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Abstract: The geometrical and topological information of 3D computer aided design (CAD) models should be represented as a neut-
ral format file to exchange the data between different CAD systems. Exchange of 3D CAD model data implies that the companies must
exchange complete information about their products, all the way from design, manufacturing to inspection and shipping. This informa-
tion should be available to each relevant partner over the entire life cycle of the product. This led to the development of an international
standard organization (ISO) neutral format file named as standard for the exchange of product model data (STEP). It has been ob-
served from the literature, the feature recognition systems developed were identified as planar, cylindrical, conical and to some extent
spherical and toroidal surfaces. The advanced surface features such as B-spline and its subtypes are not identified. Therefore, in this
work, a STEP-based feature recognition system is developed to recognize B-spline surface features and its sub-types from the 3D CAD
model represented in AP203 neutral file format. The developed feature recognition system is implemented in Java programming lan-
guage and the product model data represented in STEP AP203 format is interpreted through Java standard data access interface (JS-
DAI). The developed system could recognize B-spline surface features such as B-Spline surface with knots, quasi uniform surface, uni-
form surface, rational surface and Bezier surface. The application of extracted B-spline surface features information is discussed with ref-

erence to the toolpath generation for STEP-NC (STEP AP238).

Keywords: Feature recognition, 3D computer aided design (CAD) model, geometrical information, standard for the exchange of
product model data (STEP) AP203, Java standard data access interface (JSDAI).

1 Introduction

Seamless integration of computer aided design (CAD)
and computer aided manufacturing (CAM) systems re-
duces human errors and lead times which are crucial to
the success of a manufacturing industry. For the integra-
tion of CAD/CAM, 3D CAD model should be represen-
ted in neutral file format. ISO 10303 standard for the ex-
change of product model data (STEP) is the neutral
format that supports the representation of product mod-
el data for the complete life cycle of the product. One of
the important data to be communicated from CAD to
CAM system is “feature”. Feature is defined as a charac-
teristic of the part that carries significance to a particu-
lar application[l. The meaning of feature is specific to the
domain, for example, a circle in design is termed as hole
in manufacturing. In the manufacturing domain, features
are holes, slots, fillets, etc. In the process planning, suit-
able manufacturing process is selected based on the man-
ufacturing features. These higher level features (i.e., slots,
steps, holes etc.) are interpreted from the low level geo-
metric and topological features such as faces, edges and
vertices of the 3D CAD model. In a STEP-based
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CAD/CAM system as shown in Fig.1, 3D CAD models
are made by a solid modeling software (i.e., pro-engineer,
solid edge, uni-graphics, etc.) which can be exported as a
STEP application protocol (AP) file format, i.e.,
AP203(2. The commercial solid modeling softwares are
available in the market with built-in convertor to gener-
ate STEP AP203 neutral format file. The foremost activ-
ity of the STEP-based CAD/CAM system is feature re-
cognition and major data to be communicated is “fea-
ture”. Therefore a feature recognition system is required
for extracting geometrical and topological information of
the features from the 3D CAD model represented in
AP203 file for the seamless integration of CAD/CAM. In
December 2014, STEP AP203 and STEP AP214 (core
data for automotive mechanical design processes) formats
were combined to form a new AP, named as STEP
AP242 (managed model based 3D engineering)[3l. It is no-
ticed from the schema that the representation of the 3D
CAD models in AP203 is similar to AP242. However,
presently no solid modelling software is available for ex-
porting the model in AP242 format. Therefore, in the
present work, AP203 is used for representing 3D CAD
models. The extracted feature information shall be repres-
ented in STEP AP224[4 format, which is the application
protocol for product definition for process planning using
machining feature. It is also used for explicit representa-
tion of the 3D shape of machining features through
bounded geometry and implicit representation of machin-
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ing features through selection of standard parameters.
The feature-based information of AP224 could be used for
generation of part-programs, which are represented in
STEP AP238 (STEP-NC)Bl format. The features of
STEP AP238 include manufacturing process descriptions
of manufacturing operations, sequences of operations and
associated information, tool requirements for machining
operations and toolpaths for machining operations. It has
been observed from Fig. 1, link between design and manu-
facturing is identified as an important field of research
and developments in this area is crucial to the success of
any CAD/CAM industry. Automatic feature recognition
plays a crucial role in CAD/CAM cycle for downstream
applications like process planning and machining. There-
fore, it is necessary to develop a STEP-based feature re-
cognition system for CAD/CAM integration. The follow-
ing section gives the literature survey related to feature
recognition systems with more emphasis on identified sur-
face geometry features.

Built-in
convertor
for neutral

format

—>

|:'> Feature
recognition

STEP AP203/AP214/AP242 @

H AP224 file

generation

Solid model
CAPP
system
Process plan
Conc§ptual information
design )
information
STEP-NC code
(STEP AP238)
generation
STEP NC machine

Fig.1 Typical STEP-based CAD/CAM system with different
interfaces

2 Literature survey

The exchange of product model data among different
CAD systems through initial graphics exchange specifica-
tion (IGES) neutral format file and STEP files is more

popular among different neutral format files. The follow-

ing paragraph gives the literature review of the feature
recognition systems which are using IGES and STEP
format files.

