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[DESCRIPTION]

[Title of Invention]

SYSTEM AND METHOD FOR GENERATING OPTIMAL LATTICE

TOOL PATHS |

[Technical Field]

[0001] |

The present disclosure relates generally to a path generation system for

numerically coritrolled maéhines, more specifically to a tool path generation

system for precision machining of surfaces.

[Background Art]

- [0002] _

In a computer-aided manufacturing (CAM) system for numerical-control

(NC)/computer-numerical control (CNC) machines, candidate tool positions
- are a very sparse sample of the space of possible tool positions, they are

represented in high-precision floating point coordinates, and special

computing strategies are needed to make the dynamic program practical, such

as graphics processing units (GPUs), point drOpping, eipproximate curve

fitting. An example can be found in [US20120265331A1 “Five-axis flank

milling system for machining curved surface and the tool-path planning

method thereof” and related paper by Ping-Han Wu, Yu-Wei Li, Chih—Hsing

Chu, “Optimized tool path generation baséd on dynamic programming for

five-axis flank milling of rule surface” International Journal of Machine ;l"ools

énd Manufacture, Volume 48, Issue 11, September 2008, Pages 1224-1233].

Consequently, the result is suboptimal and the method is often impractically

slow.

[0003]

‘Some methods aim to resamp_le and smooth the.path by limiting velocity,

acceleration, and jerk to a ranges in which the tool can be expected to
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smoothly machine the sﬁrface. For example, see [Xiao Fei Bu, Hu Lin, Liao
Mo Zheng, and Han Zhang, "Small Line Segment Interpolation Algorithm for
| Smoothing Machining", Advanced Materials Research, Volume 842, 2014,
pages 420-426] and [Hichem Bouchenitfa, Julien Chaves-Jacob, Jean-Marc
Linares, Jean-Michel Sprauel, Noureddine Azzam, and Salim Boukebbab,
“Impfovement of toolpath quality combining polynomial interpolation with
reduction of toolpath points” International Journal of Advanced
Manufacturirig Technology, Volume 78, 2015, pages 875-883]. These
methods prioritize smooth tool motion over fidelity to the target surface, and
can (incorrectly) reject high-curvature parts of a CAD model as defects.
Accordingly, there is a need to develop a novel data probessing (system) to
solve the above problems. |
[Summary of Invention]
[0004]
The present disclosure relates to syétems and methods for path generation
system for numerically controlled machines. The present disclosure includes -
examples that optimally guidé a machine-positioned tool along a surface of a
workpiece. | |
[0005]
Some embodiments of the present disclosure show that: (1) Regardless of
machining stratégy, the artifact-minimizing tool path is the one that conforms
as tightly as possible to the tafg'et surface without gouging it. (2) Whereas
the target surface may be defined via confinuous mathematical curves, the
computer numerically controlled machines can only move to discrete lattice
coordinates, none of which may coincide with the surface. (3) The best-
conforming path though discrete coordinates can b}e obtained by “brute force”
dynamic programming (DP) over all possible coordinates in the workspace,

but the brute force DP problem is too large to be computed in a practical
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amount of time or with practical computing resources. (4) The optimal path
: éan also be calculated by identifying a small subset of “admissible” lattice

coordinates via Diophantine approximations and chaining these together in a
small dynamic program whose solution requires modest computing resources.
[0006] |

In a practical contour-milling task, such optimal tool paths were found to
reduce tool path error by 2 orders of magnitude (compared to the output of
‘commercial CAM system), yielding substantial improvements in the quality
of the méchined surface. |

[0007] |

According, the present invention can substantially reduce the tool path error |
and the computétional load and be improvements in computér functionality
and impfovements in an existing technology regarding computer
implementation.

[0008]

According to embodiments of the present invention, a data conversion system
includes an interface to receive path data; a memory to store a computer-
executable program including a lattice full algorithm and a'dynamic
programing algorithm; a processor, in connection with the memory,
configured to execute the computer-executable program. In this case, the
program causés the processor to perform steps that include providing a
coordinate system including admissible points; forming, from the path data, a
target polyline on the coordinate system, wherein the target polyline
represents an approximated surface line of an object; dividing the target
polyline into line segments; generating a set of rational vectors by
approximating 'slopes of the line segments based on the lattice full algorithm; |
arranging the rational vectors to form lower convex hull lines arranged on or

above corresponding line segments, wherein the lower convex hull lines are
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arranged onto the admissible points, wherein the admissible points are on or
above the corresponding line segments; selecting a set of endpoints of the
lower convex hull lines; and forming a final polyline by merging the
endpoints based on the dynamic programing algorithm, wherein the final
polyline is arranged to lay on or above the target polyline.

