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METHOD AND APPARATUS FOR DETERMINING POSITION

AND ORIENTATION OF MECHANICAL OBJECTS

FIELD OF THE INVENTION

The present invention relates to an advanced
automatic gauging system and method for determining an accurate
10 position and orientation of a workpiece which is placed on a
machine table of the system. Various applications of the
system and method of this invention include precise machining
of approximately or randomly fixtured workpieces, quality
control procedures, and incorporation of unknown mechanical
15 objects into CAD/CAM databases.

BACKGROUND OF THE INVENTION

The recent emphasis in the development of

20 manufacturing technology has been directed toward the
development of automated systems that eliminate most of the
human interaction. Such manufacturing environments employ
computer-controlled machine tools that are driven by computer
programs, which define the tool motion, also referred to as

25 tool-paths. Typically, a Computer Aided Design (CAD)
workstation generates the tool paths automatically by
processing the description of a mechanical component created by
a designer. Although this environment provides a relatively
high degree of automation for manufacturing of simple

30 components that do not require high precision machining, human
intervention is required for precision machining of relatively
complicated shapes. The areas that still require significant
and expensive human input include quality control procedures

and fixturing methods.
35
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Prior art CAD stations generate the tool paths that
are valid only if a workpiece, which has to be machined into a
mechanical component, is fixtured at a predetermined location
of a machine table. Therefore, if a workpiece has to be moved
from one machine to another at a particular stage of
manufacturing, or if it has to be machined at different
orientations, a human operator or a robot is required to
refixture the workpiece accurately, which is a very difficult,
time-consuming, and costly operation. However, this
refixturing operation would be significantly simplified if the
precise position and orientation of an approximately or

10

randomly fixtured workpiece could be determined automatically
or semi-automatically, since, on the basis of this information,
the tool paths could be adjusted for accurate machining using

15 conventional geometrical transformations. To date, accurate
and efficient methods of localizing randomly and approximately
fixtured workpieces have not been developed.

Also, precise fixturing plays an important role in
0automated quality control procedures. It is impossible to
ascertain whether a mechanical component has been manufactured
properly unless the relative location of the component is
accurately determined with respect to the coordinate system of
the model that defines the desired dimensions, which are
25typically stored in the CAD workstation.

Some progress has been made toward the development of
an inspection system that determines whether a mechanical
component is within tolerance. U.S. patent 4,754,417, issued

30to Beeson, discloses an inspection system which,measures
tolerance by comparing the coordinate data measured by manually
moving a probe to certain features (the only disclosed features -
are holes) of a mechanical component, and the desired
dimensions entered into a data processing system by a user. .
35 This disclosure is limited to the mechanical components which
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can be defined as two-dimensional objects. Furthermore, the
inspection procedure discussed in this disclosure is possible
only when a finished component is available. Thus, this system
cannot be utilized for in-process inspection in order to detect
and correct defects at the intermediate stages of manufacture.
In addition, this system can only provide a user with a binary,
"Go/ NO GO", decision that indicates whether a given component
is within tolerance. No disclosure is made for determining
accurate position and orientation of the component. Aan
10 inspection system disclosed in U.S. Patent No. 4,296,474 issued
to Hurt also does not handle three-dimensional features, it
does not allow for in-process inspection, and it does not

generate accurate positioning data.

SUMMARY OF THE INVENTION

15

Accordingly it is an object of this invention to
provide a capability of localizing an arbitrarily or

approximately fixtured workpiece.

20
Another object of the present invention is to provide

means for machining largely misaligned or arbitrarily aligned
mechanical components correctly and accurately in order to
relieve workers or robots from performing time-consuming
fixturing operations and to provide the flexibility of

25
developing a process plan with refixturing.

Yet another object of the present invention is to
provide information for quality control and in-process

30inspection of arbitrarily or approximately fixtured workpieces.

still another object of the present invention is to
provide automated means for digitizing of an unknown mechanical

component for incorporation into CAD/CAM databases.

35
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According to this invention, a machine tool is
provided that is equipped with sensors and interfaced to a data
processing system, where numerical data corresponding to a
model of the workpiece is stored. In the preferred embodiment
of the invention, the sensors are touch-sensitive probes. The
machine tool determines the accurate position and orientation
of the workpiece by (a) measuring the coordinates of the points
located on the surfaces of the workpiece; (b) determining an
approximate Euclidean transformation which relates the position
and orientation of the workpiece to the position and
orientation of the model; and (c¢) improving the transformation
such that the sum of squared distances from the points measured
on the surfaces of the workpiece to the corresponding surfaces
of the model is minimized.

If a workpiece has at least one planar surface, the
method of this invention can be significantly simplified.
Accordingly, in this case, a user indicates a planar surface on
the workpiece, a corresponding surface on the model, and a
probing route which should be parallel to the planar surface.
Thereafter, the system moves the probe according to the probing
route such that the probe periodically contacts the surfaces of
the workbiece and measures the coordinates of the surface
points, which are then stored in the memory of the system. The
system uses the coordinates of initially measured points to
determine an approximate transformation. This transformation

is then improved on the basis of each subsequently measured
point.

A further simplification of the method of this
invention is possible for workpieces that can be defined as

"two dimensional" objects. 1In such case, the system determines *

coordinates of a plurality of points on the boundary of the
workpiece and interpolates these points so as to determine

35 geometrical elements of the boundary of the workpiece. Next,

"
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the system computes a set of possible transformations on the

basis of two of the geometrical elements. Typically this set
contains erroneous as well as correct transformations. The

system continues to probe boundary points to eliminate

erroneous transformations.

To digitize coordinates of a boundary of an unknown
mechanical object, the system moves a sensor along a certain
direction and changes the direction by a specified angle after

10 the sensor traveled a predetermined distance. If the sensor
contacts the boundary of the workpiece, the system measures and
stores the coordinates of a boundary point and then reverses

the direction of moving the sensor.

15 To digitize the representation of a "three-
dimensional" surface of a workpiece, the system determines the
coordinates of a plurality of points located on the surface and
computes the geometrical representation of the surface.
Thereafter, the system verifies whether each of the points is

20 measured on the desired surface. The system eliminates a point

from the set of measured points, which is removed from the

computed representation of the surface by the greater distance
than any other point in the set, and computes a new
representation of the surface on the basis of a set of points.
2sNext, to determine whether the point is measured on the correct
surface, the F-test analysis is applied to a ratio of the sum
of squared distances from the points in the initial set of
points to the initial representation of the surface and the sum
of squared distances from the points in the new set to the new

30representation of the surface.

35
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BRIEF DESCRIPTION OF THE DRAWINGS

These and other objects, features, and advantages of
the invention are described in the following detailed
5 description of a preferred embodiment in which:

Fig. 1 illustrates functional components and
interfaces of the system of this invention;

10 Fig. 2 is a flowchart illustrating a high level user
interface of this invention;

Figs. 3(a) and 3(b) form a flowchart illustrating the
method of determining the position and orientation of the

15 workpiece;

Fig. 4 is a flowchart illustrating the steps of
determining the least square homing transformation;:

20 Fig. 5 is a flowchart illustrating the further steps
of determining the least square homing transformation;

Fig. 6 is an example that illustrates the issue of

reliability of determined position and orientation of an

25 object;

Figs. 7(a)-(d) are flowcharts illustrating the steps
of the reliability analysis;

30 Figs. 8(a)-(c) illustrates a workpiece with specified
tolerances in order to introduce the problem of adjusting the
least square homing transformation so that the tolerance
specifications are satisfied;

35
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Fig. 9 is a flowchart illustrating the steps of

determining satisfactory homing transformation:

Fig. 10 is a flowchart illustrating the steps of
determining the best homing transformation:

Fig. 11 is a flowchart illustrating the steps of the
technique for determining the position and orientation of the
"three-dimensional" workpiece by collecting the surface points

0 automatically;

Fig. 12 is an example of probe movement during mesh

routing:

Fig. 13 is a flowchart illustrating the steps of the

15
mesh routing technique;

Figs. 14(a) and 14(b) form a flowchart illustrating
the steps of determining the position and orientation of a

zo'workpiece, which is a "two-dimensional" object;

Fig. 15 is a flowchart illustrating the steps of
determining the position and orientation of a workpiece, which
has a planar surface; and

25

Fig. 16 illustrates a workholder employed for

manufacturing identical mechanical components.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

30
This discussion proceeds as follows. In section 1,

the major functional components of the system of this invention

are described. Also, this section provides a discussion of a
high level user interface which enables a user to select a

35
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desired technique for determining position and orientation of
the workpiece on the basis of the geometric properties of a
particular workpiece.

Section 2 discloses steps employed in determining .
position and orientation of workpieces which do not possess
special geometric properties. Some of these steps are
discussed in greater detail in subsections 2.1-2.4. 1In
particular, subsection 2.1 discloses the steps of determining a
least square homing transformation, which relocates coordinates
of points measured on the workpiece so as to minimize the sum
of squared distances from the points measured on the workpiece
to the corresponding model surfaces. Section 2.2 describes the
reliability analysis of the obtained transformation. Section
2.3 describes the steps of adjusting the transformation so as
to obtain a satisfactory homing transformation which relocates
coordinates of points measured on the workpiece to locations
that are within tolerance zones specified in the model.
Subsection 2.4 describes the steps of improving the
satisfactory homing transformation so as to obtain a best
homing transformation that transforms the points measured on
the workpiece such that the tolerances are more stringent than
specified by the model. Finally, subsection 2.5 describes a
technique for probing the points on the surfaces of a "three-
dimensional" workpiece automatically in order to determine the
reliable least square homing transformation.

Section 3 describes simplified techniques for probing
boundary points and determining position and orientation of

30 Workpieces which have special geometric properties. It should

be noted that, although the reliability analysis and techniques
for determining least square homing transformation, ‘
satisfactory homing transformation, and best homing

transformation are described in section 2, these techniques are *

35 also applicable to the techniques of section 3. In section 3,
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subsection 3.1 describes a mesh routing technigue for automatic
probing of coordinates of points on a boundary of a workpiece
which is formed by intersecting the workpiece by a plane which
is parallel to the machine table. Subsection 3.2 describes a
technique for determining the position and orientation of an
essentially "two-dimensional" workpiece which has boundaries
consisting of linear and circular segments. Subsection 3.3
describes a technique for determining position and orientation
of a workpiece which has at least one planar surface.
10

Section 4 describes the applications of the method
and sYstem of this invention to machining of identical
workpieces. Finally, section 5 describes the steps employed in
utilizing the system of this invention for digitizing surfaces
15 of "three-dimensional" workpieces.

1. FUNCTIONAL COMPONENTS AND HIGH LEVEL
USER INTERFACE

Fig. 1 depicts a generalized block diagram of the

20 system of this invention. As shown, the system comprises a
gauging system 1, a CAD/CAM system 2, a sensor/machine system
3, and an interface 4. The gauging system 1 is a computer
system such as a Sun worKkstation comprising a processor, a
memory and appropriate input/output devices. Using computer

95 Programs to be described below, the computer system computes
the transformation that transforms the position and orientation
of a workpiece to the position and orientation of its numerical
representation (model) stored in CAD/CAM (Computer Aided
Design/Computer Aided Manufacturing) system 2. The CAD/CAM

30 System 2 is a relatively conventional CAD/CAM workstation that
provides a capability of generating and displaying numerical
and graphical representation of the surface elements of the
workpiece and a capability of generating the tool paths that
define the motion of the tools during manufacture. The CAD/CAM

35 System 2 may also store data that describes surfaces of the
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stock, or surfaces of the workpiece produced at an intermediate
stage of manufacturing or other relevant information that may
become useful in a specific embodiment of the invention.

