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Figure 7.31: Tolerance on door_small, default and 3mm, 3xtree intersection
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Figure 7.32: Tolerance on 26324r, default and 1.5mm, 3xtree intersection
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Figure 7.33: Tolerance on door_small, defauit and 3mm, 3xtree preprocessing

The preprocessing for 3xtree should increase at a linear rate, as previously dis-
cussed. The random test data times are too small to get much feedback from. The
largest value, in table 7.10, is only 2.5, requiring values of .25 and .025 to show a linear
trend. These values are way too small to expect accurate timing information. In the
door.small test files, the preprocessing figures are once again too small at the lower
end to judge reliably, although they do support the trend. In the higher accuracy
range, the numbers appear to grow linearly. Plotting .005 /z alongside in figure 7.33
shows that overhead factors are important in the region we are examining. In the
graphs of z6324r preprocessing (figure 7.34), we see that the curve .027/z fits very
well, suggesting the linear trend we should see. At the low end, we can once again
see the overhead factors.

One thing we can conclude from this data is that preprocessing is an insignificant
cost for both the 3x and 3xtree programs at these levels of accuracy. At high enough

accuracy levels, the preprocessing will swamp intersection time for any problem, given
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Figure 7.34: Tolerance on z6324r, default and 1.5mm, 3xiree preprocessing

the much lower growth rate that intersection exhibits. That possibility also raises the

mermory issue, discussed in Chapter 3.

poly

The data we could get on the poly program is extremely limited. It was too easy to
find tool movements in the test cases that caused it to overflow available memory.
The method is very vulnerable to this. A large number of tool movements had to
default to three-axis approach in order to make it run at all. The prograﬁl was totally
unable to run on the file z6324r.

In the random tolerance tests, the increase in preprocessing was nowhere near
linear. However, we have only two data points there, so we can’t really draw any
conclusions. If we look at the poly preprocessing data for door_small, the performance
is still less than linear, although the poly program has a sizable overhead associated

with it. The graphs are in figure 7.33.
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Figure 7.35: Tolerance on door_small, default and 3mm, poly Preprocessing

The intersection times for the poly program’s random tolerance tests showed
minimal increase. Again we only have 2 data points. But, this would indicate that
the data is not being efficiently distributed throughout the BSP tree structure. One
reason for this is the high threshold of objects allowed in each leaf to prevent memory
overflow due to too much subdivision. Memory costs had to be fought at every step.

In the door.small tests, shown in the graphs in figure 7.36, the jump from the
second to the third data point in both graphs is nearly linear. The jump from the
first data point to the second is very small, which points to high program overhead.
The high costs of preprocessing due to the available bounds do not encourage further
exploration at this time.

The poly nb program, while not necessarily giving good indications of how the
poly program should operate, still offers a view of what we might expect with much
better bounds and certainly provides a lower bound for the approach we have taken.

With preprocessing on the random test data, we see the slow growth between
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Figure 7.36: Tolerance on door.small, default and 3mm, poly intersection
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the first and second points indicative of program overhead. From the second to the
third points, there is more than a linear increase. On door_small, the preprocessing
times progress nearly linearly, while for 26324r, the times progress at a rate slightly
less than linear. The graphs are depicted in figure 7.37.

The random tolerance test data in figure 7.38 shows very flat growth. This
implies that the BSP tree is helping out as the model size grows. In the door_small
runs, plotted in figure 7.39, the higher tolerance data is very close to linear, flattening
out at the lower tolerance levels. The data for 26324r is more interesting. Plotted in
figure 7.40, we actually see a decline in intersection times until tolerance .05, when
times being to climb. This unexpected effect occurs because the node size limits for
the BSP tree are set to allow the large node size required by the poly program. When
the model is too small, it doesn’t force enough subdivision to take advantage of the
BSP tree. As the model increases in size, the tree is used more efficiently, subdividing
the model better and reducing the intersection work done in the average node. Finally,
the model size grows enough that we start seeing the rise in times that we expect.

