


















































































































































CHAPTER 4. REQUIREMENTS FOR HSC-ORIENTED ROUGHING 65 

a negative influence. Paths that are not tangentially smooth and small radii cause the 

machine control to reduce feed or even stop the machine suddenly. This subjects the 

entire kinematics of the machine to very severe forces and accelerations. A reduction 

in feed prolongs the total traversing time of a milling programme. In addition to the 

very heavy load exerted on the machine and the extended traversing time, discon

tinuous tool travel has a particularly negative effect in terms of minimising cutter 

life. 

Resultant forces are exerted on the cutter while it is in contact with the material. In 

climb milling, the cutter tends to be pushed away slightly from the work. If the cutter 

comes to a sudden stop, and is no longer in contact, the resultant forces are no longer 

active. This also cancels the out the minimal distortion of the cutter, which results 

in minimum tool contact. The cutter rubs against the part and the heat generated 

cannot be carried away by chip. This condition quickly leads to heating of the cutting 

edges, which in turn diminishes tool life. Upon accelerating again, the cutter is in 

complete contact, which causes a very heavy load on the cutting edges as a result of 

impact forces (Fig. 4.6). 

Figure 4.6: Contact conditions in tangentially discontinuous milling paths 

However, tangentially discontinuous paths and small radii can be avoided at any time 

by inserting a radius. The minimum size of the radius at which feed is reduced only 

insubstantially or not at all depends on the respective machine control system and, 

therefore, should be a freely definable parameter. In the following, the elimination 

of tangentially discontinuous milling paths and small radii is considered an absolute 

prerequisite and, therefore, will not be dealt with in more detail. 
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The entry and exit cuts, during which the cutter enters and cuts free of the material, 

respectively are particularly significant. Paulus [27] discovered that the shock exerted 

when the cutter bites into the stock and the shock exerted when the cutter leaves the 

material both minimise tool life. Paulus recommends achieving the optimum contact 

cross-section as quickly as possible or to leave without each of the tool's cutting edges 

having to too frequently accommodate rapid and major changes of the chip cross

section. K611ing [23] offers a specific proposal by which he investigates the circular 

entry cut as advantageous for tool wear (Fig. 4.7). 

Figure 4.7: Circular tool entry according to K611ing [23] 

Moreover, a shallow plunge-cut at a plunge-angle permitted by the cutter specification 

provides a high degree of process reliability. However, all variations only minimise wear 

of the tool's cutting edges. Avoiding entry and exit cuts prove to increase tool life. Tool 

motions that take place in the open extend the total distance traversed. Continuous 

engagement in the material is beneficial for tool life and minimises tool travel. If the 

cutter must be withdrawn, it should not return to the retract plane. Taking a current 

blank geometry into account, the system should automatically determine local cutter 

withdrawal. Automatic determination of evasion strategies would also be desirable. 

This is practical in cases where a tower is situated, for example. For this however, it 

will be necessary to check the toolholder and head, in addition to the cutter with its 

shank length, for collision with the current blank. Another way to suppress retracts 

is to specify a connection length between cutting zones. If the 2D connection between 

two zones is less than the defined length, a collision-safe traverse motion is carried out 
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on the current blank. Multi-level, instead of a layer-by-Iayer, machining of cutting 

zones in pockets and around domes provides a further opportunity to avoid cutter 

entry and exit into and out of the material (Fig 4.8). 

Layer-by-Iayer machining sequence Multi-level machining sequence 

-------4CD~---------

Figure 4.8: Layer-by-Iayer and multi-level clearing 

Since the total distance traversed consists of cutter movements in the material Fin 

and movements outside the material Fout, the following condition must be satisfied 

when a cutter field is cleared out: 

( 4.1) 

Types of machining operations 

Historically, conventional milling was the first milling process applied. The cutter 

rotates in a direction opposite to the translation of the part (Fig. 4.9). The cutter's 

teeth scrape the material until the resistance between part and cutter is overcome and 

the cutter bites into the material. From this point on, each cutting edge begins to 

cut, separating a comma-shaped chip from the material. At the start of the cutting 

process, the chip thickness he = 0.0, and reaches its maximum size just before the 

cutter tooth leaves the material. 

In climb milling, the directions of cutter rotation and workpiece feed are identical 

(Fig. 4.9). Each cutter tooth in contact immediately bites into the solid material. 

The maximum chip thickness is reached immediately following penetration by the 
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tooth and then tapers off to zero. The result is that friction diminishes to zero, in 

contrast to conventional milling. The work is pressed against the worktable, not lifted 

away from it, as may occur in conventional milling. 

