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Abstract

During the development of CNC machining, the computer-based NC machining simulation has played an important role in
verifying the NC programs economically and safely so as to avoid scraps or even accidents. In order to balance the accuracy,
efficiency, and fidelity, various simulation methods have been proposed in historical researches, including wireframe,
solid, object space-based, and image space-based simulation. All the mentioned methods use G-code as input and take the
workpiece blank as a whole part, which causes the difficulty for achieving real-time simulation with acceptable accuracy
under limited computing resources. This paper proposed a STEP-NC feature-oriented machining simulation method, which
takes the workpiece blank as the combination of several machining features plus the workpiece, and implements customized
algorithms for individual features. Using the divide and conquer strategy, high efficiency with guaranteed accuracy and
fidelity can be obtained during the real-time simulation. Two demo workpieces with 2.5D features from the STEP-NC
standard were tested using the proposed method, and the efficiency was validated by comparing results with the conventional
methods.
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1 Introduction guarantee both high efficiency and accuracy under lim-
ited computing resources. STEP-NC provides much more
abundant information than G-code, and can represent the

workpiece as a combination of machining features. In view

In order to detect cutting errors, potential collisions, or
improve efficiency, the computer-based CNC machining

simulation has been implemented in the industry for
decades. With the arising concepts of intelligent manufac-
turing, Cyber-Physic System(CPS), and Digital Twin, the
machining simulation plays more important roles not only
before but also during the real cutting process for mon-
itoring and observing purposes. Real-time cyber-physical
reflection definitely requires the system to run more effi-
ciently with acceptable accuracy than the off-line simulation
version. Conventional machining simulation methods take
the workpiece blank as a whole part, and consider only tool-
paths (mostly G-code) during the simulation, hence cannot
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of this, this paper proposed a feature-oriented machining
simulation framework based on STEP-NC standard, which
supports high-efficient and high-fidelity performance.
Various machining simulation methods have been
researched during the last decades, which mainly fall into
four categories [32]: wireframe-based, solid-based, object
space-based, and image space-based. Due to its pretty sim-
ple data structure [28], the wireframe-based method is
widely used in early systems [5, 27, 34]. Nonetheless,
because of its inability in representing the solid model
of the workpiece, it is rarely used in contemporary com-
mercialized systems [1, 4]. The most accurate simulating
result with the highest fidelity can be obtained by the
solid-based method [32], which requires the CSG or B-
rep model for analytical intersection [20, 23]. However,
extreme accuracy requires heavy computational efforts.
Hence, this method is rarely used for the fast toolpath
verification [2]. More effective simulation methods that
are frequently used in industrial production are the object
space-based method (Octree, Z-map, etc.) [3] and the image
space-based method (Z-buffer, Tri-dexel, etc.) [4]. In these
methods, workpiece is subdivided into limited numbers of
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simple elements that balancing accuracy and space com-
plexity [2, 32]. Compared with the image space-based
method, the object space-based method consumes much
more memory, because over-fine subdivision can generate
dramatic numbers of elements [24]. Moreover, the triangle
mesh generation in object space-based method is also time
consuming [9, 11, 30].

Besides the geometry verification, physical state pre-
diction is also important for machining. Cutting force
and surface quality are predicted in physical simulation
while taking the result of geometry simulation as input
[15, 19]. Efficient and accurate geometry simulation guar-
antee the credible physical simulation result [21]. And
some researches focused on reducing computation time to
improve simulation efficiency [6].

All the mentioned methods take G-code as input, so
the whole workpiece blank is conducted in intersection
computing or subdivision. In this paper, STEP-NC features
rather than the whole blank are taken as individual
simulation “blanks,” so that the divide and conquer strategy
can be used to isolate the computation inside features.
STEP-NC have been researched in machining simulation
to improve the data stream integrity and fidelity closing
to practical situation [10]. And the STEP-NC standard
application in other NC machining have been promoted by
many research works [17].

