43

Efficient Rate Control by Fast Adaptive Mode Selection

*Chul Ryu

# This work was supported by a technical joumnal publishing program of Dongguk University

Abstract

A fast converging coding algorithm that adaptively selects the modes of macroblocks is introduced. For a given frame,

the optimal modes are selected based on the decision curves that minimize the overall distortion at a given bit rate. The

method proposed in this paper is different from the conventional ones in that it docs not manipulate the quantizer to meet the

target bit rate but it satisfies the target bit rate by finding optimal modcs of macroblocks which result consistent visual

guality. Lagrange multiplier of the unconstrained cost function is controlled to trigger decision curves to generate

appropriate modes to meet bit ratc and the curve is obtained by utilizing simulated annealing optimization technique. The

algorithm is implemented within H.261 video codec and simulation results demonstratc superior visual guality.

I . Introduction

It is well known that interframe coding can achieve
better coding performance than intraframe coding at a
given bandwidth but the resulting bit rate from interframe
coding fluctiates in nature. In some applications, such as
transmission over PSTN, constant bit rate is more
desirable either for a simpler network configuration or for
a fixed bandwidth. To achieve a constant bit rate
transmission of video signals for such applications, a
buffer is placed between the coder’ s output and the
channel to smooth out the bit rate fluctuation. Therefore
rate control is a key importance to visual guality in digital
video transmission over a constant bit rate channel.

Numerous methods have been introduced to improve
visual quality at a given bit rate while still being
compatible with the standard coder [6][10}{14], where in
the conventional strategies [2][3], the quantization
parameter was manipulated based on the fullness of
buffer. One published solution to this problem suggests
the use of the previous bit counts as a prediction for the
current macroblock or sub-group-of-block [4] to adjust the
level of guantization. Other approach uses the estimates

from the training sequences to predict the number of bits
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for the current macroblock under a stationary assumption
{81. In [15], rate-constrained product code 1s formalized to
optimize the combination of guantization choices, In
general, the more often the quantization is adjusted, the
smoother the variation of the output bit rate and the
smaller the required buffer size become. On the other
hand, if the adjustment of guantization is based on a
longer period of time, a larger buffer size may be required.

This paper proposes an efficient rate control algorithm
by adaptivcly selecting the optimal modes of macroblocks
in a block based vidco codec. Bit rate regulation is
accomplished by manipulating Lagrangian multiplier of
the unconstrained cost function, which triggers decision
curves to generate modes to meet bit budget. Unique
decision curves are utilized in each frame and are
determined by iteratively comparing the output bit rate
with a target bit rate which is based on the desirable bit
rate, macroblock mode and frame complexity. This
iterative procedure, which is independent of the channel
buffer occupancy, guarantecs optimal decision curves by
utilizing the simulated annealing optimization technique
{7). Once optimal decision curves are determined, optimal
modes of macroblocks are selected based on the decision
curves that minimize the overall distortion at a given bit
rate. Two different decision curves arc optimizes in this
paper, i.e., motion/no-motion compensation decision curve

and intra/intcreoding decision curve. Furthermore, bit rate
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is controlled within the macroblock layer in addition to the
picture layer to aid a precise rate control. This paper is
organized as follows. In Section 2, some fundamental
problems existing on standard coders are described and
adaptive mode selection algorithm is introduced. Rate
control based on the adaptive mode selection algorithm is
discussed in Section 3. The superior performance of the
proposed algorithm is verified by simulation under various
conditions and is shown in Section 4 and concluding

remarks follow in Section 5.

II. Problem Formulation

2.1. Background

In standard block based video codecs, the encoder has
to make several decisions for each macroblock that which
mode it will be coded with. These decisions can be: how
to determine the best motion vectors to use, decide
whether to code each macroblock as intra or predicted, and
how to set the quantizer scale. Indeed an encoder has the
difficult task of choosing between the different types of
macroblocks. An exhaustive search method is to try
coding a macroblock to the same degree of accuracy using
each type, then choose the type that requires the least
number of coding bits. Obviously exhaustive search is not
suitable for a real coding scheme but a simpler method by
making a series of decisions can be practical to implement
and is computationally less expensive.

