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Abstract Machining process modeling, simulation and opti-
mization is one of the kernel technologies for virtual manu-
facturing (VM). Optimization based on physical simulation (in
contrast to geometrical simulation) will bring better control of
a machining process, especially to a variant cutting process —
a cutting process so complex that cutting parameters, such as
cutting depth and width, change with cutter positions. In this
paper, feedrate optimization based on cutting force prediction
for milling process is studied. It is assumed that cutting path
segments are divided into micro-segments according to a given
computing step. Heuristic methods are developed for feedrate
optimization. Various practical constraints of a milling system
are considered. Feedrates at several segments or micro-segments
are determined together but not individually to make milling
force satisfy constraints and approach an optimization objec-
tive. After optimization, an optimized cutting location data file
is outputted. Some computation examples are given to show the
optimization effectiveness.

Keywords Cutting force - Feedrate optimization -
Milling process

1 Introduction

Although the area of cutting process is ‘age-old’, there remain
many unsolved or unexplainable problems, and the develop-
ment of manufacturing technology raises many new problems.
To solve these problems, cutting process modeling, simulation
and optimization is emphasized. It is regarded as one of the ker-
nel technologies of virtual manufacturing (VM) [9]. In 1995,
a ‘machining operation modeling” work group was established in
CIRP to stimulate the development of models which can be used
to quantitatively predict the performance of metal machining
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operations [19]. In recent years, several state-of-the-art reviews
have been published [6, 14, 19].

In this paper, cutting processes are classified into two types
according to whether a cutter experiences the same process in
each cutting cycle of a cut (a cutting cycle generally refers to
a rotation of a cutter or a workpiece). If a cutter experiences
the same process in each cutting cycle, the cutting process is
called constant cutting process (CCP), and variant cutting pro-
cess (VCP) otherwise. Today, VCP accounts for a significant
percentage of production, especially in mould and die produc-
tion. Unfortunately, much less work has been done on VCP than
CCP. This paper focuses on the optimization of milling VCP
based on physical simulation (cutting force prediction).

A CAM software system generates cutter location data
(CLD) or an NC programme without consideration of the physi-
cal behaviours of a real machining process. Thus the generated
CLD/NC for a VCP may produce a part which fails to meet
quality requirements or cause damage such as cutter breakage.
Moreover, most CAM systems only allow one to set machining
parameters (spindle speed, feedrate, etc.) once for an opera-
tion (for example, to mill a cavity). To obtain a stable process
and avoid cutter damage, accuracy violation, excessive defor-
mation, vibration or failure of fixing, the selected parameters
are often so conservative that efficiency is very low during
a large part of the process. It is always difficult to modify
the CLD/NC manually either because it requires complicated
calculation or the CLD/NC is fairly long. That is why we
need automatic/automated optimization. To optimize a VCP, we
should first know how it works physically. Thus a good solu-
tion would be to take physical simulation results as the input for
optimization.

2 Literature review

Although the research on machining parameter optimization
with a consideration of part geometry and machining process
physical behaviour dates back to the 1970s, for example [13] or
earlier, it grew in the 1980s [3,20] and boomed in the 1990s.
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There are several kinds of machining operations, and each ma-
chining operation has several parameters. However, this paper
focuses on feedrate optimization for milling operation. Thus
most references given in the following discussion have that same
focus. Ideally, optimization of machining operation should con-
sider cutting path (machining/feedrate direction is especially im-
portant) and parameters at the same time, especially for sculp-
tured surfaces. Some work has been done in this direction, such
as [8,11,12]. Lim and Menq [11, 12] proposed a cutting path
adaptive feedrate strategy by which machining time was reduced
by cutting along low-force-low-error machining directions and
by maximizing feedrates. Feng and Su [8] studied an integrated
approach to the concurrent optimization of tool path and fee-
drate for the finishing machining of 3D plane surfaces using
ball-end milling. Cutting path generation is a very complicated
and specialized area, and industry prefers the mature commercial
CAM system for cutting path generation; thus most researchers
study machining parameter optimization problems with existing
cutting path data. Furthermore, combined optimization of cut-
ting path and feedrate could mainly be done locally because a
combination exploration problem is more serious when concur-
rently optimizing cutting directions and machining parameters
at multiple positions of a sculptured surface. It is the authors’
contention that combined and separated optimization of cutting
directions and machining parameters both have their advantages
and disadvantages.

Previous work on machining parameter optimization can
be classified into three categories: experiment-based methods,
mathematical optimization methods and analytical methods.
Experiment-based methods use real cutting experiment data to
establish a relationship between optimization objectives and
machining parameters and then use the established relation-
ship to solve a special application problem. Multi-regression
is a traditional method used to established an explicit relation-
ship. Recently, artificial neural networks (ANN) [4] have been
widely used in an attempt to establish an implicit relationship.
Experiment-based methods are applicable to CCP. However,
they would fail to solve VCP optimization problems.

Mathematical optimization methods [1,2,5, 15,17, 18] ex-
plicitly define objective functions and constraints by a group of
mathematical expressions. Thus a machining process optimiza-
tion problem is transformed into a mathematical optimization
problem that can be resolved by various methods. By resolving
the problem, all machining parameters are determined together.
These methods take a cutter motion statement/NC instruction as
the smallest object to be optimized. That is, a cutting path seg-
ment will not be divided. If cutting path segments are divided
into many small sub-segments, the problem space will be so
greatly increased that the problem becomes unresolvable. Thus
the results of these methods are not so ‘optimal’.

