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In H.264/AVC, the encoding process can occur according to one of the 13 intraframe coding modes or according to one of the
8 available interframes block sizes, besides the SKIP mode. In the Joint Model reference software, the choice of the best mode is
performed through exhaustive executions of the entire encoding process, which significantly increases the encoder’s computational
complexity and sometimes even forbids its use in real-time applications. Considering this context, this work proposes a set
of heuristic algorithms targeting hardware architectures that lead to earlier selection of one encoding mode. The amount of
repetitions of the encoding process is reduced by 47 times, at the cost of a relatively small cost in compression performance. When
compared to other works, the fast hierarchical mode decision results are expressively more satisfactory in terms of computational
complexity reduction, quality, and bit rate. The low-complexity mode decision architecture proposed is thus a very good option
for real-time coding of high-resolution videos. The solution is especially interesting for embedded and mobile applications with
support to multimedia systems, since it yields good compression rates and image quality with a very high reduction in the encoder
complexity.

1. Introduction

The latest technological advances in multimedia systems
have brought us a wide range of multimedia-capable devices,
such as mobile phones, personal digital assistants (PDAs),
portable computers, and digital televisions. Recently, high-
resolution video applications are much more common even
in battery-operated portable devices in order to provide
more and more visual quality for consumers. In addition,
video streaming and digital television applications introduce
the requirement of real-time processing. This scenario im-
plies in a very high amount of data to be processed, stored,
or transmitted.

Video coding standards, such as H.264/AVC [1], include
a series of coding tools to achieve high compression rates

while preserving the video visual quality. The prediction
steps of H.264/AVC (composed by intra-frame prediction
and inter-frames prediction) are responsible for the main
contribution of compression provided by this standard,
which results, for example, in 50% fewer bits to represent
a video when compared to MPEG-2 [2]. This result was
achieved through the insertion of a large number of coding
modes in the prediction steps, which must be evaluated and
compared to each other (for this reason they are also called
candidate modes) so that the best one is selected to encode
each macroblock (MB).

Rate-distortion optimization (RDO) [3, 4] is a well-
known technique used in video encoding to achieve the
best coding efficiency by measuring and comparing the
distortion and the bit rate of an encoded MB for all
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Figure 1: I16 MB prediction modes.

available prediction modes. However, the computation of a
large number of prediction modes provided by H.264/AVC
standard is extremely expensive in terms of computational
complexity. For example, considering an HD 1080 p (1920×
1080 pixels) video sequence with a group of pictures (GOP)
composed by one intraframe followed by five interframes
(IPPPPP), more than 8 million iterations composed by pre-
diction, transform, quantization, inverse transform, inverse
quantization, and entropy coding (called in this work as
encoding loop) are needed for each video frame (148 itera-
tions for each intramacroblock and 168 iterations for each
intermacroblock). This large number of iterations leads to
high energy consumption levels, which is critical in portable
battery-operated multimedia devices. Besides, performance
is also seriously affected, sometimes even forbidding the
encoder to manipulate high-resolution video sequences in
real time.

Recently, several works have proposed fast mode decision
algorithms and VLSI designs for the H.264/AVC encoding
process [5–12]. Even though all these works apply some
heuristics at a certain point of the mode decision process,
all of them use the RDO technique in some stage to select
prediction modes and block sizes, limiting the reduction in
terms of computational complexity and energy consumption
of a fully RDO-based decision. The method presented in this
paper is different. We propose a set of heuristics based on raw
video data (which is available in the beginning of encoding
process) to select the intra- and interframe coding modes
before the encoding process itself, completely eliminating
the use of RDO. Our technique was developed targeting a
VLSI implementation into an H.264/AVC video encoder. The
approach yields a computational complexity reduction of 47
times (in terms of encoding loop iterations) when compared
to the original RDO-based solution. An average increase
of 6.84% in bit rate and an average decrease of 0.25 dB in
peak signal-to-noise ratio (PSNR) are noticed in worst-case
decisions, but these drawbacks are still small when compared
to the significant complexity reduction which satisfies real-
time requirements of recent high-resolution video applica-
tions running into portable devices. The implemented VLSI
design for intra- and interframe mode decisions allowed
quantifying such gains provided by the heuristics.

The rest of this paper is organized as follows. Section 2
shows an overview of H.264/AVC coding modes and RDO-
based mode decision. Section 3 presents some previous,
related works found in the literature. Section 4 exposes the
proposed method for fast mode decision, and Section 5 pre-

sents the VLSI design of each mode decision module.
Section 6 presents rate-distortion performance results, a
computational complexity analysis for the proposed method
and the architectural synthesis results. Section 7 presents
comparisons with related works, and Section 8 concludes this
work indicating some future research directions.

2. Mode Decision in H.264/AVC

Intra-frame prediction explores the spatial redundancy in
the current frame based on spatial neighbor samples, whilst
inter-frame prediction, formed by motion estimation (ME)
and motion compensation (MC), explores the temporal
redundancy between frames.

Two intra-frame prediction types are defined for lumi-
nance (Y) samples: intra frame 16 × 16 (I16 MB) and intra
frame 4 × 4 (I4 MB). For I16 MB, one mode among four
prediction modes (shown in Figure 1) is chosen. Each mode
generates a predicted MB using the 32 neighbor samples at
the top and left boundaries of the original MB. For I4 MB, the
MB is broken into sixteen 4 × 4 blocks that are individually
predicted through nine prediction modes using up to 13
neighbor samples at the boundary of each 4×4 block (shown
in Figure 2). For chrominance samples, the prediction is
always applied over 8 × 8 blocks and uses the same I16MB
modes, although it uses less neighbor samples and another
order to identify the modes. The same prediction is applied
for both blue and red chrominance channels [13].

In inter-frames prediction, the ME module searches in
the reference frames the block which is the most similar to
the current block. When the best match occurs, a motion
vector (MV) is generated. One of the new features of H.264/
AVC is the variable block-size motion estimation (VBSME),
where one MB can be divided according to four partition
types: P16 × 16, P16 × 8, P8 × 16, and P8 × 8, as shown in
Figure 3. Each P8×8 partition (called sub-macroblock) could
be further subpartitioned according to four subpartition
types: SMB8 × 8, SMB8 × 4, SMB4 × 8, or SMB4 × 4, as
shown in Figure 4. Each partition or subpartition is predicted
separately and has its own MV to point to a different block
of the reference frame [13].

Besides these partition and subpartition sizes, the inter-
frames prediction can decide to use the SKIP mode, which
is a special block which does not send any information to
the decoder. This case happens when the rate-distortion cost
of sending MB information is higher than the cost of not
sending any information regarding this MB [13].
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Figure 2: I4 MB prediction modes.
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As previously mentioned, the rate-distortion optimiza-
tion (RDO) technique is suggested by the H.264/AVC stand-
ard to select, among all the candidate modes, which is the
most efficient one in terms of compression and image qual-
ity. Equation (1) shows the Lagrangian rate-distortion cost
formula, in which D denotes the distortion (measured in
PSNR), R denotes the bit rate, λ denotes the Lagrangian
multiplier, and J is the final rate-distortion cost

J = D + λ · R. (1)

Equation (1) is applied to each prediction mode for all
MB inside a frame. Figure 5 shows the sequential execution
flow of the H.264/AVC encoder in the JM reference software
[14]. The first part, represented by intra-/inter-prediction,
performs the intra- or interframe prediction considering
one possible encoding mode. In the case of intra-frame
prediction, this stage determines the predicted samples for
one of all I16 MB and I4 MB modes presented in Figure 1 and
Figure 2 and also for the chrominance blocks. In the case of
inter-frame prediction, the most similar block is searched in
the reference frames considering one of all possible partition
and sub-partition sizes (P16 × 16, P16 × 8, P8 × 16, P8 × 8,
SMB8 × 8, SMB8 × 4, SMB4 × 8, SMB4 × 4). After the
intra-/interprediction, residual generation, transforms (T),

quantization (Q), and entropy coding are applied, the bit
rate for the prediction mode is calculated. The distortion
is evaluated after the inverse transform (IT), the inverse
quantization (IQ), and the addition of the residue to the
reconstructed prediction samples for each mode. All grey
blocks in Figure 5 are executed once for each possible
intra- and intermodes, whilst the mode decision block (in
white) receives all prediction modes’ bit rates and distortions
(dashed lines) generated in each iteration of the encoding
loop, calculates the rate-distortion cost according to (1), and
finally selects the mode with the lowest cost to be used in the
encoding process.

