g1 He Y
2006 4 8 A

TEESERE®R

Journal of Image and Graphics

Vol. 11, No.8
Aug. , 2006

N 4 Hilbert 2k 4 5 & %
ZRME BEX BEF

(PRI BN, R 430074)

W E Hibet MEAWAT —MBEZES | fH——BHW Tk, ERRLE SERERTISTRHER
BEWHiL, (BN R4 Hilbert fi 4R A H 244k, %t 5 4 Hilbert (ML BB RMA . 8 T4 N % Hilbert B4
- HE%. RERETHSHMAMMN, AR LT N 4 Hilbert iR M, S5 N 4 Hilbert th 2R 1 5
BER. SHAANOEENL, AXEES TLH, IRGRRV . ZERRFEFHITAERE,

X@R B HB N4 Hiben iR ZHEARXHKR

HEESHES: TP01.6 XRIRIRM: A XEHRS: 1006-8961 (2006 )08-1068-08

Algorithm for Generating N-dimensional Hilbert Curve
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( College of Computer Science and Technology, Huazhong University of Science and Technology, Wuhan 430074)

Abstract The Hilbert curve is a way of mapping the multidimensional space into the one-dimensional space. Such
mappings are of interest in a number of application domains including image processing and the indexing of
multidimensional data. However, little has been discussed on its high dimensional algorithms due to the complexity. In this
paper, a novel algorithm is presented for generating an N-dimensional Hilbert curve, which analyzes a Hilbert curve from

bottom to top, based on a static evolvement rule table. The experimental results show that our method is easier to implement

and faster in computation than other methods.
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F5l, Kemata BRI HBRAEHESHEBER
TS, URKBI TR ETHREHIBY. X
PR B B ER R FEE Hilbert Bl 2R 49 PR R
BOEmMTMERB LA, F2 WO EFRME
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EHERTHMERS. KR LRA, ZBEER
F T N 4 Hilbert Bl £8 4755 i3 %, % & 4 Hilbert
RS A B B,

2 4% #7 Hilbert g 2%

2.1 Hilbert B £ HE X

B, AR RERNgESE, A X, X,
X, RFRNESER BN, LN ESH
A PRI I LAY 1 4B 18] A AR (E WY 4 Hilbert £5, 18 2%
H,o 98 #& — % Hilbert #i &7 U H R — 4
2™ x2™ x - x 2™ (2™) 9 N 475 8], M FF % Hilbert
Mk —4~ N 4 m X Hilbert 12, i H, R, Bl
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EX 1 (N4 Hilbert TR :C")

M om=18,N %1 Hilbert B2 E—1 N %

()2 x2(H}) (b)4 x4(H3) (c)8 x8(H3)

& 1 Hilbert ffj £k
Fig.1 Hilbert curves
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Fig.2 Examples of 2D and 3D Hilbert cells
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BWER, F1 R—13 45 Hilbert ZFEFFE,

£1 G[il: 3% Hilbert XEFI %
Tab.1 G[i]:3D Hilbert gene list

fir & ZH RR
0 X, oX, -
1 X, X, -
2 - -
3 X, oX, XX
4 X, <X, -
5 - —
6 X, <X, X;,X;
7 X, 0X, X ,X;

W -"HRBAHEB (Y - denote no transformation )

GLilFim i 33 AL bR B R e R B B, —
HLil s, fim Ex X oX $AT A
H O] fs%: Il 3(b) ik, XA CHERN
BAEERMA R,

2.2 N # Hilbert 22 Y £ R
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B4 H(C)—H & 6[i]
Fig.4 H:(C,)—H; according to G[i]
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X, X7 X B i H (3] 53808 X, o X, B R
H[4]; @S EBEEH AR H[5] ;8T X, oX,.X;,
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3 RAEMR: % C" 5G]

EX—F7 B & H Hilbert 82555 Hilbert 2 [H #
FERE, EMRAHEWERM. LRI RTE
Hilbert ff] £8 4 B BT AT — R BRAT T
3.1 £ CY

XEPHS AR N 4 Hilbert BLITH B A AT,
B NRE EEFAARF K ' X Hilbert #4777
WA ETHHL Y T Forward 4 75 #1 Backward %
WHMEE, R2.R3 IR AR &L X
W3 fRTREE.