[0009] | |
Further, some embodiments of the present invention are based on recognition
about a computer-implemented method for a data conversion. In this case, the
computer-implemented method includes receiving path data; providing a
coordinate system including admissible points; forming, from the path data, a
target polyline on the coordinate system, wherein the target polyline
represents an approximated surface line of an object; dividing the target
polylinei into line segments; generating a set of rational vectors by |
approximating slopes of the line segments based on a lattice full algorithm;
arranging the rational vectors to form lower convex hull lines arranged on or
abové corresponding line segments, wherein the lower convex hull lines are
arranged onto the admissible points, wherein the admissible points are on or
above the correspoﬁding line segments; selecting a set of endpoints of the
lower convex hull lines; and forming a final polyline by merging the
endpoints based on a dynamic programing algorithm, wherein the final
polyline is arranged to léy on or above the target polyline.
[0010] o |

Further, since a data conversion system and a computer-implemented method
for a data conversion according to embodiments of the present invention
provide special computing strategies for determining candidate tool positions,
the data conversion system and the computer-implemented method of the -
present invention may reduce central processing unit (CPU) usage, power

consumption, and/or network bandwidths.
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[0011] 4
The presently disclosed embodiments will be further explained with reference
to the attached drawings. The drawings shown are not necessarily to scale, |
with emphasis instead generally being placed upon illustrating the principles
of the presently disclosed embodiments. |
[Brief Description of Drawings]
[0012]
[Fig. 1A] ,
FIG. 1A shows a data processing flow from a CAD system to a CNC machine
via a CAM system, according to a related art;
[Fig. 1B]
FIG. 1B shows a data conversion system arranged between a CAM system
and a CNC machine, according to embodiments of the present invention;
[Fig. 1C] |
FIG. 1C shows a data conversion systerh_ arranged in a CNC machine
receiving data from a CAD system, accofding to embodiments of the present
invention; |
[Fig. 1D]
FIG. 1D shows a data conversion system arranged in a CAM system
transmitting data to a CNC machine; according to embodiments of the present
invention;
[Fig. 2] |
FIG. 2 shows a data conversion system adaptable for CAM and CNC systems,
according to embodiments of the present invention;

[Fig. 3] |
FIG. 3 shows a CAM path for contouring a surface, according to

embodiments of the present invention;
[Fig. 4]
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FIG. 4 shows a flowchart for describing the data conversion process, |
according to embodiments of the present invention,;
[Fig. 5] |
FIG. 5 illustrates stages in the conversion of a high resolution CAM path to an
optimized machine coordinate path, according to embodiments of the present
invention; and
[Fig. 6] |
FIG. 6 is an example illustrating a typical case where the data conversion
procéss becomes inci’easingly precise as the path length grows, according to
embodiments of thé present invention. |

- [Description of Embodiments]
[0013]
While the above-identified drawings set forth presently disclosed
embodiments, other embodimehts are also contemplated, as noted in the
discussion. This disclosure presents illustrative embodiments by way of
representation and not limitation. Numerous other modifications and
embodiments can be devised by those skilled in the art which fall within the
scope and spirit of the principles of the presently disclosed embodiments.
[0014] -
The following description provides exemplary embodiments only, and is not
intended to limit the scope, applicability, or configuration of the disclosure.
Rather, the following description of the exemplary embodiments will provide
those skilled in the art with an enabling description for implementing one or
more exemplary embodiments. Contemplated are various changes that may be
made: in the function and érrangement of elements without departing from the
spirit_and scope of the subject matter disclosed as set forth in the appended
claims.

