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Abstract: To solve leakages as complex subdivision structures, high nodes overlap probability and poor
supporting on multi-dimensional entity object retrievals and the computation of existing spatial indexes. This paper
presents a boundary restricted non-overlapping sphere tree for a unified multidimensional solid object index. By
using the outer product expression of a sphere in Geometric Algebra, an approach is explored for intersection
judgments and point extractions between lines and planes and lines and spherical surfaces based on meet operators.
The element subdivision of multi-dimensional object voxelization and the boundary restricted non-overlapping
sphere-filling algorithm is developed to balance the conditions (e.g. granularity, non-overlapping subdivision of
object voxelization), the duplication and approximate degrees of approaching objects. Furthermore, generating and
updating minimum boundary sphere and batch Neural Gas hierarchical clustering algorithm is also presented, and
contains a volume adjusted, index level system steady with the balance of each branch of a sphere tree. Next, with
the advantage of a clear geometric meaning, simple geometric relations calculation among spheres and dynamical
updateable parameters, index structure can be dynamically generated and updated. Finally, the unified
multidimensional solid object index, a query mechanism of any location and range on and in the solid objects is
proposed. The updated minimum boundary sphere construction, algorithm, and the volume adjusted adaptive batch
Neural Gas hierarchical cluster algorithm are defined to quickly, robustly, relatively, and uniformly classify the
filling sphere. The simulation of different physical objects and performance comparison with a commonly used
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sphere tree indexes suggest that the proposed index can effectively query any position or regions on and in the solid

objects, and support the nearest linkage distance and dynamical overlapping query under limited time restrictions

with high precision.

Key words:  multi-dimension unified spatial index; non-overlapping sphere tree; space partition; spatial cluster;
solid object index
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Bk SR R 0 50 R AR I AR AT SRR AL I R

1 \:Obj3d (Jz44%F %), SeedVox (Filt 744 7T), Tol (1] 43 43 HE %)

i - Spherelist(BR B BA%1)).

1) Initlization VolList, SeedVox, SphereList; //54E &5 I H1841L;

2)  AABBTree=buildAABBtree(Obj3d,Tol); //ARE#I 4> 7> He& by i SEA % % AABB #;

3)  VirturalRay=getRoundingPlaces(Obj3d,SeedVox); //LAF 1447t A Fhvs 1 DY J) 2 B 48 28 ;

4)  VolList=getVoxelsWithFilling(AABBTree,Tol, VirturalRay); //FIH MEEIOGLE K& AABB B3 4 4l 7t

AT AT A

5)  BoundaryVoxel=getBoundaryVoxel(VolList); /34334 54k T,

6)  SurfaceDistance=getVoxelDist(VolList); //it 544 o iE fr 3 4814 AL RS ;

7) Do While (Voxels.GetSize(-)>0){

8)  MaxDistVoxel=buildDistanceQueue(Voxels,SphereList); /2B PH 25 5 K 144 76 MaxDistVoxel;
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VS M TTBAF I Bk VSy;

10) SphereList.Push_Back(tmpSphere);
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Table 1  Performance indexes of the sphere trees constructed based on six standard objects
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AR 1861290 2706374 1625422 785864 356579 270 788
BURS S 13 965 18 782 9218 5412 2146 949
T4 16 780 33 966 15 497 10 144 4272 1890
A TEAH 3681 5834 2888 2728 5144 1922
BRAN L 2890 2512 1752 1429 2655 1382
BRI R AU 4 L 40 67 53 60 59 46
I AN 2858 2 467 1724 1408 2626 1350
BRI S FERS (s) 11 28 7 7 22 3
SRR R ZR R FERT (5) 58 49 33 26 52 25
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© PEEEEBAITT