It is possible to perceive that the RDO technique is
extremely complex, making its use in encoders for real-time
systems and high-resolution videos difficult, especially when
portable devices are considered (since energy consumption
is directly proportional to computational complexity). The
use of fast algorithms and hardware architectures is thus
of essential importance to reduce the mode decision com-
plexity, increasing the encoder performance with negligible
PSNR drop and small bit rate increase.

3. Previous Works

Recently, several works have proposed fast mode decision
algorithms for the H.264/AVC encoding process. All of them
aim at the reduction of the decision process complexity by
decreasing the number of possible encoding modes consid-
ered in the RDO process [5–12].

In [5, 7, 9, 11] some heuristics are proposed to discard
intraprediction modes for RDO calculation based on the
transformed coefficients. The method proposed in [9] uses
the low-frequency transform coefficients to detect image
homogeneity, selects the best intrablock size, and then per-
forms the selection of intramodes based on the RDO
technique. In [11], the authors propose a SATD-based intra-
frame decision in which the modes with high sum of absolute
transformed differences (SATDs) values are not considered
in the RDO process. In [5] the transformed coefficients of
each block are analyzed in order to determine which modes
would be evaluated by the RDO process. The work claims
that each transform block tends to assume a formation
pattern according to the encoding mode applied in the intra-
prediction process. In [7], the SATD value is also used
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Figure 5: Diagram of the RDO-based encoding process.

to discard the less probable modes, as in [11]. However,
the algorithm applies a bit rate estimation technique based
on the number of coefficients quantized to zero after the
quantization step. In [9], the low-frequency components of
the transformed blocks are analyzed in order to identify the
homogeneity of the original image, as proposed in this work.
However, [9] is limited to decide only the best block size, so
that the best 4× 4 and the best 16× 16 intraframe modes are
still chosen through RDO iterations. As in [7, 11], the work
[9] also eliminates probable modes by the analysis of SATD
values.

The mode decision proposed in [6] chooses the best
intra-frame mode based on the analysis of the directional
gradient of each block. The two modes with the lowest gra-
dient levels are selected and the RDO technique is applied
to both of them and the DC mode. In [10], an intra-frame
fast mode decision is performed based on the analysis of
the motion field continuity. The Sobel operator is used in
that work in order to detect borders and predict the spatial
continuity of the objects.

Other works proposed heuristics for inter-frame mode
decision. In [12], a set of heuristics for intra-frame and
inter-frames mode decisions are proposed. The method is
composed by stationarity detection through sum of absolute
differences (SAD) calculation and border detection using the
Sobel operator. When a specified condition is achieved, the
RDO process is finalized and the encoding process occurs
according to the best RDcost found so far. If no condition
is achieved, all possible modes are still checked. The Sobel
operator is also used in [10] to select larger or smaller
partition blocks for inter-frames prediction. In [8], a fast
mode decision algorithm based on the occurrence frequency
of each prediction mode in P frames is proposed. The
algorithm evaluates the performance of the most frequent
modes before the less frequent modes. The method also
applies a conditional evaluation of intra-frame modes, which
happens only if the spatial correlation level is higher than the
temporal correlation level.

Architectural designs based on heuristics have been also
proposed in some works aiming at decreasing the encoding
time for one MB [15–17]. In [15], a hardware design which
applies a method similar to that in [6, 10] is proposed
for the intramode decision. A filtering technique is used

to perform the edge detection so that the number of
modes is reduced from nine to four in I4 MB blocks. For
I16 MB and chrominance block decisions, only the detected
mode and the DC mode are selected to be evaluated by
the RDO technique. In [16], a low-complexity intra mode
decision algorithm based on a cost function composed by
distortion calculation and bit rate estimation is implemented
in a hardware architecture. In [17], a modified three-step
algorithm performs the intra mode decision decreasing the
number of I4 MB candidate modes (from nine to seven)
to be evaluated by the RDO technique. Regarding the inter
mode decision, to the best of the authors knowledge there
are no published works yet which propose a hardware archi-
tecture for the inter mode decision independently from the
implementation of a motion estimation module.

Even though all these works propose the use of some
heuristics, they apply the RDO method in some stage to
select prediction modes and block sizes and do not allow
the achievement of significant reductions in terms of com-
putational complexity compared with the fully RDO-based
decision.

4. Fast Hierarchical Mode Decision

In this work, a fast hierarchical mode decision for the
H.264/AVC standard targeting high-resolution video encod-
ing is proposed. The goal of the method is to perform a
heuristic decision which uses only the original frame and
the reference frames information instead of performing the
complete RDO process. The heuristic solutions and their
respective architectures were all developed for low-complex-
ity video encoding systems and are thus based on the bas-
eline profile of H.264/AVC. They can be, however, easily
incorporated into other profiles.

The hierarchical mode decision was divided into two
steps: intra-prediction decision and inter-prediction deci-
sion. To reduce the computational complexity, we have
considered that P slices support only P blocks (I blocks are
not supported, as explained in the next subsections), so that
the two proposed decision modules are independent from
one another. This way, the first module is used only for I slices
(generated only by intra prediction) whilst the second one is
used only for P slices (generated only by inter prediction).
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Even though B (bipredictive) slices are not supported in our
work, the techniques proposed for P slices could be easily
extended for B slices.

4.1. Fast Intramode Decision. The intra-frame mode decision
was divided in a hierarchical way aiming at computational
complexity decrease and modularization of the whole pro-
cess. The steps which comprise intra-frame decision are as
follows:

(a) decision for equal block size:

(i) decision of the best I4 MB mode for each 4 × 4
luminance block,

(ii) decision of the best I16 MB mode for the lumi-
nance channel of the macroblock,

(iii) decision of the best 8× 8 mode for the chromi-
nance channels of the macroblock,

(b) block-size decision for the luminance MB (I4 MB or
I16 MB).

Each decision for equal block size (step (a)) is indepen-
dent from one another and can be performed in parallel.
The luminance block-size decision (step (b)) is performed
after all decisions in step (a) are complete. Figure 6 presents
the flow of decisions for the intra-frame prediction. As
stressed by the orientation of the arrows in the flow, the
decision process starts at the bottom of the hierarchy trees,
which means that the best luminance I4 MB, I16 MB and
chrominance 8 × 8 modes are decided before the final
decision of the best luminance block size.

4.1.1. Intra Mode Decision for Equal Block Sizes. A distortion-
based method was used to define which are the best modes
for 4×4 luma block (I4 MB), the best mode for 16×16 luma
block (I16 MB) and the best mode for 8 × 8 chroma block.
These three steps were presented as Decision a.i, Decision
a.ii, and Decision a.iii in the flow presented in Figure 6. The
method consists simply in comparing the block prediction

Table 1: Comparison among SAD, SSD, and SATD.