5 The sensor/machine system 3 comprises computer
numerical control machine tools that perform manufacturing
operations and position sensors that measure the coordinates of
points located on the surfaces of a workpiece. 1In this
embodiment of the invention, the sensors are probes that
generate coordinate information when the stylus of a probe
comes in physical contact with a surface of a workpiece which
is usually clamped on a machine table of system 3. "The

10

positioning data measured by the probes is transmitted to the
Gauging System 1 that determines the location of the workpiece

15 by matching the coordinates of the points that are measured on
the workpiece to the model surfaces stored in the CAD/CAM
system 2. Since the stylus of the probes employed in this
embodiment of the invention has a finite physical size, in
order to perform a proper comparison, the dimensions of the

20 model are enlarged by the size of the stylus.

A user interacts with the gauging system 1, the
CAD/CAM system 2, and the sensor/machine system 3 using the
interface 4. The interface 4 provides a user with a capability
25 of displaying a model stored in the CAD/CAM system 2, entering
data which is requested by the system at a given stage of
manufacture and interactively selecting displayed features. It
provides a further capability of controlling the position
sensors interactively, so that a user can probe a desired point
3p located on a surface of the workpiece, which is clamped on the
machine table of the system 3. A standard peripheral device,

such as a joystick, can be employed to control the motion of
the probes.

35
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At any stage of manufacture, the surfaces of a
workpiece can be classified as follows:

1) standard surfaces, i.e. surfaces that are
completely machined according to the specifications of the
finished product. These surfaces are always probed to
determine the position and orientation of a workpiece;

2) envelope surfaces, i.e. unfinished surfaces that
encircle the surfaces of the finished product. These are
either surfaces of the stock or surfaces of a workpiece
produced at an intermediate stage of manufacturer.

The data that describes standard surfaces is always
stored in the CAD/CAM system 2 because standard surfaces define
the final product as designed. The CAD/CAM system 2 may also
store information that defines the envelope surfaces, or a user
may specify this information interactively at a specific step
of the manufacturing process. In addition, the CAD/CAM systems
2 stores the tool paths that define the motion of the tools of
the sensor/machine system 3 during the manufacturing process.

According to this invention, the surface points that
define the position and orientation of the workpiece can be
measured either interactively (by a user controlling the probes
via the interface 4) or automatically (under the direct control
of the gauging system 1). After the coordinates of a
sufficient number of points located on the surfaces of a
workpiece are measured, the gauging system 1 computes the
Euclidean transformation that matches the location of the
workpiece to the location of the model. Using this
transformation, the Gauging system modifies the toolpaths for
proper machining of the workpiece by applying the
transformation to data that defines the toolpaths. Also, the
computed transformation is useful for quality control
procedures, and for a variety of other applications discussed

35 below.
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Fig. 2 illustrates a high level interface that helps
a user to select an appropriate technique of the method of this
invention in order to increase the efficiency of probing by s
taking advantage of the geometric properties of a particular
workpiece. If a workpiece can be described as a two- K
dimensional object (test 10), a user has an option of selecting
a fully automated technique (block 12). Otherwise, if one
standard surface of a workpiece is parallel to the machine
table or there is at least one planar standard surface of the
10 workpiece (test 13), a different automatic technique which,
however, requires certain human interaction, can be employed
(block 14). 1If a given workpiece does not possess special
geometric features that would permit employing one of the
simplified techniques of the method of this invention, a
15 generalized semi-automated technique, applicable to workpieces

of arbitrary shapes, is employed (block 15).

2. METHOD AND SYSTEM FOR DETERMINING
POSITION AND ORIENTATION OF A
"THREE-DIMENSIONAL" WORKPIECE

20 Figs. 3(a) and (b) illustrate a flowchart that
describes the steps of a technique for determining the position
and orientation of a workpiece. The process starts at block 32
where a user displays a graphical representation of the model
of the workpiece on a screen of the interface 4. ‘Also, at this

25 step, a user clamps a workpiece to the machine table of the
system 3, and then interactively changes the orientation of the
model such that each virtual surface represented by the model

(surface of the model) has approximately the same orientation
as a corresponding surface of the workpiece. The interface 4
30 provides a user with a capability of changing the orientation
of the model interactively. Such rotational transformations
are generally available in commercial CAD/CAM systenms.
Alternatively, first, a user may rotate the model to an

orientation convenient for machining and then clamps the
35
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workpiece accordingly. The permitted discrepancy between the
orientation of the edges of the workpiece and the corresponding
lines of the model can be approximately 15°. However, if a 3-
axis milling machine is utilized as a machine tool, a higher
degree of accuracy in the direction that corresponds to Z axis
of the machine tool might be necessary. Next, a user indicates
a reference point, which is usually a cormer or a center of an
edge or a face of the workpiece, by interactively identifying
this point on the model, for example, by using a mouse, and
then moving the probe to touch the corresponding point on the

10
workpiece, for example, by using a joystick.

The above steps provide an approximate homing
transformation that correlates the position and orientation of

the workpiece to the position and orientation of the model.

" The rotational component of this transformation is established
by positioning the workpiece and the model at similar
orientations and the specified reference point provides the
translational component. However, this transformation is

20 insufficient for precision machining of the workpiece.

In another embodiment of the invention, the
approxiﬁate location of the workpiece can be determined by
measuring several characteristic points or features of the

25w'orkpiece clamped on the machine table and then displaying

these points or features on the same screen where the model is
displayed. Then, a user can change the orientation of the
model, which is displayed on the screen, so that its position
and orientation approximately matches the position and
3oorientation of the measured points or features. It should be
noted that there is a variety of alternative methods for
determining the approximate transformation. For example, a
user may indicate three reference points on the model and then

measure the corresponding points on the workpiece.

35
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To derive an accurate transformation, coordinates of
the points located on the surfaces of the workpiece are
measured. The accurate transformation is determined by
computing the least square, satisfactory, and best homing
transformations. The method of this invention provides both
automatic and interactive options for measuring the coordinates
of the points on the surfaces of the workpiece. Also, there is
an option of probing certain points interactively and then
directing the system to collect the remaining data
automatically. Typically, interactive probing is advisable if
a surface contains irregqgularities, such as holes, or there is a
clamp located on the surface, or probing may cause a collision
between a spindle of the machine and the workpiece or a clamp
that holds the workpiece. 1In this embodiment of the invention,
three points, which are not located on the same straight line
(non-collinear), are always probed interactively. There points
can be located on the same or different surfaces of the
workpiece. Thereafter, an option to select automatic probing
is provided, as indicated in test 38.

During interactive probing, a user indicates the
surface of the model that he is planning to probe (block 33)
and then uses a peripheral device of the interface to move the
probe to a point on the designated surface (block 34). At test
35, the system requests a user to indicate whether he wants to
probe another point on the specified surface interactively,
and, if so, the control is transferred to block 34. If, at
test 35, a user indicates that he has completed probing points
on a specified surface, the system requests a user to indicate

39 Whether he wants to probe another surface interactively (block

36), and, if so, the control is transferred back to block 33.
Otherwise, control passes to test 37, where the system checks
if the total number of probed non-collinear points is greater
than two in order to assure that the least square homing

35 technique described subsequently, provides a unique solution.
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If at least three non-collinear points have not been collected,
the system requests a user to probe additional points and,
therefore, the control passes back to block 33. Otherwise, if
at least three non-colinear points have been probed, system
flow is transferred to test 38, where a user is provided with
an option to switch to automatic gauging. If, at this point,
the automatic option is not selected, control passes to block
39, where the least square homing transformation, which is an
accurate transformation described in conjunction with Fig. 4,
is computed. Thereafter, at block 40, a reliability analysis,
discussed in conjunction with Figs. 7(a)-(d), is performed. If
the reliability analysis shows that the homing transformation
determined at the previous step is not reliable (block 41), the
control passes back to block 33, where a user is requested to
collect coordinates of the additional surface points. If the
transformation determined in block 40 is reliable, flow passes
from block 41 to block 42, where the satisfactory homing
transformation and the best homing transformation, discussed
subsequently, are computed. If, at block 38, a user selected
an automatic gauging option, control is transferred to block
43, where the system collects coordinates of the surface points
automatically until a reliable least square homing
transformation is determined. Thereafter, control passes from
block 43 to block 42 for computing the satisfactory and best

homing transformations.

After the best homing transformation U has been
determined at block 42, the misalignment of the z-direction of
the workpiece with respect to z-axis of the model can be easily

computed using known methods (see Analytic Geometry, with an

Introduction to Vectors and Matrices, by D.C. Murdoch, chapter
9 (John Wiley & Sons, 1966). As mentioned previously, if z-

direction alignment is not sufficiently accurate, precise
machining using a 3-axis machine is not feasible. 1In this

35 case, a user has to reclamp the workpiece, so that the z-
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direction of the workpiece is closer to the z-direction of the
model and the procedure of Fig. 3 is repeated. However, if the
machine tool of a particular embodiment of the invention is

adjust the z-direction. For example, this automatic operation
is feasible if the machine tool is a 5-axis milling machine.
More specifically, a 5-axis machine would rotate the machine
table about the z-axis so that the z-direction is parallel to
the xz plane, and then rotate the machine table about the y-
axis so that the z-direction is parallel to the z-axis of the

10

machine coordinate system. This operation can be expressed by
a Euclidean transformation (U;) as described in a variety of
books on geometry. For example, Analytic Geometry, with an

15 Introduction to Vectors and Matrices, by D.C. Murdoch, chapter
9 (John Wiley & Sons, 1966). In this case, the toolpaths are
modified by the transformation U_lUl; which is a product of the
inverse of the best homing transformation obtained in block 42

and the transformation employed in adjusting the z-direction of

20 the machine.

2.1. METHOD AND SYSTEM FOR DETERMINING
LEAST SQUARE HOMING TRANSFORMATION

Referring now to Fig. 4, there is shown a more
detailed flowchart of the technique for determining the least

26 square homing transformation, which relocates the coordinates

of the workpiece to fit with the coordinates of the model, so
as to minimize the sum of squared distances from the points
measured on the standard surfaces of the workpiece to the
corresponding model surfaces. Hereinafter, this technique (and
variations thereof) is referred to as "“least square homing"
technique. As indicated previously, this technique is applied,
after the coordinates of a plurality of points located on the

surfaces of the workpiece have been measured. It should be

.

35

capable of adjusting the z-direction of a workpiece clamped on
the machine table, the system would control the machine to
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noted that, in this embodiment of the invention, the least
square homing technique is applied to the points measured on

the standard surfaces.

