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AUTOMATED PROCESS FOR INTERMEDIATE
ORTHODONTIC DIGITAL SETUP GENERATION

BACKGROUND

Intermediate staging of teeth from a malocclusion stage to a final stage requires
determining accurate individual teeth motions in a way that teeth are not colliding with
each other, the teeth move toward their final state, and the teeth follow an optimal
(preferably short) trajectories. Since each tooth has 6 degrees-of-freedom and an average
arch has about 14 teeth, finding the optimal teeth trajectory from initial to final stage has a
large and complex search space. A need exists to simplify this optimization problem by
dividing the trajectory to several shorter and easier to find trajectories, and by using other

methods and techniques.

SUMMARY

A method for generating setups for an orthodontic treatment path, consistent with
the present invention, includes receiving a digital 3D model of teeth, optionally
performing IPR on the model and, after performing the optional IPR, generating an initial
treatment path with stages including an initial setup, a final setup, and a plurality of
intermediate setups. The method also includes computing IPR accessibility for each tooth
at each stage of the initial treatment path, applying IPR throughout the initial treatment
path based upon the computed IPR accessibility, and dividing the initial treatment path
into steps of feasible motion of the teeth resulting in a final treatment path with setups
corresponding with the steps.

Another method for generating setups for an orthodontic treatment path, consistent
with the present invention, includes receiving a first digital model of teeth representing a
first state, receiving a second digital model of teeth representing a second state, and
dividing between the first and second states a set of states corresponding to feasible

motion steps from the first state to the second state.
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BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are incorporated in and constitute a part of this
specification and, together with the description, explain the advantages and principles of
the invention. In the drawings,

FIG. 1 is a diagram of a system for generating digital setups for orthodontic
appliances;

FIG. 2 is a flow chart of a method for generating digital setups for orthodontic
appliances;

FIG. 3 is a graph illustrating an initial sequence of digital setups;

FIGS. 4A-4D are graphs illustrating trajectory refinement for a sequence of digital
setups;

FIGS. 5A and 5B are diagrams illustrating accessible and inaccessible contacts for
IPR application;

FIGS. 6A and 6B are diagrams illustrating IPR regions for accessible contact
points;

FIG. 7 is a diagram illustrating an IPR region for accessible contact points; and

FIG. 8 is a graph of an accessibility matrix for IPR.

DETAILED DESCRIPTION

Embodiments of this invention include a possibly partially to fully automated
system to generate a set of intermediate orthodontic setups that allow a set of teeth to
move from the maloccluded to the final setup state or allow for a partial treatment from
one state to another state (e.g., an initial state to a particular intermediate state). Each
arrangement of teeth (“state” or “setup”) is represented as a node in a graph, and robotic
motion planning is used to expand the graph and search for a path of valid states. These
states or setups can be a digital representation of the arrangement of teeth at a particular
stage of treatment, where the representation is a digital 3D model. The digital setups can
be used, for example, to make orthodontic appliances such as clear tray aligners to move
teeth along a treatment path. The clear tray aligners can be made by, for example,
converting the digital setup into a corresponding physical model and thermoforming a

sheet of material over the physical model or by 3D printing the aligner from the digital
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setup. Other orthodontic appliances, such as brackets and archwires, can also be
configured based upon the digital setups.

The system and method can take into consideration interproximal reduction (IPR),
which is the removal of some of the outer tooth surface, called enamel. PR is also known
as, and the term IPR includes, slenderizing, stripping, enamel reduction, reproximation,
and selective reduction. IPR can be used, for example, between teeth that touch in order
to make room to move teeth in orthodontic procedures. The system and method apply IPR
to a digital 312 model of teeth to simulate application of IPR to actual teeth represented by
the model. In other embodiments, the system and method do not require cousideration of
PR, In other embodiments, the system and method can model the opposite of IPR using
the same or similar techniques, for example as applied to bridges or implants.

In one embodiment, the method: 1) performs IPR up-front on a digital 3D model of
teeth and generates an initial treatment path with digital setups; 2) computes IPR
accessibility for each tooth at each stage of the initial treatment path and possibly
determines when to apply IPR; and 3) applies IPR throughout the treatment path and
divides the treatment path into steps of biologically feasible motion, a trajectory with
points for the digital setups to make appliances corresponding with each setup. In other
embodiments, the method can proceed without IPR or with IPR when possible to perform
IPR.