In contrast to conventional simulation methods, the
feature-oriented method has several significant advantages.
(1) The complexity of a feature is irrelevant to the work-
piece, so usually it is much simpler than the whole work-
piece. (2) The blank is separated into features, so mate-
rials that are not located inside features have no need
to intersect with tool, which saves a lot of computation.
(3) The computation of individual features are mutually
independent, which greatly decreases the computation con-
sumption and helps the real-time simulation. (4) When a
feature is completely machined during the simulation, it
can be directly hidden and even removed from the data
structure; hence, the time and space complexities are grad-
ually decreased during the simulation. (5) Since the STEP-
NC provides diverse definitions for features, operations,
strategies, and operations, customized simulation algo-
rithms with optimized performance can be developed for
different features and operations. (6) As the features are
irrelevant, tailored parameters and methods can be applied
to obtain the highest accuracy, efficiency, and fidelity.

A series of methods are developed to achieve feature-
oriented machining simulation, and this system is verified
on two demo parts in the STEP-NC standard document
(ISO 14649-11) and two customized freeform parts. The
simulation results prove that real-time simulation with high
efficiency and accuracy can be guaranteed, comparing with
conventional methods.
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2 Feature-oriented machining simulation

The STEP-NC standard provides diverse machining fea-
tures definitions [29, 33, 35]. For a single feature, there is
the best suited simulation method that can be an existing
methods or a customized method. Based on the analysis
of conventional simulation methods, the available methods
for feature-oriented simulation system are enumerated in
this section. Some of these methods are customized and
optimized to attain high efficiency and accuracy. Addition-
ally, features in STEP-NC standard are classified accord-
ing to the characteristics of material removing process
during simulation. Finally, some criterions of simulation
methods choosing are summarized for different types of
features.

2.1 Available simulation methods

In view of the diversity of STEP-NC features, a series of
simulation methods should be readjusted and redesigned
to obtain the optimum performance. Obviously, existing
simulation methods are not enough to meet all the feature-
oriented requirements. In this section, the characteristics
of existing methods (solid-based, image space-based,
and object space-based) are analyzed, while the legacy
wireframe-based method is out of discussion. Moreover,
other customized simulation methods are introduced to
expand the family of machining simulation methods and
fulfill conditional requirements of high efficiency.

For solid-based method, the main advantage is the
accuracy they can achieve. Representing by CSG, B-Rep
or triangular meshes, a machining workpiece can be cut
with the most accurate way. However, the complexity of
Boolean operation increases during the simulation for the
engagement of tool and workpiece is changing in every
simulation step. Moreover, visualization model generation
of CSG, B-Rep method is also a compute-intensive task
[18]. For object space-based method, the simple discrete
model of blank makes it efficient. And the limitations of
the object space-based methods are similar: the number
of discrete elements grows dramatically which causes the
increasing memory consumption [8]. For image space-
based method, this method is most efficient since the
Boolean operation is simplified into one dimension. But
this method only produces the image of blank which is not
suitable for further analysis [7, 25, 26].

Based on the analysis of existing simulation methods
mentioned before, five algorithms are presented here as the
available algorithms to be used in feature-oriented simula-
tion system. Different simulation methods are suitable for
different situations.

(1) CSG or B-Rep method
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In STEP-NC feature-oriented simulation, the complexity
of Boolean operation using CSG or B-Rep model can
be significantly reduced because the calculation is limited
inside a local area and the regulation of engagement
between tool and blank can be exploited for some kinds of
features. This method is suitable for modeling the removed
volume with a consist engagement between tool and blank
which has been analyzed in detail by Yip [31]. In this
case, the cutting process is not available to compromise
the requirement of efficiency. There is another use of this
method is to model the geometry of removed material for
all features. This result is the precondition to apply other
simulation methods independently. The modeling process is
discussed in details in Section 3.

(2) Mesh stretch method

This method is a modification of the mesh interaction
method but avoiding the complex mesh interaction calcu-
lation. For simple machining feature, the triangle mesh is
stretched inside the blank synchronized with the tool feed-
ing process and vertexes of mesh are translated to new
position to achieve the deforming effect. Obviously, this
method is efficient to calculate the mesh model of machined
feature because the Boolean operation is quite simple. With
low computation consumption, high discrete precision of
mesh model is allowed to get accurate simulation result.
Another advantage is that the triangle mesh model can be
used directly in visualization and conversion is not needed.