http:// www. jos. org. cn



2756 Journal of Software k3% \Vol.23, No.10, October 2012

52 5EMBKMRIIBIITLL

MIEFE 2 (45 2 BB S AR SR A S AR L) T T B L TR 15 2 A A P AT ST R BOLR
SR, LA (glovehi) Bl I BEAT 7 25 8, AN, 23 il i B2 HE 4 00 10~50 MR TTAb 7 SR EAT R T 22,
LS UE AN ) 4 75 Ak 73 % % 50k 45 B IR 56 A R 8% 4 :CP Uz Intel Core i3-2330M,2.20GHzZ,2.00GB N 7, #: 1 &
£5:64 {7 Windows 7.%} L5723 B Sphere-Tree Construction Toolkit(http://isg.cs.tcd.ie/spheretree/) 2 {1 (1) 5 Ff
B 22 15| 5235193032 Octree, Grid, Hubbard, Spawn Fl Medial Axis 753:) (W18 5 it 7). Octree 75 :4h, L4 7
VEY) T A S A AR LA AT BRAT B AN B LA OR A 3 e e 45 IR v SR A 2 B S AN R v 32 A8 AT I T B
PAE & IR, Medial Axis JiiJ0vE T 6 J2 )5 5 58 TSR H T JEAHZZ BRA 1) 18 78 S0 B AR SO R 1 A S 1)
ARG T I B BR R 5 B35 51 53 /2 O HS I0, A% SC 7 IR B 78 28 2R AR G380 7 28, AS [R] R 4 oAb 3 3%
HRAF AN ) 2 R0 0l e 2 m) 5 ) — BUOPE R0, W7s T AR SO R 78 SRk R R I AR e T

= Res-10-# Res-20 + Res-30 v Res-40-+ Res-50

»Octree —+—Grid —# Hubbard-e—Spawn—+Mdeial O BRI e TR IR
20 F {20 14r M 500
3 - 12+

®15 | AN " 155 S0 1"z
b N b o[ e
% PN /o Fasl Jooo’
S0F p RN /e {10z j;j ol el
ol A~ w2 -zooﬁ
=g | L g - -5@4&4— 1100 E

L " 1 " |. o T ..! ’.‘t;; 0 0-:| |] r ! .I-I -l g —! ! ] 0

LevO Levl Lev2 Lev3 Levd Levs Lev6 ?&s,x%&sz%@s%@,u% =T C"'\i\ \)@a(g@w 5
AR BRB
(a) BRA AR (b) BB AN S Y R R
= PIPEER T —e— IBATIN 103 = PR o— JZATINA]

T T T T 25 i j ' ' ' 418

20F o] 6 _ [ {16
_ 2.0 = 14 =2
= Zw b 12
§§10- | 1652 s | J10 %
i K : . >
-EE . | 1.05;: H_g i i 2 4 418 %‘\i
Ko} 1 5 2 T 16 £

= ) los B . 44

. e 1 42

? T : : ; 0.0 0 ‘T . . . 0

Res-10  Res-20 Res-30  Res-40  Res-50 Res-10  Res-20  Res-30  Res-40  Res-50
BRM B
() IR AR E B TH B 72 a8 AT I i) (d) FHASARFRT SR 22 538 AT I ]

Fig.5 Performance comparison

K5 PEREXSLE

MIRFEERAN B 5 A e IR 22 b7 A (AT 23 70 B ER IK 3 0, B 78 BRI A S 2 0 i a9 (5 {7
ANTIET NSO 5 35 PR R BB ] I AN [ AR T 70 23 0 2R M IRe IR 22 (K AR AL S 2R 18 T . 24 7
HeA N 50 I TR R 22 C /N T2 T\ SOM SR 2B R BRAR (0 M7 S SR 22 DN T 35, AR SOV BUARE 3R
FEERHCE Bn i Tl 4 By, (H B AR o ) B R I 7 e JLRZE T IR 4 BRI AT AT
BTt UL 2R BRG J5E, FARAIRAS: 2 A o 57 (1 SR

HI T BUAT 2 4 S PO B8 SR TH S IR SCHERE D A 8255, i 5 oS LK) 28 5 450 M DA S BIUX $5 30 4 i
15 LA S A AZ AR S5 R v 55, DL SRS AN ] 3 3 TR A SCARER T B0 1R 408 22 D I 1) S 20% BE AR AT 08 B 7 W K- 2

© HEBEERAET hipd/ www, jos. org. cn



WET F DR R A A ARt £ % e — % 5] 2757

PR SF 28) B R v B0 22 45 R R 2 % 10 R 20 AN TR IR P 1R ZE A I 4, L Ax 3 By Rk 2
B I S A AT AR AR, TH ST AR R 8 2230 1 1% LN, SR T AR SCEE R AT 5 (K o SRS BE N2 AT I ) B fedl
AW B AR 3R Bk 50 73 HER (IS AT I (R AE Ims DA_EAR, JLRIILE Ims LLA, AR AZ AR (1 71 5 0 2 7 8ms DAL
ER G5 R IR A SO R AT R I S R T R AT BRI WA R 2 s & s P R MR R R R S
A

