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An Automatic Topology Recovery Method Using T-Spline
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Abstract
ations for handling unwanted geometric features and facilitating mesh generation without modifying the original input

An automatic topology recovery method using T-Spline is presented to reconstruct surfaces by virtual oper-

computer aided design (CAD) model. Innovations of the method primarily are in two aspects. Firstly, it presents an auto-
matic topology recovery method using T-Spline to identificate and handle unwanted geometric features in solid modeling
automatically, such as short edges, small faces, degenerated edges, degenerated faces, fragmentary boundary edges, sharp
features, etc. And a valid B-Rep of CAD model is reconstructed using virtual topology. Secondly, in order to make a
truly seamless interaction between CAD and computer aided engineering (CAE), a system for CAE analysis is developed
to improve the efficiency and accuracy of the simulation. All operations and CAE analysis can be set up directly on the
CAD model, thus automatic simulation is possible and geometric simplification is avoided. In CAE analysis, on account
of the requirement for automatic simulation of entire process, the method based on T-spline can relieve the burden of

mesh generation and promote CAE analysis to some extent.
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Fig.1 Statistics related to numerical computation from Sandia National Laboratories of USA

Horpouh T CAD BEAUAYAL BTN &7 60 % (1 1 pap
R 1~3), ARSI 20% (K1 2B 4 Al
ABR 5), T ELIE T EUE TSR I 1) 5 B
BALE R 4% f (B 1 PR 8), Bk, S
HIALBRAY H ik 3 w4 F 3 CAE A 8RR Ak
JER AR, BRINT, P e (R A A 18 S e ]
() CAE Z3Ar 36 J LA AR AT #5A7 FR ORI 2R, w46
AR LR R T HOR IR Z 454, FEd T CAD
JUAT AR BT IR 35 25 RS SR A T DL 1) 3K SE IR 1)
R, RILTES AR CAE R4 EH)UTHALE R &
FIAJUA “M=™.

CAD BRI LA “MRFE" FpAEXE AR KL, HI
KR A SR Z M2 A, RS g —
& CAD BEAUAE LA 3 BBl I 7 R BRI . 7E1%
GEry U BT K it A AR R, JLATTE AR
TS B ATI7IE 58 40y TR AN T i ARG, it
BRI CAD Sk, 2 A AR L
RN 5 SeP) B AT R 2. — R AR R G2 [A]
A Bt % 2 1 B CAD BERY LA R K 4 M B
SR FEH WGl gkt b, CAD R4t5 CAE
RGPIFANBINAL, P Z 18 e ikt T & .. AEitfT
PR BT B RE AT, 7 2R CAD #EA T A%

CAE ARG, TEM & idad e i ik o J LA
Bdls LM B E L. o6, ARG m TR it
Sp, CAE - Mt M gy B A AR A AR R sty CAD
JUATASE R GEAT 48 B e R Ak, ToiR R S LA B A5 2
BRI RS RLAEE, CAE il
CAD JUMBIARUA G —, B Z A E RS,
S8 CAE 7p#fr A s LR K.

CAD #E L HHAMER 3 R S IE R
A CAD BAUALFRYAIR T, % CAD B 7 AE
AL (AN . 75 a . GBALIL . GBABT . AR
ST IR R ARBURAIESE) EAT AL, KEAFAERY “H%
R CIE JURAR I e CAE 34T i
JUfl. HAL, TR TR, BRSNS T
CAD BARUBIZ T AT S £ B IR — T
HELEh AT o5 — 2B e . e CAD
PAFE AT RS S A, BB NURBS 1y
AT RESE U U S, TUADRS L v, (EL32 40
FIBRA ELAF R iR, S [4] $R 0 1T — PP T IE
S IR Tk, T A VEEE Sk il T Py UEAT U B A B
i ) A AR E SR BRI IR RA RRYE, HAEBE
WREPAFEA RGO SCHR [5] R T —Fp T iE
St i B 7538, R CSEBRAET T BRI/ N LR,



