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1. Introduction

Free shape objects are composed of a large
number of free form surfaces, this characteristic
distinguishes it from other mechanical products in
the design and manufacturing process. In modemn
automobile design and manufacturing process, the
coordinate measurement machine(CMM) is often
used in those of the manufacturing and measure-
ment of the 1:5 clay model, the master model, the
push dic and the fixtures. This is what we con-
cerned for the system developing.

The CAD/CAM technology make the auto-

mobile body design and manufacturing a great -

profits, but most CAD/CAM systems such as
ProEngineer, UGII, CADDSS, CATIA, Euchd-IS
etc. run on the workstations rather than PC com-
puter because of the complex calculations of free
form curves and surfaces. Today the PC computer
is developing fast and its performance have already

been up to the requirement of CAD/CAM. Setting

it apart from the existing commercial PC based
CAD/CAM systems such as Autocad, Personal
Designer, Microstation etc., the system proposed
here is mainly for the reversing engineering, that is
to say, the incorporation of CMM with the PC-
based CAD/CAM system with which the following
features hold:

1)To fully dig out the potential functions of CMM.
Generally, the measurement software for CMM
can merely deal with some simple deviation calcu-
lations and its measurement functions are very
limited compared with the CAD/CAM system. The
CMM incorporates with the CAD/CAM system
can almost perform any measurement functions
directly as opposed to transform it to the
CAD/CAM system for further process.

2)To take the CMM as a input device of the
CAD/CAM system can directly construct a three
dimensional model in the system, here the CMM is

referred as three dimensional digitizer.



3)To monitor the measurement process on-line  in
the computer screen and delete the rude points
immediately as opposed to process it latter. Also
can make notations or marks to classify the group
of the measured entities for the easy of post proc-
ess. Specifically, for the measurement of the auto-
mobile body, the points number 1s so great that it is
difficult to classify points to this or that surface
patches.

4)To combine the CMM and CAD/CAM system
and NC machine into a integrated system can per-
form profile modeling of workpiece, but this pro-
file modeling have more flexible than the only
copy the workpiece, it could allow the user to mod-
ify the shape to the users requirements.

For example, it can allow user to measure the
data points from the master model and construct
the technical model by constructing the draw and
step part of the die model as opposed to create a
real technical model.

Based on the consideration of above reasons,
an integrated CMM/CAD/CAM system is devel-
oped. There are following parts in this paper, sec-
tion 2 is the general structure of the system, section
3 descnbing the compensation of the probe radius
and the modeling construction, section 4 gives out
a curve and surface smoothing algorithm. The last
is the conclusion. To the limitation of the pages,
the surface GC1 smoothing and the CAM part is

not discussed here.
2. The system design

The main procedures of free shape objects,
for exampie, automobile body, design and manu-
facturing is as following: 1) A concept design

according to the technical requirements. 2) A 1.5

2.

clay model is manufactured to evaluate the shape
in real world and refine it. 3)With the CMM, the
data points are digitized from the clay model and
are transformed later into the CAD/CAM system
to build the mathematical model. 4)The master
model i1s manufactured from the mathematical
3)The model in the

model. mathematical

- CAD/CAM system may be changed compatibly to

the master model by digitizing some points of dif-
ference. 6)The design and manufacture of the push
die and other relative fixtures and so on. The sys-
tem proposed here is developed according to the
procedures of the design and manufacturing of the
free shape products.

As the system 1s originated from the incor-
poration of CMM with NC machine, the CMM
and NC machine take the role of input and output

devices respectively as in Fig. 1. The measurement

functions i1s the submodule within the CAD/CAM

system.
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Fig. 1 The basic structure of the system

The general structure of the system is ar-
ranged according to the procedures of free shape
products design and manufacture as in Fig,. 2.

The system takes the wirframe and surface
model, and the connection between CMM and
computer is by RS-232¢. The data points or the
measured entities are directly displayed on the
screen and stored into the CAD/CAM database.