6 Zit5itit

AT T J UKL S L T 38 S 2R AR AR A B 22 4 48— 2 8] 28 51 48 Y A A s ) 23 R 5 249 AR AR A
AZERI BUFE 5 1) 20 S AR SRR B 5 20 R AT T BREF T I 0 S B AL, SEBL T ) 20 R R 5 AR L K AT
ROV T ERARBUE IR AL Neural Gas JZUKEERAE, SCHL 7 A FEER PG . Fafid LUK AR X 9 29 1 20 FLAZ R
1T LA RS B 2 2 S AR G AR T M G N A T A B R DX IS PR A R T SCHE 2 2 AR B I AR
B2 AR GANA AR 2R ST SORG B A ST 2% B ml j2 2% 2 i Bl i R s 8

FH LA ARKOE 1 AR AR5 b 2 42 (a] (K BK L BEER T LLEE — &5 M 3R3E, R 22 3 i) 45 W) S BIUX 22 4 xt
B (R A7 il 4 M, JUAF i 5 5 B 1R R 1 2326 T 7 L AT L A 3 A2 22 T8 1) 2 1 43 A AL 0 %), KT i O 7
G SRR A 1) ) LA B 308 LA AR O R TR AN A2 () SR RAE 1 — bk A R B A (i R R &
IR 28 T (KL T3 AR R 7 R IR T 75 5 SR 7 sCE AT 38 2 40 5 5 oK TR 2 1 IR R 510 R 28 xS
G 1) R 2R SR AT LA, mT DU 38 SR R B L e R AR B v 1R S () 0 AT 7 0 A S L Bl AR A () 4y
T >R

FEA LR T S G AR AZ BRI T 75 BT 58 AR 0 55 2R 1 FA) B S A, JF 7 AR BRI 78 ) il e rh AT 0%
AR T [7] I, 36 - 2 S8 (R BR AR J2 U0 2R (10 4 Sl 0 2 AR SCEVR B O FE IR () 3 73 AR SR Wl e I A AL i A2 0 4
@ A5 588 JUART 2 LA VTS0 AT 25 AU 1 245 1) 18 7 1 B 18 15 0 VR34 %9 Mg 2 AR A2 BR B 78 i R B AL 5755, #y
HEERE . BRI ARARASER KPR IR RO MG T AR B 2 e g8 — R S
FEAT B 454 5 VR R 2SS A M IR T

Bt R T ST AT R TR LR Weller 841 Zachmann 2082 56 T 45 [0 R 51 (IR A L.

References:

[1] Tao YF, Papadias D, Lian X, Xiao XK. Multidimensional reverse kNN search. The VLDB Journal, 2007,16(3):293-316. [doi:
10.1007/s00778-005-0168-2]

[2] Sharifzadeh M, Shahabi C. Approximate Voronoi cell computation on spatial data streams. The VLDB Journal, 2009,18(1):57-75.
[doi: 10.1007/s00778-007-0081-y]

[3] Mouratidis LHU, Mouratidis K, Mamoulis N. Continuous spatial assignment of moving users. The VLDB Journal, 2010,
19(2):141-160. [doi: 10.1007/s00778-009-0144-3]

[4] Gao YJ, Zheng BH, Chen GC, Li Q, Guo XF. Continuous visible nearest neighbor query processing in spatial databases. The
VLDB Journal, 2011,20(3):371-396. [doi: 10.1007/s00778-010-0200-z]

[5] Lasenby J, Fitzgerald WJ, Lasenby AN, Doran CJL. New geometric methods for computer vision: An application to structure and
motion estimation. Int’l Journal of Computer Vision, 1998,26(3):191-213. [doi: 10.1023/A:1007901028047]

[6] Dorst L, Fontijne D, Mann S. Geometric Algebra for Computer Science: An Object-Oriented Approach to Geometry. San Fransisco.
Morgan Kaufmann Publishers, 2007. 7-15.