The least square homing technique is an iterative
method that computes a series of Euclidean transformations
which progressively decrease the sum of the squared distance
from the points probed on the surfaces of the workpiece to the
corresponding surfaces of the model. Hereinafter, a surface S
of the model that corresponds to the surface of the workpiece,
where a point p was measured, is a "home" surface of the point
5. Let Ei i=1,2,...n denote the points measured on the
workpiece, U(pi) denote the position of a point P; after
transformation U has been applied to this point, and let
d(U(ﬁi), S,) represent the distance from the point U(ﬁi) to the
surface S., which is the surface of the model that corresponds
to the surface of the workpiece where Py has been measured
(i.e. S is a home surface of p;). More specifically, the
least square homing technique determines a Euclidean
transformation U such that the value of the following
expression is minimized:

S[d(U(By), $;)1°

1

The process depicted in Fig. 4 starts at block 50
where an approximate transformation is assigned to the variable

U, the measured coordinates are saved as a, = P; and the

transformed coordinates as 9; = U(ﬁi). Ne;t, at block 51, the
transformation U is applied to the coordinates of each measured
point 5i stored as Ei and the new values of each Ei are
obtained. Flow then passes to block 52, where, for each point
Ei’ the system determines a point 51 located on the

corresponding home surface Si of Py such that the distance

35 between ai and 5i is less than the distance between Ei and any
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other point on Si' The system then determines the plane TPi
which is tangent to Si at point g - (Hereinafter ng denotes
the unit normal vector of the tangent plane 'I'Pi to a surface Si?
at point qi). It should be noted that this closest tangent

5 plane of a surface is easily determined using known
computational methods. If the surface is a sphere, a cylinder,
a plane, or a cone, the closest tangent plane can be determined
using well known geometrical methods. If the surface is a
smooth surface having a more complicated shape, the

¢

10 minimization method described in various books on calculus or
operations research can be used. For example, see Mathematics
for Operations Research by W.H. Marlow, chapter 7 (John Wiley &
Sons, 1978); and Nonlinear Programming: Analysis and Methods
by M. Avriel (Prentice=Hall, 1976).

15
Flow then passes to block 53 which computes the sum

of squared distances from each transferred point, which was
measured on a standard surface of a workpiece, to the
corresponding home surface on the model as defined above. At
20 test 54, the process terminates if (1) this is not the first
iteration of the loop (blocks 51-56), and (2) the difference
between the result obtained in block 53 during the previous
iteration and the result obtained at block 53 during the
current iteration is less than a predetermined value. When the
25 least square homing transformation is determined, a computed
location of the workpiece can be determined by applying the

inverse least square homing transformation to numerical data
corresponding to the model.

30 Otherwise flow passes to block 55, where the "tangent
transformation" T that minimizes the sum of squared distances
between each transformed point T(ﬁi) and the corresponding :

tangent plane is determined. The "tangent transformation" T- -
’

consists of a "tangent rotation," which is denoted by vector r
35=(u,v,w) that passes through (0,0,0) of the coordinate system,
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and a translation, which is denoted by vector v=(x,y,z). The
tangent rotation is different from a Euclidean rotation and,
therefore, the tangent transformation is not a Euclidian
transformation. A Euclidean rotation "moves" a point p along a
circle C with a center at the axis of rotation, whereas the
tangent rotation moves a point p along the tangent line to a
circle C passing through p, as though drops of water move off
a rim of a rotating umbrella. More specifically, the tangent
transformation transforms a point p to a new position p + ¥ x p
10 + v. Hereinafter, T- v denotes a tangent transformation and
U= - denotes a Euclldean transformation. The Euclidean
trénsformatlon Uz 5 includes a Euclidean rotation of radian |r|
about the vector r and a translation by vector v. Although
Euclidean and tangent transformations are different, both
15 transformations produce similar results for small values of r.
The Euclidean rotation and translation can be found in a
variety of books on geometry, such as Computer Graphics b D.F.
Rogers et al., chapter 3 (McGraw-Hill, Inc. 1976), Analytic
Geometry with an Introduction to Vectors and Matrices by D.C.
Murdoch, chapters 4 and 9 (John Wiley & Sons, 1966). The

vector product r x p can be found in Differential and Integral

20

calculus, by R. Courant, p.1l4 (Interscience publishers, 1936).

After the tangent transformation Tf 7 has been

14
applied to each point p the sum of squared distances from

25
each transferred point T(p ) to the corresponding tangent
planes is expressed in terms of not transformed values of pi as

follows:

- - - - - .— 2
30 E=Ei[(pi+rxPi+V"qi) ni]

Where ° is the inner product described in various books on
geometry and linear algebra, such as Elementary Linear Algebra

35 by B. Kolman, chapter 3 (Macmillin Publishing Co., 1982).
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The best tangent transformation Tf ks that minimizes
E is determined as follows.

for the variables u,v,w
are linear functions of
. the following system of
r=(u,v,w) and v=(x,y,z),

'X,¥,2 by E , E/

-20-

ulvlwlxlylz

six linear equations with six unknowns,

is solved. .

PCT/US91/06683

4

Let us denote the derivatives of E
» Egr Ey, E
In order to minimize E,

Y

, Ez, which

Eu--ZE[(pi + rx Py + v - ) n, ](plynlz plznly)-o
0 By T LRy ¥ X X Py V- dy)en;1(Py 0, 7PyyRy,) =0
Ew-=2'§[(pi + r x pi + v - ) n, ](plxnly lynix)=o (A)
15 EX==2iZ[(pi + r x P; + v - qi).ni]nix=0
Ey_= ZiE[(pi 4 r X P; + v - qi) ni]niy=0
20 = = = S _ = - _
EZ==2iE[(pi + r x p; + v qi).ni]niz-o j
where
o5 ni=(n'x’yi ’ziz)
‘(Plxlplyiplz)
-(q

ix! qul qlz)

The solutions of the above system of equations

30 provides rotational and translational transformation vectors r
=(u,v,w) and §=(x,y,z) of the tangent transformation.
vectors also define a Euclidean transformation Uf e

These

(In a
[4

two dimensional case, u=v=z=0 and, therefore, the system of

35

equations Ew=Ex=Ey=0 is solved to determine w,x,y).

®

ity
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Next, at block 56, a new Euclidean transformation U
is obtained by multiplying the previous value of the
transformation U by the transformation U;,;, in which vectors T
and Vv are determined at block 55. Initially, the value of U is
the approximate homing transformation determined at block 50.
In the subsequent iterations, the value of U is the value
determined in block 56 during the previous iteration.
Thereafter, flow returns to block 51, where the Euclidean
transformations U is applied to each point Ei. This iterative
process continues until the desired accuracy of the
transformation is achieved (test 54). If the initial
transformation determined in block 50 is sufficiently accurate,
the least square homing technique practically always converges
to an improved transformation which has the desired accuracy

specified in block 54.

In the alternative embodiment, at block 55, the least
square homing transformation can be determined by first
translating the coordinates of the measured points so as to
minimize the sum of sqguared distances from the peoints to the
corresponding home surfaces, and then, applying the tangent
rotation about the center of gravity of the translated points
to minimize the sum of squared distances further. This method
requires solving two linear systems of equations with three
unknowns, instead of one system with six unknowns.

In another embodiment, at block 55, the sum of
squared distances can be minimized by first performing a
translation that minimizes the sum of squared distances along
the x-axis, then performing similar translations along y-axis
and z-axis and, finally, minimizing the sum of squared
distances by rotating each point about the lines passing
through the center of gravity of the translated points and

parallel to x, y, and z axes. This technique requires a
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computation of six equations, each of which with one unknown,

namely, one equation for each translation and one equation for
each rotation.

The system of equations (A), defined in conjunction
with block 55, has a unique solution only if the determinant of

the system is not zero, otherwise, there are infinitely many
solutions and, as a result, the unique position and orientation

of a workpiece cannot be determined. This problem may arise in
one of the following two cases.

The first situation occurs when the total number of
measured surface points is insufficient to determine the unique
position and orientation of the workpiece, however, additional
measurements would supply sufficient data to determine the
transformation uniquely. The second situation arises when the
standard surfaces that are machined on a workpiece at a
particular stage of manufacture do not uniquely define the
position and orientation of the workpiece. For example, it is
impossible to determine the position of the workpiece by two
parallel planar surfaces regardless of the number of measured
surface points, because the workpiece can "slide" along these
surfaces. Hence, there may be a plurality of possible
positions of the workpiece even if the orientation of the
parallel planar surfaces are correctly defined.

Fig. 5 depicts an extension of the method described
in conjunction with block 55 in Fig. 4, which provides the
"closest" solution for r and Vv in both situations described
above. As indicated in Fig. 5, if the determinant of the
system of equations (A) is non-zero (test 57), the control
passes to block 58 where vectors r and Vv are uniquely

determined as discussed previously. Otherwise (the determinant
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of (A) is zero), the control passes to block 59 where the

closest solutions for r and v are determined using the

following method.

At block 59, the transformation Ul' which is the
closest transformation to the approximate homing transformation

U, is selected such that

2a2 (U, (), U(B;)) = 24% (U (By),3;)
1 1
10

is minimized.

As indicated at blocks 55 and 59, the system selects
the tangent transformation Tf v from the set of possible
15 tangent transformations T thaé minimize the sum of squared
distances from each transferred point T(ﬁi) to the closest
tangent plane TP,, which is the closest to U. This is
accomplished by solving the system of equations (A), provided
above, using the Gausian elimination algorithm (see Elementary

20 1inear Algebra by Howard Anton, chapter 1, (John Wiley & Sons,

Inc. 1973)) and expressing the solutions parametrically as a

system of equations (B), with m parameters tl, ooy tm, shown
below
25 -
u = c10 + clltl +...+ clmtm \
vV = Cyg + c21t1 I Cthm
W = Caq + c31t1 +o..t c3mtm
X = Cuy + c41t1 +...+ c4mtm ? (B)
20 Y = Cg + c51tl +o..F c5mtm
Z = Cg + c61t1 +...t csmtm /

35
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The constants cij are obtained using the Gausian
elimination algorithm. The parameters tl,..., tm are selected
such that the sum of squared distances from each transferred
point T(Ei) to §i=U(§i) is minimized, as described below.

Let us denote the distances along x,y,z axes from
each transferred point p; to the point 94 =(gix'giy'giz) by
Dix'Diy’Diz' These distances can be expressed as follows:

10 Dix=pix+vPiz-wPiy+x—gix
Piy PiytWPiyUP;,+Y~9;,
+up,

Di;=Pi, iy VPixt279;,

Therefore the selected values of tl, e eey tm should minimize

15 the following expression

n
2 2 2
ii&”ix + Dy, + DY,]

20 The value of the above expression is minimized if parameters
tl, ey tm are selected to satisfy the following equation:

n
=[D. (p
i=1t%

25 Dy, (P3yC137P14Cp4%C64) 170 (c)

12523 Piy®337C45) ¥D1y (P34 C347P; 01 yC54) +

j=1,...,m

As defined above D. . . i i
ix’ Dly' Dlz are linear expressions

30 of u,v,w,x,y,2z in which each of u,v,w,x,y,2z is a linear
expression of tl, cen, tm. Therefore, the combination of
equations (B) and (C) is a linear system of m equations and n

35

[0
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unknowns tl,...,tm. Solving the system of equations for
tl""’ tm and substituting the obtained values of tl, ey tm

into the system of equations (B), the transformation vectors

r=(u,v,w) and v=(x,y,z) are determined.