8 4 W4 BT T-Spline 1y4x B 3l LAHHME R Irik 1513

PR ., AR R, HAE SRR, &
TRAH/INFRAEAG 16 A B 1 S B Ty, R R oK
KF 5. SCHR (6] $5 T —Fh BT 2 il i v R A
“SLPRVEY B SEARBERY, X CAD #5AY b Y J LA
PESATHG I ERAE, RIH SR Ja R gl 22
J SRR v g il T, %O AR TE AR G 1) 58
WBER EE L RFEEREHN TR, XTI
SRR ) TUMTE EACRAR HAS R 2) BRI
(AR 5 Ay A DB R LA s M i ME BAFAEER
ZE5r, B TR CAD BB ESME . BT
M AT MBS A SR R E W = AR
PEAT HH TR RAE, A0 JUATTH R PR . 808w, 3
FERBER R JUDRE BE 22, Toyk i e ek B nd £l
BADER. SCHR [7] X B RUsE AL 18 52 7 SR T i) A
it RIEAT T RE M H NS S, RS B4 T i
B B RO AL A 8, AR YA AR —3, IR A,
E R BIerIT. FLIH. MR PITES.

FHAZ . PHEMEEE . B . BRI LR E 2 2 %
BITES R, H 2B A TE BB A P AT,
TR R IE 222 B0l T ST AL 4% 0 R B s 4 g s A
SIAREE R, MAEET S8l sty CAD FAY
O RAETE. SCHER (8] $& 3 T — R AT B i T i
i, FHKRER =MAIEH s 8 B, %07
VEXE DATHG JE o ) BB AU 8 SR ELAF i 5 oK.
WAk, B SRR B B TR S AR Z D,
TEEEN T &2 SRy B AR, W 35 2,
e T T 2 il TR LAY rh g i AR AR R (Boundary
representation, B-Rep). Z%§ i a1 & B AE BUE A
W Y SR iz, AR S JUART o0 A R v S AR 27
LA, ARBY P TLARDR FE X R UE B A RS BT R
SR, R v A E ) BB AR DL 2SR R 2 80t
TSR, HEERZORR I m P28, AU
K BEEE B f R K, RS — R R T IEZe il
T T A | 3 U ME &

T AR B —Fp AT T-Spline /94 H 3
JUTHRIMEE ik, & T—% CAD/CAE £ &
4, Gi— T LA S A B AL, St T CAE
5 CAD Wiss 1) Jose £ 0, A miMe S #4E Js
4L CAE S3Hrit BITE R — 85 R kAT, e 7 LA
BATYE CAE 5 CAD Z 50 8] 4% 4 b 3 18 i 5 e &
. BT REEE 5Lk CAE S0
RN R R ST RN B A E , B A
H CAD SR v i i LR A B s SE I 52 A= 4544
CAE 4347 B3k, LA SEARA AL ) il T VR
PR R R E A AL, I BT CAE 2057 i 9 %
BT MR s A CAD 8 b+ 55 T 1) 2E B 4
TEFNEAE AR 73 i RS i LAl {5 5., b))t &)
. HEvE LR A, MM T JUMiR 22 5 ARIIE

TIPSR, 5B CAE A H Y
e, IR HERET UG F&, AR g
JPiihiE S Visual CH+ ZWIF AR, &iHTHT
BRI A CAD #78 B-Rep $dlafige— L4
P CVBLHR, A 1 R (A A A A TR . 1%
ARGERMA OB T4 A s Ui fME AR,
HaAzUHiMER 5)54: CAE S3HraE i —3H
BT, B TN R AR G A] R A e Y
CAD HER L EdE kI IME B BR, Gi— 1 LA
MM, st CAE 5 CAD Wi pjosk s
- e CAE S R i A BEA R AE R A ] 2
PR,

CAD ¥ P&

| UG-NX ‘ | SolidWorks | ‘ Pro/E | | Catia |

i}

AR AN %
ﬂ @ %
%E Laﬁjﬁlﬁﬁ# —> %
pis

ot =

2 5eRESik CAE J3Hrik i mi b P AE S
Fig.2 Preprocessing module of center for complete solid

analysis software for engineering structures

SERESLAR CAE 33k (4 iy S AR 3 1 S A

1) BT UG s T UG, A THE K
RS PR S R M, AR G S B ) LA i
BT UG 17 At OS W] bl 57
UG, I P A B s e . 7580 A
Peo JE b R A, X AT AT AR A N
JUAn[ 22 SRS o015 ot R RS AR 21 HoAth CAD 2k
.

