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Accurate Rolling Guidance Image Filter
via Domain Splitting and Ridge Regression Techniques

Abstract: Texture in a digital image consists of various scales, and removing its small structures while
preserving salient image features is useful in a variety of CGVI applications. Conventional scale-aware image
filters have some artifacts and convergence problems mainly caused by their inaccurate approximations of
fast image convolutions. In this paper, we propose a novel, fast, and accurate computational framework to
obtain high-quality scale-aware image filtering results. The framework is based on a recursive process of
weighted ridge regressions and our domain-splitting technique which accurately approximates the L' Gaus-
sian convolution quickly. We numerically examined our framework by comparing the existing filters in terms
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of speed, accuracy, and convergence rate, and achieved high-quality filtering results efficiently.
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(a) Spatial Domain Kernels (b) Fourier Domain Kernels

I BARABH (o) 13 Box BB (F) & L1 4 KL
(%), (b) l&HI5F % Fourier 244 F[].
Fig. 1 Box (red) and L' Gaussian (blue) kernels are plotted in

the spatial (a) and its Fourier (b) domains.

\ i
(a) Input  (b) Box  (c) L'G, (d) RG-GF (e) Our-RGD
2: BEHE RG-GF [9] ORIEA L 287 (Our-RGD)
DR, FBUFHMTEEL (be) & AT — NS T 4 V&
(d,e) DAER, TERIINISS 2 HECHREZE . Box B %
W2 BEHFE (d) @3B0y o (HELERE O iR E
B) DEREN B LT H YRR W B1REHE (o) T
WBZOWRT —T 4 7 727 M3,

Fig. 2 Linear (b,c) and scale-aware (d,e) filtering results and

their corresponding gradient magnitude (bottom).

Initial L' Gaussian
Smoothing with O

Domain Splitting:
(8. Yoshizawa & H. Yokota, IEEE ICIP’14)

¥ 1

. o ]
Recursive Joint Filtering: (Zhang et al., ECCV'14)

Input

Joint Filter: v

Guided Filtering L*Gauss
(He et al., IEEE TPAMI’12) Transform

— Output

X 3: IRREOHZN

Fig. 3 Conceptual framework for our proposed filter.
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¥ 4: RG-BF OUXHGEFE @ # DR LRI O PFHinRas (BEB) &7 4 VARERE (TB). Z
KU IBF Oy JHIfHINSG X —& g, = 1.5 x I ZHWHER.

Fig. 4 The top graph shows the color-averaged MAE (Mean Absolute Error) between

(d) Close-up

(f) Close-up
ZTIJIFtEED 0 =5.0

adjacent iterations of RG-BF [9] with respect to the number of iterations (t),

where the bottom images correspond to its filtering results.

2. O=UYTHALVR

Rolling Guidance (RG) 7 1 /L& [9] &, FEMHEEZHIfH 3
B 2 — VR 5] \CHED W 2 — L RE R 7 4
ANETHB. £z, RG 7 4 V&I, #E BF (JBF: Joint
BF) [26], [27] % GF [25] D AN EGEANT A FEBGZ K
L CFRLT 25/ 7 4 LR N B HiEEFWT,
PER Ty VHEREBICLEL S, HEIREDR T —Lo
IO HPXIVEEERRET S, X512, RG 74V XIFHE
TE LTz R — WEIEAN D IEFE IS EOIERESHI S TE D
(B 428, Fil - 77 AF v —HiHSL R &2 A bz
Bex722727 4 72 - BIRILVEICHICERTH 5.

RG 7 4 VR, ¥3WDIHRELRLRATr =)o &b
INS TSR TS 7 7 4R (1) ICkoThRET 2
(BB Y > 7 > 2 — V2R [5)).

1 _ 2
P0= g X ew-E 0w )
YEN(x)
TIZT, MEREFEIx € R, ANEHBO D 7 —1&
I=1I(x) € R3, BlEHEHOWIAN 7 —13I° =J%(x) € R3,
K(x) &

x — v
K= Y ep(- XY

YEN (x) 20
TERINFZIERCIE, exp(-) X, N(x) XHEE
X DEEZESTDHS. o IO /NI RMEER, oF
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B, FEEEN D, BRRBREINSL Z 2Tk,
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RIKEE 7 4 V22D R UHERMNCEF L, BEER
Ty YEREILTS. I =T (x) € R® % RG I X > THEH
Xh2tHFHOH S -T2, (t+ 1) EEADY S —
JHLE, ANTEZ0%%, a7 4 V2RO It 2 HIF
N A FEGE UTEHTS. X 412 JBF FHWE
& (RG-BF) @ J! r JH! o FffaitiizE (MAE: Mean
Absolute Error) [9] & XIET 2 7 4 M EAERGIZ RS, #
D3R LIEEE B0 ¥ MAE 23RISES =, I Eif&A3Y
RLTWBZehnnd. Fiz, HMEELD J0 254
DR LEE t BET Iz O T (=4 THEHANL I T
W3 9) BEERT Y VDPEILINTNWD Z LA HERTE
5. —J, JBF &7 — X KEDOIFRVBAAALTD 5 72
O, EREEICEEELZTO CL3ESTIER W [28). 2
2T, $REETIE, LR IJBF ofb D ICRE TN T 55
JE Ridge [BlRZHREE 7 4 L RITHWS.

