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Abstract—Quad-tree based coding unit partition in High-
Efficiency Video Coding (HEVC) achieved significant coding effi-
ciency improvements, but also brought increasing computational
complexity. Especially, design challenges like data dependence,
large area cost, and imbalance of processing time of each
coding tree unit (CTU), make it hard to achieve a real-time
structure for real-time hardware encoder for all CTU sizes. To
solve these problems, we proposed a hardware-friendly fast CU
decision scheme with multi-stage algorithms for HEVC hardware
encoder, aiming at the most complex modules: IME (Integer
Motion Estimation), FME/IP (Fractional Motion Estimation/
Intra Prediction), and MD (Mode Decision). Firstly, in IME
stage, a zero block detection method based fast CU and PU
decision algorithm was presented. Secondly, we presented an
estimated RDO (Rate-Distortion Optimization) based algorithm
in the Hadamard domain for the early CU decision further
in FME/IP stage. Finally, under the condition of hardware
computing time limitation of several CU sizes, we proposed
a computation time constraint CU fast decision algorithm for
MD stage. Experiments demonstrated that, compared with the
original HM13.0 implementation, the proposed scheme achieved
about 53.9% encoding time saving with merely 2.3% coding
performance degradation. What’s more, significant area cost
and data dependency have been alleviated, which will be more
hardware-friendly for HEVC encoder design.

Index Terms—High-Efficiency Video Coding (HEVC), fast
algorithm, CU decision, zero CU detection, hardware encoder

I. INTRODUCTION

High-Efficiency Video Coding (HEVC) has achieved about
50% bit-rate reductions compared with the last-generation
video coding standard. The quad-tree structure CU partition is
one of the most effective tools to improve coding performance.
However, it also brought significant encoding complexity due
to the complicated partition method. To find the best CTU
partition, each CU has its corresponding partitions into pre-
diction units (PUs) and transform units (TUs), which requires
full search from 8x8 to 64x64 size. It means that the best
CU partition must be obtained after comparing all candidate
PU and TU sizes, which challenges a lot for real-time HEVC
encoder design.

Especially, for designing a reliable and real-time HEVC
hardware encoder, the data dependency, area cost, and imbal-
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and High-Performance Computing Platform of Peking University.

ance of processing time of numerous candidate CUs have be-
come inevitable challenges for efficient hardware architecture
design. Therefore, designing effective fast CU algorithms are
necessary to reduce the encoder complexity [1]–[3]. Typical
fast CU size decision algorithms are designed based on the
encoded neighboring information. For example, the paper [1]
used zero blocks, neighboring block information, and pre-
search to divide the CU in advance, which achieved 40.5%
time savings. But the information was depended on mode
decision results of neighboring CUs, which led to data de-
pendency inevitably. What’s more, the accuracy of the final
decision of each CU is uncertain, which means the processing
time of each CU would be unbalanced when it was selected
or skipped. Similarly, a fast CU decision algorithm with early
termination methods is proposed based on the information
of neighboring CUs and previous frames in [2]. Another
approach [3] excluded certain CU depths in advance to reduce
the complexity of the depth search process by comparing
the similarity among different CU sizes. If the similarity is
acceptable, only three CU depths will be selected. Results
showed that 25% time is reduced with 0.16% performance
loss. Although the performance loss is less than that of [1],
[2], the time saving is limited.

Actually, from the point of view of HEVC hardware
encoder, it requires to consider the low data dependence,
high parallelism, and low area cost structure for different
CU sizes decision. The fast CU decision algorithms [1]–[3]
above cannot be applied to the hardware encoder due to the
problems of data dependence, imbalance of processing time,
and large area cost of each CTU hardware design, which
will dramatically affect the HEVC hardware encoder design.
Therefore, we proposed a hardware-friendly fast CU decision
scheme including multi-stage algorithms for HEVC CTU
hardware design. Firstly, in IME (Integer Motion Estimation),
we introduced a zero block detection based fast CU and
PU decision algorithm to reduce the complexity and area
cost in advance for candidate CUs. Secondly, an estimated
RDO (Rate-Distortion Optimization) based algorithm in the
Hadamard domain was adopted for further early CU decision
in FME/IP (Fractional Motion Estimation/ Intra Prediction).
Finally, in MD (Mode Decision) stage, the CU size of 4x4 and
8x8 will be decided under the condition of limited hardware
computing time, which will help to guarantee their hardware
real-time requirements.
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Fig. 1. Typical pipeline structure
of hardware encoder.

