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Abstract

Three-dimensional (3D) process models are serial intermediate models formed by each process operation during the process of
machining a blank into a finished part. They are the process information carriers under the model-based definition (MBD) mode
and play an important role in process planning. However, in the traditional design pattern, the 3D process models are mainly
constructed manually, which is time-consuming and error prone. In this paper, a novel method for automatically generating 3D
process models for shaft parts is proposed. First, an extended feature relation graph (EFRG) is used to describe the topological
relationship between the design features (DFs) of the part. Second, the cutting surfaces and the machining method chains are
generated based on the design feature surfaces (DFSs). The cutoff surfaces are used to limit the decomposition range of the
cutting surfaces to ensure that the machining volume can be decomposed into machining volume units. Then, the machining
features are generated by linking the machining method chains to the machining volume units. Finally, the 3D process models are
generated by performing Boolean operations. An automatic generation system of 3D process models for shaft parts is developed

based on the proposed method, and the effectiveness of the system is verified by typical parts.

Keywords Shaft parts - Volume decomposition - Machining feature - 3D process model - Extended feature relation graph

1 Introduction

Model-based definition (MBD) [1] technology is gradually
being applied in the manufacturing industry, which is
transitioning the machining process planning from two-
dimensional (2D) to three-dimensional (3D) [2, 3]. 3D process
models, as the MBD information carrier [4], can directly re-
flect the dynamic evolution of the part in terms of geometric
shape and plays an important role in process planning.

In general, a 3D design model is constructed in the form of
“adding design features,” which needs to be converted into the
form of “removing machining features” during the process of
constructing 3D process models. In the traditional design pat-
tern, this process needs to be completed manually by experts
who are proficient in both modeling knowledge and machin-
ing knowledge [5], which is time-consuming and error prone
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[6]. Automatically converting a 3D design model into 3D
process models has become a bottleneck problem in 3D ma-
chining process planning.

Many efforts have been devoted to automatically generat-
ing 3D process models in recent years, and various methods
have been proposed, which can be classified into knowledge-
based approaches and feature-based approaches.

In knowledge-based methods, Zhang et al. [7] took 2D
engineering drawings containing process information as the
input, extracted the machining semantics of each process by
process language understanding and reasoning, and
established the mapping relationship between the machining
semantics and 2D process drawings to reconstruction 3D pro-
cess models. However, it is difficult to recreate process model
aid in new process planning, and obtaining machining feature
information from 2D drawings is ambiguous in such methods.
Therefore, Wan et al. [§] adopted the MBD part model, creat-
ed MBD process models with the aid of machining knowl-
edge, and then obtained machining knowledge from MBD
process models, in which the machining ontology, modeling
ontology, and their relationship were established. On this ba-
sis, the process models were generated forward or reversely.
However, such methods only focus on the independent
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Fig. 1 Machining volume
generation

(a) blank model

features, and the correlation between features is not consid-
ered. Liu et al. [4] modified the existing process models of
approximate parts to generate process models for new parts.
The relationship between process models was considered.
Based on the modified content of the process route and rela-
tionship among process models, the process models and pro-
cess information of approximate parts were updated to gener-
ate process models for new parts. The above knowledge-based
process model generation methods usually only focus on the
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induction and conversion of knowledge and ignore the utili-
zation of modeling operations, as well as geometric and topo-
logical information such as feature relationships. Moreover,
constructing a knowledge base is long-term cumulative work.