Analytical methods [7, 8, 11, 12, 16,20, 21,23, 24] try to ei-
ther establish a new direct analytical expression of the relationship
between an optimization objective and an individual local ma-
chining parameter or use an existing one. This implies the overall
optimization objective can be separated into a set of independent
local optimization objectives. Unlike mathematical optimization

methods, a local optimal machining parameter can be determined
directly from the analytical expression (sometimes by compari-
son/iteration like [8, 11]) without consideration of any parameters
at other positions. Thus optimization calculation becomes fairly
simple generally. In the early years, a whole cutting path segment
was considered as an object to be optimized like mathematical
optimization methods. In the mid-1990s, optimal local position
feedrates within a cutting path segment were studied [16, 22].
However, the optimization was done locally and individually for
a single sub-segment. In contrast to mathematical optimization
methods, the results of local and individual feedrate optimization
are too ‘optimal’ to reach in practice because feedrate cannot be
changed at very high frequencies. So it is necessary to consider
multiple segments or sub-segments together in optimization. This
paper presents a heuristic method for this kind of feedrate opti-
mization with a consideration of various practical machining con-
straints. In [10], Li et al. reported a solid model-based milling pro-
cess simulation and optimization system called BetterCut. This
paper represents follow-up research on BetterCut, in which the
optimization functions are greatly improved.

3 Optimization for milling VCP based on cutting force
prediction

Most machining parameter optimization objectives that have
been studied, whether technological or economical, are directly
or indirectly related to cutting force; thus the optimization of
cutting force is essential. Here we assume that, prior to opti-
mization, cutting path segments have been divided into micro-
segments of small length and the average cutting force at each
micro-segment has been predicted.

Then we define three cutting force optimization objectives:
upper force limit, lower force limit and force range. Upper limit
optimization makes the cutting force as great as possible without
exceeding an upper limit Fpax, lower limit optimization makes
the cutting force as low as possible without dropping below
a lower limit Fpiy, and range optimization makes the cutting
force fall into a range between Fax and Fin.

Like most other research, we take feedrate as a variant to be
changed for optimization.

3.1 Some concepts

Before discussing the optimization procedure and algorithm,
some concepts should be explained/introduced.

3.1.1 Cutting segment

A cutting segment is a statement in CLD that causes a non-rapid
feeding real cutting.

3.1.2 Computing step

A computing step is a small length used to disperse cutting seg-
ments. Here it is denoted by 8. It is obvious that not every cutting



segment has a length that can be divided by § exactly. So the
value of the computing step could be changed to a new value
as near as possible to the original one so that a cutting segment
could be divided into micro-segments with the same length.

3.1.3 Feedrate change interval/distance

If a different feedrate is set for every micro-segment, the control
system of a machine tool will change the feedrate with a high fre-
quency. That would be unreasonable in practice. This constraint
can be given by a feedrate change interval or feedrate change dis-
tance, which refers to the time interval or distance that a cutter
goes through between two neighbouring feedrate changes. They
are denoted by Ar and A D, respectively.

3.1.4 Short segment and long segment

If the cutting time of a segment is less than the feedrate change
interval AT, or the length of the segment is less than the fee-
drate change distance A D, that is, the cutting time or the length
of the segment is very short, then it is regarded as a short seg-
ment, and a long segment otherwise. The optimization of a short
segment will involve other segments, while the optimization of
a long segment may be done within its micro-segments.

3.1.5 Segment division ratio/length

When multiple segments or micro-segments are optimized to-
gether, the solution may indicate that the feedrate of the micro-
segments of one segment has different values. Changing the fee-
drate of the micro-segments of a segment means the segment
will be divided into several new segments. The original cutting
statement will be changed into several new cutting statements
and feedrate statements when outputting optimized CLD. If the
length of CLD is increased too much, two constraint parame-
ters, segment division ratio and length, are introduced. They are
denoted by R and AL, respectively. Only when the ratio of the
length of a new segment to the length of the original segment is
greater than R or the length of a new segment is greater than AL
is the division executed. Either of the two parameters controls the
length of the optimized CLD, while the feedrate change interval
or the distance as mentioned above is used to make the feedrate
change acceptable to the machining system.

3.1.6 Tiny segment ratio/length

Extra micro-segments that cannot fit either feedrate change inter-
val/distance or segment division ratio/length constraints may be
found at the end of a segment. Since micro-segments of two dif-
ferent segments cannot be combined into a new segment, there is
a problem on how to deal with the extra micro- segments. Here, a
tiny segment ratio or length parameters are introduced to control
whether extra micro-segments can form a new segment or should
be merged into the last new segment. The parameters are denoted
by r and Al, respectively. If the ratio of the length of a candi-
date new segment to the length of the original segment is less
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than 1, or the length of the candidate new segment is less than
Al, the candidate new segment is regarded as a tiny segment. If
extra micro-segments do not cause a tiny segment, they can be-
come a new segment, or they must be merged into the last new
segment. That is, tiny segments should be avoided.

3.1.7 Feedrate range

Every machine tool has its feedrate allowance, generally a range
limit. Here the upper feedrate limit is denoted by Feedpm,x and the
lower feedrate limit by Feedp;p.