3. HAFREFET7 L2 (Ridge [E)RE)

HA &7 4 0% (GF: Guided Filter) [25] 1%, AJJ
{2 IR DH A FEifg e FEXh 2 S0 A GOS8 E ij
J¥ Ridge [E1% [29], [30] & FI W T AT BEHRANRKIRS % 7 4
NRTHD. ¥z, AERE DA FEBREZFRTICTS Z
T, BFO XSy Ve fRELEEERE 2RO,
GF X RN BB R & 2 T\ b 729, BF HERTH
FCRERE PHENZ 7 —T 4 7 7 27 b DSFAE LI W [25].
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B AR IR EH T 2 Z L ARETH 5.
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H G x,y € R? IS % A HE GO L E %
I=1I(x)eREFBE, GF I, 70 H %O H
qg=q(x) e RZHA FEHRDEEE h = h(x) € R DfRTE
ZHTHIRELT, X (2) 2ER 3.

q(x) = a(y)h(x) + b(y),

TIT, Ny) \JHEZE y OEHFHERERESTDHD, a=aly) €
R, b=b(y) € RIiZN(y) NT—E=RHRET, AJJE‘KI
YA RESR R 2ERES. £, R (2) O HBNE
HEEZHHAT 2L, Ny) NT& Vg=aVh 7%3%. L7
BoT, Ty (EENOBEMME IHTREET, 4
MKERT — T 4 7 7 7 S E N5 [25]. 178 (a,b) 1&
BT o (3) ZH/MELRDZ. E(a(y),b(y)) =

> (ay)h(x) +b(y) — I(x))* +ealy)®.  (3)
xeN(y)
ZIZT, eldaPREL DI ERVWE ST R ERLED
HilE R X —2TH 3. A (3) 1FHE Ridge [l [29], [30]
ELTHILNTED, LTD X512 (a,b) 5KE 5.

uly) = 1 T RO ~ H)T(y)
v e+ V2(y) ’

b(y) = I(y) — a(y)h(y).

ZIT, NEN(y) NOEIZEE, h(y) & Vi(y) EN(y)
BT B h(x) DFE h(y) = 37 Sxeny) h(x) &8
Vi(y) = ﬁ D xeN(y) h(x)?— W%(erN(y) h(x))%, I(y)
FANE I(x) D I(y) = 37 Xxeniy) (%) THS.
REL (a,b) 1BV O DR ZIEHHBICER L TEE
NTVT, ZHLHDEIF—ETIERVWOT, Rk [25] Tl
D% Box BIEL (FBENTIZIEL [14]) THEEL TV 5.
&R 72 B D EEEELE, X (4) 725,

Vx € Ny). (2)

q(x) = a(x)h(x) + b(x). (4)

okt E, akx = ﬁZyeN(x) aly) X O b(x) =
B Sy W) TH5.

512 AT) - A4 VG H 7 —EilRERHW5E
DHMMBIFEMG (RG TEZRW) ZxRd. HABEGES
A FEBEHPRENT NS Z D70 5.

4. ERFSEE

EFIH5r#EE (DS: Domain Splitting) [23] 14w XM
BDEAASE EHEIOEHISEE T 5. DS kX, L2/
NLDORHOYIT L 7 V2 %HWT, BAAADIED R
ZRER EORE ST Y U280 I EIL, 2Dk
DD 2RO EREE AT 5. ARTIRE T 55
BETIR, v ry7anrzx (RA) DI ekEE7 4
NETHWS GF NOFEELT 4 LR f(-)IZ 2 DERERD
HEEEILT 5.
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(b) Guide (¢) Output with

100 iterations.
X 5: GF O HEmEmfl (o = 5.0, ¢=0.01).
Fig. 5 A recursive GF result (c) and its input (a) and guide
(b) images, where o = 5.0 and € = 0.01.
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C<ty) BERDY, t; e PIBID h(:) DI REH
f()eRER (5) THEz N3,

n

F(t5) =D Golty — ti)h(ts). (5)
=1
ZIZT, IRTDj={1,2,..,n} ITDWVT, HHIZ f(t;)
ERME T2 2, FHEEE » O FICHHIT S,

