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ABSTRACT

Constrained optimization techniques provide an effec-
tive solution to the rate-distortion optimized mode selection
in hybrid motion compensation-DCT based video encoders.
However, the minimization of the Lagrangian cost function
often presents a computational burden in real-time appli-
cations. In this paper, we propose a new method for rate-
distortion optimized coding mode selection. Instead of us-
ing the Lagrangian method, we employ a computationally
efficient, yet highly effective rate-distortion model to mini-
mize the overall distortion of a macroblock. Extensive ex-
perimental results show that the proposed method provides
PSNR improvements of2.79, 1.64, and1.54 dB over TM5-
based MPEG-2 encoder, at the bit-rates of 2, 4, and 6 Mbps,
respectively, with negligible increase in computational com-
plexity.

1. INTRODUCTION

A typical commercial video encoder includes such process-
ing modules as preprocessing, motion estimation, coding
mode selection, and rate control. Among these, coding mode
selection is a non-normative processing block, which proves
to be critical to efficiently encode scenes with widely vary-
ing content and motion.

In the Test Model 5 (TM5) [5] for MPEG-2, a mode is
selected based on residual energy. However, since this mode
selection strategy does not consider any rate constraints, the
selected mode does not result in the optimal coding perfor-
mance. To this end, Wiegand et al. [6] proposed a rate-
distortion (R-D) optimal mode selection scheme that pro-
vides significant improvements in PSNR, especially in very
low bit-rate video coding. However, this scheme has high
computational complexity that makes it impractical in real-
time implementations. Other researchers also proposed con-
strained optimization methods along the same lines, which

This work is supported by NSF under NSF CAREER award CCR-
0133221.

typically simulate computationally expensive operations such
as DCT, quantization etc. In this paper, instead of using La-
grangian minimization, we employ a simple and yet highly
effective rate-distortion model to develop a computationally
efficient R-D optimized mode selection framework. Here,
the model parameters and the minimum cost coding mode
are easily calculated in terms of computational complexity.
Experiment results show that coding gains of up to 2.79 dB
are achievable with little increase in the computational com-
plexity of the encoder. To the best of our knowledge, these
are the best results reported to date at this level of complex-
ity.

2. RATE-DISTORTION MODEL

In this work, we consider R-D functions of the form :

D(R) = σβe−γR, (1)

whereσ denotes the standard deviation of the source and
β andγ are unknown model parameters. This form of R-
D function is chosen based on information-theoretic anal-
ysis. As studied in [3], [7], distributions of the the DCT
transform coefficients are best approximated by a general-
ized Gaussian distribution. It can be shown thatβ = 2 and
γ = 2 ln(2) for a perfect Gaussian source, andβ = 1 and
γ = 3

2 ln(2) for a perfect Laplacian source.
In our work, we consider only theβ = 2 case and useγ

as a coding parameter to control the model accuracy since
the actual distributions of DCT coefficients are not exactly
Laplacian or Gaussian. We can estimate the actual value of
γ for a frame by using the encoding statistics of previous
frames of the same picture type. The estimate ofγ is :

γ =
1
N

N∑

i=1

γi

=
1
N

N∑

i=1

1
Ri

ln
(

σ2
i

Di

)
(2)

III - 5130-7803-7965-9/03/$17.00 ©2003 IEEE ICME 2003

➠ ➡



whereγi is theγ parameter associated with theith mac-
roblock andDi, Ri, andσ2

i are the actual distortion, rate,
and source variance for theith macroblock in the last coded
frame of the same type, respectively.

3. MACROBLOCK MODE SELECTION

Consider a group ofN macroblocks to be encoded in a
frame. Letmi be the coding mode of theith macroblock,
(i = 1, 2, ..., N ), and letMN be the set of the modes of all
macroblocks. That is,

MN = {m1,m2, · · · ,mN},

wheremi is the mode of theith MB. The problem of find-
ing the R-D optimal set of the modes (M∗

N ) for the group of
N macroblocks can be formulated as :

M∗
N = arg min

MN

D(MN ) = arg min
MN

N∑

i=1

Di(mi), (3)

subject to
R(MN ) ≤ Rtotal,

whereD(MN ) =
N∑

i=1

Di(mi) andR(MN ) =
N∑

i=1

Ri(mi)

represent the sum of the distortions and the rates ofN mac-
roblocks, respectively.Di(mi) denotes the distortion when
the ith macroblock is coded in the modemi. Similarly,
Ri(mi) represents the rate of the macroblock in the mode
mi. Rtotal is the available total bit budget to encode the set
of N macroblocks. The bit budget is shared to encode the
DCT, the motion vector, and the header information. So, we
can write :

R(MN ) =
N∑

i=1

Rmv
i (mi) +

N∑

i=1

Rdct
i (mi) +

N∑

i=1

Rhdr
i (mi) + Rmisc,

whereRmv
i (mi), Rdct

i (mi), andRhdr
i (mi) denote the rates

needed to encode motion vectors, DCT coefficients, and
headers, respectively, associated with theith macroblock
when it is coded in modemi. Rmisc represents the rate
for coding other information that is not related to the mac-
roblocks,e.g., the sequence/picture/slice headers.

