal solution. Let denote the buffer size, denote
the maximum frame rate parameter anddenote the length of
the video sequence. Suppose there areframe rate parameters,

quantizer parameters, horizontal spatial subsampling
parameters and vertical spatial subsampling parameters.

Let us first consider the M-D approach. There are at most
nodes in the trellis to be considered. A branch is

grown to each node for all feasible operating points. There are a
total of operating points. For a given operating point,
there are at most reconstruction patterns to consider. There-
fore, the order of complexity of growing the trellis for the M-D
approach is given by

(7)

For the conventional approach, there are at most
nodes in the trellis to be considered due to uniform subsam-
pling in time. There are a total of operating points and
reconstruction patterns to consider for each operating point.

Therefore, the order of complexity of growing the trellis for the
conventional approach is given by

(8)

To gain some insight into the complexity, assume and
are (approximately) 10and 10, respectively. Also, assume

that , , , and are all (approximately) 10. In this
case, the number of comparisons needed to compute an op-
timal solution for the M-D and conventional bit-rate control
approaches is (approximately) 10and 10, respectively. The
complexity of the M-D approach is roughly three orders of mag-
nitude larger.

It is possible to reduce complexity at the cost of a slightly sub-
optimal solution by reducing the number of nodes in the trellis.
As stated earlier, each node is defined as a triplet . In one
approach, the number of nodes can be reduced by buffer state
clustering as discussed in [2]. For a fixed value of, only the
minimum cost path of those arriving to a set of buffer states in a
local neighborhood is kept. The clustering factor determines the
size of the neighborhood. The number of nodes can also be re-
duced by ignoring the dependency introduced with frame skip-
ping. In this case, only one path (i.e., the minimum cost path for

) of those arriving to a given buffer state is kept. Each
node then becomes a pair and the number of nodes is re-
duced by a factor of .

V. RESULTS

This section illustrates the optimization results for the M-D
and conventional bit-rate control approaches. In all experiments,
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
places more emphasis on the larger distortion associated with
skipped frames which results in the coding of more frames.

The encoder used in the experiments is similar to H.263 [22]
with all advanced options turned off. We experiment only with
the luminance component of the test sequences. Therefore, the
overhead associated with the chrominance components is re-
moved. Zero-order hold temporal interpolation is used to recon-
struct skipped frames from coded frames and bilinear interpo-
lation is used to reconstruct coded frames that are spatially sub-
sampled [23]. We experiment with global motion-compensated
temporal interpolation in [10]. In all experiments, the initial
buffer state is set to zero (i.e., ) and the buffer size
is set to , for some integer corresponding to
a buffer delay of frames.

We experiment with two video sequences which have a length
of 80 frames (i.e., ) and size of 160 128 pixels4 at 30
f/s and 8 bits/pixel. Therefore, the raw data rate is approximately
5 Mb/s. The two test sequences will be referred to asCarphone
andResource.Carphoneis the well-known head-and-shoulders
sequence with no scene changes andResourceis a movie trailer
with two scene changes. Relative to each other,Carphoneis in-
active whileResourceis highly active with varying characteris-
tics in different scenes. The first scene change occurs between

4The sequences were clipped from their original QCIF versions.
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frames 23, 24 and the second scene change occurs between
frames 65, 66. The first scene has the highest activity (lowest
temporal correlation) while the middle scene has the lowest ac-
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 char-
acteristics. One would expect the benefit of this added flexi-
bility to increase with the variability of the source character-
istics. As a result, one should expect the M-D approach to
provide larger coding gains over the conventional approach
for Resource.

A. Intraframe Coding Experiments

In these experiments, all coded frames are intraframes
(I-frames). We consider bits rates ranging from 20–100 kb/s
corresponding to compression factors ranging from 50–250.
With the M-D approach, the controller can choose from
1) the set of frame rate parameters given by
for some specified ; 2) the set of spatial subsampling
parameters given by , , allowing each coded
frame to be subsampled by factor of 1 (no subsampling) or 2
in either direction; and 3) the set of quantizer parameters to be
used for each coded frame given by , ordered
from finest to coarsest. With the conventional approach,, ,
and are fixed at specified levels and the same set of quantizer
parameters are used for control.