Conventional milling Climb milling 

-c----

Figure 4.9: Conventional and climb milling 

As described by Bieker [41, the tool life travel achieved for overlaps ae / D > 0.5 with 

conventional milling is distinctly shorter than with climb milling. The increased wear 

in conventional milling is a result of splintering off of micro-particles from the periph

ery of the cutting edge that are then flushed out as the cutting distance increases. 

Because climb milling also results in splintering of the cutting edges with smaller 

overlaps due to adverse contact conditions, there is no significant difference in tool 

life travel for ae / D < 0.4. Earlier investigations [8][24J have also demonstrated that 

cutter-exit conditions in milling have a considerable effect on tool life characteristics. 

The loss of tool life travel observed in conventional milling is attributed above all to 

tensile stresses that build up in the cutting edge when the tool leaves the material, 

causing particles to break off. The friction and compression forces produced when 

the cutter bites into the stock with zero chip thickness in conventional milling also 

reduce tool life. Parallel to the tool face, strong shearing stresses are induced in the 

transition between the cutting edge and flank. Together with the stresses caused 

by cutter entry and exit procedures, these forces contribute to an increase in wear 

progression [41. The adverse effects of the entry and exit conditions in conventional 

milling are aggravated when unstable tools, like those required for roughing deep very 

finely sectioned parts, are used. This can be attributed to deflection of the cutter 

when it strikes the material, which delays the start of chip formation, thus increasing 
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the frictional stress exerted on the cutting edge, and can result in breakage of the 

tool's cutting edge within only a few millimetres of cutter travel. 

Therefore for rough machining parts, it may be inferred that climb milling produces 

a smoother cut and exerts less load on the cutting edge when the cutter enters and 

leaves the material than is the case in conventional milling. Climb milling proves to 

be an advantageous milling technique due to the uniform flow of chips, which ensures 

safety against splintering off of the cutting edges, and lower maximum values for 

cutting force components. 

The rate of metal removal Q(t) consists of a climb-milled portion (Cd(t)) and a con

ventionally milled portion (Cu (t) ). Hence the rate of metal removal results from: 

(4.2) 

With respect to useful cutter life, conditions are most favourable when time-cutting 

volume consists of only a climb-milling portion; hence the following applies: 

(4.3) 

However, an absolute prerequisite for clearing cutter fields in high-speed roughing 

operations is that the share of conventional milling never exceeds the share of climb 

milling and thus the following applies at all times: 

(4.4) 

If the shares of climb and conventional milling are equal, the milling cutter is in full 

engagement. If a part contour is traversed with the cutter fully engaged, care must 

be taken to ensure that climb milling is used to remove the material toward the part. 

The reason for this is distortion of the cutter. As described above, the cutter is always 

pulled into the material in conventional milling. In the case of long, narrow cutters, 

this deflection can lead to contact with the part contour. 
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Overlap 

One reason for the breaking off of material from the periphery of the cutting edge, 

which occurs more frequently when contact widths are smaller than the cutter radius, 

is increased alternating thermal loads. This is due to the low ratio of cutting time to 

cooling-off period per cycle in conjunction with the mean chip thickness (e.g. 40% of 

the maximum value at ae / D = 0.1), which is still relatively high even with smaller 

contact widths. However, the contact conditions upon penetration by the cutting 

edge are of even greater significance. When it cuts out a chip, the cutting edge 

penetrates the workpiece material through impact against the part, cuts out the chip 

along a circular cutting path and then leaves the work. According to Beckhaus [3], 

contact conditions in milling are considered critical when the vulnerable cutting edge 

first penetrates the part and therefore must accommodate the entire impact load. 

Particularly in the case of tools used for high-speed roughing, it is important to know 

that tool cutting edges are highly sensitive to intermittent shock loads. The force of 

the impact has a considerable effect on dulling of the tool's clttting edge. To reduce 

the force of impact, initial contact between the cutting edge and the part should 

occur at a location within the face of the cutting edge. As analysed by Bieker [4], 

the area of the cutting edge in which adverse contact conditions prevail expands with 

diminishing overlap. In the case of radial contacts widths of ae > D /2 only tool face 

contacts remain that provide for a harmonious distribution of the impact load. In 

addition, the cutting forces of the individual cutting edges are equalised by different 

directions. In this way, no brief, pulsing forces that result in vibration and chatter 

between the tool and work piece are stimulated. On the contrary, the cutting forces 

are shallow and harmonious, resulting in soft entry of the cutter into the material. 