2) w5 CAD S DR H. BT
CAD e it T A g4z m sk g, B al
PAE IR CAD BIZU R JLATECHE, SR X Le 4%
CRR B B A S T — AN B 7, B RS
SRR () e R, (A5 250 A e 3, 5%
M TF SRR, TR AT DA o 2 B s CAD BB
B-Rep ¥k tg e T CAE 43471 B-Rep %#f,
I HXF S50 &S S5l 4T 3w ST, M
iP5 CAD REHIfRA.

3) K H & Al ZE (Microsoft foundation
classes, MFC) B3k F a9 H P22 B 5, kb0 (il



1514 H 3l

¥ 15%

M CAD #{-$2dtryH P A &t TH. K8 CAD
AR AL F P T vt L B A B 5 v
REBcA MFC B & 2 B AR T 5 R4 2 HAth
CAD #f4r.

4) B A A Y R AR X A, AR
BIHBELRETE A R AR ()1 0 N SC By . %
BN TR S T C++4 89 E47 A ST 525, (i
RARMLE 5 A AL SIS SR T RE D . A
R—DERFEFH 7 — LT A T8 =2
AT R G R Z ARG, ERS ik CAE ¥
R RERAESR AN 3 s

ASCHREH T —Fp T T-Spline 1)4x H 3l L[4
IMEE Ik, SEGE T ES M R IME E T
FHEE, BT T-Spline AT NURBS #17MER
R ETET A T B4 S AEAE, TEORE [RS8 L
RS FE R RIHR N, 300 O 0 8 il TR 54 A7 i, T L
ANZ BRG] 5% g5 T B ah m M 2 oy
YEM L, 3T T-Spline $i#MEE B RAE J LIRS
FE S, W2 RORE BE BB, ELAE i A K
MR FEAR. A SO R AT LA MR AN
TR 5 At ik éﬁxjﬁ%i’l\ﬂkﬂﬁcﬁi ) figt ik
T CAD JUM BB R e a0 . Z5TH . 1Bkl . iR

PRThT . ARSI 1 5 S AR BURSAE A5 LB AN b B
ILWF#?E AR R “HEA” . “HEm ALEE LA

Bers”, [N EAY CAD JUMIBEZLE) B-Rep, 7E—7&
ﬁf“LTWﬂEEEAI%H*%iJﬂZH’JﬁE, PR AR X A5 1)
A TSI, BE T A M TN SRR, 4 R SR
], $2 CAE At SRR s ANl FE 0. 74k
PEFURIANP 4 PR,

1 NURBS # T-Spline

FESR VS RN 7 3 A 2 5 A L F 2 il i s B
FEHRAE T E B EIS KA AR T H. NURBS DA
HAR SRR 2 T CAD i 81F1 CAE 434
d ARG . BAREM R . B RIS
PR S AR AR B p 45 (FFBY) B h 414 (A
) 4. {H2 NURBS i 2 2] k&M R
i, if5 NURBS ] 1 76 18 8 o s ol 5 70 4% BBAR,
e A T U AR R B, 6% 5 il o A A R i A —
AR B R BRAE, R B DK I i 1 A2 F AL R A R
S7E RS, AT R LA A2 il T -5 bl i 922 170
BELEPE. ST Yok NURBS 1[G Geka, SCrk [11]
P —Rh i RE S T-Spline, B T-Spline #:5 p#%

{145 (Jobs)
v ,
CAD BARIFIMT. —» FIALER (Preprocessor) {J; K (Simulations) ZE R IR (Results)
v [
v |
puk =3 DA 8 1 > A RkE X
v ]
v v L R X
ZEm ZH 2k —» SR
— — Lol SRR X
=T I |
] O R S A S
Ly RRE . T
aq1] | —>| il | 5;5 g ||
TR 73
w | ] | R s el =
| E wi| | M
- AR R
—> L uRBs % | Ll g |-
L Cores o | —
K 3 5EEEsfk CAE Mk R HE S