3.1.8 Feedrate value factor

When the optimal feedrate for a new segment is a range, for ex-
ample between Feed; and Feed, (Feed; <Feed;), BetterCut uses
a feedrate value factor to determine the final value. This factor
is denoted by A(0 < A < 1), and the final value of feedrate is
(1 — X)Feed; + AFeed,.

3.1.9 Force factor

Because the computing step § is generally a small value (for
example 1 mm), in a micro-segment the cutting force can be con-
sidered proportional to feedrate. Thus the concept of force factor
is introduced to indicate the sensibility of cutting force to fee-
drate. It is defined as the ratio of cutting force to feedrate. Force
factor is an important property of a micro-segment. It also in-
dicates a difference between VCP and CCP. To a CCP, every
micro-segment has the same force factor, while to a VCP, one
micro-segment may have a different force factor than another
micro-segment because the geometry at one cutter position may
be different to that at another position. When the feedrates of
several micro-segments are optimized together, not only cutting
forces but also force factors should be considered.

3.1.10 Tip and bottom micro-segments

Since a CAM system uses a single feedrate for an operation
and force factors are different at cutter positions, the curve of
the cutting force along the cutting path may have a significant
tip and valley, as shown in Fig. 1a. The corresponding micro-
segments are called as tip micro-segments and bottom micro-
segments, respectively. Under the constraints of feedrate change
interval/distance, if the tip/bottom micro-segments are optimized
together with neighbouring micro-segments, the cutting forces
of the neighbouring micro-segments may be increased/reduced
too much, as shown in Fig. 1b. Thus sometimes tip and bottom
micro-segments should be optimized apart from other micro-
segments and without considering the constraint of feedrate
change interval/distance. Then there is the problem of how to
identify tip and bottom micro-segments. Here a parameter called
the tip-bottom ratio is introduced and denoted as rtb. If the ratio
of the force factor of a micro-segment to the average force fac-
tor of the whole cutting path is greater than (1 + rtb) or less than
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(1 —rtb), the micro-segment is identified as a tip micro-segment
or bottom micro-segment. To neighboring tip and bottom micro
segments, whether they are optimized together or individually
will produce different results. Theoretically, individual optimiza-
tions will get better results. However, it will cause longer CLD
due to a greater feedrate change frequency, and the machining
system may become unstable if it fails to follow the frequently
changing feedrate. A switch is provided to set the optimization
method for tip and bottom micro-segments. It is denoted as mtb.
When mtb =TOGETHER, neighbouring tip and bottom micro-
segments are optimized together; when mtb=INDIVIDUAL,
they are optimized individually. Here the switch is provided for
a user to make a tradeoff between possible impractical cutting
parameters for tip/bottom micro-segments and a possible unin-
tended cutting force of the neighbouring micro-segments.

3.1.11 Theoretically optimal feedrate

The theoretically optimal feedrate is the feedrate which makes
the cutting force reach its objective. For upper limit optimiza-
tion, the cutting force objective is the upper force limit denoted
as Fmax, while for lower limit optimization, the lower force limit
is denoted as Fiin. And for range optimization, a micro-segment
has two theoretically optimal feedrates corresponding to Fax
and Fiin.

3.2 Notations

In the previous section, some notations were given. They are
listed here together for convenient reference:

8 computing step

AT feedrate change interval
AD feedrate change distance
R segment division ratio
AL segment division length
R tiny segment ratio

Al tiny segment length
Feedpyax upper feedrate limit

Feedni, lower feedrate limit

A feedrate value factor

rth tip-bottom ratio

mtb switch of optimization method for tip and bottom

micro-segments
Finax upper force limit
Finin lower force limit

Here some other notations are introduced for the description of
optimization procedures in the following sections. Suppose that
a cutting path includes M cutting segments, which are denoted
by S;(i = 1,2, ..., M). For cutting segment S;:

OldFeed; original feedrate

OldT; original cutting time

ce average force factor

L; length

LS; property of short segment or long segment

TB; property indicating if any of its micro-segments are

tip segment or bottom segment

During simulation, S;(i =1, 2,..., M) has been dispersed by
computing step § into n; micro-segments MS; ;(j=1,2,...,n;).
For micro-segment MS; ;:

Li; length

OldF; ; original cutting force
OptF; ; optimal cutting force
OuldT; ; cutting time

OptT;, ; optimal cutting time
OldFeed;, original feedrate
OptFeed; ;  optimal feedrate

Cij force factor

TB; property of tip or bottom micro-segment

TheFeedg‘j'f”‘ theoretically optimal feedrate corresponding to
Finax

The7;"#  cutting time according to TheFeed"}

TheFeédT}“ theoretically optimal feedrate corresponding to
Finin

TheTif‘}i" cutting time according to TheFeedT}“

During optimization, a common optimal feedrate is determined
for several neighbouring micro-segments together. For micro-
segments between MS; ; and MS,, ,:



OptFeed;" j~n cOmmon optimal feedrate for upper limit op-
timization

chax joom force factor used to determine
OptFeed j~n

Opt 7" cutting time of MS,  according to

: max
' OptFeed) jon o

OptFeed™" j~n COMmMoN optimal feedrate for lower limit op-
timization

(O jn force factor used to determine

‘ OptFeed]”), j~n

Opt7 )" cutting time of MS, , according to
OptFeed]) jon

OptFeedlr.f‘,i? j~n COmMON optimal feedrate for range optimiza-
tion

C;inrie i~k force factor used to determine
OptFeed;T,i? jon

F. ;fl;ge cutting force of MS, , estimated by
OptFeedEfff o

OptT):f’yn & cutting time of MS) y according to

range

OptFeediNm’ o

3.3 Upper limit optimization

The objective of upper limit optimization is to make the cutting
force along a cutting path as great as possible but not to exceed
an upper limit. It can be used in rough machining to increase
productivity under a safety condition (the upper limit).