SATD versus SAD SSD versus SAD

PSNR
(dB)

Bit rate
(%)

Number
of Sums

(%)

PSNR
(dB)

Bit rate
(%)

Number
of Sums

(%)

+0.008 −0.63 +361.29 +0.079 −1.13 +348.39

error of all candidate modes and choosing the mode with the
lowest value as the best one.

The block prediction error may be computed through the
use of several distortion metrics. The use of sum of absolute
differences (SADs), sum of absolute transformed differences
(SATD) and sum of squared differences (SSDs) was evaluated
[13]. Table 1 presents a comparison between the uses of
the three distortion metrics in the mode decision module.
All results are presented as relative increase or decrease in
comparison to the use of SAD.

Even though SATD and SSD present slightly better rate-
distortion performance results (around 1% bit rate de-
crease), the computational complexity of these metrics is
extremely larger than the computational complexity of SAD
(an increase around 350% for both metrics). As the main
goal of this work is to design a faster and low-complexity
intra mode decision heuristic, the SAD metric was used in
the method proposed in this work. Besides that, a hardware
architecture design for SAD calculators is much simpler
than a hardware architecture for SATD (which includes a
4 × 4 Hadamard transform) and for SSD (which includes a
multiplier and a square root).

4.1.2. Intramode Decision for Different Block Sizes. As previ-
ously explained, the second step of the intra mode decision
process, shown as Decision b in Figure 6, consists in deciding
the best macroblock size (I4 MB or I16 MB). In the proposed
method, the choice between the use of 16 4 × 4 predicted
blocks (I4 MB) or just one 16× 16 predicted block (I16 MB)
is made using the SAD results calculated in the first step of
the mode decision.



6 VLSI Design

The proposed algorithm picks the total distortion of the
16 4 × 4 blocks (I4 MB), which had all their best modes
individually decided by Decision a.i (Figure 6) and compares
it with the distortion of the unique 16 × 16 block (I16 MB),
which had its best mode decided by Decision a.ii. In most
cases, I4 MB would present the smallest distortion value,
since a finer prediction granularity was used in it and more
encoding modes are allowed for 4 × 4 blocks than for
16 × 16 blocks (Figures 1 and 2). This way, a simple SAD
comparison cannot be used between them. On the other
hand, when the differences between these two distortion
values in RDO-based mode decision are analyzed, a good
correlation between it and the best block size is perceived.

A set of simulations were performed with seven video
sequences typically used by the video coding community
(Station 2, Sunflower, Tractor, Man in Car, River Bed, Rolling
Tomatoes, Rush Hour) using the Joint Model (JM) H.264/AVC
reference software set in full-RDO-based decision and intra-
only MB modes [18]. It was possible to notice that in most
cases when I16 MB had been chosen, the distortion values
of I4 MB and I16 MB were very close. This happens because
in such cases most of the 16 4 × 4 blocks inside an I4 MB
presented the same prediction modes, and thus only one
16 × 16 block for the whole MB can be used (i.e., I16 MB is
chosen), since it generates less encoding information. On the
other hand, when an I4 MB is chosen, the distortion values of
I4 MB and I16 MB were very different. This happens because
most of the 16 4×4 blocks inside a I4 MB presented different
modes, and then choosing only one 16 × 16 mode would
generate a lot of residual information.

To better evaluate the relation presented in the previ-
ous paragraph, (2) was defined. This equation shows the
difference of distortion (DD) calculation, where SADI4MB

represents the sum of all residual generated by the 16 best
4 × 4 modes and SADI16 MB is the residual generated by the
best 16× 16 mode

DD = SADI4 MB − SADI16 MB. (2)

Figure 7 shows a graph in which the occurrence fre-
quency of each block size chosen by the RDO-based mode
decision is plotted with the corresponding DD calculated
as in (2). It is possible to perceive that in most cases
when I16 MB is selected (grey line) the DD value is very
small. Around 97% of the macroblocks encoded as I16 MB
presented a DD smaller than 600. On the other hand, when
I4 MB is chosen by the RDO-based mode decision, the DD
value is generally very large. Around 84% of the macroblocks
presented a DD value larger than 600. This way, a threshold
value for the DD value can be used to choose the best block-
size for intra prediction with a small error regarding the
decision.

The best threshold value was experimentally chosen
aiming at the best results in terms of PSNR and bit rate,
as follows. Firstly, all video sequences used in the simula-
tions were encoded using the RDO-based mode decision
for different block sizes. Meanwhile, distortion values and
chosen block sizes were saved for future analysis. Then, the
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Figure 7: Occurrence of I4 MB and I16 MB and corresponding
difference of distortion (DD) values.

DD values were calculated and compared with the chosen
block size, as in Figure 7. Simulations were performed with
a threshold ranging from 0 to 1000, adjusting it to improve
bit rate and video quality. The threshold value set to 600
generated the best results in terms of bit rate and video
quality for the evaluated sequences.

4.2. Fast Inter Mode Decision. As in the intra-frame mode
decision process, the inter-frames decision was hierarchically
divided, aiming at the simplification of the problem in
simpler and independent steps. As previously mentioned,
the first decision to reduce the inter prediction decision
complexity was the elimination of I blocks support into P
slices. This way, only P blocks generated through the inter-
frames prediction are allowed in such slices. The impacts
of this simplification were measured through tests using the
reference software and the previously cited video sequences.
A reduction of only 0.01 dB in video quality and an increase
of only 0.39% in bit rate were noticed when P slices were
restricted to inter predicted blocks.

Previous analyses of the occurrence frequency for each
mode in P slices were performed in order to identify which
mode should be evaluated first. The same eight video se-
quences related above were used in these analyses. The
obtained results show that SKIP and P 16 × 16 macroblocks
represent almost 60% of the whole set of used modes in
1080 p (1920 × 1080 pixels) video sequences, while the use
of sub-macroblock partitions smaller than 8 × 8 represents
about 6% of occurrence, as shown in Table 2. Other im-
portant result of Table 2 is that intra modes are rarely used
(3.8%) and, as cited before, the elimination of these modes
in P slices causes a very small reduction in rate-distortion
performance. Similar tests were performed for 720 p (1280×
720 pixels) video sequences, which presented a small increase
in the occurrence of small block sizes (4×4, 4×8 and 8×4).
As this work is focused on high-resolution video sequences,
only results for 1080p sequences are presented in Table 2.

It is possible to conclude from Table 2 that the parti-
tion/subpartition occurrence is higher when the block size
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Table 2: Average occurrence and frequency for each mode in P
slices.

Mode Occurrence Frequency

SKIP 83,645 29.1%

P16× 16 83,651 29.1%

P16× 8 30,364 10.6%

P8× 16 33,187 11.5%

SMB8× 8 27,251 9.5%

SMB8× 4 7,700 2.7%

SMB4× 8 8,472 2.9%

SMB4× 4 2,331 0.8%

Intramodes 10,895 3.8%

is larger especially for large video resolutions. These results
confirm the high-definition digital video characteristics of
containing a large amount of homogeneous and stationary
areas. Based on this occurrence order, a sequence of steps
was developed for fast inter mode decision. This sequence
prioritizes the identification of the most frequent modes
before the least frequent, thus decreasing the average number
of performed decision steps.

Figure 8 shows the inter-frames hierarchical mode deci-
sion flow proposed in this work. The first performed inter
mode decision step is at the top of the tree, as indicated
by the arrows direction. In the first step, an analysis of
the original and the reference macroblocks is performed in
order to allow stationarity detection between two neighbor
frames. The second step, based on heterogeneity detection,
decides whether or not subpartitioning is necessary. The
third and the fourth decisions are quite similar and are based
on gradient calculation to detect object borders. The next
subsections describe each step in details.