Fig. 2. Reuse of SAD in IME

The remainder of this paper is organized as follows. Section
II briefly analyses the typical challenges for CU decision
stages for HEVC hardware encoder, which corresponds to the
proposed fast CU decision scheme. Section III presents the
overall scheme of fast CU decision in detail. The experimental
results are shown in Section IV. Finally, we conclude the paper
in Section V.

II. CHALLENGES ANALYSIS FOR CU SIZES DECISION
STAGES OF HEVC HARDWARE ENCODER

In HEVC, the final CU partition results mainly depend on
the prediction and RDO results, including two parts: the CU
prediction and mode decision. The prediction is composed of
the intra or inter prediction, namely the IP, IME, and FME,
as shown in Fig 1. while the RDO is implemented in the MD
process. Considering that after the IP and FME, the prediction
results can be obtained. Thus we divide them into three stages
in this paper, namely, stage IME, FME/IP, and focus on these
stages to analyze their hardware design challenges as follows,
respectively.

The purpose of the IME stage is to find the best IMV
(Integer Motion Vector) of all PU under each CU layer. The
computing feature of IME is that the SAD (Sum of Absolute
Difference) calculation results of small blocks can be reused
by large blocks, so large blocks do not need to be searched
again, as shown in Fig 2. This feature is usually used in
hardware video coders [4], [5] to reduce the computation
complexity and also will be adopted in our paper. Through this
multiplexing method, the computing process of IME can be
reduced to two layers of PU (4x4 and 16x16 PU), or even one
layer of PU (4x4 PU). Although we can alleviate the search
pressure of IME, the IME results still challenge a lot if all
candidate inter CUs are transmitted for the FME stage with
great area cost and processing time. Heuristically, if some CU
sizes can be decided with the IME results, it will help a lot
to save the area cost and reduce the complexity of FME.

For the FME/IP stage, on one hand, the IP is utilized to
obtain the different intra prediction results for all candidate
angles of HEVC. On the other hand, the FME stage mainly
searches sub-pixel near the optimal IMV to get the optimal
FMV (Fractional Motion Vector). Compared with the IME
stage, FME can’t reuse SATD (Sum of Absolute Transformed
Difference) between neighbor layers, mainly due to the differ-
ent IMV positions of the optimal whole pixel motion vector
of each PU block. Apparently, if all candidate CU sizes are

required to implement the IP and FME results, it will result in
great area cost, data dependency, and real-time challenge for
the next MD stage. Therefore, if we can reuse the results of
IP and FME effectively, there are more opportunities to help
further divide CU in advance of MD.

Finally, the MD decided the optimal size of CU. In the MD
stage, in addition to making decisions on the mode transmitted
by FME/IP, it is also necessary to make decisions on merge
and skip mode. Moreover, compared with FME/IP, the RDO
process of MD needs to go through the process of prediction,
transformation, quantization, inverse quantization, and inverse
transformation. Therefore, MD required longer processing
time and hardware area cost than that of FME/IP. What’s more,
the number of CUs with small size (4x4 and 8x8) are usually
the critical path of designing an effective hardware CTU
architecture. Thus we should pay more attention to reduce
their complexity with hardware process time and performance
ratio considerations.

To sum up, based on these analyses, a hardware-friendly
fast CU decision scheme including multi-stage algorithms is
proposed in this paper to alleviate the challenges above in the
next section, respectively.

III. HARDWARE-FRIENDLY FAST CU DECISION SCHEME
FOR HEVC

A. Zero block based fast CU/PU decision algorithm in IME
In [6], [7], the zero blocks can be used for quick PU and CU

decision. The core idea is that after the RDO mode decision of some
modes of the current block if the optimal mode is the skip mode or
the luma CBF (coding block flag) value is 0, the remaining execution
modes or sub CU partitions will be skipped. These techniques can
effectively alleviate the computational complexity and reduce the loss
of coding performance. However, these algorithms cannot be applied
to the hardware encoder shown in Fig 1. The reason is that the result
of zero block decision can only be obtained in the third stage MD,
while IME and FME are executed in the first and second stages in
the pipeline. Therefore, these methods are not effective for hardware
encoders because of data dependency. To solve this problem, this
proposed algorithm combines a 2Nx2N inter mode’s SAD based zero
block detection method and the IME’s cost to achieve a fast CU size
decision in IME. For HEVC, the quantization process is described
as,

QC = (C × scale+ offset)� QBits, (1)

where scale, offset, and QBits are quantization constants, C is the
transformation coefficient. If the current TU block is a zero block,
the quantized coefficients can be all zero [8]. For fast zero block
estimation, when each quantization coefficient QC(u, v) inside a TU
block satisfies the condition as equation (2), the TU can it become a
zero block.