F2 3% Forward HH{E T
Tab.2 3D Forward scan cell

X, X, X, H_ .,
0 0 0 000
0 0 1 001
0 1 0 011
0 1 1 010
1 0 0 111
1 0 1 110
1 1 0 100
1 1 1 101

£ 3 34 Backward A#{ ¥ T
Tab.3 3D Backward scan cell
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C'[Hyel =X, X,

H,. J&7E Hilbert #1281 1 £ H45MH, X, X, B
TERY bR, 2B, R3TUERN
C*[0]=000,C°[1] =001,C*[2] =011,C*[3] =010,
C’'[4] =110,C°[5] =111,C%[6] =101,C*[7] =100,
3.2 7=t N 4 Hilbert X E

Hilbert X R ERE W HRE B ML, &
UHRER, F VT REAE N 4 Hilbert 350 BN E
B, TS 8| —A N 4 Hilbert & WM R R 2
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3.2.1 HLiIJWA DS H OB E

X, X, FR—4 RY RARE, Bl R A4
WEERAN XXX, . O FRTER SHEB H 4o

ZemE B LIAD B0 SE.
Confirm_Entry_Exit(input i)

{
if (1<2772) ]
if (i==0){
H[i][0] =C"[0];
HY[101) =AY G101 A (C* 0] AC™[1]);
t

else|

H[i]1[0] =H[i-11[1] A(C"[i-1]1AC[i]);

if(HY [i][0]&(C'[i]JAC'[i+1]) =C"[i]l&
(C"LIAC i+1])) ]
HY[i][1) =HY[GI[0] A(C [i] ACY[i+1]);5

}

else |
H'[i][1] has N -1 alternative options;

!

}

else |
if(i==2"72){
HY[i1[0] =HY[2" —i -1][1] A (0x00000001 <<n 1) ;
HY (1] =H (0] A(HT (2" —i- 1] (0] AHY[2" -
i-11[11);
|

else {
HY110] =HY (i - 11 (1T A (HY 2" =il (0] A B (2" -
i-11[11);
HY[(1] =B [i] (0] A (HY[2" i -1][0] AHY [2" -
i-1][1]);
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Fig.5 Confirming the entry point of H} [ i}
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Fig.6 Confirming the exit point of H, [i]
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B2 HLRAD ST IAEEES B [i+1],
WA (1A DB O E R C[i]—-C"[i+1]
REBA B 47 17 LASM B Ho A N - 1 Rl #, 0
B 6(b) ,H;[2]HA O &5 (000) 7T A B # % # H, (3],
i C'[2]—>C" 3] AL RTE X, By i B9 (011 —
010) , B LAF: 11 4 S BB 100 5 010 FIFFLEH,

Hilbert i 2% FLA STRREBIREAE , B DL LB 4047 —
A4 BT I A T A, BT AR R X AR R TT LA7B 3
3.2.2 =4 N % Hilbert i g EE 5%

RECATUBEE B[] (i=0,-,2" 1)
ARSHO, F—% AH— 1 BEAHADSHD
XHERREIIFRNEE, XEAGLI0]IRERE

! i 47
l : ; Jriam
oor ) TUi o, A SO S A2 ol
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B8 GLI1IRBRRR
RHWERBEETUETENR FRR:
G[i][0] = (C"[0)AC (2" -1]) A (H[il[0] AHY[i][1])

B, C AL > WO WAL R AT X, 107
,EN C AL (C[0]) MM FRME R 000,C° &
HO(C[7]) AR R 100, 0B 3(a), HY[0]H
AR OB LRAERE X, #7708, HR H 01K
AL H 447 (2 000, HY [0] B i 11 i AR AR 18 2
001,MME 3(b), XHXHBRR—EREX, 5
X, M&EET(6[0][0] =101),

REWEHREETUHTENRTESR:

G[i1[1] =C"[0] AHY[i][0]

B4, C’ FA D (C[0]) R 000, H;[3] AR
101, xR, RRER—FRERE X, M X, ZH
(¢[3][1] =101),

XPBE3 4 Hilbert £ EFI R M LI T £ R
G[0][0]1=101,G[0][1] =000;G[1][0] =110,
G[1][1]1=000;G[2][0] =000,G[21[1] =000,
G[3][0]=101,G[3][1] =101;G[4][0] =101,
G[4]1[1]=000;G[5][0] =000,G[5][1] =000,
G[6][0]1=110,G[6]1[1]) =110;6[7][0] =101,
G[7][1] =101,