In the graph based approach, a boundary representa-
tion (B-rep) CAD model is converted to a graph in terms
of set of nodes and set of arcs, which forms attributed ad-
jacency graph (AAG). To recognize features from the
AAG, different customized rules were framed[fl. Gao and
Shah!”l developed an approach to recognizing both isol-
ated and interacting features. The conventional, graph-
based approach is combined with hint-based approach to
recognize interacting features. Firstly, isolated (non-inter-
secting) features were identified using manufacturing face
adjacency graph. Secondly, interacting features were then
recognized using feature’s minimal condition subgraph
(MCSG) which was used as a feature hint. Meeran and
Taibl8] presented hint-based feature recognition system
which identified machining features from 2D orthograph-
ic projections. Three types of profiles: Type I, II or III
were defined in this method to identify isolated, nested
and interacting features using a common framework. A
feature recognition system was developed by Bhandarkar
and Nagil¥ for solid models represented in STEP AP202
or AP203 formats. They claimed that the output of the
feature recognition system shall be represented in AP224
format for feature-based processes planning. Their al-
gorithm identified the elementary shapes such as planar
and cylindrical surface features from prismatic solids
only. Dereli and Filizl'0l, Gao et al.lllll Lau et al.l2
presented feature recognition systems, which used geo-
metrical and topological information of the design data-
base. The problem of feature interactivity was discussed
and a feature-based approach was proposed to identify
machining features from a feature model. An approach
called edge boundary classification (EBC) was proposed
by Ismail et al.!3] for cylindrical and conical shape fea-
tures from B-rep models. This technique used spatial ad-
dressability information of solid models which identified
the solid and void “sides” of a boundary entity. Koda et
al.l'4 proposed a method for shape retrieval using shape
impression of human's Kansei (sensitivity). The proposed
method used Gaussian curvature distribution from 3D
models as features for shape retrieval. Then, the ap-
proach classified the 3D models by extracting features
and measures similarity of models in storage.
Arivazhagan et al.l!5l used syntactic pattern recognition
approach to recognize features from STEP AP203 format
of prismatic parts. Their methodology identified interact-
ing, tapering, interacting-tapering, curve base features
and tapering cross-sections of planar and to some extent
cylindrical surface geometries. Babic et al.ll6] presented a
review of automated feature recognition systems based on
rule-based pattern recognition. They concluded that the
developed feature recognition systems are complex to
identify intersecting features. The developed systems
could recognize orthogonal features, but little attention
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was given for non-orthogonal and arbitrary features. A
generative computer aided process planning (CAPP)
framework was developed by Sankar et al.[l7] for rotation-
al components. Their framework includes modules for fea-
ture extraction based on CAD application programming
interface (APIs) to determine optimum sequence and gen-
eration of process parameters. An automatic feature re-
cognition system was developed by Sunil and Pandel'8] for
free-form surface CAD models of sheet metal parts rep-
resented in stereo lithography (STL) format. Specific
rules are defined for recognizing variety of protrusion and
depression features such as holes, bends, darts, beads,
louvers, dimples, dents, ridges/channels (blind and
through). Rameshbabu and Shunmugam[!9 presented an
approach to recognize orthogonal features from the planar
and cylindrical surfaces using modified graph-based ap-
proach from the 3D CAD models represented in AP203
format. Nagarajan and Reddy20 developed an approach
to identify design and manufacturing features using lower
level geometry and topology available in the STEP
format file. Their approach could recognize the manufac-
turing features, which are formed with elementary sur-
faces such as plane, cylindrical, conical and toroidal sur-
faces. Sunil et al.2ll presented an approach for B-rep 3D
CAD models of prismatic parts to recognize interacting
features. Their system recognized simple orthogonal fea-
tures on prismatic parts such as stepped holes (i.e.,
counter bore, counter sunk) and simple holes (through or
blind) with flat/conical bottom features. An algorithm for
extracting free-form surface features (FFSFs) from a sur-
face model was proposed by Gupta and Gurumoorthy(22
with IGES file as input. Their extraction algorithm pro-
poses a separating curve to identify FFSFs of a surface
model, then features are classified as per the characterist-
ics of the separating curve and the region enclosed by the
separating curve. The approaches developed by Sunil et
al.2ll and Gupta and Gurumoorthyl??l were not extracted
and presented data needed for the downstream applica-
tions. Rao et al.[?3] developed an algorithm for extracting
geometrical data, recognizing turned features, generating
process plans and numerical control (NC) part programs
from 2D image. Sivakumar and Dhanalakshmil?4 pro-
posed a methodology to integrate CAD, CAM and com-
puter aided integration (CAI) based on feature extrac-
tion of cylindrical parts only. They claimed that the 3D
CAD model information of cylindrical parts was extrac-
ted from STEP AP203 file and the output was used to
generate NC code. An approach was developed by Li et
al.[?] to identify aircraft structural parts features such as
ribs using object-oriented software engineering. The com-
puterized numerical control operation experience and the
machining knowledge were leveraged by analyzing typic-
al geometry interactions from machining tool paths with
their approach. Nasr et al.26] presented an approach to
recognize features using geometric reasoning. The solid
model data is extracted from the STEP file with the de-
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veloped algorithms, then logical rules were formed based
on the geometric reasoning to recognize features. Ze-
htaban et al.27l developed a similarity recognition al-
gorithm to retrieve the models from the database which
used STEP file. The framework also helps the designer
while taking design decisions. Niu et al.28] considered a
declarative approach for feature recognition, which was
coupled with database optimization. The authors claimed
that, the database optimization gives significant improve-
ments to the time complexity for feature finding, which
provides the results in an acceptable time. They also
mentioned that, SQLite is a light-weight database and
does not support the advanced features. Wang et al.[29]
presented a new image feature-absence importance (AI)
feature technique, which can characterize the local struc-
ture information. The approach depends on the absence
of important pixel with more effect on the local structure.
Two absence importance features, such as mean absence
importance (MAI) and standard deviation absence im-
portance (SDAI) were defined and used to construct al-
gorithms for feature detection and matching. Xu et al.l30]
proposed an approach for machining feature recognition
from in-process model (IPM). According to IPM charac-
teristics, firstly, a curvature based segmentation, classific-
ation and then valuated adjacency graph were formed for
feature recognition. A method was proposed by Zhang
and LiBl to detect concave and convex regions on tessel-
lated CAD model to characterize the shapes on it. Their
method classifies the triangular facets with STL file into
local convex, concave and mixed groups based on the re-
lation of the facets. Furthermore, Gaussian image forma-
tion and point distribution distance algorithm were ap-
plied on the detected regions for recognition of basic
shapes like cube, wedge, cylinder, cone and sphere. An
approach called multiscale persistent heat signature simil-
arity identification technique was presented by Harik et
al.B2 The heat signature was computed by modified
Laplacian in the heat kernel, then, the heat retention val-
ues were computed for applying persistent homology to
obtain significant subsets of global mesh at different time
intervals. The subsets are computed according to the sim-
ilarity of heat rejection levels and retention values. Fi-
nally, the approach scans the part at different levels to
identify the features of standard shape formed with
planar and cylindrical surfaces. The concepts of machin-
ing faces and features were analyzed and a different se-
mantic approach was proposed by Zhang et al.33 for
automatic recognition of machining features. The ap-
proach provides an ontology-based model for represent-
ing the machining faces and machining features. From
the above literature survey, it is evident that all the
presented feature recognition systems have identified the
features which are formed with elementary surfaces. The
systems which can recognize B-spline surface features are
scarce. Therefore, in this work, a STEP-based feature re-
cognition system is developed for the recognition of B-
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spline surface features from the 3D CAD models represen-
ted as STEP AP203 file format. B-spline surface features
include B-spline surface with knots, quasi uniform sur-
face, uniform surfaces, rational and Bezier surfaces. In
this work, a STEP-based feature recognition system is de-
veloped and tested with a realistic 3D CAD model (i.e.,
impeller) to identify B-spline surface features. Toolpath
generation for B-spline surface machining is also dis-
cussed with the extracted feature information. Section 3
gives the programming language and tools used for devel-
oping the proposed feature recognition system.

