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(57) ABSTRACT 

Method and system for a direct transmission of motion path 
data (310) from a generating system (204) to a control 
system (205) for use in controlling a servo-driven machine. 
For example, a machine tool for machining stock material, 
and the data generating system includes a computer-aided 
design software package (301). Tool paths for directing the 
tool members of the machine tool can be extracted from a 
design file opened by the CAD software through the opera 
tion interface of the CAD software (302). Alternatively, the 
design file can be used to specify motion paths rather than 
end product geometry. The CAD interpreter application 
extracts the motion path data from the design file, eliminat 
ing the need to translate the data into another or intermediate 
form for controlling the machine tool. 
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METHOD AND SYSTEM FOR CONTROLLING A 
MACHINE TOOL WITH DRECT TRANSFER OF 

MACHINING DATA 

FIELD OF THE INVENTION 

0001. The present invention relates to the field of digi 
tally interfacing a robot, machine tool or other servo-driven 
machine with a system for providing the data for controlling 
that servo-driven machine. The present invention also 
relates to the field of machining equipment parts from 
appropriate material with a numerically controlled or com 
puter controlled machine tool that roughs and/or finishes an 
initial piece of material according to the specifications 
defining a part to be made. More specifically, the present 
invention relates to a new paradigm for controlling the 
operation of Such machine tools by directly transferring the 
machining data defining the part to be made from a CAD/ 
CAM application to the machine controller. 

BACKGROUND OF THE INVENTION 

0002 There are many machines in modem industry with 
moving parts that are driven by servo-motors. These 
machines include industrial robots, coordinate measuring 
machines, machine tools and the like. These group of 
machines are referred to generally herein as “servo-driven 
machines.” 

0003) Typically, a master system provides data to a 
servo-controller that, in turn, controls the servo-motors to 
appropriately operate and move the components of the 
servo-driven machine. Machines tools are a prominent 
example of such servo-operated machines with which the 
present invention is particularly concerned. 
0004. When machines are first developed or are produced 
on a limited basis, parts specific to those machines must be 
custom made from appropriate material. This is generally 
accomplished through “machining,” a process in which a 
piece or stock of material is mechanically cut, ground, 
drilled and finished as necessary to create the desired part. 
The machines used to transform raw materials into specified 
parts are referred to hereafter as “machine tools. Modem 
machine tools are highly Sophisticated and precisely con 
trolled so as to create parts according to exacting specifica 
tions. Most such modem machine tools are controlled by 
computers that process precise numerical instructions defin 
ing the part to be made. 
0005 The first numerically controlled machine tool was 
a 3-axis milling machine built in 1952. Numbers were used 
to specify movement of the milling head in a 3-axis system 
to machine a desired part. However, the machine tool was 
mechanically set by hand according to the specification 
numbers as the machining progressed. As electronic tech 
nology has subsequently progressed, “numerical control 
machine tools have incorporated increasingly Sophisticated 
electronics to automate the machining process. Today, 
numerically controlled machine tools include computer pro 
cessors and electronic memory units (RAM and ROM). 
Thus, today's machine tools are computer controlled and 
referred to as “computer numerical control machines.” 
0006 Early computer controlled machines received input 
from punched tape. The instructions recorded on these tapes 
were both input/output (“I/O”) commands (e.g., turn on/off 
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spindle or coolant, setting default feed rate and speed, etc.) 
and motion commands (e.g., move to Some X y Z position in 
a linear or circular fashion.) The language that these instruc 
tions were written in has come to be called M&G code. 
M&G code can be thought of as analogous to assembly 
language for personal computers; it is the lowest level of 
programming for machine tools and is generally accepted by 
all machine tools regardless of make or model. Even though 
the first numerically controlled machines were built about 
fifty years ago, we still program machine tools using this 
same M&G code language with only minor modifications. 
0007 Over the past 50 years dozens of companies have 
attempted to build the ideal machine tool controller. These 
controllers have consisted of custom hardware components 
and highly specialized one-of-a-kind operating systems. 
Many of these have been proprietary closed systems. While 
open architecture for the hardware of these control systems 
may be appearing on the horizon, machine tools of today, for 
the most part, use technology that is decades old. Where 
proprietary control is maintained over machine tool hard 
ware controller technologies, programming the machine can 
only be performed through the M&G code environment. 

0008 M&G code uses words, or individual commands, 
and blocks, or lines in a single file or program. All the 
commands on one line are read and all are executed simul 
taneously. In order to create an M&G program, it is neces 
sary to calculate all the geometry for all the tool paths, e.g., 
the line segments and arcs that the tool tip of the machine 
tool passes through while machining the desired part. From 
this geometry, motion and I/O commands are calculated. 
These commands must then be written in M&G code and the 
code must be entered into the controller. Originally, the 
M&G code had to be manually entered into the controller or 
punched into Mylar or paper tape that was then fed into a 
reader on the controller. Even today, it is a long and tedious 
task to write an M&G program to machine a complex part. 

0009. In the late 50's and early 60's many new and more 
flexible programming languages came into existence. Auto 
matically Programmed Tools (APT) was one of the first of 
these new languages. Using APT, an engineer defines the 
geometry of the machine tool, the geometry of the tool tip, 
and the machining parameters that control the I/O of the 
machine tool. However, due to the proprietary and incon 
sistent nature of available machine systems, the commands 
created using APT must ultimately be translated in the more 
basic M&G code. APT applications perform calculations to 
generate a Cutter Location (“CL”) file based on the com 
mands in the APT program. The CL file is an ASCII file that 
contains the geometry of the paths that the tool tip of the 
machine tool must pass through during the machining pro 
cess. This CL file is then translated into M&G code using a 
program called a postprocessor. 