Further exploration of these effects aren’t warranted without improvements in the

polygonal bounds.

id

As mentioned in Chapter 4, the 1d program doesn’t have adjustable tolerance.
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Figure 7.37: Tolerance on door_small at default and 3mm, 26324r at default and
1.5mm, poly nb preprocessing
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Figure 7.39: Tolerance on door.small, default and 3mm, poly nb intersection
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Figure 7.40: Tolerance on z6324r, default and 1.5mm, poly nb intersection

175



3-Axis Step Poly 1D

Relative Speed 1 3-10 T0-200 10-7

Code Complexity Low (700}  Med (1500) High (6600) Med (2000)
Intersection Tolerance < O(n*?) < O(n) ~ O(n) —
Preprocessing Tolerance Small O(n) = Tiny Huge O(n) Tiny
Memory Usage Ofn) Tiny Huge Tiny
Flexibility High Low Medium Low

Table 7.21: Comparison of the Methods

7.3 Conclusions

We have presented several methods by which five-axis verification may be carried out
with guarantees on the accuracy of the results. This is accomplished in the paradigm
of discrete approximation of a desired part surface by finding the intersection of the
five-axis tool movement envelope with a surface vector. All methods presented except
the numerical approach can be used at varying tolerances to allow fast overviews and
Jater high accuracy verifications.

We have investigated each method’s response in running time to changes in
problem size. Also, we have locked a,t. the effects of rotation angle and tool move-
ment length on the performance of each method. Finally, we evaluated the effects
on changes in tolerance on each method. Table 7.21 gives an overview of how the
methods compare. The speed entries are relative to the performance of the three-axis
approximation with the object hierarchy optimization. Code complexity is 1n lines
of C code. Flexibility refers to the relative ease or difficulty in adapting each of the
methods to new tool shapes or tool movement equations.

From a practical viewpoint, the three-axis approximation method with bound-

ing hierarchy, outlined in Chapter 3, is the clear winner overall. Its advantages are
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obvious: there is no complex eguation-solving resulting in slow numerical code, im-
plementation is very simple (especially compared to the polygonal approach), and
it takes advantage of preprocessing. Certainly for current applications, this is the
method of choice for accurate intersection calculation, and subsequently, verification
as a whole. In addition, the three-axis approach is very easily extended. Any tool
shape for which a three-axis intersection routine exists can be used with this method.
The envelopes used in the tree need to be changed some to allow for wrapping the
new tool shapes, but the method is very flexible. With a little more work, the method
is extensible to other sweeps as well.

The timing tests make clear that the effort expended on preprocessing is pretty
much inconsequential compared to intersection time at the tolerance levels tested.
This is a very effective use of preprocessing. On the downside, if high enough levels of
accuracy are demanded, it is possible that memory may be overrun {rying to create
the hierarchy tree. In that case, it may be necessary to compromiée.

As we mentioned in Chapter 3, several possibilities exist to handle this situation.
One, we could calculate data on the fly. This turns out to be an effective method. The
memory usage is negligible and the intersection times degrade by about 10movements
into smaller ones beforehand, since the memory size requirements can be determined
based on tolerance and rotation angle. The final method is to use more than two
children per node. This cuts mermory usage somewhat but also results in somewhat
slower intersection.

The closest competitor is the fast step method. It ranges from 3 to 10 times
slower than the three-axis method under varying circumstances. Most importantly,
as accuracy demands climb, the fast step program starts to narrow the gap. Also, as
the rotation angle increase, the fast step program catches up some. If verification 18

to be carried out at extremely high accuracy levels, the fast step program may just
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be able to come out in front.

We have also seen that the z-culling optimization is an effective improvement to
the step method. The large step optimization is even more effective. It makes the
performance very sublinear in tolerance, outperforming the linear performance of the
simpler impilementations.

The step method is less amenable to changing the tool shape. The point test is
highly dependent on the equations based on a cylinder. A new tool shape requires
restructuring the equations and possibly even completely revamping the point test if
the interval narrowing algorithm is no longer applicable.

The step method heavily relies on the worst case bounds for minimum finding
in the second part of the point tests. These bounds are not very tight in general.
Better bounds would be directly realized in speedups in the step method. It might
even become the front runner if tight enough bounds could be had.