4.2.1. Stationarity-Based SKIP Mode Decision. Natural video
sequences present the characteristic of being composed by
constant motion and by temporally stationary regions. This
characteristic is highly noticeable especially in background

images [12]. In the JM reference software, when the
RDO-based decision is used, the SKIP mode is selected when
the cost of not encoding residual information is smaller than
the costs of all the other possible modes. Otherwise, a set
of four conditions must be satisfied for a macroblock to be
encoded with the SKIP mode. In [19], the authors affirm
through experimental results that the satisfaction of one of
them is already enough for a good indication of SKIP mode
usage. Such condition dictates that the transform coefficients
of the SKIP mode residue block are all quantized to zero.

Stationarity, also called stillness, is a simple and efficient
way of identifying the similarity level of each frame and its
neighbor frame in a video. In this work, the simple distortion
calculation between a macroblock and its colocated mac-
roblock is proposed to detect stationarity. If the SAD between
the two macroblocks is smaller than a pre-defined threshold,
the image region is considered temporally stationary, and this
region is thus encoded as SKIP.

A series of tests were performed in order to verify the
threshold SAD value between neighbor frames when SKIP
and non-SKIP macroblocks were selected by the RDO-based
decision. Average values obtained for both cases were used
in tests which varied the SAD threshold for SKIP decision
from 200 to 700. The best results in terms of rate-distortion
performance were obtained when the value 500 was used.
This means that the proposed SKIP decision consists in
computing the SAD between co-located macroblocks in the
reference and the current frame and then comparing this
value with the threshold (500). If the SAD is smaller than it,
the macroblock is considered stationary and it is encoded as
SKIP. Otherwise, the macroblock is not considered station-
ary and it is encoded with another mode.

As the heuristic is a suboptimal solution of the RDO
decision, it may select more or less SKIP macroblocks,
depending on the video sequence. The average results have
shown that, in general, more SKIP macroblocks were selected
than in the RDO process. This caused an increase in the
bit rate and also in the image quality when this heuristic
was inserted in the reference software. An average increase
of 0.04 dB was noticed in the PSNR when this heuristic
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Figure 9: Heterogeneity level (H) for each macroblock encoded
without sub-partitions in the sequence Man in Car (RDO-based
decision).

was applied. On the other hand, the bit rate presented
an increase of 1.75% when compared to the RDO-based
decision.

4.2.2. Heterogeneity-Based SubPartition Detection. Natural
video sequences are also composed by a large amount of
homogeneous regions. According to [20], these regions gen-
erally present similar directional motion, while heteroge-
neous regions present disordered movements. This happens
because homogeneous areas tend to belong to stationary
regions of an image or tend to belong to regions of the
same object of an image, which is composed by parts that
move together and continuously in the same direction. This
way, homogeneous regions are, in general, encoded using
large block sizes, such as 16 × 16, 16 × 8, and 8 × 16, while
heterogeneous regions are encoded using smaller block sizes.

We have shown in a previous work that the heterogeneity
of a macroblock can be detected through the analysis of
some coefficients generated after the application of a forward
transform, such as the Hadamard and the DCT [21, 22]. The
heterogeneity H of a macroblock is thus calculated from a
set of low-frequency coefficients from the transformed block.
In [21], we propose to use only the first line and the first
column of the transformed coefficients in the heterogeneity
calculation, as shown in (3), where Y is the transformed
macroblock and u and v are the macroblock lines and
columns, respectively. The higher is the value ofH , the higher
is the heterogeneity of the macroblock

H =
15∑

u=1

|Y(u, 0)| +
15∑

v=1

|Y(0, v)|. (3)

A set of experimental tests led to a threshold value
which can be used to determine if subpartitions are used
or not. If the heterogeneity of the macroblock is high (i.e.,
the H value is higher than the threshold), sub-partitions
should be used. Otherwise, only large partitions should be
used. Figures 9 and 10 show graphs in which each point
represents a macroblock of the Man in Car video sequence.
In Figure 9, each point is a macroblock encoded as P16× 16,
P16 × 8 or P8 × 16 (i.e., without sub-partitions) and in
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Figure 10: Heterogeneity level (H) for each macroblock encoded
with sub-partitions in the sequence Man in Car (RDO-based
decision).

Figure 10 each point is a macroblock encoded with sub-
partitions. The decisions were all performed by the RDO
process. It is possible to notice that most of the macroblocks
encoded without sub-partitions present an H value smaller
than 10,000, while most of the macroblocks encoded with
sub-partitions present an H value larger than 10,000. As
this behavior is presented in most of the analyzed videos,
the value 10,000 was defined to be used in this heuristic as
the threshold between the use of large partitions and the
use of sub-partitions. Experimental results have shown that
an increase of only 0.62% in the bit rate and a negligible
image quality loss (around 0.01 dB) were perceived when this
threshold was used in such decision step.

4.2.3. Border Detection for Partition Decision. The second
decision step presented in the last sub-section decides wheth-
er the third or the fourth decision step takes place. The third
step decides which partition size is used, and it is based on
the difference between pixels that compose the lines and the
columns of a macroblock, which is called the gradient. As
previously explained, in natural video sequences all the parts
of an object tend to move together in the same direction and
they are probably grouped inside the same partition. This
way, the detection of object edges around possible partition
edges allows the definition of which is the best partition
size for the macroblock. In the proposed decision method,
different objects are considered to have different pixel values,
whilst different regions of the same object present a higher
probability of being composed by similar pixel values. Based
on this, different objects can be distinguished with simple
comparisons between neighboring pixels. Even though this
is a generalization which incurs in some decision error, bit
rate and image quality are not so strongly affected, as shown
below.

The proposed edge detection heuristic is based on simple
subtractions between neighboring pixels located around pos-
sible partition borders. In Figure 11, vertical and horizontal
partition borders are shown as bold lines and the pixels
used in the border calculation are shown in gray. Eight
pixels are used from each line (or column) in the gradient
calculation. Equation (4) Defines the summation performed
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Figure 11: Pixels used in the gradient calculation for partition size
decision.

to determine the vertical border strength (VB) and (5)
defines the horizontal border strength calculation (HB),
where O is the pixel matrix from the original macroblock, i is
the macroblock line index, and j is the macroblock column
index. As shown in the equations, pixels are compared two
by two (i.e., p3 is compared with q3, p2 is compared with q2,
and so on), which allows that both abrupt and gradual pixel
changes are found

VB =
15∑

i=0

7∑

j=4

(
Oi, j −Oi,(15− j)

)
, (4)

HB =
15∑

j=0

7∑

i=4

(
Oi, j −O(15−i), j

)
. (5)

After computing the horizontal border (HB) and the ver-
tical border (VB) values, a set of comparisons is performed
to determine the best macroblock partition. A set of tests
has shown that a threshold value set in 80 for the difference
between horizontal and vertical borders leads to the best
results in terms of rate-distortion performance. This way,
Algorithm 1 was used to decide the best partition size.

Experimental results have shown that a bit rate increase
of 3.59% and a PSNR increase of 0.02 dB were noticed when
this method was used instead of the RDO-based decision.
As previously explained, this is a sub-optimal solution of
the RDO method and therefore it eventually performs dif-
ferent decisions, which leads to a different configuration of
partitions (and thus a larger or smaller bit rate and PSNR
difference) depending on the video sequence.