2.2 RELIABILITY ANALYSIE

As indicated, the least square homing technique
discussed in conjunction with Figs. 4 and 5 provides a way of
determining the transformation that defines accurate position
and orientation of the workpiece with respect to the coordinate
system of the model. Under this transformation, each measured

point ﬁi is accurately transformed to a corresponding home
surface of the model. However, since there is a finite error
associated with each measured point, the result might still be
inadequate. Therefore, as indicated in block 40, Fig. 3, the
reliability of the transformation has to be verified. The
technique of block 40 is described in detail below.

The issue of reliability will become apparent if we
consider the following example. To determine the orientation
of the triangle 70, shown in Fig. 6, it is necessary to probe
two points on any edge. However, due to the error of probing,
which is usually a function of the accuracy of the probe and
the quality of the workpiece surfaces, if the points are probed
very close to each other, such as points 71 and 72, the
orientation of the triangle computed on the basis of these
points is not rotationally reliable, because the angular error
is proportional to the probing error divided by the distance
between the measured points (71 and 72). The rotational
reliability of the computed orientation of the triangle 70
would be increased if points 71 and 73 were probed, since there

is a greater distance between the points.
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Assuming that points 71 and 73 are probed, to
determine the position of the triangle, it is necessary to
probe another point on a different edge of the triangle. For
example, if point 74 is probed, a small probing error
associated with point 74 may cause a large error of the
computed position of the triangle in the horizontal direction
if angle 76 is small, because the error is proportional to the
probing error at point 74 divided by the sine of angle 76. 1In
other words, the translational reliability of the computed
position of the triangle along the horizontal direction is not
sufficiently reliable. In this illustration, if another point
75 were probed, the translational reliability would be
increased. If the computed location of the workpiece is not
translationally or rotationally reliable, there is a
possibility that the computed position and orientation of the
workpiece is different from the actual position and
orientation, and, thus, the modified tool paths would not
produce sufficiently accurate machining. Therefore, the
reliability analysis is required.

During the reliability analysis of block 40, the
systems assume that the computed location of the workpiece
differs from the actual location of the workpiece by a certain
error value. The system performs a statistical analysis and
determines the bound of such error so that the probability that
the error is greater than the bound, is negligible. The
probability P(B) that the possible error is greater than a
bound B decreases as the value of B increases. It is known
from probability theory that, if P(B) is less than a small
number ¢, P(B)<e, the probability that the possible error is
bounded by B (not larger than B) is not less than 1-¢, where
l-¢ is a confidence limit.

gy
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Also, it should be noted that the reliability
analysis computes the bound of error of the transformation with
respect to a specified direction in three-dimensional space.
However, according to this invention, the direction can be
determined in which the possible error of the transformation is
greater than in any other direction. Therefore, the
reliability analysis is performed only with respect to this

worst case direction.

10 As indicated, at block 40, the measured points have
been already transformed by the least square homing

transformation of block 39, so as to minimize the sum of
squared distance (EO) from each point Bi to the corresponding
home surfaces Si. Let us denote the transformed points as

15 pi=(pix,piy,piz), the corresponding closest points on the home

surfaces Si as qi=(qix’qi qiz)’ and the normal unit vector ,at

yl
x'niy'niz) ’
invention, first, the system makes an assumption about the

point ai as ﬁi=(ni 1<i<n. According to this

actual position and orientation of the workpiece, i.e.,

20 translational distance d along a given direction and the total
rotational angle o« of the computed location of the workpiece
with respect to the assumed actual location of the workpiece.
Next, the sum of squared distances E from each point of the
assumed actual location to the corresponding home surface is
computed. This error value E is necessarily greater than Eo'
Let us assume that Eo is increased by E, such that the total

2
The value of total error increases as a

25

error E is E_+E,.
function of d and «. Using the F-test in statistics analysis
the system computes the upper bound of the value of F =

30 (EO+E2)/EO, and then computes the sufficiently accurate upper
bound of the values of d and a« on the basis of the upper bound
of F. The F-test analysis is described in a variety of
testbooks on statistiés, for example, see Introduction to
Mathematical Statistics by Paul G. Hoel, pp.150-151 (John Wiley

35 & Sons, Inc., 1947)
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To verify reliability, the system performs
translational and rotational reliability analysis. The
description of the translational reliability analysis is
provided first. Subsequently, the rotational reliability is

discussed.
5
To analyze translational reliability, let us express
a vector which simulates a translational movement of the
assumed actual position of the workpiece with respect to the
10 computed position as §=(x,y,z). As indicated, the sum of
squared distances of the assumed actual position of the
workpiece is E2 greater than the error EO of the computed
position; thus the total error of the assumed actual position
is '
15
E = E0+E2
E, and E, are computed using the following computation steps:
20 £117Mix
f21 iy
f31 iz (1)
L4315 (Piy 945004y (p ~qiy)ny yt(Piz7d;,)0;,
for i = 1,2,...,n.
25 n .
lj Zflkfjk for 1,3 = 1,2,3.
k=1 (2)
n
B =Sf2,
30 i=1%4

(3)

35
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E,=(x,¥,2)J(%,y,2)’ (4)

In the above expressions, (x,y,z)’ is the transpose matrix of
(x,¥,2), J is a 3 X 3 matrix J = (cij)3x3 (in a two-dimensional
case, the third row and the third column of the matrix J are

§ zero and can be removed and, therefore, J is a 2x2 matrix).
The F-test technique, as applied in this embodiment of the
invention, provides the following bound of the distance 4,
which is the translational difference between the actual and
computed positions, along the direction v=(x,Y,2):

10

dikfle(Eo(x2+y2+zz)/E2)l/2 (5)

with probability not less than 1- ¢, where 1- ¢ is the
confidence limit and f is the degree of freedom which is n - 6

15 for three-dimensional objects and n - 3 for two-dimensional
objects. The constants kf,e are provided in the following
table.

20

25

30

35
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_3 0_

€ 0.050 0.010 0.005 0.001
f= 2  4.24

f= 3 2.87

f= 4 2.32 3.87 __
f= 5 2.01 3.16 4.71 _
f= 6 1.81 2.73 3.17 4.36
f= 7 1.67 2.45 2.81 3.74
f= 8 1.56 2.24 2.55 3.32
f= 9 1.48 2.09 2.35 3.02
f= 10 1.41 1.96 2.20 2.78
f= 15 1.18 1.59 1.75 2.13
f= 20 1.06 1.39 1.52 1.81
f= 25 0.98 1.27 1.38 1.62
f= 30 0.92 1.18 1.28 1.49
f= 35 0.87 1.11 1.20 1.39
f= 40 0.83 1.06 1.14 1.31
f= 45 0.80 1.01 1.09 1.25
f= 50 0.77 0.97 1.05 1.20
f= 60 0.73 0.91 0.98 1.12
f= 70 0.70 0.87 0.93 1.06
f= 80 0.67 0.83 0.89 1.01
f= 90 0.65 0.80 0.85 0.97

f= 100 0.63 0.77 0.83 0.93

The values of Kf,e for other values of f can be
obtained by interpolating the values provided in the table
above. Generally, the value of Kf,e =,/1 - B where the values
of B can be found along the diagonal line of the table in
Introduction to Mathematical Statistics by Paul G. Hoel, p.250

(John Wiley & Sons, Inc., 1942).
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To determine the worst case direction in which the
error of the transformation is greater than in other

directions, the system computes the Eigen values and Eigen

vectors of the matrix J of equation (4). The techniques for

5 computing Eigen values and Eigen vectors are described in
Elementary Linear Algebra by Howard Anton, chapter 6, pp.233-
252 (John Wiley & Sons, Inc. 1973). If the smallest eigen
value of J is A, the error along any direction is bounded by

1/2

10 d<ky | (E/A) (6)
The Eigen vector corresponding to the smallest Eigen value is
the most unreliable direction.

15 In computing the rotational reliability, a vector r
is defined and a rotational movement of the assumed actual
position around this vector is simulated. The values of E, and
E,, defined previously, are computed as follows

20 £117Piy"i,7PizNiy

f2i=piznix-pixniz
£317PixMiy PiyMix
L41™Mix (1a)
T5i=niy
2 L6174z
= o= .+ o=, . . ~q. .
f71 (plx qlx)an (ply qu)n1y+(plz q1z)nlz
where i=1,2,...,n.
n
cij=2fikfjk for 1, = 1,..,6. (2a)
30 k=1
n
gl
E=2tqy
i=1 (3a)

35
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Next, matrix J is defined as

J = (cij)st‘ (4a) =
Note that J is a symmetric matrix. At this point, the system 2
eliminates the upper right and lower left portions of the

matrix J using a symmetric linear transformation. More
specifically, the system performs a row transformation in order

to eliminate the upper right portion of J. In other words, the
system determines a matrix

W= {os)
wherein E is a unit matrix, O is a zero matrix, A and B are
arbitrary matrices selected such that the upper right portion
of WJ is eliminated. Since J is symmetric, the upper right’and
lower left portions of the matrix WIW’ are eliminated and this
matrix can be represented as follows

, _[RO
WIW (oc)

wherein matrix R is necessary for subsequent computations and C
is an arbitrary matrix. 1In other words, the system determines
3 x 3 matrices E, O, A, B, C, R such that

(gg) J (ggj = gg) (5a)

where E is the unit matrix, 0 is the zero matrix, A and B are
arbitrary matrices. Therefore, the matrix R is obtained. An

elimination method that uses row and column matrix

transformations is described in Elementary Linear Algebra by
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Howard Anton, chapter 1 (John Wiley & Sons, Inc. 1973). After
the matrix R is determined the value of E, is computed as

follows:
E,=(u,V,W)R(u,v,w)’ (6a)

The angular error o about the direction r is bounded

by the following expression
2,.2,..2 1/2
a<ke | (Eg (W +v4u®) /E,) (7a)

with probability 1-¢. The bound of the angular error about the

worst case direction r is determined by computing the smallest

Eigen value ) of R.
1/2
a<kf'€(Eo/A) (ga)

If the position and orientation of a workpiece is
completely defined by the standard surfaces, the translational
reliability and the rotational reliability analysis for all
directions is performed by performing the reliability analysis
for the worst case directions, in which the error is bounded as
defined in expressions (5) and (8a). However, in certain
cases, the position and orientation of the workpiece can not be
determined by the positions and orientations of standard
surfaces only. For example, if the workpiece has only two
standard planar surfaces, it can "slide" along a particular
direction, and, therefore, the translational reliability along
the sliding direction would not be useful.

In such special circumstances, the reliability is
analyzed according to the following six categories. As
indicated, the translational and rotational reliabilities for a
plurality of directions are verified by determining the
reliability of the worst case direction.
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.(1) If the set of standard surfaces consist of
concentric spheres, the translational reliability for the worst
case of all directions is verified.

5 (2) 1If the set of standard surfaces consist of
parallel planes, the rotational reliability with respect to the
worst case of all directions which are parallel to these planes
is verified.

10 (3) If the set of standard surfaces consists of
cylinders with the common rotational axis, the rotational
reliability about the worst case of directions that are
perpendicular to the rotational axis is verified.

15 (4) If the set of standard surfaces consists of
spiral surfaces with a common axis of rotation and a common
pitch, the rotational reliability for the worst case of all
directions is verified.