Fig.3 The software framework of center for complete solid analysis software for engineering structures
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FERIHE, RIETI AR S RIS 8= R 2 =
273 [R5 3 = ZE i T (A% 7E Delaunay =407
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THRAIER LS 23T Delaunay AR A2 s8R 7 A4
FLZN. Delaunay = #1 ] 7> 5 SFE 2 =ik
WA 14 FE 15 Frs.

Kl 14  Delaunay = fisy i) 8 245

Fig.14 The most important characteristic of

Delaunay triangulation

@O

() FHNHT S (b) 2F RS I (©) WA
(2) Insert a point (b) Cavity generation (¢) Create a new cell
K 15 Delaunay =ffiibilFs

Fig.15 The process of Delaunay triangulation
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3) AR E. A SRR R, A B R
KM AEE P e =M, fFYanxee—
IEMER, 2.

4) ERUHT RO TR RN SRS, RS AR
Wk 5 Z WA B e, B RGH sot, B -
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.

5) EiE FAN IR, EHEI A B R AEE A
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3.2.1 EBTHPuREN

PR AL AR R A E AL T — A = AT R A
V542 Delaunay = fLiy M. BT X —id FEATE Hb
TERAS A B R ERAT, DR = AR EH R R, S
BRI AT RCE.

A K-d BRSO R gt 1),
H br sl B s T P i &, e 16 s, FE—
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FER O (logn). PAS A B B = A AR NS 5
A, A B = A T8 SO B0 H AR A0 43 00 AR il S
B, ST RS — BN - SR A MBS PLED, B2
H s s B T R AR

K16 HT=MEEOMWHER K-d R
Fig.16 Construct the K-d tree based on triangle center

3.2.2 IRt THRRE R
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PR E (7, ERRREHIr=ME.

/N

K17 I B R A
Fig. 17 The search path for finding the target triangle
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point containment( ), ¥ AFEHE A& (18 FLNHP
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(a) 2] Delaunay —fiifk
(a) Delaunay triangulation in parametric space

) BT EHTH=/MIEE TN K-d W

(b) Construct the K-d tree based on triangle center in parametric space

P18 ket H s R T s 1 R SRR F )
Fig. 18 An example to verify the efficiency of

target cell searching algorithm
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s 2 1T o AR AR BT IR AR SO Rk
AR AR I TR HE A

1 ASCHRI PR R IR S SR R AR X T
Table 1  Comparison between traditional method and

our method

ik BEBL AR BRREN (s)
1B R Tk 628611 96.28
ARG 628611 4.69

3.3 Delaunay = A MEHERNEHRS L

AT PR b E @ T-Spline i 1H, %f Delau-
nay — 4k A T AT S AL AL, BIXT A %
D21 T2 A0 B g E AR LA RRAE B0 S 85 28— A
G — 1S HAS ), Ho R B b R R il T L] 3
(B AR, M) AERL SRR N R AE AR, 4
K 19 Fi7s.

(2) MRSEAR R =1 RA#% il I 1) 29T 2440
(a) Reparameterization of Delaunay triangulation for
automobile axle housing model

(b) BT BRFH=AHELHRERN K-dW

(b) Construct the K-d tree based on triangle center in parametric space

K 19 Delaunay = FA% i i i 50 2 40k

Fig.19 Reparameterization of Delaunay triangulation
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LB T-Spline f i & @ 44, LSCM Jiikg—
FRERTE ) 2804k T v, B AT DASE BLAR £ Wt ST DA
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AR ICK Delaunay = kMg Sy = [V, E,

T] R =i S R bR &, H T 5 E
MERRN Zi = (z4,y:), 1 = 1,2,3. EHIZ=AMKEA
N AR n A=A, &S ZHX N 40 m
AR, W Py = S(ug,v;), WS et U - (x,
y, z2) — (u,v,0).