(3) Extended quadtree method

As another customized method, the hierarchical quadtree
is extended with signed distance field to achieve fast
Boolean operation. The principle of this method is inspired
by the research works of Liu [16] and Li [14] which
belonging to Z-map-based method. This method is used to
simulate the machining process in which the tool moves
along a 2D toolpath and removes material with uniform
depth value. The supported machining process is also a
common situation in 2.5D machining. One of the evident
advantages is decomposing the volume of a feature into
multi-layers, so that quadtree model of the machined layer
can be directly dropped from the memory. Additionally, to
improve the accuracy, the mesh model is used inside the
quadtree node to calculate the tool intersection.

(4) Voxel list

This method is designed for finish milling operation, in
which the geometry of removed material is a thin-rounded
pieces. To represent this special shape, voxels are arranged
as a list along the boundary of the removed material and the
discrete model is built. This method can be regarded as a
special case of extended quadtree, while only the quadtree
node with minimum size appears which is defined as voxel.

As the feeding direction is confirmed, it is easy to pick out
the voxels participating the Boolean operation, so that the
simulation is very efficient.

(5) Z-map-based method

Z-map simulation method has been applied and improved
in many research works which belongs to the object space-
based methods. In this paper, the method proposed by Li
[14] is adopted as an available method to simulate the 3-axis
milling process. In feature-oriented simulation framework,
this method is only applied for a restricted area defined by
machining feature and the memory consumption is limited
as a low level while hight accuracy is supported.

(6) Octree-based method

The octree-based simulation method has been relatively
mature according to the existing research works [9, 11, 30].
The method proposed by Yau [30] is adopted as an available
method which supports 3-axis and 5-axis milling process.
Inherent drawbacks of this method are about two aspects:
the discrete precision notably affects the efficiency and the
sharp edge geometry is lost easily which is needed to be
handled specially [12, 13, 24]. However, by applying this
method for restricted area, these problems can be resolved
which is similar to the Z-map method.

2.2 Feature classification

The simulation methods mentioned above are suitable for
different situations. As the basic criterion for simulation
method selection, machining features need to be classified
considering the characteristics of the machining process
and requirements of machining simulation. It is obvious
that the classification of features in STEP-NC standard
cannot be used directly because it is originally designed
to conveniently describe machining process. Therefore,
machining features defined in STEP-NC standard are sum-
marized and analyzed to classify for simulation purpose.
As showed in Fig. 1, the blank consists of multiple
machining features. This is a typical 2.5D part which has
three machining features: planar face, round hole, and
closed pocket. Different machining feature has different
machining process and geometry of removed material.
Features are mutual independent and the simulation
methods mentioned in Section 2.1 can be selected for
different features to achieve high accuracy and efficient.
The integrated data of machining process illustrated in
Fig. 1 can be described using STEP-NC standard according
with object-oriented concept. A STEP-NC file contains 5
types of data including working step, feature, operation,
tool, and workpiece. Machining feature defines the removed
material volume which is the main interest of this paper.
Operation and tool influence the way of material removing.
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Fig.1 The relationship between
workpiece blank and machining
features

workpiece

This three types of data are taken into account in feature-
oriented simulation.

The data in STEP-NC standard is not used directly
in feature-oriented machining simulation. So the feature
classification criterions are proposed which is inspired by
the concept of engagement shape between tool and blank
in Yip’s work [31]. Features with similar material removing
regulation are regarded as the same type and suit same
simulation method.

As listed in Table 1, the regulations of engagement
deforming are summarized as four classes: one dimension,
two dimension, three dimension, and freeform. The charac-
teristics of these four types are discussed as follows.

One dimension: The geometry of one-dimension feature
is formed by the tool moving along a line and intersecting
with blank. In this situation, Boolean operation is one
dimension and it is very easy to calculate the geometry
of machined feature volume. In STEP-NC standard,
“round_hole” and “slot” are two typical one-dimension
features. Additionally, geometry of removed material is
different in roughing and finishing operation for the
same one-dimension feature, but the characteristics of
engagement deforming process are same.

Two dimension: The main characteristic of two-
dimension features is that the machining process repeats
for every layer of feature volume. For example, the
“closed_pocket” feature can be divided into multi-layers
which are arranged along z-axis. Inside one layer, the tool
only moves in the x-y plane, and for which the calcula-
tion of engagement becomes a 2D problem. Additionally,
if finishing operation is taking into consideration, the
removed material only distributes around the boundary
of the feature and tool only moves along a profile in the
x-y plane. This characteristic may lead to use different
simulation methods comparing with roughing operation.

