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(7) ABSTRACT

A profile of a finished part is recognized based on an
inputted CAD data. A delta volume for the finished part is
decomposed based on information on cutting tools and the
profile. Thereafter, a dependency graph representing prece-
dence relation between the decomposed delta volumes is
generated. And then, a process sequence graph representing
process plans is generated based on the dependency graph.
The delta volume decomposition is performed based on
information on cutting tools and a machine configuration as
well as part geometry, such that the decomposed delta
volumes are suitable to be cut away from a raw stock by the
cutting tools.
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METHOD FOR PERFORMING DELTA VOLUME
DECOMPOSITION AND PROCESS PLANNING IN
A TURNING STEP-NC SYSTEM

FIELD OF THE INVENTION

[0001] The present invention relates to a method for
automatically generating process plans for use in a turning
machine; and, more particularly, to a method for decompos-
ing a delta volume based on information on cutting tools and
CAD data including geometry information on a finished part
and, thereafter, based on the results of the delta volume
decomposition, generating process plans for use in cutting a
body of revolution in a turning machine.

BACKGROUND OF THE INVENTION

[0002] In general, a conventional method for automati-
cally cutting mechanical parts in a turning machine gener-
ates a process plan based on information on the geometry of
the mechanical parts without considering the characteristics
of the actual turning process. The conventional method
includes the steps of: (i) processing information on a profile
of a finished part, which is inputted as a file; (ii) recognizing
a part geometry based on the profile; and (iii) processing the
recognized part geometry to be outputted. Since such a
conventional method uses a relatively simple method for
recognizing part geometry, it has disadvantage in that one
part, which may be cut at once by using one cutting tool, is
recognized as several subdivided parts. Further, since the
conventional method subdivides a delta volume (ie., a
volumetric difference between a raw stock and a part defin-
ing a material that must be cut away during the actual
machining process) into smaller volumes without consider-
ing cutting tool characteristics, the decomposed delta vol-
umes may not be suitable to be cut by using the cutting tool
and, therefore, may need to be post-processed.

[0003] For example, commercial machining supporting
systems equipped in a typical CNC system, Fanuc 15-TF of
Fanuc, Inc. and Mazatrol T32-2 of Mazak, Inc., have a
problem in that the systems do not support an interface for
inputting/outputting a CAD file. Further, in these systems,
part geometry and process plans must be manually defined,
and it is difficult to select a cutting tool for processing an
uncut part. On the contrary, one of offline CAM systems,
ProCAM 2D of TekSoft, Inc., has advantages in that it
supports an interface for inputting/outputting a CAD file,
performs easily a geometry design, and automatically rec-
ognizes an uncut part. However, it has disadvantage in that
delta volumes must be defined manually since it does not
define a concept of part geometry.

[0004] Accordingly, there is needed a method for auto-
matically generating a process plan by performing delta
volume decomposition based on not only part geometry but
also cutting tool information.

SUMMARY OF THE INVENTION

[0005] 1t is, therefore, an object of the present invention to
provide a method for decomposing a delta volume into
smaller volumes based on not only part geometry but also
cutting tool information and automatically generating pro-
cess plans based on the results of the delta volume decom-
position.
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[0006] In accordance with a preferred embodiment of the
present invention, there is provided a method for performing
delta volume decomposition and process planning in a
turning STEP-NC system, comprising the steps of: (a) based
on a CAD data file including geometry information on a raw
stock and a finished part, recognizing a profile of the finished
part; (b) setting a machine configuration of a turning
machine based on the recognized profile; (c) splitting the
profile based on the machine configuration; (d) decomposing
a delta volume corresponding to each of the split profiles; (¢)
generating a dependency graph based on the decomposed
delta volumes, wherein the dependency graph represents
operational precedence relations between the decomposed
delta volumes; (f) generating a PSG (process sequence
graph) representing a process plan based on the dependency
graph; (g) editing the decomposed delta volumes and/or the
PSG; and (h) generating a part program based on the PSG.

[0007] In accordance with another preferred embodiment
of the present invention, there is a method for decomposing
a delta volume for use in a turning STEP-NC system,
comprising the steps of: (a) splitting a profile of a finished
part into N profiles based on a setup and/or a machine
configuration, wherein N is a positive integer; (b) recogniz-
ing an inherent delta volume based on information on each
of the split profiles; (¢) updating an input profile by calcu-
lating a union of the inherent delta volume and the profile of
the finished part; (d) based on the input profile, determining
a reference line such that a minimum number of monotone
chains are obtained based on the reference line; (¢) deter-
mining a maximum monotone chain by connecting the
monotone chains; and (f) selecting a first turning tool and
recognizing a primary delta volume and/or an uncut delta
volume based on information on the first turning tool and the
maximum monotone chain.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The above and other objects and features of the
present invention will become apparent from the following
description of preferred embodiments, given in conjunction
with the accompanying drawings, in which:

[0009] FIG. 1 illustrates typical work-pieces to be
machined and cutting tools for cutting the work-pieces;

[0010] FIGS. 2A and 2B describe a simple delta volume
and a compound delta volume, respectively, defined in
accordance with the present invention;

[0011] FIG. 3 depicts an inherent delta volume, a primary
delta volume and an uncut delta volume defined in accor-
dance with the present invention;

[0012] FIG. 4 shows a turning tool represented by several
parameters and an abstract turning tool corresponding
thereto;

[0013] FIG. 5 charts a process of cutting a work-piece by
using an abstract turning tool;

[0014] FIGS. 6A and 6B exhibit profiles of the delta
volumes shown in FIGS. 2A and 2B, respectively;

[0015] FIG. 7 sets forth profiles of basic parts together
with monotone chains and reference lines corresponding
thereto;

[0016] FIG. 8 explains abstract turning tools correspond-
ing to the reference lines of the monotone chains shown in
FIG. 7,
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[0017] FIGS. 9A and 9B describe turning tool settings in
accordance with different reference lines for the same part;

[0018] FIGS. 10A and 10B depict a method for deter-
mining whether a curve segment is monotone or not in
accordance with the present invention;

[0019] FIGS. 11A to 11C illustrate a left-hand insert, a
right-hand insert and a neutral insert together with FMRs
(feasible machining ranges) thereof, respectively;

[0020] FIGS. 12A and 12B set forth a method for calcu-
lating an FMR of a cutting tool in accordance with the
present invention;

[0021] FIGS. 13A and 13B chart definitions of SED and
EED of an insert and a method for determining whether a
cutting tool interferes with a stock by using the SED and
EED of the cutting tool in accordance with the present
invention;

[0022] FIG. 14 explains a definition of a characteristic
vertex and a method for determining an uncut region in a
stock by using the characteristic vertex in accordance with
the present invention;

[0023] FIGS. 15A and 15B exhibit an example of a
finished part, a primary delta volume and an uncut delta
volume for the finished part, respectively, which are decom-
posed in accordance with the present invention;

[0024] FIG. 16 describes a method for calculating an
uncut delta volume by using a characteristic vertex in
accordance with the present invention;