20 (5) If the set of standard surfaces consists of
surfaces generated by a curve and a translation along a given

direction, the rotational reliability for the worst case of all
directions is verified.

25 (6) If the set of standard surfaces consists of a
rotational surface generated by a curve and a rotation, the
rotational reliability about the worst case of all the

directions that are perpendicular to the rotational axis are
verified.

Figs. 7(a)-(d) depict the flowcharts that summarize
the reliability analysis of this invention. Fig. 7(a) depicts
a procedure which performs the selection of the appropriate
variation of the reliability analysis according to the shape of
35 the standard surfaces of a particular workpiece. At test 80,
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if the set of standard surfaces belongs to category (1) control
is transferred to block 81 in which the translational
reliability is analyzed for all directions, as shown in Fig.
7(b). At test 82, if the set of standard surfaces belongs to
categories (2), (3) or (6) (i.e. standard surfaces of the
workpiece have a common rotational axis), flow passes to block
83 in which the rotational reliability analysis is performed
for the directions which are perpendicular to the rotation
axis, as depicted in Fig. 7(c). At test 84, if the set of
standard surfaces belongs to categories (4) or (5), control
passes to block 85 in which the rotational reliability is
analyzed for all the directions as depicted by Fig. 7(d).
Otherwise, the control passes to block 86 in which the
translational reliability analysis is performed for all the
directions as depicted in Fig. 7(c) and the rotational
reliability analysis for all directions, as depicted in Fig

7(d).

In Fig. 7(d), ) is the smallest Eigen value of R, and
in Fig. 7(c), ) is the second smallest Eigen value of R. 1In a
two-dimensional case, if the set of standard curves (which are
standard surfaces in two dimensions) consists of concentric
circles, the translational reliability analysis for the worst
case of all planar directions is required. If the set of
standard curves consists of parallel straight lines, the
rotational reliability analysis about the z-axis is required.
Otherwise, both translational reliability analysis for the
worst case of all directions and rotational reliability

analysis about the z-axis are required.

2.3 METHOD AND SYSTEM FOR DETERMINING
SATISFACTORY HOMING TRANSFORMATION

In block 42 of Fig. 3, the system has already
determined the least square homing transformation which aligns

the points measured on the standard surfaces of the workpiece
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with the corresponding home surfaces of the model very closely.
Furthermore, at this point, the transformation is sufficiently
reliable. 1In block 42 the system verifies that the
transformation satisfies the tolerance requirements specified
for the particular mechanical component.

First, a satisfactory homing transformation is
determined. This transformation transforms the features
measured on the workpiece, as defined by the probed points,
within the tolerance zones of the features of the model and the
points measured on the envelope surfaces of the workpiece
outside the surfaces of the model.

The tolerance specifications can be expressed by a
set of inequalities:

H; (E)<0, i=1,...,e.

where the values H, (E) are functions of the transformation E.
The transformation E for which the inequalities are satisfied

is the satisfactory homing transformation for a given
workpiece.

For each inequality, the system defines a cost
function Ci(E):

0 if H,(E)<0
Hi(E) otherwise

{ Ci(E)
C; (E)

and an objective function f£(E):

3
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)
f(E)=ECi(E).
i=1

The tolerance requirement is satisfied if and only if the

minimum value of f£(E) is 0.

Each cost function quantifies to what extent a given
inequality is not satisfied. For example, a cost function can
be defined as a shortest distance from the position of a point
measured on the surface of a workpiece and transformed by E to
the corresponding tolerance zone of the model. If the
transformed point is within the tolerance zone, the distance

and the cost function is zero.

Figs. 8(a)=-(c) is an example which illustrates how
the tolerance inequalities are defined. Fig. 8(a) depicts dn
example of a model 155 of a mechanical component. The
dimensions of the component’s features and the corresponding
tolerances are also stored as part of the model. 1In this
example, the tolerances of all the dimensions are 0.01 inch,
except for the distance 124 between the centers of the holes
121 and 122 and the distance 125 between the line 126 passing
through the center of the hole 122 and the edge 123. The
distances 124, 125 have tolerances 0.0001 inch.

Fig. 8(b) depicts a workpiece 120 randomly or
approximately clamped on the machine table. The workpiece 120
has to be machined according to the model 155. At the stage in
manufacture illustrated in Fig. 8(b), the hole 121 and the
edges of the workpiece have been machined such that the
relative position of the hole 121 with respect to the edge 123
is within the tolerance 0.01 inch. Also, eight points, 131-
138, have been probed on the workpiece 120. At this point, the
satisfactory homing transformation is a transformation that
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transforms the points measured on the workpiece such that, if
the hole 122 were machined on the basis of this transformation,

all the tolerance specifications would be satisfied.

Let us assume that a reliable least square homing

5 transformation E, can be computed on the basis of the measured
points 131-138. Fig. 8(c) illustrates the model in which
points 141-148 are the measured points 131-138 that have been
transformed by the least square homing transformation El‘ Note

10 that, in this illustration, the mismatch is deliberately

exaggerated so that points 141-148 are not very close to the
corresponding home curves (the surfaces are curves in this two
dimensional illustration). The location of the center of the
hole 121 of the workpiece can be calculated on the basis of the
15 proped points 131-138. Let us denote the center of circle 121
as c,, which is illustrated in Fig. 8(b) as point 150. Thls
point is transformed to point E (cl), which is indicated in
Fig. 8(c) as point 149, by the computed transformation. Let us

denote the center 151 of the hole 122, which has not been

20 machined, as point 52'. The distance between point E (cl) and
’

point EZ is d(E (cl) c ) This distance can be calculated and

should satisfy the follow1ng inequalities

d(El(El),é')- 5.0001 < O

25 - -
4.9999 - d(E;(5;),E ,) < O

Let us denote point 138 (Fig. 8(b)) measured on the

workpiece as point p. This point is transferred to the point

30 148 (Fig. 8(c)). Let us denote point 148 as point E (p)
El(p) has to be within the tolerance 0.0001 with respect to the
edge 123. Let us denote the y-coordinate of edge 123 of the °
model as Yor and the y-coordinate of E (p) as Y(E (p)) Thus,
the following tolerance inequalities can be deflned

35
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Y, - Y(El(ﬁ))- 0.0001 < O

Y(E) (P))= ¥;=0.0001 < O

Similar expressions can be derived for the other
measured features. Also, a tolerance zone is defined "outside"
of the surfaces of the model in order to define inequalities
for the envelope requirement, i.e., the requirement that the
points measured on the envelope surfaces should be transformed
outside of the model surfaces. The transformation that
satisfies these inequalities is a satisfactory homing

transformation.

To determine a transformation which satisfies the
inequalities of the tolerance and envelope requirements, a cost
function C; (E) is defined for each inequality, and an objective
function f(E) is defined as a sum of squared values of cost
functions, as shown above. The inequalities that specify
tolerance and envelope requirements are satisfied if and only

if the minimum value of the objective function is zero.

The least square homing transformation E = EE,G has
six parameters r=(u,v,w) and v=(X,y,z) and the objective
function f(E) can be expressed as f(E)=f(Ef,6)
=F(u,v,w,X,Y,2z)=F(X), where F(X) is a function of X which is a
point or a vector in a 6 dimensional space. Therefore, the
problem of determining the minimum value of f(E), which should
be zero if tolerance and envelope specifications are satisfied,

is equivalent to determining the minimum value of F(X).

If the objective function of the least square homing
transformation is not zero, the mountain climbing method,
depicted in Fig. 9, is employed for adjusting the least square
homing transformation, determined previously, so as to obtain a

35 transformation for which the objective function is zero. 1In




WO 92/05399 PCT/US91/06683
-40-

Fig. 9, at block 161, a variable a, is assigned a large number,
for example 1000, which is certainly larger than the current
value of F(X). The value of F(X) is computed using the
expression for the objective function defined above since

5 F(X)=f(EE';). At block 162, the value of F(X) is assigned to a.
variable a,- If, at test 163, the value of a, is 0 (i.e., the
value of the objective function is zero), the satisfactory

homing transformation is determined and this procedure
terminates.

10 Otherwise, control passes to test 164, where the
ratio a,/ag is compared to a predetermined constant which is
larger than 1, for example 1.1. If the value of the ratio in
block 164 is larger than the value of the predetermined

15 constant, control passes to block 165, where the value of a, is
assigned to a,. At block 166, the gradient vector of F(X) is
computed by differentiating the parametric representation of
the transformation E with respect to each parameter, and the
negative value of the gradient is assigned to a variable V.

20 The negative value of the gradient indicates the direction in
six dimensional space in which the value of F is decreasing
most rapidly. The method of computing the gradient can is
described in many calculus books, for example, Differential and
Integral Calculus by R. Courant, chapter 2 (Interscience

25 Publishers Inc. 1936). At block 167, a known Golden Section
method is employed for searching the values of F in the
direction of the gradient vector, determined previously, in
order to determine a variable ) such that F(X+AV)<F (X+pV) for
any p<O. The Golden Section method can be found in a paper by

30 J- Kiefer, Proc. of Amer. Math. Soc. 4 (1953) 502-506. At

block 168, the value X+\V, is stored in X. From block 168 the
control returns to block 162. ]

3
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The value of X+uV determined in block 167 provides
the minimum value of F in the negative direction of the
gradient and, therefore, the minimum value of the objective
function along this direction. Since X+uX defines a point in
six dimensional space, it also defines a Euclidean
transformation. Each new transformation E obtained in block
167 during the iterative process of Fig. 9 is such that the new
value of the objective function is less than the value during a
previous iteration. This process is repeated until the
objective function is reduced to zero (test 163) or the system
determines that there is no satisfactory homing transformation
(test 164).

It should be noted that in the first iteration of the

procedure of Fig. 9, a, is selected much larger than a, and,

therefore, the value o% the ratio al/ao is much larger than the
predetermined constant. However, during the subsequent
iterations, if, at test 164, al/aO is smaller than or equal to
the predetermined constant, the value of F cannot be reduced
effectively and it 1s assumed that the satisfactory homing

transformation does not exist.
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2.4 METHOD AND SYSTEM FOR DETERMINING
BEST HOMING TRANSFORMATION

The purpose of the procedure depicted in Fig. 10 is
to determine a transformation that transforms the points
measured on the workpiece such that the tolerances are more
stringent than specified. This transformation is referred to
herein as "best homing transformation." Blocks 171 and 172

summarize the procedure discussed in conjunction with Fig. 9.
At block 171, the transformation U is adjusted to the
satisfactory transformation, and, if the satisfactory
transformation does not exist (test 172), the system rejects
the workpiece. Otherwise, the control passes to block 173
where the variable , is assigned the value 0.5 and the variable
¢ is assigned the value-0.25. At block 174, each specified
tolerance is multiplied by ,. Note that the initial
transformation is satisfactory for , = 1, i.e., for the
tolerances specified in the model. At block 175, the system
attempts to adjust the current homing transformation U to the
tolerance zones which are fifty percent narrower than the
original tolerances (i.e. p = 0.5). The adjustment is
performed using the maintain climbing method of Fig. 9. 1If
such transformation is determined, the control passes to block
177, where p is further reduced. Otherwise, if the
transformation that satisfies new tolerances does not exist,
control passes to block 178, where p is increased by the value
of the variable §. From block 177 or 178, control passes to
block 179, where the constant § is reduced by a factor of two.
At test 180, if § is less than a predetermined constant, for
example 0.05, the procedure terminates and the satisfactory
homing transformation, determined at block 175 during the
current iteration, is the best homing transformation.
Otherwise, the control passes back to block 174.

