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The present study proposed a method to automatically
generate a numerical control (NC) program by refer-
ring to machining case data for each machine tool with
only 3D-CAD models of a product and workpiece as
the input data, and to select machine tools for ma-
chining the target removal region among several ma-
chine tools with different characteristics. The special
features of the proposed method are described as fol-
lows. The removal volume can be automatically ob-
tained from the total removal volume (TRV), which
is extracted from the workpiece and product using a
Boolean operation by dividing it on the XXXYYY plane. The
removal region changed according to the determined
machining sequence. The conditions for machining
the removal region is automatically determined ac-
cording to the machining case data, which is stored
by linking the geometric properties of the removal re-
gion with the machining conditions determined by ex-
perienced operators. Furthermore, an NC program is
automatically generated based on the machining con-
ditions. The machine tools for machining the target
region are selected according to the predicted machin-
ing time of each machine tool connected by a network.
A case study was conducted to validate the effective-
ness of the proposed system. The results confirm that
machining can be conducted using only 3D-CAD mod-
els as input data. It was suggested that the makespan
would be shortened by changing the machining se-
quence from the optimized machining sequence when
machining a plurality of products.

Keywords: machine tool assignment, automated NC pro-
gram generation, machining time prediction, CAD-CAM,
autonomous manufacturing system

1. Introduction

Numerical control (NC) machine tools are widely used
in industrial production. In particular, end milling is used
in many factories because it is indispensable for machin-
ing complex parts. Because NC programming is essen-
tial for machining by NC machine tools, computer-aided
design software (CAD) and computer-aided manufactur-

ing software (CAM), which support the preparation of an
NC program, have been rapidly developed. However, ex-
isting software cannot completely realize the automated
generation of an NC program because operators have to
manually determine the machining region, sequence, and
conditions, and input them in the software. It is neces-
sary for the autonomous manufacturing to automate these
manual tasks. Previous studies have proposed computer-
aided process planning systems, many of which are meth-
ods for recognizing machining features [1] that charac-
terize the machining process. Two methods have been
proposed for machining feature recognition: recognizing
the target shape [2–6] and recognizing the removal vol-
ume [7–18]. However, a practical system has not been
constructed, and thus fully automated manufacturing has
yet to be realized. Since machining also depends on ex-
perienced operators, it is often a one-to-one relationship
between a product and a machine. Therefore, it cannot be
said that a flexible manufacturing system is realized.

In previous studies, the machine to be used for ma-
chining is selected before conducting process planning.
In the present study, a method is proposed for select-
ing the machine to be used for machining among multi-
ple machines according to the evaluation function (e.g.,
makespan). Furthermore, a system is developed to au-
tonomously select the machine for machining from multi-
ple machines connected via a network, and start machin-
ing using only a 3D-CAD model as input information.

This paper is organized as follows. The method to au-
tomatically extract the removal volumes from 3D-CAD
models is described in Section 2. A flexible machining
sequence can be selected by changing the shape of the re-
moval volume depending on the machining sequence. In
Section 3, the method to automatically generate an NC
program by referring to machining case data is described.
The specific machining conditions are automatically de-
termined to generate the NC program by referring to dif-
ferent machining case databases stored in each machine.
In Section 4, the method that predicts the machining time
of all the machines connected to the network, and assigns
work to the machine with the shortest machining time is
described. Finally, case studies are conducted and the pro-
posed system is validated in Section 5.
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(a) Workpiece (b) Product

(c) Total removal volume

Fig. 1. Example of total removal volume extracted from
workpiece and product shapes by Boolean operation.

2. Extraction of Removal Volume and
Expanded Removal Volume According to
Machining Sequence

In this section, the method to automatically extract the
removal volume from 3D-CAD models of a product and
workpiece is described. The method to expand the re-
moval volume according to the machining sequence by
relaxing the constraint conditions is also described.

2.1. Machining Removal Volume and Geometric
Constraints

Our previous study proposed a method for extracting
the total removal volume (TRV) from the workpiece and
product using a Boolean operation, and the split removal
volume (SRV) was obtained by dividing the TRV into re-
gions suitable for actual machining [16].