Three dimension: Three-dimension feature is also
belonging to 2.5D machining feature, but deformation of
tool-workpiece engagement exists in three directions. In
STEP-NC standard, there are two classes of three-
dimension feature. The first is the compound feature,
which can be decomposed into several one- or two-
dimension features. So the machining process is also
decomposed into multiple parts that simulated separately.
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The second is non-compound while the shapes of cross-
section along z-axis are different. For example, the
feature “Shape_profile” showed in Table 1 satisfies this
situation. Generic simulation method is needed because
the machining process is more complex than one or two
dimension.

Freeform: In this kind of feature, the machined surface is
freeform surface, either 3-axis or 5-axis. The deformation
of engagement between tool and workpiece blank is
complex and does not have noticeable regulation, so more
generic simulation method is needed.

2.3 Simulation methods selection criteria

Based on the classification of machining features, the
suitable simulation methods can be selected for different
features. The matching rules of simulation methods and fea-
tures are summarized in Table 1, in which the relationships
between features and available simulation methods are
presented. The simulation methods selection criteria are
explained in detail as follows.

1. For one-dimension feature, the mesh stretch method
is suitable no matter the difference in roughing and
finishing operation.

2. For two-dimension feature with roughing operation,
the extended quadtree method is used. The removed
material volume is divided into multiple layers and
represented by the assembly of quadtree models. One
layer is corresponding with a quadtree model.

3. For two-dimension feature with finishing operation, the
voxel list method is applied. Voxel list model is built
around the boundary of the remaining volume after
roughing operation.

4. For compound three-dimension features, the feature is
divided into several one- or two-dimension feature. And
the appropriate simulation methods are applied for the
simple sub features.

5. For non-compound three-dimension features, Z-map
method is used. The machining process is similar
with common 3-axis machining, for which the Z-map
method is suitable.

6. For freeform feature, Z-map method or octree-based
method is used. Z-map method is more suitable for
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Table 1 The result of feature

classification and simulation Feature

Operation  Type index  Simulation method Example

methods selection

One dimension

Two dimension

Three dimension ~ Compound

Non-compound

Freeform

Roughing 1 Mesh stretch

-

Round_hole & Drilling

Finishing 2 Mesh stretch

<&

Round_hole & Reaming

Roughing 3 Extended quadtree

Closed_Pocket &
Bottom_and_side_rough_milling

Finishing 4 Voxel list
Closed_Pocket &
Bottom_and_side_finish_milling
- 5 octree
6 Z-map or octree

freeform

3-axis machining, and octree-based method is selected
for 5-axis machining.

3 STEP-NC feature modeling

To apply selected simulation method for machining feature
independently, the geometry of each feature is important
which defines the removed material volume. Computation
consumption of a simulation method is limited, because
the adapted volume is only a part of workpiece blank.
Therefore, it is important to propose a method to build the
accurate geometry of machining feature.

As the STEP-NC standard is designed to describe the
machining process, the geometry parameters of machining
features cannot be obtained directly from STEP-NC

file. The geometry parameters are not only related to
features element, but also the relevant elements including
operation, tools, and strategy. In addition, the extraction
method of geometry parameters from STEP-NC elements is
inconsistent for different types of machining features.

3.1 Feature geometry modeling

Considering these difficulties, modeling methods are
designed for different types of machining features. The
modeling process is summarized as 2 steps: extract
geometry parameters from STEP-NC definitions; construct
the geometry model by calling a CAD kernel.

To explain the modeling process, hole and pocket
features in Fig. 1 are taken as examples. The modeling
results are shown in Figs. 2 and 3. In these figures, geometry
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Fig.2 The geometric parameters and modeling result of “round_hole”

parameters are labeled to illustrate the relationship between
feature definitions and modeling results.

“round_hole”: Modeling method of “round_hole” feature
is shown in Fig. 2. The basic geometry parameters of this
feature are “diameter” and “depth.” The bottom condition
is defined by “conical_hole _bottom” and “tip_angle” is
used in modeling. While calling the CAD kernel, an

;-
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Fig.3 The geometric parameters and modeling result of “closed_pocket”
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outline is built firstly which is revolved around the hole
axis to form the geometry.