‖QC(u, v)| = |(C(u, v)× scale+ offset)� QBits‖ < 1. (2)

Transformation coefficient C(u, v) is obtained from equation (3),

C(u, v) = (

WD−1∑
x=0

WD−1∑
y=0

T (u, x)X(u, x)T
′
(y, v))� QT , (3)

where WD is the size of input TU matrix, X is residual matrix block
of input with WD ×WD size, scaling factor QT is calculated as

QT = 2× log2(WD) + 5. (4)
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Fig. 3. Zero block based fast CU decision in IME.

Fig. 4. RDO algorithm flow based on Hadamard domain.

To simplify equation (2), the maximum value MT in the transfor-
mation matrix T is selected and substituted into the above equation
to obtain equation (2). Compared with equation (2), the condition
of judging the zero block becomes more strict. If equation (5) is
satisfied, then it must be zero block.

[|
∑
x=0

∑
y=0

X(x, y)|×MT 2×(scale� QT )+offset]� QBits < 1.

(5)
In equation (5), |

∑
x=0

∑
y=0X(x, y)|) is the SAD value of a block,

and it can be obtained by further simplifying (5) as:

SAD < THSAD(QP ) =
(2QBits − offset)× 2QT

MT 2 × scale . (6)

Based on the above equation derivation, the above equation is the
relationship between SAD and zero block detection. If SAD is less
than the threshold THSAD(QP ), the block is considered as a zero
block. According to equation (6), the threshold on the right depends
on the value of QP.

In this paper, the zero block detection method is applied to IME.
The SAD of CU with size 64x64 of inter 2Nx2N mode is used for
fast zero block detection. If SAD64 < THSAD(QP ), only CU with
size 64x64 and 32x32 are allowed to enter the FME stage. Or if the
current CU block is not a zero block, then the cost of IME is used to
make CU decision further. If the optimal cost IME cost of CU 64x64
is less than or equal to its corresponding split modes’ cost, only CU
64x64 and CU 32x32 are allowed to enter the FME stage. Otherwise,
if these conditions are not met, CU with size 32x32, 16x16, 8x8 are
allowed to enter the FME stage.

In addition to implementing the fast CU decision in IME, fast PU
decision can also be implemented in IME. In this paper, considering
the performance, the inter 2Nx2N mode is selected for FME and MD
stages directly. While the inter 2NxN and Nx2N mode is decided with
their IME cost as equation (7) as follows,{

Inter N×2N if IMEcost(N × 2N) ≤IMEcost(2N ×N),

Inter 2N×N else
(7)

In equation (7), the IMEcost2NxN and the IMEcostNx2N denote the
cost of inter 2NxN mode and the cost of inter Nx2N mode in IME,
respectively. The IME based decision process is shown as Fig 3.

B. RDO based Hadamard domain fast CU decision algorithm
in FME/IP

After the fast CU and PU decision of IME, the number of modes
entering FME decreased, thus the computational complexity of FME

is reduced. In FME, the decision equation for optimal sub-pixel
decision is shown in (8), where SATD is the residual error obtained by
Hadamard transformation, and Rmotion is the number of bits needed
to encode motion information.

J = SATD + λ×Rmotion. (8)

As shown in (8), the residual coefficients in FME have been
transformed into the frequency domain by the Hadamard transform.
The RDO process in MD needs to go through DCT transformation,
quantization, and other processes, and then use RDO results to make
CU decision. Similar to the RDO process of MD, Hadamard domain
estimated RDO can be used in FME to make a fast CU decision.

Firstly, quantization operation is constructed on Hadamard trans-
form domain coefficients to simulate quantization in real RDO
process. The quantization equation used in HEVC encoder is shown
in the following,

QC = floor(
C

Qstep
+ f), (9)

where QC is the quantized transformation coefficient, in which the
transformation coefficient matrix T of DCT needs to be orthogonal,
T × T ′ = I , I is the identity matrix; Qstep is the quantization step
size, the equation is shown in (10), QP is the quantization parameter;
f controls the rounding relationship, which is 1/3 a in I frame and 1/6
in P/B frame. The function floor() is the lower rounding function.