[0015]
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Specific details are given in the following description to prnvide a thorough
understanding of the embodiments. However, understood by one of ordinary
skill in the art can be that the embodiments may be practiced without these
specific details. For example, systéms, pfocesses, and other elements in the
subject matter disclosed may be shown as components in block diagram form
in order not to obscure the embodiments in unnecessary detail. In other
instances, well-known processes, structures, and techniques may be shown
without unnecessary detail in order to avoid obscuring the embodiments.
Further, like reference numbers and designations in the various drawings
indicated like elements.
[0016]
Also, individual embodiments may be described as a process which is
depicted as a flowchart, a flow diagram, a data flow diagram, a structure
diagram, or a block diagram. Although a flowchart may describe the
operations as a sequential process, many of the operations can be performed
in parallel or concurrently. In addition, the order of the operations may be re-
arranged. A process may be terminated when its operations are completed, but
may have additional steps not discussed or included in a figure. Furthermore,
not all operations in any particularly described process may occur in all
embodiments. A process may correspond to a method, a function, a
procedure, a subroutine, a subprogram, etc. When a process corresponds to a
function, the function’s termination can correspond to a return of the function
to the calling function or the main function. |
[0017] |
Furthermdre, embodiments of the subject matter disclpsed may be
implemented, at least in part, either manually or automatically. Manual or

" automatic implementations may be executed, or at least éssisted, through the

use of machines, hardware, software, firmware, middleware, microcode,
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impiemented in software, ﬁrrnware; middleware or microcode, the program
code or code segments to perform the necessary tasks may be stored in a
machine readable medium. A processor(s) may perform the necessary tasks.
[0018] |
Accordingly, some embodiments of the present disclosure can reduce a power
consumption of a computer (processor) and improve the functions of a
computational system.

[0019]

In some embodiments of the present disclosure, the system can be effectively
and accdrately performed with less time and less computing power, thus the
use of a method or system described in the present disclosure can reduce
central processing unit usage and power consumption.

[0020]

A computer-aided manufacturing (CAM) system is used to control machine
tools of a numerical control (CNC) machine (or referred to as a numerical
control (NC) machine). The CNC machine performs manufacturing processes
for a workpiece of material, such as fnétal, plastic, wood ceramic, composite
materials. The machine tools include drills, boring tools, lathes, and milling
tools. For instance, a contour milling process is used for shaping the surface
of a workpiece according to code data generated and transmitted by the CAM
system.
[0021] | |

The contour miliing process is required to minimize undercuts (excess) with
no overcuts (gouges), since the gouges are unrepairable, while undercuts can
be polished out when finishing the surface of the workpiece. In geheral, the
contouring path of a product is generated by a computer-aided machining

(CAM) system that can specify positions of tool with approximately 8 to 16
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digits precision. However, inside the CNC machine, the workspace is
typically addressed with only 4 to 6 digits ‘precision. Accordingly, losses of
the precisions take place and result in surface errors and artifacfs on the
finished surface of the workpiece after the shaping process.

[0022] |

Some machine control systems provide a look-ahead process to smooth out
infeasible or vibration-inducing accelerations in the motion of the tool. This
smoothing reduces artifacts due to machine flexure, but it generally makes the
tool path less faithful to the designed surface. Furthermore, the look-ahead
has little effect in contouring and finishing passes, because to tool is already
moving slowly.

[0023] |

In a standard machining process, a CAM system generates poly line tool paths
'on the surface of a workpiece based on very high precision CAD data (design
data) provided by a CAD system. A poly line is a sequence of line segments
defined on a sequence of waypoints. Typically, the CAM system computes
the waypoints with very high precision but them rounds them to lower
precision because the CNC machine will ignore or choke on the extra digits of
precision. This rounding has been observed to produce anisotropic
machihing artifacts on the finished surface of the workpiece.

[00241

Inside most CNC machines, the motion controller is designed to provide high-
quality linear interpolation between waypoints that are specified in the |
internal coordinate system which is discrete. At present, there is a robust
market for machines that provide as little as 50 discrete positions per inch.
[0025] )