“closed_pocket”: Geometry parameters of this feature
are labeled in Fig. 3. The “closed_profile” element
defines the shape of sketch which is a rounded rectangle.
Then extrude modeling operation is performed along the
direction provided by “depth” which is an attribute of
“machining_feature.” The geometry parameters in Fig. 3
are delivered to the CAD kernel to build the final shape.

In addition to the mentioned 3 features, all 2.5D machin-
ing features in STEP-NC standard are supported by the
proposed modeling method. To demonstrate this capabil-
ity, the two demo parts in STEP-NC standard document are
tested and the result is illustrated in Fig. 4.

Geometry modeling of machining features from the
STEP-NC file is an important preprocessing phases before
applying the selected simulation methods. The initial
simulation model is build based on the geometry modeling
result.

3.2 Tool modeling

Geometry of tool is also needed in NC simulation to perform
the Boolean operation with workpiece blank. In STEP-NC,
the tool geometry definition is complete enough to meet
the requirement of tool modeling. The modeling result is
converted into triangle mesh which is used in visualization.
For Boolean operation, the simulation model of tool is build
based on the modeling result.

Part Shape of removed material
(examplel) (examplel)
(a) .
planar_face Step

=

Tee_slot /

open_pocket

Part Shape of removed material
(example2) (example2)
(b)

Fig.4 a, b The modeling results of demo parts provided by STEP-NC
standard (ISO14649-11)
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The tool definitions in STEP-NC are analyzed to extract
geometry parameters. A general tool modeling result is
illustrated in Fig. 5 and the related parameters are labeled.
Additionally, different tool models are needed that adapting
to different simulation methods. A specified tool simulation
model is established (Fig. 5) considering the available
simulation methods mentioned previously.

The signed distance field is used and improved in tool
simulation model shown in Fig. 5. Given a point in 3D
space, three distance values are calculated from this model.
The first value is the minimum distance from point to the
boundary of tool the same as the definition of distance field
[30]. The second value is the minimum distance in cross
section of tool as illustrated in Fig. 5. For point p3, the
cross section of tool passing over p3 is found firstly which
is labeled as c2. Then the minimum distance from p3 to the
outline of c2 is calculated as the second value. The situation
for point pl, p2 is similar, but the outline of cross section
is different and the minimum distance value is different.
The third value is defined as the minimum distance from
point to the boundary of tool at z-axis. Only for points
inside the tool, this value is computed. For example, point
p2 is translated along z-axis to point p2’ which is located
on the tool boundary and the distance between p2 and p2’ is
returned.

The simulation model of tool is categorized as explicit
definition and is suitable for Boolean operation. For
different simulation methods, the three distance values
mentioned above are used in different manner.

3.3 Modeling with operation information

In general, a machining feature is associated with more
than one operation, for example the roughing and finishing.
Considering the influence of different operations, the
geometry of removed material for one feature can be
further divided into smaller parts. In STEP-NC standard,
the remaining volume after one operation is not defined
explicitly and the method to extract these geometry

parameters is different for different operation. Three
possible situations are summarized while modeling from
operation information.

(1) The first situation is that operation element contains
“allowance” attribute which describes the thickness
of left material. In this situation, a smaller geometry
shape is build that its boundary offset from the feature
boundary.

(2) The second one is that the geometry parameter is
not provided by operation directly, while the tool
dimension must be considered. According to the tool
dimension, the removed material volume is calculated
by perform Boolean difference operation of the feature
geometry with tool geometry.

(3) The third one is mainly applied on the two-dimension
features. As discussed in Section 2, two dimension
features are divided into multi-layers inside which
the machining process is repeated. The distance
between two adjacent layers is not provided by
“machining_feature” element, and it is defined in
operation.

Two features, “close_pocket” and “round_hole,” are taken
as examples to explain the modeling process with operation
information.

For “round_hole,” this feature is associated with two
operations: “drilling” and “reaming.” This is the second sit-
uation that allowance distance is not defined in operations.
Consequently, tool dimension is used to build geometry.
The modeling result of these two operations is shown in
Fig. 6. The geometry of “drilling” is the result of Boolean
difference operation between feature volume and tool vol-
umes along the depth direction. And for reaming operation,
the geometry is built by performing a Boolean difference
between feature volume and the shape of drilling operation.