3 Programming language and tools used
in the development of feature
recognition system

The proposed feature recognition system is developed
and implemented in Java programming language. Input
to the developed system is the STEP AP203 format file
of 3D CAD model. The information of the STEP AP203
file is accessed through Java standard data access inter-
face (JSDAI)B4, which is an open source API to read,
write and execute runtime manipulation of the EX-
PRESS-based data model. EXPRESS is a standard data
modeling language for representing product data, which is
represented as STEP (ISO 10303) model and standard-
ized as ISO 10303-11. EXPRESS is similar to program-
ming languages like Cobol or Pascal, in which a schema
of various datatypes can be defined with structural con-
straints and algorithmic rules. The information related to
the 3D CAD models represented in STEP application
protocols (APs) can be accessed through JSDAI and the
corresponding set of Java class files of the AP schema. A
3D CAD model represented in AP203 format shall be val-
idated against its schema with JSDAI. JSDAI is avail-
able as a standalone package as well as a plug-in to the
eclipse integrated development environment (IDE) for
Java programming language. JSDAI is an alternative to
the commercially available ST-developer3 from STEP-
tools Inc. JSDAI provides EXPRESS compiler, which is
used to compile AP203 EXPRESS schema and automat-
ically generate the corresponding Java classes. These Java
classes of the schema are added to the library of the
project, in which the proposed feature recognition system
is developed. The algorithm used in this work depends on
the geometrical data representation of B-splines in STEP
schema. Therefore, it is important to understand the rep-
resentation of B-splines in STEP. A brief outline repres-
entation of B-spline surfaces and B-spline curves accord-
ing to STEP AP203 schema is described in the following
section.

4 Representation of B-spline surfaces
and curves in STEP AP203 schema

A bounded face is formed with a bounded surface and

a set of boundary curves. The bounded surfaces are fur-
ther classified as B-spline surfaces, rectangular trimmed
surfaces, curve bounded surfaces and rectangular compos-
ite surfaces. Out of these surfaces, B-spline surfaces are
widely used for product modelling in different applica-
tions such as automotive and aerospace industries. There-
fore, in this work, B-spline surfaces are selected for recog-
nition. B-spline surface is a general form of rational or
polynomial parametric surface, which is represented by
control points, basis functions and weights. The type of
B-spline surface depends on surface default values or
characteristics of the provided values. The subtypes of
the B-spline surface are B-spline surface with knots, uni-
form surface, quasi-uniform surface, rational surface and
Bezier surface. Similarly, B-spline curve is a subtype of
bounded curve, it is defined as piecewise parametric poly-
nomial or rational curve described in terms of control
points and basis functions. This type of curve is the most
stable form to represent all types of polynomial or ration-
al parametric curves. The sub-types of B-spline curves are
B-spline curve with knots, uniform curve, quasi-uniform
curve, rational curve and Bezier curve. The polynomial
parametric representation of B-spline surface and B-spline
curve is shown in (1) and (2), respectivelyl2l.

K1 Kz

o(u,0) = Y Py N (u)N;? (v) (1)

i=0 j=0

Aw) =" PN{(u). (2)

Equation (1): P;; is control point at i-th row and j-th
column, di & do are u & v degrees, N & N]‘-iz are i-th
and j-th normalized B-spline basis functions of di, ds2, and
Ky & K, are upper indices on u & v control points.
Equation (2): d is degree of the curve, P; is i-th control
point, k is upper limit of control points, N? is i-th nor-
malized B-spline basis function of degree d. The subtype
of B-spline surface, B-spline surface with knots and B-
spline curve with knots as edge curves are having better
control over the other sub-types of B-spline surfaces.
Hence, these types are considered for testing the de-
veloped feature recognition system. Representation of B-
spline surface with knots and B-spline curve with knots
as per the AP203 schema is given below.

#ID=B_SPLINE SURFACE WITH KNOTS (u-de-
gree, v-degree, control points list, surface form, u-closed,
v-closed, self-intersect, (control points), (u-multiplicities),
(v-multiplicities), (u-knots), (v-knots), knot specification).

#ID=B SPLINE CURVE WITH KNOTS
(control points), curve form, curve closed, self-intersect,
(knot multiplicities), (knots), knots specification). The at-
tributes of B-spline surface and additional attributes of

(degree,

subtype B-spline surface with knots as per the STEP
AP203 schema are shown in Fig.2. The attributes of B-
spline curve and additional attributes of subtype B-spline

@ Springer



504 International Journal of Automation and Computing 15(4), August 2018

curve with knots as per the STEP AP203 schema are
shown in Fig. 3.

