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ABSTRACT

In order to increase efficiency and accuracy in auto-segmentation of STL dental cast for invisalign, the paper
improves the traditional segmentation algorithm. The new algorithm changed single piece input mode into area
selection input mode . The bending degree expression about adjacent surfaces was taken as the corresponding
height field functions. We designed the direct insertion sort instead of the stack sort. The result shows that the new
algorithm can achieve a more complete segmentation for dental crown and improve efficiency, as meets invisalign
requirements.
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INTRODUCTION

Dental Cast is generally converted into the conep®TL digital model by 3D scanning[1-2], in the pess of
orthodontic treatment, only one or a few teeth @guired to move or rotate. Therefore, the key lembof
Invisalign is to separate the teeth which need miveen the complete STL digital model. Summarizerent
automatic segmentation algorithm following sevemakethods: boundary identification method[3], vector
approximation method[4], interactive marker-coriegdimethod[5-6].

The algorithm of boundary identification methodisple and has high efficiency, but the segmentdtimundary is
relatively rough and not obvious, especially theutes of dental crown which are incomplete discgimg. Vector
approximation method has the relatively ideal sagateon boundary, however, the results of segmiemaiften
include part of the edge of gingival, are not otihe dental crown, so that the algorithm has le§sieicy.

Interactive marker-controlled segmentation method irelatively ideal algorithm, obtaining patch tmanual as
marker, finishing separating by automatic extensibime segmentation boundary is comparatively cotaplBut
this algorithm has a disadvantage. Its seed patanly a single triangular patch. The local surfaoéone tooth
have a plurality of function of flexure, which wilbt have a complete segmentation results.

The paper improved the traditional segmentatiooritlym, proposing a area selection method of se¢gtien. The
new algorithm can achieve a more complete segmentédr dental crown efficiently and accomplishhamtlontic
treatment. Furthermore, we used MAX Script scriplenguage on the 3DSMax platform to carry outsheondary
development, so that the automatic segmentatié@ettfi became a reality.

STL DENTAL CAST CHARACTERISTICS

In practice, the STL format model can be obtaingthle point cloud processing in Reverse Engineegdfsp can be
obtained by the triangulation of 3D model surfat@mely in accordance with the required accuracyguaicertain
number of triangles to approximate the shape ofitbdel surface. In the latter approach, each ttkmgatch are
represented by the vertex coordinates of the thafxg y;, z) (i=1, 2, 3) and a normal vectar (on which side of the
specified entity contains patches)[7]. Each fadgeeand vertex of the model has a unique seriabeanThe STL
dental cast than other model has the following attaristics:
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() Incisor teeth in buccolingual directions arencave, and lip-side is convex. The values of bepdimction of
adjacent two triangles in the dental crown are &ighan the values in the edge of gingiva. All abgan provide
the theoretical foundation for the implementatiéthis segmentation algorithm.

(2) Local surface of certain dental crowns may craggly, particularly the values of bending funotiof adjacent
two triangles in the top of the molars are smat@n the values in the edge of gingiva, therefaiagithe threshold
method is difficult to select all.

(3) There exist various types of individual diffeces in human teeth, including geometric shapesiandnsion, so
it has been difficult to carefully macroscopic stuh all of the dental cast by a individual modedse.

SEGMENTATION ALGORITHM
At present, Interactive marker-controlled segmémamethod[8] is a relatively ideal algorithm, tf@lowing is a
detailed description of the algorithm.

A. Interactive Marker-Controlled method
The algorithm was put forward on the basis of tlaenshed algorithm[9-10], using its marker as sstdting from
a seed point, and then completing the segmentptimeess. Mainly includes three key steps:

(1) Selecting a single patch as marker

In the present study, the input of interactive manlwas single triangular patch which used as setchplin the
single tooth, the bending function values of thealgart were smaller than the values of adjacgatttiangles in
the edge of gingiva[11-12]. If the threshold va(iieés an intermediate value that imported througkractive mode
and defined by comparing with the adjacent patafding function values) was smaller, the local ganld not be
chosen, otherwise the gingival portion was alsongraelection, so a few teeth always were unablsetect
complete teeth crown.

(2) Calculating bending function of adjacent patches
We established two triangular patcHesndf,, their unit normal vector were respectivelyandn, . As shown in
Fig.1, AC was the public edge, AB was the non-gubtige. Therefore, the relative bending func@oof patchfy, f,
was:
n [m,-1 .
_ _ 2 ' nAB>0
Cf,f,)=Clt,f) =1 1P "
- 12 n[AB<O
2

i, .f,) 0 -]

When the boundary of thig andf, was concave boundarg (f;, f;) was negative, and the boundary was convex
boundary,C (f1, f,) was positive, moreover the bending degree funotadnes between the two adjacent were only
related to the angle between them[5].