The reason for using the TRV is that the features of
the machining removal volume are not always the same
because the removal volume varies with the shape of the
workpiece, even if the product shape is the same. An-
other reason for using the TRV is that common machin-
ing conditions can be used when the geometric features
of the shape are similar, even if the product shape is com-
pletely different. For example, Fig. 1 shows the TRV ex-
tracted from the workpiece model and product model by
a Boolean operation.

When the shape of the product model is complex, it is
difficult to analyze the extracted TRV because the shape
of the TRV is also complex. In this case, the SRV ob-
tained by dividing the TRV on the XY plane is extracted.
The reason for dividing on the XY plane is that machin-
ing is generally performed from the region located in the
Z-axis positive direction under the geometric constraint
conditions for tool approach when the tool approach di-
rection is the Z-axis positive direction. The reason for

Fig. 2. Split removal volumes extracted by splitting the ex-
tracted total removal volume on the plane and association
chart according to tool approach.

this is that the divided shape is simple, such as a cylinder
or prism, even if the TRV is complex as shown in Fig. 2.

Some previous studies have proposed a method to de-
termine the machining sequence for the extracted removal
volume [19]. Our previous study also proposed a method
to determine the machining sequence by considering the
geometric constraints of the extracted SRVs [18]. In
machining, since the tool can approach only the surface
where the workpiece is in contact with the atmosphere,
geometric constraints exist for the machining sequence of
the SRV. Our previous study proposed a method for calcu-
lating the association chart, in which the geometric con-
straints are expressed in a hierarchical structure. The as-
sociation chart, shown in Fig. 2, can be obtained by con-
sidering the geometric constraints (i.e., whether the tool
can approach the SRV) [18]. The machining sequence can
be limited from enormous candidate machining sequences
according to the association chart. For example, when the
association chart can be obtained as shown in Fig. 2, it
is possible to limit the machining sequence from 120 (5!)
to 8 (1× 4C1 ×2!).

2.2. Expansion of Removal Volume to Allow
Flexible Machining Sequence

In previous studies, it was assumed that there is no case
of machining the same overlapping region because the ex-
tracted SRV was obtained by dividing the TRV on the
XY plane. For example, as shown in Fig. 3, when the ex-
tracted TRV is divided on the XY plane, the closed pocket
and blind hole are extracted as SRV. Then, the machin-
ing sequence, in which the closed pocket is machined first
and the blind hole is machined later, can be obtained ac-
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Fig. 3. Example of machining sequence according to the
geometric constraints of SRV.

Fig. 4. Machining sequence for flexibility and expanded
removal volume according to machining sequence.

cording to the association chart. However, when the same
overlapping region is machined (allowing inefficient ma-
chining), the machining sequence, in which the blind hole
is machined first and the closed pocket is machined later,
can be used.

Actually, when machining with one multitasking ma-
chine tool, the machining efficiency decreases with the
machining sequence, which allows machining of the same
overlapping region. However, when machining multiple
products with a single-task machine tool (e.g., milling
or drilling), there is a possibility that the makespan will
be shortened if the machining sequence can be flexi-
bly changed despite the inefficient machining sequence.
Therefore, the present study proposes a method to extract
the SRV, which changes according to the machining se-
quence by allowing the machining of the same overlap-
ping region.

For example, in Fig. 3 which shows the SRVs extracted
by dividing the TRV on the XY plane, the blind hole
away from the tool-approach surface of the workpiece
can be machined first. But the machining depth of the
blind hole becomes longer. Therefore, when the surface
in the tool-approach direction of the target SRV is not in
contact with the workpiece, the depth of the SRV is ex-
panded to the surface of the workpiece, as shown in Fig. 4.
When the SRV existing in the upper hierarchy relative to
the target SRV is not machined, the depth of the target
SRV is automatically updated by adding the depth of the
un-machined SRV.

Fig. 5. Automated determination of machining conditions
by reusing machining case data based on geometric proper-
ties of removal volume.

The processes of extracting the TRV from a product
model and workpiece model, obtaining the SRV by di-
viding the TRV on the XY plane, and updating the SRV
according to the machining sequence were realized using
SolidWorks 2018 (via an Application Programming Inter-
face: API).