Section 5 gives the algorithmic steps performed to
identify B-spline surface features. The flow chart repres-
entation of the algorithmic steps for the recognition of B-
spline surface features is shown in Figs.4(a) and 4(b).

5 Steps performed to identify B-spline
surface features

In the development of feature recognition system for
identifying B-spline surface features, several user defined
Java classes are programmed along with JSDAI classes.
The following key steps illustrate the development of the

system.

Step 1. The STEP AP203 part 21 file (text format)
data is accessed by the following steps.

1) JSDALI session is opened and a transaction is star-
ted in read write access mode, then a repository is cre-
ated in the same JSDAI session for importing clear text
encoding file (file name.stp).

2) JSDAI data model is created with imported file
with the same repository (If more than one JSDAI data
model is required, the data models can be created in the
same session).

Step 2. Current JSDAI model is opened (i.e., if there
are more than one models) and the instance of advanced
B-rep shape representation is accessed from the manifold

u-degree (UD) [Integer]
v-degree (VD) [Integer]

u-upper [Integer]
v-upper [Integer]

u-closed (UC) [Logical]
v-closed (VC) [Logical]
[1-Open, 0-Closed]

List of control
points (CP)

B-spline surface with
knots (BSSK)

Self-intersect (SI) [Logical]
[1-Open, 0-Closed]

Surface form (SF) [Enumeration of
1) Planes surf 6) Surface of revolution
2) Cylindrical surf 7) Ruled surf
—  3) Conical surf 8) Generalized cone
4) Spherical surf 9) Quadric surf
5) Toroidal surf 10) Surf of linear extrusion
11) Unspecified]

u-multiplicities (UM) Knot specification (KS) [Enumeration of u-knots (UK) Knot u-upper
[List of integers] . . . . [List of real numbers] [Integer]
v-multiplicities (VM) D Unlfc.'rm .knots 3) PISCCWI.SG Bezier knots v-knots (VK) Knot v-upper
[List of integers] 2) Quasi uniform  4) Unspecified] [List of real numbers] [Integer]
Fig. 2 Representation of B-spline surface with knots attributes as per AP203 schema

Degree (D) [integer] —

Curve form (CF)
[Enumeration of

Upper index on control points
[Integer]
(Size of control points list) —1

— 1) Poly-line

Closed curve (CC)

2) Circular arc

3) Elliptic arc

4) Parabolic arc
5) Hyperbolic arc
6) Unspecified]

[Logical]
Control points list (CP) [Array of
Self-intersect (SI) Cartesian points]
[Logical]/[1-Open, 0— —
Closed] ,

Knot multiplicities (KM)

B-spline curve with knots
(BSCK)

[List of Integer]

Knot specification (KS) [Integer]
[1) Uniform knots

2) Quasi uniform knots 4) Unspecified]

3) Piece wise Bezier knots

Knot upper [Integer]

Knots (K) [List]

Fig. 3 Representation of B-spline curve with knots attributes as per AP203 schema
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solid B-rep entity.

Step 3. Closed shell object is obtained with manifold
solid B-rep instance, which contains the connected face
set of the solid model.

Step 4. All the face entity instances of the closed
shell are obtained and checked for the following condi-
tions.

1) Is the face geometry of the face is an instance of
bounded surface?

2) If the above step (i.e., Step 1)) is true then check,
if the face geometry is the subtype B-spline surface
(BSS), then store the face in an array of BSS faces (say,
BSS_FACES).

Step 5. Get all the face entity instances of
BSS_FACES and perform the following steps.

1) B-spline surface (BSS) is obtained and the informa-
tion (BSS_INFO) required to define B-spline surface
(BSS) geometry is also obtained, such as u-degree (UD),
v-degree (VD), list of control points (CP), surface form
(SF), u-closed (UC), v-closed (VC) and self-intersect (SI).

2) Further check will be performed, if the face geo-
metry is B-spline surface with knots (BSSK)(i.e., sub-
type of B-Spline surface), additional information
(BSSK_INFO) necessary to define the surface with knots
is extracted, such as u-multiplicities (UM), v-multiplicit-
ies (VM), u-knots (UK), v-knot (VK) and knot specifica-
tion (KS).

3) If the face geometry is of other type of sub-types
such as quasi uniform (Q-BSS), uniform (U-BSS), ration-
al B-spline (R-BSS) or bezier surface (B-BSS), the re-
lated information (XBSS_INFO) to define the surface is

extracted.

4) Then, loop of oriented edges are retrieved from the
face_outer_bound and B-spline curve object (BSC) is ob-
tained.

Obtain the edge loop instances of each BSC face and
perform the following steps.

a) Check for bounded curve type, further check for
subtype B-spline curve (BSC), then the curve definition
attribute information such as degree (D), list of control
points (CP), curve form (CF), curve closed (CC), and
self-intersect (SI) is retrieved.

b) Further check for B-spline curve with knots
(BSCK), extract the additional information (BSCK_INFO)
necessary to define the curve with knots, such as knot
multiplicities (KM), knot specification (KS) and knots
(K). Then, form the BSSK_FEATURE with BSS INFO,
BSSK_INFO and BSCK_INFO.

c) If the curve is of other type of BSC such as quasi
uniform curve (Q-BSC), uniform curve (U-BSC), ration-
al B-spline curve (R-BSC) and Bezier curve (B-BSC),
then the relevant information is retrieved, and then
XBSS FEATURE is formed with BSS INFO, XBSS INFO
and XBSC_INFO.

Close for all the instances of BSS FACES.

Close for all the instances of BSCs of edge loop.

In the following section, working of the developed fea-
ture recognition system is demonstrated for the recogni-
tion of B-spline surface features using a realistic 3D CAD
model (i.e., impeller of a compressor) as shown in Fig.5.
The application of the output result is also illustrated for
toolpath generation.