The increase in the length of the circular path lcp with large overlaps results in a 

reduction of tool life travel as a consequence of the higher effective friction path of 

the cutter. However, because stock-removal capacity increases with an increase in the 

radial contact width, tool life reaches a maximum at overlaps of ae/ D > 0.6 for ma

chining commonly used workpiece materials in die, mould and pattern manufacturing. 

Neither verifiable theoretical findings nor practical investigations exist to support this 

statement. Instead, a ratio of tool life to overlap was assumed (Fig. 4.10) based on 

extensive data acquired from practical applications and will serve as a starting point 

for the following. 
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Figure 4.10: Tool life T in proportion to overlap ae / D 

The system can automatically optimise the position of milling paths in a cutting 

zone so that the cutter is constantly in engagement on all paths. To achieve this, 

the specified feed adjustment may be reduced, which prevents the final path from 

consisting of only a narrow web. 

4.4.2 Target functions for clearing cutter fields 

The following target functions for clearing cutter fields can now be summarized from 

the above process-related technological requirements: 

(4.5) 

(4.6) 

ae(t)/ D > 0.5 (4.7) 
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4.4.3 Adapted feed 

A cutter encounters critical contact situations when offset conditions are irregular 

or in the case of complete cutter wrap. Large fluctuations of the offset or irregular 

tool wrap represent a high risk in terms of process reliability in the rough operation. 

The danger of cutter breakage increases, particularly when slender cutters are used 

[30]. To remedy this, largely uniform loading of the cutter should be achieved during 

machining. The angle of wrap of the material around the cutter can be maintained at a 

relatively constant level by applying the milling strategies described above. However, 

the local offset situation must also be taken into account when the NC data are 

generated. In actual practice, such data are not constant, but instead, variable due to 

the geometric design of the part and the pre-machining steps carried out in advance. 

At constant rates of feed, peak forces exerted on the cutter and the resulting increase 

in wear, including tool breakage, are the consequence of fluctuating stock-removal 

capacity [15]. 

In practical applications, the increased loads are either tolerated and the machining 

operation is carried out at maximum speed under constant supervision by the special

ist at the milling machine, or a lower feed rate is programmed that is oriented toward 

the maximum load. The great disadvantage of both of these approaches lies in the 

fact that HSC-oriented roughing can be applied only to a very limited extent under 

such condition. Prompt intervention by the operator in the case of locally increased 

offset is virtually impossible due to the desired high rates of feed. Although reducing 

the machining speed in advance for the entire operation increases process reliability, 

it impairs the economy of the process. Therefore, a CAM system that calculates NC 

paths for rough machining must adapt the rate of feed to local contact conditions. 

The CAM system must be able to reproduce at any time the momentary complex 

volume track left by the cutter in the part. This ensures that the shape of the part, 

which changes constantly during the machining operation, is known at any given time. 

The current shape of the part is the basis for calculating the cutting situation. The 

momentary rate of stock removal, as well as the distribution of the material relative 

to the tool, must be analysed and then used to determine current cutting forces. The 

data thus acquired serve to adapt the rate of feed to accommodate the current load 

exerted on the cutter. 
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To avoid excessively heavy peak loads the system must reduce the feed so that critical 

areas are traversed more slowly. Since this prevents the occurrence of inordinately 

heavy loads on the cutter, process reliability increases and rates of feed that reduce 

machine operating time can be used. The result is a more stable and reliable roughing 

operation that can also be carried out without human intervention. 

4.5 Residual stock 

The geometry of the part and the blank form a basis for laying out the process. 

The geometric constraints of the milling cutter (diameter and type) as well as the 

machining parameters are determined by way of the volume of material to be machined 

and the intricacy of the contours. In addition to these fundamental specifications, the 

residual offset left on the cutter following each individual machining step must be 

taken into account when the process is generated to avoid overloading the cutter in 

the subsequent machining step. 

Depending on the cutter and the specified parameters, the blank, following one or 

more roughing programmes, still lacks the appropriate shape required to proceed to 

the finishing operation. A stepped or wavy residual offset still remains on the work. 

Pockets or beads are still completely filled with material. To conclude the roughing 

operation satisfactorily, these characteristic geometric areas must be analysed and 

tool- and process-specific parameters adapted to the task at hand. 