[0025] FIG. 17 depicts examples of inherent delta vol-
umes defined in accordance with the present invention;

[0026] FIGS. 18A and 18B set forth a method for recog-
nizing an inherent delta volume in accordance with the
present invention;

[0027] FIGS. 19A and 19B show a method for processing
non-monotone segments of a profile of a part in accordance
with the present invention;

[0028] FIGS. 20A to 20C chart a process of decomposing
a delta volume for a part in accordance with the present
invention;

[0029] FIGS. 21A to 21D depict a process of decompos-
ing a delta volume for a complicated part in accordance with
the present invention;

[0030] FIG. 22 charts a dependency relation between
delta volumes decomposed in accordance with the present
invention;

[0031] FIG. 23A illustrates an example of a part and delta
volumes therefor decomposed by using a method in accor-
dance with the present invention;

[0032] FIG. 23B scts forth a dependency graph for the
delta volumes shown in FIG. 23A;

[0033] FIG. 24 exhibits another dependency graph for the
delta volumes shown in FIG. 23A;

[0034] FIGS. 25A and 25B describe exemplary depen-
dency graphs including an auxiliary dependency in accor-
dance with the present invention;
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[0035] FIGS. 26A to 26E show an exemplary dependency
graph and non-linear PSGs generated based on the depen-
dency graph, respectively;

[0036] FIGS. 27A and 27B depict an example of a
parallel mill/turn machining center and MUs (machining
units) included therein, respectively;

[0037] FIG. 28 charts a turning worksheet showing opera-
tions and time required for the operations;

[0038] FIGS. 29A to 29D illustrate PSGs (process
sequence graphs) generated by using the turning worksheet
shown in FIG. 28;

[0039] FIG. 30 explains a process plan for the parallel
mill/turn machining center having the MUs shown in FIGS.
27A and 27B, which is generated based on the PSGs shown
in FIGS. 29A to 29D;

[0040] FIGS. 31A and 31B set forth a notation of a
tolerance on a drawing for use in turning;

[0041] FIG. 32 describes a notation of a surface roughness
on a drawing for use in turning;

[0042] FIG. 33 charts sampled values of surface rough-
ness and graphs related thereto;

[0043] FIG. 34 shows an exemplary non-linear PSG for a
secondary finish contouring, which is generated based on a
tolerance and a surface roughness.

[0044] FIGS. 35A to 35F depict the steps of a method for
performing a delta volume decomposition to be used in a
parallel mill/turn machining center in accordance with the
present invention;

[0045] FIGS. 36A to 36D chart non-linear PSGs gener-
ated based on the results of the delta volume decomposition
shown in FIGS. 35A to 35F,

[0046] FIG. 37 exhibits a block diagram showing a sys-
tem for automatically generating process plans based on the
results of delta volume decomposition in accordance with
the present invention;

[0047] FIG. 38 illustrates a block diagram showing com-
ponents of the system shown in FIG. 37;

[0048] FIG. 39 shows a block diagram showing a process
of analyzing CAD data, which is a detailed diagram of the
block Al shown in FIG. 38;

[0049] FIG. 40 explains a block diagram showing a pro-
cess of setting up a machine configuration, which is a
detailed diagram of the block A2 shown in FIG. 38;

[0050] FIG. 41 shows a block diagram showing a process
of decomposing a delta volume, which is a detailed diagram
of the block A3 shown in FIG. 38;

[0051] FIG. 42 shows a block diagram showing a process
of generating a non-linear PSG, which is a detailed diagram
of the block A4 shown in FIG. 38; and

[0052] FIG. 43 shows a block diagram showing a process
of generating an ISO 14649 part program based on the
non-linear PSG, which is a detailed diagram of the block AS
shown in FIG. 38.
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DESCRIPTION OF SPECIFIC EMBODIMENTS

[0053] A finished part to be machined in a turning machine
may be represented by using a profile thereof. A shape of a
part, which is cut away during the turning process, varies
depending on a cutting tool to be used in cutting the part.
The recognition of the parts to be machined can be accom-
plished through a decomposing of a delta volume, ie., a
material that must be cut away during the actual machining
process. Since the finished part is symmetric with respect to
an axis and is cut by revolving the axis and moving a cutting
tool two-dimensionally with respect to the axis, the delta
volume can be represented by a two-dimensional profile
thereof.

[0054] Turning characteristics to be considered in deter-
mining the delta volume are as follows. Firstly, a cutting tool
must remove as much delta volume material as possible.
Secondly, a delta volume is determined based on the type of
the cutting tool. That is, in a raw stock, a feasibly cuttable
volume and an uncut volume are determined. Thirdly, a
certain volume may have to be cut by using a cutting tool
dedicated thereto. That is, depending on the geometry of a
delta volume, (a) a type of a cutting tool, (b) a cutting
direction of an insert of the cutting tool, i.e., a position of a
theoretical sharp corner of the cutting tool, and (c) a position
of a tool holder are determined. FIG. 1 shows work-pieces,
each of which has an identical shape but is located at a
different position. As shown in FIG. 1, a position of a
theoretical sharp corner of the cutting tool varies depending
on the position of a work-piece to be machined by using the
cutting tool.

[0055] A decomposition of a delta volume is a process of
subdividing a volume, which is to be cut away by using a
cutting tool, into several smaller volumes. The result of the
delta volume decomposition depends on the type of the
cutting tool. In the present invention, a delta volume is
categorized into two types: a simple delta volume and a
compound delta volume. The simple delta volume is a delta
volume that can be entirely cut by using one cutting tool.
Meanwhile, the compound delta volume is a delta volume
requiring more than one cutting tool for cutting thereof.
FIGS. 2A and 2B illustrate examples of a simple delta
volume and a compound delta volume, respectively. A delta
volume A shown in FIG. 2A can be cut by using one cutting
tool. A compound delta volume shown in FIG. 2B includes
two simple delta volumes A, and A,, each of which can be
cut by using one cutting tool.

[0056] The simple delta volume can be further categorized
into several types: a primary delta volume, an uncut delta
volume and an inherent delta volume. FIG. 3 shows a part
(a) to be machined together with an inherent delta volume
(b), a primary delta volume (c) and an uncut delta volume (d)
for the part (a). A process of cutting such delta volumes as
shown in FIG. 3 will be described later in detail.

[0057] FIG. 4 illustrates an exemplary turning tool (a)
together with parameters for describing characteristics of the
turning tool. As shown in FIG. 4, if it is assumed that
W0, L;—0, R—0, the turning tool (a) can be repre-
sented by a turning tool (b) consisting of a ray, i.c., a half
infinite line, and a line segment. In the present invention,
such a turning tool (b) is referred to as an abstract turning
tool. Among the parameters of the turning tool (a), a
parameter for representing a direction of the cutting tool,
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ie., Dy is limited to a vector (1,0,0), (-1,0,0), (0,0,1) or
(0,0,-1) in the turning coordinates. Accordingly, a feasible
machining range of the turning tool can be determined by
setting only og and o.

