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Rapid 2D Delaunay Triangulation Algorithm for Random Distributed Point
Cloud Data

Wang Wen", Su Tianyun®”, and Wang Guoyu"

Y (College of Information Science and Engineering, Ocean University of China, Qingdao 266100)
) (Marine Information and Computation Center, First Institute of Oceanography, State Oceanic Administration, Qingdao  266061)

Abstract: Given the enormous scale and diverse distribution of 2D point cloud data, a multi-grid combined
with Hilbert curve insertion algorithm is proposed for improving the efficiency of Delaunay Triangulation.
First of all, the division problem caused by regular grid insertion scheme for non-uniform distributed point
set can be resolved by the multi-grid one. Then, a large amount of conflicting elongated triangles, which
have to be created and deleted many times, can be avoided by adding control points and adopting Hilbert
curve traversing grids. Lastly, searching steps for positioning inserting point can be reduced by adjusting the
Hilbert curve in adjacent grids for the avoided “jumping” phenomenon. The experimental results show that
the efficiency of Delaunay triangulation by multi-grid combined with Hilbert curve insertion algorithm can
be improved significantly for both uniform and non-uniform distributed point cloud data compared with

CGAL, regular grid insertion and multi-grid insertion algorithm.

Key words: Delaunay triangulation; Hilbert curve; mesh division; multi-grid; point cloud data

(1 [2]

Delaunay ,
2014-08-18 2015-02-11. E£TH (2011ZX05056-001-01);
(201205001). £ FE(1989—), , D HRBI9IT—), , ,

; TEF1962—), , , ,

[3]



1654

FHETHLANBY 5 P 2

027 4

41

E)

Bowyer[é], Watsonm, Sloan[g], Macedonia

[10] Tgailll]
[12]
b

riani

[6-7]

[13]

[8] ,
.Liu 1 Zhou

Buchin!'*"!

( Hilbert
) )
. Devroye (20-21]
;0 kD
, k-D
LO[22]
Delaunay

(18] Boissonnat

(5]

Lee s

1 Flo-

[17]

Peano

Hilbert

Delaunay

Hilbert

1 ETWEHFNZESBANEZE

Partl. ;
Part2. ;
Part3. Bowyer-Watson [6-7]
Partl
Part2  Part3 ,
Part2  Part3,
, Part2 )
Part3 ;
, Part3 ]
s Part2
, Part2  Part3
Part2 Part3
[8].
[22] )
SECN u
i B A
|
.o .,-7)' . .
= : .l
e }




%9 1 aa

S, A5 T AT R AR A s AU 1) 4 Delaunay HRHAA P 7L

1655

2 AKXEZ

Hilbert
Hilbert

, Delaunay

2.1 WAEXI 5 HN

Ninax (

50~200
N, 50),

max

N,

max 4
G°, G’

(m
G">G 56" 56",
Hilbert

Ngig =47,

Hilbert

Ny = 2 r Hilbert

reN. N,

(Ny>Npe) G,
Ny [22], 4~16

pr-l N, =N, x 4"

ave

r=|log,

4~16.

>

P = = (x,y) | i=1,2,, N, }

m—1
G s xmax > X

X,
X =X —X

span max min

Yspanzymax_ymin’ VVr:

Pm—l
G" ={(row,col) | row,col =1,2, -+, Ngq. }
pim—]_> Yi =~ Vmin +1,xj_xmin+l
W /4

r C

min > Ymax > Ymin

i ) , Pm -1



1656 THENUH Bt 5 B 2224 5527 %
G G" , Hilbert ; !
, m=1 H, s H,_, H,.
Gm—l Gm , 1
G" #Fz 1 Hilbert R 5| &
G" !
b b 1
G , 2
. 3 90<
2.2 Hilbert Fi% %1%
Hilbert David Hilbert 1, » H, /
1891 k) Hn_l s [ b2
[ Hn—l Hn
H [23]
, Hilbert . ' H, 4
Hilbert . , 5b,5¢ 0~1, 1~2, 23
Delaunay N ’ H, H,
Hilbert , n Hilbert H,(n= " Hilbert
1,2,3,+) 2" x2" 5 , Hilbert
[25] }
> > : Hilbert
EX 1. Hilbert n=1 )
Hilbert Hilbert Delaunay
, Sa .
Hilbert
s Hilbert
>3 6 Gm+l
, 2 G"
A 4
p
q > q
a. HilbertZfi ffd/1 ¥rHilbert il £ )
, Hilbert
mnREeml N um il mm
| I | L
- unlllan
i g i ] NS
N L7p
I 1L 1 - - A -
- S pan y g iy i & i THN L4
B ks L | J S A
\\ -<-IL_Ir- J
b. 2fHilbertH £& c. 3frHilbertfh & | — = LA
5 1~3  Hilbert /
.\ \ / AN
EX 2. Hilbert n 4 ‘ 1
Hilbert 5b 4 ,
6 <= .