1) Global Optimization: This section compares the op-
timal solution of the M-D and conventional bit-rate control
approaches using Algorithm 1. Since the entire sequence is
assumed to be known, the total end-to-end delay is given
by (4). To make a fair comparison, the delay 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 given . The total
delay is then given by the sum of the buffer and maximum
frame reorder delay resulting from the optimization. For a
given buffer size, the maximum frame reorder delay imposed
on the system tends to decrease with increasing channel rate
since more frames are coded as the channel rate increases.
Once the total delay is determined for the M-D approach,
is chosen (typically increased) for the conventional approach
such that the total delay is equal to that achieved with the
M-D approach. Using the conventional approach with frame
rate parameter , the maximum possible frame reorder
delay is frames. If the maximum frame reorder delay
imposed on the system is larger than frames using the
M-D approach, the buffer size will be increased to achieve
the same total delay.

A comparison of the operational R-D bounds for the M-D
and conventional bit-rate control approaches is shown in Figs. 6
and 7. The horizontal axis represents the channel transmission
rate and the vertical axis represents the average SAE over
a frame. Operational R-D bounds are obtained by choosing
the final buffer state that yields the minimum global cost.
R-D curves are shown for the conventional approach at three
different frame rates ( , , ) with and set to 1. R-D
data that is missing in the figures for the conventional approach
at the low rates indicates that no solution exists for the selected

Fig. 6. Operational R-D bounds forCarphone. M-D approach (�L = 10,
i = 9) and conventional approach fori = 3, 4, 6 withs = s = 1.

Fig. 7. Operational R-D bounds forResource. M-D approach (�L = 10,
i = 9) and conventional approach fori = 3, 4, 6 withs = s = 1.

video format at the given rate. The R-D curves for the M-D
approach were generated with and .5 Then,

is chosen for the conventional approach at each bit rate to
achieve the same total end-to-end delay as achieved with the
M-D approach. For example, the frame reorder delay using
the M-D approach at 100 kb/s forCarphoneis 5 frames (see
Fig. 8). Hence, the total buffer and frame reorder delay is 15
frames. To compare the M-D approach with the conventional
approach at 100 kb/s and , is set to at least 12 since
the maximum possible frame reorder delay is 3 frames when

.
Figs. 6 and 7 illustrate that significant coding gains are

achieved with the M-D approach. Fig. 6 shows bit-rate

5GivenB = �L�C, i � �L to prevent encoder buffer underflow.
If i > �L between two coded frames, the encoder buffer would underflow
resulting in inefficient use of the channel.
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TABLE I
OPTIMAL VIDEO FORMAT FORCARPHONEUSING M-D BIT RATE CONTROL WITH �L = 10 AND i = 9 AS A FUNCTION OF BIT RATE

TABLE II
OPTIMAL VIDEO FORMAT FOR RESOURCEUSING M-D BIT RATE CONTROL WITH �L = 10 AND i = 9 AS A FUNCTION OF BIT RATE

Fig. 8. Optimal parameter and reconstruction pattern selection forCarphone
using M-D bit-rate control with�L = 10 andi = 9 at 100 kb/s. (a) Frame
rate parameter and boundary frames (represented by dotted lines), (b) quantizer
parameter, (c) horizontal and (d) vertical spatial subsampling parameters
(2 = subsampled, 1= not subsampled). Frame reorder delay is 5 frames due
to backward reconstruction of skipped frames 19–23 from coded frame 24.

reductions ranging from 20% to 50% forCarphoneand Fig. 7
shows bit-rate reductions ranging from 30% to above 50% for
Resource. The larger gains forResourceare due to larger varia-
tions of the source characteristics.