(3) Segmentation Algorithm

The adjacent patch of the seed patch that got byesd 1) were pressed into the stack, and as the inittédzaf

the stack. Calculating the three relative bendiungcfion valueC(curvature) of the three adjacent surfaces, then
C(curvature) from big to small realignaed was pusbetdb the stack. In this way, the element was jpred at the
top of the stack for the current maximu@h (curvature) value, first out stack; the elementtlogd smallestC
(curvature)value was positioned at the bottom efdtack, and finally out of the stack. We repedtedabove stack
operation process, starting from the seed patdbulesing all select qualified and labeling conmetpatches. The
time complexity of this algorithm is much higher.

B. The Improvement of algorithm-Area Selection étighm
Through the above research and description of M&aCmtrolled Interactive method, for its deficienddrea
Selection segmentation method made the followingravements:

(1) Area selective marker

On this matter, the algorithm was proposed for @edaction marker mode, selecting the patches afldmnding

function values, and these patches would be inrdecge with the serial number of the sequence texdénto the

gueue, the patches did not need to calculate thévee bending function values of their two neag gurface, and
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then selected as the qualified patch, so it waslgoavoid some local bending function value way amall and
could not be automatic selection problem. Spegifinciples such aB.(2) segmentation algorithm about. As shown
in Fig.1: Fig.A, the single patch was selected las $eed surface segmentation results by markeretieat
interactive method; Fig.B was through the areacsiele method to choose the segmentation resultmFitee
segmentation results could be seen, area seleugtimod is better than the marker-controlled method.

f
FigureA Figure.B

Figure.1 Comparison of single patch and area marker segmentation results.

(2) Optimized Segmentation Algorithm

Area selective segmentation method[12] aimed t& pid the patches which were connected with thekerarand
met the requirements. B.(1) to determine the segmentation part, recordingetktension process by a queue
S.Using]i] (i=0,1,2,3... ) that was obtained by exchanging as the seed gatuking for the adjacent patches, the
satisfactory and the unselected patches were adidectly to the rear. According to the queue semiaber as a
seed patch, this process would sequentially vilsiha patches in the queue, ultimat&y+n] ( n is for after added
patch) was the patch set that meet the requireniBimésflow chart of the algorithm is shown in Fig.
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Figure2 Theflow chart of Tooth patches

Supposed that R was the set of all patches whield ne split,R; (i=1,2,3... i-1) andR; (i, i+1, i+2...) was the
region labeling obtained by interaction, qu&stored all seed patchaswas a variable, as shown in Fig.3.
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R

Figure3 Theadjacent search of seed segmentation algorithm.

The first step: Insert the seed patch into the quéacording to théD number (assumd(1)< ID(2)< ID(3)<......),
the seed patches were inserted B8 R;+R;)from small to large; The second step: Search ferattijacent patch.
Putting the first elemenD(1) of SintoV, then, then finding out three adjacent patchet@fiatch boundaryD (2),
ID (4), ID (a)), due to the patctD(2) andID(4) had been accesse? 4 interactive selected in tHg), then a was
the adjacent patch we need; The third step: Determhether the adjacent patches meet the requitenignA(2)
algorithm to get the patch 1 and a relative bendimgtion value C, compared them with T of inteinaetinput, if
C>T and unselected, then a was directly added t&(he. insert to the tail), seed patch did not telé C<T, then
directly went to the next step; The fourth stepkelséhe next element to segment. To determine whekigerear
gueue element, is, end, or remove an element gmehtahe cycle. In the expansion process of theriggn,
according to thdD, the patches that interactive selected fi®mere used as seed patches accessed from small to
large, then according to insert the queue timdirgsithe new patches, this process until all thielpaf S finished
visited, saji] was required for qualified patch .

If the initial threshold segmentation model coutat nbtain satisfactory results, through the intévacinput mode
adjusted the threshold size, going to resegmentatingeneral, the segmented were closed areak] oeach the
demand. If there were some local on the teeth banyngust adjusting threshold was not able to nusetr needs ,
we could add to the selected region through intemacconsequently splited from the parts needed.