Open JSDALI session, start transaction, create repository and
JSDAI model

A4

Obtain the instance of advanced B-rep shape representation and
manifold solid B-rep entities

Obtain the closed shell object with manifold solid B-rep and

obtain the face geometry of face from the connected face set <
object

If (face geometry is B-spline
surface (BSS))

v

Create an array with other type
of faces (OTS_FACES)

Create an array of BSS
faces (BSS_FACES)

(a) Recognizing and sorting of B-spline surfaces using STEP
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Get the face BSS, from BSS_FACES of size N, Seti =0 —

+—l

Extract BSS feature attributes
BSS_INFO (UD, VD, CP, SF, UC, VC, SI)

i=i+l id—

If (BSS, is BSSK)

Obtain BSSK attributes, add BSSK_INFO (BSS_INFO, UM, VM, UK,
VK, KS). Obtain edge curve object “BSCk,” and edge loop of size M

If (“BSC,” is “BSCK”)

A

Create BSCK_INFO (D, CP, CF, CC, SI, K, KM, and KS) and add to
corresponding BSSK FEATURE

Check for other than
BSC type of curve

If (“BSC,” is U-BSC, Q-
BSC, R-BSC, B-BSC)

Get XBSC_IN FO (Icdots), and add to corresponding
XBSS FEATURE

If (“BSS,” is U-BSS, Q-
BSS, R-BSS, B-BSS)

Check for other than
BSS type of surface

Obtain XBSS INFO and corresponding edges information
XBSC_INFO to create XBSS FEATURE

If (i < N?)

(b) Recognition of B-spline surface features and its subtypes
Fig.4 Flow chart representation of algorithmic steps to recognize B_spline surface features

6 Test case: Results and discussion with ted in STEP AP203 format file (i.e., 30000+ lines) is giv-
a 3D CAD model of an impeller eTnhas input to the developed f(j:ature recogmtlon.system.

e system successfully recognized all the B-spline sur-

having B-spline surface with knots face with knots (BSSK) features from the considered 3D
features CAD model (impeller). The considered 3D CAD model is
having 96 BSSK features, since the complete information

In this test case, a 3D CAD model of an impeller mod- of the BSSK features are cumbersome. Therefore, sample
elled in Pro-Engineer software (shown in Fig.5) represen- output of the developed system is given in Tables 1 and
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2. The edge curve level data of the selected BSSK fea- which shall be used in downstream applications such as

tures are given Table 3. The output information is repres- STEP-NC (AP238) and toolpath generation. It has been

ented in accordance with the STEP AP203 schema, observed that the recognized surface features are of third
BSSK 16 BSCK 26

BSCK_86

L 16

BSCK_84

BSCK_ 85

)

4 &

@

L 13
BSCK_84

“ L_17
-

BSCK_84

5

BSCK_90

" BSSK_20

BSCK_84
L 14

7|

BSCK_87

BSCK_914—

BSCK_38

BSCK_90

BSSK_18

C 27
BSCK_90

Fig. 5 Details of 3D CAD model (impeller) having B-spline surface with knots features

Table 1 Sample output of B-spline surface with knots features (BSSK) information as per AP203 express schema definition

Serial Identified B- PLF /

spline surface UD VD NCP SF ucC vC SI NUM NVM NUK NVK KS
number EC_IDs
feature IDs -

#3386 3 3 24 11 1 1 1 4 2 4 2 2
1 BSSK_2

EC_IDs BSCK_5,BSCK_1,BSCK 6,C_3,L_1,L_2,L_3

#4122 3 3 60 11 1 1 1 13 2 13 2 2
9 BSSK_16

EC_IDs BSCK_26, BSCK_84, BSCK_85, BSCK_86,L_16,L_13

#4229 3 3 52 11 1 1 1 11 2 11 2 2
11 BSSK_18

EC_IDs BSCK_38, BSCK_90, BSCK_87, BSCK_91,C_27,L_18

#4328 3 3 60 11 1 1 1 13 2 13 2 2
13 BSSK_20

EC_IDs BSCK_84,BSCK_90,L_14,L_17

#11223 3 3 140 11 1 1 1 18 5 18 5 2
96 BSSK_116

E_IDs BSCK_6, BSCK_4, BSCK_12, BSCK_10, BSCK_9

BSSK: B-spline surface with knots; PLF: Persistent label of the face in STEP file; EC_ID: Edge curve ID; UD: u-degree; VD: v-degree; NCP:
Number of control points; SF: Surface form; UC: u-closed; VC: v-closed; SI: Self intersect; NUM: Number of v multiplicities; NVM: Number of v-
multiplicities; NUK: Number of u-knots; NVK: Number of v-knots; KS: Knot specification.
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Table 2 Details of multiplicities and knots of the selected B-spline surface features given in Table 1