The M-D bit-rate control approach automatically determines
the optimal video format. Tables I and II show the optimal
number of coded frames and the chosen spatial resolution of
the coded frames as a function of channel rate forCarphone
and Resource, respectively. The tables show that the spatial
resolution of the coded frames tends to increase with higher
channel rates. They also show that the optimal number of coded
frames increases with higher channel rates. This relationship
can also be seen in Figs. 6 and 7 by focusing on the R-D curves
of the conventional bit-rate control approach. Notice that lower
frame rates perform better at lower channel rates and higher
frame rates perform better at higher channel rates. This is the
reason why the curves intersect at some bit rate.

Fig. 9. Optimal parameter and reconstruction pattern selection forResource
using M-D bit-rate control with�L = 10 andi = 9 at 80 kb/s. (a) Frame
rate parameter and boundary frames (represented by dotted lines), (b) quantizer
parameter, (c) horizontal and (d) vertical spatial subsampling parameters
(2 = subsampled, 1= not subsampled). Frame reorder delay is 6 frames due
to backward reconstruction of skipped frames 24–29 from coded frame 30.
Frames 23, 24 and 65, 66 represent scene change boundaries.

Fig. 8 illustrates the optimal parameter and reconstruction
pattern selection using the M-D bit-rate control forCarphoneat
100 kb/s. Similarly, Fig. 9 illustrates the optimal parameter and
reconstruction pattern selection using the M-D bit-rate control
for Resourceat 80 kb/s. In the figures, all the parameters are set
to zero if a frame is skipped. Figs. 8(a) and 9(a) show that the op-
timal solution skips more frames when the temporal correlation
is high and codes more frames when the temporal correlation is
low. For example, Fig. 9(a) shows that the smallest frame rate
parameters are selected in the first scene, which has the lowest
temporal correlation, and the largest frame rate parameters are
selected in the middle scene, which has the highest temporal
correlation. It is also worthwhile to notice in Fig. 9 that the op-
timal algorithm invokes spatial subsampling in regions of low
temporal correlation. When the temporal correlation is low, the
algorithm codes more frames which results in less bits allocated
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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 

Number of Spatial resolution of coded frames ( sh X Sv subsampling) 
Channel rate (kb/s) frames coded 1 X 1 subsampling 2 X 1 or 1 X 2 subsampling 2 X 2 subsampling 

20 14 0 6 8 
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80 23 7 13 3 
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Fig. 10. Optimal buffer path forResourcewith B = 26;667(�L = 10)
andi = 9 at 80 kb/s.

Fig. 11. Performance of M-D bit-rate control forCarphoneas a function of
buffer size(B = �L�C) at 40, 60 and 80 kb/s withi = �L.

to each coded frame. Rather than using coarse quantization, the
algorithm favors spatial subsampling with finer quantization.

Figs. 8 and 9 illustrate that the optimal solution allocates the
largest number of bits to coded frames with the largest depen-
dency range (i.e., coded frames used to reconstruct the most
skipped frames) when the objective function is the total un-
weighted distortion. They also illustrate that the optimal algo-
rithm tends to use a reconstruction pattern that assigns a skipped
frame to the nearest coded frame (see Fig. 3(c)). In general,
the difference between a skipped and coded frame increases as
their distance increases. For example, consider frames 30–39 in
Fig. 9(a). Skipped frames 31–34 are reconstructed from coded
frame 30 while skipped frames 35–38 are reconstructed from
coded frame 39.

Fig. 10 illustrates the optimal buffer path corresponding to the
optimal parameter selection in Fig. 9. The buffer path follows
the recursion in (5). The discontinuities or jumps represent bits

Fig. 12. Performance of M-D bit-rate control approach forCarphonewith
�L = 10, i = 9 and�K = f4; 9g. Operational R-D bounds serve
as a benchmark.

Fig. 13. Performance of M-D bit-rate control approach forResourcewith
�L = 10, i = 9 and�K = f4;9g. Operational R-D bounds serve as a
benchmark.

of a coded frame being instantaneously placed into the buffer,
while the steady declines between coded frames represent bits
being extracted from the buffer at the channel rate. The figure il-
lustrates that the optimal algorithm uses the full dynamic range
of the buffer. In addition, since the goal is to minimize distor-
tion, the optimal algorithm tries to prevent buffer underflow and
therefore utilizes the channel resources efficiently.