In feature-based methods, Guelesin [9] and Park [6]
generated process models from the process plan by
using the solid model and B-Rep model, respectively.
By analyzing the machining operation in each process,
the machining information was obtained, and then the
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changes in the workpiece volume or the feature surface
position were computed. Finally, the process models
were generated by volume modification or feature sur-
face modification after each process. However, these
methods are restricted to the existing process plan.
Zhang et al. [10] adopted B-Rep part models, and de-
fined machining features as a set of surfaces formed by
one or a series of machining operations. Feature surface
modification methods were defined for each type of
machining feature. Finally the process models were gen-
erated by recognizing the machining features and then
modifying the feature surfaces. However, the modifica-
tion method only focuses on a single feature and is
computationally expensive. Li et al. [11] obtained the
parameterized feature machining volumes by recogniz-
ing machining features, instantiated the feature machin-
ing volumes through relevant manufacturing feature pa-
rameters, and finally obtained 3D process models by
performing Boolean operations. However, it is difficult
to obtain the feature machining volumes of intersecting
features. Zhao et al. [12] adopted the volume decompo-
sition method and performed a hierarchical decomposi-
tion operation on the machining volume based on the
concave edges in the machining volume. Then, the
subvolumes were merged to generate the maximal ma-
chining features. Finally, the process models were gen-
erated by performing Boolean operations. However, the
decomposition algorithm ignores the information
contained in the design model, which makes it difficult
to guarantee the correlation between the recognition re-
sults and the design model. There is also a combination
explosion problem in the combination algorithm for
complex features.

The automatic 3D process model generation method based
on volume decomposition proposed in this paper follows
these steps. First, the 3D design feature model is preprocessed
to generate the candidate cut-cutoff surfaces sequence and the
machining method chains of each main machining surface.
Second, the machining volume units are generated by
performing Boolean operations and the volume decomposi-
tion method. Then, the machining features are generated by
linking the machining method chains to the machining vol-
ume units. Finally, the 3D process models are generated by
performing Boolean operation between the blank model and
the machining feature volumes.

Compared with the conventional methods based on volume
decomposition [12—14], the proposed method (1) selects the
cutting surfaces from the design feature surfaces instead of the
machining volume surfaces to make full use of the informa-
tion in the design model. It solves problems, such as complex
and inefficient decomposition algorithms, caused by the infor-
mation gap between the decomposition operation and the de-
sign model information; (2) decomposes the machining

volume directly into machining volume units, each of which
has machining semantics. It also avoids the subsequent merg-
ing operation, thus changing the mode of “decomposition then
merging” and solving the combination explosion problem in
the merging process for complex features.

2 Methodology
2.1 Related concepts and definitions

Definition 1: Machining volume (MV) is a set of volumes
removed from the rough in the process of machining a blank
model into a finished part, which is as follows:

n
MV = BM-DM = ¥ mv; (1)
i=1
where BM is the blank model, DM is the design model, 7 is the
number of subvolumes contained in the MV, and mv; is the i-
th subvolume. MV can be obtained by Boolean subtraction of
BM and DM. Figure 1 illustrates the MV generation process.

Definition 2: Process machining volume (PMV) is a set of
volumes removed from the workpiece in one machining pro-
cess operation. The relationship between PMV and MV is
expressed as follows:

MV =Y PMV; (2)
i=1

where n is the maximum number of processes and PMV;

is the i-th PMV.

Definition 3: The process model (PM) is the intermediate mod-
el formed by a certain process in the process of machining a
blank into a finished part. The initial PM is the BM, and the
final PM is the DM, that is, PM, = BM, PM, = DM.

In conclusion, the relationship between PMV and PM is as
follows:

PM; = PM;_,—PMV, (3)

where PM; and PM,_, are the process models of process i and
process i-1, respectively, and PMV; is the PMV of process i-1.
The sequences of PM and PMV can intuitively show the dy-
namic evolution process from blank to part product.

Definition 4: Machining volume unit (MVU) is one of the
volume units removed from the workpiece in one process step.
MVU is the minimal entity that has machining semantics. A PMV
contains at least one MVU, which can be expressed as follows:
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Si
PMV; = YMVU’, (4)
=

where PMV; is the process machining volume of process i, S;
is the number of MVUs contained in process i, and MUVj- is
the j-th MVU of process i.

In summary, the mathematical solution expression for gen-
erating the process model for the k-th process in a positive
sequence is:

kS ‘
PM = BM~ Y, YMVU} (5)
1

i=1 j=

Definition 5: The cutting surface (CS) and cutoff surface
(COS) are the construction surfaces in the decomposition pro-
cess. CS is used to decompose the MV, and COS is used to
limit the decomposition range of the CS. COS depends on the
CS, and one CS corresponds to 0 or more COSs, which is
expressed as s(sq, $»..., Sp), where n is the number of COSs
corresponding to the CS. It is called cut-cutoff surface (C-
COS). When the decomposition range of a CS is global, no
COS is required, which is denoted as s().