B-spline surface Control points

Multiplicities in u and v directions

Knots in u and v directions

feature IDs

CP(SP; EP) UM VM UK VK
(87.38,11.65,-1.07); [4,1,1,1,1,1,1, [-0.01, 0.0, 0.12, 0.25, 0.37, 0.5, 0.62, -
BSSK_16 (45.73, 1.42, 97.69) 1,1,1,1,1, 4] [4,4] 0.75,0.81,0.87,0.93, 1.0, 1.0] [-0.01,1.01]
(19.33, 9.93, 91.75); [4,1,1,1,1,1, [0.0, 0.06, 0.12, 0.18, 0.25,
BSSK_18 (97.22, 26.01, 30.43) 1,1,1,1,4] [4,4] 0.37,0.5,0.62, 0.75, 0.87, 1.01] [0.0,1.01]
(44.61, 0.4, 98.33); [4,1,1,1,1,1,1, [0.0, 0.0, 0.06, 0.12, 0.18, 0.25,
BSSK_20 (97.13, 27.25, 29.42) 1,1,1,1,1, 4] [4,4] 0.37,0.5,0.62, 0.75, 0.87, 1.0, 1.01] [-0.29, 1.29]
CP: Control points; SP: Start point; EP: End point; UM: u-multiplicities; VM: v-multiplicities; UK: u-knots; VK: v-knots.
aple etalls O -Spline curves wi nots o € selecte -Spline surtace features snown in test case
Table 3 Details of B-spli ith knots of th lected B-spli f: feat h in test
Control points
B-spline curve IDs D CF CC SI KM [NM] K[NP] KS
CP(SP; EP) [NP]
BSCK 26 3 Efg:fg’ i;gf ;%‘))]1[253 6 1 1 [4,1,1, 4] [4] 0.0, 0.33, 0.66, 1.0][4] 2
[(45.22, 1.07, 96.73); [4,1,1,1,1,1,  [0.0,0.06,0.12,0.18, 0.25, 0.37, 0.5,
BSCK 84 3 (96,22, 26.96, 29.87)] [13] 6 1 1 1,1,1,1,4] [11] 0.62,0.75, 0.87, 1.0] [11] 2
BSSK_16 [(78.87, 13.24, 7.32); [4,1,1,1,1,1,1,1,1, [0.0,0.04,0.11,0.18,0.25, 0.32,
BSCK 85 3 (5132"10 98 o1.14)] [20] 6 1 1 1,1,1,1,1,1,1,1,4] 0.38,0.45,0.52, 0.59, 0.66, 0.73, 2
2 10.29, 9L, [18] 0.87, 0.93, 0.95, 0.97, 0.99, 1.0] [18]
. 79.19, 13.21, 7.0);
BSCK'S6 3 (7[5(;.87 s 7.32)])[5} 6 1 1 4,1, 4] [3] [0.0,0.5, 1.0] [3] 2
BSCK 38 3 (1%.267%06%21679?:.[6())])[;6] 6 1 1 [4,1,1,4] [4] [0.0, 0.33, 0.66, 1.0] [4] 2
86.88, 11.44, 1.71);
BSCK 87 3 (9[((3_37 o5 28 30_36)])4] 6 1 1 [4,4] [2] [0.0,1.0] [2] 2
BSSK_18 BSCK 90 3 [(96.37, 25.88, 30.36); 6 L . [4,1,1,1,1,1, [0.0, 0.12, 0.24, 0.37, 0.49, 0.62, )
~ (44.73,0.14, 97.31)] [13] 1,1,1,1,4][11] 0.74,0.81, 0.87, 0.93, 1.0] [11]
0.0, 0.05,0.11, 0.18, 0.24, 0.37
27.0, 6.26, 91.0); 4,1,1,1,1,1,1,1, [09,0:05,0.11,0.18,0.24, 0.37,
BSCK 91 3 [(27.0, 6.26, i 6 1 1 bbb bbb b0 430,49, 0.56, 0.62, 0.68, 0.75, 2
(86.88, 11.44, 1.71)][17] 1,1,1,1,1,1, 4)[15] 0.81, 0.87. 1.0 [15]
[(45.22, 1.07, 96.73); [4,1,1,1,1,1,  [0.0,0.06,0.12, 0.18, 0.25, 0.37, 0.5,
BSCK.84 3 (9692, 26.96, 29.87)] [13] 6 1 1 1,1,1,1,4][11] 0.62,0.75, 0.87, 1.0] [11] 2
BSSK_20
- [(96.37, 25.88, 30.36); [4,1,1,1,1,1, [0.0, 0.12, 0.24, 0.37, 0.49, 0.62,
BSCK 90 3 (44.73,0.14, 97.31)] [13] 6 1 1 1,1,1,1,4][11] 0.74,0.81,0.87, 0.93, 1.0] [11] 2

BSCK: B-spline curve with knots; D: Degree; CP: Control points; SP: Start point; EP: End point; CF: Curve form; CC: Curve closed; SI: Self-
intersect; KM: Knot multiplicities; NM: Number of multiplicities; K: Knots; NP: Number of points; KS: Knot specification.

degree in u direction (UD) and v direction (VD), and it is
also identified that the surface features are open in u and
v directions, i.e., logical values are “1” and “1” for UC
and VC respectively. The identified surface features are
not self-intersecting, i.e., logical value is “1” for SI. The
knot specification (KS) of the surface features are “2”,
which designates the knots are unspecified.

The number of control points (NCP), u-multiplicities
(NUM), v-multiplicities (NVM), u-knots (NUK), v-knots
(NVK) of feature surfaces are also listed in Table 1.
Sample of selected BSSK features, BSSK 16, BSSK 18,
and BSSK 20 and its edge curves are shown in Fig.5.
BSSK 16 feature is bounded with B-spline curve with

knots (BSCK) IDs BSCK 26, BSCK_84, BSCK_85,
BSCK 86 and line IDs L_16 and L_13. Similarly,
BSSK_18 is bounded with BSCK_38, BSCK_90,

@ Springer

BSCK 87, BSCK 91, C_27 (Circle ID) and L_18 (Line
ID) and BSSK 20 feature is bounded with BSCK_84,
BSCK 90, L_14 and L_17. Table 2 shows the details of
number of control points (NCP) (start point (SP) and
end points (EP) of the curves), u-multiplicities (NUM),
v-multiplicities (NVM), wu-knots (NUK) and wv-knots
(NVK) of sample BSSK features shown in Fig.5. The de-
tails of edge curve IDs (i.e., BSCKs) of identified sample
BSSK features are given in Table 3. It has been observed
that all BSCKs are of degree (D) “3”, curve forms (CF)
are unspecified (corresponding attribute value is “67”),
curves are open type (CC value is “1”) and the curves are
not self-intersecting (SI value is “1”). The knot specifica-
tions (KS) of the curves are specified as “2” (quasi uni-
form). The knot multiplicities (KM) and knots (K) of all
the BSCK are also given Table 3. Fig.6 shows the out-
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put screenshot of the feature recognition system in Ec-
lipse IDE with STEP AP203 file of impeller as input.