FIG. 1 is a diagram of a system 10 for generating digital setups for orthodontic
appliances (21). System 10 includes a processor 20 receiving digital 3D models of teeth
(12) from intra-oral 3D scans or scans of impressions of teeth, or in other embodiments the
system receives user manual input. System 10 can also include an electronic display
device 16, such as a liquid crystal display (LCD) device, and an input device 18 for
receiving user commands or other information. Systems to generate digital 3D images or
models based upon image sets from multiple views are disclosed in U.S. Patent Nos.
7,956,862 and 7,605,817, both of which are incorporated herein by reference as if fully set
forth. These systems can use an intra-oral scanner to obtain digital images from multiple
views of teeth or other intra-oral structures, and those digital images are processed to
generate a digital 3D model representing the scanned teeth and gingiva. System 10 can be
implemented with, for example, a desktop, notebook, or tablet computer. System 10 can

receive the 3D scans locally or remotely via a network.

3-



10

15

20

25

30

WO 2019/069191 PCT/IB2018/057516

The 3D scans addressed herein are represented as triangular meshes. The
triangular mesh is a common representation of 3D surfaces and has two components. The
first component, referred to as the vertices of the mesh, are simply the coordinates of the
3D points that have been reconstructed on the surface —i.e., a point cloud. The second
component, the mesh faces, encodes the connections between points on the object and is
an efficient way of interpolating between the discrete sample points on the continuous
surface. Each face is a triangle defined by three vertices, resulting in a surface that can be

represented as a set of small triangular planar patches.

A. Algorithm Overview

Embodiments include a motion planning-based approach to generate intermediate
setups (staging) given an initial maloccluded setup and a final proposed setup. The goal is
to produce a series of setups that bring the maloccluded setup into the final proposed setup
that also meet some evaluation criteria while satisfying per-stage tooth movement limits.
Evaluation criteria may require collision-free setups, minimal gingiva displacement,
permitted motion, how motion can be related, or other conditions.

The flow chart shown in FIG. 2 provides an overview of the system and method. A
sequence of key setups is provided as input, where the first is the maloccluded state, the
last is the final proposed setup, and the others are additional setups (“key setups”) that will
help guide the motion. Key setups are a way to guide the search for intermediate setups,
but key setups are not required for intermediates. For example with key setups, when
creating space to reduce the crowding of teeth, trajectories often should move and tip the
teeth outward, apply IPR, and then retract/upright the teeth. In this case, one key setup
could be added in addition to the first and last that specifies this flared-out configuration.
Intermediate key setups may be generated manually by a technician or through an
automated approach. One potential method for intermediate key setup generation is to
encode a rule for coordinated tooth motion (e.g., flare out) that can be applied to a set of
teeth. Another possible method uses a logic controller to create key intermediate setups
based upon inputs, outputs, and rules as specified below.

The inputs variables of this logic controller are:

» The difference between the current and the target position (i.e. position

error vector) for each tooth (¢, £, 2.),

-
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* The Euler angles error vector for each tooth (g, =g, £),

» The penetration depth for tooth collision (£4), and

* The direction of a possible penetration for tooth collision (v, vy, ©7).

The output variables or the control commands of this logic controller are:
5 * The Euler angles vector of the rotation command for each tooth (&, &,
), and
* The translation vector command for each tooth (d;, dg, ).
In one embodiment, there are two sets of control rules that govern the key frame
generation system: to control each tooth to converge to the tooth’s final state or an
10 intermediate state (Table 1), and to avoid collisions by moving in the opposite direction of

the penetration depth (Table 2).

Table 1 — A subset of rules that are applied to move a tooth along the x-axis when the
tooth is free to move (i.e. moving toward the target position will not increase the
penetration depth)

IF ( (#s is ZERO) OR (¢, is ZERO) OR (c, is NEGATIVE) ) AND (&, is POSITIVE)
THEN &,, is POSITIVE.

IF ( (& is ZERO) OR (¢, is ZERO) OR (¢, is POSITIVE) ) AND (e, is NEGATIVE)
THEN &, is NEGATIVE.

IF ( (&4 is ZERO) OR (=, is ZERO) ) AND (=, is ZERO)
THEN 4, is ZERO.
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Table 2 — A subset of rules that are applied to move a tooth along the x-axis when the tooth is
not free to move (i.e. moving toward the target position will increase the penetration depth).

IF (Bdis SMALL) AND (e, is POSITIVE) AND (¢, is POSITIVE) THEN 4. is ZERO.
IF (& is LARGE) AND (¢, is POSITIVE) AND (¢, is POSITIVE) THEN £ is NEGATIVE.

IF (Fd is SMALL) AND (<, is POSITIVE) AND (e, is ZERO) THEN &, is ZERO.
IF (8¢ is LARGE) AND (c, is POSITIVE) AND (e, is ZERO) THEN 4, is NEGATIVE.