At each step of making decision, a fixed function or a
fixed rule is used to speed up the decision making. For
example, decisions of motion/no-motion compensation
and intra/intercoding use preset functions (shown in
Figure 1), whereas code/no-code decision is determnined by
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the difference of error signals and quantization parameters
.are determined based on the buffer’ s contents. After a
series of decisions, a mode of each macroblock is
determined to be coded accordingly.

Most of the published solutions to rate control are
concentrated on determining the levels of quantizer, which
are adjusted based on the fullness of buffer, The proposed
algorithm extends the coding decision options for rate
control to the decision of motion/no-motion compensation
as well as intrafintercoding. Instead of having fixed
motion/no-motion compensation and intrafinter decision
curves for the whole frame, it would be more natural to
find adaptive decision curves based on the characteristics
of each frame so that the PSNR at a given bit-rate is
maximized. Therefore, the proposed approach provides
better rate control than a simple quantizer feedback
approach. The proposed approach simplifies the problem
by seeking optimal decision curves for mode selection and
decision curves are determined based on the rate-distortion
theory [12][13].

2.2. Mode Selection

Let Fand ﬁ}be the jth input and reconstructed frames
of the video codec, respectively, and they can be
partitioned into groups of macroblocks,
oy

F=(X, X, Xy prons X))

0.

Fo=R, 00K e Ko ) @

Macroblock X;; in Fcan be coded using only one of
N possible modes given by the set S,

dbd/256
[}

Zero Motion
Compensation

y=x/1.1

Motion Vector
Compensation

bd/256
bd : zero displacement error
dbd : motion compensated efror

T Y Y T T T

Figure 1. Courtesy of MPEG: Decision curves for motion/no-motion compensation and intra/intercoding for P-pictures.
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S=(M M M,,...M,_). 3)

Let M eS where k=0,1,..,N-1,be the mode
selected to code the macroblock X; ; where the indices
and j represent the macroblock and the frame,
respectively. Let ¥,; be a coded macroblock with a
selected mode M} and }25_ ; be the output of the video
codec (Figure 2).

CODEC

MB

F‘ ...... - Dec@sion S——— F
? Function !

Figure 2. Simplifted structure of the block based video encoder.

In general, Yi; can be represented depending on which
mode it is assigned with,

0, if skipped
Yii = Xy if intra coded . (4)
X, ;= Xuaj-s ifinter coded

X;a, -1 is the ith macroblock of (j-1)th frame with the
motion vector Awhere

0, if no motion compensated
A= , ) . &3]
8, if motion conpenstated

Let' s assume that the decision curve for motion/no-
motion compensation can be expressed as a polynomial of
order P-1,

p=l

gX)= Yy aXx ©
k=0

y b

Region A 9(X)

Region B

o
L

z
Figure 3. Sample decision curve dividing zero motion
compensation and non-zero motion compensation.
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EQ. 6 decides whether a macroblock should be coded
using motion compensation or not. Figure 3 shows a
sample decision curve which divides a region between
motion compensation (region B) and no-motion
compensation {region A).

Let the x-axis in Figure 3 be the sum of absolute
differences between X, ; and X, .,

L Zzlxi,j(m’n) - X,‘J_](m,ﬂ) I,

x(X) =1 X,y = X1 =
m n (7}

And the variable y is defined as the sum of absolute
differences between X;; and X, ;. ,

1
wWX)=l Xf_j - X,‘m,jq k= Eggzzlx’”f(m‘”) - Xiln.j—l(mv”)l
m n (8)

where, the motion vector A is determined through the

curve g(X} as
_[ 0 ify028(X) ©)
T8, XN <gX)

Using the values of x(X} and yX), a mode for motion and
no-motion compensation will be decided by the
coordination of (x(X), ¥(X)) with respect to g(X}.