RESULTSAND DISCUSSION

From the operation times of algorithm stack andgbgmentation process time required to analyz@j@ractive
marker-controlled method put the bending functi@ue into the stack, and the number of stack islketpthe
number of the selected area model triangle , alegtion method put the patth into the queue. Its input-queued
number is equal to the number of the selected medel triangle, in the STL model, the number ofexigf the
triangles is about 1.5 times the surface, so akgtion method saves a lot of time in the numlb¢n® operation.

In terms of Sorting algorithm, the original algbrit needs to be sorted again when push on, so timglexity is
square, however the algorithm based on the thrédbotletermine whether adjacent patches of triangieet the
requirements, and it is directly inserted into theeue not need sort, the time complexity of theordtlgm is a
constant, the process speed is improved obvioGsignparison of the two algorithms is shown in tahle

TABLE | Comparison of the two algorithms

Dental Number of Number of Operations Time complexity
Interactive Marker-controlled The Improved Interactive Marker-controlled The Improved
Cast patches ' '
method algorithm method algorithm
Dental 11] 20143 36351 20143 Square order Constant
Dental 21| 19976 34596 19976 qO(n’\Z) o)
Dental 31| 21453 37122 21453

From table 1 we can draw the following conclusiotie algorithm complexity of area selection alduonitis
superior to the traditional interaction marking huat.

BASED ON THE 3DSMAX PLATFORM FOR THE COMPLETION OF TEETH SEGMENTATION

The floating window was established in the 3DSMAM}tform[13-15], including marker selection, threkho
spinner and teeth segmentation button. The funafahe marker selection button was region selactibreshold
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spinner button was the role of interactive inpuegiold; by clicking the teeth segmentation butautpmatically
completing the teeth segmentation in 3DSMAX.

In the process of orthodontic treatment, sometimeed to move multiple teeth at the same time. énaligorithm

described above, each tooth was separated, mutgelh could not be simultaneously moved or rotafidie

algorithm optimized by us first marked in differgagth at the same time, and then took the segti@ntzperation,
multiple teeth taken together as a group was divid® the designated area, in consequence areetisel method
was a very good solution to this problem. Segmantaesult is shown in Fig.4: A is the situatiomthwo incisor
teeth of the dental cast were selected at the §ameand moved in the buccolingual dirction; Bhe Situation that
one lateral incisor tooth of the dental cast wdected and moved in the lip dirction. Based on dlgorithm the
segmentation and movement of the teeth had beepleted in 3SDSMAX platform, and certain generaliaas that
segmentation speed and the accuracy completelyheeieeds of users can be derived from the conguaitisTable
1.

FigureB
Figure.4 Theflow chart of Tooth segmentation algorithm.

ARITHMETIC EXAMPLE

The algorithm started from the seed patch, fouredatijacent patches, and the patches were compéttedhe
interactive input threshold, if they met the requients would be selected as seed patch, ungjlalified patches
were accessed, thus completed the teeth segmentagtailed calculation process is as follows[16-18

(1) Selecting the seed patch
Extracting the normal vector, the sequence numbéheothree edges, the sequence number of the dentexes,
and the vertex coordinates.

(2) Searching for the adjacent patch

According to the seed patch edges, looking forttvee patches which shared its edge, then find tha&cadt surface
by the sequence number.

(3) Extraction of the information of adjacent patch

Extracting the normal vector, the sequence numb#reothree edges, the sequence number of the vierésx, and
the vertex coordinates.

(4) Calculating the vector
Its starting point in the seed patch, the termpuaiht in the edge of the adjacent patch .

(5) Using the vector of the edge to dot product theareaf the seed patch, and calculating its value.

(6) Calculating the value of the vector from the adjggmtch to the seed patch.
Through the following concrete instances, the qorsias explained in detail.

We selected patches randomly in the tooth 11, élqeence number of the incoming patch was 176508, iivas a
seed, the three of the surrounding adjacent patebkes 176508, 378246, 378143. Firstly looking foe sequence
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number of each edge, each vertex of the four patam the value of the vertex coordinates. And fivaling out
the corresponding related and independent parshdsn in Fig. 5:

176508

Figure5 Theseed patch and adjacent patches

The specific calculation process was as follows:
The first step: Dental cast was converted to elfitpbly. The code was: convertTo $ Editable_Poly.

The second step: Looking for the three vertex coatds of the patch: polyop.getEdgefaces $ 176509.
The third step: Getting the three edges column raurabthis patch:#(268259, 268260, 268257).

The fourth step: Obtaining the coordinate valuethefedge No0.268259:polyOp.getvert $ 268259.