4.1 EREDEEOERE
EER ¢ WS LT, t; & t; O LY 7 VAR Z0 oD
g7z ERLTHEIT 2L,

it — 1] [t —t1] = [t; —ta| if & <t; <ty
P
—|ti —t1|—|— ‘tj —t1| if th <t < t]‘.

vi2%. ERE LU HY RBH G, (4 —t;) ITRAT B L,
SRR ONE X D,

if ¢ <t; <t
Ga(ti_tj) =
if t1 <t <tj

L%, 22T, HVRBEEAND 2 ODIRATF i & j DIR
FRMRIE, 2 2R 2 oD 1 TR OMAEDET
BEBEMZOLNATWVWEZET, EINTWS ZEIERX
iz, Corx, LU Ay 2z f() R Lt, R
(6) 7%,

niG+1)

F(t3) = hts) + Got; = 0)EG =V + G =

J n
h(t; .
€)=Y grpelis 1) = X Galts — i)
i=1 T\ i=j
(6)
ZZT, £0)=0=nn+1)ThH3. 28, X (6) IFHKx
T jOMMUMIEL, £() & () & f(t;) ZEET 2RTICT
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6: Q},k’ Q?,/w Q?,k DI

Fig. 6 Division of the domains Q},, Q2,, and Q3 via the

poles {ax}.

RTD j={1,2,..,n} IZOWT, HANZ1EFET 2%
TRV GRIZEHEIEME). L -T, R (6) D7fRIC
EoT, TRTDFRAFjIZOWT f(t;) RFtHT 2729
WX, MEOREEME OBn) £ 2%, LiL, ZOHHE
BEIENCALE R Z e 3H D, K (6) ZERMICEET 2
ZLEESTEARV. BRI, gt W& -t 2
WICKERMEOGS, F—nN—Tu—%iEZ 7.

4.2 KRRABEZAVCEREELU

LRl oBMEREE LT 270, EES t, ZHV AR
DOICR LD m AORKFERE {o} ZEZS. TIT,
a1 <ay<..<ap EIRETZE, ap DD D |t; —t;] D
EEB T ENZ

ti — | — [t; — | if ;€ Qly,
ti —tj| = § —=lti —ar| + [t; —ax| if t; €QF),
[ti —ag| + [t; —ag| if ;€ ka

th%. TIT, B, 9, O, 3B e6DL5

Qil’k: {zeP:ap <z<t,ort; <z<ag},
Q?’k: {zeP:ap <t; <z, orz<t; <ag},
Q?’k: {zeP:z<ap <t ort; <ap<z}

CERIND. ZONRKAH {a} DERBIENCED,
R (5) DAY REH () 1k

f(tj) = h(tj) + Cj + Dj + Ej, (7)
j—1
h(ti)
Ci={Geinty D, G It
i=1201(3)) (7070 ®
L OG-
{7 GloyinGnh(ti)},
Glo,i()) ;1 i
v(5)—-1 m
Dj= Y GuimAs, Ei= > GujrbBr,
k=1 k= (5)+1
Y2 (k+1)—1 h(t:) Y2 (k+1)—1
Ae= > G o= Be= ). Geanhlt)
i=na(e)  (70F) i=n2 (k)

)
b, Z Z T, G(J,Lk) = Go(tl — Oék), ap <tj < agy
2123 E5K () =k, 12(k) = min(j) TH 3 (B 7&R).

D LR 6 252 bNEBE, Wb L BIErE
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-0—@—or—o—o—0—O0— s O e e e e S ety
y2(k) = min(j) y() =k

A YTy 7 ABBOMEN.
Fig. 7 Indexing functions v(-) and ~2(-).

RIS, Zo&EMEHZT 8T, € (0,1)
BoRT A =R UIBMRI |agy — ax| = po log(6) 235E D
i, B & S AR A O BERED BUE 22 2 S % i 7 3Rk
RKDSND. ARETIISUR 23] 1V, o =052 L, 613,
EREERE MR D EIRZ A L7z (64-bit C++ 7075
IV EFED DBL.MAX). P O#iflE, w=t, —t; >0
YERINZDOT, RRAOE L Z D FEEIZEBINICH
(10) THz B 3.

w
&EQELGM
T, [JEEHEBTHY, BEFRLEO NG EC
m<KnTHb. ARTE, t 1FHEIC0TH B2, K (10)
DEHiz, 12HORER (g =t) 2BEHEES L,
KRB {an ) BRERMFZTT- TRRIGEAT WS 29, R
(7) BBUEMNICRE T % Z e BBEAICRE X N 5.