3.3.1 Problem definition

Problem:

M n;
Min ) > (Funax—Fij).

i=1 j=I

Constraints:

1. Cutting force constraint: Fyyax > F;, ; if other constraints are
not broken.

2. Feedrate constraint: 0 #Feedyi, <OptFeed; ; <Feedmax.

3. Feedrate change constraint: For any group of neighbouring

segments with the same feedrate, S), Sp41, Sp42, .-+ 5 Spigs
) ) ax ax
it must be satisfied that Y T, > AT (or Y. L,, > AD),

m= m=
unless the whole cutting patﬁ cannot satisfy thi;] constraint.

4. Segment division constraint: Divide cutting segments as
much as possible if for all new segments NS;(i =1,2,... , N,
N > 2) that an original cutting segment Sy is to be divided
into, the condition that L; /L, > R (or L; > AL) can be sat-
isfied.

5. Tiny segment constraint: Suppose that an original cut-
ting segment Sy is to be divided into N new segments
NS;(i=1,2,...,N, N >2).For Sy, it must be satisfied that
Ly/Ly>r(or Ly > Al).
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Preparation for optimization:

Calculate: (1) cuting force factors
(2) theoretically optimal feedrates
(3) cutting times

Distinguish: (1) long/short segments

(2) tip/bottom micro segments

A

Seperate tip/bottom micro segments and divide

long segments subjected to feedrate change
constraint and segment division constraint. New

segments are generated.

A

Determine common cutting force factor and new

optimal feedrate to optimize tip/bottom micro

segments.

A

Determine common cutting force factor and new

optimal feedrate to optimize long new segments.

Y

Dynamically etermine common cutting force factor

and new optimal feedrate to optimize short
segments subjected to feedrate change constraint.

A
Output optimized CLD file.

Fig. 2. Basic optimisation procedure

3.3.2 Basic optimization procedure

The algorithm to solve the optimization problem follows the
basic procedure as shown in Fig. 2. Before optimization, the cut-
ting force factor, theoretically optimal feedrate and cutting time
of every micro-segment should be calculated. And tip/bottom
micro-segments and long/short segments should be marked out.
Then tip/bottom micro-segments are separated and long seg-
ments are divided. The original segments are transformed into
a new list of segments. After that, the optimization is performed
for new segments by the sequence of tip/bottom micro-segments,
new long segments and short segments. During optimization,
constraints are considered. Finally, an optimized CLD file is
generated.

3.3.3 Algorithm details

Determination of CX j~k and OptFeed j~: for upper
limit optimization, a higher feedrate should be selected while
keep the cutting force below the upper limit. CX%% ., and

i~m,j
OptFeed) j~k can be determined by the following steps:

1. Initiation: let Clae= C;, j, OptFeed)yg =TheFeed}“j"?‘x
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Fig.

Iteration:

(a) Let p=1;

b)If p=i,letg=j;orletg=1;

(¢) Let €™ = Max(Clasts Cpug);

(d) Let OptFeed:‘E; i~q _TheFeedg“}]X, when
OptFeediast * Cp,g > Finax
TheFeedma" * Clast > Fmax
OptFeedlast *Cpy > TheFeedmax * Clast

(all are over the upper limit, select the lower one, as
shown in Fig. 3a) or

OptFeediast * Cp,g > Frax
TheFeedEZX * Clast < Fax

(select the one below the upper limit if another one is over
the upper limit) as shown in Fig. 3b, or

OptFeediys * Cp g < Finax
TheFeedg‘,Zx * Clast < Frax
OptFeediys * Cp g < TheFeed)s * Cast

(all are below the upper limit, select the higher one, as
shown in Fig. 3c);

(e) Let OptFeed™®*

inp,j~q =OptFeedj,s, when

OptFCedlast * Cp,q > Fiax
TheFGedmax * Clast > Frax
OptFeedldst % Cp.q < TheFeed)s + Cast

or

OptFeedase * Cpg < Fax
TheFeedm’dx * Clast < Fiax
OptFeedjast x Cp g > TheFeedE‘;" * Clast

or

OptFeedast % Cp.g < Fmax |
TheFeedgsz * Clast > Finax

® OptFeed

J’aﬂ F-X4

O TheFeed [ *C

(a) max

last

OptFeed ,, *C

pg

O  TheFeed ™ *C

b} P q last

QO  TheFeed ;”“ L {c
& @® OptFeed

3. Relation between TheFeed;‘"?I" and OptFeedlast

Icuf

(f) Let Clast = Cff‘[’; o OptFeedjyst = OptFeedf[‘f‘; g’

(g) Letg=q+1;1f g > n, or, p=m and g > k, go to step
(8), otherwise go to step (3);

(h) Let p= p+ 1;if p < m then go to step (2); otherwise end

the iteration.