Assuming that current macroblock modemi is indepen-
dent of any of the other macroblocks, we can modify the
constrained minimization problem of Eq. 3 as :

M∗
N =

N∑

i=1

arg min
mi

Di(mi),

subject to
R(MN ) ≤ Rtotal.

Further simplification is possible if we assume that the tar-
get total number of bits for theith macroblock (RT

i ) is known.
With this assumption, the rate constraint simplifies to :

Rmv
i (mi) + Rdct

i (mi) + Rhdr
i (mi) ≤ RT

i , ∀i = 1, ..., N.

Coding mode (m∗
i ) of each macroblock is obtained by solv-

ing the following constrained minimization problem :

m∗
i = arg min

mi

Di(mi), (4)

subject to

Rmv
i (mi) + Rdct

i (mi) + Rhdr
i (mi) ≤ RT

i .

In the MPEG standards, for an Intra type macroblock,
the distortion of a macroblock is composed of the distortion
due to encoding the DC coefficients and the AC coefficients.
This is because of the fact that encoding the DC coefficients
of each block in a macroblock is different than the rest of the
DCT coefficients. The DC coefficients of the macroblock
are quantized with a fixed step size (either 1, 2, or 4 de-
pending on the DC precision determined by the user) and
differentially encoded. Thus, we can write the macroblock
distortion as :1

Di(mi) = DDC
i (mi) + DAC

i (mi),

whereDDC
i (mi) andDAC

i (mi) are the distortions of DC
components and AC components, respectively. However,
for a intra-coded macroblock, the value ofDDC

i is gener-
ally small since the DC coefficients are quantized with a
small step size. Furthermore, the values ofDDC

i are rel-
atively smaller when compared withDAC

i (mi). Thus, we
can assume that :

Di(mi) = DAC
i (mi). (5)

For the distortion of the AC components, we use the R-
D relation presented in Section 2 :

DAC
i (mi) = σ2

i e−γRAC
i , (6)

whereRAC
i is a rate for AC components for a given mode

mi. In this equation,σ2
i is the variance of the AC coeffi-

cients that depends on the mode. We finalize the R-D for-
mulation by substituting Eq. 6 in Eq. 5 to get :

Di(mi) = σ2
i (mi)e−γ(RT

i −Rmv
i (mi)−Rhdr

i (mi)−RDC
i (mi))

= σ2
i (mi)e−γRT

i eγ(Rmv
i (mi)+Rhdr

i (mi)+RDC
i (mi)),

(7)

1DDC = 0 for all non-intra modes
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with RAC
i = RT

i −Rmv
i −Rhdr

i −RDC
i . RDC

i is a number
of bits needed to DC components which is zero for non-
intra modes. Using this model, in the optimization problem
formulated in Eq. 4, we get :

m∗
i =arg min

mi

{
σ2

i (mi)eγ(Rmv
i (mi)+Rhdr

i (mi)+RDC
i (mi))

}
.

(8)

Note thate−γRT
i is not related to any coding modes and it

can be removed from the distortion minimization. That is,
RT

i does not affect our proposed mode selection algorithm
and is determined by a rate control scheme.

Eq. 8 formulates the rule for choosing the best coding
mode for theith macroblock. To solve Eq. 8 for the optimal
macroblock mode, we need variance for each mode, and the
number of bits for encoding the MVs, header, and the DC
coefficients (for Intra mode only). We also need to estimate
the model parameters. At this point, we assume that the
motion estimation is already done so that the motion vector
and the residual is determined. Using the encoding tables
we can calculate the number of bits for the motion vector(s)
and the header. We can also determine the rate for the DC
coefficients since DC quantization does not depend on the
choice of the quantization parameter. Estimation ofγ was
already discussed in Section 2.

4. COMPUTATIONAL COMPLEXITY

In this section, we discuss the complexity of the proposed
algorithm. The proposed algorithm requires additional com-
putations such as computation of source variance and distor-
tion, and determination of the rate terms. The analysis of the
computational complexity is as follows :

• Calculation of number of bits for MVs, DC coeffi-
cients, and the header : In the MPEG-2 standard,
MVs and DC coefficients are coded in a differential
format. The number of bits can be easily obtained
from a look-up table if the differences are available.
We can also easily calculate the number of bits for the
header from the specification of MPEG-2 [4]. Thus,
the computational complexity for these calculations
can be ignored.