The sample identified features of the considered 3D
CAD model is highlighted in the output screenshot
(Fig.6). The extracted output information represents the
information required to define the B-spline surface with
knots type feature (BSSK). The developed system also

509

vanced curves like B-spline curves with knots (BSCK)
type. Due to high volume of data, only sample features
are represented (BSSK_ 16, 18, 20) in Fig.5 and those
sample features are highlighted in Fig.6 for the verifica-
tion of the obtained output data from the developed fea-
ture recognition system for B-spline surface features. The
other type of edge curves information such as lines and

extracts the edge curve level information such as ad- circles are not given in this article due to data redundancy.
I* Problems @ Javadoc [ Declaration & Console &2 R EHEE 2E>rir= 0
<terminated> VFeatureExtraction [Java Application] C:\Java\jre7\bin\javaw.exe (Nov 1, 2016 1:53:39 PM)
OUTPUT SUMMARY WITH STEP AP203 FILE AS INPUT A
Number of Elementary Faces 1 20
A1l PLS surface faces 2
A1l CYS surface faces 2
A1l COS surface faces 4
A1l SPS5 surface faces : 0
A1l TOS surface faces 112
Number of Bounded surface Faces 1 %6
Number of Lines 178
Number of circles 1 45
Number of B spline curves with knots 227
Number of Points 166
-~
B-SPLINE_SURFACE_FEATURES
B-SPLINE_SURFACE WITH KNOTS_FEATURES 986
[BSSK_2 | #3386 | BSSK | 3 | 3 | 241 11 | 1 | 1 1 1 |1 4 |1 2 14 | 2 1 2 | (11.23, 17.67, 90.88) — (39.14, 24.48, 96.36
, BSSK_3 | #3461 | BSSK | 2 | 3 | 60] 11 | 1 | 1 | 1 | 12 | 2 |13 | 2 | 2 | (69.84, 53.78, -1.07) - (38.85, 24.1, 97.
, BSSK 5 | #3565 | BSSK | 3 | 3 | 281 11 1 1 1 1 111 51 2151 21 21 (70.73, 50.08, -0.41) - (69.67, 72.08, 30.3
, BSSK 6 | #3631 | BSSK | 3 | 3 | 52| 11 | 1 | 1 | 1 | 11 | 2 |11 | 2 | 2 | (11.77, 18.26, 91.75) - (71.19, 71.14, 30
, BSSK_12 | #3847 | BSSK | 3 | 3 | 241 11 | 1 | 1 | 1 | 4 | 2 141 2 | 2 | (12.25, 17.84, 91.13) - (12.14, 18.89, 90.
, BSSK 13 | #3992 | BSSK | 3 | 3 | 1361 11 | 1 | 1 1 1 1 15 | 6 |15 | 6 | 2 | (70.45, 54.03, 1.49) - (18.09, 14.26, 9
BSSK_15 | $4048 | BSSK | 3 | 3 | 24] 11 | 1 1 1 | 1 | 4 | 2 14 | 2 | 2 | (18.56, 9.69, 90.88) - (46.14, 1.63, 96.36
L _nBssk 16 | #4122 1 BgsK 1 3 1 3 1 601 11 1 1 1 1 1 1 1 13 | 113 | ] | (87,38, 11,65, -1.07) - (45,73, 1,42, oF
, BSSK 17 | #4164 | BSSK | 3 | 3 | 28] 11 | 1 | 1 | 1 | 5 | 2 |5 | 2 | 2 | (86.3, 8.0, -0.41) - (96.38, 27.59, 30.34)
(L Bssk 18 | #4229 | Bssk | 3 | 3 | 52| 11 | 1 | 1 | 1 | 11 | 2 13 | 2 | 2 | (19.33, 9.93, 91.75) - (87.22, 26.01, 3p
BSSK 10 | #4260 | BSSK | 3 | 3 | 24) 11 ] 1 1 1 | 1 | 4 | 2 14 | 2 | 2 | (15.53, ©.32, ©1.13) - (19.96, 10.29, 50.8
[, Bssk 20 | #4328 | BSsK | 3 | 3 | 60 11 | 1 | 1 | 1 | 13 | 2 |13 | 2 | 2 | (44.61, 0.4, 98.33) - (87.13, 27.25, 29}
. DSSK Z1 | #4473 1 BS5K 1 3 1 3 1 136l IT T T T I T T T IS5 T 61151 &1 T (22.8, 3.20, 93.13) - (88.03, 11.56, I.
BSSK 23 | #4532 | BSSK | 3 | 3 | 241 11 | 1 |1 1 | 1| 4 | 2 14 | 2 | 2 | (20.92, —-0.89, 90.88) - (40.78, -21.65, 96
, BSSK 24 | #4607 | BSSK | 3 | 3 | 60] 11 | 1 | 1 | 1 | 13 | 2 |13 | 2 | 2 | (81.5, -33.59, -1.07) - (40.32, -21.862,
, BSSK 28 | #4736 | BSSK | 3 | 3 | 241 11 | 1 1 1 1 1| 4 1 2 14 1 2 1 2 | (-20.%2, 0.89, 90.88) - (-40.78, 21.65, 96

Fig.6 Output screenshot of the developed system in Eclipse IDE with impeller as test case

The recognized B-spline surface features from the de-
veloped system should be represented as STEP manufac-
turing feature for downstream applications. For instance,
B-spline surface can be explicitly linked to AP238
(STEP-NC) through unit of functionality (UoF) of manu-
facturing feature via application object of toolpath fea-
ture. Toolpath feature is used to represent explicit
toolpath of features, which are not covered in implicit
representation of manufacturing features of AP238. While
linking B-spline surface to toolpath feature, application
interpreted model (AIM) element instanced feature is
used with the defined reference path in AIM mapping
tables of AP238. Below is the format for linking of B-
spline surface to manufacturing feature of AP238.