The pelygonal approach has turned out to be the biggest disappointment. On
paper it would seem to be the most potentially efficient approach. However, the
looseness of the bounds on surface approximation render this approach ineffective.

The fact that the unbounded version did not perform well either leads to the
conclusion that the methods used to create the polygonal surface are not very useful
in a computational setting. The representation performs worst in cases that should
.be the easiest, and requires a totally different approach to handle them. A different
- method of generating triangles as .weﬂ as improved bounds would be necessary to the
success of this method.

However, the overhead involved in the programming the polygonal method is
fairly high. The code complexity is unlikely to reduce significantly since any polygonal
program will still have to build a mesh, and probably will do it in an adaptive manner.

The meshes must be sewn together, although, different generation schemes may be

178



able to eliminate this step. Finally, some method of efficiently finding intersections,
such as octrees, is vital and requires both data structure construction routines as well
as intersection routines. While not ideal, the programs used do give some idea of how
complex any polygonal program will have to be.

The numerical approach is a mixed bag. In some examples it is as fast as the
large step method, while in others, especially the real data tests, it is incredibly slow.
This is even more true when bounds on the rad function are used. As a practical
matter, this method is a curiosity without much improved bounds on root finding in
the equations. Adding the bounds as described to the remaining equations will only
make matters worse. Another downside is that both the equations and algorithm
are almost completely dependent on the use of a flat-end cylinder. As with the step
method, changing the tool shape would require changes in the equations used, and
very possibly necessitate a new search algorithm. At the very least, it would be a
significant project.

A simple, if potentially slow, method of finding the intersection between a five-
axis tool movement and a line is to generate a set of still tool placements and find
the intersection of the line with each one in turn. As the density of tool placements
increases, it evolves into the numerical approach that we described. It turned out
that finding a bound for this model was significantly more difficult than for the three-
axis approximation. However, given the similarity of this to the numerical approach,
bounding this model may give insight into improving the bounds for the numerical
approach.

The result of this thesis is to offer a method of finding the intersection of a swept
cylinder with a line that can be guaranteed to a desired leve] of accuracy, is fast, simple
to implement, and flexible. In addition we have explored other avenues of solving the

same problem and shown them to be less desirable at this time. The information
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we have provided applies not only to the obvious application of NC verification, but

also to any application in which the intersection of a swept object and a line must be

found with accuracy guarantees.

7.4 Open Problems

While any work tries to solve every aspect of a problem, some questions inevitably
remain unanswered. In addition, a solution to a problem may raise new and interest-
ing questions to explore. This dissertation is no different. We have done an extensive,
though not exhaustive, look at methods for finding intersections with guaranteed ac-
curacy between lines and five-axis tool envelopes. In the process, several unsolved
questions arise.

First, the method we employed to guarantee global root-finding and minimum
location is very conservative. In some cases it works rather well. But in others, the
bounds are overly cautious and cause significant slowdowns in the efficiency of all but
the three-axis approach. The step method in particular can benefit from improving
the bounds on searching the second equation of the point test. The polygonal and
numerical approaches would also clearly benefit.

The step method may also benefit from taking advantage of curve coherence.
The parameters change very little from step to step and equation searching might be
facilitated by this fact.

As we have already pointed out, the polygonal method we have presented is not
very effective. The testing results from the unbounded version seem to suggest that
even improving the bounds on the equations involved will not be sufficient to make
our polygonal approach viable. However, the poor results are also tied to the surface

representations used in this dissertation. Finding better parameterizations may prove
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fruitful despite the likely complexity of the programs.

Related to better bounds for equation searching, the numerical approach may
benefit from a deeper look at the static cylinder idea. If a bound can be derived for
the static cylinder approach, it may lead to a better understanding of the equations
involved in the numerical approach, and subsequently, better search methods.

Finally, even though the three-axis approximation is the best of the methods
as presented; it too can benefit from further research. Although the bound derived
here is good, it is not as tight as possible. The tolerance distance from a point on
the surface of the approximation is measured to the corresponding position in the
true too] movement. However, the real location of this point is not necessarily on the
surface of the true tool envelope and the envelope itself may be closer still. A better

bound would mean even fewer three-axis submovements could model a five-axis tool

movement, resulting in faster intersection times.
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