4.2.4. Border Detection for Subpartition Decision. The fourth
decision step is similar to the third one, though it analyzes
more than two borders. Figure 12 presents the structure of
a macroblock divided in four smaller structures, the 8 ×
8 sub-macroblocks. For each sub-macroblock, the vertical
and horizontal border calculations are performed and its
results are compared in order to decide the sub-partition
type. Differently from the border calculation for partitions,
sub-partition decision calculations are performed over four
samples instead of eight. Besides, in order to allow identifying
4×4 partitions, each border is calculated in two parts: the top
(or left) subborder and the bottom (or right) sub-border.

Equations (6)–(11) present the calculations for verti-
cal and horizontal sub-partition borders of the first sub-
macroblock. The vertical and the horizontal sub-partition
borders are calculated as in (6) and (7), where VPB is the
vertical sub-partition border, HPB is the horizontal sub-
partition border, and VSB1, VSB2, HSB1, and HSB2 are
the halves of each border (called sub-borders). Equations
(8), (9), (10), and Equation (11) present the calculation of
each vertical and horizontal sub-border, respectively, where
O is the pixel matrix from the original macroblock, i is the
macroblock line index, j is the macroblock column index,
VSB1 and VSB2 are the first and second halves of the vertical
sub-border, respectively, and HSB1 and HSB2 are the first
and second halves of the horizontal sub-border, respectively

VPB = VSB1 + VSB2, (6)

HPB = HSB1 + HSB2, (7)

VSB1 =
3∑

i=0

3∑

j=2

(
Oi, j −Oi,(7− j)

)
, (8)

VSB2 =
7∑

i=4

3∑

j=2

(
Oi, j −Oi,(7− j)

)
, (9)

HSB1 =
3∑

j=0

3∑

i=2

(
Oi, j −O(7−i), j

)
, (10)

HSB2 =
7∑

j=4

3∑

i=2

(
Oi, j −O(7−i), j

)
. (11)

Border values are compared to previously defined thresh-
olds, according to Algorithm 2. As in all previously shown
heuristics, the thresholds were obtained through exhaustive
experimental tests which took into consideration the rate-
distortion performance. The proposed sub-partition deci-
sion method led to an average bit rate increase of only 0.34%
and a PSNR increase of 0.02 dB when the thresholds 40 and
20 were used for sub-partition border and sub-partition sub-
border, respectively.
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If |HB-VB| ≤ 80 Then

best INTER mode = P16×16
Else If HB−VB > 80 Then

best INTER mode = P16×8
// (macroblock is divided into two 16×8 partitions)

Else If VB−HB > 80 Then

best INTER mode = P8×16
// (macroblock is divided into two 8×16 partitions)

Algorithm 1: Algorithm used to define the partition size.

3210 7654 111098 15141312

0

1

2

3

7

6

5

4

8

9

10

11

15

14

13

12

p1 p0 q0 p1 p0 q0 q1q1

p1

p1

p1

p0

p0

p0

q0

q0

q0

p1 p0 q0 q1q1

q1

q1

p1

p1

p0

p0

q0

q0

q1

q1

Figure 12: Pixels used in the gradient calculation for sub-partition size decision.

If |HPB-VPB| ≤ 40 Then

best INTER mode = SMB8×8
// (sub-macroblock is not divided into sub-partitions)

Else If HPB−VPB > 40 Then

If VSB1 > 20 OR VSB2 > 20 Then

best INTER mode = SMB4×4
// (sub-MB is divided into four 4×4 sub-partitions)

Else

best INTER mode = SMB8×4
// (sub-MB is divided into two 8x4 sub-partitions)

Else If VPB − HPB > 40 Then

If HSB1 > 20 OR HSB2 > 20 Then

best INTER mode = SMB4×4
// (sub-MB is divided into four 4×4 sub-partitions)

Else

best INTER mode = SMB4×8
// (sub-MB is divided into two 4×8 blocks)

Algorithm 2: Algorithm used to define the sub-partition size.
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Figure 13: Block diagram of the proposed fast hierarchical mode decision for H.264/AVC.

4.3. Final Results of the Proposed Heuristics. The fast decision
heuristics were evaluated together and compared with the
RDO-based mode decision. This comparison considered the
computational cost reduction and the PSNR and compres-
sion rates losses. The main results are presented in the next
sub-sections.

4.3.1. Computational Complexity Results. As presented in
Figure 5, the mode decision in the RDO-based encoding
process is finished only after the execution of all possible
intra- and inter-prediction candidate modes (i.e., after suc-
cessive iterations of the encoding loop). Figure 13 presents
a block diagram of our method in which all operations to
perform mode decision are shown. The loop from Figure 5 is
completely eliminated, significantly simplifying the decision
process. Instead of performing the whole encoding process
for all possible candidate modes, our method performs the
mode decision right after the prediction residual generation
and the difference of distortion calculation (when intra
prediction is used) or after the prediction residual genera-
tion, the partial 16 × 16 DCT calculation, the stationarity
detection, and the border detection (when inter prediction
is used).

Considering only luminance mode decision, an analysis
of the complexity reduction is done in the next paragraphs.
When the RDO technique is applied for intra-frame mode
decision, four 16 × 16 and nine 4 × 4 intra modes must be
compared. This means that the decision of the best mode for
a macroblock in an I slice occurs only after the evaluation of
all the four prediction modes for the macroblock and all the
nine prediction modes for 4 × 4 blocks (i.e., for each one of
the 16 blocks which compose the macroblock). In terms of
computational complexity, it means that the loop presented
in Figure 5 is repeated four times for 16 × 16 intra-frame
prediction and 144 times for 4 × 4 intra-frame prediction,
totalizing 148 iterations in the encoding flow.

The inter-frames mode decision in P slices is performed
after the evaluation of the five partition modes (SKIP, P16×
16, P16×8, P8×16 and P8×8) for each macroblock and the

four sub-partition modes for each one of the four 8× 8 sub-
macroblocks which compose a macroblock. In other words,
5 iterations of the loop presented in Figure 5 are executed
for the macroblock modes and 16 iterations are executed for
the sub-macroblock modes, totalizing 21 iterations. Besides,
as the H.264/AVC standard defines that P slices can also be
composed by intra-frame macroblocks, all the 148 iterations
for intra-frame modes are also performed, totalizing 168
encoding repetitions per macroblock.

Considering the proposed fast hierarchical mode deci-
sion and its execution flow presented in Figure 13, the best
mode decision of an I frame is performed right after the
prediction residual generation and the difference of distor-
tion calculation. It means that if the difference of distortion
detects that the best macroblock partitioning is I16 MB,
the encoding flow is executed only once considering the
chosen 16 × 16 mode. Otherwise, the loop is executed 16
times, once for each 4 × 4 block in I4 MB. For inter-frames
macroblocks in P slices, the best mode decision happens
after the heterogeneity evaluation, the stationarity analy-
sis, and the border detection calculations. The remaining
encoding steps which are now outside the encoding loop
(transform, quantization, inverse transform, inverse quan-
tization, entropy coding, filtering) are then executed only
once, considering the selected partition and the selected sub-
partitions, if necessary.

Based on this complexity analysis and taking into consid-
eration, a group of pictures (GOP) composed by one I frame
and five P frames (IPPPPP) in an HD 1080p resolution video
(8160 macroblocks per frame), the RDO-based encoding
process would perform 8,062,080 iterations in the loop
presented in Figure 5. On the other hand, the fast hierarchical
mode decision performs 171,360 executions of the encoding
flow to complete the encoding process considering the same
GOP. This means a reduction of 47 times in the number of
encoder iterations, which is a very high gain and justifies the
small bit rate increase generated by these techniques, which
is discussed in the next sub-section.