Setting COSs for CSs can also avoid unnecessary decom-
position caused by feature interaction. Figure 2 illustrates the
COS function. By adding COSs to the CSs of the relief groove

feature, the feature machining volume is separated without
damaging other feature machining volumes and merge oper-
ations are no longer required.

Definition 6: The main machining surface is the molding sur-
face of each feature in the machining process, as well as the
surface that determines the shape or quality of the part, such as
the working surface or datum surface.

2.2 Overview of approach

Process planning is a decision-making activity of selecting
appropriate operations and operation sequences [15] so that
the excess volumes can be removed from the blank in an
appropriate order to form surfaces that meet the requirements
[16]. Under the MBD mode, the construction of 3D process
models is the key to machining process planning and includes
three aspects: acquisition of removed volumes in each pro-
cess, selection of machining methods, and determination of
machining sequence [17].

The automatic 3D process model generation method pro-
posed in this paper focuses on the above three aspects. The
process is shown in Fig. 3, and follows these steps:

1) Design feature model preprocessing: DF information is
extracted by traversing the DFs in the part model to
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Fig. 3 Automatic process model generation schematic diagram
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Fig. 4 Part design model | Part layer
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Table 1 Constraints on typical shaft part feature surfaces
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Table 2  Feature topological relationship list

Relation Diagram Describe Value
<:\ . No correlation between the two
uncorrelated ‘ , [ T J 0
o (= features
<>
identical ‘ The same feature 1
\/,,—‘
Two features have a coincident
connected % surface, and the normal direction of 2
the coincidence surface is opposite
_ _ There is a volume overlap between
ntersecting 3
the two features
Two features have the same parent
paratactic feature, and there is no other 4

relationship between them

The volume of a negative feature is
included >
totally included in a positive feature

construct an extended feature relation graph (EFRG).  2) Machining volume generation: The MV is generated by

Then, the candidate C-COS sequence and the machining Boolean subtraction of BM and DM.
method chains are generated through the corresponding  3) Machining volume unit generation: The C-COS se-
operation. quence is generated by mapping the candidate CSs

Fig. 5 EFRG of the sample part
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Fig. 6 EFRG generation
flowchart
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3 Part model preprocessing
3.1 Extended feature relation graph
An extended feature relation graph is used to describe the

attributes of each DF and the topological relation among them
to obtain the required information quickly and accurately.

3.1.1 Hierarchical representation of the part design model

The part EFRG proposed in this paper takes the feature surface
as the basic unit, so the part model is first transformed into a
three-layer hierarchical model with a feature surface as the
basic unit, as shown in Fig. 4. In the part layer, the parts are
classified according to their geometric structure. In the feature

Table 3  Cut-cutoff surface (C-COS) selection library for common shaft part features
Feature Feature Feature .
Diagram C-COS
category name type
/*/\ § 1(32)a
. [ \
cylinder / 1S1i Sy |83 52(51,53),
o\
53(52)
Main feature
s1(s2),
cone /
52(51)
through (51.5%)
82(51,53
hole ’
hole
. 8§2(81,53
blind hole (s1.53),
53(52)
outer
groove
Subordinate
end 52(81,53),
roove 53(852,8
feature g groove 3(52,54),
54(83,85)
inner
groove
52(51,53,55,56),
53(51,52,54,56),
keyway / 54(51,53,55,56),
85(51,52,54,56),
56(52,53,54,55)
chamfer / 52(51,53)
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layer, the DFs are classified into main features and subordi-
nate features; the main feature is the feature that determines
the structure of the part and the subordinate feature is the
dependent feature of the main feature. In the feature surface
layer, the feature surfaces are classified into main machining
surfaces and secondary machining surfaces.

The common feature surfaces include plane, cylinder,
cone, sphere, torus, and thread surface. The thread surface is
out of consideration since it is usually not used as a CS. For
the above five typical feature surfaces, a unified structured
expression is adopted to constrain them, and the data structure
is defined as follows:

s={t,p,1,0,r} (6)

where ¢ is the type of surface, p is the point, / is the line, 6 is
the angle, and r is the radius. Each feature surface can be
determined by these five factors, as shown in Table 1.