EBIZ, |ag —tj| > olog(d) LB L E, ap DSt b
B ZATE, Golag —t) IFBUENCEICRS. L
2o, D; ¥ E; 13 (9) oftbbig,

{ak}:t1+{0717"'7m71}%7 m:[

Dj = Gojyi)-1)Ay()-15 1)

Ej = Gojy()+1) Byi)+1
CEREIGEMTE S, 22T, y(j) <20t E, D;j~0
THY, v(j)>n—1TIlZ, E;=0TH5%. t; TOELER
ZEVIRHTINC R D B,

() -2 m
D Golty—an)A+ Y Golty —ai)By
k=1 k=v(5)+2

&b, L7ehioT, FELo f(t;) DRI, 3polog(s) DHE
HBATHZYIDIET20 L AFOHETHS. ZDL5%k
10 B TIRIERICIERET, ¢ = 0.5, log(DBL_MAX) ~ 700
DHEEHHY 5250 DHMARATHYIY L AFTH 5 (EEFE
FHHTEEL 30 DEBBHNLATWD). ¥, 20O
EFRIHDENETIE, O@n + 2m + max(n,m)) O FHHEEHE
[ (0 iCBALT, O(1/[0]) LHIREZW. k&1 XL
EFBOERZ, DERET 2 oTEGRICEA NS, 2
HESEEZ, EREZEZEOTHIE Lo &, 177210 1 0tD
BAAAE LT, ZORRICHIIZFD 1 RILBAAARELT
SHIETH Y, BAAAKDH T ZBEBORICIKITHNC 77
HERTRETH 23581, 2 RLBAIAA L AIFERERE 5 X
5. ARWFETIE, X [13] D742V XL L7225 T,
R (7)-R (1) BEHE L.
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5. RZE%: Our-RGD 71 )14

AETIHEEE Our-RGD (RG via GF with DS) %*&t
WwE 5. EITHIED GF [25] % RG-GF [9] TiX, AFH
SETHMHLAEZEEBD, X (4) O&>EEE (a(x),b(x))
¥ Box BB CHIBIL T 20 ENDH S, — /7 DS Hx H
WA, REOTFIELDS GF TEAERZ EPHS
T3 [31]. 22T, REBETEHE 7 4 VR ITHEK
AL L 72w DS HICES < GF (GF-DS) 2w 3.
L7zh->T, Ou-RGD % (t + 1) BLEH Lz 7 —1fA

J={Jl(x)} eR3 wve{rgb}idX(12) THZHN3S.
J =alJt +b, ve{rg,b}. (12)

ZZTa=a(y) e R*xR3 & ANI=1I(x)eR®HA
FEHE It DA T —F v ¥ 3 AFE BT FAEE D FREL

Apr  Qgr Qba
a=(araga) = [an, a5y abg |- (13)
Arp QAgb Apb

b =b(y) € RS DEHRZb = (b, b,,b) TH2. DL
%, BRI (a0, b,) 13, L' B ZBIBK G, () = exp(—L])
FEAHCC, TOBERR 1= (I,,1,, ;) £ LE&ER
# (ve{rg,b}) ©EIIBE

E(ay(y),bu(y) = > Gollx—y|)((al (y)I'(x)+
xEN(x)

+bo(y) = L,(x))* + ela, (v)[?),

zhMeg s zeT, K (14), (15) THEABNS.
a, = (C+eU) " (f(1,)I,) — f(L) (L)),

b, = f(L,) —a, f(I"). (15)
ZIT, fIEHHESEES h =h(x) & L' v AEBD DS
BT X 2 IEH LA AAA

1
h) =
f( ) EyEN(x) GU(|X _

(14)

y|) ye%(x) GU(|X - yl)h(y)a
(16)

U X 3 x 3 DHAIATH], CiX, I OWIfEE 7 4 L& f
THRED - H2HUTH C =

( FUE =D LI =FUIDFI,) f(J:pr(J:)f(J;))

FOLTD=FUDFTY  FIE)=(F(IE)? T IN=FENEC) |
FOLID=FIDFE FULTD=FIDFIE) £ )= (F(I9))?

e XIERLIEDORHIEA S X —2ThH D, FEHE  ICHE
EDMHEE R BNDZE) LD 2FEDPITTME (e — £2)
PHW3.

RG NOFEE 7 4 L2 2 LTHRICHWSEEIS, A
NEGED A 7 — 8 1 RO Z DFEFER £(I) 1 Our-RG
DOFIHRRE J° = (1) THWZEEBHAHAMKS. 20
HAHYE DS EEZHASHOETHRINLZTIRE L-EA
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Algorithm 1: GF-DS

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Input : Pixels {x} and their corresponding input image
colors I = {I,(x),v € {r, g,b}}, guide image
colors h = {h,(x),v € {r, g,b}}, smoothed
input colors meany = {f(I,),v € {r,g,b}},
regularization €, and scale o, where s; and s,
are the image width and height, respectively.