[0058] FIG. 5 charts a process of cutting a work-piece by
using an abstract turning tool. As shown in FIG. §, if there
is a directional light source irradiating a ray on a work-piece
from the direction of +X to that of —X, the ray cannot reach
an area A, so that the area A is in the shade. If such a ray is
converted into an abstract turning tool, the area A corre-
sponds to an area that cannot be cut away by using the
abstract turning tool.

[0059] In the present invention, a concept of a monotone
chain is introduced in calculating a feasible machining range
of an abstract turning tool. A chain is defined as a line
segment graph including points {u,, ..., u,} and edges {(u;,
u,,): i=1, . . ., p=1} for connecting the points. If a chain
C=(u,, . . ., u) intersects a line L° perpendicular to a line
L at only one point on the line L°, the chain C is defined to
be monotone to the line L. The monotone chain is catego-
rized into two types: a completely monotone chain and a
monotone chain. That is, if an intersection of the chain C and
the line L° includes only points on the line L°, the chain C
is defined to be completely monotone to the line L. On the
other hand, if the intersection of the chain C and the line I.°
includes not only points but also line segments on the line
L% the chain C is defined to be monotone.

[0060] By using the concepts of the abstract turning tool,
the monotone chain and the delta volumes, it can be deter-
mined whether or not a profile of a delta volume is a
monotone chain. For example, a profile of a simple delta
volume is regarded as a monotone chain.

[0061] FIGS. 6A and 6B describe monotone chains rep-
resenting profiles of the delta volumes shown in FIGS. 2A
and 2B, respectively. As shown in FIG. 6A, the profile C,
of the simple delta volume A; shown in FIG. 2A is mono-
tone to a line L;. Meanwhile, the profile of the compound
delta volume (A, +A,) is non-monotone to any straight line.
However, as shown in FIG. 6B, if the compound delta
volume (A;+A,) is subdivided into two delta volumes A,
and A,, profiles C, and C; of the delta volumes A; and A,
are monotone to lines L, and L, respectively.

[0062] In the following, a relation between a monotone
chain and a turning tool will be described in detail.

[0063] FIG. 7 explains monotone chains representing
profiles of basic parts and corresponding reference lines. In
FIG. 7, if solid lines are chains corresponding to areas to be
machined, each of the chains is monotone to each of the
corresponding lines L, L, and L. In the present invention,
such a line is defined as a reference line of a corresponding
monotone chain. The reference line may be determined by
using the following procedure. That is, if a monotone chain
consists of only line segments, a line L perpendicular to each
of the line segments can be determined. In this case, if the
line L. is monotone to all the line segments, the line L
becomes a reference line of the monotone chain. The refer-
ence line of the monotone chain is used in determining a
turning tool for cutting a delta volume corresponding to the
monotone chain.

[0064] FIG. 8 exhibits relations between monotone chains
and corresponding turning tools. As shown in FIG. 8, it is
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preferable that an abstract turning tool for a monotone chain
is determined such that an insert of the turning tool is
perpendicular to a reference line of the monotone chain.

[0065] FIGS. 9A and 9B describe turning tool settings in
accordance with different reference lines for a same part. In
FIGS. 9A and 9B, thick solid lines represent chains corre-
sponding to parts to be machined. If a reference line is set
as shown in FIG. 9A, a profile of the part to be machined can
be divided into 5 monotone chains MC;, MC,, MC;, MC,
and MCs. On the other hand, if a reference line is set as
shown in FIG. 9B, a profile of the part to be machined can
be considered as one monotone chain MC,. According to the
method for setting turning tools as shown in FIG. 8, the part
may be cut by using a turning tool having such an insert as
shown in FIGS. 9A and 9B. In this case, the turning tool
having an insert shown in FIG. 9A cannot cut the areas
corresponding to the monotone chains MC,, MC,, MC; and
MC,. However, the turning tool having an insert shown in
FIG. 9B can cut the entire area corresponding to the
monotone chain MC,.

[0066] In the meanwhile, when the part to be machined
has a curvilinear profile, a monotone chain and a corre-
sponding reference line for the profile is determined as
follows.

[0067] FIGS. 10A and 10B depict a method for deter-
mining whether or not a curve segment is monotone in
accordance with the present invention. In FIGS. 10A and
10B, vectors Vg, Vg and Vy, refer to a vector representing a
reference line, a vector representing a tangent line at a start
point of a curve segment and a vector representing a tangent
line at a certain point of the curve, respectively. As shown in
FIG. 10A, if sign(V4Vy)=sign (V- Vy) for all points on the
curve segment, wherein sign(V) means a sign of a vector V,
the curve segment is defined to be monotone to the vector
Vi. Meanwhile, as shown in FIG. 10B, if
sign(Vg Vp)=sign(Vy,-Vy) for all points on the curve seg-
ment, the curve segment is defined to be non-monotone to
the vector V. By using the above concept of monotony of
a curve segment, a monotone chain and a corresponding
reference line for the curve segment are determined by
performing the steps of: (i) determining a plurality of line
segments approximating the curve segment, wherein the line
segments approximate the curve segment within an allow-
able error range; (ii) determining a monotone chain for the
plurality of line segments; and (iii) determining a reference
line for the monotone chain and selecting a turning tool
therefor. In this case, the monotone chain represents the
curve segment approximated by the line segments, and the
reference line becomes a reference line for the curve seg-
ment.

[0068] In general, a turning tool is categorized into three
types: a left-hand tool, a right-hand tool and a neural tool.
Further, a range of an area cuttable by employing a turning
tool is determined based on the type and a cutting direction
of an insert of the turning tool and is referred to as an FMR
(feasible machining range) of the turning tool in the present
invention.

[0069] FIGS. 11A to 11C chart a left-hand tool, a right-
hand tool and a neutral tool, respectively, together with
FMRs thereof. As mentioned above, the FMR is determined
based on a cutting direction and an angular range of a
theoretical sharp corner of an insert. The FMR can be

Jun. 16, 2005

represented by a side cutting edge angle and an end cutting
edge angle of an insert equipped in a bite. For example, as
shown in FIGS. 12A and 12B, if o, and . represent a side
cutting edge angle and an end cutting edge angle, an FMR
is [90°-q,, 180°+a.,]. Herein, a positive direction of the side
cutting edge is clockwise with respect to a vertical line, and
a positive direction of the end cutting edge angle is coun-
terclockwise with respect to a horizontal line. Further, by
using a side cutting edge angle and an end cutting edge angle
of an insert, it is determined whether or not the insert
interferes with a part.

[0070] FIGS. 13A and 13B describe definitions of SED
and EED and a method for determining whether or not a
cutting tool interferes with a part in accordance with the
present invention. In the present invention, the SED (side
cutting edge direction) is defined as a vector directing from
a theoretical sharp corner of an insert to a holder along a side
cutting edge of the insert. The EED (end cutting edge
direction) is defined as a vector directing away from a
theoretical sharp corner of an insert in the direction of an end
cutting edge of the insert.