3. Automated NC Program Generation
Referring to Machining Case Data

3.1. Determination of Machining Conditions
Referring to Machining Case Data

An NC program can be geometrically generated by cal-
culating the tool path when machining conditions such as
tool type, axial depth of cut, or radial depth of cut for each
extracted SRV are determined. However, the machining
conditions need to be carefully determined by consider-
ing the workpiece material and the shape of the product.
Therefore, the determination of machining conditions re-
quires the knowledge of an experienced operator. An
autonomous manufacturing system cannot be realized if
the experienced operator always determines the machin-
ing conditions for each product. Therefore, it is neces-
sary to automate the determination of machining condi-
tions. Our previous study proposed a method to automat-
ically determine the machining conditions according to
machining case data, as shown in Fig. 5 [20]. Initially,
the experienced operator interactively inputs the machin-
ing conditions into the SRV. Then, the SRV properties
and machining conditions are linked and stored as ma-
chining case data (Fig. 5 1©). When machining a different
product model, the SRV is extracted by the method de-
scribed in the previous section. Then, it is possible to
search the machining case data, i.e., the properties of the
region most similar to that of the target SRV, because the
shape of the extracted SRV is simple, such as a cylinder or
prism (Fig. 5 2©). The machining conditions for the target
SRV can be automatically determined by reusing the ma-

702 Int. J. of Automation Technology Vol.13 No.5, 2019



Machine Tool Assignment Realized by Automated
NC Program Generation and Machining Time Prediction

(a) Type of machining feature used in this study

(b) Automated machining feature recognition according to
the number of open faces and the normal vector of open face

Fig. 6. The types of machining features that appear after
removing the SRV from the workpiece.

chining conditions linked to the searched machining case
data (Fig. 5 3©).

The properties of the SRV are the following.

1. Material of workpiece

2. Shape of tool approach surface

3. Aspect ratio and scale of tool approach surface

4. Machining depth

5. Volume

6. Type of machining feature

For item 1, when the workpiece materials are different,
the machining conditions are greatly different even if the
geometric properties of the SRV are the same. Therefore,
the workpiece material is set by the user at the time of
analysis. For items 2–5 which show the geometric prop-
erties, their information can be obtained from the SRV
extracted by the method described in the previous section.
Fig. 6 shows the types of machining features that appear
after removing the SRV from the workpiece. The type of
machining feature can be calculated from the geometrical
relationship between the processing workpiece and target
SRV. The type of machining feature can be automatically
calculated from the number of open faces, i.e., the surface
in contact with the atmosphere and the shape of the tool-
approach surface [17]. For example, in the case of face, it
is possible to determine them according to the fact that the

(a) Contour machining

(b) Scanning machining

Fig. 7. Tool path geometrically calculated by the ridgeline
of the split removal volume and automatically determined
machining conditions.

number of open faces is five for the SRV and the work-
piece before machining the SRV, as shown in Fig. 6(b).
When the number of open faces is same such as the Open
pocket and Open slot shown in Fig. 6(b), the machining
feature is recognized from the normal vector of the open
face. In the present study, the workpiece shape is assumed
to be rectangular. Therefore, the extracted SRV is always
considered to correspond to one of the machining features
shown in Fig. 6(a).

When there are several machine tools available for use,
it is possible to automatically determine the machining
conditions suitable for machining the target SRV on each
machine by preparing a machining case database for each
machine in advance.

3.2. NC Program Generation
Tool paths can be geometrically calculated when the

machining conditions of the target SRV are determined.
Here, the tool path was calculated by the originally de-
veloped program. Two types of machining patterns were
realized: contour machining and scanning machining, as
shown in Fig. 7. In contour machining, the tool path was
calculated from the ridgeline obtained by dividing the tar-
get SRV on the XY plane. In scanning machining, the tool
path was calculated from the ridgeline obtained by divid-
ing the target SRV on the ZX plane. After the tool path
is calculated, the NC program can be generated according
to the feed rate of the machining conditions.

