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Abstract— Fractional interpolation is one of the most
computationally intensive parts of High Efficiency Video Coding
(HEVC). Therefore, in this paper, two pixel correlation based
computation and energy reduction techniques for HEVC
fractional interpolation are proposed. The proposed pixel
equality based computation reduction (PECR) technique does not
affect the PSNR and bit-rate. The proposed pixel similarity based
computation reduction (PSCR) technique slightly decreases
PSNR and increases bit-rate. In this paper, a low energy HEVC
fractional (half-pixel and quarter-pixel) interpolation hardware
for all prediction unit sizes including the proposed techniques is
also designed and implemented using Verilog HDL. The
proposed hardware, in the worst case, can process 48 quad HD
(2160x1600) video frames per second. The proposed PECR and
PSCR techniques reduced the energy consumption of this
hardware up to 39.7% and 46.9%, respectively.
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I. INTRODUCTION

A new international video compression standard called
High Efficiency Video Coding (HEVC) is recently developed
[1]-[6]. It has 50% better video compression efficiency than
H.264. In order to increase the performance of integer pixel
motion estimation, fractional motion estimation is performed
in HEVC. Fractional interpolation is one of the most
computationally intensive parts of HEVC video encoder and
decoder. On average, one fourth of the HEVC encoder
complexity and 50% of the HEVC decoder complexity are
caused by fractional interpolation [7].

In H.264 standard, a 6-tap FIR filter is used for half-pixel
interpolation and a bilinear filter is used for quarter-pixel
interpolation [8]. In HEVC standard, 3 different 8-tap FIR
filters are used for both half-pixel and quarter-pixel
interpolations. In H.264, 4x4 and 16x16 block sizes are used.
However, in HEVC, prediction unit (PU) size can be from 4x4
to 64x64. Therefore, HEVC fractional interpolation is more
complex than H.264 fractional interpolation.

Two pixel correlation based computation and energy
reduction techniques (pixel equality based computation
reduction (PECR) and pixel similarity based computation
reduction (PSCR)) are proposed for HEVC intra prediction in
[4]. In this paper, these techniques are applied to HEVC

fractional interpolation. The proposed techniques compare the
pixels at the inputs of HEVC fractional interpolation
operation. If these pixels are equal or similar, interpolation
operation is skipped and one of the input pixels is selected as
output. Therefore, the computational complexity of HEVC
fractional interpolation is reduced. The PECR technique does
not affect the PSNR and bit-rate. The PSCR technique slightly
decreases PSNR and increases bit-rate.

In this paper, a low energy HEVC fractional (half-pixel and
quarter-pixel) interpolation hardware for all PU sizes
including the proposed techniques is also designed and
implemented using Verilog HDL. The Verilog RTL code is
verified to work at 125 MHz in a Xilinx Virtex 6 FPGA. The
proposed hardware, in the worst case, can process 48 quad HD
(2160x1600) video frames per second. The proposed PECR
and PSCR techniques reduced the energy consumption of the
proposed hardware up to 39.7% and 46.9%, respectively.

The rest of the paper is organized as follows. In Section II,
HEVC fractional interpolation algorithm is explained. In
Section III, the proposed PECR and PSCR techniques for
HEVC fractional interpolation are explained. In Section IV,
the proposed HEVC fractional interpolation hardware is
explained and the implementation results are given. Section V
presents the conclusion.

II. HEVC FRACTIONAL INTERPOLATION ALGORITHM

In HEVC, 3 different 8-taps FIR filters are used for both
half-pixel and quarter-pixel interpolations. These 3 FIR filters
type A, type B and type C are shown in (1), (2), and (3),
respectively. The shiftl value is determined based on bit depth
of the pixel. Integer pixels (Ax,y), half pixels (axy, bxy, Cxy, dxy»
hx,y, le,y) and quar’[er piXClS (ex,ya fx,ya gX,ya iX,y’ jx,y, kx,ya pX% qX,y’
Ixy) in a PU are shown in Fig. 1. The half-pixels a, b, ¢ and d,
h, n are interpolated from nearest integer pixels in the
horizontal and vertical directions, respectively. The quarter-
pixels e, f, g are interpolated from the nearest half pixels a, b,
c respectively in the vertical direction using type A filter. The
quarter-pixels i, j, k are interpolated similarly using type B
filter. The quarter-pixels p, g, r are interpolated similarly using
type C filter. HEVC fractional interpolation algorithm used in
HEVC encoder calculates all fractional (half and quarter)
pixels necessary for the fractional motion estimation process.
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Fig. 1. Integer, Half and Quarter Pixels
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III. PROPOSED PECR AND PSCR TECHNIQUES

In this paper, two pixel correlation based computation and
energy reduction techniques (PECR and PSCR) for HEVC
fractional interpolation are proposed. The proposed PECR
technique compares the input pixels of an FIR filter. If the
input pixels are equal, the FIR filter output is equal to one of
the input pixels. Therefore, the FIR filter calculation becomes
unnecessary and it is skipped. If the input pixels are not equal,
the FIR filter operation is performed.