[0071] FIG. 14 explains a definition of a characteristic
vertex, and a method for determining an uncut region in a
raw stock by using a characteristic vertex in accordance with
the present invention. As shown in FIG. 14, when a mono-
tone profile having a horizontal reference line is to be
machined by an insert, rays irradiated from vertices V,, V,
and V5 in the EED of the insert pass through a part.
However, a ray irradiated from a vertex V,, in the EED of the
insert does not pass through the part. In the present inven-
tion, such a vertex V, is defined as a characteristic vertex.
That is, for a certain point on a profile of a part, if a ray
irradiated from the point in the EED of an insert does not
pass through the part, the point is defined as a characteristic
vertex.

[0072] By using such a characteristic vertex, an uncuttable
area in a raw stock can be calculated. For example, if a
profile of a part consists of a plurality of line segments
arranged counterclockwise, a line segment next to a char-
acteristic vertex will be an uncuttable area since the line
segment interferes with an end cutting edge of an insert. On
a monotone chain, only a convex vertex can be a charac-
teristic verteX. A vertex is conveX when an angle where two
line segments cross at the vertex is smaller than 7.

[0073] For instance, as shown in FIGS. 15A and 15B, if
a raw stock 1520 is to be machined to obtain a finished part
1510, a delta volume A can be decomposed into two simple
delta volumes A, and A,. In this case, a turning tool 1530
can cut the delta volume A but not the delta volume A,. The
delta volume A, is a maximum delta volume cuttable by the
turning tool 1530. In the present invention, such a maximum
delta volume cuttable by a turning tool is defined as a
maximal simple delta volume. Further, if a profile of a delta
volume is a monotone chain, a maximum simple delta
volume for the delta volume is defined as a primary delta
volume.

[0074] A primary delta volume for a turning tool is deter-
mined by using an FMR of the turning tool, which is selected
for a maximal monotone chain of a profile of a part. By using
the above-described definitions, a delta volume correspond-
ing to a maximal monotone chain becomes a simple delta
volume. Further, a delta volume obtained by subtracting an
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uncut delta volume from the simple delta volume becomes
a primary delta volume. In the present invention, as shown
in FIG. 15B, if a profile of the delta volume A is a monotone
chain, the delta volume A, obtained by subtracting the
maximal simple delta volume A, from the delta volume A is
defined as an uncut delta volume.

[0075] FIG. 16 describes a method for calculating an
uncut delta volume by using a characteristic vertex in
accordance with the present invention. For instance, it is
assumed that a vertex Py is a characteristic vertex, a vertex
P, is a vertex where a ray irradiated from the vertex P, in the
EED of an insert crosses a profile of a part, and the vertex
P, lies on a segment (P, P,_,). In this case, a delta volume
having a profile consisting of a series of line segments (P,
P),(P,,P,),...,(P,P)and (P, P,) becomes an uncut delta
volume.

[0076] FIG. 17 depicts examples of inherent delta vol-
umes in accordance with the present invention. As shown in
FIG. 17, parts such as a cut-in A and a groove B must be cut
away by using turning tools 1710 and 1720 suitable for the
parts, respectively. In general, such a part is cut away by
using a turning tool designed therefor after the other parts
are machined. In the present invention, a simple delta
volume corresponding to a part, which is to be machined by
using a special turning tool designed therefor, is defined as
an inherent delta volume.

[0077] FIGS. 18A and 18B set forth a method for recog-
nizing an inherent delta volume in accordance with the
present invention. A profile (or a segment) of a part is
regarded as an inherent delta volume if the following
conditions are satisfied. First, the segment is an arc, and a
distance between a start point and an end point of the
segment is less than a maximum diameter D for the inherent
delta volume (refer to FIG. 18A). Second, in a sub-chain
C={V, ..., V,.}, vertices V; and V,, (nZ1) are convex,
a vertex V; (i<j<i+n) is reflex, and [V;-V,, <D (refer to FIG.
18B).

[0078] Until now, types of delta volumes and a method for
recognizing thereof have been described. Hereinafter, there
will be described in detail a method for decomposing a delta
volume into a primary delta volume, an uncut delta volume
and an inherent delta volume. Given a part to be machined,
a decomposition of a delta volume for the part is performed
as follows.

[0079] Step 1: Based on a setup or a machine configura-
tion, a profile of the part is subdivided into N segments. And
then, the following steps are performed for each of the N
segments.

[0080] Step 2: An inherent delta volume is recognized for
each of the N segments. An input profile is updated by using
the recognized inherent delta volume. This updating opera-
tion is referred to as a filling operation. The filling operation
is executed by calculating a union of the profile of the part
and the recognized inherent delta volume.

[0081] Step 3: A reference line is determined for the
updated input profile such that the number of monotone
chains for the reference line is minimized. If non-monotone
segments are found among the monotone chains, the non-
monotone segments are processed by using a method in
accordance with the present invention, which will be
described later with reference to FIGS. 19A and 19B.
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[0082] Step 4: A stitch operation is performed for the
monotone chains obtained in the step 3. That is, consecu-
tively positioned monotone chains are connected, such that
a maximum monotone chain is obtained.

[0083] Step 5: A first turning tool is selected for the
maximum monotone chain. And then, based on the first
turning tool, a primary delta volume and an uncut delta
volume are determined for the maximum monotone chain.

[0084] Step 6: A second turning tool is selected for the
uncut delta volume obtained in the step 5. The step 5 is
performed once again for the uncut delta volume and the
second turning tool. In this case, when a profile of the uncut
delta volume is a completely monotone chain, it is preferable
that (i) the second turning tool has a smaller insert angle, i.e.,
a larger FMR, than the turning tool selected for the primary
delta volume or (ii) the second turning tool has an inverse
cutting direction with respect to that of the turning tool
selected for the primary delta volume. Further, when a
profile of the uncut delta volume is a monotone chain having
a line segment perpendicular to a horizontal line, it is
preferable that (i) the second turning tool has a grooving
insert or (ii) the second turning tool has an inverse cutting
direction with respect to that of the turning tool selected for
the primary delta volume.

[0085] Step 7: After the step 6 is performed, if another
uncut delta volume is found, the uncut delta volume is set as
a simple delta volume. And then, a turning tool suitable for
the simple delta volume is selected.

[0086] FIGS. 19A and 19B show a method for processing
a non-monotone segment, which is generated in the step 3 of
the method for decomposing a delta volume in accordance
with the present invention. Among the monotone chains
obtained in the step 3, monotone chains having less than 2
segments become non-monotone segments. A profile (rep-
resented as thick solid lines) of a part shown in FIG. 19A is
divided into 5 monotone chains MC, to MC,, whose refer-
ence line is a horizontal line. Herein, if it is assumed that the
monotone chains MC, and MCy consist of more than one
segments, the remaining monotone chains MC,, MC; and
MC, become non-monotone segments.