4.5.1 Residual offset for roughing in layers 

Zander [34J describes how, regardless of cutter diameter, a stepped or wavy residual 

offset forms, which depends on the selected radius of the cutting tip, the axial depth 

of cut and the angle of inclination of the part. Fig. 4.11 illustrates these geometric 

relationships. 
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Figure 4.11: Residual offset situation 

Due to the difference in surface formation, it is necessary to divide the mathematical 

description of the maximum normal offset an into two cases. A wavy surface structure 

exists when the point of the cut made by the cutter tip in the previous machining 

layer is located within an area of 90° > /'i, > 0° of the tip of the current machining 

layer. 

In this case, the maximum perpendicular offset is: 

(4.8) 
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In all other cases, a stepped offset exists. The following formula is used to calculate 

the maximum normal offset: 

(4.9) 

Fig. 4.12 illustrates these relationships for a variation of the axial depth of cut and the 

radius of the cutter's carbide tip. Whereas a largely constant offset can be obtained 

in steep areas of the part, the formation of steps at shallow part inclination angles 

causes a sharp increase in the normal offset, which may assume values that nearly 

correspond to the adjusted axial depth of cut. From a geometric perspective, it is 

possible to counter this phenomenon by using a large cutter radius or reducing the 

axial depth of cut. 
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Figure 4.12: Factors influencing the normal offset 

As the chart on the right in Fig. 4.12 shows, the normal offset decreases as the cutter 

radius increases. However, it can be influenced only insignificantly in level areas of 

the part. For these reasons, spherical ball-end mills produce only minimal geometric 

advantages with respect to the residual offset situation. In all cases, it is necessary to 

either reduce the axial depth of cut or re-machine the specific area of the part. 
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The illustrated geometric analysis clearly shows that a uniform offset situation can 

be achieved by adapting the axial depth of cut, regardless of the inclination of the 

contour. Although the radius of the carbide tip influences the maximum normal offset, 

a stepped residual offset always forms in level areas of the part. The maximum normal 

offset in such areas is determined primarily by the axial depth of cut that corresponds 

to the distance between the roughing layers. Therefore, to minimise residual offset, 

it makes sense to select a shallow axial depth of cut. The radius and diameter of the 

carbide tip can then be selected based on the criteria of process stability and rate of 

metal removal to ensure adequate process reliability and economy. But the geometric 

analysis illustrates that a large tip radius with adapted axial depth of cut should be 

a fundamental objective for roughing in layers. 

4.5.2 Residual stock in the CAD/CAM system 

When creating programmes for rough machining with commonly used CAD/CAM 

systems, the task of the NC programmer is complicated by the fact that the planner 

does not have detailed information about the current state of the blank following 

execution of an initial roughing programme. He cannot be certain which areas of 

the part have already been roughed down and which areas still require re-machining 

operations to remove residual stock. Only the geometry of the original blank and the 

setpoint geometry of th~ later part are available for creating the NC programme. The 

CAM system, and hence the user, have no information about the geometry of the 

current metal blank. To optimise cutter travel, e.g. retracts, and to obtain advanta

geous and uniform process parameters for HSC rough milling, the CAM system must 

have up-to-date information about the current state of the blank at all times. It is 

not sufficient to calculate a current blank following execution of the NC programme; 

information about the blank in every machined condition must be available. This re

quires dynamic updating of the blank, which the system must perform automatically. 

The virtual volume modelling of the stock removal process is the prerequisite for this. 

If the CAM system is familiar with the current geometry of the metal blank at all 

times, it can make the updated blank available to the user in the form of CAD 

geometry following execution of an Ne programme. By comparing the current blank 

with the later part, the system can display areas of remaining stock, e.g. steps or 
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pockets, to the user with the aid of convenient functions, e.g. shaded graphic views. 

The various depths of the material are displayed in different colours. 

The user must remove this residual stock to obtain a clearly defined offset on the 

part. An additional roughing programme is calculated for this purpose, using the 

current blank. The user can then remove the remaining material with the aid of the 

roughing strategies described above. Machining of residual stock can be repeated as 

often as required because the blank can be continuously updated. Hence the user can 

be certain that the maximum offset on the pre-roughed blank conforms to the offset 

defined by the user. 

Machining can then proceed to the finishing stage. The current blank should also be 

made available for the finishing process, completing the integrated process sequence 

from roughing to finishing. 

4.6 Novel of contributions 

Component quality, working speed and process monitoring are slogans in the die, 

mould and pattern manufacturing industry to optimize the prerriaching of parts. This 

chapter has analyzed all those components that influence the results of the roughing 

process; these have been combined and new standards set for the entire process. This 

has led to highly efficient roughing paths and optimum preparations for the finishing 

process. 