3.1.2 Structure of extended feature relation graph

The feature relation graph (FRG) [10, 18] is a graph used to
describe the relation of part DFs, which can be defined as:

FRG =< F,E > (7)

where F'is the set of nodes, representing part DFs, and E is the
set of edges, representing the topological relationship between
features.

The extended feature relation graph (EFRG) adds attribute
information for each node and edge based on the FRG to
describe the feature attributes and topological relationship be-
tween features, respectively, to give a more comprehensive
part description and to provide the required information for
process model generation. EFRG is defined as:

EFRG =< F,E,R,G > (8)

where

Fis the set of nodes, expressed as F={f;, i=1,2...,n}, n is the
number of nodes, and f; is the node corresponding to the i-th
feature.

E is the set of edges, expressed as E={e;j=(fi*f)),
i,j=1,2...,n}, n is the number of nodes, e;; is the edge between
nodes f; and f;, which represents the topological relationship
between the two features.

R is the s-dimensional vector function describing feature
attributes, expressed as R : f; — r; = (r1(f), r(f), ..., rs(f,-))T ,
r; is the vector that represents the attributes of feature f;, such
as name, type, depth level, and parameters;

G is the vector that represents the topological relationship
between features, which can be classified into six categories,
as shown in Table 2.

The depth level is a feature attribute used to represent the
processing sequence of features with association relationships

Table 4 Candidate C-COS list of the sample part

Item Node Feature Candidate C-COS

1 f Cylinder 510,52(51,83),83(52)

2 f Cylinder 53(54),54(53,55),85(52)

3 5 Cylinder 55(56),56(55,57),87(56)

4 fa Cylinder 57(59),59(57,510):5100)

5 s Through hole 521(52)

6 Jo Keyway 515(54:516:517:518)5
516(515,517,518,519),
517(545515,516:519)
518(54,515,516:519)s
519(54,5165517:518)

7 S Groove 57(59,512),58(59,512),512(57,58)

1 Chamfer §22(851,52)
fo Chamfer 520(53,54)

10 fio Chamfer 514(54,55)

11 fi1 Chamfer $13(56,57)

12 fiz Chamfer 511(59,510)

in terms of topology. The node corresponding to the main
feature is called the root node, whose depth level is 0. The
depth level of the other nodes is the depth level of their parent
nodes plus 1. Figure 5 shows a local EFRG example of a part
model (hereinafter referred to as the sample part).

(a) The candidate cutting surface (b) The projection of the
S and its cutoff surfaces cutoff surfaces on §

@

VE ~|9(S1)

Q

©

21 8(s2) S T(Sa)
|

Decomposition range merge
(Outside the shaded area)

.4_

S(s2)
(¢) Decomposition range merge result
(Outside the shaded area)

Fig. 8 Decomposition range merge operation in the redundancy removal
operation
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Table 5 Design feature sequencing rules for stepped shaft parts

Target

DF sequencing rule

All features

Main features

Subordinate features

For the features with a parent-child relationship in the EFRG, the lower the node depth level is, the higher the feature
priority

For the main features on both sides of the shaft segment with the largest diameter (called the main shaft segment), the
features on the side with more segments have higher priority than those with fewer segments

For the main features on the same side of the main shaft segment, the priority increases with the increase in distance from
the main segment

For the subordinate features with a parent-child relationship in EFRG, if the feature type of the child feature is the same
as the parent feature, the priority of the child feature is inserted after the parent feature

The subordinate features with the same parent node in the EFRG are sequenced according to the feature type, and the
priority from high to low is chamfer > circumferential groove > keyway > hole > thread. The features of the same type
have the same priority

The subordinate features that do not have a parent-child relationship in the EFRG are sequenced according to the priority
of the main feature to which it is attached

The subordinate features with regular relationships, such as array relationships, have the same priority

3.1.3 Extended feature relation graph construction

The EFRG construction process is shown in Fig. 6. The design
feature model [19] constructed by the design-by-feature
system is used as the system input. The design features
are extracted from the design feature tree of the design
feature model. Then, the EFRG is obtained through DF
node construction, node attribute extraction and edge
construction.