[0087] The non-monotone segments MC,, MC; and MC,
are processed as follows: First, as shown in FIG. 19B, when
a vertical line perpendicular to a reference line is drawn from
a rightmost convex vertex of the non-monotone segments
MC,, MC; and MC,, a point where the vertical line and the
reference line cross is set as a new left end point of the
monotone chain MC;. And then, as shown in FIG. 19B, a
new reference line is determined such that the non-mono-
tone segments including a left-hand part of the monotone
MC, are monotone to the new reference line. In this case, if
such a new reference line cannot be determined, a profile is
corresponding to the non-monotone segments is considered
to be uncuttable by using any turning tool. For the monotone
chains obtained by using the method described above with
reference to FIGS. 19A and 19B, the steps 4 to 7 of the
method for decomposing a delta volume in accordance with
the present invention are performed. Herein, it should be
noted that the maximum monotone chain obtained in the
step 4 does not include the monotone chains obtained by
using the method described above with reference to FIGS.
19A and 19B.

[0088] FIGS. 20A to 20C chart a process of decomposing
a delta volume for a part in according with the present
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invention. FIG. 20A illustrates an exemplary finished part,
and FIG. 20B shows a result of performing thereon the step
3 of the method for decomposing a delta volume in accor-
dance with the present invention. FIG. 20C describes a
result of processing a monotone chain MC, including non-
monotone segments by using the method described above
with reference to FIGS. 19A and 19B. Herein, since MC',
is not taken into a consideration in determining a maximal
monotone chain in the step 3, it is understood that the result
of delta volume composition shown in FIG. 20C is identical
with that of delta volume composition shown in FIG. 20B.

[0089] Even though the method for delta volume decom-
position in accordance with the present invention is
described as for a case when applied in an outer contouring,
the method of the present invention can also be applied in an
inner contouring. The only information needed to perform
the method for delta volume decomposition in accordance
with the present invention is the information on an insert to
be used in contouring. Information on a holder, where the
insert is to be equipped, is only used in determining whether
or not delta volumes obtained by using the method of the
present invention are to be contoured by using the insert.
Only difference between the outer contouring and the inner
contouring is that a direction of the holder used in the inner
contouring is parallel to the Z axis of the turning coordi-
nates.

[0090] FIGS. 21A to 21D depict a process of decompos-
ing a delta volume for a complicated part in accordance with
the present invention. First, a profile of a finished part shown
in FIG. 21A is divided into two segments in accordance
with setups A and B. Next, as shown in FIG. 21B, inherent
delta volumes are determined for each of the setups A and B.
And then, as shown in FIG. 21C, an input profile is updated
through a filling operation; monotone chains are determined
based on the updated input profile; a simple delta volume is
determined based on non-monotone segments; and a maxi-
mum monotone chain is calculated through a stitch opera-
tion. Finally, as shown in FIG. 21D, a primary delta volume
and an uncut delta volume is determined based on the
maximum monotone chain.

[0091] In the meantime, as shown in FIG. 22, there are
dependencies between delta volumes obtained by using the
method for delta volume decomposition in accordance with
the present invention. In FIG. 22, a secondary delta volume
means an uncut delta volume. Therefore, the secondary delta
volume must be cut away after cutting a primary delta
volume. Further, an inherent delta volume must be cut away
after cutting a primary delta volume or both a primary delta
volume and a secondary delta volume:

[0092] FIG. 23A illustrates a part and delta volumes
therefor calculated by using the method for delta volume
decomposition in accordance with the present invention, and
FIG. 23B sets forth a dependency graph showing depen-
dencies between the delta volumes shown in FIG. 23A. The
dependency graph shown in FIG. 23B can also be repre-
sented as a dependency graph shown in FIG. 24, which
exhibits in detail a relation between a secondary delta
volume and an inherent delta volume. As shown in FIG. 24,
an inherent delta volume V, must be cut away after a
secondary delta volume V., but inherent delta volumes V
and V5 must be cut away after a primary delta volume V,
regardless of whether or not the secondary delta volume V,,
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is cut away. However, it is preferable that all of inherent
delta volumes are cut with an identical turning tool. More-
over, it is preferable that all the inherent delta volumes are
cut away after a secondary delta volume is cut, which results
in an increased turning efficiency since the number of
exchanging turning tools in the actual turning process
decreases. Such a dependency between an inherent delta
volume and a secondary delta volume, which is set for the
turning efficiency, is referred to as an auxiliary dependency.

[0093] FIGS. 25A and 25B describe exemplary depen-
dency graphs including an auxiliary dependency defined in
accordance with the present invention. For the sake of
explanation, a primary delta volume, a secondary delta
volume, an inherent delta volume which must be cut away
after a secondary delta volume is cut, and an inherent delta
volume having an auxiliary dependency on a secondary
delta volume are assumed to belong to classes A, B, C and
D, respectively (refer to FIG. 25A). Herein, an inherent
delta volume may belong to the class C or D.

[0094] An auxiliary dependency between delta volumes
can be found as follows. First, to each of all segments
comprising a profile of a delta volume is assigned one of
properties A, B and C. That is, to a segment belonging to a
profile of a finished part is assigned the property A; to a
segment belonging to a profile of a primary delta volume is
assigned the property B; and to a segment belonging to a
profile of a secondary delta volume is assigned the property
C. Herein, if a segment having the property C also belongs
to a profile of an inherent delta volume, the segment belongs
to the class C. On the other hand, if a segment having the
property C does not belong to a profile of an inherent delta
volume, the segment belongs to the class D.

[0095] Meanwhile, delta volumes belonging to a same
class have no precedence relation therebetween, but delta
volumes belonging to different classes have a precedence
relation therebetween. Accordingly, a dependency graph can
be represented by using delta volumes but not by using
classes to which the delta volumes belong. FIG. 25B shows
an example of a dependency graph represented by using
delta volumes.

[0096] Hereinafter, a method for generating a PSG (pro-
cess sequence graph) based on the above-described concept
of the dependency graph will be explained.

[0097] The PSG is a graph showing an ordered list of
turning operations, wherein a node included in the PSG
represents the type of an operation or an operational relation
between operations, and an arc connecting the nodes repre-
sents a precedence relation between the operations. The
operational relation between operations may be one of three
types: AND (non-sequential relation), OR (selective rela-
tion) and PARALLEL relation. Since a dependency graph of
delta volumes shows dependencies between the delta vol-
umes, i.e., precedence relations therebetween, a PSG can be
determined directly from the dependency graph. The con-
version of a dependency graph to a PSG includes the steps
of: (i) assigning one of operational relations AND, OR and
PARALLEL to each node in the PSG; and (ii) specifying
information on an operation corresponding to the node.

[0098] The assignment of an operational relation to a node
in a PSG is executed as follows.

[0099] Firstly, the AND relation is assigned to a node
corresponding to an operation for delta volumes belonging
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to a same class. As described above, since there is no
precedence relation between delta volumes belonging to a
same class, the AND relation can be set only between
operations for delta volumes belonging to a same node. An
operational relation between operations for delta volumes
belonging to different classes may be set by using an arc
connecting nodes, wherein each of the operations belongs to
a different node.