IF (Fd is SMALL) AND (<, is NEGATIVE) AND (=, is ZERO) THEN 4, is ZERO.
IF (Fcis LARGE) AND (c, is NEGATIVE) AND (e, is ZERO) THEN &, is POSITIVE.

IF (7« is SMALL) AND (¢, is NEGATIVE) AND (¢, is NEGATIVE) THEN 4, is ZERO.
IF (Bd is LARGE) AND (c, is NEGATIVE) AND (¢, is NEGATIVE) THEN d is
POSITIVE.

All IPR 1s pre-applied to the maloccluded state (step 22). This means that the total
IPR prescribed to be performed by the end of treatment is applied to the geometry that will
be used throughout the region refinement step. After IPR is applied, a graph is formed
including the key setups, S1, Sz, S3, and S4 (step 24) as shown in FIG. 3, where S1 is the
initial maloccluded state, S4 is the final setup at the end of treatment, and Sz and S3 are
intermediate setups at different stages of treatment. Once a sequence of states has been
created, multi-resolution trajectory refinement is performed (steps 26, 28, 30, 32, 34, and
36 explained below).

This trajectory refinement process is described for a single resolution in FIGS 4A-
4D. First, the shortest path through the graph is linearly interpolated at a resolution 6 (FIG.
4A), where & changes at each resolution in the multi-resolution approach. Once
interpolated, each setup in the sequence is evaluated to see if the setup meets the given
criteria (FIG. 4B). If the evaluation criteria are not met, the refinement process repeats
until the shortest path meets the criteria. Invalid states are targeted for refinement (the
setup in region 44 in FIG. 4C), and a search commences from these states and their
neighbors. Here the search is at the same resolution 6 for the linear interpolation.
Additional edges are generated during the search (the dashed lines in FIGS. 4C and 4D) to
allow for multiple paths in the graph between the initial and final setups. Edges are

weighted by the node that they proceed from. After many new edges are added, a search is

-6-
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performed to find the new shortest path. If a path is found (region 46 in FIG. 4D), path
smoothing can be performed. Path smoothing interpolates new edges between nearby
states in the path and finds a new shortest path; edges are only added if the edges meet the
given criteria at the resolution 6. In other embodiments, smoothing is not required. The
refinement process repeats until all setups in the sequence meet the given criteria.

Once the sequence meets the evaluation criteria, the sequence is smoothed again
(step 38), and a final path is returned (steps 40 and 42). The path is subsequently input
into an IPR application step, which identifies where in the trajectory IPR application
should occur. Staging then returns a series of setups at resolution / which may be larger
than 0.

Algorithm 1 details this entire process. Specific sub-algorithm designs are

discussed afterward.

Algorithm 1

Input: The initial and final setups vo and vy, and any key intermediate stages. Typically, vo
is the maloccluded setup and vris the final proposed setup.

Input: A list of step sizes, ResolutionList.

Input: A staging limit /

Input: An evaluation function £ that assigns scores to setups.

Output: A staged trajectory at resolution / that starts at vo, ends at vz, and minimizes
undesirable motions.

1. vo € PreapplyIPR(vo, vy)
2. Form a graph G containing vertices voand vr. voand vrare connected in (. This may
simply be a graph with only these 2 vertices and a single edge connecting them, a graph
with a series of key setups informed by the case’s motion rules, or a graph from a prior
setup proposal search.
3. P < ShortestPath(G, vo, vy)
4. for ¢ in ResolutionList do
P < AdjustResolution(G, P, 9)
while 7 does not meet  do
R € IdentifyRefinementRegion(P, F)
RefineRegion(G, vo, vz, R)
9. P & ShortestPath(G, vo, v)
10. P, G € Smooth(P, E, 9)
11. end while
12. P, G € Smooth(P, E, 9)
13. end for
14. P < TPRBatching((G)
15. return Stage(P, /)

PN
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B. Sub-Algorithm Design
Algorithm 1 is modular in that different implementations of the algorithm’s sub-
algorithms will give different behavior. Presented herein are specific implementations of

each module that have proved successful for the given task.

B1. Pre-apply IPR (22)

In one embodiment using IPR, two methods are possible for pre-applying IPR. In
the first method, the modifications described by the IPR planes and amounts are applied to
the tooth geometry upfront, and this tooth geometry is used for the duration of the
trajectory refinement. Alternatively, IPR-aware evaluation methods may be used during
the trajectory refinement process. These evaluation methods can correctly evaluate states
that describe not only tooth positions and rotations but mesial and distal [IPR amounts (the
“IPR configuration” portion of the state). In this case, the IPR configuration of the setup
state is copied over the IPR configuration of the maloccluded state. The methods will

produce identical behavior.