Taking the cylinder feature f, of the sample part as an
example, the EFRG establishment process is shown in Fig.
7. The key steps are explained below.

(1) DF node generation

First, the design feature tree is obtained from the
design feature model, and each design feature is extract-
ed from the feature tree. Then, the design feature is
matched with the feature template in the parameterized
design feature library. Finally, a DF node is created for
each design feature.

(2) Node attribute extraction

Node attribute extraction consists of three parts:

Table 6 Feature surface sequencing rules

1) Component surface and main machining surface acquisi-
tion based on feature surface extraction: Extract the com-
ponent surfaces of the design feature first and then extract
the main machining

surface from the component surfaces according to the main
machining surface of the template in the design feature library.
The main machining surface can be changed or added
manually;

2) Depth level calculation by main feature identification and
feature dependence extraction: The design features that
may become the main features, such as cylinder and cone,
are marked in the design feature library. Find all the qual-
ified features from the design features, and check whether
their axes coincide with the part axis. If so, they are the
main features, and their depth level attribute is set to 0.
Then, according to the feature dependency relationship
constructed during feature modeling, the subfeatures are
searched successively from the main feature, and the
depth level is increased by 1 in turn;

3) Feature parameter acquisition by PMI extraction:
According to the predefined parameters in the template,
the geometric parameters of each design feature are ex-
tracted from the PMI of the design feature model.

(3) Edge generation

Item Feature surface sequencing rule

The datum surface priority is higher than that of other surfaces

In the same feature, the main machining surface priority is higher than that of the secondary machining surface

Among different features, the higher the feature priority is, the higher the feature surface priority
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Table 7  DF sequence, feature surface sequence, and candidate C-COS sequence of the sample part

Target Sequence (priority: high—low)

DF Ja—= 5= oo i f o, fro fir frzm o fo— S

Feature surface 1, 10— S9, $7— Sg, S5 S4—> 82, $3—> S11, 513, S14» 520, 22— S12, S8 515, S165 17> S18, $19— 821

Candidate

510, 5100 59(57:510) $7(512)— S6(55,57), S5(56)—> S4(53,55)—> 52(51,53), 53(52)—=> 511(59,510)> S13(S6:57)5 514(54,55), $20(53,54), $22(51,52)—

C-COS 512(57,58)5 58(59,512)—> S15(52:516:517:518)> S16(515:517:518:519)> 517(54,515:516:519)> S18(545515:516:519)> S19(854,5165517-518)—> $21(52)

The topological relationship between design features can
be divided into 6 categories as shown in Table 2. According to
the topological relations between the features, the nodes cor-
responding to the two features are connected with an edge,
and the attribute of the edge is set to the corresponding value
in Table 2. Edges with attribute values of 0 or 1 are omitted.
The relationship between features is obtained by a feature
topological relationship analysis operation: the feature volume
of each design feature is established, and the topological rela-
tionship is obtained by interference detection between two
features.

3.2 Candidate C-COS sequence generation
3.2.1 Candidate C-COS selection

After the EFRG construction, the candidate C-COSs are se-
lected from the component surfaces of each DF with the aid of
the C-COS selection library. The selection principle for each
DF is to ensure the integrity of the main machining surfaces
and feature machining volumes so that the MV can be
decomposed into MVUs.

The COS setting principle is to limit the CS decomposition
range to avoid the main machining surfaces and the
feature machining volumes from being destroyed by

the CS intersection. The normal direction of COS is
from the DM side to the MV side, and the decomposi-
tion operation is performed in this direction.

For a selected CS: (1) if it is a part datum surface, the
decomposition range is global, and no COS is required; (2)
if it is damaged or lost due to feature interaction, virtual links
[20, 21] can be added to complete it. Some samples from the
C-COS selection library are shown in Table 3.

The part DFs are extracted from the EFRG, and the candi-
date C-COSs of each DF are selected based on the selection
library. The candidate C-COS selection result of the sample
part is shown in Table 4.