The fifth step:Getting the coordinates sequencelmuraf the two vertices of the edge:#[91520,91521].
The sixth step: Calculating the coordinate valugsoint 91520: [5.64608,25.0841,-7.68313].

Fig.6 was the specific information of the face, &dgpint of the four patches.

Patch (ACD)176508
Patch (ABC)176509 atch (ACD)
Edge :AB Edge : BC Edge :AC Edge :AD Edge: AC Edge :CD
.\cq;cllchu|||hcr2268257 Sequence Number: 268256 Sequence Number;: 268257 | | Sequence Number: 268258

Sequence Number: 268259 Sequence Number:268260

[ | [ |
Vertex: A Vertex: C Vertex: B Vertex: D
Sequence Number: 91520 S B Sequence Number: 91522 Voo B Sequence Nunber: 91521 Sequc,]cc?qmnbe,v 91519 Verew A | | Verex A | [veren: € Verex C | |Vertee: D
the coordintevalues: the soordinge values thecoordinte vales: the coordinate values
[5.64608.25.0841,-7.68313] [6.01964.25.0566.-7.81802] [5.93182,24.713,8.16138] | [5.60098,24.7468,-8.06008]
Patch(ABE)378143
Patch(BCF)378246
‘ ‘ Edge :AE Edge: AB Edge BE
Edge :BF Edge: BC Edge :CF Sequence Number: 56884 1 Sequence Number: 268259 | | Sequence Number: 568840
Sequence Number: 568991 Sequence Number; 268260 | | Sequence Number: 568992 ‘ ‘

Vertex: F Vertex: E

Sequence Number: 190694 Vertex :B Vertex :B Vertex: C Vertex :C Vertex: F Sequence Nulnbcl‘: 190646 Vertex ‘A Vertex :A Vertex: B Vertex :B Vertex: E
the coordinate values: the coordinate values:

[6.17764,24.9084,-8.0225] [5.92276,25.1192,-7.6972]

Figure.6 STL triangle patch detailed data
In 3BDSMAX, the patch normals could automaticallyregt, the main program code: polyop.getFaceNofimal

First of all using seed patch (ABC) and the adjageich (ADC) as an example, calculating the reéabending
function, the steps were as follows:

Extraction of the normal vector of seed patch 12650

Acquisition of the coordinate values of vector 0:189159,0.717856,-0.670001].

In this way we could obtain:
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In|=/(-0.1891597 + 0.717856 + (-0.67000)” =1

Then to calculate the edge which in the adjacetthea (ADC) and not with the seed patch common @arypsuch
as edge AD:

calculation of the vector AD .

|AD| = (XD~ XA YD-YA ZD - ZA) = [5.60098- 5646047468 250841-8.06008- (-7.6831}
=[-0.0453-0.3373-0.3769F

n, CAD =[-018915d (-0.0453 +0.717856 (-03373 + (-067000)C (-037695]
= 00085310709 02421328288 02525568769
=00189551198> 0

n = polyop.getFaceNormal $ 176508 =[-0.123599,0.746891,-0.653358]
nCn,=(X, CX, +Y, CY, +Z,CZ, )
1 2 1 2 1 2

= (-0.189159) [{0.717856)+ (0.717856) [(0.746891) + (-0.670001) [{-0.653358)
=0.035781127281+0.536160185696 + 0.437750513358

=1.009691826335
c=Men, _100969182635-1
2 2

Comparing C and the interactive input threshold; ifvas greater than the threshold and was notteeldefore,
then treated it as the seed patch to segmentati@nder to achieve expanded selection type opttehes.

=0.0048459131675

RESULTS

The paper proposed a high efficiency segmentatigorithm based on the area selection, the algoritised the
bending degree between adjacent sides as the pondiag height function, starting with the markigbut by the

user, selecting all qualified patches, eventuatlynpleting the STL model segmentation. The expertaleresult

indicates that, the algorithm does not affect theractive real-time. User determine the intergkarea through the
marker and threshold, the same markers are divikedthe same area, so the algorithm can meet ¢edsnof

practical application. Using this algorithm, the SIDAX succeeded to realize the tooth segmentatimaddition to

dental cast, the algorithm is also applicable ® $TL model boundary search and segmentation efr atimilar

characteristics. The deficiency of the algorithnthiat, users are difficult to give a appropriatee#old to get the
desired segmentation results, in addition, manypternmodels still need some necessary user interatd get the

desired results.
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