Output: Filtered colors {q = {g,(x),v € {r,g,b}}.

Function GF-DS(I, h, mean;,¢):

forall v € {r,g,b} do

meany, < f(hv); // DSSumX (s; + Sy)-
corrp, < f(hy X hy); // DSSumX (sz + Sy).
corrn,1, < {f(hr X L), f(hg X I,), f(hy X I)};
// DSSumx3X(sgz + sy)-
end forall
meanp, n, < f(hr X hg); // DSSumX (sy + sy).
// DSSumX (s; + sy).

// DSSumX (sz + Sy).

meanp, h, < f(hr X hp);
meann, n, < f(hg X hp);
forall x do

// The 3X3 covariance matrix.
A1 - corry, — meany, X meany,;
A1z & meany, p, — meany, X meanp,;
A1z < meany, p, — meany, X meanp,;
Ago corry, —meany, X meanp,;

A23 < MEANK  hy, — MEANK, X meang,;

A3z < corry, — meany, X meany,;
A Az Ass

varn < | A1z Az Aaz |;
A1z Az Ass

forall v € {r,g,b} do
COVnJ, < COTTh,1, — Meany, X Meann;
a, + (vary + eU) " leovnr,;
by < meany, —a, X meanp,;

Qv < ay X h 4 by;

end forall
end forall

return {q};

Algorithm 2: Our-RGD

Input : Pixels {x} and their corresponding input image
colors I = {I.(x),c € {r,g,b}}, regularization e,
scale o, image range £ = | max(I) — min(I)|,
and iteration number ¢.

Output: Filtered colors {J* = {J!(x),c € {r,g,b}}.

Initialize f(-); // (DSInit, DSSum) x2.

e+ ex L%

JO « meang + f(I); // DSSumx3(sg + sy).
for i <+ 1 to t do

‘ Jitl « GF-DS(I, J¢, meany, €); // Algorithm 1.
end for

return {J'};
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# 1: BIfFi£ RG-GF [9] L RREBEOHNETHOWT WS FiF

L7 4 VR ED L.

Table 1 Comparison of the number of f employed in RG-GF
[9] and Our-RGD.

RG-GF [9] Our-RGD
The number of f 3433t 3+18t

) | ——

X 8 FEAL T X —&IZE D Ouwr-RGD O#ER (0 €

{2,8,16} (#), €< {0.01,0.001,0.0001} Gift), t = 20).

Fig. 8 Various scale and regularization parameters of Our-
RGD results, where o € {2,8,16} (row), € €
{0.01,0.001,0.0001} (column), and ¢ = 20.

£ & GF-DS D%Efla — K% Algorithm 1 1ZRF. BEFD
RG-GF [9] & ENTREIRINETTHWS (1) OB D7
WHIEZH 2 (R 1BHE). Z 2T, Algorithm 1 1D mean
WFfIT X BHARHE, corr \3MHBE, varlIEL, covldFEAER
DWETH 5. F72, Our-RGD DEEL 2 — FiX Algorithm
2THD, RITRXA—RELE IRz ZTD T 4 L XFERH]
2K 8 ITRT.

6. BUERBRIC K 5 1EREFTH

ARBETI, BUEERIC X DHEE, SEOREE, 74 VA RE,
R CUREE A1z B U CHR SRR & B AT e U A SR 2w
3. R2DEIIZ, A DDBHEL DHEEERMLIZ. 22
T, Box Bz FHWTHIG 7 4 V&I GF, WGF [32] ©H
W7 4 VR EZNZNRG-GF [9], RG-WGF*2t L, #&
A7 4 V22 IJBF W TEMFHETEICIE Permutohedral
Lattice [33] Z W2 757E Ok [9] OFEDRNELTWVS
a— FEMf) % RG-BF, DSIEZHWTHE 7 1 LRIZ
EFFZHGE (DT: Domain Transform) [24] & Wiz 7 4
2 BR(LDz®, RG-GF KU RG-WGF IZ3ERE L RIS £(I)

ZEAMT 2 T2 AT 6.1 HOFETRREEH S S THW:
(21 @ RG-GF D f 3 3 4 30t [EDFE2E).
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Table 2 Conventional and our filters.
Conventional Our
RG-GF ‘ RG-WGF RG-BF RG-DT-DS | Our-RGD
7 Box (Moving Average) | Permutohedral L. DS
Joint filter GF WGF BF DT GF
Ref. [9] [32] 9] [13] This paper

Mandrill Lena Snack

Step-edge
w 128 512 512 1368
h 128 512 512 912
9: AR 6 ETHMALEANER. w hidzhzh
MO s BTH 5.