Optimization procedure:

. In the list of original segments, from Sj, for every cutting

segment S; and its micro-segments MS; ;(j =1,2,...,n;):
(preparation for optimization)

(a) Calculate force factors: let C; ; = OldF; j/OldFeed; ;;
(b) Calculate average force factor: let

Mz
M=-

Il
—_
~.
Il
—_

ave __
G =

M=
3

(c) Calculate theoretically optimal feedrate TheFeed?}‘X:

(i) If C;; #0, then let TheFeed?’“J"?‘x = Fnax/Ci,j (as
mentioned above, in a micro-segment cutting force
can be considered proportional to feedrate); other-
wise, let TheFeedm‘”‘ = Feedpax;

@Gi) If TheFeedmax >Feedmax, then let TheFeedm"ﬂlx =
Feedmax;

(iii) If TheFeedmax <Feedp;,, then let TheFeedmax =
Feedpin (to meet the feedrate constraint);

(d) Mark tip and bottom micro-segments:

(i) IfCi;>C*(1+rp),thenlet TB; ; = TOP;
(i) If C;; < C™(1—rp), thenlet TB; ; = BOTTOM;
(iii) Otherwise, C¥¥*(1 —rp) < C; ; < C¥*(1+4rp), then
let TB; ; = OTHER;
(e) Calculate cutting time: let Old7; = L;/OldFeed;, OldT; ;
= L,-,j/OldFeed,-,j;
(f) Mark long and short segments: if

0ldT;
> <AT (orL; <AD),
J
then let LS; = SHORT, otherwise, let LS; = LONG;

Set up an empty list for new segments;

. In the list of original segments, from Sj, to any cutting seg-

ment S;: (separate tip and bottom micro-segments, and divide
long segments)

(a) If LS; = SHORT, then

i) Letj=1,

(i) Letk=j;

(iii) If TB; x # TB;, j, then: Copy MS; ,,(j < m < k) to the
end of the new segment list as a new short segment
Sx, let TBy = TB; ;, its number of micro-segments
ny =k— j;let j =k, go to (ii);



(iv) If k = n;, then: Copy MS; ,,(j <m <n;) to the end
of the new segment list as a new short segment Sy,
let TB, = TB; ;, its number of micro-segments n, =
n; — j 4+ 1; process next segment;

(v) Letk=k+1;goto (iii);

(b) If LS; = LONG, then

i) Letj=1;

(i) Letk=j;

(iii) If TB;x # TB;, j, then: Copy MS; ,,(j <m < k) to the
end of the new segment list as a new short segment
Sy, let TB; = TB; ;, its number of micro-segments
ny =k— j;let j =k, go to (ii);

n n
(iv) fk=n;:If Y Lin/Li>ror Z Lim > Al then
m=
copy MS; m(j < <J m < n;) to the end of the new seg-
ment list as a new short segment Sy, let 7By = TB; ;,
its number of micro-segments ny = n; — j + 1, pro-
cess next segment; otherwise, copy MS; ,,(j <m <
n;) to the end of last segment Sy in the new segment
list, its number of micro-segments ny =ny+n;—
j+1,if TBy = OTHER, then 7B, = TB; ;;
(v) Determine C;2F ik OptFeed"! ok @S described at
the beginning of the algorithm;
(vi) Calculate OptT.maX: (0] pt]’i{‘;?x = 0ld7; ,, /OldFeed; ,,

*OptFeedfi‘f‘lXij, J=<m=<k;
k k

(vii) If > Opt]}{‘}‘ﬁ" >ATor > Lin>AD,

m=j m=j
k k
and Y L;,/Li>Ror Y. L;, > AL, then: Copy

m= m=
MS;m (Jj <m <k)tothe endjof the new segment list as
anew long segment Sy, let 7B, = TB; ;, its number of
micro-segments ny =k — j+ 1; let j =k, go to (ii);
(viii) Let k = k + 1; go to (iii);

4. In the new segment list, from Sy, to every cutting segment

S; that its TB; = TOP or TB; = BOTTOM (optimize tip and
bottom segments):
(a) If mtb =INDIVIDUAL, then:

(i) For every micro-segment MS; ;(j =1,2,...,n;): let
OptFeed; ; = TheFeedmax OptF; j =C;
*OptFeed; ;; copy MS i,j s a new segment Sy to be-
fore S; in the new segment list, its number of micro-
segments 1, = 1;

(ii) Delete S; from the new segment list;

(b) If mtb =TOGETHER, then:

(i) Determine CM*

i~i,l~n;’
(ii) Determine OptFeedf‘l“l"lwn ;
(iii)For every micro-segment MS; ;(j =1,2,...,n;):
let OptFeed; ; = OptFeed?‘flxan , OptF; ; =C;j*
OptFeed, j;

. In the new segment list, from Sj, for every cutting segment
S; in which its 7B; = OTHER and LS; = LONG: (optimize
long segment)

(a) Determine CM4* OptFeed %

i~i,1~n;’ i~i,1~n;’
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(b) For every micro-segment MS; ;(j =1,2,...,n;):
let OptFeed; ; = OptFeedI[‘f’l jn;» OPUFi j = Cij
* OptFeed; ;;