B2. Multi-resolution trajectory refinement

The algorithm performs refinement of the path P at multiple resolutions, beginning
at low resolution (large d) and subsequently moving to higher resolutions (small ). In the
preferred mode, the algorithm uses the following array of ds: [8.0, 4.0, 2.0, 1.0]. Each step

of multi-resolution adjustment is discussed individually below.

B2a. Resolution adjustment (26)
This step modifies a path in a graph to enforce a given resolution. Algorithm 2

describes the implementation.
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Algorithm 2 AdjustResolution(C, I, 4)

Toput: A graph G.
Input: A path P e G,
Tnput: A stepsize 9.
QOutput: A new path P/ that follows P at resolution d. (7 is also updated to resolhution & slong P.
i P py.
2 for p; €p2.. .oy do
3 I ¢+ Interpolate({p,.q.p;,d).
4. Append T to P,
5. Remove the edge (p.1,pi) om G. Add T to & with its corvesponding edges.
é: end for
7: return P’

This algorithm 2 uses an interpolate subroutine with two options: same finish where all
teeth complete their motion at the same (last) stage; and fast finish where teeth complete
their motion as fast as possible and may not all finish at the same stage. The preferred

mode uses same finish.

B2b. Refinement region identification (32)

This identifies a subset of the trajectory P that needs further refinement according
to some evaluation criteria £. Some options for the output of this algorithm could include
returning all portions of P that violate £, or the first offender in P, or the worst offender in
P. The following approaches are possible implementations for this refinement:

¢ IdRefinementRegionFirst: Returns the first location along P where the score
computed using the evaluation criteria exceeds a threshold score.

e IdRefinementRegionAll: Returns all locations along P where the score computed
using the evaluation criteria exceeds a threshold score.

¢ IdRefinementRegionWorst: Returns the worst oftender in P, defined as the
element that received the worst score using the evaluation criteria. In the case of a
tie (1.e., multiple worst offenders), the last worst offender in P is returned.

¢ IdRefinementRegionWorstAll: Returns all worst offenders in P.

¢ IdRefinementRegionWorstNeighbors: Returns the worst offender in P and its N
neighbors in P. In the case of a tie (i.e., multiple worst offenders), the last worst
offender in P is returned.

The preferred mode of the system uses IdRefinementRegionAll.

Refinement region identification uses an evaluation criterion that is defined by an

evaluator subroutine. Other scoring criteria, such as tooth displacement from gingiva or

-
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number of vertices of overlap between teeth in the arch, can also be used in place of or in
addition to these described metrics. The preferred mode uses collision contact points

count.

B2c. Region refinement (34)
This refines a region of an input graph (. Algorithm 3 provides this approach.
Algorithm 3 RefineRegion(G, vo, vi, R)

Input: A graph G
Input: The initial and final setups vo and vr
Input: A region in G to refine R (identified using Refinement Region Identification)
Output: G is refined near R to produce a better path in G from vo to vz,
1. P & ShortestPath(G, vo, vy)
sp €& ScorePath(P)
Let Candidates be the vertices in R.
Let Neighbors be the vertices adjacent to R.
while score(P) > sp do
¢ € SelectCandidate(Candidates)
¢’ € TterativePerturb(c)
if score(c’) < score(c)
9. C € Interpolate(c, ¢’, J)
10. C valid € ExtractValidSubset(C)
11. if len(C' valid) < max_length

e Al i

12. Add C valid to G, Candidates, and Neighbors

13. for each creigh € {k best scoring vertices in Neighbors} do
14. C €< Interpolate(c’, cneign, 0)

15. C valid €< ExtractValidSubset(C)

16. Add C valid to G, Candidates, and Neighbors

17. end for

18. end if

19.  end if

20. P < ShortestPath(G, vo, vy)
21. P < Smooth(P, E, 9)
22. end while

This algorithm 3 uses a SelectCandidate subroutine to identify a candidate from
the list of Candidates. Two approaches have been identified for this subroutine:

1. Random selection: Chose the candidate randomly from the list of Candidates.

2. A* graph search: Select the candidate node based on the calculation of a
heuristic. A heuristic is a quantity that estimates the “remaining cost” of a node (i.e., the

quantified effort to travel from that node to the end state of the graph). The A* algorithm

-10-
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uses heuristics to efficiently search graphs, choosing the next node to explore using a
heuristic to predict which node is most promising. A single node is selected for
exploration from the list of Candidates using a heuristic. The following heuristics are
possible:

Euclidean distance between the candidate state and the setup state: For each
candidate state, compute the Euclidean distance between all tooth positions in the
candidate state and the setup state; then compute the heuristic as the sum or average of
these distances; and choose the candidate node by minimizing the heuristic.