[
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2.5 AUTOMATIC PROBING TECHNIQUE
FOR "THREE-~-DIMENSIONAL'" WORKPIECES

As indicated in conjunction with Fig. 3 (block 43),
after the approximate position and orientation of the workpiece
is established and at least 3 non-collinear points are probed
interactively, the method of this invention provides a

capability of determining an accurate transformation without a
significant human interaction by utilizing an automatic probing
technique described below. Althouéh this technique permits
probing surfaces of the workpiece automatically, manual probing
is still preferred if a surface is "irregular", for example, if
it contains holes, if there is a clamp placed on a surface, or
if there is a possibility that a spindle of a machine would
collide with the workpiece or the clamps.

Since, initially, only an approximate transformation
is determined, the error of this transformation might be
significant in comparison to the size of a given face.
Therefore, in certain situations, the system may erroneously
move a probe to a surface which was not intended to be probed.
To overcome this difficulty, the method of this invention
utilizes a "modifying while probing" technique. According to
this technique, an approximate transformation is improved on
the basis of each new point, so that the probability of
locating the next point correctly is increased with each

measured point.

A flowchart of this technique is depicted in Fig. 11.
The process starts at block 197, where a user interactively
indicates the surfaces that should be gauged automatically on
the displayed model using a mouse. It should be noted that, at
this point, the coordinates of at least 3 non-collinear points
on the surfaces of the workpiece have been measured
interactively. At block 198, the least square homing technique

is applied tc the coordinates of the points which were probed
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previously in order to improve the approximate homing
transformation. At block 199, the system measures the
coordinates of three points which are located close to the
center of one of the surfaces selected at block 197. The
improved approximate transformation computed at block 198,

> allows for identifying the central area of the surface. The N
largest surface of the workpiece is selected first in order to
reduce a possibility of probing a wrong surface. This is
easily done since the surfaces of the workpiece are stored in

10 the system as the model.

At test 200, if there are surfaces that. have not been
probed, the control passes to block 198, in which the
approximate transformation is improved on the basis of the

15 points probed previously including the new points collected at
block 199. This iterative process terminates when all the
surfaces selected at block 197 are gauged. Then, the contrbl
passes to block 201, where the transformation is further
improved on the basis of the coordinates of all the measured

20 points. Next, at block 202, the reliability analysis of the
resultant transformation is performed according to the
procedure discussed in conjunction with Figs. 7(a)=(d). If the
transformation is sufficiently reliable (test 203), control
passes from test 203 to block 42 in Fig. 3(b) where the

2% satisfactory and best homing transformations are computed and
the procedure terminates.

However, if at block 203, the transformation derived
on the basis of the points measured in the central areas of the
39 Surfaces is not sufficiently reliable, the points in the
peripheral portions of the surfaces are measured. Note that,
at this point, the system has improved the approximate
transformation and, thus, the points that are closer to the

edges of the surfaces can be probed without a significant risk
35 ©of missing the desired surfaces.

b
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At block 204, the system obtains coordinates of the
points located at the peripheral locations of the first
selected surface. The flow returns to block 201 where the
transformation is modified on the basis of the points probed at
the peripheral portions of a given surface. This iterative
process continues until the transformation is sufficiently
reliable for computing satisfactory and best homing
transformations in block 42 in Fig. 3(b).

3. SIMPLIFIED TECHNIQUES FOR WORKPIECES
WITH SPECIAL GEOMETRIC PROPERTIES

As indicated in conjunction with Fig. 2, the method
of this invention provides a simplified techniques for
determining the position and orientation of a workpiece which
has special geometric properties. Two types of workpieces
exhibit these special characteristics: (1) workpieces that can
be defined in a two-dimensional space; and (2) generally three
dimensioned workpieces which have one planar standard surface
which is parallel to the machine table where the workpiece is
mounted. To derive a transformation matrix for such workpieces
a user does not have to specify the correspondence of the
standard surfaces of the workpiece and the model. Instead,
position and orientation of such workpiece can be determined
from the coordinates of points located on the boundary formed
by intersection of a plane parallel to the machine table, and
the surfaces of the workpiece if all such points are located on
the standard surfaces and the boundary is not symmetric.
Furthermore, the method of this invention provides a technique
of measuring and digitizing sequences of such boundary points
automatically (hereinafter mesh-routing technique).
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3.1 MESH-ROUTING TECHNIQUE

The mesh-routing technique comprises the following
steps. First, a mesh that covers the machine table is defined
in the software of the gauging system 1. Fig. 12 depicts an
object 250 which is placed on the software-defined mesh 240 :
that comprises edges, for example 241, intersecting at nodes,
for example, 242. Note that the mesh size (i.e. the distance
between two adjacent nodes) and the angle at which mesh edges
intersect can be flexibly defined as a trade-off between the

desired number of digitized points and the speed of data
collection.

Next, a user moves the probe to the boundary of the
workpiece and digitizes the first point. 1In response, the
software of the gauging system adjusts the mesh such that the
first digitized point is located on one of the mesh edges. Let
us assume that the first digitized point is point 211 (Fig.
12) . Thereafter, the system moves the probe to the nearest
intersection of the mesh edges (point 212) and changes the

direction of the probe so that it moves along an intersecting
edge 243.

The remaining steps of the mesh routing technique are
illustrated in Fig. 13. The system moves the probe along the
selected edge of the mesh (block 260) until it receives a
signal indicating that the probe touched the boundary of the
workpiece (test 261) or until the probe reaches a node of the
mesh (test 262).

If, at test 261, the probe came in contact with the
boundary of the workpiece before it reached the next node of
the mesh, the control is transferred to test 263, where the

coordinates of this new boundary point are compared to the

35 coordinates of the end of the route. If the probe has traveled
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around the perimeter of the boundary the process terminates.
Otherwise, control is transferred to block 264, where the
coordinates of the point are stored in memory of the gauging
system. Thereafter, the system moves the probe back along the
same edge to the node that was visited prior to measuring the

last boundary point (block 265).

From block 265 control is transferred to block 266,
where the direction of the probe is changed, for example, by
90° counterclockwise, such that the probe continues moving
along a different edge of the mesh. If the probe reaches a
node before encountering the boundary (test 262), the control
is transferred to block 266, where the direction of probing is
changed. From block 266 control returns to block 260, and this
iterative process continues until all the points on the
intersection of the mesh edges and the boundary of the
workpiece are measured and stored. As illustrated in Fig. 12,
the probe visits points 211 through 237, as indicated by the
arrows. As a result, points 211, 215, 216, 219, 222, 223, 226,
229, 232, 233, 237 and 238 are digitized as the boundary of the

workpiece.

The mesh routing technique is also applicable to
digitizing an outer boundary of an unknown object. For a
sufficiently small mesh size, a sequence of boundary points
measured around the perimeter is sufficient to reverse-engineer

a boundary of an object.

3.2 METHOD AND SYSTEM FOR DETERMINING
POSITION AND ORIENTATION OF ESSENTIALLY
"TWO-DIMENSIONAL" WORKPIECES

The automatic probing technique for workpieces that
are essentially two-dimensional mechanical objects, which have
boundaries consisting of finished straight lines and circles,
comprises the following steps. First, the system probes
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several points on the boundary of a workpiece and computes the
curvature of the curve that interpolates these points. A
sequence of points of approximately identical curvature define
the first geometrical element (a line or a circle) of the
boundary. Typically, there are several geometrical elements of
the model that have essentially identical curvature as the
first extracted element of the workpiece and, therefore, there
are several possible ways of matching this boundary element to
the corresponding element of the model.

The system continues collecting boundary data until a
point is detected that significantly changes the curvature of
the previously probed points and, therefore, belongs to an
adjacent element of the workpiece. Since this point has to
correspond to a point located on the adjacent element of the
model, it provides a constraint that narrows the scope of
possible transformations. At this point, all the possible
transformations are computed and stored as a set S of possible
transformations T, in s.

To eliminate erroneous transformations from the set
S, the system probes additional points on the boundary of the
workpiece. Each possible transformation T, in S is then
applied to the coordinates of each new point p. If T, is a
correct transformation and if point p is not on the boundary of
a clamp, Ti(ﬁ) (i.e., the point where p is transformed by T;)
should be on or near the boundary of the model. Ti(p) is not
on or near the boundary of the model only if (1) Ti is an
incorrect transformation and it should be eliminated from the
set S or (2) point Ei is located on the clamp. It should be
noted that, if p was measured on the boundary of the clamp,

Ti(ﬁ) should be transformed outside of the boundary of the
model.

x

1]
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Therefore, the system computes the distance d from
Ti(ﬁ) to the boundary of the model. If the absolute value of d
is zero or a relatively small number (i.e., |d|<do, where do is
a predetermined constant), the point p has been measured on the
boundary of the workpiece and a given transformation T is still
in the set S of possibly valid transformations. If the
distance d is less than -d_, the transformed point T, (p) is
"inside" the boundaries of the model, which is impossible, and,
therefore the transformation T, is incorrect and it is
eliminated from the set of possible transformations. If the
distance d is greater than do, Ti(ﬁ) is outside the boundaries
of the model and, therefore, p is either on the boundary of the
clamp or T, is an incorrect transformation. Such

transformation is marked in the system memory by the point p.

After each transformation of the set S has been
applied to a measured point p and, if there is no
transformation that can transform a given point to the boundary
of the model (all the transformations are marked by p), the
point p is located on the clamp. In order to determine the
orientation of the clamp, the machine probes the next point.
Since the dimensions of the clamp are stored in the system,
several points measured on the clamp provide sufficient
information to enable the tool to "step" over the clamp.

At the end of the probing path each remaining
transformation in the set is a correct transformation. If the
path is not rotationally symmetric, one transformation should
be left in the set. This resultant transformation can be
improved by applying the Least Square Homing technique

discussed in conjunction with Fig. 4.

Figs. 14(a) and 14(b) illustrate the steps of this
technique. First, a sufficient number of points is probed in
order to determine the curvature of the first element (block
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270). At block 271, the system continues probing points until
a point on the next element is detected (test 272). Then, flow
passes to block 273, where a set S of possible transformations
Ty is computed on the basis of the location of the first
element and the location of the point of the second element. ¢
Thereafter, the system continues to probe additional points
(block 274) until the probe arrives at the end point (test
275). 1If the probe is at the end point, the control passes to
block 284, where the least square homing transformation (which
reliability is analyzed), the satisfactory homing
transformation, and the best homing transformation are computed
on the basis of the transformations in the set S, using the
techniques described above. As indicated, if the workpiece is

not rotationally symmetric, only one transformation remains in
set S.