0010. In the 60s and 70's, as computers became less 
expensive and more powerful, more mechanical design was 
done using Computer-Aided-Design (“CAD) programs. 
Computer-Aided-Manufacturing (“CAM) programs allow 
users to use the geometry defined in CAD programs to plan 
out the tool paths for programming a machine tool. CAD, 
CAM and CAD/CAM programs are considered herein as 
belonging to a general class of Software packages referred to 
generally as “design applications.” The tool paths defined by 
a CAM application are exported in the form of CL or APT 
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files, which still must be translated into M&G code before 
being transferred to the machine controller. This practice is 
still the standard in use today. 
0.011) A typical process of using a CAD/CAM application 
to program a machine tool is illustrated in FIG. 1. As shown 
in FIG. 1, the CAD/CAM application is run on a work 
station (100). Using the CAD/CAM application, a CAD/ 
CAM file (101) is created which specifies the geometry for 
the both the machine tool and the part to be made. Files, such 
as file (101) containing design information created by a 
CAD/CAM or similar software package are referred to 
herein generally as “design files.” 
0012. The CAD/CAM application, or perhaps a separate 
application, then uses the CAD/CAM file to calculate the 
cutter location data for the machine tool tip throughout the 
machining process and creates a CL file (102). The CL file 
(102) is an ASCII file. The CL file (102) can then be 
translated into M&G code (103), which is also an ASCII file. 
The translation form CL file (102) to M&G code (103) is 
typically performed by a post processor. The M&G code 
(103) is then transmitted to the machine tool controller (104) 
which uses the code to control the machine tool (not shown) 
throughout the process of machining the specified part. 
0013 Starting with the export of the CL file (102) from 
the CAD/CAM software, each CL file is uni-directionally 
associated with the parent CAD/CAM file (101). Thus, any 
modification to the parent CAD/CAM file (101) will not be 
reflected in an exported CL file (102) and would require 
generation of a new "child ASCII CL file (102), modifica 
tion always flowing from parent to child. Similarly, modi 
fication of a child file (102), perhaps by a machinist prepar 
ing the M&G code file, would not effect a modification or 
correction of the parent design file (101). 
0014. As a design evolves, this unidirectional flow of 
data makes the task of keeping all relevant files current and 
deleting obsolete files very problematic. Consequently, there 
is a need in the art for a method and system of better 
controlling a machine tool that facilitates the modification, 
updating and management of control files being provided to 
a machine tool controller. 

0015. A further problem arise in the variation of even the 
“standard M&G code between machine tool controllers. In 
reality, M&G codes are not consistent from machine tool to 
machine tool. Efforts have been made to standardize M&G 
codes, but have not yet succeeded. This problem arise 
principally from the fact that the M&G standards do not 
have the flexibility to implement many of the functions that 
Some advanced process machine tools make available. The 
manufacturers of these advanced machine tools have, of 
necessity, extended existing standards using unique new 
commands to force new machining technologies onto a code 
architecture not otherwise capable of Supporting these tech 
nologies. 

0016 For example, many modern machine tool control 
lers are capable of directing the machine tool to machine a 
true Non-Uniform Rational B-Spline curve (“NURBS”). 
Even though it is not part of the M&G code standard, these 
controllers recognize non-standard M&G codes as codes for 
NURBS 

0017. The effect is that programming interfaces and lan 
guages now vary by machine manufacturer and model, even 
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when purporting to be based on standard M&G code. 
Consequently, there is a need in the art for a method and 
system that avoids the problems of inconsistent M&G code 
versions between machine tools of different make and 
model. 

0018. In CL files and M&G code, geometry is repre 
sented as a series of points that the tip of the cutting tool 
passes through in order to manufacture the geometry. These 
points define the path of the cutting tool. This path is 
comprised of straight-line segments and circular or helical 
arcs. Paths that are neither linear nor circular are approxi 
mately by discrete points or Small line segments. Sculpted 
and free form surfaces are increasingly used in consumer 
products. CAD vendors have made great strides in their 
Software to model complex curves, Surfaces, and Solids, but 
the tools and techniques used to manufacture them are the 
same ones that have been in use for decades. 

0019. A complex surface may be represented inside the 
CAD program with a single equation, but may need to be 
represented as thousands of line segments in the instructions 
provided to the machine tool controller in order to get the 
required accuracy. There is no way to avoid this loss in 
accuracy while using the traditional data flow illustrated in 
F.G. 1. 

0020. As mentioned above, there are some very expen 
sive machine tool controllers that have the ability to handle 
complex paths such as NURBS. This allows such machine 
tools to manufacture complex surfaces faster and Smoother 
than with linear interpolation. The problem is in communi 
cating the specification for the desired NURBS to the 
machine tool controller. In order to communicate with the 
machine tool controller, the NURBS specified in the CAD/ 
CAM design file (perhaps using a single equation for each 
curve) must be translated into the line segment geometry 
used by M&G code. The machine tool controller may then 
translate the line segment instructions of the M&G code into 
the NURBS command used by the machine tool (specified 
perhaps by interpolating a NURBS curve through a series of 
points). This conversion of a NURBS into line segments and 
then back into a true NURBS expression results in a needless 
loss of accuracy in defining the NURBS. 