• Calculation of variances : For each candidate mode,
we need to compute the variance of the DCT coeffi-
cients. However, since the DCT coefficients are not
available before the mode selection, we need to ap-
proximate the variance in the pixel-domain. For the
calculation of the approximated variance of an8 × 8
block, we use :

σ2 ≈
63∑

i=0

x2
i ,

wherexi is the pixel value or the pixel difference
value for intra mode and non-intra modes, respec-
tively. To perform this computation, we need 64 mul-
tiplications and 63 additions per block for the intra
mode. In the case of a non-intra mode, we need an
extra 64 additions to compute the pixel differences,
therefore the total numbers of operations per block for
one candidate mode are 64 multiplications and 127
additions for the non-intra modes. For a 4:2:0-type
macroblock there are six blocks, thus, the numbers of
operations required per macroblock for one mode are
64×6 multiplications and63×6 additions for the intra
mode and64×6 multiplications and127×6 additions
for the non-intra modes. For a P-type frame, we con-
sider three non-intra modes and one intra mode, so
the total numbers of operations per macroblock are
64× 6× 4 multiplications and127× 6× 3 + 63× 6
additions. For a B-type frame, there are six non-intra
modes and one intra mode, so the total numbers of
operations per macroblock are64× 6× 7 multiplica-
tions and127× 6× 6 + 63× 6 additions.

• Calculation of distortions and choosing a mode : To
calculate the distortion of a candidate mode using Eq. 7,
we need two multiplications, two addition and one ex-
ponentiation. Thus, we need totally5 × 4 and5 × 7
operations per macroblock for P-type frame and B-
type frame, respectively. These numbers are rela-
tively small when compared to the number of oper-
ations required for computing the variances of each
candidate macroblock mode.

• Estimation of the model parameterγ : The model pa-
rameterγ is estimated using Eq. 2 after encoding a
frame. This requires the rate, variance, and distor-
tion. We need to calculate only the distortion since
the actual rates are available after coding a frame and
the variances are already calculated in the mode se-
lection module. To calculate the distortion (sum of
squared difference), for a 4:2:0-type macroblock, we
need64×6 multiplications and127×6 additions per
macroblock. For the calculation of theγ, we need
2N + 1 multiplication,N − 1 additions, andN loga-
rithm operations.

We observe that the majority of the overall computa-
tional cost comes from the macroblock variance computa-
tion for each candidate mode. However, this computational
complexity is significantly less when compared to the com-
plexity of the DCT, quantization, and VLC operations. A
state-of-the-art hardware or software processor can easily
realize this level of computational cost.2.

2The proposed algorithm has been successfully implemented using
DSP processors. The reader is referred to contact yucel@ece.gatech.edu
if (s)he would like to get a copy of the code.
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Bit rates Algorithms SEQ-1 SEQ-2 SEQ-3

TM5 28.35 26.38 30.13
2 Mbps Mod. TM5 29.36 27.13 29.92

Proposed 31.64 28.49 33.09

TM5 33.35 30.17 35.34
4 Mbps Mod. TM5 34.72 31.28 35.90

Proposed 35.32 31.69 36.76

TM5 35.44 32.15 37.61
6 Mbps Mod. TM5 37.04 33.53 38.27

Proposed 37.44 33.82 38.57

Table 1. The average PSNR values for (i) TM5, (ii) Modi-
fied TM5, and (iii) the proposed mode selection algorithm

5. EXPERIMENTAL RESULTS

We implemented theρ-domain rate control scheme [2] into
the software MPEG-2 encoder that was developed at the
University of California, Berkeley [1]. The proposed mode
selection algorithm is incorporated into the software encoder
with ρ-domain rate control which we will refer to as “Mod-
ified TM5”. In the test set, we used three sequences with
CCIR-601 parameters:CAROUSEL(SEQ-1),FLOWER GAR-
DEN (SEQ-2), andFOOTBALL (SEQ-3). In all experiments,
the number of encoded frames was 103. We chose a GOP
size of 15. We considered three bit rates of 2, 4, and 6 Mbps.
The search range was selected as63 × 63 for both P- and
B-type frames, and the alternate scan option was turned on
for all cases.

Table 1 shows the PSNR performance comparison for
(i) TM5, (ii) Modified TM5, and (iii) proposed mode selec-
tion method. With the proposed method, we achieve2.79,
1.64, and1.54 dB PSNR gains over TM5 on the average,
at the bit rates 2, 4, and 6 Mbps, respectively. The aver-
age PSNR gains over the modified TM5 encoder are2.27,
0.62, and0.33 dB at bit rates 2, 4, and 6 Mbps, respectively.
Especially at 2 Mbps, the PSNR improvement of the pro-
posed algorithm is quite substantial. The average of2.27
dB gain at 2 Mbps corresponds to at least20% bit rate sav-
ings. Overall, these results justify that the proposed R-D op-
timization can provide significant benefits, especially at low
rates. Fig. 1 illustrates the PSNR values for theCAROUSEL

at 2Mbps.

6. CONCLUSION

In this paper, using an accurate rate-distortion model we
proposed a computationally efficient R-D optimized mode
selection method for MPEG-like video encoders. Based on
our extensive tests and computational analysis, we demon-
strated that the proposed algorithm can achieve significant
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Fig. 1. The PSNR comparison for Carousel sequence. The
bit rate is2 Mbps.

coding gains and bit rate savings while keeping the compu-
tational complexity manageable.
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