4. Machine Tool Assignment

Using the proposed system described above, the SRV
can be automatically extracted from only 3D-CAD mod-
els of a product and workpiece, and the NC program
can be automatically generated by referring to machin-
ing case data. The study also proposes a new method
of allocating machine tools for machining the target SRV
when machine tools with different characteristics are to
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Fig. 8. Relationship between feed rate, acceleration, and
distance of tool feed.

be used. Generally, different machining conditions suit-
able for each machine exist even when machining the
same SRV. Then, the NC program is automatically gen-
erated for each machine tool using the machining case
data stored for each machine tool. The generated NC pro-
gram is different for each machine tool because the ma-
chining conditions determined for each machine tool are
different even when the same product is machined. The
present study selected machine tools for machining the
target SRV by evaluating the machining time predicted by
the NC program for each machine tool.

4.1. Machining Time Prediction
Machining time can be predicted by the generated NC

program. It can be calculated by dividing the sum of the
distances of the position command by the tool feed rate.
However, when the tool feed direction changes finely, the
actual tool feed speed depends on the acceleration of the
tool feed axis. It takes time for the tool feed speed to
reach the set value, as shown in Fig. 8. Therefore, the
machining time predicted by simply dividing the distance
by the tool feed rate differs from the actual time. The
present study considered the acceleration of the tool feed
axis and calculated the machining time. The tool travel
time t can be calculated as following equation, where a is
the acceleration of the tool feed axis, tFeed is the time to
reach the set tool feed speed, and L is the target distance.

t =

√
2L
a

(t ≤ tFeed), . . . . . . . . . (1)

t = tFeed +
L−0.5at2

Feed
atFeed

(t > tFeed). . . . (2)

4.2. Machine Tool Assignment for Machining from
the Multiple Machine Tools Connected by
Network

The machine tools to be used are connected by a net-
work as shown in Fig. 9. A server manages product infor-
mation, and transmits the information of the target SRV to
each machine tool (client). Then, each machine tool au-
tomatically generates an NC program according to each
machining case data, and the machining time is predicted.
The machine tool for machining the target SRV is deter-
mined according to the machining time predicted for each
machine tool. Naturally, it is technically possible to per-
form all the calculations on one computer without a server

Fig. 9. Machining assignment of some machines connected
by network.

and client. However, in the proposed method, the predic-
tion of the machining time requires the machining case
data stored in each machine. This machining case data
is highly confidential because it is the machining knowl-
edge accumulated in the factory. Therefore, information-
sharing will be difficult because the machining knowledge
could be leaked. For practical reasons, the automated gen-
eration of an NC program and prediction of machining
time are performed on the client side in order to exchange
only a minimal amount information between related com-
panies.

First, the server calculates the extraction of the SRV
from the 3D-CAD model of a product and workpiece, as
described in Section 2 (Fig. 9 1©). After extracting the
SRV, the server transmits the information of the 3D-CAD
model of the product, workpiece, and extracted SRV to
all clients. Each client calculates the geometric properties
of each SRV and searches for the most similar machin-
ing case data in its database. Then, the NC program is
generated using the machining conditions linked to the
searched machining case data, and the machining time
is predicted as described in Section 3 (Fig. 9 2©). After-
ward, the client transmits the predicted machining time
to the server (Fig. 9 3©). In the present study, commu-
nications between the server and client is conducted by
TCP/IP protocol and the 3D-CAD data is transmitted in
binary format. The server waits until it receives the re-
sults of the predicted machining time from all clients. Af-
ter receiving all the results, the server assigns the machine
tool with the shortest machining time to machine the tar-
get SRV (Fig. 9 4©). Although the evaluation function is
the machining time in this study, it can be changed to ma-
chining cost, etc. The present study developed the system
to realize the process described above using Visual Stu-
dio 2017 (C#).
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Fig. 10. Overview of the constructed system.

Fig. 11. Product model for machining case data.

5. Case Study

A case study was conducted to validate the effective-
ness of the proposed system. The present study used
two desktop NC machine tools (ORIGINALMIND INC.,
Qt100 (CNC: Eding CNC V4.02)) and constructed an en-
vironment in which the PCs attached to each machine
were connected by a network, as shown in Fig. 10.