The problem to solve, then, is that of finding the
coefficients G, in EQ. 6 which minimizes the global
distortion D of the jth frame at a given bit rate R,

min D, (a,) (10)

a;

such that R; (¢} S R. ayn

Instead of solving the constrained optimization
problem EQ. 10, let us consider the following
unconstrained formulation. Let the Lagrangian cost
function comesponding to the Lagrange multiplier (4 20)
for @; of the jth frame be,

JFr_(a&)=Dﬂ(a‘)+ﬂ.‘RFj(a*). a2

For a fixed value of A , the unconstrained problem
specified below can be solved for the optimal g, (a;)
that minimizes the Lagrangian cost function

J; (@)= min{D,, (a,)+ A+ R, (a,)} (13)

while its constrained counter part of EQ. 10 becomes

D, (a,)=minD; (a,) such that R, (@)SR (14
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As A is searched through all positive real numbers
from O (lowest distorion, highest rate} to == {highest
distortion, lowest rate), a set of solutions of (a;) and
constraiats Kg (a;)are created. The above approach
identifies an optimal operating point on the convex
functional of the rate-distortion curve for a fixed positive
A If the original constraincd problem happened to have
a budget constraint that meets one of the operating points
on rate-distortion curve, then the unconstrained and

constrained problems have identical solutions.

2.3. Fast Solution by Fixing 2

in order 1o solve EQ. 13, 9 as well as 4 which
minimize the unconstrained cost function are needed to be
determined. It is found empirically that the value of 4
does not fluctnate severely between frames when the scene
transition is consistent which indicates that the variation of
coded bit rate is small between frames. Thercfore, instead
of findingA for each frame, computation complexity can
be reduced by repeating the same A for the subsequent
frames having consistent scene change, Since A can be
interpreted as a quality index, it is crucial to find the
optimal A for the starting frame.

A biased Lagrangian cost function is introduced in [9]
to seek for optimal A Let x be the sct of all
permissible combinations of 4, and J(A) = D(x)+ AR(x)
be the Lagrangian sub-cost function associated with x for
quality criterion A  Then, the biased Lagrangian cost
function W becomes,

W(A) = (mlin[D(x)+2R(x)]—2.R). (15)

Using the above biased cost function, we can find A’
for the starting frame and the subsequent frames having
consistent scene change. By expanding [9], the following
result is obtained : A'is the optimal solution to

W, ()= n:g)x[n:fn{l)ﬂ_ (6)+ AR, (a)} - ZR) (16)

EQ. 16 becomes a new unconstrained cost function to
be solved by finding the coefficients g° with A’
Therefore, the biased Lagrangian cost function becomes,

WFJ )= @g}x(n:lin{l)ﬂ {a,}+ /IR,I (a,)} - AR)

FEOT S

(18)

L-1
= max{min{-]l:zl X=Xy + )2’,..,.)[2 +AR,I(01)} ——1R]
i=0
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where,
)?i,j =D Q_l Q- D(Xi.i - XilA.j—l]
F, = jth input frame(= 3 X, ). (18)

!:} = jth reconstructed frame(= Z)?,.‘ i

D and p~' denote DCT and IDCT, and @ and @'
denote quantization and inverse quantization, respectively.

For the case of intra- and interframe coding decision
function, EQ. 7 and EQ. 8 are replaced with

1
x(XJ=var(x,,,,J4,j_,)=%Zz(xi,,(m.n)—x‘,,_l (m,n)¥(19)

HX)y=var(X, ;. X, ;)= %zz(&;(mxﬂl = xﬂa,,‘-l(m-"])z

o (20)

This is then the unconstrained optimization formulation

to our probiem and a stochastic annealing optimization

algorithm is employed to find the coefficients 4; in EQ. 6
which minimizes the distortion in EQ. 17.

