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An Improved Low-cost Adaptive Bicubic Interpolation Arithmetic and

VLSI Implementation

PANG Zhi-Yong" 2 TAN Hong-Zhou* CHEN Di-Hu?

Abstract A novel scaling algorithm is proposed which consists of a bicubic interpolation and an adaptive sharpening
filter. The proposed sharpening filter is added to mitigate the blurring effects existing in bicubic interpolation methods.
We also verify the scaling quality by taking into account the adaptive technique. Furthermore, we present both the
procedures of filtering before and after interpolation in order to reduce the overall computing time. Compared with the
previous reported techniques, our method performs better in terms of both quantitative evaluation and visual quality.
To achieve the goal of real time and low cost, we describe a pipelined VLSI architecture for the implementation of the
algorithm. The very large scale integration (VLSI) architecture of our image scaling processor contains 695 logic elements
(LEs) and yields a processing rate of about 165 MHz by using field-programmable gate array (FPGA) technology. Our
proposed architecture reduces the amount of gates by 36.8 % while achieves an average peak signal-to-noise ratio (PSNR)
increase of 1.5dB in image quality.
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K1 W= diE s B

Fig.1 Schematic diagram illustrating bicubic
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Fig.4 Pre-filter and post-filter

3 SKIER

KH 8 F 512 B3 x 512 B ARAENIA R
P8R4 H PR SRV AN 2 W P A U5 T 1A T DA
M B 5 pros.

{a) Lena

f;,fr;, 4
AL
\\-‘/‘)\\
I 3. >
(e) Tiffany

_im
(h) House

(f) Sailboat

K5 8 Ml S
Fig.5 Eight sample images

(g) Splash

3.1 ZHC S BEE

N T IEFRE P T IE AR S S B AL,
WSR3 TR 5 8 skARAEI & i A
WEEE PSNR A1 (S +4) FIRARK, Wil 6 Jras. A
6 HT LM, 0T 8 sKARAENILLUE A 1At et —
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I ¥ PSNR.fE. VERXHEI S = 16, 7 2 AU
e, BEORIE T 8w PSNR R, X fifk 7 A A 5231
BET XA, JE A SR SRR T (S +4) =20
AT

50
45
40|
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# 1 PSNR IEHLILEK
Table 1 Comparison of peak PSNRs
Peak PSNR  PSNR ]
Image S+4 e S+4 =
PSNR (dB) (dB)
Lena 20 45.26 20 45.26 0
Baboon 12 38.11 20 36.07 2.04
Peppers 12 43.10 20 42.07 1.03
Airplane 22 45.30 20 45.28 0.02
Tiffany 18 43.62 20 43.57 0.05
Sailboat 12 41.74 20 40.39 1.35
Splash 16 48.05 20 47.90 0.15
House 16 44.06 20 43.76 0.30

ME 1 LUEH, 5T S +4 = 20 IEAREm L
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3.2 HERIER

AR Matlab 7 B ME & 1) (%) Fil
AP (W) PRSI 1HD, T4 1 St X = IR 4 (B
SEIHAT U BIGAE. ¥)77R 2 (Mean square error,
MSE) A LA K& 570 A1 B 4 B A4 (i UG 1 3
UFESE. X TRk M x N B, EHS A R E

[P (i) = P/ (i.5)]" (14)

P(i,g) AU P'(i,5) 7320 (i, 5) ALE L1 )5
W P B AR FAEAEMR i T80n IR R AE. 534, PSNR
W RGE VP E R4 PEBE, 3 SCh
MAX?
MSE

T ASCH G 5 302 8 i1, Bk, =X (15)
i, MAX A 255.

e RS s rh, LA e ge i Bt AL e
Bean TTEVED . JEE N BE NIRRT
TR, XFEXS TR IR G ST T 5 Fpor ik
(A FLSEH, BdE: 1) =AM, 2) AT EIE N =
UCAERAE, 3) HIE HE N I8 = IR, 4) f5E g
P = IR, 5) o B I B IE N = IR, X
5 ks AIE N Y (A-Bilinear)M | ¥ g2k
(Extend linear, EL)122 HE{7 T Hu#.

X5 H AR IR G AT W AL 1)
WA H BB 5 Bk, ok 512 x 512 1
WSO F] 1024 x 1024 B0 46/ 31 256 x 256,
SR )5 T Matlab 47 B0 3 A 18 8 = W3 (B 7
VEAE RO 846 /N 5 1 S M 2 s R K
512 x 512. 3 2 FIH T AF 741 PSNR 45 4.
2) Wik B. H Matlab 47 L 4% A4 32 45k 1 A — K 4
779, 23 508 KN 512 x 512 s BRIk 3]
1024 x 1024 546 /NF) 256 x 256, SR )5 FFEHUK
a4 /N e i S R b T B 2 i LA O vk 2 ZR YR K
RN, BI 512 x 512, % 3 A H T AN 7 1)
PSNR &5 3. %F % il BG 1 — AN B 43 & 53 )
KR (15) 15 PSNR i, 48 5 B HCEIEAE R
PSNR 1H.