12 VLSI Design

Table 3: Bit rate and PSNR for fast intra-frame mode decision and RDO-based mode decision.

Video Sequence
RDO decision Fast intra frame mode decision RDO × fast intra frame mode decision

PSNR (dB) Number of Bits (Kbits) PSNR (dB) Number of Bits (Kbits) ΔPSNR (dB) Δbits (%)

Station 2 39.64 34,022 39.33 35,729 −0.30 +5.02

Sunflower 42.77 33,030 42.41 35,391 −0.36 +7.15

Tractor 39.40 58,208 39.04 60,939 −0.37 +4.69

Man In car 42.61 8,818 42.52 9,018 −0.09 +2.27

River Bed 38.65 56,735 38.28 58,962 −0.37 +3.93

Rolling Tomatoes 40.48 12,170 40.39 12,537 −0.09 +3.02

Rush Hour 41.65 20,013 41.48 21,306 −0.17 +6.46

Average 40.74 31,857 40.49 33,412 −0.25 +4.88

Table 4: Bit rate and PSNR for fast inter-frames mode decision and RDO-based mode decision.

Video sequence
RDO decision Fast inter frame mode Decision RDO × Fast Inter frame mode Decision

PSNR (dB) Number of Bits (Kbits) PSNR (dB) Number of Bits (Kbits) ΔPSNR (dB) Δbits (%)

Station 2 39.64 4407 39.60 4630 −0.04 +5.06

Sunflower 42.58 7105 42.59 7636 +0.01 +7.47

Tractor 38.92 11344 38.87 11897 −0.05 +4.87

Man in car 42.43 2138 42.40 2171 −0.03 +1.54

River bed 40.36 3427 40.32 3740 −0.04 +9.13

Rolling tomatoes 41.47 3711 41.40 4066 −0.07 +9.57

Rush hour 40.44 6933 40.38 7596 −0.06 +9.56

Average 40.83 5581 40.79 5962 −0.04 +6.84

4.3.2. Rate-Distortion Performance Results. Evaluations were
performed considering all the heuristics proposed in this
work, which were integrated to the H.264/AVC reference
software. All evaluations were performed for HD1080p
(1920× 1080 pixels) video sequences with groups of pictures
(GOP) composed by one I frame followed by three P frames
(IPPP), encoded with QPs 22, 27, 32, and 37. Tables 3
and 4 present average results for the proposed intra-frame
mode decision and inter-frames mode decision, respectively.
The first columns of each table present the results obtained
through the application of the fully RDO-based decision,
the central columns present the results obtained through
the proposed method, and the final columns present a
comparison between the two approaches in terms of image
quality losses (ΔPSNR, in dB) and bit rate increase (Δbits).

An average increase of 4.88% in bit rate and an average
PSNR loss of 0.25 dB were noticed when the proposed intra-
frame mode decision is used, in comparison to the RDO-
based mode decision. When the proposed inter-frames mode
decision is used, the average bit rate increase is around 6.84%
and the average PSNR drop is under 0.04 dB. Even though
such rate-distortion performance losses are not desirable,
they are not significant when the computational complexity
reductions provided by the fast decision method are taken
into consideration.

5. Hardware Design for the Proposed Mode
Decision Heuristics

Hardware architectures were designed considering the heu-
ristics presented in the previous section. As previously stated,

the main goal of this work is to design hardware architectures
for an H.264/AVC complete mode decision module which is
able to process high-resolution video (such as HD1080p) in
real time (30 frames per second).

5.1. Intra-Frame Mode Decision Architecture. The architec-
ture for the intra-frame mode decision module was designed
according to the hierarchical algorithm presented in Section
4.1. The architecture was designed considering the same
hierarchical flow used in the algorithm itself. Two sub-
modules are thus used in the architecture: (a) decision for
equal block size and (b) decision for different block sizes. As
previously explained, the decision for equal block sizes was
designed using the SAD metric. The architecture designed to
calculate the SAD distortion metric is presented in Figure 14,
where O represents the original block and P represents the
predicted block.

The SAD architecture performs the calculation of eight
samples per clock cycle (two lines of a 4 × 4 block).
Registers were used to decrease the critical path of the
SAD calculator by generating a two-stage pipeline. The
output register is responsible to accumulate partial SAD
calculations, since only eight samples are processed per clock
cycle. This way, a new complete SAD value is available at
the output register after each two clock cycles. As the SAD
calculation was used in all algorithms proposed in this work,
the architecture presented in Figure 14 is the basic module
in all presented architectures that use SAD. Figure 15 shows
the block diagram of the whole intra-frame mode decision
architecture.
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Figure 14: RTL diagram of the SAD calculator.

The architecture presented in Figure 15 is composed by
17 SAD calculators (nine for I4 MB mode decision, four
for I16 MB mode decision, and four for chrominance block
mode decision), three comparators which perform the deci-
sion between modes with same block sizes and the difference
of distortion decision.

Distortion calculation for I4 MB mode decision is per-
formed for the nine candidate modes (SAD 0 to SAD 8 in
I4 MB Decision module in Figure 15). To allow the further
decision between different block sizes (4× 4 or 8× 8), all the
nine computed SAD values of one block are compared and
the smallest one is summed up in the I4 MB Accumulator
module. After the 16 smallest 4 × 4 SAD values belonging
to one macroblock are computed, they are accumulated and
stored before the second intra-frame decision step starts.
In order to decide the best I16 MB mode, the four SAD
values (SAD 0 to SAD 3 in the I16 MB Decision module) are
compared and the smallest one is chosen by the comparator.
No accumulator is necessary in this case, since only one
16 × 16 block composes the I16 MB. The chrominance
mode decision selects the smallest SAD among the four
chrominance prediction modes. The final decision of which
is the best mode is performed in just one clock cycle and no
other operation is necessary.

The difference of distortion module calculates the differ-
ence between the best accumulated I4 MB results and the
best I16 MB result. The difference is then compared with the
threshold value defined in Section 4.1 in order to perform the
final intra-frame mode decision.

The intra-frame mode decision operation schedule is
shown in Figure 16, where the number of clock cycles spent
by each module is presented. Nonlabeled spaces correspond
to periods in which the modules are not operational or their
output results are not used.

As mentioned before, the SAD calculator was imple-
mented with a two-stage pipeline and with eight input
samples (two lines of a 4×4 block). This way, the architecture
takes three clock cycles to deliver the first valid SAD
considering a complete 4 × 4 block. When the pipeline is
filled, a valid SAD result is available at the output at every two
clock cycles. The architecture takes, therefore, 34 clock cycles
to evaluate all nine I4 MB candidate modes and one more
cycle to accumulate the last SAD result. Considering I16 MB
mode decision, the SAD values are accumulated in the SAD

calculator itself (the output register in Figure 14). This way,
the architecture takes 33 clock cycles (one less than the I4 MB
mode decision) to accumulate the SAD for the four modes
and one more cycle to compare them. The chrominance
decision is similar to the I16 MB decision. However, as the
block is composed only of 8 × 8 samples, the module takes
only 10 clock cycles to perform the decision. Finally, when
the distortion values for the best I4 MB modes and the best
I16 MB mode are ready, the difference of distortion module
evaluates these results in one clock cycle to decide which
block size must be used. Then, the complete intra-frame
decision architecture, in the worst case, uses 36 clock cycles
to define which are the best prediction modes and the best
block size.