If the probe is not at the end of the route, at block
276, the system selects a transformation Ti from the set S and
applies it to the point p measured at block 274. If the
distance d from the transformed point Ti(ﬁ) to the boundary of
the model is greater than do (test 277), this transformation T,
is marked by p (block 278). Otherwise, if d <_do (test 279),
the transformation Ti is deleted from the set (block 280).
Note that if -d, <d < d, the transformation remains in the set
and it is not marked by p. This iterative process continues
until each T, in S has been applied to p (test 281). If every
transformation T, in s is marked by p (test 282), the system
retrieves the stored dimensions of the clamp and moves the
probe over the clamp (block 283).

3
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3.3 METHOD AND SYSTEM FOR DETERMINING POSITION
AND ORIENTATION OF WORKPIECES WITH A PLANAR
SURFACE

Frequently, a workpiece has one standard planar
surface P, which is parallel to the machine table, and also,
the workpiece can be intersected by a plane Q, parallel to P,
such that the intersection is with the standard surfaces only
and the boundary of the intersection is not symmetric. A
simplified technique illustrated in Fig. 15 is applicable to
such a workpiece. The process starts at block 290, where a
user indicates on the screen of the CAD/CAM system a planar
surface P’ of the model and a plane Q’ which is parallel to P’
(P’ and Q’ correspond to P and Q of the workpiece
respectively). Also, a user indicates a starting point of a
probing route on the boﬁndary of the intersection of Q’ and the
model surfaces. Next, a user measures a point on the planar
surface P of the workpiece using the probe in order to
determine the distance from the machine table to P. Then a
user positions the probe approximately at the starting point of
the probing route. On the basis of this data, the system
automatically adjusts the position of the probe so that it is
on the intersection of the plane Q and the workpiece.

Then, flow passes to block 291 where the system
starts moving the probe along the specified route using the
Mesh Routing technique described above. After the next point
is measured on the boundary of the workpiece, the system
computes the approximate transformation. This computation is
possible because the problem is two-dimensional and, therefore,
the starting point of the route restricts the possible
transformations to a rotation which is determined by measuring
the second point. Next, at block 292, the system measures the
coordinates of another point and applies the closest tangent
homing technique to improve the approximate transformation.
Then, if the probe has not reached the end of the route (test
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293), the system checks if the new point can be transformed to
a point on the boundary of the model (test 294). If so, flow
returns to block 292 and the iterative process continues.
Otherwise, the new point has been measured on the surface of
the clamp. Thus, control passes to block 295, where the system
directs the probe to step over the clamp. This operation is
feasible because the dimensions of the clamp are stored in the
system. Subsequently, flow returns to block 292 and the data

collection process continues until the probe reaches the end of
the route.

After all the points of the specified route are
measured and stored, the control is transferred to block 296,
where the coordinates of points located on the clamps are
removed from the set of measured data. Thereafter the method
flow passes to block 297 where the least square homing
transformation is derived on the basis of the entire set of
data. Next, if the transformation is reliable, the
satisfactory homing transformation and the best homing
transformation are computed at block 298.

This technique can be extended to workpieces which
have at least one planar surface, which is not necessarily
parallel to the machine table. 1In this case, a user has to
identify this surface by moving the probe to one of its points.
Also, a user has to specify a probing route which is parallel
to this plane. Next, the system automatically probes three
points on the surface and, thus, determines its position and
orientation. Thereafter, the above technique can be applied.

4. MACHINING OF IDENTICAL WORKPIECES

The gauging system of this invention can store a
sequence of the previously performed operations. This feature
is useful for repeated machining of identical workpieces. If a

o
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second workpiece is placed approximately the same as the first
workpiece, the gauging system can measure the coordinates of
the points which have been measured for the first workpiece,
automatically, even though human interaction was involved in

determining the accurate position and orientation of the first

workpiece.

Simple workholders can be utilized for machining a
large number of identical workpieces. Fig. 16 illustrates the
locating components of a workholder that can hold identical
workpiece in the same location of the machine table during
repeated loading and unloading cycles. Also, additional
clamping components may be utilized. After setting the
workholder arbitrarily for mounting the first workpiece, the
system can probe the workpiece and modify the tool path
according to the method of this invention. Subsequently, the
workpieces are clamped in the workholder and machined usind the
modified tool path without further probing. '

In Fig. 16, the workpiece 310 is fixtured with
standard locating elements 311, 312, 313, and a clamp 314. As
indicated, additional clamping components may be utilized. A
user can tighten or loosen clamp 314 for reloading the
workpieces. As indicated, a user does not need to fixture the
standard elements accurately, because the gauging system of
this invention adjusts the tool paths on the basis of the
points probed on the first workpiece mounted in the workholder.
Since the position of the workpiece is determined by the
standard elements 311, 312, 313, which are set permanently,
every workpiece is fixtured in the same position and
orientation. Therefore, the toolpaths, which were modified for

the first workpiece, can be used for the subsequent workpieces.

As mentioned previously, the system of this invention
provides a capability for digitizing and modeling the geometric

features of the workpiece. Mesh routing technique, discussed
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above, can be utilized for digitizing "2-dimensional" objects.

Also, the gauging system of this invention can be utilized for
determining the expressions that describe the surfaces of the
"3-dimensional" objects.

5. TECHNIQUE FOR DIGITIZING SURFACES OF
"THREE-DIMENSIONAL" WORKPIECES

In order to obtain a numerical representation of a
surface of a three-dimensional object and to store the
representation in the memory of the system, a user
interactively indicates to the CAD/CAM system the type of the
surface that will be digitized and then the system selects a
parametric representation of the surface accordingly using
known techniques. For example, if a user indicated that a
particular surface is a plane, which is parallel to the machine

table, the system selects an expression with one parameter it:
z-t=0.

Generally, an expression with m parameters,

tl""'tm' where m is the degree of freedom, is chosen by the
system:

a(tl,...,tm,x,y,z)=0

Next, coordinates of a plurality of points on the
surface of the workpiece are measured using one of the
techniques described above. For example, the points can be
probed interactively by a user controlling the sensor of the
machine using a peripheral device. After a set of coordinates
of n>m points Ei is obtained, the system determines the values
of tl,...,tm, such that the sum of squared distances from each
point p; to the surface S (tl,...,tm) is minimized. This

computation is performed using known geometrical techniques.

¥
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The obtained expression S(tl""’tm) is the numerical
representation of the surface stored in memory of the system of

this invention.

Subsequently, the system eliminates the points that
are erroneously measured on an incorrect surface from the set
of measured points so as to determine a more accurate
representation of the surface. Let us assume that the sum of
squared distances from each point Ei to the determined surface
S(tl,...,tm) is S - )
of measured points a point pj which is the furthest from the
computed representation of the surface. Then, the system uses

a new set of points to determine new parameters of the

First, the system eliminates from the set

expression representing the surface such that the sum of
squared distances from the points P; (for all i#j) to the
surface defined by the parametric representation is minimized.
Let us assume that, as a result, the sum of squared distances
from the points in the new set to the new representation of the
surface is S, Next, the system computes the value F=sl(n-m—
1)/sz(nfm), and compares it with the limit of degrees of
freedom (n-m,n-m-1) in the F-test table. If the value of F is
greater than the limit, the point Ej is not on the correct
surface and it is eliminated from the set of measured points,
otherwise Ej is on the correct surface. If Ej is measured on
the incorrect surface, the process is repeated until it is
determined using the technique described above that the point,
which is the furthest from the computed representation of the
surface, is measured on the correct surface. Thus, the final
numerical representation of the surface is determined on the
basis of points measured on the correct surface.

The embodiments of the invention described above are
presented for purposes of illustration and should not be

construed as limiting the invention in any way. Doubtless,
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other embodiments may be conceived which would not depart from

the spirit of the present invention, which scope is defined by
the following claims.
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CLAIMS

1. A method for determining a position and an
orientation of a workpiece using a machine employing a data
processing system where numerical data corresponding to a
model of the workpiece is stored, comprising the steps of:

determining coordinates of a plurality of
points on surfaces of the workpiece;

determining a transformation which correlates
the coordinates of the plurality of points of the workpiece
to a plurality of corresponding virtual surfaces represented
by the model; and

improving the accuracy of the transformation
so as to obtain an improved transformation in which a sum of
squared distances from the plurality of points of the
workpiece to the corresponding virtual surfaces of the model

is minimized.

2. The method of claim 1 further comprising the

steps of:

identifying certain virtual surfaces
represented by the model;

identifying certain points on the workpiece by
moving a sensor to the certain points; and

correlating the certain virtual surfaces to
the certain points so that the data processing system
determines the position and orientation of the workpiece.

3. The method of claim 1 wherein the step of
improving the transformation comprises:
determining a plane TPi which is tangent to a
virtual surface Si represented by the model that corresponds
to a surface of the workpiece where a point p; on the surface
is measured so that a point of tangency of Si and TPi is

closer to Ei than any other point on s,
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computing a rotational transformation vector
r and a translational transformation vector 5, such that
after applying a tangent transformation TE,G to each point
pl, the sum of squared distances from each point T- -(p )
having had the tangent transformation applied thereto, to the
corresponding tangent plane TPi is minimized; and

modifying the transformation by multiplying
the transformation by the Euclidean transformation E-';,
which is computed on the basis of the vectors T angd v.

4. The method of claim 3 wherein the step of
computing the transformation vectors further comprises
selecting a closest tangent homing transformation T-'; if
the tangent transformation can not be computed uniquely, such
that the sum of squared dlstances from each point T-,G
(p ), having the closest tangent transformation applied
thereto to a corresponding point U(pi), having the

transformation U applied thereto, is minimized.

5. The method of claim 1 further comprising the
step of minimizing an objective function of the improved
transformation so as to obtain a satisfactory homing
transformation which transforms the coordinates of the
plurality of points so as to satisfy tolerance requirements
of the workpiece stored in the data processing system.

6. The method of claim 5 wherein the step of
minimizing the objective function comprises:
obtaining a minimum gradient direction data by
computing a derivative of a parametric representation of the

improved transformation with respect to each parameter of the
representation; and

applying a Golden Section search method to the
objective function so as to determine a minimum value of the
function in the gradient direction.
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7. The method of claim 6 further comprising the

steps of:

computing new tolerance requirements by
multiplying each value of the tolerance requirements by a
narrowing factor variable;

determining the satisfactory homing
transformation which transforms the coordinates of the points
so as to satisfy the new tolerance requirements; and

assigning a new value to the narrowing factor

variable.

8. The method of claim 1 further comprising the
step of performing a reliability analysis of the improved
transformation so as to.determine a bound of an error of a
computed position and orientation of the workpiece, which
computed position and orientation is the numerical data
corresponding to the model transformed by an inverse of the!

improved transformation.

9. The method of claim 8 wherein the step of
performing the reliability analysis comprises performing a
translational reliability analysis.

10. The method of claim 9 wherein the step of
performing the translational reliability analysis comprises:
simulating a translation of the points of the
workpiece along a specified direction;
computing an increase in a sum of squared
distances from the points of the workpiece to the
corresponding virtual surfaces represented by the model

during the translation; and
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applying F-test analysis to a ratio of a sum
of squared distances computed after simulating the

translation and a sum of squared distances computed before
simulating the translation so as to determine a bound of a

translational error of the improved transformation.

11. The method of claim 8 wherein the step of
performing reliability analysis comprises performing a
rotational reliability analysis.