Fig. 9 Input color images used in Sec. 6 of this paper where
w (width) and h (height) stand for the numbers of row

and column pixels, respectively.

£ 3 7 4R 1 BN T = 2 EZEE (megapixels:
10) ki, ¢ 134 bR LK.

Table 3 Speed comparison of our and conventional filters

(megapixels per second), where t represents the it-

eration number.

RG-GF RG-WGF RG-BF RG-DT-DS  Our-RGD
1.53/t 1.50/t 1.76/t 2.29/t 1.24/t

N &% RG-DT-DS [13] & L7z, HUEEBRICIEZ, 7V X A
WAR L B2 ROEGE R 910RT 4 D0 A HER
RV, DIBORESEERTIX, Box BErBAAAKE
L7l B AAAIE, BEIFGE (14 ZHWTZ O E r
V&, STHR [19], [34] 1Ichéo T (17) & L 7.

V1202 1 1
r:;—%fiffl (17)

F7z, RTOERRT 64-bit C++7 0277 IV EFEICTHE
ERITWV, 3284 Z121E GNU g+49.3.0, AMD Ryzen
7 3700X 8-Core Processor ® CPU, X%EY 32GB ® PC %
fER L 7.

6.1 FHERELLE

P A ZXDBEZZERICH LT, ZhPhDT 4 LR EAR
FEE6.2HTHHHATZ 224 BEHDRITIXA—KELy b+ (o€
{4,8,16,32}, € € {0.5,0.01,0.05,0.001,0.005,0.0001}) i
o U TR R 2 L 7. R 313 F2h2ho 7 4 L&
21 R TE 2B THD, 4 DR LA
Baetic L o 2 FEEHERRE () 072 7%E 1012
R WD 7 4 )L R T R & TR OB
RTHZZ e 5. BEEIBFEELD D LBV
UL e FFE O FERN R EFATHRE TH % Z & HD R
TE2. 2EFITR fOEKEGHELELDOF A —T 7
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16

14 Our-R_GD e t = 4 -
_g 12
§ 10
2 8
26
E
= 4
2
0
0 5122 1024 1536 20487
Number of Pixels
70
Our-RGD —=—
60 RG-BF —— =
. RG-DT-DS t 20
2} RG-GF ——
K SO0 rewor —
3 40
2
230 _
E20 -
=
0 5122 1024° 1536 20487

Number of Pixels

10: 7 4 VX DOFIRHRRGR (HEdh @ 7, R @ H3RE,

BBt =4, Tt =20).

Fig. 10 Timings (seconds) of our and conventional filters with
respect to image size, where top and bottom graphs

show the cases t € {4, 20}, respectively.

BAHIAATITS RG-GF &, 512x512 HZREZUHET 2 DIz
t=20Dr %) 138 KM ETH 3.

6.2 AL LEE

EHRUE, avPa—&RR-EVay, aVPa—X&-
777 4 v 7 ATRIL L WS TWS Box BIE (FBH)
391k [14]) KO Deriche 7% [16] (FF 7 4 L & ITHD <
IR 2 IO efEE7 4 L ZND f K (16) ITHW
LERBEEER R L, RBERIEOELUEE % & &L
7=. Box XU Deriche i& L? #7 2% FIR (Finite Im-
pulse Response) [19], DS & L' 47 B D FIR D&
Rrezhzh 64-bit EREEFE/NMNURORETHB L 7.
FIR &% T Deriche {EZABZ 4 75V — [19] & AW THE
tol = 1071% (f&zTf Deriche 1% 4-th FlfA —&—: K =4) ¥
L7z, ABeLT, 77 —fEfiH%Z [0,1] LTI Y XA
AR LTz 6464 BHFEY 4 XD H T —Ei%E 100 KHWT,
o €{4,8,16,32}, € € {0.5,0.01,0.05,0.001, 0.005,0.0001}
D 24 FEHED RS X — &G 2400 @ D DA B DOEEZTNZ
NDOFETEITL, ELEREEFHIL .

7 4 L X DFED R UEEDS 20 [ (¢ = 20) DEFE D Peak
Signal-to-Noise Ratio (PSNR) [23], [35] ¥ I KiR7E Frnax
[23] DERAMEEZR 4 MUK 5I1XR"T. 22T, PSNRD
FHETIX, Our-RGD 2T e € {05,001} ® ¥ &2 14§
OFt 2 1 PSNR 2R K ¥ 72 - 72D T, Z OERKDEME
BEWEEE W2, PSNR B K = W75 LU
DEW. F7o, B EEEROORENREZEPT—F
REVBEDETH D, Enae SMENTTOELHEEDIE .

# 4, R 5 DR S Box B# Deriche % HW=354E
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% 4: PSNR 1T & 235U RS Hig.

Table 4 Accuracy comparison via PSNR.