One of the main concerns in contour machining is minimizing measures of

surface error such as surface roughness. An overlooked cause of surface
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errors is the fact that the machine’s internal coordinate system is orders of
magnitude coarser than the coordinate system used to specify the target
surface in the CAD model. The internal coordinate system can be regarded
as a lattice of discrete points; the machine is capable of straight-straight-line
motion between lattice points but cannot navigate to or from off-lattice points.
This necessitates rounding coordinates at some point in the fabrication
process; this rounding becomes a source of error in the tool motion and in the
finished workpiece. That error is highly correlated along the tool path and
mostly uncorrelated across adjacent passes of the tool, which creates
_anisotropic texture artifacts on the surface. -
[0026] .
The present invention shows how to convert a higher-precision path from the
CAM system into an optimal set of waypoints in the machine’s lower-
precision internal coordinate system. Here optimal means that the tool motion
conforms as tightly as possible to the surface without gouging it. In
particular, this invention provideé a new optimal tool path generation method
wherein use of Diophantine geometry makes it practical to globally optimize
over all possible machine-internal coordinates. This results in significantly
better conforming paths than the current state of the art, which considers a
relatively small number of points sampled from the surface. When used in
contour milling, the new method has been observed to reduce workpiece
surface roughness to levels below the machine’s rated positioning accuracy.
[0027]
FIG. 1A shows a data flow from a CAD system (not shown) to a CNC
machine 130 via a CAM system 110 according to a related art. The CAM
system 110 receives CAD model data 10 from the CAD system and generates
and control code 115 based on the CAD model data 10 and transmits the |

control code 115 to the CNC machine 130 to control a machine tool of the |
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CNC machine 130 so that the CNC machine 130 manufacturefs a produét
from a workpiece according to the control-code 115 of the CAM 130. The
control code 115 provides a sequence of wokr'kpiece or workspace coordinates
that are used to specify tool paths of the tool of the CNC machine 130. The
control code 115 can be referred to as a numerical control (NC) program
language, typically G-code or RS-274.
[0028] |
In the followihg, identical numbers are used to parts having similar functions
in the figures.
[0029]
FIG.1Bisa schematic diagram illustrating a data conversion system 200

- according to some embodiments of the present invention. For instance, the
data conversion system 200 can be arranged between the CAM system 110
and the CNC machine 130. After receiving the control code 115 from the
CAM system 110, the data conversion system 200 converts the control code
115 into a converted control code 205 that provides second toolpath
coordinates used by the CNC machine 130. Further, the converted control
code 205 is transmitted to the CNC machine 130 via an interface of the data
conversion system 200.
[0030] "

A configuration of the data conversion system 200 is exemplary illustrated in
FIG. 2. The explanations regarding FIG. 2 will be made later.
[0031]
It should be noted that there are variations of arrangements of the data
conversion system 200 with the CAM system 110 and CNC machine 130.
FIG. 1C shows another configuration illustrating that the data conversion
system 200 is included in a CNC machine 130. For instance, the data
conversion system 200 may be installed as part of the CNC machine 130.
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As the interface can be connected to the CAM system via data lines or
wireless communications or via a network including wireless network, the
control code 115 of the CAM system 110 can be received by the data
conversion system 200 and converted into the converted control code 205.
The converted control code 205 is transferred and used in the CNC machine
130. |

[0032]

Further, the data conversion process performed in the data conversion system
200 can be stored as a computer-executable data conversion program in a
storage or memory (not shown) of the CNC machine 130. The computeré
executable data conversion program is performed by the processor (not
shown) of the CNC inachine 130 in connection with the memory or storage,
so that the CAM data 115 of the CAM system 110 is converted into the
converted control code 205 by use of the processor (of processors) of the
CNC machine 130 according to the computer-executable data conversion
program of the data conversion system 200.

[0033]

Further, FIG. 1D shows another coﬁﬁguration illustrating that the data
conversion systém 200 is included in a CAM system 110. For instance, the
data conversion system 200 may be installed as part of the CAM system 110.
As the interf;«iée of the data conversion system 200 can be connected to the
CNC machine 130 via data lines or wireless communications or via a network
including wireless network, the control code 115 of the CAM system 110 can
be transmitted to the data conversion system 200 and converted into the
converted control code 205. The converted control code 205 is transmitted to
via the data lines or wireless communications or via the network, and the
converted control code 205 can be used in the CNC machine 130 to control

the tool of the CNC machine 130.
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[0034]
| Further, the data conversion process performed in the data conversion system
200 can be stored as a computer-executable data conversion program in a
storage or memory (not shown) of the CAM system 110. The computer-
executable data conversion program is performed by the process_of (not
shown) of the CAM system 110 in connection with the memory or storage, so
that the CAM data 115 is efficiently converted into the converted control code
205 by use of the processor (or processors) of the CAM system 110 according
to the computer-executable data conversion program used in the data
conversion system 200.