Qstep ≈ 2(QP−4)/6. (10)

Equation (9) can be directly applied to the transformation coefficient
of Hadamard domain. The transformation is scaled, and its scale value
is as shown in (11),

scaleH = 2M . (11)

In the above equation, M = log2(WH), WH is the size of
Hadamard matrix. Combining (9) with (11), the quantization equation
in Hadamard transform domain can be obtained, as shown in (12),

QHAD = floor(
Hi,j

scaleH ×Qstep
+ f), (12)

where Hij is the transformation coefficient after Hadamard trans-
formation, and QHAD is the quantization coefficient after coefficient
quantization in Hadamard domain. (12) can be further optimized, and
the division method can be transformed into the realization of scaling
and shifting to better support the hardware design.

Based on (12), we can build Hadamard domain estimated RDO
calculation equation as shown below,

RDHad = D + λ×R, (13)

where the distortion D is the distortion caused by (12) quantization
process [9]. The bitrate R is the estimated coding bits of the quantized
coefficient and header syntax by the adaptive CABAC rate estimation
method [10]. The Lagrange parameter λ determines the trade-off
between distortion D and the rate R.

The flowchart of Hadamard domain estimated RDO is shown in
Fig 4. The prediction block is generated in the interpolation and intra
prediction, and the residual block is obtained by the prediction pixels
and the original pixels. Then it is transformed into the Hadamard
transform domain. The transform coefficients are quantized to get the
quantization coefficients, which are sent to EstD and EstR modules
to compute the corresponding distortion D and code rate R. The
RDHad can be computed by the sum of R and D. Therefore, RDHad

in the corresponding mode can be computed for CU decision.
The algorithm flow chart of fast CU decision based on Hadamard

domain RDO is shown in Fig 5. For P/B inter frames, the estimated
RDO process in Fig 4 is only carried out for the inter 2Nx2N mode.
First, if CU size from the IME decision is 64x64/32x32, they will
be selected into the MD directly. Otherwise, if the CU size after the
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Fig. 5. Fast CU decision algorithm based on Hadamard domain RDO in P/B
frames

After
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RD32<=RD32s
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Y
N

CU 32

CU 16

PU 8
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RD8<=RD8s

Fig. 6. Fast CU decision algorithm based on Hadamard domain RDO in I
frames

IME stage is 32x32/16x16/8x8, and the CU 32x32 can be a zero
block after quantization or all its cost is less than or equal to its
corresponding sub-CUs’ cost, the CU with size 32x32/8x8 will be
selected into the MD or the size 16x16/8x8 will be adopted.

For I frames, the fast CU decision is also based on the Hadamard
domain RDO after the IP process, and its flow chart is shown in Fig
6 in detail. It should be noted that the process is implemented for
the optimal intra prediction mode. Similarly to Fig 5, after the fast
RDO based CU size decision process, only two layers of CU will
be selected for the MD in inter and intra frames, which will help to
reduce the storage area cost and implement time significantly.

C. Hardware computational time constraints oriented fast CU
decision algorithm

Although the computational complexity of MD has been reduced
by using RDO based mode decision in FME/IP, due to the strong
data dependence and long execution time of MD, it cannot meet the
requirements of real-time processing. In Fig 6, for an I frame, it is
possible to split a CTU into all PUs with size 4x4 blocks, which
may form a critical path in hardware MD stages. Given the real-
time constraint time TMAX of a CTU, and considering the sequential
process for MD of CU 8x8 with PU 8x8 and PU 4x4, they should
meet the time constraint as,

N4 × T4 +N8 ×N8 ≤ TMAX , (14)

where T is the hardware time of dividing a CU 8x8 into four PU
4x4 for RDO mode decision, which is represented by the number of
cycles consumed (time) T4 in hardware and N4 is the corresponding
number of blocks. T8 is the number of cycles (time) consumed by
a CU 8x8 to make an RDO mode decision according to a PU 8x8.
N8 is the number of blocks that all CU 8x8 in a CTU is divided into
PU 8x8. N4 and N8 satisfy equation (15), NCTU is the number of
8x8 blocks in a CTU.