#10=INSTANCED FEATURE (“freeform feature”,
“toolpath”, “”, “toolpath”, #5, . F.)

#20=PRODUCT DEFINITION SHAPE (* 7, « 7,
#10)

#30=SHAPE DEFINITION REPRESENTATION
(#20, #40)

#40=SHAPE REPRESENTATION (“explicit
ture shape”, (#100), #200)

fea-

#100= B_SPLINE SURFACE WITH KNOTS ()

#200= [- - - to geometric context - - |

The represented B-spline surface from the entity of in-
stanced_feature is used for generation of cutter contact
(CC) or cutter location (CL) data points from the basic
equations of B-spline surfaces or B-spline curve. B-spline
surface can be represented as advanced face, in which the
following two cases arise:

Case 1. If the face geometry attribute of the ad-
vanced face is of type surface of linear extrusion having
a swept_curve of B_spline curve with knots. The ad-
by of
B_spline curve with_knots (A(u)) is shown in Fig.7(a). In

vanced_face formed linear sweep
Fig.7(a), toolpaths are shown in dotted lines on this sur-
face. The cutter data points on the tool path are calcu-
lated from the equation of A(u) and are extruded along
the sweep to get multiple numbers of tool passes. The
cross product of tangent (7%) and direction of linear ex-
trusion (D;) gives the normal (N,) at particular point
(P), which is used to indicate the axis of the tool for

milling the surface.
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Case 2. If the face geometry attribute of the ad-
vanced_face is of type B spline surface with knots, the
advanced face formed by B spline surface with knots
(o(u,v)) is shown in Fig.7(b). The cutter data points on

Direction of linear extrusion = D,

Tangent at point P =T,

Normal at point P =N,

the surface are calculated from the equation of o(u,v).
The cross product of tangent (73), along u direction and
tangent (7%), along v direction gives the normal (NNp,), for
representing tool axis direction.

Tangent at point P along u direction = T,
Tangent at point P along v direction = 7,

(a) Case 1: Advanced_face formed by linear sweep of
B _spline_curve with knots (4 ())

(b) Case 2: Advanced face formed by B _spline_surface with knots

(o (u, v))

Fig. 7 Two cases for generation of B-spline surface for advanced_face

Surface finish and accuracy are the major criteria for
performing milling operation for B_spline surfaces. Toler-
ance on the toolpath curve (CC or CL) is an important
factor for good finish of the machined surface. Scallop
height and gouging effect should be minimized for obtain-
ing a smooth surface, free from any tool marks. The cal-
culated toolpath curves and tool axis consisting of data
points as Cartesian_point are used for generation of
STEP-NC codes in AP238 format using the following rep-
resentation:

#1744=MACHINING_TOOLPATH
Number 1”7, “cutter location trajectory”,

#1745=MACHINING TOOLPATH SEQU
ENCE_RELATIONSHIP (“7, “” #1726, #1744, 1.0)

#1747=ACTION_PROPERTY (“basic curve”, “cut-
ter location trajectory”, #1744)

#1748=ACTION_PROPERTY_REPRESENTA-
TION (“”, “cutter location trajectory”, #1747, #1749)

#1749=REPRESENTATION (“”, (#1750), #1045)

#1750=POLYLINE (“basic curve”, (#1751, #1752))

(“Tool  Path

“o 113 ”)
)

#1751=CARTESIAN_POINT (¢ », (-185.0, —10.0,
140.0))

#1752=CARTESIAN_POINT (¢ », (-185.0, —10.0,
100.0))

#1757=ACTION_PROPERTY (“tool axis”,
“milling”, #1744)

#1758=ACTION _PROPERTY REPRESENTA-
TION (“ 7, «“7” #1757, #1759)

#1759=REPRESENTATION (“”, (#1760), #1045)

#1760=POLYLINE (“Tool Axis curve”, (#1761,
#1762))

#1761=CARTESIAN POINT (“”, (0.0, 0.0, 1.0))

#1762=CARTESIAN_POINT (“”, (0.0, 0.0, 1.0))

@ Springer

Following paragraph briefs the novelty of the present
work in comparison with the recent existing work.

The methodologies developed by Shivakumar and
Dhanalaxmil(24, Li et al.[25, Niu et al.28 identified the fea-
tures of cylindrical surface geometry and aircraft struc-
tural parts ribs, which are formed with planar surfaces
and to some extent toroidal surface geometries. Identifica-
tion of B-spline surface geometry features was not con-
sidered in their article. The output of the feature recogni-
tion systems discussed in the literature section was also
not considered for representation as per the requirement
of the downstream applications. Xu et al.3%, Zhang and
LiBl, Harik et al.B2 and Zhang et al.33l attempted to
identify non-planar elementary surface features of basic
shapes like cube, wedge, cylinder, cone and sphere and
the approaches have not considered STEP format file.
Their approaches could not present the feature data as
per the data needed for the downstream applications,
whereas the developed system in this article addresses the
issues noticed in the literature section. The work also ad-
dressed the application of output information for toolpath
generation of STEP NC. Section 7 gives the concluding
remarks and future scope of the present work.

7 Conclusions

A STEP-based feature recognition system is de-
veloped to recognize B-spline surface features and its sub-
types from the 3D CAD models represented in STEP
AP203 format. The working of the developed feature re-
cognition system was demonstrated with realistic 3D
CAD model (i.e., impeller of a compressor) having B-
spline surface with knots modelled in pro-engineer solid
modelling software. The developed feature recognition
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system successfully identified all 96 B-spline surfaces with
knots features from the considered realistic 3D CAD

model. The application of the identified feature informa-

tion such as geometrical and topological information of B-

spline surface features are discussed with reference to
toolpath generation of STEP-NC (AP238). In the present
work, the objects with voids (concealed voids) are not

considered. Therefore, this work shall be extended to re-

cognize the features from the solid models with voids.
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