For “closed_pocket,” the modeling result is shown in
Fig. 6. The first situation is satisfied and two allowance
distance values are defined on the bottom and side surface.
Using these two distance values, the geometry shapes of

Fig.5 The geometry modeling i
result of tool from STEP-NC I
standard
| p3 4
° °
Tool_offset_length p 3
P4 1 /2
ol i el L (MY
Cutting_edge_length e %/__
dge_center_horizontal
Edge_radius '
/I l/\’\ Tool_\ép_ha\f_angle pz X
Edge_center_vertical ! CrOSS-SeCtiOﬂ

Diameter
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Fig.6 Geometry modeling of
“closed_pocket” and
“round_hole” using operation
information

round_hole
(feature)

round_hole
(feature)

roughing and finish operations are build. In addition, the
third situation is also suitable and the geometry can be
further divided into multi-layers arranged along the z-axis.

4 Simulation methods realization

In this section, realization of simulation methods is
explained which are listed in Table 1 as alternative methods
for feature-oriented simulation. This section focuses on
the three customized simulation methods: mesh stretch,
extended quadtree, and voxel list, designed to reduce the
computation consumption by taking full advantage of the
characteristics of machining features. The three machining
features shown in Fig. 1 are used as examples to explain
intuitively. The two methods, z-map and extended octree,
are pre-existing and the significant difference on using
compared with common simulation situation is that the
feature modeling result must be used in initialization to
identify the local area. At last, some criteria are proposed
for the collaboration of multiple simulation methods.

4.1 Mesh stretch method

Mesh stretch method is suitable for one-dimension feature
no matter roughing or finishing. Here, the hole feature is
taken as an example to explain the principle. With the
tool moving along the depth direction, the deformation of
surface is just like the mesh point stretch along the same
direction. So the shape of machined hole is determined by
the tool position.

According to the regulation of deforming, the specified
mesh model is built utilizing the feature modeling result

@ Springer

tool diameter

drilling
(rough machining)

reaming
(finish machining)

allowance_side

bottom_and_side_rough_milling
(rough machining)

bottom_and_side_finish_milling
(finish machining)

presented in Section 3. The critical step is to assign some
dynamic vertexes in mesh model, and the position of these
vertexes is updated according to the tool position.

The mesh structure for drilling operation is illustrated
in Fig. 7. Vertexes located on the circular edge are static
and keep position during simulation. Because the tool tip
contacts with feature volume, there are a group of dynamic
vertexes between center vertex and circular edge. Dynamic
vertexes are translated along feed direction. For reaming
operation, dynamic vertexes are located on the two circular
edges labeled as red line in Fig. 7. When the tool tip touched
the bottom, all vertexes are converted to dynamic. The posi-
tions of dynamic vertexes are computed using the minimum
distance from vertex to the boundary of tool at z-axis which
is the third distance of tool model proposed in Section 3.2.

In the mesh stretch method, Boolean operation is simple
and the position of dynamic vertexes is easy to calculate.
This characteristic ensures the high efficiency, based on
which the accurate mesh model with dense segmentation is

feeding direction

Drilling Operation Reaming Operation

@ Dynamic vertex @ Static vertex

Fig. 7 Mesh structure of “round_hole” feature in simulation
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allowed to achieve high accuracy. Mesh model is also an
advantage that it can be directly used in the visualization.

4.2 Extended quadtree method

As discussed in Section 2, the extended quadtree method
is suitable for two-dimension feature under roughing
operation. The pocket feature with rough milling operation
is taken as an example to explain this method. This
method is inspired by existing quadtre-based simulation
methods [14, 16, 22]. The main differences are as follows:
quadtree models are built for every layer of feature volume;
signed distance field and mesh intersection are combined to
perform Boolean operation.

The distribution of quadtree models is illustrated in
Fig. 8 that coordinates with layer structure of pocket
feature volume. There are three types of flags indicating
the position relationship between node and feature volume,
including INSIDE, OUTSIDE, and UNDECIDED. For
pocket roughing, this structure helps to search intersection
area efficiently.

For the Boolean operation, signed distance field is
utilized to search the intersected nodes rapidly. Inside a
quadtree node, a polygon model is built to represent the
details of machined shape. Polygon data structure is similar
to the half edge as shown in Fig. 9b. Vertexes, edges, and
faces are linked by pointers so that it is efficient to search
for vertex and edge. Once cut by a tool, a polygon is
divided into two parts and the new generated polygons are
organized as a binary tree structure shown in Fig. 9c. In
Fig. 9a, the polygon model of a node is cut by tool 4 times.
The process of tool cutting is regarded as deformation of
polygon intersected by tool.