/ , 1=0,1,2,3.




%9 T, o ENER S S S B 4t Delaunay HE ) 5Bk 1657
5 P 9 5 . . "IL_ll"
EX 3. Hilbert ) \ st
. Ny —
Hilbert , \ { -
. Gl I 1L
G’"/ Ml m
Gm+1 G~m Gm_l *‘\q 1 1 "J
P i / /’ILJ J| \\/
Hilbert i G" , E iy
mlm
G(” Gm+1 , . \ | I /
2 N \ / N
4 /7
%2 % E Hilbert £EFIX
7
o
G, G G,
o R ’ 4
R . Delaunay
N N Gl
o N Pl
h - Hilbert
; R G'( - :
- - - )s
o 5 G
- 8
- - 10 000 2 000
- Delaunay ; 8b
) ” 8a
. ~ Delaunay . 8 ,
o o Delaunay
2, 1 =0, G"
; i . G
2 ,“ 7
6
Hilbert s Hilbert
a. b.
23 =l
4 8 2 000 Delaunay

Delaunay

2.4 ANEERRE

) Delaunay




1658 TP B BT 5 BB 2244 827 %
begin conflicting triangles, NR)
if Nmaxa then , NR NP 5
me1;
griddivide(m); ’
else R 3 MG
; HG 5
end if RG HG G
) CGAL Delaunay NR NP
’ : 3 CGAL
. 3
end
griddivide(m)
begin
G", G" ;
Hilbert G" ;
i0;
while G" do
if m==1, then
i G
. a b.
end if AN
it i G" Npay then
griddivide(m+1); h
else N
G" ; ,
end if
i++; //
end while .
end c d.
3 BRERDA 0
0
) 1 000 .
: (
) ( 9a~9f, -
10 000 ) CGAL =
( RG) ( e f.
MG)??!  Hilbert ( 9
HG) , Intel(R) Xeon(R)
CPU E5-1620 0 @ 3.60 Hz, 8 GB , win7, 64 3 ) ,
) 3 1 , RG MG
Part2  Part3 , NP, NR ) ; CGAL
Part2 MG; HG
(the aver- , NP, NR MG
age number of passed triangles for point positioning, , HG MG
NP) , Part3 , RG ,
(the average number of removed HG 1.5 ; MG CGAL




%9 O, S E RS A S EE 0 4k Delaunay TRHE A R L 1659
x3 TRRE4FHEENENLL
CGAL /ms 14 461 14929 14 508 14 508 14 586 14 539
RG NP 5.72 23.46 17.21 10.47 7.09 7.71
NR 6.07 4.27 4.49 4.87 6.57 5.81
/ms 1373 577 577 530 436 1279
/ms 13323 19 406 16 567 13510 14 149 13 821
/ms 14914 20030 17 207 14 102 14 648 15319
MG NP 5.72 4.80 4.58 4.76 4.51 5.54
NR 6.07 5.22 5.44 5.51 5.98 5.89
/ms 1622 2 059 2075 1638 1419 1685
/ms 13 432 11 965 12 200 12028 12 168 13 057
/ms 15070 14 040 14 290 13682 13 603 14 757
HG NP 4.05 4.24 3.96 3.90 3.68 4.06
NR 4.15 4.62 4.57 438 4.78 4.17
/ms 1435 2106 2106 1607 1 420 1528
/ms 10218 10 952 10 639 9 844 10 280 10 156
/ms 11 887 13 120 12 823 11 529 11778 11918
; HG NP, NR MG 4 ZE.: =
0.5, 10%.
,CGAL RG ;MG CGAL Delaunay
RG 5% ; HG NP, NR MG >
1 , Hilbert
, MG 15%.
) , CGAL, RG, MG Hilbert ,
R HG NP, NR RG MG . >
) 20%. NP, NR
, CGAL >
> >
690 /ms; RG ,
, , CGAL
500  /ms, , Delaunay ,
710 /ms; MG > 10%~20%,
, CGAL
, 670  /ms, Delaunay
S 720 /ms; HG
% % 3Lk (References):
> 770 /ms,
850  /ms. 3 [1] Lawson C L. Software for C' surface interpolation[C] //Pro-
ceedings of the Symposium on Mathematical Software. New
> 3 ’ York: Academic Press, 1977: 161-194
, HG 4 [2] Lewis B A, Robinson J S. Triangulation of planar regions with

@ S 8] = g HE T IR T] -+ 5 A ACERF 8]+ AT 8], 5 B g% JEC el [ 6 45 B e ) B f Pl G e AR, ol TG b S ) L E R /D, i A

BB P AT R L



1660

TR P B B 5 KR 2224

07 %

[3]