2 FEK 3 FIH T AR AL VE Y PSNR 1A.
PERE M 1 BURAR K g P78 by 400 38 B W = R J (E
(36.563 dB), fr i Hr iR F & N = IR AE(E, dlA0E
P H 3 NN = A, d1A IR AE B3 YO = R A
{8, W=V (BC)2¥ (35.038 dB), § e £kt adifi
(EL)22 35 N PR (A-Bilinear) . $73% 4
i 3 Y X = AR HE W = V{2 PSNR {42
T+T 1.5dB. 415383 F G N W = K3 5 %
1 IS N = IR AR TR REE BT R B, EATS LR =k

PSNR =10 x Ig (15)

TESGERZ . JIF B, 43T BHGUBCR N, Fr I8
PERE SN T J5 BN, BT R BR4i /NI, 5 B
PO Hr B DEe, KR AT LD v S ).
F 2 EURBOK 512 x 512 F1 1024 x 1024 FE {545/
512 x 512 F| 256 x 256 (1] PSNR 1H (dB)

Table 2 The values of PSNR scaling up from size
512 x 512 to 1024 x 1024 and scaling down from size

512 x 512 to 256 x 256 (dB)

Scaling up Scaling down
Sample images 512x512—1024x1024 512x512—256x 256
Lena A B A B
A-Bilinear!!! 38.55 31.48
EL[22] 40.25 32.75
BCP?3] 43.08 33.36
CAF 43.97 43.98 33.55 33.56
CF 43.93 43.98 33.55 33.55
LASF 45.26 44.07 33.56 33.74
LSF 44.97 44.11 33.57 33.70
Baboon A B A B
A-Bilinear!" 29.45 22.34
EL(22 29.42 22.65
BC[23l 32.32 23.11
CAF 33.95 33.43 23.23 23.27
CF 33.93 33.44 23.23 23.27
LASF 36.07 33.59 23.24 23.43
LSF 35.94 33.68 23.25 23.42
Peppers A B A B
A-Bilinear!!! 36.47 29.71
EL(22 36.33 30.31
BCP?3] 39.24 30.63
CAF 40.37 40.12 30.73 30.75
CF 40.35 40.13 30.73 30.74
LASF 42.07 40.32 30.74 30.83
LSF 41.86 40.38 30.74 30.82
Airplane A B A B
A-Bilinear!" 38.57 29.51
EL(?2 39.89 30.55
BC?3] 43.04 30.98
CAF 44.35 44.11 31.12 31.15
CF 44.29 44.12 31.12 31.14
LASF 45.28 44.08 31.13 31.26
LSF 44.99 44.13 31.13 31.23
Tiffany A B A B
A-Bilinear!! 37.00 29.99
EL[?2] 37.93 30.49
BC]?3 41.03 30.75
CAF 42.28 42.07 30.83 30.82
CF 42.24 42.07 30.83 30.82
LASF 43.57 42.17 30.84 30.87
LSF 43.32 42.22 30.84 30.85
Sailboat A B A B
A-Bilinear!!! 34.40 27.22
EL[22 34.31 27.96
BC[23] 37.22 28.39
CAF 38.48 38.18 28.53 28.57
CF 38.46 38.19 28.53 58.57
LASF 40.39 38.37 28.54 28.73
LSF 40.19 38.45 28.55 28.71
Splash A B A B
A-Bilinear (1] 41.55 32.50
EL[??] 41.58 33.13
BCI23] 44.93 33.44
CAF 46.52 46.08 33.54 33.55
CF 46.49 46.10 33.54 33.54
LASF 47.90 46.15 33.54 33.62
LSF 47.76 46.23 33.54 33.60
House A B A B
A-Bilinear!"] 36.96 27.24
ELR2 37.17 27.99
BCP?3 40.22 28.55
CAF 42.14 41.54 28.72 28.78
CF 42.10 41.56 28.72 28.77
LASF 43.76 41.58 28.72 28.95
LSF 43.61 41.68 28.74 28.93
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##: A: Filtering before scaling; B: Scaling before filtering; LASF:
Laplacian adaptive sharpening filter; LSF: Laplacian sharpening
filter; CF: Combined filter; CAF: Combined adaptive filter.
£33 EURIBOK 256 x 256 F 512 x 512 FE B4/
1024 x 1024 | 512 x 512 [¥) PSNR 1 (dB)
Table 3 The values of PSNR scaling up from size
256 x 256 to 512 x 512 and scaling down from size
1024 x 1024 to 512 x 512 (dB)