To generate the 3D model illustrated in Fig. 9d, side
surface that connecting two polygon nodes is constructed.

3 side face
HEl end face
L,
-
Il inside
[ undecided
2 [ outside

Fig.8 The extended quadtree model

vl e5 V5
rd
elf—gy N
tool 5 \‘ ed
position sz e \/‘
v3 e3 V4

pos 3 pos 4

pos1l pos?2

v6

Fig.9 The polygon model inside a quadtree node

The face f5 is located inside the tool and vertex v2’, v3’,
and v6’ are translated down to fit the tool tip position. Then
the 4 vertexes, v2°, v3’, v2, v3, form a new polygon which
is regarded as the side surface.

4.3 Voxel list method

Voxel list method is another customized method only for
two-dimension features with a finishing operation. Here, the
finish milling operation of pocket is taken as an example to
explain the principles. As shown in Fig. 10, there is only a
thin rounded pieces of material is removed in this machining
process.

Voxel is a special quadtree node that the four edges are
not required to form a rectangle and do not have a parent
node. Voxels are arranged into a list along the boundary

Quadtree

Voxel list model for one layer
model

Fig. 10 Voxel list model of removed material volume in pocket
finishing
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of removed material volume as shown in Fig. 10. Boolean
operation between voxel and tool is same with extended
quadtree method. It must be mentioned that the removed
volume in bottom layer is similar to the two-dimension
feature with roughing operation and a single layer
quadtree model is constructed. Computation consumption
of this method is very low because the number of voxel
participating the Boolean operation is small.

4.4 Extended octree method and z-map method

Extended octree method and z-map method have been
proposed by existing research works [14, 16, 30]. The
specified methods used in feature-oriented simulation are
introduced in Section 2.1.

Belong to the object-space-based simulation method,
there is a conflict between high discrete precision and
low memory consumption for these two methods. But in
feature-oriented simulation framework, this conflict is eased
because these methods are applied only for local areas.
Before applied for simulation, the extended octree model
or z-map model must be initialized with the geometry of
machining feature.

4.5 Collaboration of multiple simulation methods

The entire simulation process is the combination with
different simulation methods. Under this feature-oriented
framework, an important issue that must be handled is to
output the uniform simulation result to achieve an integrated
machining simulation system. And the execution sequence
of machining operation must be correct to ensure that
the appropriate simulation method is used to simulation.
The two principles are discussed below to deal with these
problems.

(1) Uniform result of different simulation methods.

Although the simulation model and Boolean algorithm
are different, the simulation result is same for the four
methods mentioned in this section, which is the triangle
mesh model. The triangle mesh is the uniform data structure
for visualization and it is easy to achieve a complete
simulation process.

(2) Execution sequence of simulation methods.

The execution sequence can be obtained from the “work-
plan” element defined in the STEP-NC file. The “workplan”
element and the related “workingstep” element define the
machining sequence. And this sequence determines the
order of machining features and operations to be employed
in simulation. Every combination of machining feature and
operation is associated with the simulation model and the
suitable method is selected before the simulation started.

@ Springer

o~

b
© (b)

Fig. 11 The simulation result of example parts using feature-oriented
method. a, b 2.5D parts in STEP-NC standard document. ¢ A mouse
model combining 3-axis freeform feature and 2.5D features. d An
impeller model that indicates the ability of 5-axis simulation

5 Case study and experiment

The proposed feature-oriented simulation system has been
implemented and coded in C++. Two 2.5D parts in STEP-
NC standard document (ISO14649-11) and two freeform
parts are validated in this simulation system running on a
PC with 3.6GHz Intel Core CPU and NVIDIA Geforce GT
705 graphics card. Real-time interaction is supported in a
3D view window.

To demonstrate the advantages on efficiency and accu-
racy, statistics of time consumption, memory consump-
tion, and geometry error are listed using three simulation
methods. Feature-oriented method are compared with two
common used methods: octree-based method [30] and z-
buffer-based method [13]. In addition, visualization effect
of sharp edge is compared and discussed to indicate that this
simulation system can provide high-quality geometry model
of machined workpiece (Fig. 11).