4 Hilbert i 23034 K &%

VL3 4 Hilbert #2842 A B, 45 ! Hilbert 28
MAERER,

B4R Hilbert R MBH =L TRMT

(1) RBEREE>E H,_  —H,  [i] (m=2,
3,0), L Hi>H ] R BlHR XA R,

H|—H[0] by G[0](X,«X,):H[0] = (000,
100,110,010,011,111,101,001) ;

HH[1] by GT11(X,00X,) H[1] = (000,
001,101,100,110,111,011,010) ;

H:—H[2] by G[2] (replication) : H; [2] =
(000,001,011,010,110,111,101,100) ;

H—H[3] by G[3)(X,«X,;X],X}) :H][3] =
(101,001,011,111,110,010,000,100) ;

HI—H[4] by G[4](X,«X,) :H{[4] = (000,
100,110,010,011,111,101,001) ;

H,—H[5] by G[5] (replication) : H [5] =
(000,001,011,010,110,111,101,100) ;
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H{—H;[6] by G[6](X,X,;X;,X;): H[6] =
(110,111,011,010,000,001,101,100) ;

H\—H;[7] by G[T](X,oX;X; ,X}): H[7] =
(101,001,011,111,110,010,000,100) ;

()M HY_ Lilf=e Hy, UL B [i]—H; R4

H), = Merge (000 & H: [0],001 ® H: [1],
011®H[2],010 0 H: [3),110 D H: [4],111 &
H[5],101®H[6],100 D H [7]) (C[i]®
H[i] ). #4m:000 @ H[0] = (000 G 000, 000 D
100,000110, 0006010, 000 & 011, 000 @ 111,
0006101, 000 & 001) = (000000, 000100, 000110,
000010,000011,000111,000101,000001)

H, RIGERNT .

H, = (000000,000100,000110,000010,000011 ,
000111, 000101, 000001, 001000, 001001, 001101,
001100, 001110, 001111, 001011, 001010, 011000,
011001, 011011, 011010, 011110, 011111, 011101,
011100, 010101, 010001, 010011, 010111, 010110,
010010, 010000, 010100, 110000, 110100, 110110,
110010, 110011, 110111, 110101, 110001, 111110,
111111, 111011, 111010, 111000, 111001, 111101,
111100, 101110, 101111, 101011, 101010, 101000,
101001, 101101, 101100, 100101, 100001, 100011,
100111, 100110, 100010, 100000, 100100) ,

He = RAFINEREA Z-order BRRM 3 4
2[R 88 AR fH, B 40: H; [0] = 000000, H; [1] =
000100, H3[0] =000110 43 B %% R® 25 (5] 1 /4 (00,
00,00),(01,00,00) Fi(01,01,00) 445, Fhrsd
Hilbert fi2k R' S HFHF S, EEHE1.2, TR
FEHE N 4 m Y Hilbert R R AMR, B
RAEBTAEBEMEERL Hilbert B4R,

5 LROW

HCESNEEHTLHR, ABREEHN P4
1.6G CPU,512M W%, 4 n g N 4 Hilbert 28 755
RHBE BAnFMNZEAMWERALURRA =
2%, & m % N 4 Hilbert B 2% BR%,

5.1 il

XEPIN=2,3,4,5,10,20 R4, ib L&
S ERE,

HERTRERSHALRE 4 BRTAXE
$5F Kamata R R 7E S B #EBE L B HLEL

£4 THMEEHLE

Tab.4 Comparison of storage costs

BT bytts
N EXEE Kamata ®.1&
2 48 8
3 96 84
4 192 576
5 384 3840
10 12288 15073 280
20 12582912 60473 139527 680