12. The method of claim 11 wherein the step of
performing rotational reliability analysis comprises:
simulating a rotation of the points about a
specified axis; ’

computing an increase in a sum of squared
distances from the points of the workpiece to the
corresponding virtual surfaces during rotation; and

applying F-test analysis to the ratio of a sum
of squared distances computed after simulating the rotation
and a sum of square distances computed before simulating the
rotation so as to determine a bound of an angular error of
the improvgd transformation.

13. A method for determining a position and an
orientation of a workpiece having at least one planar surface
using a machine employing a data processing system where
numerical data corresponding to a model of the workpiece is
stored, comprising the steps of:

moving a sensor according to a probing route,
which is parallel to the planar surface;

measuring coordinates of a plurality of points
located on the probing route;

determining a transformation on the basis of a
plurality of the coordinates of the points that are measured
at an initial stage of moving the sensor; and
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improving the accuracy of the transformation
on the basis of the coordinates of the points which are
measured after the initial stage of moving the sensor so as

to obtain an improved transformation.

14. The method of claim 13, further comprising the
step of locating a clamp by identifying at least one point
which cannot be transformed by the improved transformation to
a corresponding virtual surface represented by the model.

15. A method for determining a position and an
orientation of a workpiece using a machine employing a data
processing system where numerical data corresponding to a
model of the workpiece is stored, comprising the steps of:

determining coordinates of a plurality of
points on a boundary of the workpiece, which boundary is
parallel to a machine table;

interpolating the coordinates so as to
determine a plurality of geometrical elements of the
boundary:

computing a set of possible transformations
on the basis of two of the geometrical elements determined on
the boundary that correlates the plurality of the geometrical
elements of the boundary of the workpiece to a plurality of
corresponding geometrical elements represented by a
corresponding boundary of the model; and

eliminating erroneous transformations from the

set of possible transformations.

16. The method of claim 15 wherein the step of
eliminating erroneous transformations comprises eliminating
transformations which transform the coordinates of a certain
point in the set inside the corresponding boundary
represented by the model such that transformed coordinates of
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the certain point are removed from the corresponding boundary
represented by the model by a distance greater than a
predetermined constant.

17. The method of claim 16 further comprising the
step of locating a clamp by measuring coordinates of a point,
which, under each transformation in the set of possible

transformations, is transformed outside the corresponding

boundary represented by the model to a distance greater than
the predetermined constant.

18. A method of digitizing coordinates of a
boundary of a workpiece held in a machine comprising the
steps of:

moving a sensor along a first direction;:

changing the first direction of motion of the
sensor by a specified angle after the sensor has traveled a
predetermined distance;

reversing the first direction of a motion of
the sensor if the sensor contacts the boundary of the
workpiece; and

determining coordinates of a plurality of
points located on the boundary of the workpiece.

19. A method for determining the position and an
orientation of a workpiece using a machine employing a data
processing system where numerical data corresponding to a
model of the workpiece is stored, comprising the steps of:

determining a transformation which correlates
coordinates of at least one point measured on the workpiece
to at least one virtual surface represented by fhe model;

measuring coordinates of a plurality of points
on a first surface of a workpiece;

{x
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improving the accuracy of the transformation
so as to obtain an improved transformation in which a sum of
squared distances from each point measured on the workpiece
to the corresponding virtual surfaces represented by the
model is minimized; and

determining a location of a second surface by
applying an inverse of the improved transformation to the
numerical data represented by the model.

20. A method of claim 19 wherein the step of

improving the transformation comprises

determining a plane TP, which is tangent to a
virtual surface Si represented by the model that corresponds
to a surface of the workpiece where a point p; on the surface
is measured so that a point of tangency of Si and TPi is
closer to Py than any other point on Si:

computing a rotational transformation vector r
and a translational transformation v, such that after applying
a tangent transformation Tf'; to each point Ei’ the sum of
squared distances from each point TE,G(pi) having had the
tangent transformation applied thereto, to the corresponding
tangent plane TP, is minimized; and

modifying the transformation by multiplying the
transformation by the Euclidean transformation E- oo which is

- - !
computed on the basis of the vectors r and v.

21. The method of claim 19 further comprising the
step of performing a reliability analysis of the improved
transformation so as to determine a bound or an error of a
computed position and orientation of the workpiece, which
computed position and orientation is the numerical data
corresponding to the model transformed by an inverse of the

improved transformation.
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22. A method of digitizing and modeling geometric

. features of a surface of a workpiece using a machine

employing a data processing system, comprising the steps of:

determining a set of coordinates of a
plurality of points of the surface of the workpiece;

computing a geometric representation of the
surface such that a sum of squared distances from the
plurality of points of the workpiece to the geometric
representation of the surface is minimized;

determining coordinates of a first point in
the set which is removed from the geometric representation of
the surface by a greater distance than any other point in the
set;

computing a new geometric representation of
the surface on the basis of a new set, which is the set of
coordinates of the plurality of points without the
coordinates of said first point; and

determining if the first point is erroneously
measured on an incorrect surface by applying F-test analysis
to a ratlo of the sum of squared distances from the points in
the set to the geometric representation of the surface and
the sum of squared distances from the points of the new set
to the new geometric representation of the surface.,.

23. A machine tool for precision machining and

inspection of arbitrary placed workpieces comprising:

a CAD system where numerical data
corresponding to a model of the workpiece is stored;

sensor means for measuring coordinates of
points on a plurality of surfaces of the workpiece; and

data processing means for determining a
transformation which correlates a position and orientation of
the plurality of points of the workpiece to a plurality of
corresponding virtual surfaces represented by the model so

5
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that a sum of squared distances from the plurality of points
of the workpiece to the corresponding virtual surfaces of the

model is minimized.

24. An apparatus for determining a position and an

orientation of a workpiece comprising:

a data processing system where numerical data
corresponding to a model of the workpiece is stored;

means for determining coordinates of a
plurality of points on a corresponding plurality of surfaces
of the workpiece;

means for determining a transformation which
correlates the coordinates of the plurality of points cf the
workpiece to a plurality of corresponding virtual surfaces
represented by the model; and

means for improving the accuracy of the
transformation so as to obtain an improved transformation in
which a sum of squared distances from the plurality of points
of the workpiece to the corresponding virtual surfaces of the

model is minimized.

25. The apparatus of claim 24 further comprising:

means for identifying certain virtual surfaces
represented by the model;

means for identifying certain points on the
workpiece by moving a sensor to the certain points; and

means for correlating the certain virtual
surfaces to the certain points so that the data processing
system determines the position and orientation of the

workpiece.

26. The apparatus of claim 24 wherein the means

for improving the transformation comprises:
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means for determining a plane TP, which is
tangent to a virtual surface Si represented by the model that
corresponds to a surface of the workpiece where a point p; on
the surface is measured so that a point of tangency of Si and
TPi is closer to p; than any other point on Si;

means for computing a rotational
transformation vector r and a translational transformation
vector G, such that after applying a tangent transformation
Tf’G to each poigt 51, the sum of squared distances from
each point Tf,J(pi) having had the tangent transformation
applied thereto, to the corresponding tangent plane TPi is
minimized; and

means for modifying the transformation by
multiplying the transformation by the Euclidean

transformation Ef 7 which is computed on the basis of the
- - 7
vectors r and v.

27. The apparatus of claim 24 further comprising
means for minimizing an objective function of the improved
transformation so as to obtain a satisfactory homing
transformation which transforms the coordinates of the points
so as to satisfy tolerance requirements of the workpiece
stored in the data processing system.

28. The apparatus of claim 27 wherein the means
for minimizing the objective function comprises:
means for obtaining a minimum gradient
direction data by computing a derivative of a parametric
representation of the improved transformation with respect to
each parameter of the representation; and

means for applying a Golden Section search
method to the objective function so as to determine a minimum
value of the function in the gradient direction.
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29. The apparatus of claim 24 further comprising
means for performing a reliability analysis of the improved
transformation so as to determine a bound of an error of a
computed position and orientation of the workpiece, which
computed position and orientation is the numerical data
corresponding to the model transformed by an inverse of the

improved transformation.

30. The apparatus of claim 29 comprising:

means for simulating a translation of the
points of the workpiece along a specified direction;

means for computing an increase in a sum of
squared distances from the points of the workpiece to
corresponding virtual surfaces represented by the model
during the translation;

means for applying F-test analysis to a ratio
of a sum of squared distances computed after simulating the
translation and a sum of squared distances computed before
simulating the translation so as to determine a bound of a
translational error of the improved transformation;

means for simulating a rotation of the points
about a specified axis:;

means for computing an increase in a sum of
squared distances from the points of the workpiece to the
corresponding virtual surfaces during rotation; and

means for applying F-test analysis to the
ratio of a sum of squared distances computed after simulating
the rotation and a sum of square distances before simulating
the rotation so as to determine a bound of an angular error
of the improved transformation.

31. An apparatus for determining a position and an
orientation of a workpiece having at least one planar surface
comprising:
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a data processing system where numerical data
corresponding to a model of the workpiece is stored:

means for moving a sensor according to a
probing route, which is parallel to the planar surface;

means for measuring coordinates of a plurality
of points located on the probing route;

means for determining a transformation on the
basis of a plurality of the coordinates of the points that
are measured at an initial stage of moving the sensor; and

means for improving the accuracy of the
transformation on the basis of the coordinates of the points
which are measured after the initial stage of moving the

sensor so as to obtain an improved transformation.

32. An apparatus for determining a position and an
orientation of a workpiece comprising:

a data processing system where numerical data
corresponding to a model of the workpiece is stored;

means for determining coordinates of a
plurality of points on a boundary of the which workpiece
boundary is parallel to a machine table;

means for interpolating the coordinates so as
to determine a plurality of geometrical elements of the
boundary;

means for computing a set of possible
transformations on the basis of two of the geometrical
elements determined on the boundary that correlates the
plurality of the geometrical elements of the boundary of the
workpiece to a plurality of corresponding geometrical
elements represented by a corresponding boundary of the
model; and

means for eliminating erroneous
transformations from the set of possible transformations.
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33. An apparatus for digitizing coordinates of a

boundary of a workpiece comprising:

means for moving a sensor along a first
direction;

means for changing the first direction of
motion of the sensor by a predetermined angle after the
sensor has traveled a predetermined distance:

means for reversing the first direction of a
motion of the sensor if the sensor contacts the boundary of
the workpiece; and

means for determining coordinates of a

plurality of points located on the boundary of the workpiece.

34. An apparatus for digitizing and modeling

geometric features of a surface of a workpiece comprising:

a data processing system;

means for determining a set of coordinates df
a plurality of points of the surface of the workpiece;

means for computing a geometric representation
of the surface such that a sum of squared distances from the
plurality of points of the workpiece to the geometric
representation of the surface is minimized;

means for determining coordinates of a first
point in the set which is removed from the geometric
representation of the surface by a greater distance than any
other point in the set;

means for computing a new geometric
representation of the surface on the basis of a new set,
which is the set of coordinates of the plurality of points
without the coordinates of said first point; and

means for determining if the first point is
erroneously measured on an incorrect surface by applying F-
test analysis to a ratio of the sum of squared distances from

the points in the set to the geometric representation of the
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surface and the sum of squared distances from the points of

the new set to the new geometric representation of the
surface.
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