[0100] Secondly, the OR relation corresponds to an aux-
iliary dependency of a dependency graph. In general, the OR
relation is used in representing a relation between operations
which can be exchangeable with each other. This relation is
applied for a case of (i) decomposing delta volumes in a
different way or (ii) setting the sequence of operations of
delta volumes in a different way. In accordance with the
present invention, the result of delta volume decomposition
is fixed depending on a selected turning tool and a finished
part. Further, one type of a turning tool is used in machining
one delta volume regardless of whether the turning tool is
selected by a manufacturing engineer or based on a refer-
ence line of a monotone chain corresponding to a profile of
the delta volume. Accordingly, in the present invention, the
OR operation represents only the setting of the sequence of
operations of delta volumes in a different way.

[0101] Thirdly, the PARALLEL relation represents a case
where a primary delta volume is cut concurrently by using
two turning tools, each of which is equipped in one of two
turrets of a turning machine.

[0102] FIGS.26A to 26E show an exemplary dependency
graph and non-linear PSGs generated based on the depen-
dency graph. The PSGs shown in FIGS. 26B to 26E are
generated by applying one of AND, OR and PARALLEL
relations to each node of the dependency graph shown in
FIG. 26A.

[0103] For the sake of explanation, the PSGs shown in
FIGS. 26B to 26D are referred to as type-1, type-2 and
type-3 PSGs, respectively. The type-1 PSG shown in FIG.
26B represents a case where delta volumes are machined in
an order of {class-A}—{class-A}—{class-C, class-D}. In
this case, there is no precedence relation between the classes
C and D. Further, all delta volumes belonging to the classes
C and D must be cut away after a delta volume belonging to
the class B is cut. Accordingly, it is understood that the
type-1 PSG shown in FIG. 26B represents an auxiliary
dependency included in the dependency graph shown in
FIG. 26A. On the contrary, the type-2 PSG shown in FIG.
26C does not reflect the auxiliary dependency shown in
FIG. 26A. Meanwhile, the type-3 PSG shown in FIG. 26D
represents a case where a primary delta volume is cut
concurrently by using two turning tools equipped in a
turning machine.

[0104] The concurrent operations in a turning machine
occur in two cases: (i) a case where two turning tools cut
concurrently one delta volume and (ii) a case where each of
two turning tools cuts concurrently a different delta volume.
In the present invention, such a concurrent operation is
accomplished by (i) subdividing a profile of a finished part
based on a machine configuration during a procedure of
delta volume decomposition or (ii) cutting concurrently a
primary delta volume represented in a type-3 PSG by using
two turning tools.

[0105] Meanwhile, a PSG includes only basic information
on a concurrent operation but not other information, e.g.,
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information on which turning tool is used in cutting a delta
volume or when the delta volume is cut. Accordingly, a
method for representing detailed information on the concur-
rent operation, which is not represented by using a PSG, is
needed.

[0106] In the following, a method for determining an
ordered list of concurrent turning operations in accordance
with present invention will be described in detail.

[0107] In the present invention, a concurrent turning
operation, where one delta volume is cut concurrently by
using two turning tools, is taken into consideration only
when it is represented by a PSG. Therefore, the method for
determining an ordered list of concurrent turning operations
in accordance with the present invention is performed only
for a case where different delta volumes are cut concurrently
by using two turning tools. Since delta volumes except a
primary delta volume are small, and there are few prece-
dence relations between the delta volumes, it is more effi-
cient to consider a case where different delta volumes are cut
concurrently by using two turning tools. Further, it is pref-
erable that an ordered list of concurrent turning operations is
determined based on emergency situations, generated tool
paths, etc.

[0108] FIGS. 27A and 27B depict an example of a
parallel mill/turn machining center and MUs (machining
units) included therein, respectively. The determination of
an ordered list of concurrent turning operations can be
accomplished by assigning each of operations represented
by using nodes of a PSG to a corresponding MU included in
a turning machine. A heuristic method for assigning an
operation represented by using a PSG to a MU now will be
described in detail.

[0109] An operation represented by using a PSG may be
assigned to an MU included in a turning machine by
performing the steps of: (1) setting T to zero, wherein T is
a current point of time; (2) selecting a certain initial setup of
the turning machine; (3) selecting currently available MUs
in the turning machine and adding the selected MUs to
AMU(T), wherein AMU(T) is a set of MUs available at a
point of time T, (4) searching for operations in the PSGs,
which are currently executable, and adding the operations to
NOP(T), wherein NOP(T) is a set of operations executable
at a point of time T; (5) based on OSR, selecting an operation
OP among the operations belonging to NOP(T), wherein the
OSR is a rule for selecting an operation; (6) based on MSR,
selecting an MU M among the MUs belonging to AMU(T)
and adding the selected MU M to RMU(T), wherein the
MSR is a rule for selecting an MU and RMU(T) is a set of
MUs operating at a point of time T, (7) deleting M from
AMU(T) and deleting OP from NOP(T); (8) if AMU(T) is
not empty, repeating the steps 3 to 7; (9) if AMU(T) is
empty, adding min{t;:jeRMU(T)} to T, wherein t; is time
consumed in processing an operation j; and (10) if all
operations are completely processed, terminating the whole
process, and if otherwise, repeating to the steps 4 to 10.

[0110] For example, when PSGs are generated as shown in
FIGS. 29A to 29D for the turning machine shown in FIGS.
27A and 27B, a table showing an ordered list of concurrent
operations as shown in FIG. 30 can be obtained by using the
heuristic method for determining an ordered list of the
concurrent operations based on information on operations
shown in FIG. 28 in accordance with present invention.
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[0111] The above-described method of the present inven-
tion may be applied in a rough contouring or a finish
contouring. In general, a rough contouring needs to be
performed independently from a finish contouring. If
needed, a secondary finish contouring is further required to
satisfy a tolerance and a surface roughness noted on a
drawing. A typical turning process proceeds in order of a
rough contouring, a finish contouring and a measurement of
a tolerance and a surface roughness followed by a secondary
contouring.

[0112] As shown in FIGS. 31A and 31B, tolerances can
be represented by using two types of notations on a drawing.
As shown in FIG. 31A, when a surface A represents a
reference surface, surfaces A and C are required to be cut
precisely. Such surfaces like as the surfaces A and C are
referred to as significant surfaces. The finished part shown in
FIG. 31A may be cut as follows: First, surfaces A, B, C and
D are roughly contoured with a margin of 0.5. Then, the
surfaces A, B and D are finely contoured with no margin, and
the surface C is finely contoured with a margin of 0.2.
Thereafter, a length A-C is measured, thereby determining
an amount of additional contouring based thereon. Finally,
based on the amount of additional contouring, a secondary
finish contouring is performed on the surface C. For a
finished part shown in FIG. 31B, the above described
process can also be applied. In FIG. 31B, surfaces B and C
are significant surfaces.

[0113] FIG. 32 describes notations of surface roughness
on a drawing for use in turning. The surface roughness may
be calculated by averaging the values of R, R_.. or R,
which are sampled randomly on a surface of a finished part.
FIG. 33 charts sampled values of surface roughness and
graphs related thereto. As shown in FIG. 33, the surface
roughness. is represented by using triangle symbols, i.c.,
roughness symbols. Depending on a surface roughness
represented by a triangle symbol, a secondary finish con-
touring may be performed on a surface after a rough
contouring and/or a finish contouring is performed thereon.