. In the new segment list, suppose the number of cutting

segments is M’, from Sj, for every group of neighbouring
non-tip/bottom short cutting segments (7B; = OTHER and
LS; = SHORT) S,, Sp+1, Spt2, ..., Spig (optimize short

segments):
(a) Letl = p;
(b) Letk =1,

(¢) Determine ;‘L"glwnk, OptFeed}'f’,?le,
(d) Calculate: Opt7,'4* = Old7,, ,/OldFeed,, ,

m,n

*OptFeed}T‘k’lwnk [<m<k 1<n<ng,;
k  npy k
() If 3° > OptT,)3¥> AT (or }_ L, > AD), then:
m=Iln=1 m=l

(i) For every micro-segment MS; (i =11+1,...,
k,j=1,2,...,n;):let OptFeed; _OptFeeleai‘ank
OptF; j =C;j *OptFeed,,/,

(ii) Let/ =k +1, go to (b);

f) Ifk# p+q,thenk =k—+1, go to (c);
(g) If k= p+q, then:

(i) If there are no non-tip/bottom cutting segments
before S; and after Si, then: For every micro-
segment MS; ; i=11+1,... k j=1,2,...,n),
let OptFeed; ; = OptFeed |, . OptFi ; = Cij*
OptFeed; j; process next group of non-tip/bottom
short cutting segments;

(ii) If there are no non-tip/bottom cutting segments be-
fore S;, k < M’ and TBjy; = OTHER, there must
be LSi+1 = LONG, then: Determine Cl“f’k"H TS
OptFeed)", | 1~nk+1 ; for every micro-segment MS; ;
G=0LI1+1,..,k+1,j=1,2,...,n)),
let OptFeed; ; = OptFeedZNk g
OptF; j = C; j *OptFeed; j; process next group of
non-tip/bottom short cutting segments;

(iii) If I > 1 and TB;—1 = OTHER, and there are no non-
tip/bottom cutting segments after S, then: search
backward from / for a minimal x where OptFeed, | =
OptFeed,«1,1 = = OptFeed,;_1,1; determine
C;"fquwnk, OptFeed;“f’,i Loy s ; for every micro-segment

MS;;j(i=x,x+1,...k j=1,2,...,n),let
OptFeed; ; = OptFeedg‘f’li {ny» OPUFj = Ci j*
OptFeed; ;; process next group of non-tip/bottom
short cutting segments;

(iv) If I > 1 and TB;—| = OTHER, k < M’ and TBjy| =
OTHER, then: Determine z"la1§‘+1,1~nk+1’
OptFeed;" IR PO search backward from [ for

a minimal x Where OptFeed,,; = OptFeed, 1,1 =

.. = OptFeed,;_; 1; Determine C%}

max x~k,1~ng’
Optlr:nﬁ';idxwk’ I~ max
If AR OPtFeedz~k+1,1~nk+1

o ¥ OptFeed™®x

max
> Celk x~k, 1~ng?

segment MS; ; (i =1,1+1,...,

then for every micro
k+1, j=1,2,...,



548

n;), let OptFeed; ; = OptFee ?iaI?+1,1~nk+| ,OptF; ; =

C;,j x OptFeed; ;; otherwise, for every micro-segment

Optimization procedure: Similar to upper limit optimization
but Cax OptFeed™* ch . and OptFeed)

i~m, j~k’ i~m, j~k> Ti~m, j~ i~m, j~k

MS; ji=x,x+1,...,k j=1,2,...,n;),let OptFeed; ;are all considered and the feedrate value factor is used to deter-

OptFee T’i)li,l'vnk’ OptF,-: i=GCi; *OptFeed,-: j3 pro-
cess next group of non-tip/bottom short cutting seg-

ments;

7. Generate optimized CLD according to the new segment list.

3.4 Lower limit optimization

The objective of lower limit optimization is to make the cutting
force along a cutting path as low as possible but not drop below
some lower limit. It can be used in semi-finishing or finish-
ing machining to assure quality productivity while maintaining
a given productivity (the lower limit). The problem definition and
algorithm are similar to those for upper limit optimization.

3.5 Range optimization

The objective of range optimization is to make the cutting force
along a cutting path fall into a range with as few segment divi-
sions and feedrate changes as possible so that the size of CLD
may not be increased very much. The control effect of the cutting
force depends on the given range.

3.5.1 Problem definition

M n;
Problem: Min)_ )" G ;, where
i=1j=1
Fi,j — Fmax When Fi,j > Fmax
Gi,j: 0 WhenFminSE,jSFmax
Fiin— F;j when F; j < Fip.
Constraints:

1. Feedrate constraint: Try not to change feedrate and keep 0 #
Feedmin < OptFeed; ; < Feedpax.

2. Feedrate change constraint: Same as upper limit optimiza-
tion.

3. Segment division constraint: Try not to divide segments; for
all new segments NS; (i = 1,2, ..., N, N > 2) which an ori-
ginal cutting segment S, is to be divided into, the condition
that L; /L, > R (or L; > AL) can be satisfied.

4. Tiny segment constraint: Same as upper limit optimization.

5. Feedrate value constraint: When the above constraints are
satisfied and the feedrate of a micro-segment MS; ; can
be selected from Feedop to Feed:)pt (Feedopt > Feed;pt),
its feedrate should be selected as Feed; ; = AFeedop + (1 —
)L)Feed;pt.