Extent of collision: The extent of collision can be quantified by counting the
number of points from one tooth that lie within the bounds of another tooth, or
alternatively by computing the number of contact points between two meshes. Compute
the heuristic as the count of these points of overlap between teeth in the arch. The next
node can be chosen by maximizing the count of collisions (in order to force early
exploration of problematic states) or minimizing the count of collisions (for an algorithmic
approach that attempts to solve the problem by identifying locally optimal (i.e., easy-to-
resolve) nodes before progressing to more difficult-to-resolve locations).

In the preferred mode, the candidate is chosen randomly for all iterations except
for the first iteration, where instead the candidate with the worst score according to a
heuristic is selected. The heuristic is the number of contact points.

Additionally, Algorithm 3 uses an IterativePerturb subroutine, which iteratively
perturbs the state according to a Perturb function, ultimately choosing the state ¢’ that
achieves the best score according to an evaluator. In the preferred mode, IterativePerturb
is called 50 times, and the evaluator computes the number of collision points. The
preferred mode uses propagated directional perturbation, which perturbs teeth that are in
collision as well as and neighboring teeth in the direction roughly opposite to the
directional penetration vector.

Algorithm 3 uses a ScorePath subroutine to compute sp, the score of the shortest
path, P, along graph G. The path score can be computed using the function:
sp = sum([(number of collisions at location; + 1)}** for location; in P])

An ExtractValidSubset subroutine is used to extract the subset of an interpolated

path, C, that is valid according to some evaluator function. The preferred mode uses

-11-
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nurnber of collision points as the evaluator, considering only nodes with & collision poinis
The preferred mode for the Smootl function is the iterative smoother described in

“B2d. Trajectory smoothing” below,

B2d. Trajectory smoothing (30, 38)
Thete arg many poasible smoothing algorithms. One possibility {Algorithm 5)
attempis all possible edges between any two nodes in P, only retaining those that meet £ at
rssolution 8. However, this approach is computationally expensive, especislly for long
pai'hs. Instead, smoothing can be attempied only for nodes that are within & distance
wold of esch other. Another implementation inchades an terative smoother that
ppbm this smoothing process repeatedly until a score is no longer improved through

smoothing, This iterative smoother is the preferved mode,

Algorithm B Smooth(P E,8)

Inpub: A serpence of setups £ from py to py

Input: An cwvaluation function & that assigus scores to setups.
Input: A stopsize &,
Clutputs A smwothed teajes

tory P oad resobition §,

1 Construst a graph & from the vertices and edges given hy P,
% forall pp€ P do
3 for all }‘}J Fpp e P cli

- Interpolateip. py. o).
e neots £ then

i *xd“ H, ta &

71 end if

8 aund for
g eand for
10: return ShortestPath{C, poopnl

B3 1PR batching 48}

Because [PR was pre-applied (Section BT}, automated tntermediate trajectory
finding is performed initislly with all IPR performed up front shen teeth are in the
matoccluded state. However, it iy often mpossible or not practical to do this in practice, as
{eeth need to be accessible in order to perform IPR and may not become acvessible until a
Tater point during treatment. This section provides a strategy for incorporating IR
batching into planning. The method takes as input the graph and path generated by the
algorithm when PR is applied up front (the output from Section 2}, This path is then
vefined based on [PR application.

Fome
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The method for IPR incorporation is described below. First, how to determine IPR
accessibility is discussed. Then, different ways to apply IPR batching for a given

trajectory are provided. In other embodiments, IPR batching is not required.

B3a. IPR Accessibility

For realistic IPR application, the mesial or distal surface of the tooth must be
accessible, meaning that the tooth cannot be situated behind another tooth or intersect with
the labial/lingual surface of another tooth (see FIGS. SA and 5B). IPR accessibility is thus
determined by taking a weighted sum of tooth distance behind its neighboring tooth and
tooth intersection with its neighboring tooth.

To measure tooth distance in front of or behind another tooth, the mesial/distal
region of each tooth is identified, as represented by the shaded regions 52 of FIGS 6A
(occlusal view) and 6B (frontal view). The distance between the mesial/distal points of
neighboring teeth in the direction normal to the arch form is then computed. To measure
tooth intersection with its neighbor, a ray is drawn along the tooth incisal edge, and the
closest intersection point with the neighboring tooth is identified. The distance between
the intersection point and the mesial or distal region of the neighboring tooth is computed.
The following are several other approaches of determining if a contact between two
neighboring teeth is approved for IPR application: by distance along the incisal edge from
the mesial/distal surface, and by outward normal orientation, and a hybrid method that
combines those two ways. These approaches are discussed in turn below.