3.2.2 Redundant candidate CSs removal

The redundancy removal operation should be performed when
a feature surface is used more than once as candidate CSs of
different features. Redundant candidate CSs usually have dif-
ferent COSs, i.e., different decomposition range, in different
features. The different decomposition ranges should be
merged. Figure 8 shows an example of a decomposition range
merge operation in the redundancy removal operation.

The redundancy removal operation is performed as
follows:

Fig. 9 Machining method chain
determinants

t g N r
Feature type Geo.metnc to'pology Ma.chmmg S}lrface Pro.cessmg
information information requirements
cylinder feature location surface type quality requirements
hole adjacency relations surface parameters production type

mg b
Machining Processing
method capacity
turning process equipment
milling accuracy grade

Machining
method chain
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1) Redundancy detection: extract the CSs in the candi-
date C-COS list in turn and determine whether each
CS is redundant: if it is, go to step 2; if not, extract
the next CS until all the surfaces are checked.

2) Decomposition range merging: merge the different de-
composition ranges of the redundant CS to obtain a new
COS set. Then, update the COSs of the current CS and
delete other redundant CSs. Return to step 1 to deal with
the next candidate CS.

3.2.3 Candidate C-COS sequencing

The candidate C-COS sequence is generated by
performing a sequencing operation so that the decompo-
sition operation can be performed in an appropriate or-
der to ensure that the MVUs are not destroyed and to
improve the decomposition efficiency. First, the DFs are
sequenced, then the feature surfaces are sequenced
based on the DF order, and finally, the candidate C-
COSs are sequenced based on the feature surface order.

The sequencing rules can be preset according to the
part type or configured interactively by users. The DF
sequencing rules for the sample part, which is a typical
stepped shaft, are shown in Table 5.

The feature surfaces are sequenced on the basis of
the DF priority. The feature surface sequencing rules
are shown in Table 6.

The datum surfaces are automatically determined by
the system according to the part type or specified as
well as changed interactively by users. For the sample
part, surfaces s; and s;o are set as datum surfaces to
ensure the machining quality of each cylinder feature.
Based on the above rules, the DF sequences, feature
surface, and candidate C-COS are generated, as shown
in Table 7.

Table 8 Machining methods and machining accuracy for the inner
cylindrical surface of the hole feature

Machining method Tolerance Roughness Machining type

Ra/(1m)

Drilling IT13~IT11 50~12.5 Roughing

Bearizing IT11~IT9 12.5~3.2 Semifinishing
Reaming IT9~IT7 6.3~0.2 Finishing

Boring IT13~IT6 12.5~0.8 Finishing
Broaching IT9~IT7 1.6~0.8 Finishing

Grinding IT8~IT7 1.6~0.2 Finishing

Honing IT7~IT6 0.63~0.04  Precision machining
Lapping IT6 and above 0.2~0.012  Precision machining

@ Springer

Drilling
IT13~1T11
Rab0~12.5
v
Rough boring Bearizing Rough reaming
IT13~1T11 IT11~1T10 B [T9~IT7
Ral2.5~6.3 Ral2.5~6.3 Ra6. 3~3. 2
v
Semifinish boring| Finish bearizin;
IT10~1T8 1T9
Ra6. 3~3. 2 Ra6. 3~3. 2
\ A A
Finish boring Broaching Finish reaming|
1T8~1T6 1T9~IT7 177
Ra3. 2~0. 8 Ral. 6~0.8 Ra3. 2~0. 2
h
Rough grinding
IT8~IT7
Ral. 6~0. 4 honing lapping
* IT7~1T6 IT6~1T5
Ra0. 63~0. 04 Ra0. 2~0. 012
Finish grinding
1T7T~1T6
Ra0. 4~0. 2

Fig. 10 Machining method chain template for the inner cylindrical
surface of the hole feature

3.3 Machining method chain generation
3.3.1 Machining method chain determinants

The machining method chain generation process selects the
appropriate machining methods and method sequence accord-
ing to the main machining surface processing requirements
and obtains a machining method sequence. The machining
method chain determinants can be defined as:

C ={P(t,g,s,r),S(m,b)} 9)

| IT7, Ra0.8: Rough turning - Semifinish turning - Finish turning - Rough grinding |
1
| /
\ | IT7, Ral.6: Drilling — Rough reaming - Finish reaming | /
\ 7 7