[0035] |

FIG. 2 shows a block diagram of a data conversion system 200 according to
some embodiments of the present disclosure. The system 200 may include a
human machine interface (HMI) 210 connectable with a keyboard 21 landa
pointing devicé/medium 212, one or more processors 220, a storage device
230, a memory 240, a network interface controller 250 (NIC) connectable
with a network 290 including local area networks, wireless networks and
internet network, a display interface 260 connected to a display device 265, a
printer interface 280 connectable with a printing device 285. In the following,
the one or more processors 220 may be referred to as a processor 220 for -
convenience.

[0036]

The memory 240 may be one or more memory units,v.operating with the
storage 230 that stores computer executable programs (algorithm codes) in -
connection with the processor 220. The system 200 may receive input data
including CAM data file (not shown) from user(s) 500, CAM data from CAM
system(s) 295 via the network 290 connected to the NIC 250. The NIC 250 |

includes a receiver and transmitter to connect to the network 290 via wired-
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networks and via wireless-networks (not shown). When the system 200
receives the input data, the system 200 provide an 'admissible coordinate
system from an admissible coordinate system module 234 stored in the
stdrage 230, and performs a lattice full algorithm 204 and dynamic
programing algorithm module 202, or a line-segmentation module 208, by
using the processor 220 and the memory 240.

[0037]

Further, the system 200 can communicate with a CAM system(s) 296 and
CNC machine(s) via the network 290. After generating tool path data (not
shown) from the input data, the system 200 transmits.the tool path data to the
CNC machine(s) 295. | |

[0038]

In some cases, the Computer-executable data conversion pfogram stored in the
CNC machine 130 or the CAM system 110 may include an admissible
coordinate system module 234, a line-segmentation module 208, a lattice full
algorithm 204 and a dynamic programing algorithm module 202.

(0039] | |
FIG. 3 is an example illustrating a designed shape of a workpiece 300 with a
contour milling tool path 305 of a contour milling process of the CNC |
machine 130, according to some embodiments of the present invenﬁon. The
toolpath 305 is a typically a poly liné consisting of a sequence of coordinates
joi'ned by line segments. The coordinates are typically defined in a workpiece
or workspace coordinate system 320, which has far less precision than the
CAD or CAM coordinate systems, and sometimes more pfecision than the
motion controller’s internal coordinate system. The toolpath 305 is typically
composed of several parallel passes 310 that are separated by pitches
determined by the CAM system 130.

[0040]
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According to embodiments of the present invention, each pass of the tool path
305 will be specified in a high precision coordinate system and optimally
converted to a sequence of points in the motion controller’s internal
coordinate system. |
[0041]
FIG. 4 shows a flowchart indicating the data conversion process, according to
embodiments of the present invention. FIG. 5 also illustrates stages in the
conversion of a high resolution CAM path to an optimized machine
coordinate path, according to embodiments of the present invention. In the
following, a data conversion procedure (method) used in the data conversion
system 200 is described by referring FIG. 4 in association with FIG. 5.
[0042]
Each pass of the toolpath 305 can determined by the data conversion system
200 according to the data process descﬁbed in FIG. 4 flowchart.
[0043]
The data conversion system 200 obtains 321 obtaining high-precision CAM
toolpath data 322 via the NIC 250 and the network 290. This data 322 is. a
sequence of high-precision points forming a polyline of line segments. The
~ processor 220 examines the line segment 404 between each pair successive
waypoirits 402 and identifies 323 the lower convex hull 406 of all admissible
points 408 that that lie on 410 or above the line segment. An admissible
point 408 is an internal machine lattice coordinate that lies directly on 410 or
above the high-precision line segment 404. The convex hull 406 is itself a
polyline whose vertices 412 are a subset of the admissible points 408. An
imporfant property of the convex hull 406 is that there are no internal machine
coordinates between it and the high-precision line segment 404. Therefore,
the convex hull 406 is an optimal cover of the high-precision line segment