0021 Consequently, there is a further need in the art for 
a system and method that avoids the needless loss of 
accuracy associated with transmitting one NURBS repre 
sentation created by a CAD/CAM application to a possible 
different NURBS representation used by an advanced 
machine tool controller through the mediacy of line-seg 
ment-based M&G code. 

SUMMARY OF THE INVENTION 

0022. It is an object of the present invention to meet the 
above-described needs and others. Specifically, it is an 
object of the present invention to provide an improved 
system and method of programming a machine tool con 
troller to machine a specified part based on data generated 
with a CAD/CAM or other design application. It is a further 
object of the present invention to provide a system and 
method of programming a machine tool controller that 
avoids the problems associated with managing a series of 
child files that reflect the evolution of the part design in a 
parent design file. 
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0023. It is a still further object of the present invention to 
provide a system and method of programming a machine 
tool controller that avoids the problems caused by the 
variation in advanced commands among the various ver 
sions of M&G code used in different makes and models of 
machine tools. And, it is a further object of the present 
invention to provide a system and method of programming 
a machine tool controller that avoids needless loss of accu 
racy in specifying curves, such as NURBS, associated with 
translating representations of those curves through line 
segment approximations used in, for example, M&G code. 
0024. Additional objects, advantages and novel features 
of the invention will be set forth in the description which 
follows or may be learned by those skilled in the art through 
reading these materials or practicing the invention. The 
objects and advantages of the invention may be achieved 
through the means recited in the attached claims. 
0025. In summary, the present invention provides for a 
conceptual integration of the traditional CAD workstation 
and a machine tool controller. The machine tool controller 
preferably includes two processors, or two computers each 
providing a processor. The first processor executes a design 
application, i.e. a CAD, CAD/CAM or similar software 
package, that can be used to generate, review or modify a 
design file. The second processor executes the software 
required for controlling the machine tool. 
0026. The control of the machine tool can be accom 
plished entirely by the software running on the second 
processor. This Software, which may include several Appli 
cations or objects, is generally referred to as "motion control 
software.” No additional hardware architecture is required 
as part of the machine tool controller. 
0027 Motion path data specifies the path or paths along 
which the tool head or heads of the machine tool must be 
moved to manufacture the desired product Motion path data 
can be extracted directly from the design file if the appli 
cation program interface (API) of the design application, 
e.g., a CAD/CAM package, is open and available. The 
motion control Software can then use that tool path data to 
drive the machine tool and produce the specified product. 
0028. Where the API of the design application is unavail 
able, the design application, e.g., a CAD/CAM package, 
could pass motion path data to the motion control Software 
using an API set of the Direct Machining motion control 
software. The motion control software can then use the tool 
path data to drive the machine tool and produce the specified 
product. 

0029 Preferably, the motion path data is passed in the 
form of a C++ motion object that specifies the position and 
orientation of the tool head or heads of the machine tool and 
any point in any tool path. Preferably, the motion object 
includes three other object: a rates object that determines 
feed rates and speed rates for control of elements of the 
servo-driven machine; a Velocity profile generator object for 
controlling Velocity transitions in those motion paths; and a 
path object containing information defining each motion 
path. 

0030 The motion path data extracted from the CAD 
system will typically be in a Cartesian coordinate system. 
Consequently, the motion control software translates the 
Cartesian tool path data into an appropriate reference frame 
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from which servo control signals for driving servo-motors of 
the machine tool can be generated by a servo controller 
application. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0031. The accompanying drawings illustrate the present 
invention and are a part of the specification. Together with 
the following description, the drawings demonstrate and 
explain the principals of the present invention. 
0032 FIG. 1 is a block diagram illustrating the conven 
tional systems and data structures used in programming a 
machine tool controller. 

0033 FIG. 2 is a block diagram illustrating a machine 
tool controller system according to the present invention. 
0034 FIG. 3 is a more detailed block diagram of the 
processing unit shown in FIG. 2. 
0035 FIG. 4 is a more detailed block diagram of the 
servo-controller object and system interface shown in FIG. 
2, according to a first embodiment. 
0.036 FIG. 5 is a more detailed block diagram of the 
servo-controller object and system interface shown in FIG. 
2, according to a second embodiment. 
0037 FIG. 6 is a block diagram of the motion object 
generated by the CAD Interpreter of FIG. 3. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0038. The present invention provides a new, open, soft 
ware architecture for digital control interfaces. As will be 
recognized by those of skill in the art, this new interface 
architecture can be utilized in any system in which control 
data is sent to a servo-controlled machine that is interfaced 
with a control system. 
0039. A preferred application of the digital control inter 
face and accompanying principles of the present invention is 
to the machine tool controller of a machine tool for making 
machine parts according to predetermined specifications. 
For example, the present invention provides a new paradigm 
in which it is possible to utilize the abilities of existing 
design applications, such as CAD/CAM packages, and 
machine tool controllers to more directly and efficiently 
transfer a CAD-generated design of a part into the instruc 
tions necessary to appropriately control the machine tool. 
The process of the present invention will be referred to as 
“Direct Machining.” 
0040 Direct Machining eliminates the need for ASCII 