-

-

Z

/: Rough turning

!
|
I
|
|

/ . \ |
| /: Rough turning \ |
|

\
\ | IT7, Ral.6: Rough milling - Semifinish milling - Finish milling | \
1

|
—-——— | IT7, Ral.6: Rough turning - Semifinish turning - Finish turning |

~

Fig. 11 Machining method chains of the main machining surfaces for the
sample part
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Fig. 12 Decomposition operation flowchart

where P(t,g,s,r) is the part information function and S(m, b) is
the manufacturing environment [22] function specific to the
job shop. The factors in the functions can be represented by
the model in Fig. 9.

Fig. 13 Machining volume
decomposition process for the
sample part

Candidate cutting surfaces in

Factors ¢, g, and s in function P are geometric information
that can be obtained directly from the EFRG, and factor r is
manufacturing information, which is included in product
manufacturing information (PMI) [23].

Factors m and b in function S represent the achievable
machining methods and the processing capacity, respectively,
which can be determined in advance according to the job shop
conditions.

Taking the inner cylindrical surface of the hole feature as
an example, Table 8 shows the machining methods and ma-
chining accuracy that can be realized in a certain job shop.

3.3.2 Machining method chain template

The machining method chain template is a set of ma-
chining method chains under different processing re-
quirements formulated in advance for each type of fea-
ture surface, which can ensure processing quality and
efficiency as well as preserve process knowledge.
Figure 10 shows an example of a machining method
chain template for the inner cylindrical surface of the
hole feature.

Each component unit in the template is called a machining
method unit (MMU). The cost [5] of using an MMU, which
can provide support for the next machining method chain
optimization step, can be calculated through the resources
called by it.
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3.3.3 Machining method chain generation

The machining method chain generation process can be sum-
marized as matching the PMI of the main machining surfaces
with the MMU s and optimizing the processing cost. The main
steps are as follows:

1) PMI extraction: traverse the nodes in the EFRG to obtain
the main machining surfaces of each DF, then extract the
processing requirement information of each main ma-
chining surface from the PMI;

2) Machining method chain generation: for each main ma-
chining surface, search the MMUSs that meet the process-
ing requirements according to the surface type and PMI to
obtain the MMU sequence. If there are multiple MMU
sequences that meet the requirements, the total cost of
each sequence is calculated by accumulating the cost of
each MMU. The minimum cost sequence is used as the
optimal machining method chain.

Figure 11 shows the machining method chain of each main
machining surface of the sample part.

4 Machining volume decomposition
and process model generation

4.1 Machining volume decomposition

The MV is decomposed into a set of MVUs by performing a
decomposition operation. The decomposition operation pro-
cess is shown in Fig. 12.

The main steps are as follows:

1) CS mapping: according to the corresponding rela-
tionship between the DFS and the MV surface, the
surfaces in the candidate C-COS sequence S. are
mapped to the MV surface to form the C-COS sur-
face sequence S’ .

2) Ineffective CS removal: some of the CSs are invalid with-
in their decomposition range due to the COS limitations.
The invalid surfaces can be obtained by detecting whether
each CS intersects with other surfaces within its limited
range. Then, they are removed from S, .

3) Machining volume decomposition: sequentially extract
the effective CSs in S’ to decompose the MV. Traverse
the subvolumes after each decomposition and store the
subvolumes whose composition surfaces do not include
the unused CSs in the MVU group.

Figure 13 shows the MV decomposition process for
the sample part.

@ Springer

4.2 Machining feature and process model generation

The machining feature (MF) [24] can be obtained by linking
the machining method chain to the corresponding MVU. The
main machining surfaces are taken as the processing informa-
tion carrier, as well as the basis for machining feature sequenc-
ing in the MF and PM generation process. The machining
feature generation process is shown in Fig. 14.

The MF generation process is summarized as follows:

1) Feature contact surface extraction: the MVU composition
surfaces are classified into three types: rough surfaces,
feature contact surfaces, and decomposition sections,
from which the feature contact surfaces are extracted.