3.5.2 Algorithm
The determination of Cf‘ﬂj; i~k and OptFeed?Li‘,;’ i~k is similar to
cmax i~k and OptFeed"> ., as described in Sect. 3.3.3.

~m ~m, ]

mine the optimal feedrate.

3.6 Evaluation of optimization effectiveness

Some criteria are introduced to evaluate optimization effective-
ness.

Optimization effect OE: Indicate how close the optimization
result is to the ideal result (Fig. 4). For upper limit optimization,
this is defined as

M ny
> 2 OptFun

=1n=1
OE="=""™="___ .
M ny

Z ZFmax

m=1n=1
for lower limit optimization

M ny
Z Z Finin
m=1n=1
M ny

> 2 OptFun

m=1n=1

OFE = ;
and for range optimization

M ny,
OF =1- Z Z (}Fmax _OptFm,n}'f‘ |OptFm,n — Fhin

m=1n=1
— (Fmax — Fmin))

M’ n,
/ 2X:Z:(Fmax_Fmin)

m=1n=1

Op{F i Fmax

> mn

F & o

V OpiF , , Fmia

A Y »
(b) Lower limit optimization o
F A

J U

OpfF i :r Bt Fraax

(c) Range optimization

Upper and lower limit of cutting force
--------  Cutting force after optimization

Fig. 4. Definition of optimization effect



The optimization effect is between O and 1.

Original cutting time OT and current (optimized) cutting

M ny M ny

time CT : OT = ) > OldT,y 0, CT = ) > OptTy.p.

Productivity r}gt_i(l)nlsll?: PR =0T/C T.m_1 =

Length ratio of CLD length DLR: DLR =current length of
CLD/original length of CLD.

Segment change number (division number) SCN: SCN =
M —M.

Feedrate change number FCN: Total change number of
OptFeed; (1 <i < M').

4 Case study
4.1 The case

The part to be machined is shown in Fig. 5. A cylindrical hole
with a 60-mm diameter, 4-mm greatest depth and 1-mm small-
est depth is to be made on a cylindrical face. A slot-milling cutter
with a diameter of 10 mm is to be used in the machining. The
cutting path, a set of homocentric circles and several lines, is
generated by the Manufacturing application of Unigraphics. The
distance of two neighbouring circles, as well as the length of
the line connecting the two circles, is 5 mm. When milling the
hole along the cutting path, the materials to be removed and the
geometrical cutting parameters change with the cutter positions.
Thus it is a VCP. The cutting force will change with the cutter
positions.

Since lower limit optimization is similar to upper limit op-
timization, we only demonstrate examples of upper limit op-
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timization and range optimization in the following discussion.
Parameters to be used in cutting, simulation and optimization are
listed in Table 1. These parameters are set in BetterCut before
simulation and optimization.

4.2 Cutting force prediction

In this case study, the Material Removing Rate (MRR) model is
used to predict the average cutting force. The result is shown in
Fig. 5. The cutting force is a continuously changing curve where
tips such as A are at the positions on the line connecting two
neighbouring circles of the cutting path, while bottoms such as
B are at the end of a circle. This curve is dynamically drawn
when BetterCut is running a simulation.

4.3 Upper limit optimization

Figure 6 shows the result of upper limit optimization. It can be
seen that, after optimization, the cutting force curve is very close
to the line of the upper force limit Fiax. At most positions its
waviness is very small. So it is nearly constant cutting force ma-
chining. Because of the constraints of Feedpnax and Feedp;n, at
some positions where the original cutting forces are very large
such as A, cutting forces cannot be optimized to below Fiax.
Similarly, for some positions where the original cutting forces
are very small such as B, cutting forces after optimization are
still very small. The optimization effect reaches 0.92. So the cut-
ting force is well controlled. And productivity is increased by
2.48/(9.69 —2.48) ~ 34%. However, the length of CLD is in-
creased by 136/(151 — 136) ~ 907%.

Fig. 5. Cutting force simulation result [EBunigraphics V17.0.1 - Gateway - [Displayed Part: cylinder.prt_Work Part: cylinder.prt (Modified)] i s
| Ele Ed® View Insert Format Tools Assemblles WCS [nformation Analysis Preferences Applcation Window Help ek Output:
Ded&- % |ik%||RAE0F @¢w 333 900 E8d00 mis T it
Select solid Load result
cutting path cutter e optimized 1| Wite resul
Settings:
[ T —
Display:
W D path

TFR-ISO WORK

I Cutting force lmits

[V Original cutting force

T~ Last smulated cutting force

I™ Optimzation evaluated cutting force

[ Original feedrate

I~ Last feedrate

I™ Feedrate after optimization
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Sielate
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Optimize For upper lmit

l cutting force curve
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Table 1. Parameters to be used in cutting, simulation and optimisation