files, such as CL files and M&G Code files, that exist 
external to the CAD design file. Rather, the machine tool 
controller is enabled to read the original CAD design file and 
extract therefrom all relevant machining data required to 
control the machine tool to make the specified product. 
0041 A preferred embodiment of this particular applica 
tion of the present invention will now be described with 
reference to the Figures. As shown in FIG. 2, a machine tool 
controller (200) according to the present invention may 
incorporate some of the principal features of a conventional 
CAD workstation (100). Specifically, the controller (200) 
may include a first processor (203) on which a CAD 
Software package is executed. This processor (205) is con 
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nected to both a display device (201), e.g., a cathode ray tube 
monitor, liquid crystal display or the like, and a user input 
device (202), e.g., a keyboard and mouse, trackball, joystick 
or the like. Consequently, a computer aided design can be 
created or modified on the hardware of the machine tool 
controller (200) rather than at a separate workstation. 
0042. Of course, a design file generated at a separate 
CAD workstation could also be transmitted to the processor 
(203) for display, review and/or modification on the hard 
ware (201, 202) of the machine tool controller (200). The 
CAD file could be transferred to the machine tool controller 
(200), for example, on a floppy disk or by any other means 
of file transfer including over a wired or wireless network 
connection between the workstation and the controller 
(200). 
0043. In the example of FIG. 2, the first processor (203) 

is part of a processing unit (205) which also contains a 
second processor (204). Generally speaking, the first pro 
cessor (203) runs the CAD or CAD/CAM software package 
or other design application, while the second processor 
(204) runs the Software necessary to use the data generated 
by the CAD software to control the machine tool accord 
ingly. 

0044) The software executing on the second processor 
(204) is referred to generally as “motion control software' 
and is a complete system for controlling the machine tool. 
No additional controller hardware is needed. 

0045. A system interface (206) is provided between the 
machine tool controller (200) and the machine tool (not 
shown in FIG. 2) so that the software of the second 
processor (204) can communicate with and control the 
machine tool. A connection (207) is provided between the 
second processor (204) and the system interface (206). The 
system interface (206) will be described in more detail 
below. 

0046 While the dual-processor unit (200) illustrated in 
FIG. 2 is preferred, the present invention can also be 
practiced with two separate computer units, e.g., two PCs, 
each providing a respective first or second processor as 
described herein. Windows(R) NT-type processors can be 
used in implementing the present invention. 
0047. In order to best accomplish Direct Machining, it is 
necessary to have both a CAD/CAM system and a machine 
controller with known architectures to enable access to their 
internal functions. For example, to machine the specified 
part, a mathematical representation of each machine tool 
path, i.e., motion path data, must be created from the design 
of the part to be made. 
0.048 CAD or CAD/CAM packages have an Application 
Program Interface (API). The API is an interface between 
the operating system and the design application. The API 
defines the way in which the design application communi 
cates with the operating system, and the services the oper 
ating system makes available to the design application. 

0049) Direct Machining will work best if the motion 
control Software controlling the machine tool could access 
the design application through its API and directly take the 
tool paths for the machine tool out of the design file opened 
by the design application Unfortunately, conventional CAD/ 
CAM packages do not seem to have publicly available APTs 
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with the functionality necessary to accomplish this extrac 
tion. However, if the API of the design application is 
available, the best implementation of the present invention 
might be to simply take the machine tool paths directly from 
the design file data through the API of the design applica 
tion. This extraction would preferably be performed by the 
Software running on the second processor (204). These 
machine tool paths can then be used by the machine con 
troller software of the second processor (204) to control the 
machine tool to make the specified part. 
0050. Where, as is generally the case, the API for a 
CAD/CAM package is not available, the principles of the 
present invention can still provide for Direct Machining. In 
this case, the motion control software will provide an API set 
that the CAD/CAM package can call to pass tool path 
information to the Direct Machining Software. 
0051) To understand how tool paths are passed to the 
controller in the present invention, it is necessary to under 
stand something about the architecture of the Software being 
executed on the first (203) and second (204) processors. As 
shown in FIG. 3, there are two principal applications 
running on the dual-processor System of the present inven 
tion: the CAD Interpreter (301) and the Motion Controller 
(305). Consistent with the explanation above, and as shown 
in FIG. 3, the CAD Interpreter (301) is preferably executed 
on the first processor (203). While the Motion Controller 
(305) is preferably executed on the second processor (204). 

0.052 The CAD Interpreter (301) is considered a design 
application and is able to understand the design file (309) 
created with a CAD package and extract therefrom the 
relevant machining information, i.e., the machine tool paths 
represented by the data in the design file (309). The CAD 
Interpreter (301) needs almost no information about the 
controller or the machine tool that will be controlled to make 
the specified part. However, it is the CAD Interpreter (301) 
that provides the motion path data that the Motion Controller 
(305) will use to guide the tool heads of the machine tool. 

0053 As will be described in more detail below, the 
Motion Controller (305) is an application running on the 
second processor (204), is part of the motion control soft 
ware of the present invention and receives the tool path data 
(310) from the CAD Interpreter (301) on the first processor 
(203). The Motion Controller (305) is responsible for trans 
lating the tool path data (310) from the CAD Interpreter 
(301) into data that can be used to appropriately control the 
machine tool to make the specified product. The Motion 
Controller (305) also determines move tangency. The 
Motion Controller (305) contains two subsystems that 
accomplish these tasks. 
0054) The motion path data (310) provided by the CAD 
Interpreter (301) typically specifies tool paths in a Cartesian 
coordinate system. The Motion Controller (305) first 
executes a Motion Planner (307) to map the tool path data 
from Cartesian space to joint-space. Joint-space is a coor 
dinate system which defines the possible paths of the tool 
head or heads of the machine tool. From the joint-space data, 
a Trajectory Planner (308) calculates the actuator values 
required to appropriately move the tool head or heads of the 
machine tool through the specified paths. 