(4]

[3]

(6]

(7]

(8]

9]

[10]

[11]

[13]

[14]

applications[J]. Computer Journal, 1978, 21(4): 324-332

Green P J, Sibson R. Computing Dirichlet tessellations in the
plane[J]. Computer Journal, 1978, 21(2): 168-173

Sapidis N, Perucchio R. Delaunay triangulation of arbitrarily
shaped planar domains[J]. Computer Aided Geometric Design,
1991, 8(6): 421-437

Lee D T, Schachter B J. Two algorithms for constructing a De-
launay triangulation[J]. International Journal of Computer &
Information Sciences, 1980, 9(3): 219-242

Bowyer A. Computing Dirichlet tessellations[J].
Journal, 1981, 24(2): 162-166

Watson D F. Computing the n-dimension Delaunay tessellation

Computer

with application to Voronoi polytopes[J]. Computer Journal,

1981, 24(2): 167-172

Sloan S W. A fast algorithm for constructing Delaunay triangu-

lations in the plane[J]. Advances in Engineering Software, 1987,

9(1): 34-55

Macedonia G, Pareschi M T. An algorithm for the triangulation

of arbitrarily distributed points: applications to volume estimate

and terrain fitting[J]. Computers & Geosciences, 1991, 17(7):

859-874

de Floriani L, Puppo E. An on-line algorithm for constrained

Delaunay triangulation[J]. CVGIP: Graphical Models and Im-

age Processing, 1992, 54(4): 290-300

Tsai V J D. Delaunay triangulations in TIN creation: an over-

view and a linear-time algorithm[J]. International Journal of

Geographical Information Systems, 1993, 7(6): 501-524

Wu Xiaobo, Wang Shixin, Xiao Chunsheng. A new study for

Delaunay triangulation creation[J]. Acta Geodaetica et Carto-

graphica Sinica, 1999, 28(1): 28-35 (in Chinese)

( R N . Delaunay

[J]. , 1999, 28(1): 28-35)

Wang Xing. Study on an algorithm for fast constructing De-

launay triangulation and 3D visualization in OpenGL environ-

ment[J]. Science Technology and Engineering, 2011, 11(9):

2070-2074 (in Chinese)

( . Delaunay OpenGL
[J]. ,2011, 11(9): 2070-2074)

Amenta N, Choi S, Rote G. Incremental constructions con

BRIO[C] //Proceedings of the 19th Annual Symposium on

Computational Geometry. New York: ACM Press, 2003: 211-

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

219
Liu Y, Snoeyink J. A comparison of five implementations of 3D
Delaunay tessellation[J]. Combinatorial and Computational
Geometry, 2005, 52: 439-458
Zhou S, Jones C B. HCPO: an efficient insertion order for in-
cremental Delaunay triangulation[J]. Information Processing
Letters, 2005, 93(1): 3742
Boissonnat J D, Devillers O, Hornus S. Incremental construc-
tion of the Delaunay triangulation and the Delaunay graph in
medium dimension[C] //Proceedings of the 25th Annual Sym-
posium on Computational Geometry. New York: ACM Press,
2009: 208-216
Buchin K. Organizing point sets: space-filling curves, Delau-
nay tessellations of random point sets, and flow complexes[D].
Berlin: Free University Berlin. Department of Mathematics and
Computer Science, 2007
Buchin K. Constructing Delaunay triangulations along space-
filling curves[C] //Proceedings of the 17th Annual European
Symposium on Algorithms. Heidelberg: Springer, 2009: 119-
130
Devroye L, Jabbour J, Zamora-Cura C. Squarish k-d trees[J].
SIAM Journal on Computing, 2000, 30(5): 1678-1700
Devroye L, Lemaire C, Moreau J M. Expected time analysis for
Delaunay point location[J]. Computational Geometry, 2004,
29(2): 61-89
Lo S H. Delaunay triangulation of non-uniform point distribu-
tions by means of multi-grid insertion[J]. Finite Elements in
Analysis and Design, 2013, 63: 8-22
Frisken S F, Perry R N. Simple and efficient traversal methods
for quadtrees and octrees[J]. Journal of Graphics Tools, 2002,
7(3): 1-11
Li Chenyang, Duan Xiongwen, Feng Yucai. Algorithm for gen-
erating n-dimensional Hilbert curve[J]. Journal of Image and
Graphics, 2006, 11(8): 1068-1075 (in Chinese)
( , , . N  Hilbert [31.
,2006, 11(8): 1068-1075)

Chen Ningtao, Wang Nengchao, Chen Ying. Fast generation
algorithm design and realization of Hilbert curve[J]. Mini-
Micro Systems, 2005, 26(10): 1754-1757 (in Chinese)
( ) , . Hilbert

[31. , 2005, 26(10): 1754-1757)