Sample images Scaling up Scaling down
256%x256—512x512 1024x1024—512x512
LENA A B A B
A-Bilinear!! 31.79 37.69
EL?2] 32.75 40.25
BC?3l 33.36 43.08
CAF 33.56 33.52 43.98 43.93
CF 33.55 33.52 43.98 43.88
LASF 33.74 33.47 44.07 45.04
LSF 33.70 33.47 44.11 44.75
Baboon A B A B
A-Bilinear!! 22.61 27.97
EL?2] 22.65 29.42
BC]23] 23.11 32.32
CAF 23.27 23.21 33.43 33.94
CF 23.27 23.22 33.44 33.93
LASF 23.43 23.22 33.59 36.05
LSF 23.42 23.22 33.68 35.92
Peppers A B A B
A-Bilinear!!] 29.98 35.47
EL[22] 30.31 36.33
BC]?3] 30.63 39.24
CAF 30.75 30.68 40.12 40.35
CF 30.74 30.68 40.13 40.33
LASF 30.83 30.63 40.32 41.99
LSF 30.82 30.63 40.38 41.78
Airplane A B A B
A-Bilinear!!] 29.81 37.12
EL[22] 30.55 39.89
BC]23] 30.98 43.04
CAF 31.15 31.00 44.11 44.24
CF 31.14 31.00 44.12 44.18
LASF 31.26 30.87 44.08 44.87
LSF 31.23 30.86 44.13 44.60
Tiffany A B A B
A-Bilinear!!] 29.84 36.47
EL?2] 30.49 37.93
BC]23] 30.75 41.03
CAF 30.82 30.78 42.07 42.22
CF 30.82 30.78 42.07 42.18
LASF 30.87 30.73 42.17 43.32
LSF 30.85 30.72 42.22 43.06
Sailboat A B A B
A-Bilinear!! 27.70 33.10
EL?2] 27.96 34.31
BC(23] 28.39 37.22
CAF 28.57 28.50 38.18 38.46
CF 28.57 28.50 38.19 38.44
LASF 28.73 28.48 38.37 40.34
LSF 28.71 28.48 38.45 40.13
Splash A B A B
A-Bilinear!" 32.75 40.10
EL?2] 33.13 41.58
BC(?3] 33.44 44.93
CAF 33.55 33.42 46.08 46.44
CF 33.54 33.42 46.10 46.41
LASF 33.62 33.31 46.15 47.66
LSF 33.60 33.31 46.23 47.52
House A B A B
A-Bilinear!!] 27.74 34.76
EL[22] 27.99 37.17
BC]23] 28.55 40.22
CAF 28.78 28.64 41.54 42.09
CF 28.77 28.64 41.56 42.05
LASF 28.95 28.56 41.58 43.57

LSF 28.93 28.57 41.68 43.42

LA 5 Baboon 125411, B 7 45t 1
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ER/e 4 NIEREINALRE R 3 SN AL E A TN 3 Sl
Py U 93 N P A A, JFEAT BIS AT

Wk 9 prow, FALuERAs (K9 (a)) & TRIEIE
Beas, R T BRI &, JEER T R B
b, T RAPERR A e A LIRSS (B 9 (b))
Jo T S g A, AR TR, R T BRI
T A, AL OR T A L AL uE A (&
9 (c)) & LB NRIEB SR ALE, AR T2
B IfE R, BRAR T m e 7 ) 21 5 O st L
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4.1 R4
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FIE NS As - — = RAR (A 1 = 2 R
e BRI R IO AR TR R 4 B L ) R 2 (Scale
ratio, SR) KR 52 g AN (B RG> F iy i (4 7
FEUR, 2 SR > 1IN, 8RR AR E AT, BT
FEIED. M, 2 SR < 1, {EERAE LIRS, BA
HIEWL.

4.2 A BE R LR AR

T 3.1 TR ASR, BB EL S = 16, Bk
A LAGRAIE TIR JEas A EVE, SOM T REPFScIL. %
EEUACEUL YT TN S NN U

—P' (i—1,§) =P’ (i,j—1)+20 P (i, ) — P (4, j4+1) — P (i+1, j)
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7 16
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(b) FLIETE

(a) it

(a) Original image (b) Bicubic (without filter)

(d) BB
(d) Bicubic before filtering
(non-adaptive algorithm)

(e) Filtering before bicubic
(adaptive algorithm)

K7 ANRTHEBCR RS
Fig.7 Images with different up-scaling methods

(a) A

(b) LIk

(a) Original image (b) Bicubic (without filter)

(e) A& AT EIEH
(e) Filtering before bicubic
(adaptive algorithm)