The proposed PSCR technique compares the input pixels of
an FIR filter. If the input pixels are similar, the FIR filter
output is assumed to be equal to the input pixel multiplied
with the largest coefficient in the FIR filter. Therefore, the FIR
filter calculation becomes unnecessary and it is skipped. The
PSCR technique checks the similarity of input pixels by
truncating their least significant bits by specified amount (1, 2,
3 or 4 bits) and comparing the truncated pixels. If the input
pixels are not similar, the FIR filter operation is performed.

Equality and similarity percentages of the input pixels of
FIR filters vary from frame to frame. Therefore, one frame of
Tennis, Kimono, Park Scene and BQ Terrace (1920x1080)
videos [9] coded with quantization parameters (QP) 22, 27, 32
and 37 are analyzed to determine equality and similarity
percentages using HEVC Test Model HM encoder software
[10].

Table I shows the equality and 3-bit truncated similarity
percentages for integer pixel inputs (Axy) and half-pixel inputs
(axy» bxy, Cxy) of FIR filters. As shown in Table I, significant
amount of FIR filter inputs are equal or similar. Therefore, the

proposed PECR and PSCR techniques skip significant amount
of FIR filter calculations.

Table II shows the addition and shift operation reductions
achieved by the proposed PECR and PSCR for 3-bit truncated
(3bT) techniques for one frame of each video sequence. As
shown in Table II, the proposed PECR and PSCR for 3bT
techniques achieved up to 26.34% and 49.28% computation
reductions, respectively. The proposed techniques have
overhead of only 3628800 comparisons for a full HD
(1920x1080) frame.

The proposed PSCR technique is integrated into fractional
interpolation performed by HEVC Test Model HM encoder
software [10]. The impact of the proposed PSCR technique on
rate-distortion performance is determined for Tennis, Kimono,
Park Scene and BQ Terrace (1920x1080) videos [9]. Rate-
distortion performances of original HEVC and HEVC using
PSCR technique for fractional interpolation are shown in Fig.
2. The proposed PSCR technique slightly decreased PSNR and
increased bit-rate.

TABLE 1. EQUALITY AND SIMILARITY PERCENTAGES

HEVC Fractional HEVC Fractional
Interpolation (Equal) Interpolation (3bT)
A a b [ A a b ¢
2299 17.1 187 17.1 352 427 44,6 428
€ 27 138 248 255 247 374 454 474 455
E 32 160 282 28.6 283 391 474 494 475
37 189 313 312 314 405 500 521 50.1
22 155 9.8 8.6 8.7 424 386 39.1 387
g 27 172 11.1 103 101 457 415 421 415
E 32 176 119 113 110 488 441 450 44.1
“ 37 195 126 120 11.7 523 469 479 470
22 48 2.4 2.0 23 30.8 28.8 30.0 288
2§27 83 5.7 5.0 5.5 347 324 33,6 325
£ 5 32 102 7.7 6.8 7.5 379 355 369 356
37 128 95 8.5 9.2 40.1 384 402 385
2220 2.4 1.9 23 112 244 234 245
o g 27 13 6.0 53 59 212 342 328 343
A E 32 99 7.4 6.4 7.2 243 373 357 373
37 119 95 8.4 9.3 266 393 374 394

TABLE II. COMPUTATION REDUCTIONS BY PECR AND PSCR 3BT

PECR PSCR for 3bT
QP Addition Shift Addition | Shift
Reduction Reduction | Reduction | Reduction

Tennis 22 14.54 % 14.54 % 40.10 % 40.10 %

37 26.34 % 26.34 % 46.64 % 46.64 %
Kimono 22 11.62 % 11.62 % 40.24 % 40.24 %

37 15.06 % 15.06 % 49.28 % 49.28 %
Park Scene 22 326 % 3.26 % 29.84 % 29.84 %

37 10.56 % 10.56 % 39.46 % 39.46 %
BQ 22 2.12% 2.12% 18.94 % 18.94 %
Terrace 37 10.20 % 10.20 % 33.86 % 33.86 %
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Fig. 2. Rate-Distortion Performances of Original HEVC and HEVC using PSCR Technique for Fractional Interpolation

IV. PROPOSED HEVC FRACTIONAL INTERPOLATION
HARDWARE

The proposed HEVC fractional interpolation hardware for
all PU sizes including the proposed PECR and PSCR
techniques is shown in Fig. 3. The proposed hardware
interpolates all the fractional (half-pixels and quarter-pixels)
pixels for the luma component of a PU using integer or half
pixels. Four buffers are used to store integer and half pixels
necessary for interpolating the half and quarter pixels. The
interpolated a, b and ¢ half-pixels are stored in the filtered
pixels buffers A, B and C, respectively. These on-chip buffers
reduce the required off-chip memory bandwidth and power
consumption.