By Contact Point Projection to Incisal Edge. The algorithm defines the
mesial/distal region as the area near the endpoints of the incisal edge, see the shaded
regions 52 of FIGS. 6A (occlusal view) and 6B (frontal view). The incisal edge may be
defined as: a line segment connecting incisal edge DSL/ABO landmarks (if landmarks are
provided); and a line segment connecting the minimum and maximum tooth vertices along
the tooth’s local x-axis projected to the local z=0 plane (if no landmarks are provided). To
determine accessibility, the contact point is first projected to the z=0 plane and then
projected to the incisal edge line segment. If this projected point is within an absolute
distance or distance percentage threshold to the nearest incisal edge endpoint, the point is
accessible for IPR. Otherwise the point is not accessible. Likely an absolute distance

would be sufficient as the maximum IPR to apply is given as input when the final setup is

-13-
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provided, A contact point is in the IPR region 52 if it Hes nears the incisal endpoints 34,
as shown in FIGS. 6A and 6B
By Contact Point Outward Normal Ovientation. The algorithm can also define the
mesial/distal reglon as the ates where outward norinals are approximately oriented along
the arch form (see the shaded region. 56 of FIG. 7). IPR accessibility is determined by
comparing the outward vontact point normal to the local tooth x-axis.
Hybrid Approach. A hybrid approach combines the approaches presented above. if

one approach is indeterminate, then the other approach can be used,

B3b. IPR Application

QOnce there i3 a model for determining i PR is accessible, that mode! can be used
1o decide when IPR is possible, This allows for relaxing the assumption that IPR is always
immediately applied. RefineTrajectoryWithiPR is similar the frajectory refisement

approsch presented in Section B2 when only a single resolution level is used.

Algorithen 1 BefinaTraf @ﬂtﬁ"’y"ﬁith’lpm\#(‘.t £ L8 B

final amup, g upl wy % i wiiv i 18 the muslocclnded setap snd vy is the final
iPRa qnhvd veb.

s ig and vpo wp and vp are connected b G and the shortest o
v refuement wheve IPR was applied as the beglming.

Tupud: The initil avd
propesod sebap, #p may vob b
hlpui, A gr dgw u t":im.,,mma’
Bredaven, | s It of w prioy tegjecton
Iiputs & .‘.-.t&.‘m.li?,t'.': A,
Input: A shaging lwlt &
Inpat: An evahiation fanction & L!mi-
(Ot 3tpu£’ A& \hzuvd
minigizes ndes
. foreall g §
#  Beset } SR odegrees of e
% oend for
4 P4 ShortvastPathil v vel
8 F e hdjustResolution{d, P é},
fio ApplytPR{PLGY.
T 'whﬂ@ P odeses not meet £ do
8 P r'ftm*h{f’ £.4%
% - IdentifyRef l:mmentabmwp E
1% Rafme%gmm(r,\._ ‘s
[ E e ShortentFathils, a.,,t;,
i seud whila
vt o Smooth{F KL 8L
wi return Stage{P )

'xmgnn-»m: e b setips:
! that starts at 1, ey at o TPR spplied when acvessible, anid

;o q')\‘: (I\ Az}\ (\g d!\{

5

Fivat, alt applied IPR is reset back to 0, except for v 1 hen IPR s applied to 2 according to
an IPR stiategy {see Section Ble: IPR Strategy). Refinement progeeds ay before to remove
any remaining invalid portions of the trajectory.
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The ApplvIPR subroutitie examines the path £, applying IPR up to the limits given
in veonly when aceessible and based on an application policy. (IPRisAccessible in
Algorithms 2 and 3 implements the desired access model from Section B3a, [PR
Accessibility). When IPR is applied 1o a partienlar vertex, it is propagated to all of'its

5 children (Le., IPR values only increase along the trajectory, meaning tooth material 15 not

added back).

B3c. IPR Strategy
Thie following are two possible IPR batching policies: as soon as possible and
10 batching to minimize the number of 1IPR sessions,
As soon as possible. Algorithm 2 below simply iterates through P, applying the full
IPR value from vrio neighboring pairs of testh that do not have the full value yet applied

and are accessible as reported by IPRisAccessible (see Section B3a, IPR Accessibility).