404. The convex hull 406 is always closér to the high-precision line
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segment 404 than standard practice 414, which is to move the tool along the
lowest line segment whose endpoints are the extremal machine coordinates on
or above the high-precision line segment 404.
[0044]
The standard practice 414, referred to in FIG. 5 as the rounding cover,
produces toolpaths whose average excess (undercut) is 1/2 a machine
precision unit; the variance of this error is 1/12 a machine precision unit.
[0045] |
A feature of the present invention is a method for determining the lower
convex hull 406 without looking at all the admissible points:  Start with two
rational slopes p = 0/1 and g = 1/0, and two anchor points, which are initially
the two extremal admissible points. Then iterate as follows: From the
current anchor points, draw straight linés toward the high-precision line
segment 404, with slopes p and g, respectively. If such a line passes through
an admissible point before crossing the line segment, the last such point is
added to the convex hull and becomes anew anchor point. Then calculate
mediél_h m = (a+c)/(b+d) from p = a/b and q = c/d. If the mediant m is less
than the slope of the high-precision line segment 404, set p = m, else set g =
m. Repeating this procedure is guaranteed to generéte the lower convex hull
408 in O(log L) iteratiohs, where L is the number of admissible points above -
the high-precision line segment 404. Number theorists will recognize that
this procedure is closely related to the Diophantine approximation of
irrational numbers.
[0046]
Once hulls are determined 323 for all high-precision line segments, they are
concatenated 325 and 432 so that their vertices 324 form a provisional
machine-coordinate polyline 326 that is strictly on or above the high-precision

polyline.
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[0047]
It is possible that there are straight-line shortcuts 434 between some of the
non-successive vertices in the provisional machine-coordinate polyline 326
that come even closer to the original high precision polyline without crossing
it. Determining the optimal set of non-gouging shortcuts can be posed as a
~minimum-cost path problem and solved via dynamic programming 327.
The dynamic program identifies a subset of the vertices in the provisional
path that comprise the optimally conforming polyline path 328, referred to as
the “DP merge” in FIG. 5. After that, a (process) step 329 that drives the
machine to linearly interpolate through the points on ‘the optimized path and a
(process) step 330 that transmits control signals to the machine 295 are
followed.
[0048] ,
Then end result is a machine-coordinate path that conforms much more
closely to the surface than is possible by rounding or truncating away the
extra digits of precision in the original CAM path. FIG. 6 illustrates a typical
caée where the present invention reduces excess (undercuts) by more than
99%, compared to standard practice, without any gouging (overcuts).
Reducing the average excess by two orders of magnitude reduces the variance
of the excess by four orders of magnitude; this significantly reduces unwanted
surface artifacts and textures on the finished piece, producing a much
smoother surface.
[0049] |
It is important to note that restricting the minimum-cost path problem to
vertices taken from the convex hulls is necessary for making the dynamic
program computationally practical, and sufficient for making the resulting
path optimally conforming. ~ Without the restriction to hull vertices, the

dynamic program would require O(N?) time, where N is the number of
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admissible coordinates above the entire high-precision path, often millions.
In the present invention, the dynamic program requires only O(N log* N) time,
and it can be solved ihcrementally while the machine is moving. |
[0050]

It should also be noted that When the computer-executable data conversion
program stored in the data conversion system 200 is performed in the CNC
machine 130 or in the CAM system 110, the data conversion process can be
identical to that performed in the data conversion system 200. |

[0051] '

According to some embodiments of the present invention, the computational
steps can remarkably be reduced and the computational power can be
reduced, so that the power consumption of the computer can be reduced.
Further, the surface of a wbrkpiece processed by a CNC machine can be
improved by the data conversion system or computer-executable prograni
described above.

[0052]

The above-described embodiments of the present disclosure can be
implemented in any of numerous ways. For example, the embodiments niay
be implefnented using hardware, software or a combination thereof. Use of
ordinal terms such as “first,” “second,” in the claims to modify a claim
element does not by itself connote any priority, precedence, or order of one
claim element over another or the temporal order in which acts of a method
are performed, but are used merely as labels to distinguish one claim element
having a certain name from another element having a same name (but for use
of the ordinal term) to distinguish the claim elements.

[0053] |

Although the present disclosure has been described with reference to certain

preferred embodiments, it is to be understood that various other adaptations
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and modifications can be made within the spirit and scope of the present
disclosure. Therefore, it is the aspect of the append claims to cover all such
. variations and modifications as come within the true spirit and scope of the

present disclosure.