0.055 As shown in FIG. 3, the actuator values are then 
transmitted to a servo-controller application (306) which is 
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also part of the motion control software of the present 
invention. The servo-controller (306) is responsible for 
performing the servo-control loops in order for the tool head 
or heads of the machine tool to move through the specified 
tool paths that will result in manufacture of the desired part 
from the Stock material on the machine tool. 

0056 Preferably, the system of the present invention 
employs objects written using the C++ computer language. 
C++ objects are data structures that can have both members 
(Sub data structures or variables) and methods (functions 
that can be called on the objects) associated with them. 
Functions can also “ask an object a question by calling an 
appropriate function on that object. The “answer” is received 
through the return value of the function. 
0057 C++ objects also have the properties of inheritance 
and polymorphism. Inheritance describes the ability of an 
object class to inherit properties from a parent class. As such, 
any specific members or methods defined for the child (or 
derived) class, will also have all the members, methods, and 
properties of the parent class. Consequently, an object of the 
derived class can be treated as either a member of the child 
class or as a member of the parent class. Polymorphism 
allows that all classes derived from the same parent class can 
have the same interface, so that objects can treat them 
externally as the parent class. However, when the functions 
in that interface are called, the behavior of the object can be 
very different, depending on the objects derived class. 
0058. The Motion Controller (305) contains the member 
objects (307 and 308) that perform the special functions 
mentioned above. The Kinematics Object (307) transforms 
Cartesian values to joint values and the Joint-list Object 
(308) then transforms joint values to actuator values. The 
Joint-list Object (308) preferably contains a specific joint 
actuator object for each joint of the machine tool being 
controlled. Thus the joint-to-actuator transformation is per 
formed by a separate joint-actuator object for each joint. The 
actuator positions and rates are then passed to the Software 
servo-controller (306). The Kinematics Object and Joint 
actuator Objects that the Motion Controller (305) uses are 
actually derived from base classes and will be different, 
based on the type of transformation that they represent (e.g., 
3 or 5-axis machine tool for the Kinematics, and geared or 
ball screw for the Joint-actuator). 
0059. The servo-controller application (306) contains 
pointers to objects that perform tasks like closing the servo 
control loops and communicating with the motors. (See 
FIGS. 4 & 5). As with the Motion Controller (305), the 
servo-controller application (306) contains objects that are 
also derived from base classes. For example, the servo 
controller contains objects that execute the servo-control 
loop, but the object will be one of various derived classes 
based on the control law that it implements (e.g., PID, etc.). 
0060 Machining information is preferably sent from the 
CAD Interpreter (301) to the Motion Controller (305) 
through a C++ object called a Motion Object (302). After the 
Motion Controller (305) receives the Motion Object (302) 
from the CAD Interpreter (301), it gets all necessary tool 
path information by querying the Motion Object (302). The 
Motion Object (302) is created by the CAD Interpreter (301) 
and tells the Motion Controller (305) the position and 
orientation that the tool needs to be in at any time during 
movement of the tool head along the tool path. The Motion 
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Processor (305) then utilizes the C++ objects that it contains, 
as described above, to transform the tool position, orienta 
tion, etc., into the actuator values that the servo-controller 
(306) will use. The servo-controller (306) will then use 
control laws, which have been stored in the system and are 
specific to the machine tool being controlled, to calculate the 
torques to apply to the motors of the machine tool to achieve 
those values. 

0061 FIG. 4 illustrates an embodiment of the present 
invention in which analog motors are used to drive the parts 
of the machine tool to move the machine head through the 
desired tool path. In Such an embodiment, the servo-con 
troller (306) includes digital-to-analog drivers (402) that 
communicate digital control signals for the motors (406) to 
a digital-to-analog converter board (404) in the system 
interface (206). The analog control signals from the con 
verter board (404) are then amplified (407) and provided to 
the motors (406). A sensor (405) associated with each motor 
(406) senses, for example, the actual torque, the position, 
velocity and acceleration of the motor (405) and provides an 
analog signal to an analog-to-digital converter board (403) 
in the system interface (206). The digitized sensor signals 
are then provided to analog-to-digital drivers (401) of the 
servo controller (306) to complete the feed-back loop that 
will allow the servo-controller (306) to drive the motors 
(406) as desired according to the specified tool paths. 
0062) This process can be, and is preferably, imple 
mented entirely as software with no additional hardware 
required. Thus, closed hardware architectures can be elimi 
nated. 