Algorithm 2 ApplylIPR(Y ()
tuputs & path & lwm by leeg il
Oratpasts An nplated paith F oand gaph (0 with PR opphod ss saon ax posdble:

R R L I

@ while v oy do

o for esdh .;:\i,,:ix}}ztzri,ﬂg paieof tecth {fy b Eoda

g P IPR prosent hotween £ramd iy et v < IPR present hotween & ad by at uy then
g if :“Rme’;«msm‘ma{ 1 44) then

6 Apply P8 to el by with valies Gowur gy,

Propagate IPR al ehildren of v in P and G regardiess of Hunre secessibility sad oxelading of
fave b notshvergide figal valies with partial applicatim),

e el i

i end if

nn o engd for

U e duwcossoy of oadong P
1 end while
1 pedag o zg’ &Y
15
Baiching to minimize number of IPR sessions, IPR batehing can be considered as
an-opiimization problem where one wants to minimize the number of times that IPR 18
applicd, Thus, IPR should be tully applied when sccessible. There is also a preference for
20 applying IPR as early in treatment a5 possible.

g, the algorithm can examine when every [PR application

ot

To optimize for batching
paint is accessible along P. The algorithm can use an accessibility me strix for this feature

(FIG. &), IPR appiication points He along the x-axis in the matrbx, Note that teeth that do

L.n
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not need any IPR applied (e.g., molars or teeth with the same IPR in v as vy sre
excluded from this matrix asthey are not actlonable IPR application puints. The y-axis
represents the path steps along £, going fron ve 1o v Bach cell is shaded ¥ that IPR
application potnt is sccessible at that path step (determined using IPRisAceessible from

5 Seetion B6a). A horizontal cut, represented by lines 38 and 60, along this ateix represents
applying PR (o the shaded set of teeth collectively. Thus, the algorithm seeks to minimize
the number of cuts required to cover all IPR application pointa, Fora given cut, IPR is
applied at the first path step where the maxinuum numbet of teeth are accessible.

Algorithm 3 below outlines how this accessibility mairix may be used to apply
10 batched PR, In Algorithm 3, IPRisAccessible is not explicitly called before applying IPR,

as it is implied in the construction of the accessibility matix 4.

Algrrithin 8 ApplyIPR(F )
Inputs A ‘patl 4 front oy to o . {F
Qrastputs A np

stod path P oaned graph O wivl IPR applied ns saon as possibde

i Cgtistyy S n mecossibility matvix A, where 1 i the miabier &F teoth paits {l.e PR applicetion
O
30 M the minther of slees tioougl 4 that cover all IPR application. pufats, Lot § contali those

shices.

3 forowh s g 8 do

4 for esvh nel ibma\w pa iv of tepth {8 o} £ 2 do

B Apply 1P to £y and 3y with vabos i. O

i PFropagate PR oY inﬁihi‘f\i of ¢ e B oand &
for vt weerside Goad valtes with o pothd appliestion.

v oend Be ‘

& ewed for

W oretien (AL

recaredloss of fusirn aocessibility and exclading oy {ns

Ei

X

I3 The key step is the minimization function for finding the slices & To do this, the algorithm
adds slices 1o & starting with the slice that maximizes the number of remaining applization

ety

points afferted.

B4, Trajectory Staging (ﬁ?;}

24 The objective of trajectory staging is to create a path ' at a resolution /, which is
defined based on per-stage ‘i@@ti}-'movemcﬁt limits. Pseuda-code for this approach is shown
below:

P_staged = P{U]

P

i
3. Compute Ad, the change in tooth position from malocelu ded state for sachnode in
25 P
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3. Foreach Ad:
a. If Ad> per-stage tooth movement limits:
b. Append P[i-1] (the node immediately prior to the current node) to P_staged
c. Recompute Ad as the change in tooth position from P[i-1]

4. Append the setup state (P[end]) to P_staged

In the system, trajectory staging need not but could be used. Instead, the resolution that the

system uses to interpolate the path is equal to the per-stage tooth movement limits.

C. Additional Components and Capabilities
C1. Multiple Path Extraction

This component enables a set of valid paths to be presented to a practitioner,
enabling the practitioner or patient to select the desired treatment path. To benefit the
technician or practitioner, multiple path choices should be dissimilar. In particular, they
should all be viable but have different high-level properties such as number of IPR stages,
amount of round-tripping, or other options. To provide this, paths should be scored or
annotated based on such properties. Then the algorithm would identify all viable paths,

sort them by score, and report back the best scoring paths that do not share the same

properties as other, better-scoring, paths in the list.

C2. Multiple IPR Policies

This component would offer practitioners a choice of what IPR application policy
to apply: as soon as possible, batching to minimize the number of treatments, or a policy
in between. Options can be provided to the practitioner, who would then evaluate different
options on a case by case basis if desired or if their preferred policy yields less than

desirable results.
C3. Single vs. Multiple Arch

In one implementation, upper and lower arches are considered separately because
it is an easier (and thus faster) problem to solve. In another embodiment, both arches are

supported and considered together in the case that this is preferred, for example.

CA4. Interactive Tools
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Several of the library components can either be fully specified by the user, fully
automated, or interactive, where the user provides inputs to the automatic method. This
spectrum can be seen in the following areas.