The first machine A is attached to a square end mill
with diameter of 4 mm and spindle speed of 4800 rpm.
The second machine B is attached to a square end mill
with diameter of 2 mm and spindle speed of 7000 rpm.
Each machine tool machined the product model as shown
in Fig. 11 beforehand, and the used machining conditions
were stored as the machining case data.

For this case study, the workpiece shown in Fig. 12(a)
and product model shown in Fig. 12(b) were prepared.
Table 1 shows the extracted SRV from the workpiece and
product. Table 1 also lists the machining conditions de-
termined according to the machining case data and the
predicted machining time. According to the predicted
machining time, machining for SRV1 and SRV2 was as-
signed to machine A because of the shorter machining

(a) Workpiece (b) Product

Fig. 12. 3D-CAD model for case study.

Table 1. Determined machining conditions and predicted
machining time of each machine.

Ad
Rd

Fr

Ad
Rd

Fr

Ad
Rd

Fr

Ad
Rd

Fr

Ad
Rd

Fr
Mt

Ad
Rd

Fr
Mt

Ad
Rd

Fr
Mt

Ad
Rd

Fr
Mt

Ad: Axial Depth of cut, Rd: Radial depth of cut
Fr: Feed rate, Mt: Machining time

Fig. 13. Tool path used for machining and machined workpiece.

time, while machining for SRV3 and SRV4 was assigned
to machine B; the setup time was not considered. The
results of the automatically generated tool path and the
finished workpiece after machining are shown in Fig. 13.
The results of the case study show that machining can be
conducted with the generated NC program without any
problems.

Subsequently, the study discussed the machining of two
pieces instead of just one product. For the machining
sequence SRV1→SRV2→SRV3→SRV4, the machining
time of one product was the shortest, and two products
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(a) Initial machining sequence

(b) Modified machining sequence

Fig. 14. Gantt chart when some machines are used for ma-
chining.

were machined; the Gantt chart is shown in Fig. 14(a).
According to the Gantt chart, machine A performed the
first process of the second product after completing the
second process of the first product. The third process of
the first product was machined by machine B, which was
idle until that time. Then, the study considered whether
the makespan would be shortened by allowing machining
of the same overlapping region (allowing inefficient ma-
chining) as described in Section 2.

Figure 14(b) shows the Gantt chart, in which
the machining sequence of the second product was
SRV3→SRV4→SRV1→SRV2. Fig. 14(b) shows that the
machining time for SRV3 and SRV4 of the second product
was longer (25 s to 34 s) than that of the initial machining
sequence because the machining region was larger. How-
ever, the makespan for the two products was shortened
by 50 s. Thus, it is not always the best to machine all
the products in the optimized machining sequence when
machining one product. This study did not consider the
setup time for installation and removal or the moving time
between machines. This is the fundamental discussion
that shows the possibility of improving manufacturing ef-
ficiency. Furthermore, calculation of the optimized ma-
chining sequence and scheduling when machining a plu-
rality of products are beyond the scope of this study, and
will be dealt with in a subsequent paper.

6. Conclusion

This study proposed a method to automatically gener-
ate NC programs by referring to the machining case data
for each machine tool. Only the 3D-CAD models of the
product and workpiece were used as the input data in or-
der to select the machine tool for machining the target re-
moval region among several machine tools with different
characteristics. The present study constructed the system
to realize the proposed method.

1. The SRV was obtained from the TRV, which was
extracted from the workpiece and product using a

Boolean operation, by dividing it on the XY plane.
The extracted SRV was changed according to the de-
termined machining sequence.

2. The machining conditions for the SRV was automat-
ically determined according to the machining case
data, which was stored by linking the geometric
properties of the SRV with the machining conditions
determined by experienced operators. Furthermore,
an NC program was automatically generated by the
extracted SRV and machining conditions.

3. The machine tool for machining the target SRV was
selected according to the predicted machining time
for each machine tool connected to a network.

A case study was conducted to validate the effective-
ness of the proposed system. The results confirmed that
machining can be conducted using only 3D-CAD models
as input data. It was suggested that the makespan would
be shortened by changing the machining sequence from
the optimized machining sequence when machining a plu-
rality of products. Calculation of the optimized machin-
ing sequence and scheduling when machining a plurality
of products will be examined in a subsequent paper.
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