All the results in this section have been generated with
. Fig. 11 illustrates the R-D performance of the M-D bit-rate

control approach as a function of for Carphoneat var-
ious bit rates. The curves were generated by choosing the final
buffer state that yields the minimum global cost with an im-
posed total budget constraint of bits. The figure illustrates
that the marginal gain of increasing the buffer size decreases as
the buffer size grows. As the buffer size grows, the buffer con-
straints eventually become irrelevant. When this happens, the

Authorized licensed use limited to: Fenwick & West. Downloaded on January 24,2025 at 18:45:03 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 14. M-D approach with limited-lookahead outperforms conventional
approach with full-lookahead forResource. R-D curves of conventional
approach represent full-lookahead case.

Fig. 15. Interframe coding R-D curves forCarphoneusing Algorithm 1. M-D
approach (�L = 10, i = 9) and conventional approach fori = 2, 3, 4
with s = s = 1.

optimal budget-constrained solution is reached and the marginal
gain becomes zero. It is also worth noting that increasing
has the effect of reducing the number of coded frames.

2) Limited-Lookahead Optimization:Up to now, we have
only considered the performance of the M-D approach assuming
full knowledge of the source. In this section, we consider perfor-
mance with limited-lookahead using Algorithm 2. In this case,
the total end-to-end delay is given in (2). In each iteration of
Algorithm 2, the final buffer state that yields the minimum dis-
tortion is chosen. Similar to the experiments in Section IV,
is set to 10 and is set to 9. The operational R-D bounds
obtained from Algorithm 1 are used as a benchmark.

The results forCarphoneand Resourceare illustrated in
Figs. 12 and 13 with . Operational R-D bounds

are also shown in the figures to compare
performance. The figures illustrate that a slightly suboptimal

Fig. 16. Interframe coding R-D curves forResourceusing Algorithm 1. M-D
approach (�L = 10, i = 9) and conventional approach fori = 2, 3, 4
with s = s = 1.

solution is obtained with a limited-lookahead of 9 frames
which demonstrates that it is not necessary to increase the delay
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.

B. Interframe Coding Experiments

This section presents results of the M-D and conventional
bit-rate control approaches for the case of interframe coding.
We study the case where the first coded frame is an I-frame and
all other coded frames are predicted from the previously coded
frame (i.e., P-frames). However, I-frames can be inserted at any
desired location (e.g., scene changes) to restart the prediction
loop. In addition, B-frames can be inserted to achieve more ef-
ficient compression. A solution is obtained using Algorithm 1.
Predictive coding dependency is accounted for in Step 1, how-
ever, an independent allocation strategy is employed in Step 2
when paths are pruned. Using Algorithm 1 is attractive since the
global optimization results in efficient bit allocation.

In Step 1 of Algorithm 1, branches are grown from the end
nodes of all surviving paths. Each surviving path at stagecor-
responds to a unique allocation of bits to all previously coded
frames including frame. Due to predictive coding dependency,
branch costs grown from the end nodes of surviving paths de-
pend on the previously coded frames which vary with each sur-
viving path. When a branch is grown connecting nodes in stages

and , frame is predicted from coded framewhich
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TABLE III
INTERFRAMECODING VIDEO FORMAT FORCARPHONEUSING M-D BIT RATE CONTROL WITH �L = 10 AND i = 9 AS A FUNCTION OFBIT RATE

TABLE IV
INTERFRAMECODING VIDEO FORMAT FOR RESOURCEUSING M-D BIT RATE CONTROL WITH �L = 10 AND i = 9 AS A FUNCTION OF BIT RATE

is different for each surviving path. To obtain the R-D charac-
teristics associated with each surviving path that account for the
predictive coding dependency, the most recent coded frame of
every surviving path is stored in memory. Once all branches are
grown from a given surviving path, the associated frame is re-
moved from memory. To reduce the number of frames that must
be stored in memory and the number of R-D data points that
need to be computed, the buffer states are clustered by a factor of
100 and frame skipping dependency is ignored by retaining only
one path for each buffer state. Reducing the number of nodes
leads to little performance loss.