I[. Adaptive Mode Selecting Rate Control

Buffer control is a necessary siep to encounter when it
comes to control of averaged bit rate to the desired values.
Usnally, the state of the buffer is fed back to the coder
who selects the level of quantizers so that the buffer
overflow or underflow can be avoided [2}[3]. However,
the number of coded bits generated from different modes
of frame (I, P, and B} vary widely, thus the conventional
rate control schemes that exploit a mapping between
buffer occupancy and quantizers do not yield good coding
results. In this Section, a simple buffer control strategy
based on the AMS algorithm is described.

3.1. Contents of buffer

Let R, and R be the frame rate (fps) and channe) rate
(bps). Let B be the size of buffer which is & msec of the
channel rate, ¥R Let the input rate to the buffer be

expressed as

R, =R+R+R+..+R, @n
=R n+R n+R +r+. +R -1, (22)

assuming that only » frames and the unit of
R.i=12,..n isinbps.
Using the above notations, we can formulate the

contents of buffer at each frame as follows,
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Rr, —nR, 23)

Ry —(n+1R. (24)

i=0

EQ. 23 and EQ. 24 represent the fullness of buffer just
after the ath frame is coded and just before the (n+/)th
frame is coded, respectively.

In order to avoid the buffer being overflowed or
underflowed, the buffer' s level, B, must be bounded all

the time
0<B, <B 25)
A more generalized form can be expressed as follows
oB< B, < fiB {26)

where, a+8=1, @20, f20,ie, a=0, f=1yield EQ. 25
The buffer can avoid its overflow or underflow if EQ. 23
and EQ. 24 satisfy EQ. 26,

a-1
oB< %R,r,. —(n+DR, 27

n-)
Y R;r~nR, < fiB. (28)
i=0

Since the B can be represented in terms of the channel

rate, the above EQs can be further expanded as,

kR < 2{%} —(n+]) 29

iaQ ¢

z{%} —n<p. G0)

=0 ¢

By varying @ and f , we can preset the bounds 1o
alert when the buffer reaches underflow or overflow.

PSNR of Coded Output Signal with 132 kbps at 30 ips
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3.2. Updating Lagrangian Multiplier

In rate control using adaptive mode selection, the
Lagrangian multiplier is adjusted depending on the state of
buffer. When the buffer underflows, dummy bits are filled
so that the buffer maintains the minimum of a8 bits. If
the content of buffer reaches its upper bound, 88, the
overflow state is triggered and the decision curve is now
more concentrated to generate macroblocks with block
skipping mode by increasing the Lagrangian multiplier A
in EQ. 17. By increasing A the algorithm now gives
more favor to bit rate constraint than distortion constraint.
Once the optimal coefficients of the decision curve are
found, each macroblock is coded according to the mode
assigned with.

Figure 4 shows that small increase in 3 reduces buffer
fullness and the resulting lower PSNR, whereas decrease
in A increases buffer fullness. Therefore, we could
contro) the target bit rate by adjusting A depending on the

state of buffer while sacrificing visua quality.
IV. Simulation Results

Simulations were conducted using Claire and Miss
America sequences in the CIF format (352 pixels X 240
lines) for different degrees of the polynomial P from 2 to 9
in EQ. 6. Throughout the simulations, the frame rate is
held constant at 30 fps and the average bit rate is varied
from 160 kbps to 320 kbps. As a part of the encoding
process, the modes are selected using the procedure
described above: first finding the optimal intraceding
curve then intercoding curve. The coding resulis are then
compared with coded sequences generated by the video
codec test model RM 8.

x10t Bulter Coment of Coded Signal with 192 Kops at 30 tps

Figure 4. Change of A in intea/interframe coding decision curve.
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Figure 5. PSNR and frame rate of coded Claire sequences using hierarchical search based adaptive mode selection.