The database are composed of one Entity list



measured entities are directly displayed on the

screen and stored into the CAD/CAM database.
The database are composed of one Entity list

of 16-byte records, one for each entity and the

records holds attributes which are common to all

types of entities such as entity numbers, valid mark,
layer, viewing mark, group, font, color and etc.,
the last one is the pointer for the geometry data lList
of the entity which include several standard subre-

cords of variable length.
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Fig.2 The layout of the system

3. The radius compensation of CMM
probe and three dimensional model con-

structing

The digitized data point is the center position
of the CMM probe rather than the contact point on
the surface of the being measured object. In order
to obtain the points on the object, the probe radius
must be compensated.
3.1 The measurement of one point

For merely one point, it is difficult to offset
automatically if the measuring direction ts uncer-
tain. If the measured object is free form surface,

the method to obtain the contact points is by meas-
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uring the surface which contain this points and
project the point to the offset surface with the sur-
face normal direction passing the point.
3.2 The measurement of spatial lines and circles
The traditional method 1s to adjust the meas-
ured line to parallel or perpendicular to one of the
measurement axis, this is inconvenient both for the
manipulation and for the reversing engineering
purposes. Here the method of measurement is to
measure the planes and by intersection of planes,
the lines are obtained.
3.3 The measurement of curves and surfaces

The measurement of curve is commonly to



set one axis constant, i.€. a section curve, it is easy
to offset a curve with the distance of probe radius
in a plane. If the curve is not a section curve, as
in Fig. 3, the surface that contains the curve
must first be measured and project each meas-
ured points on the curve onto the offset surface,
where each point has its own projection direction,
the relative surface normal direction passing

through the point. finally the projected points is

smoothed to curve.

Fig. 3 Probe radius compensation of curve

For the measurement of the free form surface,
several methods can be used to smooth the data
points to surface and obtain the real one by the
normal offset surface, this paper proposed a gen-
eral scheme for the smoothing net grid points and
the scatter distributed points to surface as in sec-
tion 4,

If the above questions are solved, then the
CMM can be refereed to the input device, a “three
dimensional digitizer” with which the user can
measure and construct the three dimensional model
in the CAD/CAM system.

3.4 The automatically constructing the convex
polyhegen object mode! with CMM

Based on CSG modeling method, any com-
plex objects can be constructed by the Boolean
operation of the standard primitives such as cube,

sphere and cylinder etc.. It is easier to measure the

sphere, the cylinder, but for the cube or convex
polygon objects, the compensation of probe radius
1s more difficult.

For a polyhedral convex, it is more difficult to
measure each edge of the object directly than to
measure the planes and intersect them with each
other to obtain the intersection lines. Also, it does
not have to adjust the object to the easy of meas-
urement and the probe radius can be compensated

automatically.
Let P(x,,y,,2,),P(x;,¥;,2; ), Pa(X3,¥5,25)
are the three points on a plane.

Vector N = PP, x PP, directing to the inside of

the object. Then the plane equation 1s
AX+BY+CZ+D=0.
Where

A=(y, -y )z; —2)- ;5 -y )z, - 7)),
B=(x;-x, )0z, —z))-(x, - x,(z; —2,),
C z(xz _xl)(YS _yl)_(x3 _xl)(Y2 _Y1)’
D=-(AX+BY+CZ).

The offset plane with distance d is
AX+BY +CZ+d~(Ax, +By, +Cz,)=0.

The polyhedral convex is closed, because all nor-
mals of the planes direct to the inside of the object.
The following algorithm is to find all the edges of
the polyhedral convex

1)Find all the planes 7, (i=1,2,...n)

2)Find the intersection line L of plane =, 7,
(1#})asinFig. 4.

3)Find the intersection point P, between L and the
plane m, (k=1,2,.n, k#1,j)

4)By checking whether the P, is inside the object

or not to determine the two end of L, the check



criteriais A_P,x+B_P,y+C_P,z>10e”
5)Got to step 2) until all the edge line are obtained.
Here, the algorithm focuses on from meas-
urement to model construction, the geometrical
deviations and the position deviations are not in-
cluded. For the precision measurement, the proce-
dures are:
1)Measuring three points in clockwise while facing
the plane, this is to determine the compensation
direction of the probe radius.
2)Measuring the net points on the plane and using
the least square method to obtain the geometrical
deviation.
3)The least square plane is being used as the

. (i=1,2,...n) for the constructing of the model.

Fig. 4 Constructing convex object model

4. Curve and surface smoothing

The curve and surface smoothing have been
studied intensely(M J Pratt ‘85, Nowacki and
Reese, $3; 91,
Schultze,92; Hagen, H. and Bonneau G.-P. 93;
MIG. Bloor, M.J. Wiison and HHagen, 95,
Schumaker, L.L 76, Welch, W. and Witkin, A. 92),

Pottmann, Hagen and

but little pay attention to the easy of measurement,
here the smoothing scheme has little constraints on
measurement as opposed to strictly to net grid

points.
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4.1 Curve smoothing
For a giving set of points P, (G=12,,,m),

find a parametric curve with control points

M
C.(i=1,2,,,M) then P(u) =) B,(u)-C, =P,

i=1
(G=1,2,..,m) ¢}

With the variational principle, seek the curve f
from the following functional

p(f) = a.-E(f) +B-6(f) 2)
where E(f)is the deviation item, O(f)is smooth

item, a,[} are the approximation and smoothness

weights,

Then p(f) = iaj{i B;(w)-C; - PJ}

i=1 i=1

m' M 2
+ Bj{z Bji(u)- Ci} : 3)
j=1 i=1
Where m’ is the number of points selected to

evaluated the curvature of the curve.