[0114] Inthe following, a method for generating a PSG for
a secondary finish contouring based on a tolerance and a
surface roughness in accordance with the present invention
will be described in detail. The method for generating a PSG
for a secondary finish contouring based on a tolerance and
a surface roughness includes the steps of: (1) determining a
significant, surface; (2) selecting a turning tool for each of
the surfaces belonging to the sets S and Sg, wherein St is
a set of surfaces related to a tolerance and Si is a set of
surfaces related to a surface roughness; (3) assigning sur-
faces to be cut by using a same turning tool to a certain
group, wherein S,, S,, . .., S, are groups to be cut by using
1,2, ..., n turning tools, respectively; (4) determining an
ordered list L; of operations to be performed on each of the
surfaces belonging to set S;; and (5) setting AND relations
between the operations belonging to the set L;. FIG. 34
shows an exemplary non-linear PSG generated by using the
above-described method for generating a PSG for a second-
ary finish contouring based on a tolerance and a surface
roughness.

[0115] Hereinafter, examples of PSGs generated for a
more complicated finished part will be explained. FIGS.
35A to 35F depict the steps of the method for performing a
delta volume decomposition in accordance with the present
invention.
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[0116] FIG. 35A shows an upper-half profile of a com-
plicated finished part. First, a part to be machined in a
current setup is determined. For the finished part shown in
FIG. 35A, as show in FIG. 35B, a part right to a vertical line
P is assumed to be a part to be machined in a current setup.
If two turrets are to be used in cutting concurrently the part,
the part is divided into two delta volumes by a vertical line
Q as shown in FIG. 35B. Thereafter, for cach of the delta
volumes, inherent delta volumes C,, C,, D,, C, and D; are
recognized, and an input profile is updated by using the
inherent delta volumes. And then, as shown in FIG. 35C, a
maximum monotone chain is determined, and primary delta
volumes A, and A, are determined for the maximum mono-
tone chain. Next, as shown in FIG. 35D, uncut delta
volumes B, and B, are determined. In this case, as shown in
FIG. 35E, another uncut delta volume C; may be generated.
FIG. 35F indicates that a sum (A;+A,+B;+B,+C,+C,+C,+
D,+D,+D,) of all delta volumes determined through the
steps shown in FIGS. 35B to 35E is equal to a delta volume
to be cut away from a raw stock to obtain the finished part.
FIGS. 36A to 36C chart type-1, type-2 and type-3 PSGs,
which are generated based on a dependency graph generated
by using the results of delta volume decomposition shown in
FIG. 35F. Further, FIG. 36D illustrates an aggregate PSG,
which is a sum of all PSGs shown in FIGS. 36A to 36C.

[0117] FIGS. 37 to 43 describe IDEF-0 diagrams repre-
senting an operational scenario for a turning SFP (shop-floor
programming) system, which is generated by using the
method for delta volume decomposition and process plan-
ning in accordance with the present invention. Herein, the
IDEF (Integration DEFinition) means a language for mod-
eling an SFP system, and the IDEF-0 is a part of the IDEF
for modeling functional aspects of an SFP system.

[0118] FIG. 37 exhibits a system for automatically gen-
erating process plans based on the results of delta volume
decomposition in accordance with the present invention. As
shown in FIG. 37, a turning SFP system A0 inputs an AP203
2D CAD file and generates an ISO 14649 part program
and/or an internal DB for a controller where the turning SFP
system is equipped.

[0119] FIG. 38 illustrates components of the system A0
shown in FIG. 37. First, the turning SFP system A0 inputs
an AP203 2D CAD file and obtains design data of a finished
part (block Al). Next, based on the design data of the
finished part, machine resources are determined (block A2).
And then, based on the design data of the finished part and
the machine resources, delta volume decomposition is per-
formed (block A3). Subsequently, based on the results of the
delta volume decomposition, process plans (PSGs) are gen-
erated (block A4). Finally, a part program is generated based
on the PSGs (block A5).

[0120] In the following, each of the blocks Al to AS
shown in FIG. 38 will be described in detail.

[0121] FIG. 39 shows a block diagram showing a process
of analyzing CAD data, which is a detailed diagram of the
block Al shown in FIG. 38. In the block Al, first, the
inputted AP203 2D CAD file including geometry informa-
tion on a raw stock and a finished part is converted into an
internal geometry data (block Al1). Next, operation features
are added to the internal geometry data (block A12). There-
after, non-geometric data, i.e., values of a tolerance and a
surface roughness are added thereto (block A13). Herein, the
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operation features mean features such as a thread and knurl,
which is to be machined by using a dedicated turning tool
after the parts recognized during the delta volume decom-
position.

[0122] FIG. 40 explains a block diagram showing a pro-
cess of considering a machine configuration, which is a
detailed diagram of the block A2 shown in FIG. 38. In the
block A2, first, a machine configuration is selected (block
A21), and then, cutting tools are setup (block A22). To put
it in detail, in the block A21, based on the inputted geometry
information on the finished part, a configuration of a turning
machine to be used in cutting the finished part is selected.
Thereafter, in the block A22, based on the selected machine
configuration, cutting tools are selected from a tool DB and
it is determined how the selected cutting tools are equipped
in a turret. Herein, the tool DB is readily prepared by storing
tool information in accordance with ISO 2851 for defining
standards for a tool holder and a tool insert. FMRs of the
cutting tools are calculated in accordance with ISO 2851.

[0123] FIG. 41 shows a block diagram showing a process
of decomposing a delta volume, which is a detailed diagram
of the block A3 shown in FIG. 38. In the block A3, based
on the inputted machine configuration and geometry infor-
mation on the raw stock and the finished part, a location of
a split of a profile of the finished part is determined (block
A31). And then, based on information on each of the split
profiles, delta volume decomposition is performed (block
A32). Finally, the decomposed delta volumes may be edited
(block A33).

[0124] FIG. 42 shows a block diagram showing a process
of generating a non-linear PSG, which is a detailed diagram
of the block A4 shown in FIG. 38. In the block A4, first, a
dependency graph is generated based on the results of the
delta volume decomposition (block A41). Next, PSGs are
generated based on the generated dependency graph (block
A42). Finally, the PSGs may be edited as needed (block
A43)

[0125] FIG. 43 shows a block diagram showing a process
of generating an ISO 14649 part program based on the
non-linear PSG, which is a detailed diagram of the block AS
shown in FIG. 38. In the block AS, first, an internal DB is
generated based on the PSGs (block A51). The generated
internal DB is then used to generate an ISO 14649 part
program (block A52). Thereafter, the generated part program
is verified (block A53).

[0126] Each of the steps of the operational scenario for a
turning SFP system, which are described with reference to
FIGS. 37 to 43, may be implemented in software executable
in a general-purpose computer or a dedicated hardware for
the turning SFP system. Alternatively, each of the steps of
the scenario may be implemented in hardware.