Parameters Upper limit optimization Range optimization
Workpiece material Steel(HB120) Steel(HB120)
Cutter status Sharp Sharp
Cutter material High speed steel High speed steel
Spindle speed (rpm) 800 800
Original feedrate (mm/min) 40 40
Upper force limit Frax (N) 130 40
Lower force limit Fpi, (N) - 20
Upper feedrate limit Feedp,x (mm/min) 200 20
Lower feedrate limit Feed,j, (mm/min) 20 5
Feedrate value factor A 0.5 0.5
Feedrate change distance AD (mm) 4 4
Segment division length AL (mm) 3 3
Tiny segment length Al (mm) 2 2
Computing step § (mm) 2 2
Tip-bottom ratio rtb 0.5 0.5
Optimization method for tip/bottom micro segments mtb TOGETHER TOGETHER
Fig. 6. Result of upper limit HATY VWUHR papacce ]
optimisation feedrate after | )| cutting force after { Spmizeon:
. i ST Optimize For upper limit |
Dptllnlzﬂtlﬂll Optlllllzatlon ‘ Optimize for lower lmit |
| — Optimize for range mit |
Di‘lglllal Evaluation:
el cutting force Optinization effect: 0.5204
origmna il Cutting time: 9. 6854
feedrate || | Cutting time change: -2, 4821
8| , L. CLblength: 161
LD length change: 136
- Division number: 245
Feedrate change number: 122
Frye= ok | senty || et |
o ‘—| lower force limit | upper force limit |
Fig. 7. Result of range optimi- T

sation . Optirnize For upper limi
— orlgmal Optimizs for lower limit
orlgmal Cuttjng force Optimize Far rangs limit
feedrate upper force lomit | Evalustion:
Optimization effect: Im
feedrate after cutting force Cutting time: ["4z. 0267
optimization | | after optimization st Rl
L | CLD lemgth: m
CLDx lemath chamge ! IW
Division number ; 248

Feedrate change number: 121

I0ONT

0K | Apl)l}'l Camasl

arkLayer |1_ |

T g .
— lower force lomit |

4.4 Range optimization

Figure 7 shows the result of range optimization. Because the fee-
drate value factor is set at 0.5, at most positions cutting forces
after optimization are close to (Fmax — Fmin)/2 and between
Fmax and Fiin. The waviness is larger than that of upper limit op-
timization. Because of the constraints of Feedp.x and Feedpin,
too, at some positions cutting forces go beyond (Fmin, Fmax)-

The optimization effect reaches 0.93, but productivity is de-
creased by 29.86/(42.03 —29.86) ~ 245%, while the length of
CLD is also increased by 136/(151 — 136) =~ 907%.

It can be seen that upper limit optimization always decreases
its waviness, while the resulting waviness of range optimization
depends on the given range, that is, the narrower the range, the
smaller the waviness. Both optimizations lengthen CLD. The in-
fluence on productivity depends on the setting of the upper force
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misations with different pa- 1
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Optimization;

Optimize for upper bmit

rameters

Optimize For lower bmit
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©ptimize for range kmit
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- LD length:
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Cutking time !
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Optimization effact:
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(c¢) Range optimization: AD=6, A =0.5, mtb=INDIVIDUAL

limit and range. It can also be seen that the cost of cutting force
optimization is the waviness of feedrate. This cost can be ad-
justed by Feedpnax and Feedpin, and the change frequency can
be adjusted by feedrate change interval Az or feedrate change
distance AD.

4.5 Comparison of optimizations with different parameters

To illustrate the influence of parameters on the optimization re-
sult, some tests are done as shown in Fig. 8. The influence of mtb
can be seen from Fig. 6 and Fig. 8a. When mtb =TOGETHER,
the cutting force curve generally will not have the horizontal
lines which can be found when mtb=INDIVIDUAL. At the
positions corresponding to these horizontal lines, the feedrate
of every micro-segment is equal to its theoretical optimal fee-
drate, and thus the feedrate is changed frequently. This may be
impossible in real machining. From Fig. 8a and 8b, the influ-
ence of different feedrate change distances can be compared.
The greater AD, the fewer the feedrate changes, but the lower
the optimization effect, and the greater the cutting force wavi-
ness. There is a problem about how to select AD in practice.
An engineer’s practical experience will be very helpful. For
an unfamiliar machining system, cutting experiments can be
designed and executed to determine a proper AD. Figures 8c
and d show a comparison of influence of different feedrate value
factors in range optimization. A greater A makes the cutting
force closer to the upper force limit and closer to the lower
force limit otherwise. It can be seen that there is a signifi-
cant difference in the feedrate change number when A =1 and
when A = 0.5 (from 108 to 78). This is interesting. The rea-
son is that the two neighbouring groups of micro-segments,
OptFeed® . or OptFeed™n , may be the same (equal to

l"'m,j'\' .1~m,j~ )
Feedmax or Feedpiy). In this case, using A =1 or A =0 may

o

| —
(d) Range optimization: AD=6, =1, mtb= INDIVIDUAL

reduce the feedrate change. This would be useful in practical
applications.

5 Gonclusions

VCP is ubiquitous in production. Not only is the machining of
free-form surfaces done by VCP, but the machining of a regular
surface often introduces VCPs. Thus the optimization of VCP is
important to industrial practice. The optimization methods pro-
posed in this paper are based on cutting force prediction. The
optimization is done for segments or micro-segments together so
that optimization effectiveness can be very high while various
practical constraints are met if possible. These heuristic algo-
rithms are very efficient. For the case studies presented in Sect. 4,
it takes a Pentium IV 1.4-GHz PC less than 1 s to finish an op-
timization. The case studies show the effectiveness to be very
good.
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