0063 FIG. 5 illustrates a second embodiment of the 
present invention in which digital motors are used to drive 
the parts of the machine tool to move the machine head 
through the desired tool path. In this embodiment, the 
system interface (206) includes a serial communications 
device (502) that communicates over a high-speed data 
network (506) with the digital motor interface (503) of each 
motor unit. Control signals specifying torque set points are 
received by the digital motor interface (503) and converted 
into an analog signal which is then amplified with a motor 
amp (504) and used to drive the respective motors (505) as 
necessary to move the machine tool through the specified 
tool paths. As above, sensor complete the servo-loop which 
can be entirely software driven. 
0064. As described herein, the Direct Machining method 
and system of the present invention provide a wealth of 
advantages over traditional machining techniques. Direct 
Machining eliminates many of the problems associated with 
the current design-to-manufacturer processes because of the 
use of the true design geometry instead of just the discrete 
point data used in CL files and M&G code. Because machin 
ing is based on the original design geometry, there is no 
geometric information loss or approximation. 
0065. Additionally, because there are no new files cre 
ated, there is no problem with obsolete CL and M&G files 
residing on the system which might inadvertently be used to 
incorrectly machine a part. Changes to the design file are 
directly reflected in the operation of the controlled machine 
tool. There are also indirect advantages associated with 
direct machining and having shop floor access to the original 
model. While many machining centers are capable of doing 
in-process inspection, with the CAD model resident in the 
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controller (200) this inspection can be done using a touch 
probe and evaluated against the model itself as opposed to 
an extrapolation from cutter location points in the M&G file. 
Additionally, the controller (200) could be required to check 
the design file out from a Product Data Management (PDM) 
system to which the controller (200) is networked, further 
eliminating the possibility of machining obsolete parts. 
0.066 An example, of the method of creating tool paths 
from the CAD file (309) and generating the Motion Object 
to incorporate that tool path data will now be described in 
more detail. In general, there are two types of machining: 
roughing and finishing. Roughing removes the majority of 
the material from the stock, while finishing tries to match the 
Surface of the Stock to an exact Surface specified for the part. 
In this example, we will only concern ourselves with fin 
ishing tool paths in milling operations. 

0067 Tool paths represent the path that the center of the 
tip of the tool head of the machine tool follows, not the path 
of the point of tangency between the surface of the part and 
the tool. In some simple operations, like face milling, the 
tool tip is the tangent point, so the tool paths lie directly on 
the machined surface. In slightly more complex machining, 
Such as machining pockets, the side of the end mill does the 
cutting. In this case, the tool paths lie on a Surface offset 
from the machined surface at a distance of the radius of the 
tool. 

0068. Things are a little more complicated when machin 
ing free-form surfaces because such surfaces are often 
machined using ball end mills that have a spherical tip with 
the same radius as the tool. Tool tip locations are calculated 
for ball end mills using the following equation: 

where R is the radius of the ball end mill, Q(s,t) are the 
tangency points and N(s,t) the Surface normals at each 
tangency point Q(s,t). If the spherical tip of the tool is 
tangent to the part surface, the center of the tool tip will lie 
on a surface that is offset from the part surface by the radius 
of the tool. If the tool is aligned vertically, as it is in 3-axis 
machining, then the tool tip is exactly one radius lower in the 
Z direction than the center of the spherical portion of the 
tool. In order to create the surface that the tool tip follows, 
a surface is offset from the machined surface and then 
lowered along the Z-axis by the radius of the ball end mill. 
This surface is then intersected with vertical planes to define 
actual tool paths. 
0069. In the C++ environment described above, all 
Motion Objects passed to the Motion Controller (305) are 
actually members of classes derived from the Motion Object 
(302). There can be many different derived classes from the 
Motion Object (302) for specific control purposes. The 
elegance of this arrangement is that the Motion Controller 
(305) never knows what type of Motion Object is passed to 
it. As long as the passed object has the interface of the 
Motion Object (302), the Motion Controller (305) doesn't 
need any additional information. This means that new 
Motion Objects can be developed and integrated in the CAD 
Interpreter (301) and the Motion Controller (305) can under 
stand them without being updated itself. 
0070. As noted above, the motion object passed to the 
Motion Controller (305) will typically specify tool paths in 
Cartesian coordinates. This is a convenient way to specify 
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motion that is to follow a prescribed path like that in 
machining operations. Consequently, a specific child class of 
the Motion Object (302) may be called the Basic Cartesian 
Motion Object class. For simplicity, all references to a 
Motion Object will hereafter be understood to refer to a 
Basic Cartesian Motion Object. 
0071. As illustrated in FIG. 6, these derived Motion 
Objects (600) preferably contain three members of special 
classes: a Rates Object (601), a Velocity Profile Generator 
(“VPG”) Object (602), and a Path Object (603). The Rates 
Object (601) determines the feeds and speeds to be used, the 
VPG Object (602) controls the velocity transitions and the 
Path Object (603) contains all the information about the 
geometry of the path. 
0072) Just like the Motion Object (600), the Path Object 
(603) is also a base class from which specific paths are 
derived. Path Objects (603) store the geometry as a para 
metric equation. With these parametric equations, the Path 
Object (603) can tell the Motion Object (600) the desired 
position and orientation of the tool at any point along the 
curve. The Motion Object (600) combines this geometry 
with the information contained in the Rates Object (601) and 
the VPG Object (602), and calculates position and orienta 
tion at any time. Because the Path Objects (603) are always 
members of derived classes, the Motion Object doesn’t need 
a specification of the type of Path Object that it is working 
with. 

0073. This mode of transferring geometry to the control 
ler is very different from what is currently being done with 
M&G code, and has some significant implications. In the 
prior art system of FIG. 1, the machine tool controller (104) 
is given the minimum amount of geometrical information 
needed to define the tool path. The controller (104) then uses 
this geometry to interpolate a continuous motion path. For 
example, two end points define a line segment, and two end 
points, a center point, and a direction of rotation define a 
helix or arc. 