R‘— R?

3(x.7) 3 (u,v)
Tx,y) 2 (xy, 1, 1 (uy,v) 2 (uy,v)
F20 = MHE = SR

Fig.20 Reparameterization map for a triangle
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Uy, = Uy + ’U]_i
Ur2 = U2 + Ugi

Uy,3 = U3 + ’Ugi

TE S Fas 0] 2 /0 e O A JE e S UFE A 20
Aial sk fi# FiA Cauchy-Riemann . N KEEE
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AR T-Spline FI#% 8l e /> — e 3% (Moving
least square, MLS) @ 4% ] 5 pf £k (Radial basis
function, RBF) fH&5¢, 2 T —Fpnd HiE N T-
Spline {f g @ 5, SCIXTE S48 CAD JLfiA
H— i B AR LR AR & H B U R IME R 5
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TH] .
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T- WA, fe I SR AR AR B 42 i A, TR I PR iR 22 3R IX
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Table 2  Relevant experimental data of T-Spline

fitting for automatic surface reconstruction

%‘ﬁ“ E'm (1075 Inrn)
A 1.28 0.96

RMSE (107 mm)  Gmin  Qaver

0.862 0.978

3.4.1 T- MH&AYH)E

7E3E4T T-Spline p i B 206 b, 420 1) S 7E
T e A B E A T- PIA%. — A seseny T- M
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Ay AE e T- A, 253 DU AR B o 1 285 SR 2 B 0 i T
i3RIt A R A0 o0 IR EOR Y. T-Spline M 4%
20T I B T S DA FD

AW 1. 7 T- MBI R AT, FHXTE

FIZ RSSO LSRR (uj, ;). TR S ] B AU 4.
il
BRI
IIRULETRAT || Al || B BRI AR AR LA
EHBH N ET XA HENEER &5 7k
21 FERY T-Spline i i 4 i

Fig.21 The flowchart of automatic T-Spline surface reconstruction algorithm
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(a) CADE#! (b) T-PURE TR (;) EHIFH Soo (i, i) (10)

{a) CAD model

(d) T-Spline T () TG () PG AR
(d) T—Splinc surface (e) Error estimation (f) Mesh generation

{¢) T-mesh in 3D

(b) T-mesh in 2D

K22 FHadR T-Spline i 1 B 5245
Fig.22 An example of automatic T-Spline surface

reconstruction algorithm
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T-Spline & RIS L0, WK 24 PR, (HAR]
S B WAL BRI, Al
TE 4 U] JRE R R RS e A o A A . S R G T ik
FHEE, A 30K T-Spline 5 HELALEH L MLS 5
RBF A4 &, $2 7 —A#iiY 1 3% B, T-Spline
iy i EE R SR, AR UL T-Spline iy JAj e KRR BE
PRASE I o T ) LAy R 9 [ B, R i 4= F 8l )L
MBS AR, LI E A dd A 8 27
— AR BAR LT R AL 0 42 [ Bl il T S A, EEESC B
LV Er i R 2= PO S an Al 25 [k 4 Boss.

{a) ﬁluﬁﬁﬁﬁ)\ () BT R A

(a) Knot intersection in {b) Knot interscction in
the horizontal direction the longitudinal direction

() BN HIEA (d) FARE AR (AFM)
(c) Bidirectional knot {d) Mcsh gencration using
intersection advancing front method

/23 T-Spline JFy iy s A B 569
Fig.23 An example of T-Spline local

refinement algorithm

# 3 T-Spline JayflHy 4l ASVE I A T2 1
WA St A
Table 3  Relevant experimental data of T-Spline
fitting by the local refinement algorithm