€ RG-GF RG-GF-Deriche Our-RGD
Total ave 37.8 58.1 287.2

F 5 BORFAFT X 2 ITBURS B LLR.

Table 5 Accuracy comparison via maximum error.

Our-RGD
7.81e-12

€ RG-GF
8.40e-01

RG-GF-Deriche
3.33e+03

Total max

(a) RG-GF [9] (b) RG-WGF [9], [32] (c) Our-RGD
11: By VOB (0 =4, e =0.04). FEFE (ab)
TIEAEG R AEGEE (BOT YY) BT —T 47727+

E LT TRERIC TR TE 5.
Fig. 11 Comparison of RG filtering results (left) and their gra-
dient magnitude (right) where o = 4 and € = 0.04.

Y HAE LT, DS ECIE PSNR A <, Eynaw RN,
EREEIILIERPE SN T VR Z e 390 5. FHIRAK
872 Emae T 7 Hi~10 M7 Box BI% ¥ Deriche 3£ & D i
PUEEDE L, IRRRIBEESHBEL T X 5.

6.3 Visual Quality DLEE

R BEFEE O BB Gl 2 BHE R = v DA T O
Ty DHEOH R, HITS. 9127/~ L7z Step-edge, Man-
drill, Lena @ 3 Z ANEKr L, K 11-K 13 HOLEIX
7 4 VARFER, BEIST 2 AEEEERTH D, RG 7 4
AR OED R LUERUINTIS 20 [6 (t =20) & L.

11 225 W INOREFET S Box OB ET, 2%
BN Bo Ty ¥ (ANBERICIEEE R T v ODHFE
U 72 WS C A B o B D AN 7 2 BT R ©) AV
MENTWS Z PRI N, ZHIHEIE 6.2 TRLT
SEALURS 2 o0 E BEETIE R R & — V2SR BRER D & O Tl (B
ZBEE Box I COBT y POEMK [22) £ —HT 514
RTH%. RG-BF [9], [33] BRBELID Ty Iy v —
TTHBH, B 12 IO LRI LEHOZ: 2oBEET RO
RSB0y DRI NS, RG-WGF [9], [32] ®
BEEIDEIZ IV v —TTHBH, 1B3kbh=zy
UHBFAEINTETCLELY, IBRECERWVBEOTZ Y D%
ERL TV Z B9 hs.
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(a) RG-BF [9], [33] (b) Our-RGD
X 12: RG-BF 1B REDOMBHELLE (0 = 16, ¢ = 10.0
(RG-BF), €=0.005 (Our-RGD). FEIX LBICHIET %
FERIN.
Fig. 12 Quality comparison of the RG-BF and our filtering re-

sults ( left) and their gradient magnitude (right) where
o =16, $ =10.0 (RG-BF), e = 0.005 (Our-RGD).

,%57

’ v
(a) RG-WGF [9], [32]

(b) Our-RGD

X 13: RG-WGF L fREEDHHELLLE @ 0 =8, €= 0.001.
TEIE EBITHIS S 245K,

Fig. 13 Quality comparison of the RG-WGF and our filter-

ing results (left) and their gradient magnitude (right)
where o = 8 and € = 0.001.

6.4 IURMELLE

SCHR [13] TIE—HR7Z 1 KOTB AL 2 D HEFEEE S 2
e THELZMEWEE TONREDEX i Tw
%. {212 RG-DT-DS [13] XK 14 KUK 15 2 5HEW
HE T, ﬁbLLEﬁﬁ%iéitﬁ%&ﬁWibfw

T—RETRNI EnT . —h, BFEE Our-RGD Off
574w&m%%%ﬁ£@ﬁﬁféb MR WHHET HIL
HWEAWFRILTHE Z AR 40 OMHETES. 51T,
Z DRI LT TR 3 ICRIEE O FEERGE R 22 & E =R
BATE 3.

D 5R LR ISR O 2 DDE(% (It ¥ J) 2
WZIEHE MAE & RK#E (RERFRDKERD T —
72) Doz ZETHIU7ASR & G 2 7 4 L 212 D EIG]
Erhrnl 16 t® 17 1RT. EHIEMAE D7 Z 7
EHZEETOT7 4 VDR LEEEERS Z LI
HLTWBZehaghs. LaL, RG-BF Tikfio 7 4
AR EHERTPERBIEF RN E PR TE 5. Tz,

Diae D77 7% B 2%, RG-BF ZRRWVWT—RINEKELT
W3 &I IZRZ %A, RG-DT-DS [13] TiZ, fREIL7Z=DH =
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I T
1 B
m e

(a) RG-DT-DS [13] (b) Our-RGD
X 14: B 15 OFLKK. RG-DT-DS IR WA DU AT
—FETIE70AS, Our-RGD @—RRICIERL TW3. 772
L, RG-DT-DSE&ED Ty IWyr—7TH53.
15 where top to bot-

Fig. 14 The close-up images of Fig.
tom correspond to the number of iterations such as

t € {4,10, 20}, respectively.