5.2. Inter-Frames Mode Decision Architecture. The architec-
ture for inter-frames mode decision was designed according
to the hierarchical algorithm presented in Section 4.2. As
the algorithm steps are not dependent on one another, all
operations can be executed in parallel when a hardware
design is considered. This way, in order to increase the archi-
tecture performance, the stationarity calculation for SKIP
mode decision, the heterogeneity detection, the partition size
decision and the sub-partition size decision are calculated
concurrently in the proposed hardware architecture. It is
important to notice that although all the decisions steps are
always executed, some results may not be used since the inter-
frames decision algorithm is hierarchical. For example, if the
first decision step decides that the macroblock should be
encoded as a SKIP macroblock, then all the other performed
calculations are unnecessary and the results are discarded.

The inter-frames mode decision architecture is divided
into the following modules: (1) stationarity-based SKIP
mode decision, (2) partition/sub-partition detection, and (3)
partition and sub-partition sizes decision.

5.2.1. Stationarity-Based SKIP Mode Decision Architecture.
The SKIP mode decision is performed comparing the 16 ×
16 macroblock in the current frame with the co-located
macroblock in the reference frame. This comparison is
performed using the SAD metric (calculated between current
and co-located macroblock). This way, an instance of the
architecture used for SAD calculations (see Figure 14) was
also used to perform the SKIP mode decision. The SAD
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Figure 15: Block diagram of the intra-frame mode decision architecture.

calculation for a 16 × 16 macroblock consumes 32 clock
cycles, since eight samples are processed in parallel (two
lines of samples of a 4 × 4 block). One extra cycle is
necessary to compare the SAD result with the threshold
defined in Section 4.2.1 in order to define whether or not
the macroblock should be encoded as SKIP. In the proposed
architecture, this extra cycle is spent in the last step of the
global inter-frames decision.

5.2.2. Heterogeneity-Based Subpartition Detection Architec-
ture. As previously explained, the sub-partition detection

is performed through a heterogeneity metric, which is cal-
culated using a DCT transform over the original 16 × 16
block (the current macroblock). As only some coefficients
are needed to detect the heterogeneity level (top line and left
column of coefficients), a partial 16 × 16 DCT architecture
was designed in which unnecessary coefficients, not in the
top and left column, are ignored. Besides the reduction in
the number of coefficients, the DCT matrix was simplified
to work with power-of-two operations. This is a very useful
adaptation when hardware architectures are considered,
since multiplications and divisions can be all replaced by
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Figure 17: Block diagram of the partial 16× 16 DCT.

simple shift operations (which introduce no hardware cost).
Then, the DCT architecture implemented in this work is
composed only by adders, subtractors, and shifters. Some
coefficient calculations are very similar, so that it was also
possible to reuse several operands and partial results. Figure
17 shows the block diagram of the architecture which
generates all coefficients used by the heterogeneity metric.

The architecture was designed with a parallelism of 256
samples (i.e., the complete 16 × 16 original block must be
available in the architecture input). However, as memory
bandwidth is a common issue in such kind of systems, an
input buffer was designed to group all samples before the
architecture processing. In Figure 17, the Selector module
is responsible for reordering the input samples and for
delivering them to the Adder Modules (AM) input according
to the calculation pattern. The AM modules perform all
partial calculations which can be used in the calculation

of more than one coefficient. Each AM calculator was
implemented with four pipeline stages in order to achieve
the throughput requirements for real-time processing. The
adder tree module performs the final calculations for each
coefficient summing up the combined results from the AM
modules and delivers the final coefficient results to the output
buffer. Four clock cycles are needed to deliver one valid result
from the adder tree to the output buffer. Finally, the buffer
reorders the computed coefficients and delivers them to the
final decision module.

5.2.3. Border Detection for Partition/Sub-Partition Decision
Architecture. The architecture designed to calculate the
border strength and to determine the partition and sub-
partition sizes are similar to the SAD calculator used before.
However, samples from the original block are used instead
of the prediction residual. Figure 18 presents the architecture
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Figure 19: Architecture for sub-partition border strength calculation.

used to detect the partition border strength, where P3, P2, P1,
and P0 represent four samples on the left side of the possible
partition border and Q3, Q2, Q1, and Q0 represent samples
on the right side of the possible partition border (for more
details, see Figure 11). One clock cycle per 4× 4 block line is
required to compute the partition border strength, in a total
of 16 clock cycles to perform the calculation of a complete
border. After that, the border strength is used in the decision
between 16×16, 16×8 and 8×16 partition sizes, as explained
in Section 4.2.3.

The architecture for sub-partition border strength calcu-
lation used to decide between 8×8, 4×8, 8×4, and 4×4 sub-
partitions is similar to that presented in Figure 18. However,
fewer samples are used (only P0, P1, Q0, and Q1). Figure 19

presents this architecture. Each submodule computes the
subborder strengths corresponding to each sub-macroblock
belonging to a macroblock (SMB1, SMB2, SMB3, and SMB4
in the figure). The inputs P0, P1, Q0, and Q1 in each sub-
module represent the pixels p0, p1, p2, and p3 belonging to
each sub-macroblock, as previously presented in Figure 12.
As explained in Section 4.2.4, the border strength calculation
for sub-partition decision is performed in two steps. Four
clock cycles are used to perform the calculation of each sub-
border strength (defined as VSB1, VSB2, HSB1, and HSB2
in Section 4.2.4), totalizing 8 clock cycles to compute all
sub-partition strengths. Two sub-border strengths per sub-
macroblock are thus computed after each four clock cycles.
After the first four clock cycles, VSB1 and HSB1 are the
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available values at the output of each sub-module. At the
end of the following four clock cycles, VSB2 and HSB2 are
available at the output of the same sub-modules. Once all
strengths are computed, they are finally compared to their
respective threshold values and the final sub-partition size is
chosen.

5.2.4. Complete Inter-Frames Decision Architecture. All archi-
tectures presented in the previous sections were integrated
to generate the inter-frames decision module, as shown in
Figure 20. The partition size decision module is responsible
to calculate the horizontal and vertical border strengths,
the subpartition size decision module performs sub-border
strength calculations, the stationarity detection compares co-
located blocks for SKIP mode decision, and the heterogeneity
calculation performs the partial DCT calculation to decide
whether or not sub-partitions are used. As previously

mentioned, all these operations are performed in parallel,
since there is no data dependency between these operations.
The results generated by these modules are then evaluated by
the Decision Module, according to the hierarchical decision
method proposed in Figure 8.

In order to provide a better understanding of the ar-
chitecture working flow, Figure 21 shows the temporal
diagram of the inter-frames mode decision. The partition
size decision is able to process one block line per clock cycle
(e.g., P0–P3 and Q0–Q3 of Figure 11). It means that 16 clock
cycles are needed to process each complete border (vertical
and horizontal), totalizing 32 clock cycles to generate both
border strengths. The sub-partition size decision generates
four sub-border strengths per clock cycle. This way, only four
clock cycles are needed to generate the 16 border strengths
for the whole macroblock. The SKIP stationarity detection
module is able to perform the SAD calculation between the
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Table 5: Synthesis results for the intraframe mode decision architecture.

FPGA Altera Stratix II TSMC 0.18 μm standard cells

Number of ALUTs Number of DLRs Frequency (MHz) Area (Number of gates) Frequency (MHz)

3,267 2,312 98.43 28,518 129.10

Table 6: Synthesis results for the interframes mode decision architecture.

FPGA Altera Stratix II TSMC 0.18 μm Standard Cells

Number of ALUTs Number of DLRs Max. frequency(MHz) Area (number of gates) Max. Frequency(MHz)

5,796 2,859 146.56 85,877 142.40

original and the reference macroblock in 32 clock cycles,
since it takes 2 clock cycles to calculate the SAD for one 4× 4
block. Finally, the heterogeneity calculation takes 48 clock
cycles to generate all coefficients used in the sub-partition
detection, and it is thus the critical path of the inter-frames
mode decision architecture. The best mode is chosen in one
final clock cycle, totalizing 49 cycles to complete the inter-
frames mode decision process.