[0127] A process of generating process plans and decom-
posing delta volumes is preferably performed with an aid of
a manufacturing engineer rather than fully automated. Inter-
actions with a manufacturing engineer may be needed in: (i)
determining the number of setups to be used in turning, (ii)
determining a location of a split of a profile, (iii) editing the
decomposed delta volumes, (iv) selecting turning tools, (v)
modifying an ordered list of operations, and (vi) determining
and/or modifying parameters of a cutting tool.

[0128] While the invention has been shown and described
with respect to the preferred embodiments, it will be under-
stood by those skilled in the art that various changes and
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modifications may be made without departing from the spirit
and scope of the invention as defined in the following
claims.

1. A method for performing delta volume decomposition
and process planning in a turning STEP-NC system, com-
prising the steps of:

(a) based on a CAD data file including geometry infor-
mation on a raw stock and a finished part, recognizing
a profile of the finished part;

(b) setting a machine configuration of a turning machine
based on the recognized profile;

(c) splitting the profile based on the machine configura-
tion;

(d) decomposing a delta volume corresponding to each of
the split profiles;

(e) generating a dependency graph based on the decom-
posed delta volumes, wherein the dependency graph
represents operational precedence relations between
the decomposed delta volumes;

(f) generating a PSG (process sequence graph) represent-
ing a process plan based on the dependency graph;

(g) editing the decomposed delta volumes and/or the PSG;
and

(h) generating a part program based on the PSG.
2. The method of claim 1, wherein the step (d) includes
the steps of:

(d1) recognizing an inherent delta volume based on
information on each of the split profiles;

(d2) updating an input profile by calculating a union of the
inherent delta volume and the profile of the finished
part;

(d3) based on the input profile, determining a reference
line such that a minimum number of monotone chains
are obtained based on the reference line;

(d4) determining a maximum monotone chain by con-
necting the monotone chains; and

(d5) selecting a first turning tool and recognizing a
primary delta volume and/or an uncut delta volume
based on information on the first turning tool and the
maximum monotone chain.

3. The method of claim 2, wherein the step (d2) includes

the steps of:

if there are more than one non-monotone segment among
the monotone chains, determining a reference line such
that the non-monotone segments are monotone to the
reference line;

obtaining a maximum monotone chain by connecting the
non-monotone segments; and

selecting a second turning tool and recognizing a primary
delta volume and/or an uncut delta volume based on
information on the second turning tool and the maxi-
mum monotone chain.
4. The method of claim 1, wherein the step (e) includes the
steps of:
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categorizing each of the decomposed delta volumes as
one of a primary delta volume, a secondary delta
volume and an inherent delta volume, wherein the
inherent delta volume is cut after the primary delta
volume and/or the secondary delta volume is cut; and

generating the dependency graph based on operational
precedence relations between the primary delta vol-
umes, the secondary delta volumes and the inherent
delta volumes.

5. The method of claim 4, wherein the dependency graph.
includes an auxiliary dependency indicating that the inherent
delta volume is cut after the secondary delta volume.

6. The method of claim 1, wherein the step (f) includes the
steps of:

assigning an operation for a delta volume to each of nodes
included in the dependency graph based on the machine
configuration; and

setting an operational relation between the operations.

7. The method of claim 6, wherein the operational relation
is one of AND, OR and PARALLEL relations, wherein the
AND relation represents a non-sequential relation between
operations for delta volumes belonging to a node included in
the dependency graph, the OR relation represents an auxil-
iary dependency represented by the dependency graph, and
the PARALLEL relation represents a concurrent operation to
be performed on a delta volume by using more than two
turning tools.

8. The method of claim 1, wherein the turning machine
includes a plurality of MUs (machining units) and the
method further comprises a step (i) of assigning each of
operations represented in the PSG to a corresponding MU.

9. The method of claim 8, wherein the step (i) includes the
steps of:

(i1) setting T to zero, wherein T is a current point of time;

(i2) selecting a certain initial setup of the turning
machine;

(i3) selecting currently available MUs in the turning
machine and adding the selected MUs to AMU(T),
wherein AMU(T) is a set of MUs available at a point of
time T;

(i4) searching for operations in the PSGs, which are
currently executable, and adding the operations to
NOP(T), wherein NOP(T) is a set of operations execut-
able at a point of time T;

(i5) based on OSR, selecting an operation OP among the
operations belonging to NOP(T), wherein the OSR is a
rule for selecting an operation;

(i6) based on MSR, selecting an MU M among the MUs
belonging to AMU(T) and adding the selected MU M
to RMU(T), wherein the MSR is a rule for selecting an
MU and RMU(T) is a set of MUs operating at a point
of time T;

(i7) deleting M from AMU(T) and deleting OP from
NOP(T);

(i8) if AMU(T) is not empty, repeating the steps (i3) to
(i7);
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(i9) if AMU(T) is empty, adding min{t;;jeRMU(T)} to T,
wherein {; is time consumed in processing an operation
J; and

(i10) if all operations are completely processed, terminat-
ing the step (i), and if otherwise, repeating to the steps
(i4) to (i10).

10. The method of claim 1, further comprising a step (j)
of generating a PSG for performing a secondary finish
contouring on the finished part based on a tolerance and a
surface roughness.

11. The method of claim 10, wherein the step (j) includes
steps of:

(j1) determining a significant surface of the finished part;

(j2) selecting a turning tool for each of the surfaces
belonging to the sets St and Sg, wherein St is a set of
surfaces related to the tolerance and Sg is a set of
surfaces related to the surface roughness;

(j3) assigning to a certain group S; surfaces to be cut by
using same turning tools, wherein S; is a group includ-
ing surfaces to be cut by using i turning tools;

(j4) determining an ordered list L; of operations to be
performed on each of the surfaces belonging to set S;;
and

(j5) setting AND relations between the operations belong-
ing to the set L.
12. A method for decomposing a delta volume for use in
a turning STEP-NC system, comprising the steps of:

(a) splitting a profile of a finished part into N profiles
based on a setup and/or a machine configuration,
wherein N is a positive integer;

(b) recognizing an inherent delta volume based on infor-
mation on each of the split profiles;

(c) updating an input profile by calculating a union of the
inherent delta volume and the profile of the finished
part;

(d) based on the input profile, determining a reference line
such that a minimum number of monotone chains are
obtained based on the reference line;

(e) determining a maximum monotone chain by connect-
ing the monotone chains; and

(f) selecting a first turning tool and recognizing a primary
delta volume and/or an uncut delta volume based on
information on the first turning tool and the maximum
monotone chain.

13. The method of claim 12, wherein the step (d) includes

the steps of:

if there are more than one non-monotone segment among
the monotone chains, determining a reference line such
that the non-monotone segments are monotone to the
reference line;

obtaining a maximum monotone chain by connecting the
non-monotone segments; and

selecting a second turning tool and recognizing a primary
delta volume and/or an uncut delta volume based on
information on the second turning tool and the maxi-
mum monotone chain.
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