WO 2020/194976 ' PCT/JP2019/051647

20

- [CLAIMS]
[Claim 1]

A data conversion system, comprising:

an interface to receive path data;

a memory to store a computer-executable program including a lattice

full algorithm and a dynamic programing algorithm;

a processor, in connection with the memory, configured to execute the
computer-executable program, wherein the program causes the processor to
perform steps ‘comprising: |

providing a coordinate system including admissible points;

forming, from the path data, a target polyline on the coordinate
system, wherein the target polyline represents an approximated su;face line of
an object; |

- dividing the target polyﬁne into line segments;

generating a set of rational vectors by approximating slopes of
the line segments based on the lattice full algorithm; |

arranging the rational vectors to form lower convex hull lines
arranged on or above corresponding liné segments, wherein the lower convex
hull lines are arranged onto the admissible points, wherein the admissible
points are on or above the corresponding line segments;

selecting a set'of endpoints of the lower convex hull lines; and

forming a final polyline by merging the endpoints based on the
dynamic programing algorithm, wherein the final polyline is arranged to lay
on or above the target polyline.
[Claim 2]

The system of claim 1, wherein the nuinerical precisioh of the path

data is higher than numerical precision of the admissible points.
[Claim 3]
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The system of claim 1, wherein a subset of endpoints are sequenced
~ into a polyline to minimize area between said polyline and the target polyline.
[Claim 4] -
~ The system of claim 1, wherein the numerical precision of the path
~ data is determined based on a resolution of a computer aided manufacturing
system. |
[Claim 5]
The system of claim 1, further comprises an output interface to
transmit data of the final polyline to a computer numerical control (CNC)
~ machine. |
[Claim 6]
The system of claim 1, wherein the admissible points are compatible
to that used in é CNC machine.
[Claim 7]
The system of claim 1, wherein the dividing is performed based on a
predetermined integer method.
[Claim 8]
The system of claim 1, wherein the path data are transmitted from a
computer-aided manufacturing system.
[Claim 9]
The system of claim 1, wherein the lattice full algorithm is performed
based on a Diophantine approximation method.
~ [Claim 10]
| The system of claim 1, wherein another coordinate system is addable
above the line segments.
[Claim 11]
The 'system of claim 1, wherein a both upper and lower convex hulls

are filtered by dynamic programming to obtain a machine-coordinate tool
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path that has minimal undercuts and overcuts.
[Claim 12]
A computer-implemented method for a data anversion, comprising

steps: |

receiving path data; |

providing a coordinate system including admissiblé points;

forming, from the path data, a target polyline on the coordinate
system, wherein the target polyline represents an approximated surface line of
an object; v

diViding the target polyline into line segments;

generating a set of ratibrial vectors by approximating slopes of the line

segments based on a lattlce full algorithm;

arranging the ratlonal vectors to form lower convex hull lines arranged o

on or above corresponding line segments, wherein the lower convex hull lines
are arranged onto the admissible points, wherein the admissible poihts are on
or above the corresponding line segments;

selecting a set of endpoints of the lower convex hull lines; and

forrhing a final polyline by merging the endpoints based on a dynamic

| programing algorithm, wherein the final polyline is arranged to lay on or

above the target polyline. ' |
[Claim 13]

The method of claim 12, wherein the numerical precision of the path
data is higher than numerical precision of the admissible points.
[Claim 14] |

The method of ciaim 12, wherein a subset of endpoints are sequenced
into a polyline to minifnize area between said polyline and the target polyline.

[Claim 15]

The method of claim 12, wherein the numerical precision of the path
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data is determined based on a resolution of a computer aided manufacturing
system. | |
[Claim 16] | |

The method of claim 12, further comprises an output interface to

- transmit data of the final polyline to a computer numerical control (CNC)

machine.
[Claim 17]

The method of claim 12, wherein the admissible points are compatible
to that used in a CNC machine.
[Claim 18]

) The method of claim 12, wherein the dividing is performed based on a

predetermined integer method. |
[Claim 19]

The method of claim 12, wherein the path data are transmitted from a
computer-aided manufacturing system.
[Claim 20] |

The method of claim 12, wherein a lattice full algorithm is performed
based on a Diophantine approximation method.
[Claim 21]

The method of claim 12, wherein another coordinate system is addable
above the line segments.
[Claim 22]

The method of claim 12, wherein a both upper and lower convex hulls
are filtered by dynamic programming to obtain a machine-coordinate tool

path that has minimal undercuts and overcuts.
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