N4 +N8 = NCTU . (15)

Usually, due to the data dependence between the blocks divided by
4x4 blocks, T4 and T8 satisfy relationship as,

T4 > T8. (16)

Therefore, to satisfy the requirement of time constraint, the number
of 4x4 block N4 needs to be reduced according to equation (14). The

TABLE I
PERFORMANCE COMPARISON WITH OTHER FAST CU DECISION

ALGORITHMS

Class Sequence Proposed VCIP [1] TMM [2] DCC [3]
∆T BDR ∆T BDR ∆T BDR ∆T BDR

A Traffic 57.2 2.9 47.4 2.8 42.5 2.1 24.7 1.1
PeopleOnstreet 55.3 2.3 42.5 1.3 35.7 1.1 12.6 0.9

B

BasketballDrive 52.1 3.7 43.9 2.2 33.5 1.8 25.2 1.2
BOTerrace 60.7 2.9 45.7 1.7 35.1 1.9 24.6 0.6

Cactus 59.1 3.2 45.2 1.6 41.8 2.1 24.3 0.7
Kimono 63.2 2.1 47.7 0.8 22.8 1.3 24.1 0.6

ParkScene 56.3 2.4 45.8 2.4 35.4 1.3 22.5 0.6

C

BasketballDrill 49.7 1.8 35.9 2.3 32.8 2.5 18.8 0.6
BOMall 52.1 2.3 34.8 1.9 41.6 5.8 16.6 0.5

PartyScene 46.8 1.9 37.8 1.2 28.7 0.7 18.6 0.7
RaceHorses 45.9 1.6 35.3 1.1 27.5 0.8 19.8 0.7

D

BasketballPass 51.3 1.5 31.2 1.3 29.2 1.2 16.5 0.6
BlowingBubbles 54.2 1.8 27.8 0.6 23.1 0.8 15.6 0.6

BQSquare 50.6 1.6 33.9 0.8 20.3 0.5 17.1 0.6
RaceHorses 52.9 2.3 29.6 1.1 23.5 0.3 20.2 0.8

E
FourPeople 57.4 2.8 46.8 2 51.2 1.3 23.5 0.9

Johnny 55.2 2.1 48.5 2.2 56.1 2 25.7 0.9
Kristen AndSara 51.3 1.8 48.8 2.3 52.5 2.2 27.2 1.1

Average (%) 53.9 2.3 40.5 1.6 35.2 1.7 20.9 0.8

estimated cost for CUs partitioned into 4x4 and 8x8 PUs is obtained
firstly, respectively. Then the cost changing ratios are calculated for
all 8x8 CUs as the equation (17). Finally, we select the several 4x4
PUs to change them as 8x8 PUs with these ratios in ascending order
until the equation (14) satisfies the constraint of computational time.

Ratio = (RDHAD4 −RDHAD8)/RDHAD4, (17)

where RDHAD4 and RDHAD8 in the above equation are obtained
by RDO based algorithm in FME/IP. It can be seen that changing the
partition of 4x4 PUs into 8x8 PUs would bring loss of compression
performance, our idea is that if the PUs with smaller relative perfor-
mance loss can be divided into large blocks, then the complexity of
MD can be reduced for the time constraint.

IV. EXPERIMENTAL RESULTS

The coding performance of the hardware-friendly fast CU decision
scheme proposed in this paper is compared with three fast CU
decision algorithms. The HEVC reference code platform is HM-
13.0. The test uses the standard YUV sequence provided by the JCT-
VC standard organization under inter-frame configuration conditions,
the coding performance is measured by BDR (%) [11], and the
saving of computational complexity is measured by the reduction of
coding time ∆T (%). RD prediction coding performance comparison
is shown in Table I. It can be seen that the scheme can save an
average of 53.9% of coding time and only lose 2.3% of coding
performance. Compared with existing algorithms [1]–[3], the fast CU
decision scheme can achieves the greatest savings in computational
complexity. Moreover, the scheme alleviated the challenges of data
dependence, large area cost, and imbalance of processing time of
each CTU, which solved the problems of compared algorithms.

V. CONCLUSION

In this paper, we proposed a hardware-friendly fast CU decision
scheme with three multi-stage algorithms for HEVC hardware en-
coder. Different hardware-friendly methods are proposed in IME,
FME/IP, and MD stages to achieve significant area and time cost.
Experiments show the proposed scheme can reduce 53.9% of com-
plexity and only lose 2.3% of coding performance. The proposed
fast CU decision scheme will help to alleviate the challenges of data
dependence, large area cost, and imbalance of processing time for
CU size decisions of each CTU.
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