The comparison of efficiency is listed in Tables 2 and 3.
Two types of efficiency are investigated: time and space.

Table 2 Comparison of average time consumption in one update
process

Example Time consumption (ms)
Feature-oriented Octree Z-buffer
1 22 112 47
2 24 191 70
3 107 267 176
4 126 126 110
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Table 3 Comparison of max memory consumption of whole simula-
tion process

Example Memory (MB)
Feature-oriented Octree Z-buffer
1 75 318 150
2 114 866 237
3 82 487 93
4 816 816 136

For time efficiency, the computation time of one updating
step is recorded. The time consumption includes Boolean
operation and triangle mesh generation which are the most
complex computation process. In order to get credible
result, the minimum size of discrete element is set to 1
mm for the three simulation methods and four example. For
space efficiency, the max memory consumption is recorded
and compared.

It is obvious that feature-oriented simulation method
takes less time in updating than other two methods. This
phenomenon is even more obvious in 2.5D machining
simulation. And the comparison of memory consumption
is similar to time consumption. The main reason is that
several customized algorithms are applied in feature-
oriented simulation using the definition in STEP-NC file
and the divide and conquer strategy helps to reduce the
computational complexity. But for freeform part, the z-map
or octree is used and it is not easy to achieve a strong
advantage in efficiency.

The statistics are arranged in Table 4 to compare
simulation accuracy of the three simulation method.
The designed part geometry and generated geometry are
compared to calculate the error value. The two freeform
parts are not listed because the principle of simulation
is similar and it is meaningless to compare. But for
2.5D machining process, the feature-oriented method can
generate much more accuracy geometry model.

The plain triangle mesh model does not prevent the
feature-oriented methods from producing accurate geomet-
ric models. Taking the open pocket milling simulation as an
example, the geometric models generated by the three sim-
ulation methods are shown in Fig. 12. It is obvious that the

Table 4 Accuracy of generated workpiece geometry model

Example Error (mm)
Feature-oriented Octree Z-buffer
0.15 0.48 0.36

2 0.23 0.50 0.43

octree-based

z-buffer

feature-based

Fig. 12 Comparison of sharp edges generated by different simulation
method

sharp edge features have been lost in octree-based meth-
ods and z-buffer-based method, while the feature-oriented
method proposed in this paper preserved the sharp features
well and the visual effect is close to the z-buffer-based
method.

The frame rate is also recorded during the simulation
process as shown in Fig. 13. It remains approaching 60 HZ,
which is almost equal to the frame rate of rendering static
triangle mesh. So the real-time interaction operation by user
is supported.

In summary, the results of the experiment support that
the feature-oriented machining simulation method proposed
in this paper has following advantages: high simulation
efficiency, small computational resource consumption, and
accurate geometric model generation. These advantages are
also helpful for high-quality physical simulation which will
be implemented in future work.

demo 1
60 ——demo 2

50

40

frame rate (Hz)

304

T T T T T T T T T 1
0 20 40 60 80 100
process progress (%)

Fig. 13 Statistics of frame rate during simulation
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6 Conclusion and future works

In feature-oriented machining simulation system, the
algorithm is optimized through the idea of divide and
conquer. It makes improvement in both efficiency and
accuracy. Low level memory consumption and real-time
visualization make this simulation system highly practical.

However, there are some limits for this simulation
system. The input of this system must be a STEP-NC
file that contains necessary machining process information.
The application of STEP-NC standard is mainly limited
to research works at present. Nonetheless, as the next
generation of machining information exchange standard, the
STEP-NC file will be supported widely in the future. A
special case is not discussed in this paper that the geometry
shapes of the two features are intersecting and different
simulation methods cannot be used directly. This problem
may be solved by dividing the machining features into
smaller partition that is mutually independent.

The advantage of this paper is the ability to efficiently
and accurately generate geometric model of machined
workpiece. Based on this, more research works can
be carried out in the future. For example, an efficient
physical simulation can be developed using the result of
feature-based method. Taking advantage of independent
data structure in STEP-NC, tolerances and surface finish
requirements are evaluated in physical simulation so that
machining sequences can be inferred. This system is
also valuable for online monitoring of machine tools by
demonstrating geometry of machined workpiece to factory
managers.
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