5 —DIEDEW. iU, RG-DT-DS D#EE 7 4 L EZTH
2 ERIBELIENIE—RRT2 1 KOTHIZE Z EROIT L FIZRH
W (P7FR) BARADTHEFEETH S Z L ICERT 3
cHEME NG, —7F, REBIETIIK 16 THERTE 2 X5
KEWICEE RS oz (Mo ASMEiEGR - 5 X—X T
FREDREREZFTVWS). ZhE, BRETEHEE7 41
2 HEHREZEOFEL TR SN 2 GF ZHWT DS %
W THBEREICHELTWARIREEZ SN 3.

7. BHOHIC

AT, BWER 7 4 VEERENRINTAERT 2 2
rr— VHIGEIR 7 4 L& (Our-RGD) DFtEEE #7248
KL HBEETE, 27— 74422 LTRG D

B 7 4 V2% Ridge [BlROFIFEATHK L. £,
FIHAEEAL b R E PR O 7 « v 2%, LY B
2 B S O E S I B AA D DS IREHEIG L 2.
HEER C++70 5 IV VEETREL, ZOELKE
FE, RIEEE, 7 4 VAAEROME, RUIGREGIBE LT
FATHA DT ERF Ll - Bl L 7=, 2 0fER, BiHFEL
[F] S5 O L CHE S FE M N B A < WORMED — 72 7 4
NRFEREPERT 52 e TER. Fig, BEFEETERBO
Ty ORERTIGENE o720, IRBETIEZDLS
BT —T 47 77 MIERI NI OIERE RIS,

—7 T Our-RGD & RG-BF % RG-DT-DS Z D EfED
2T —=ARIE 7 4 VR e RIFEDEFLESWVIZE Sk
hmolz. ZHWx, EHREEOKBRERIDRWVWT 4L
RO EEE XS, T, AENKEEDD W Ridge [
IRORHEE AL LT, ARTIRELLER T 4 L& E2RHY
i, AR A 2 A VEGR(L R ¥ O E{GUE - TR
FEANSH T2 2 b 5ROBETH 5.
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15: RG-DT-DS (EE) & Our-RGD (FE) OEMER. 22T, t € {4,10,20} (E»54), 0 =16, ¢ = 1.5
(RG-DT-DS), € = 0.001 (Our-RGD) TH» 3.
Fig. 15 Quality comparison of the RG-DT-DS (top) and our (bottom) filtering re-
sult, where ¢t € {4,10,20} (left to right), c = 16, ¢ = 1.5 (RG-DT-DS), and
€ =0.001 (Our-RGD).

Our-RGD —— Our-RGD ——
ol ha-DTDS N MG o
40 r MAE RG-GF —~— 35 MAE RG-WGF ——
w 35 - w
< < 3
2 30t s
3 g 25
N 25 i )
S 15} s 15
10 1
51 05
0 = 0
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Number of Iterations: t Number of Iterations: t
300 60 Our-RGD —=—
250 s Maximum Error  [“Rc.c?
g RG-WGF ——
g a0 Maximum Error g w0 )
§ 150 § 30
£ E
& 100 OuehcD = & 2
RG-D(';I'-gS ——
50 RG-GF —— 10
e — RG-WGF ——
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Number of Iterations: t Number of Iterations: t

16: WoRME . EB e TR ZhZHED IR LEEKZ ¥ OIEHL MAE RURKBREZD 7 7 TH 5. ERIZSIHE
A0SR TOMFEL A D7 4 VEFERTH D, HKIE RG-BF ZBRWFRTH 5.
Fig. 16 Convergence comparisons with respect to the iteration numbers via the nor-
malized MAE and maximum error (Dy,qz) where the filtering results and their

employed parameters are shown in Fig. 17.

(a) RG-GF [9] (b) RG-WGF [9], [32] (¢) RG-BF [9], [33] (d) RG-DT-DS [13] (e) Our-RGD
17: K16 BT 2 7 4 VRFER 1 0 =80, t =20, ¢=0.01 (RG-GF, RG-WGF, Our-RGD), o, = 35 (RG-BF),
¢ =15 (RG-DT-DS).
Fig. 17 Filtering results corresponding to Fig. 16 where o = 8.0, t = 20, ¢ = 0.01
(RG-GF, RG-WGF, Our-RGD), o, = 35 (RG-BF), and ¢ = 1.5 (RG-DT-DS).
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