JHEB A By (107°mm) RMSE (107° mm)  amin  Gaver

) RS A 3.32 1.63 0.875 0.937
ENCREIE: PN 2.87 1.39 0.913 0.961
B[] 7 L AfA 2.71 1.15 0.936 0.975

K4 ALE A drdn SR LR 400l TR 5 22 B
L RV
Table 4  Relevant experimental data of T-Spline fitting

for nonideal geometric features with arbitrary boundary

ﬁﬁu E., (10_5mm) RMSE (10_5mm) QAmin Qaver

LAy il T 2.93 1.26 0.837 0.935

» 4

| 4

Bl 24 AEEE mil A s 2R AR B LATRAAE

Fig.24 Nonideal geometric features with complex

boundary or holes

(a) Delaunay = L R EHEHL (b) BH MLS 5% RBF it 5

(a) Delaunay triangulation and RABRE R
reparameterization {b) T-mesh in parametric space

(o) T-PItE RZH M TR A (d) PR AR )ik,
(¢) T-Spline control grid (d) Mesh generation

() & T-Spline T () T-Spline B TH P4 4% 2 i
(e) T-Spline surface (f) Mesh generation
B 25 ALEE mil AR AR B UL B 2B
Fig.25 Topology recovery for nonideal geometric

features with arbitrary boundary
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DU A R 20 S R
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Q3uy

10
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A

(a) (b)

B 26 =fATE KU P i o
Fig.26 The quality factor of triangular and quadrilateral

mesh generation
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S T7IR, XA TUATR RS RN AL 1 52 2 2514
(QURRIE i SN TR RS e D i e = kI D LT 7f1
MBS, BIALBE T U AR AR R R L AT
B BRI . ARSI BB B E A
LA DT UL, $U& T-Spline 18] A 3 9
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18, H iz 2 S B b o Ak TAR . 3% 5~
8 PAKI 27 A 28 2Pk T T-Spline fy4 H 3
JUAIFRIME ST R B 200, ] A, A
SCRIRR ATk S AR,

P 2 N oy 2
:f . T s

(a) T-FA#5
(a) T-Spline control grid

Ve

(c) T-Spline FHf
(¢) T-Spline surface

{b) T- A4 I 5
{b) T-mesh in 2D

(d) BEFN

(d) Error evaluation

e | — B . a5 |
ia e : S

(o) AR TR RIS 2R 1k

{¢) Mcsh generation for automobile axle housing modcl

Bl 27 KA AL S A S LA ME R

Fig. 27 The results of automobile axle housing model

after automatic topology recovery

M LBSEGI TR, AR SCHR 9 % T-Spline (1
& H B U3 ME S T IAAE S B B H BT AT,
LA LA AME S R4, A SO e ) %
HA DA AL



8 4 W4 BT T-Spline 1y4x B 3l LAHHME R Irik 1525

5 RO A TR R 22 B RS R PO
Table 5 Relevant experimental data of T-Spline fitting

for automobile axle housing model

25 E,, (1073mm) RMSE (107°mm) amin Qaver
PR i il 7.96 2.57 0.672 0.916

(@) 1% T-Spline ME R (b) #14 T-Spline AT 7%
RS A e N et g I
(a) T-Spline surface fiting and (b) T-Spline surface ftting and %% 6 #‘$ﬁ%ﬁﬁﬁ%ﬂ‘1@g HI Eﬁ%xq‘ i

its detail view Table 6 Relevant experimental data of automatic

its detail view

topology recovery for automobile axle housing model

) AR Hh T £ TS
BT 241 969 724
- BE G 92 392 276
(c) FHI AL ()R
(¢) T-Spline control grid (d) Error cstimation R T ARG GEAET R A TR ZE S A T ST

Table 7 Relevant experimental data of T-Spline fitting

for steel frame model

x| E,, (107*mm) RMSE (107*mm) amin Qaver
PR i il 3.79 1.82 0.885 0.965

8 HIARAL I ME SRS KR L

(e) T-Spline W7 2002 (B T-Spline HIIIPYH L Sk Table 8 Relevant experimental data of automatic
R KT R A P
(¢) Mash gencration for T-Spline  (f) Mesh generation for T-Spline topology recovery method for steel frame model
surface and its detail view surface and its detail view
M AT ity A h £k Kt TR
(L2330 393 1547 1326
55 357 952 769
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T I LI AU AR R K.
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() BRI LIRS A 5, MU A e . R T AL BE LA MRTS, [r] i B

{g) Mesh generation for steel frame model and its detail view
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