6. Architectural Synthesis Results

Both intra-frame and inter-frames mode decision architec-
tures were synthesized targeting two different technologies
in order to allow their use in different applications: (1) Al-
tera Stratix II Field-Programmable Gate Array (FPGA) [23]
(using Altera Quartus II) and (2) TSMC 0.18 μm stand-
ard cells library [24] (using Mentor Graphics Leonardo Spec-
trum [25]).

The synthesis results for intra-frame mode decision ar-
chitecture are presented in Table 5. This architecture used
3,267 altera look-up tables (ALUTs) and 2,312 dedicated
logic registers (DLRs) from the specified FPGA, which re-
present only 4% of the overall device resources. When tar-
geting FPGA prototyping, the architecture reached an opera-
tion frequency higher than 98 MHz. The synthesis results for
standard cells used less than 29 Kgates and it is able to run at
129.1 MHz.

Considering the highest operation frequency reached
by the intra-frame decision architecture and the number
of clock cycles used to process a complete macroblock in
an HD1080p video sequence (discussed in Section 5.1), the
architecture processing rate capability was calculated in
frames per second (fps). The intra-frame mode decision is
capable of processing up to 468 fps (HD1080p videos), which
is much higher than the minimum requirements for real-
time video coding. This way, in order to achieve a minimum
frame rate of 30 frames per second, the architecture opera-
tion frequency can be downscaled to 8.5 MHz, significantly
decreasing its energy consumption.

The inter-frames mode decision architecture synthesis
results are presented in Table 6. This architecture used 5,796
ALUTs and 2,859 DLRs from the specified FPGA, reaching
an operation frequency of 146.6 MHz. The standard cells
synthesis reached an operation frequency of 142.4 MHz,
using less than 86 Kgates. Considering the standard cells

Table 7: Comparison between the proposed mode decision and
other related works.

Work
ΔPSNR

(dB)
Δbit rate

(%)
Δcomplexity

(times)
Decision

type

Lee et al. [11] −0.14 +0.69 −4.7 Intra

Fengqin et al.
[5]

−0.02 +3.00 −5.9 Intra

Lee and jeon [8] −0.09 +0.09 −4.0 Intra

Jeon et al. [6] −0.15 +4.00 −6.0 Intra

Proposed intra −0.25 +4.88 −13.0 Intra

Wu et al. [12] +0.03 +0.60 −6.0 Inter

Liquan et al.
[10]

−0.07 +0.27 0.0 Inter

Proposed inter −0.04 +6.84 −33.0 Inter

results of frequency and the number of clock cycles necessary
to process each macroblock in P slices, the architecture is
capable of processing up to 369 fps (HD1080p videos), which
is more than enough for real-time applications. To achieve
the minimum rate of 30 frames per second, the architecture
frequency can be downscaled to 11.9 MHz.

7. Comparisons with Related Works

This section presents a comparison between the proposed
method and other related works found in the literature
(presented in Section 3). Table 7 presents results in terms of
PSNR drop, bit rate increase, and mode decision computa-
tional complexity decrease, which is measured in number of
iterations of the encoding loop previously defined. Complex-
ity reduction results (Δcomplexity) for all works considered
the worst case decisions and did not consider the complete
GOP, so that intra-frame and inter-frames mode decision
can be separately compared to the other corresponding intra-
only or inter-only decision methods.

From Table 7, it is possible to perceive that the com-
putational complexity reduction provided by the method
proposed in this work is much larger than the reduction
noticed in other related works, which allowed complexity
reductions varying from 0 to 6 times in comparison to the
RDO-based mode decision. This work provides a complexity
reduction of 33 times when inter-frames mode decision is
considered and a reduction of 13 times in computational
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Table 8: Comparison between the proposed intra mode decision architecture and other works.

Work Technology Hardware resources Cycles per MB Max. frequency HD1080 p fps Min. frequency (HD1080 p)

Wang [15] UMC 0.18 μm 10.302 gates 416 66 MHz 31 62.21 MHz

Kao [16] TSMC 0.13 μm 11.229 gates 672 75 MHz — —

Lin [17] TSMC 0.13 μm 94.700 gates∗ 560 140 MHz 30 140 MHz

This work
FPGA 3.267 ALUTs 2.312 DLRs 36 98.43 MHz 335 8.26 MHz

TSMC 0.18 μm 28.518 gates 36 129.1 MHz 439 8.26 MHz
∗

Hardware resources corresponding to the complete intra prediction module.

complexity when the proposed intra-mode decision is used.
On the other hand, the expressive reduction in computa-
tional complexity is only possible at the cost of a higher
loss in compression efficiency. Nevertheless, such losses are
not significantly higher than the losses noticed in other
related works which provided a much lower computational
complexity reduction.

Table 8 presents a comparison between the proposed
intra mode decision architecture and other works found in
the literature [15–17]. To the best of the authors’ knowledge,
no inter mode decision architecture implemented indepen-
dently from the motion estimation module was published in
the literature so far.

The proposed intra mode decision architecture requires
the smallest number of clock cycles to process an intra
macroblock, which represents a reduction of more than 11
times in comparison with [17], and a reduction of more
than 18 times when compared with [16]. The architecture
also presents the highest throughput among the related
works: an increase of more than 11 times and 14 times in
the number of HD1080p frames encoded per second for
FPGA and TSMC 0.18 versions, respectively, compared with
[15]. All the results presented for the proposed intra mode
decision architecture were obtained considering maximum
frequency operation. The higher throughput achieved with
this architecture allows reducing the operating frequency
down to 8.26 MHz while still processing HD1080p videos at
30 fps. With such low operation frequency, very low power
can be achieved with the architecture, which is an excellent
alternative for battery-powered devices.

8. Conclusions

This work proposed a set of heuristics targeting fast mode
decision for H.264/AVC and their respective VLSI archi-
tectures. The proposed method is based on a hierarchical
organization of these mode decision heuristics, focusing on
the acceleration of the best mode decision for computational
and power-constrained devices. Luminance and chromi-
nance intra-frame decisions were divided into two steps, one
of them based on the distortion to choose the best mode for
a fixed block size and the other one based on difference of
such distortions to choose the best block size. Inter-frames
mode decision was divided into a stationarity-based earlier
SKIP mode decision, a heterogeneity-based sub-partition
detection, and two-border strength-based partition and sub-
partition sizes decision.

The mode decision computational complexity was de-
creased in 47 times through the application of the proposed
method in comparison to the RDO-based mode decision.
On the other hand, a relatively small increase in bit rate and
a negligible decrease in PSNR were noticed. To the best of
the authors’ knowledge, no other previous work found in the
literature is capable of reducing computational complexity in
more than 6 times in comparison to the RDO technique.

The developed hardware architectures for both decision
modules have shown that the proposed method is capable
of processing high-resolution video sequences in real time.
The minimum requirement of processing at least 30 frames
per second is more than fulfilled, which means that the max-
imum operation frequency can be downscaled for further
energy consumption reduction, which is extremely impor-
tant for portable devices with limited battery resources.

The obtained results encourage the use of the proposed
mode decision algorithms and their respective hardware ar-
chitectures in H.264/AVC encoders applied to complex mul-
timedia systems with support to high-resolution videos.
The fast mode decision is especially useful in energy and
computationally limited devices, such as smartphones, video
cameras, portable TVs, and other multimedia embedded
systems.
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