AXBERAERINEEEREZEQLEH
BRIT C" MBEREE CLIINERSRAER, HitHE
FER K 3 x4 x2"bytes, 5 Z M, Kamata & 3 M
FE(NxU+N) x2" “bytes (U B—/1 2
2" <M <2V A B RO Y. B T, Kamata
Bk T AL B A S A LA T 1) BT 4R B B AR 0
RFURTRELEHERREMEBEK LA,
MFE 4 BT LUE ), Kamata B EHERBERT
0L LG, EHFHBEBSELLEENF—
FabF, WRADS I EE TR, Kamata B3k
HMEHRBETLER, XHETERH T Kamata
BHMRAELH, Fi Kamata B 58 T HREH
BRTH,MRATEAFLANEK. 5 Kamata B
oM B, A SCB B0 S 48 Hilbert 4D 3 925 /) B 4+
EREABRSE, Bl BBEAF-RLATE
Hilbert i 2k 4% 55 B P AL 3 13 78 (25 449 &5 Fl 400M
W) AT E T N 4 Hilbert fi £k RIS I E,

FERNEEREL AXBEENAH R
0(2") . HFHHE2s a A KR H, Kamata B 35 JC 1k 7
FHEVREZH, B 7 SRR T E S
FRNBHRER,

~ 08

2 06

= 04

% 02 //
0 Sdd " . . . M N N N N N
1 3 5 7 9 11 13 15 17 19

i
B 7 Bk I R

Fig.7 Time costs of pretreatment

B 7 8 %0 7T LA T8 , 2% SCH Bk Y T AL 2
B FF AR b IR, i T AL B0 40 72 B 42 4R 7S
HE RGBT REWAT — K, B XA f o B JF 8
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B E

B, SERRRBHELRHER.

B LTS, T ER AT RS EEY
FHR AR AR, A SCHE 3RS
F25 BERETATH, REEBE T Kamata F 5, BB
W R K EZHNAMTER. AT 25 4R AR,
EXBEAURERE, NNFT RAXHRES
FREFEED
5.2 Hilbert f4 % #3

R A SCE M Kamata Bk, % N =3,4,5
G=3,4,5 ff) Hilbert HIZR #4177 A RLLH, K 8
BRTAXE S Kamata BEEMEHE LB K
., 7 Hilbert B4R E Y b, Kamata B R A1
RETE T4 ARE, &K Hilbert )2k 4555
B RAMRARR EERBHEHRR. ATRA
FEWARRE, Kamata BEEREAEBR R T I R TE
AL F BB E ; WA SCE A AH

REEAEN. INTERFRETEERENESR.
Kamata HEEEZ L T RSB I FEDSH
EYRAAT, NHEABETHREL LT M, M
XA BERFEE Hilbert 1 RAE m WRE T2
BEE ENEEREHRN 02", EE
XHBEET, EBARERNERE, EMAE RN HE
HENOQRY), AXTUEHRERERE m XX
B, FERTAEREEN BT K. BEFAET
—NMERERHITELRE, MET BHBELE
5%, A SCH B F Kamata B 3% 09 B ] & 2% B &2
0(2"™) ;Kamata B 55 1B 4K 5 0 4 28 Ak ) 88 5C 9
RIENT EMRYT BHDBLRT S, B0 ™)
WitERE., Bl TERFHEHEREZBBEFRT
7o B Kamata BIL WM EMHLBHEL L., W
AXEERMRAE BT R EIR 2 E T
BOAKERELEEHBRE,

= 150 74000 = 100000
£ & 3000 & 80000
E 100 E 5000 E 60000
£ 5 E 40000
&% ; L #1000 3 £ 20000
#H o od #H oo 0
3 4 5 3 4 5 3 4 5
MRS IR AH RN
(a) 3D Hilbert (b) 4D Hilbert (c¢) 5D Hilbert
—e— AVHE —=— Kamata$ ¥
B8 e E LR
Fig.8 Comparison of the computation costs
Mathematische Annalen, 1890, 36:157 ~160.
) 2 Biswas S. One-dimensional B-B polynomial and Hilbert scan for
6 &

EtXt N 4 Hilbert iy 2 45 5 3% A 1% 55 W X R 3
IR, AW T —E 2% N 4 Hilbert fh 48 Hosl 47 15
ME Y, T3 N4 Hilbert i RMBWASHT,E B
FMFE S A48 T Hilbert f{ 4R B K 1 k@& F
NP, IR T K BUE & B AL HL i 4 Hr
B, BERETETZEBEEMN N % Hilbert i £2
HBEEE., EdSoMHRE, SAAREML, ZE
%1 F 4 Hilbert BB 7E DM E E R A M. 1
Sh,ES7 Hilbert —— G EERBESEHEN
A
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