K8 ANFTHEBCK G4 1Y
Fig.8 Image details processed with different

(d) J5 Bk
(d) Bicubic before filtering
(non-adaptive algorithm)

up-scaling methods

Magnitude
Magnitude
>

(a) FFOLUEH &5
(a) Clamp filter

y ) el

(b) BUALIEP 45
(b) Sharpening filter

(©) M

(c¢) Filtering before bicubic
(non-adaptive algorithm)

() PG e B
(f) Bicubic before filtering
(adaptive algorithm)

(c) B U
(c) Filtering before bicubic
(non-adaptive algorithm)

() B RLE EUEH
(f) Bicubic before filtering
(adaptive algorithm)
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Fig. 10 Block diagram of the proposed hardware architecture

(f) Laplacian adaptive filter
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Fig.11 The architecture of the Laplacian sharpening filter
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TG TERH R ICREA Il A N R, 3 <
3 ISP UL P LR T WU 215 (9) i
24, BRIEAIN (16) Fios. B A G
s LR ST G (CU) AR FE R K 5 2, 1]
BAL G A7 # AU LA, 3 AMBALA Ardefl 2 4
St vy LASE I, A A BRI T A R BT B

4.3 W= xiEE

Bl 12 80 = k4 4B 1) A S5 A HE 1], 23 501 Eh
NAIREHRA K AeFRFRE HT (Coordinate orienta-
tion unit) . RIS (Coeflicient generator). HE
BLA{H T (Vertical interpolation unit) MEFUME 2
2247 (Virtual pixel buffer) F7KF4d{E$.70 (Hori-
zontal interpolation unit)!'® 23, £5%5 vs Fl hs 43

W IR S H AR AR AR R K AR,

Off-chip memory

T 4 row addresses l4 souree pixels

caddr0 Vertical

SsrP Coordinate . [ )
otientation | interpolation unit

:
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Virtual pixel

\ v > buffer
R * 4 vitrual pixels
Cocfficient «.:c:’rlit:}tﬁ s
generator > Horizontal

4 horizontal | interpolation unit
coefficients
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Fig.12 Block diagram of the proposed bicubic

hardware architecture

4.3.1 BREERKE

R = VR AR PR 32 B0 2002 50 25 77 AR 1 &R 5L
YRR, VTR EH R BRUKE 20 7k
—FER). MR 13, 3 (2) ATLE

vey = 1 (—1‘3 + 222 —ZL‘) = 1 (—ZC3 + 222 —:c)

2 2
vep = % (3:U3 — bz’ +2) =

l(2!%3—I—333—43:2—332—1—2)

2
vey = % (—3%3 +4x® + x) =
% (—2373 — 2 +42” + w)
1 1
ves = 5 (2° —2?) = 3 (2° — 2?)

(17)

r ARG R P MEMGEG R F 2 8.
VCo, VC1, VCy, vz ARG R Py, Pr, Py, Ps I
BB REL 0 SER U, ek i

RS K TR AL A7 ds . IR, FEAS SO 4 T8 Ha i
T, MBALe AV RILIZ S,y T3t pd bR
PRI, AEF 14, SR T WK G BOARFIRE AT 3L =4
A.

1 X 1 -x
o o+ 0 o
1 +x

2-x
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Fig.13 One-dimension of third-order polynomial

interpolation

: | 2%—x’—x

:1/2. vy |

T e T

’

! [ 2t taxx |—-—>|El/z ve, |
E | PO El/Z Ve, |
1 2 3 4 : B
14 RHU- LR RE K

Fig. 14 Architecture of the coefficient generator

4.3.2 HniEtk

= UARAE AR, W ARbRERE .00, T HA
H G, REME R A7 FUKPAf A 50, #0-5 SCHR
23] BTt Ff.

4.4 FEHRIELLR

A VLSI H %K H FPGA EP2C70F896C6
HATSEIL. 3 4 FIH T 5000R [23—24] LR, 1
fi& 4 . IT (Logic elements, LEs), ~*f-# PSNR #l
BRAEAA.

M 4 Fa] LUE Y, A SCHR ) 45 AT LA B SC
R [24] Wb 36.8% @i IT, EE IiE PSNR b
SCHR [23—24] $2FHER 1.5dB. Kk, 4 VLS 52
LB TACSA = RE . SRR H AR, &S VP2
SRR BB AR TR Y

F 4 HHAMN =PRI
Table 4 Comparison with othe bicubic designs

Bicubic/?4] Bicubic!?3] Proposed
Computing 32 mult 12 mult 12 mult
Resources 26 add 11 add 24 add
Process FPGA FPGA FPGA
LEs (FPGA) 1100 529 695
Frequency 167TM 164 M 165 M
PSNR 35.038 35.038 36.563
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