0074. Using the polymorphic C++ objects of the present 
invention to pass geometrical information does not require 
the Motion Controller (305) to know what type of path it has 
received. Further, the path is only known as a general curve 
that can tell the Motion Controller (305) its geometry to any 
level of detail necessary. 
0075. The use of polymorphic C++ objects as described 
herein involves a much greater amount of data processing 
and storage than has been required in previous systems such 
as illustrated in FIG. 1. This is not a significant problem, 
however, because modem controllers are fast enough and 
have enough memory to handle Such an increase in data 
flow. One significant advantage of Direct Machining is that 
the controller receives exactly the amount of information 
that it needs. Eventually, all curves must be broken down 
into Small, discrete segments when the I/O commands are 
sent to the drive motors. Conventionally, the curve is dis 
cretized by the CAM program when exporting an APT file. 
In Direct Machining, the Motion Controller discretizes the 
curve. This allows the controller to machine at its best 
tolerance all the time. 

0076. The preceding description has been presented only 
to illustrate and describe the invention. It is not intended to 
be exhaustive or to limit the invention to any precise form 
disclosed. Many modifications and variations are possible in 
light of the above teaching. 
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0077. The preferred embodiment was chosen and 
described in order to best explain the principles of the 
invention and its practical application. The preceding 
description is intended to enable others skilled in the art to 
best utilize the invention in various embodiments and with 
various modifications as are Suited to the particular use 
contemplated. It is intended that the scope of the invention 
be defined by the following claims. 

What is claimed is: 
1. A system for interfacing a control system with a 

servo-driven machine comprising: 
a first processor executing a design application that gen 

erates motion path data; a second processor, that inter 
faces with said first processor, said second processor 
executing motion control software that accesses said 
motion path data from said design application on said 
first processor, and 

wherein said motion control software controls the servo 
driven machine in accordance with said motion path 
data, and is object oriented Such that objects of said 
motion control software are adaptable to allow the 
control system to interface with a different servo-driven 
machine. 

2. The system of claim 1, wherein the servo-driven 
machine is a machine tool for machining Stock material 
according to design specifications. 

3. The system of claim 1, wherein said design application 
is a computer aided-design/computer-aided-manufacturing 
Software package. 

4. The system of claim 1, wherein motion control software 
extracts said motion path data from said design application 
using an Application Program Interface of said design 
application. 

5. The system of claim 1, wherein said design application 
passes said motion path data to said motion control Software 
through an Application Program Interface of said motion 
control software. 

6. The system of claim 1, wherein said system further 
comprises a display device and user input device interfaced 
with said first processor for generating, reviewing or editing 
said motion path, data with said design application. 

7. The system of claim 1, wherein: 
said design application produces a motion object contain 

ing said motion path data, said motion path data defin 
ing motion paths along which a tool head of the 
servo-driven machine is to be moved; and 

said design application passes said motion object to said 
motion control Software on said second processor. 

8. The system of claim 7, wherein said motion object 
comprises: 

a rates object that determines feed rates and speed rates 
for control of members of the servo-driven machine; 

a velocity profile generator object for controlling Velocity 
transitions in said motion paths; and 

a path object containing information defining each motion 
path. 

9. The system of claim 1, wherein: 
said motion control Software accesses motion path data 

through said design application, said motion path data 
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defining motion paths along which a tool head of the 
servo-driven machine is to be moved; and 

said motion control software produces a motion object 
containing said motion path data. 

10. The system of claim 1, wherein said motion path data 
output by said design application specifies tool paths in a 
Cartesian coordinate system and said motion control soft 
ware translates the tool paths into servo control signals for 
driving motors of the servo-driven machine. 

11. The system of claim 1, wherein: 

said motion control software comprises a motion control 
ler application and a servo controller application; 

said motion controller application maps said motion path 
data into a coordinate system defined by the servo 
driven machine; and 

said servo controller application generates controls sig 
nals for transmission to servos of the servo-driven 
machine in accordance with said mapped motion path 
data from said motion controller application. 

12. The system of claim 1, wherein said first processor 
and said second processor interface within a multi-processor 
computer workstation. 

13. A method of operating a machine tool for machining 
a Supply of stock material according to a specified design, 
the method comprising extracting tool path data from a 
design within a computer-aided-design/computer-aided 
manufacture software package through an Application Pro 
gram Interface of said computer-aided-design/computer 
aided-manufacturing software package. 

14. The method of claim 13, further comprising control 
ling said machine tool in accordance with said tool path data 
Such that specified elements of said machine tool are moved 
along tool paths defined by said tool path data extracted from 
said design. 

15. The method of claim 13, further comprising: 
modifying said design with said computer-aided-design/ 

computer-aided-manufacturing software package; 

extracting modified tool path data from said modified 
design; and 

controlling said machine tool in accordance with said 
modified tool path data such that specified members of 
said machine tool are moved along tool paths defined 
by said modified tool path data extracted from said 
modified design. 

16. A method of interfacing a control system with a 
servo-driven machine comprising: 

executing a design application that generates motion path 
data for said servo driven machine; 

executing motion control Software that receives said 
motion path data in a same form as output by said 
design application; and 

controlling the servo-driven machine with said motion 
control software in accordance with said motion path 
data from said design application. 

17. The method of claim 16, further comprising executing 
said design application and said motion control Software on 
different processors. 
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18. The method of claim 16, further comprising machin 
ing Stock material with the servo-driven machine, which is 
a machine tool, to make a product defined by said motion 
path data. 