[7]1 Perwass C. Geometric Algebra with Applications in Engineering. New York: Springer-Verlag, 2009. 1-23. [doi: 10.1007/978-3-
540-89068-3]

[8] Yuan LW, Yu ZY, Luo W, Zhou LC, Li GN. A 3D GIS spatial data model based on conformal geometric algebra. Science of China
(Series D—Earth Science), 2011,54(1):101-112. [doi: 10.1007/s11430-010-4130-9]

© HEBEERAET hipd/ www, jos. org. cn



2758 Journal of Software k3% \Vol.23, No.10, October 2012

[91 Yuan LW, Yu ZY, Chen SF, Luo W, Wang YJ, Li GN. CAUSTA: Clifford algebra based unified spatio-temporal analysis. Trans.
in GIS, 2010,14(s1):59-83. [doi: 10.1111/j.1467-9671.2010.01221.x]

[10] Zhu Q, Gong J, Zhang YT. An efficient 3D R-tree spatial index method for virtual geographic environments. ISPRS Journal of
Photogrammetry and Remote Sensing, 2007,62(3):217-224. [doi: 10.1016/j.isprsjprs.2007.05.007]

[11] L& GX, Pan M, Wu HP, Cong WQ, Wu ZX. Research on large virtual OCtree model for true three dimensional geo-science
modeling. Acta Scientiarum Naturalium Universitatis Pekinensis, 2007,43(4):496-501 (in Chinese with English abstract).

[12] lyer N, Jayanti S, Lou K, Kalyanaraman Y, Ramani K. Three-Dimensional shape searching: State-of-the-Art review and future
trends. Computer-Aided Design, 2005,37(5):509-530. [doi: 10.1016/j.cad.2004.07.002]

[13] Ye CC, Luo JP, Zhou XM. A spatial index to improve the response speed of WebGIS servers. Journal of Software, 2005,16(5):
819-826 (in Chinese with English abstract). http://www.jos.org.cn/1000-9825/16/819.htm [doi: 10.1360/jos160819]

[14] Zhen K, Zhu LF, Wu XC, Liu XG, Li J. Study on spatial indexing techniques for 3D GIS. Geography and Geo-Information Science,
2006,22(4):35-39 (in Chinese with English abstract).

[15] Yan CD, Zhao XS. The review of spatial indexes in GIS. Geography and Geo-Information Science, 2004,20(4):23-26, 39 (in
Chinese with English abstract).

[16] Tao YF, Papadias D, Sun JM. The TPR -Tree: An optimized spatio-temporal access method for predictive queries. In: Proc. of the
29th VLDB. Berlin: Morgan Kaufmann Publishers, 2003. 790-801. http://repository.ust.hk/dspace/bitstream/1783.1/172/1/
VLDBO3TPR.pdf

[17] Feng YC, Cao K, Cao ZS. A multidimensional index structure for fast similarity retrieval. Journal of Software, 2002,13(8):
1678-1685 (in Chinese with English abstract). http://www.jos.org.cn/1000-9825/20020847.htm

[18] Zhang Q, Zhao Z. Z tree: An index structure for high-dimensional data. Computer Engineering, 2007,33(15):49-51 (in Chinese
with English abstract).

[19] Bradshaw G, Sullivan C. Adaptive medial-axis approximation for sphere-tree construction. ACM Trans. on Graphics, 2004,23(1):
1-26. [doi: 10.1145/966131.966132]

[20] Weller R, Zachmann G. A unified approach for physically-based simulations and haptic rendering. In: Proc. of the ACM
SIGGRAPH Video Game. New Orleans: ACM Press, 2009. [doi: 10.1145/1581073.1581097]

[21] Sourina O, Boey SH. Geometric query types for data retrieval in relational databases. Data & Knowledge Engineering, 1998,27(2):
207-229. [doi: 10.1016/S0169-023X(97)00061-X]

[22] Breunig M, Zlatanova S. 3D geo-database research: Retrospective and future directions. Computers & Geosciences, 2011,37(7):
791-803. [doi: 10.1016/j.cage0.2010.04.016]

[23] LiJ, Jing N, Sun MY. A mechanism of implementing visualization with level of detail at multi-scale. Journal of Software, 2002,
13(10):2037-2043 (in Chinese with English abstract). http://www.jos.org.cn/1000-9825/20021018.htm

[24] Sander J, Ester M, Kriegel HP, Xu XW. Density-Based clustering in spatial databases: The algorithm GDBSCAN and its
applications. Data Mining and Knowledge Discovery, 1998,2(2):169-194. [doi: 10.1023/A:1009745219419]

[25] Hammer B, Hasenfuss A, Villmann T. Magnification control for batch neural gas. Journal Neurocomputing, 2007,70(7-9):
1225-1234. [doi: 10.1016/j.neucom.2006.10.147]

[26] Morris D. Algorithms and data structures for haptic rendering: Curve constraints, distance maps, and data logging. Technical
Report, Report 2006-06, Stanford University, 2006. http://www-cs.stanford.edu/~dmorris/publications/haptic_algorithms.pdf