2) Main machining surface matching: match the feature con-
tact surface with the corresponding DFS of the DM. If the

Machining volume
units (MVUs)
Y

NULL? -t
Y

Composition
surface
classification
I

L] L

Feature contact

I

Extract MVUs |
one by one

Decomposition

surfaces sections

Rough
surfaces

Extract Feature
P contact surfaces
one by one

L]

Design feature
surface matching

Design feature
surfaces

Main
machining
urface?

Machining method
chain of the main
machining surface

Machining
method chain &
linking

Machining
feature

Fig. 14 Machining feature generation process
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decomposition
section sy

Fig. 15 Outer cylinder machining
feature generation

Rough
Surface St

(a) Machining unit volume v,

DEFS is the main machining surface, create a mapping
between them.

3) Machining method chain linking: for each mapping rela-
tion established in step 2, link the machining method
chain of the main machining surface to the MVU corre-
sponding to the feature contact surface to generate the
MF.

Figure 15 takes the MVU v, in Fig. 13 as an example to
show the MF generation process. The machining method

feature contact

surface s,

surface sy

| IT7, Ra0.8: Rough tuming - Semifinishing turning - Finish turning - Rough grinding |

®@ devsign feature surface s, : main machining surface

"0

design feature surface s3 : secondary machining surface
(b) Part design model

chain of the main machining surface s, is linked to the
MVU v, to generate the outer cylinder MF.

Then, the MVUs are sequenced according to the or-
der of the main machining surfaces generated in the
“Candidate C-COS sequencing” section. If multiple
MVUs have the same priority, they are merged into
one PMV. In addition, the PMV sequence is obtained.
Finally, remove the PMVs from the BM or the last PM
sequentially by Boolean operations to obtain the PMs,
as shown in Fig. 16.

Process ID: Process 1 Process 2
Turning end Turning outer
Process content: surface cylinder

PMVs:

Machining
method chain:

Rough turning -
Semifinish tuming -
Finish turning

Rough turning -
Semifinish tuming -
Finish turning -
Rough grinding

Process ID:

Process content:

PMVs:

Machining
method chain:

Fig. 16 3D process models of the sample part
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Fig. 17 User interface of the automatic generation system for the 3D process model of shaft parts

5 Development and experiment

The automatic generation system of the 3D process
model of shaft parts was established based on the above
method. Visual Studio 2015 was taken as the develop-
ment environment, NX10.0 was taken as the develop-
ment platform, and the UG/Open API was used for
system development. A typical shaft part was used for
3D process model construction verification. The user
interface of the system is shown in Fig. 17.

The MBD design model of the part shown in Fig. 17
is taken as the input of the system. In the preprocessing
stage, the EFRG was established inside the system.
Then, the candidate C-COS sequence was generated.
The main machining surfaces were taken as the process-
ing information carrier to generate machining method
chains. In the decomposition stage, the MV was
decomposed into 19 MVUs, as shown in Fig. 18.
After that, in the machining feature generation stage,

DR EE

Fig. 18 Machining volume decomposition result for the typical shaft part
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the machining feature sequence was generated. Finally,
the 3D process models were generated by performing
Boolean operation, and the result is shown in Fig. 19.

6 Conclusion and future work

The volume decomposition method was used to generate
3D process models for shaft parts automatically in this
paper. Compared with the conventional methods based
on volume decomposition, the proposed method:

1) Selects the CSs from the DFSs rather than the MV sur-
faces, which can make full use of the information in the
design model to solve the problems caused by the infor-
mation gap between the decomposition operation and the
design model information in the existing methods.

2) Changes the mode of “decomposition then merging” by
decomposing the machining volume directly into machin-
ing volume units, each of which has machining seman-
tics, avoids the subsequent merging operation, and solves
the combination explosion problem in the complex fea-
tures merging process.

Moreover, setting the main machining surface and EFRG
improves the process model generation efficiency.
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Fig. 19 Result of automatic process model generation for the typical shaft part

However, the proposed 3D process model generation

method focused only on shaft parts, and the effective-
ness of this method on other part types will be studied L.
in the next step. Process optimization will also be the

main work in the next stage.
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