From % =0 , the following matrix equation
holds.
B"-a-(B-C-P)+B":-B-B'-C=0 @)

C=(B"-o.-B+B’T -B-B'?’] -BT-a-P (5)
Where CeRM?, BeR™™ B’ eR™™,
P cR™, o eR™" B cR™™
In application, the parameter of points
P,(j=1,2,,,m)is calculated by sum of the ac-
cumulated chord lengths.
This curve smoothing scheme can also be

used to smooth a set of points on “tracks” to sur-

face. First , smooth each track to curve with a

given control points KU, then smooth control



points of each curves in another direction.
4.2 Surface smoothing

For a given grid points P, (I=1,2,..,M,
1=1,2,...,N), just as curve smoothing, for surface

smoothing, the Variational function is
p(f) =v-E(f) +v, -0(f).

Where E(f)deviation item , 9(f)smooth
item, Y approximation weight, ¥ ¢ smooth weight.

According to the shell inner energy presentation,
take B(F) = [[(DLE+DLE+DL0ds as the

smooth item and represent it in discrete form,

-B..C-BT, D%, =B,.C-BT ,

F

2
where D,

D: =B -C-B].

()

ZZ{YU iiBuﬁ (w): ijj v)- Cij -Py

b1 =1 i=1 j=1
2
=1 }

+ii{vwi2fsﬂ,(u) B,;(v)-C, }

I=1 i i=1 j=1
}2
(6)

in which N’, M’ ar¢ the number of points on the

4=

{mii B, (W) By, ()-C,

i=l j=1

—
1

1

\—.

+ZZ {Y ol izm: Bluu (u)- Berj (v} Cij

I=1 I=1 i=1 =l

surface that is sought.

There are n x mequation of form (6) which is
equal to the control points of surface.

Then the following equation is holds.

2-BT.a- (B, -C-B] -P)-B-B,

+2'Bzm -0t (B 'C'B&;)'B'Bve:
+'2'Bzez o (B, 'C'Bjez)'B'Bvez
+2-Byg; -0~ (Byg; - C- Blo;) B-Big, =

(N
In fact the above equation has the form of

A-CB+A,-CB,+A,-CB, +A,-CB,=R-o-P-B-B
)

Here we take the boundary condition into account.

C=X+E

where X is the inner control net points matrix,

Let the control net points matrix

and E is the boundary control points matrix.

then we yields

A X-B+Ay X By +Ag X By +Ay X By =D
9

Where

D=B..o-P-B-B,-A ‘E-B, +
Ay -E-By +Ag E-By, +Ag -E-Bg,

A,=BT.a-B,, B, =BT .B-B,,

_BT

ubi

Ag ‘B o =B By B,

ubi ?
(i=1,2,3)
Solving the above linear equation, the control

points C is obtained

1 -1
X= {[Al ®BE]+Z[A&. ®Bgi]} -o(D)
i=1
(10)
Where
o: C™" = C™, sothat o(C)=x eC™

The (10) can be used to smooth both net points and
only four or three boundaries points to surface.
But for the convenient of measurement, it 1s often
to measure the feature lines as the boundaries and
some scatter data points inside, the scheme should
have the ability to deal with the circumstance.
For one point ‘PF , find its parameter (u,_,v, ) by
Newton-Raphson method from
(P, —S(u,v))-S,(u,v)=0
{(Pk =S8(u,v)):S,(u,v)=0

Where S(u,v) is the Coons surface constructed by

(11)

the four boundaries. Then the scheme for scatter



data points smoothing is

L 3 T
x:{z (A, ®B[1+ 3 A, ®B";]} DILCN

k=1

(12)

Fig. 5 Smoothing scatter data points to surface, the
maximum deviation between point to the surface 1s
0.02, for the smoothness weight 0.01 in both u and
v parameters directions.
6 Conclusion

The system proposed in this paper running on
the PC computer having the advantage of casy for
use. With the CMM as a three dimensional digit-
izer, the regular three dimensional model can be
constructed directly from the measurement. The
further investigation concentrates on the boundary
detection of the measuring points from the free
form surface object by the feature analysis to con-

struct the surface automatically.
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Fig. 6 A car roof finished with the system
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