[27] Weller R, Zachmann G. Inner sphere trees and their application to collision detection. In: Brunnelt G, Coquillart S, Welch G, eds.
Virtual Realities. Vienna: Springer-Verlag, 2011. 181-201. [doi: 10.1007/978-3-211-99178-7_10]

[28] Hildenbrand D, Hitzer E. Analysis of point clouds using conformal geometric algebra. In: Proc. of the 3rd GRAPP. Funchal, 2008.
http://www.gris.informatik.tu-darmstadt.de/~dhilden/GRAPP08_Points_Final.pdf

[29] Yuan LW, Lu GN, Luo W, Yu ZY, Yi L, Shen YH. Geometric algebra method for multidimensionally-unified GIS computation.
Chinese Science Bulletin, 2012,57(7):802—811. [doi: 10.1007/s11434-011-4891-3]

[30] Garcia M, Bayona S, Toharia P, Mendoza C. Comparing sphere-tree generators and hierarchy updates for deformable objects
collision detection. Lecture Notes in Computer Science, 2005,3804:167—-174. [doi: 10.1007/11595755_21]

© MEEEERRAEIFTIT hup:/ www, jos. org. on



AT S R R AR RO ARt % % Y — % 5] 2759

[31] Palmer 1J, Grimsdale RL. Collision detection for animation using sphere-trees. Computer Graphics Forum, 1995,14(2):105-116.
[doi: 10.1111/1467-8659.1420105]

[32] Hubbard P. Collision detection for interactive graphics applications. IEEE Trans. on Visualization and Computer Graphics, 1995,
1(3):218-230. [doi: 10.1111/1467-8659.1420105]

[33] Bayro-Corrochano E, Arana-Daniel N. Clifford support vector machines for classification, regression, and recurrence. IEEE Trans.
on Neural Networks, 2010,21(11):1731-1746. [doi: 10.1109/TNN.2010.2060352]

[34] Birgin EG, Sobral FNC. Minimizing the object dimensions in circle and sphere packing problems. Computers & OR, 2008,35(7):
2357-2375. [doi: 10.1016/j.cor.2006.11.002]

[35] Broutta A, Coeurjolly D, Sivignon I. Hierarchical discrete medial axis for sphere-tree construction. Lecture Notes in Computer
Science, 2009,5832:56—67. [doi: 10.1007/978-3-642-10210-3_5]

Bt 32 5% SRk

[11] B %8, i 2, S 00, DAgR T, S 1 6T 1) B0 = 4 2 A (1) VA 5 4L\ OB BE AL 5T Ak a0 K A% 2E (1 AR BT 2 AR, 2007,
43(4):496-501.

[13] W& DG . TN WebGIS R 55 %% Wi 1 5 B2 1) 2 (7] 28 5 | 412741, 2005,16(5):819-826.  http://www.jos.org.cn/
1000-9825/16/819.htm [doi: 10.1360/j05160819]

[14] HHh 2R R, S A, M8 E, 2295 3D GIS =% [/ 2 5 | B A 9. Hh 2 55 1 B4 EL R} 42,2006,22(4):35-39.

[15] A X2 M .GIS 25 [ 2R 5| J7 V2R VP Hb 21 55 b BT 45 )} 2,2004,20(4):23-26,39.

[17] Al 2 T — b SRR PROHUAR RS R 10 2 4 22 51 45 4 3K 1 R ,2002,13(8):1678-1685.  http://www.jos.org.cn/1000-
9825/20020847.htm

[18] 5kum, X BLZ A8 — A i 4 2 (0 B R 51 454901 5L T F%,2007,33(15):49-51.

[23] 27 57 FMRED. 2 LA T 4005 2 AT A4 IR S BRATL . 3k 11 2% %, 2002,13(10):2037-2043. http://www.jos.org.cn/1000-9825/
20021018.htm

ATEETT (1984 —), 0 M BN I £, UF
i, S AT AU B AE S AR A

B (1973—), 55, VFIN, T2 ZERF ST 400N o
SIS,

RMBE(1973—), 00, 1 2 R
i, AT A B AE S AR AR

i8] E £F (1961 —), 55, {1 4% 1y 1 A
i, B AT U A R A

% 3(1986—), 5, 1 4 Ak, 3 ST S AT
HUE AR R ARG B TR

© PEESEBPSTIT hups/ www. jos. org. cn