In Step 2 of Algorithm 1, pruning at each node may result
in a suboptimal solution since the R-D characteristics of future
coded frames depend on the allocation of bits given to frame
. By pruning at each node in stage , the algorithm allocates

bits to frame independent of this future dependency (i.e., an
independent allocation approximation). The benefit of pruning
is that it prevents the complexity of the problem from increasing
exponentially. At the cost of increased complexity and memory
requirements, more than one path can be kept at each node.

In these experiments, the M-D controller can choose from
1) the set of frame rate parameters given by
for some specified ; 2) the set of spatial subsampling
parameters given by , , allowing each coded
frame to be subsampled by factor of 1 (no subsampling)
or 2 in either direction; and 3) the set of quantizer pa-
rameters given by and

for I- and P-frames, respec-
tively, ordered from finest to coarsest. With the conventional
approach, , , and are fixed at specified levels and the
same set of quantizer parameters are available for control.

A comparison of the R-D curves for the M-D and conven-
tional bit-rate control approaches is shown in Figs. 15 and 16.
R-D curves are shown for the conventional approach at three
different frame rates ( , , ) with and set to 1. R-D
data that is missing in the figures for the conventional approach
at the low rates indicates that no solution exists for the selected
video format at the given rate. The R-D curves of the M-D ap-
proach were generated with and . Then,
the R-D curves of the conventional approach were generated to
achieve the same total end-to-end delay using the methods dis-
cussed in Section V-A.

Figs. 15 and 16 illustrate that significant coding gains are
achieved with the M-D approach. Fig. 15 shows bit-rate reduc-
tions ranging from 10% to 20% forCarphoneand Fig. 16 shows
bit-rate reductions ranging from 15% to 25% forResource.
Similar to the results obtained with the intraframe coding case,
larger gains are obtained withResourcedue to larger variations
of the source characteristics. Since interframe coding exploits
temporal correlations in the source, one can expect smaller
coding gains compared to the gains achieved with intraframe
coding.

Tables III and IV show the number of coded frames and the
chosen spatial resolution of the coded frames as a function of
channel rate forCarphoneandResource, respectively. The ta-
bles show that the spatial resolution of the coded frames tends
to increase with higher channel rates. They also show that the
number of coded frames increases with higher channel rates.

VI. CONCLUSION

Many ad hoc M-D bit-rate control algorithms have been pro-
posed in the past. In this paper, we formalized the M-D bit-rate
control problem and developed a dynamic programming algo-
rithm to compute an optimal solution. Our algorithm can be di-
rectly used for nonreal-time encoding, for benchmarking, and
as an aid in the development of suboptimal algorithms. While
our algorithm is optimal only for the intraframe coding case, it
can be used to provide a solution for more complex scenarios
such as interframe coding.

The work presented in this paper provides the foundation for
some interesting future research. For example, it is interesting
to consider the M-D bit-rate control problem when channel
rates can be chosen by the user under ATM policing constraints
[19]. In this case, the problem is to jointly select the source
and channel rates to optimize the quality of the transmitted
video subject to source buffer and network policy constraints.
Extending the work in [19], the optimal solution to this problem
can be obtained by extending the trellis defined in this paper
where each node would represent a quadruplet rather than a
triplet. The added dimension represents the state of the policy
function defined by the choice of the channel rates.

The multiplexing of two or more video sources is another area
for future research. In the case of MPEG-4 where a video se-
quence is comprised of multiple video objects, operating points
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can be chosen separately for each video object. The methods de-
veloped in this paper can be used to jointly select the operating
points for each object to obtain an optimal bit allocation under a
buffer constraint. Since objects can take on different frame rates,
the composition problem would need to be addressed [24].

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-constrained
allocation problem. Other interesting extensions include the use
of bi-directional reconstruction and macroblock level encoding
decisions.
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