Key Setup Generation - This can be one of the most difficult steps to automate yet
the user may be able to provide inputs to the method. Selecting useful key setups could
rely on the ability to classify what case type one is considering (crowding, midline
correction, etc.). This is something that may be learned over time by an algorithm but is
easy for a technician to provide (via quick visual inspection and an input such as a
checkbox). In addition, a technician could also explicitly provide intermediate stages that
characterize the corrective treatment plan for the case type.

Perturbation Motions - To a lesser degree than above, a technician may also be
able to provide corrective motion planning possibly through approximate setup input. This
planning can then be applied during automated perturbation of invalid states, enabling a
clinically valid solution to be discovered more quickly.

Identification of Refinement Regions - If the algorithm is focused on some local
minima, a user may be able to identify good regions for refinement based on visual

inspection and manually perturb the state towards these good regions.
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The invention claimed is:
1. A method for generating setups for an orthodontic treatment path, comprising steps
of:

receiving a digital 3D model of teeth;

performing interproximal reduction (IPR) on the model and, after performing the
IPR, generating an initial treatment path with stages including an initial setup, a final
setup, and a plurality of intermediate setups;

computing IPR accessibility for each tooth at each stage of the initial treatment
path; and

applying IPR throughout the initial treatment path based upon the computed IPR
accessibility and dividing the initial treatment path into steps of feasible motion of the

teeth resulting in a final treatment path with setups corresponding with the steps.

2. The method of claim 1, wherein the performing step comprises generating the

initial treatment path with key intermediate setups.

3. The method of claim 1, wherein the applying step comprises performing a
trajectory refinement of the initial treatment path based upon a particular resolution, where

the resolution comprises a number of steps in the treatment path.

4. The method of claim 3, wherein the applying step comprises performing the
trajectory refinement of the initial treatment path based upon an evaluation criteria that

assigns scores to the setups.

5. The method of any of claims 3-4, wherein the performing the trajectory refinement

comprises adjusting the resolution of the treatment path.
6. The method of any of claims 3-5, wherein the performing the trajectory refinement

comprises, if the treatment path does not satisfy the evaluation criteria, generating a new

treatment path.
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7. The method of claim 6, wherein the generating the new treatment path comprises

applying a smoothing algorithm to the treatment path.

8. The method of any of claims 6-7, wherein the generating the new treatment path

comprises applying a region refinement algorithm to the treatment path.

9. The method of any of claims 6-8, wherein the generating the new treatment path

comprises finding a shortest treatment path that satisfies the evaluation criteria.

10. The method of claim 1, wherein the applying step comprises applying an IPR
batching algorithm to the treatment path.

11. The method of claim 10, wherein the applying the IPR batching algorithm

comprises applying IPR as soon as possible during the treatment.

12. The method of claim 10, wherein the applying the IPR batching algorithm

comprises minimizing a number of IPR sessions.

13. The method of any of claims 11-12, wherein the applying the IPR batching

algorithm comprises selecting a batching algorithm based upon user input.

14.  The method of claim 1, wherein the applying step comprises generating the final

treatment path based in part upon user input.

15. The method of claim 14, wherein the user input comprises key setups.

16. The method of any of claims 14-15, wherein the user input comprises intermediate

setups.

17. The method of any of claims 14-16, wherein the user input comprises approximate

setups.
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18. The method of any of claims 14-17, wherein the user input comprises

identification of regions for refinement.

19. The method of claim 1, wherein the applying step comprises dividing the final

treatment path based upon key frames.

20. The method of claim 1, wherein the applying step comprises generating multiple

final treatment paths.

21.  The method of claim 20, further comprising reporting one or more scores for each

of the multiple treatment paths.

22. The method of any of claims 20-21, further comprising selecting the final

treatment path among the multiple final treatment paths based upon user input.

23. A method for generating setups for an orthodontic treatment path, comprising steps
of:

receiving a first digital model of teeth representing a first state;

receiving a second digital model of teeth representing a second state; and

dividing between the first and second states a set of states corresponding to

feasible motion steps from the first state to the second state.

24.  The method of claim 23, wherein the first and second digital models include a 3D

representation of the teeth.

25. The method of claim 23, wherein a key frame state is included as a step between

the first and second states.

26. The method of claim 23, wherein the first and second digital models include

information relating to interproximal reduction (IPR).

21-
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27. The method of claim 23, wherein the dividing step optimizes for early completion

of interproximal reduction (IPR) or a minimum number of steps where IPR is applied.

28. The method of claim 23, wherein the first state is an initial state, and the second

state is a final state in the treatment path.
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