8 parallel interpolation units are used to interpolate the
8x3=24 fractional pixels of a PU in parallel. As shown in Fig.
3, three FIR filters (type A, type B, type C) are implemented
separately in an interpolation unit.

Since 15 fractional pixels should be interpolated for one
integer pixel, 64x15 fractional pixels should be interpolated
for an 8x8 PU. Also, 8x7 extra a, b, ¢ half-pixels should be
interpolated for the interpolation of quarter-pixels. First,
integer pixels are loaded into integer pixel buffer in one clock
cycle. Then, 8x8 d, h, n half-pixels are interpolated and stored
in the output buffer in 8 clock cycles. After that 15x8 a, b, ¢
half-pixels are interpolated and stored in the filtered pixel
buffers A, B and C, respectively, in 15 clock cycles. Finally,
9x8x8 quarter-pixels are interpolated using a, b, ¢ half-pixels
and stored in the output buffer in 3x8=24 clock cycles.
Therefore, the proposed hardware, in the worst case,

interpolates the fractional pixels for an 8x8 PU in 48 clock
cycles.

The original HEVC fractional interpolation hardware
(FIHW) does not have the comparison unit. In both the
proposed HEVC fractional interpolation hardware including
the PECR technique (FIHW+PECR) and the proposed HEVC
fractional interpolation hardware including the PSCR
technique (FIHW-+PSCR), 14 comparators are used to check
similarity of the input pixels of FIR filters. FIHW+PECR uses
8-bit comparators. FIHW+PSCR for 1bT wuses 7-bit
comparators. Similarly, FIHW+PSCR for 4bT uses 4-bit
comparators. Based on the comparison results, disable signals
are generated for each FIR filter and sent to the interpolation
units. If the input pixels of an FIR filter are equal or similar,
input registers of the corresponding FIR filter hardware are not
updated, and a multiplexer at the output of interpolation unit is
used to select the input pixel multiplied with the largest
coefficient in the FIR filter instead of interpolated pixel. This
prevents unnecessary switching activities in the FIR filter
hardware.

The proposed FIHW, FIHW+PECR and FIHW+PSCR
hardware are implemented using Verilog HDL. The Verilog
RTL codes are verified with RTL simulations. RTL simulation
results matched the results of fractional interpolation
implementation in HEVC HM encoder software [10].

The Verilog RTL codes are mapped to a Xilinx
XC6VLX75T FF784 FPGA with speed grade 3 using Xilinx
ISE 13.4. All FPGA implementations are verified to work at
125 MHz by post place and route simulations. Post place and
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Fig. 4. Energy Consumptions of HEVC Fractional Interpolation Hardware

route simulation results matched the results of fractional
interpolation implementation in HEVC HM encoder software
[10]. Therefore, they can process 48 quad HD (2160x1600)
video frames per second. FIHW FPGA implementation uses
4110 LUTs, 3448 DFFs and 6 BRAMs. FIHW+PECR FPGA
implementation uses 4577 LUTs, 3408 DFFs, and 4 BRAMs.
FIHW+PSCR for 3bT FPGA implementation uses 2381
LUTs, 849 DFFs, and 4 BRAMs.

Power consumptions of FIHW, FIHW+PECR and
FIHW+PSCR for 3bT FPGA implementations are estimated

using Xilinx XPower Analyzer tool. Post place and route
timing simulations are performed for Tennis, Kimono, Park
Scene and BQ Terrace (1920x1080) videos at 100 MHz [9],
and signal activities are stored in VCD files. These VCD files
are used for estimating the power consumptions of all FPGA
implementations. Energy consumption results of FIHW,
FIHW+PECR and FIHW+PSCR for 3bT for one frame of
each video are shown in Fig. 4. As shown in Fig. 4, PECR and
PSCR techniques reduced the energy consumption of FIHW
FPGA implementation up to 39.7% and 46.9%, respectively.



V. CONCLUSION

In this paper, two pixel correlation based computation and
energy reduction techniques, PECR and PSCR, for HEVC
fractional interpolation are proposed. In this paper, a low
energy HEVC fractional interpolation hardware for all PU
sizes including the proposed techniques is also designed and
implemented using Verilog HDL. The proposed hardware, in
the worst case, can process 48 quad HD (2160x1600) video
frames per second. The proposed PECR and PSCR techniques
reduced the energy consumption of this hardware up to 39.7%
and 46.9%, respectively.
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