19. The method of claim 16, wherein said design appli 
cation is a computer-aided-design/computer-aided-manufac 
turing Software package. 

20. The method of claim 16, further comprising: 
using a computer-aided-design software package to gen 

erate a file in which tool paths are specified rather than 
end product geometry; and 

generating said motion path data from said file with said 
design application. 

21. The method of claim 16, further comprising editing 
said motion path data with said design application. 

22. The method of claim 16, further comprising reviewing 
said motion path data with said design application. 

23. The method of claim 16, further comprising: 
generating, with said design application, a motion object 

containing said motion path data, said motion path data 
defining motion paths along which members of the 
servo-driven machine are to be moved; and 

passing said motion object to said motion control soft 
Wae. 

24. The method of claim 16, wherein said motion path 
data output by said design application specifies tool paths in 
a Cartesian coordinate system and said method further 
comprises translating said tool paths into servo control 
signals for driving motors of the servo-driven machine. 

25. A system for interfacing a control system with a servo 
driven machine comprising: 

means for generating motion path data for the servo 
driven machine; 

means for executing motion control Software that receives 
said motion path data in a same form as output by said 
means for generating said motion path data; and 

means for controlling the servo-driven machine in accor 
dance with said motion path data. 

26. The system of claim 25, wherein the servo-driven 
machine comprises means for machining Stock material to 
make a product defined by said motion path data. 

27. The system of claim 25, wherein said means for 
generating motion path data comprises a computer-aided 
design/computer-aided-manufacturing software package. 

28. The system of claim 25, further comprising means for 
reviewing and editing said motion path data. 

29. A system for interfacing a control system with a 
servo-driven machine comprising: 

a first processor executing a design application that gen 
erates motion path data; 

a second processor, that interfaces with said first proces 
Sor, said second processor executing motion control 
Software that receives said motion path data from said 
design application on said first processor passed 
through an Application Program Interface of said 
motion control Software; and 

wherein said motion control software controls the servo 
driven machine in accordance with said motion path 
data. 
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30. The system of claim 29, wherein the servo-driven 
machine is a machine tool for machining stock material 
according to design specifications. 

31. The system of claim 29, wherein said design appli 
cation is a computer aided-design/computer-aided-manufac 
turing Software package. 

32. The system of claim 29, wherein said system further 
comprises a display device and user input device interfaced 
with said first processor for generating, reviewing or editing 
said motion path data with said design application. 

33. The system of claim 29, wherein: 
said design application produces a motion object contain 

ing said motion path data, said motion path data defin 
ing motion paths along which a tool head of the 
servo-driven machine is to be moved; and 

said design application passes said motion object to said 
motion control Software. 

34. The system of claim 33, wherein said motion object 
comprises: 

a rates object that determines feed rates and speed rates 
for control of members of the servo-driven machine; 

a velocity profile generator object for controlling Velocity 
transitions in said motion paths; and 

a path object containing information defining each motion 
path. 

35. The system of claim 29, wherein said motion path data 
output by said design application specifies tool paths in a 
Cartesian coordinate system and said motion control soft 
ware translates the tool paths into servo control signals for 
driving motors of the servo-driven machine. 

36. The system of claim 29, wherein: 
said motion control software comprises a motion control 

ler application and a servo controller application; 
said motion controller application maps said motion path 

data into a coordinate system defined by the servo 
driven machine; and 

said servo controller application generates controls sig 
nals for transmission to servos of the servo-driven 
machine in accordance with said motion path data from 
said motion controller application. 

37. The system of claim 29, wherein said first processor 
and said second processor interface within a multi-processor 
computer workstation. 

38. A system for interfacing a control system with a 
servo-driven machine comprising: 

a first processor executing a design application that pro 
duces a motion object containing said motion path data, 
said motion path data defining motion paths along 
which a tool head of the servo-driven machine is to be 
moved; generates motion path data; 

a second processor, that interfaces with said first proces 
Sor, said second processor executing motion control 
software that receives said motion object from said 
design application on said first processor, and 

wherein said motion control software controls the servo 
driven machine in accordance with said motion path 
data. 
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39. The system of claim 38, wherein the servo-driven 
machine is a machine tool for machining Stock material 
according to design specifications. 

40. The system of claim 38, wherein said design appli 
cation is a computer aided-design/computer-aided-manufac 
turing Software package. 

41. The system of claim 38, wherein said system further 
comprises a display device and user input device interfaced 
with said first processor for generating, reviewing or editing 
said motion path data with said design application. 

42. The system of claim 38, wherein said motion object 
comprises: 

a rates object that determines feed rates and speed rates 
for control of members of the servo-driven machine; 

a velocity profile generator object for controlling Velocity 
transitions in said motion paths; and 

a path object containing information defining each motion 
path. 

43. The system of claim 38, wherein said motion path data 
output by said design application specifies tool paths in a 
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Cartesian coordinate system and said motion control soft 
ware translates the tool paths into servo control signals for 
driving motors of the servo-driven machine. 

44. The system of claim 38, wherein: 

said motion control software comprises a motion control 
ler application and a servo controller application; 

said motion controller application maps said motion path 
data into a coordinate system defined by the servo 
driven machine; and 

said servo controller application generates controls sig 
nals for transmission to servos of the servo-driven 
machine in accordance with said motion path data from 
said motion controller application. 

45. The system of claim 38, wherein said first processor 
and said second processor interface within a multi-processor 
computer workstation. 