During the experiments, the order of polynomial was
found to be optimal when P=3 for motion/no-motion
compensation decision curve Figure 5. The good
suboptimal coefficients were not found when the order
betow 3 was used, and the PSNR was increased a very
small amount while the computation became large when
the order above 3 was used. The optimal order of
polynomia! for intrafinter decision curve was found to be
P=2.

Hierarchicat search motion estimation [11] is adopted in
order to reduce the burden of complexity in finding
motion vectors and to increase coding performance. The
modes are affected from the motion vectors found by
hierarchical search motion estimation. The modes found
vsing hierarchical search by adaptive mode selection
(HAMS) would be different from the modes selected

PSNR of Codad Ouout Sipnal with 320 khoe 21 30 e

based on adaptive mode selection. This is because
different motion vectors result different absolute
difference or variance between the current macroblock and
the macroblock corresponding with that motion from the
previous frame. It is shown in Figure 6. that HAMS
approach performs better than the AMS approach.

Two different models of finding optimal decision curve
using hierarchical search based adaptive mode selection
(HAMS) are compared with RM 8, i.e. using optimal
motion/no-motion compensation (HAMS-P} and
inter/intracoding curve (HAMS-I). Proposed models
demonstrate consistent visual quality within and between
frames as shown in Figure 6. To investigate the effect of
buffer’ s overflow and underflow, a relatively low bit rate
was applied while other parameters remain the same. In
the normal coding procedure, bit rate should be greater

PSNR of Codod Ouput Sipnal with 320 kboe at 30 fpe

(] 5 10 15 20 25
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Figure 6. PSNR and frame rate of coded Claire sequences using adaptive mode selection versus hierarchical search based

adaptive mode selection.
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PSNR of Coded Quipnat Signal with 160 iops at 30 s
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Figure 7. PSNR and buffer contents of coded Claire sequences using selective mode.

than or equa! to 320 kbps in order to avoid overflow when
CIF-type frames with the frame rate at 30 fps are coded.
Figure 7 illustrates the corresponding PSNR and buffer
contents when frames are coded with 160 kbps at 30 fps.
The buffer begins to fill significantly after frame 13
(Figure 7-b) which forces RM 8 to repeat the previous
frame resulting degraded visual quality (Figure 7-a). With
the proposed scheme, however, the buffer doesn’ t reach
overflow state until frame 35 as macroblock modes are
selected based on the optimal decision curves in all
models and show superior visual quality. Figure 8
illustrates some motion/no-motion compensation and
intra/intercoding decision curve compared with fixed ones.
It can be seen from Figure 8-a) that if the error magnitude
is Jow (about 2.5 in HAMS case compared to 1.0 in RM 8)
then no motion compensation is used. Intra/intercoding

decision curves using HAMS favor intraframe coding as

Decision Curve for Motion/No-Motion Compensation

shown in Figure 8-b) and explains why the optimal order
of the polynomial of intrafintercoding decision curve is 2.

V. Conclusion

In this paper we introduccd a new scheme of rate
control algorithm in video coding by adaptively selecting
the optimal operation mode of block-based video cading
framework. The algorithm is based on the Lagrangian
method for optimal bit allocation at a given bit rate.
Simulation results demonstrate highcr PSNR and better
visual quality compared with standard quantizer feedback
based bit ratc control approach. A drawback of this
method is the requirement of rather high complexity due
to simulated annealing optimization algorithm, However,
it could be useful in certain applications where complexity

may not be a critical issue, such as storage of video on

Decision Cutve for ntra/intar Frame Coding
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Figure 8. PSNR of change in order of motion/no-motion decision curve. The order of the polynomial was varied from 2 to 5.
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CD-ROM. More work can be done to improve the
algorithm and reduce its complexity, based on the same
basic idea. Experimental results, provided in this paper,
demonstrate that the algorithm is effective and can be very
useful in many applications.
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