Chapter 5 

Clearing cutter fields 

As described above, the basis for roughing in layers is the calculation of the boundaries 

of cutter fields in each of the layers to be machined. The boundaries of the cutter fields 

originate from positions at which the cutter has contact with a specified level and with 

the part or metal blank. All the closed boundaries of a layer result in topologically 

correct milling zones. The material situated within these zones must be completely 

removed in accordance with the requirements defined in Chapter 4. The algorithmic 

implementation of this task will be discussed in more detail in the following. 

5.1 Distribution of milling paths 

5.1.1 Isoparametric distribution of paths 

The basis for isoparametric distribution of milling paths is the generation of a sur

face with the aid of the boundary contours of the cutter field. Two methods may 

be applied to generate the surface. The surface can be defined exactly by analyti

cal expressions, or interpolation or approximation methods may be used. Suitable 

polynomial bases are applied for interpolation or approximation. Interpolation is an 

approximation principle which requires that the approximated surface coincide with 

the actual surface points at specified interpolation points. Methods established by 

Lagrange and Hermite and cubic splines are familiar surface-interpolation methods. 

78 
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The task of approximation is to establish a numerically convenient approximation to 

a permanently defined surface. Familiar approximation methods include those from 

Coons and Bezier as well as the B-spline method. 

A characteristic feature of parametric surface representation is that a value of the 

dependent variables is explicitly assigned to each value of the independent parameters 

u and v. This is not ensured in the case of explicit representation. In general, surfaces 

are not represented explicitly, but rather in the form of parameters. Thus the task 

of isoparametric path distribution is to generate parametric ally uniformly distributed 

curves on the surface. A surface in a layer in parametric representation has the 

following form: 

X=X(u,v) 

Y=Y(u,v) (5.1) 

An essential factor here is that the coordinates X, Y are always derived through the 

parameters. An equation contingent on the degrees of freedom u and v, corresponding 

to an explicit representation, results for each coordinate X, Y. The lines produced 

where u = const. and/or v = const. are called isoparameters. 

The two milling path layouts illustrated in Fig. 5.1 show an example of isoparametric 

path distribution. The contour of the metal blank consists of a rectangle, typical of 

a block-shaped blank. The contour of the part consists of a circle, which applies in 

the case of a cylindrical elevation in the part. With the aid of these two contours, a 

parametric surface was defined and its isoparameters generated. 

If one considers the implementation of the individual target functions in the milling 

pattern on the left, it becomes evident that the target function climb milling is always 

optimally implemented. The overlap always satisfies the requirement of being greater 

than 0.5. With the aid of a rounding function, all paths are continuously tangent 

and the cutter is always in constant engagement because it never needs to leave the 

material and re-enter at some other location. This satisfies all four target requirements 

and reveals an optimum path distribution for clearing out cutter fields. 
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Figure 5.1: Isoparametric distribution of milling paths 

However, as an examination of the milling pattern on the right in Fig. 5.1 clearly 

demonstrates, this statement applies only to certain geometric constellations of the 

cutter field. 

The inability to define path spacing is the major drawback of this method. Paths tend 

to be denser in some areas, depending on the local situation. The cutting distance 

thus generated is much longer than would actually be necessar~ to remove stock from 

the cutter field. Even more serious, however, is the very small overlap, amounting to 

0.0 in some cases. As a result, the cutter is no longer in constant engagement, which 

also reduces tool life. An overlap of 1.0 is achieved by enlarging path spacing and 

when machining on webs. The distance between paths may exceed the diameter of 

the cutter and stock will be left on the part. In the case of complex cutter fields, the 

effects of path density can become more and more critical and result in useless milling 

patterns. 

5.1.2 Equidistant distribution of milling paths 

Linear paths 

Equidistant path distribution with linear paths is based on the generation of lines 

running parallel to a base line. In the CAD sector, this strategy for clearing cutter 

fields is referred to as paraxial milling. If the base line is parallel to the x or y 

drive axis of the milling machine, two of the machine's three linear drive axes can be 

clamped for milling. In the early stages of numerically controlled milling, the major 

advantage here was the minimum number of milling points, as only two milling points 

were required to instruct the machine to traverse a line. With the rapid development 



CHAPTER 5. CLEARING CUTTER FIELDS 81 

of milling machines and their numeric control systems, this demand for a minimum 

number of milling points continues to diminish in significance and has no relevance 

whatsover for high-speed roughing. 

7 

'- ./ 

Figure 5.2: Paraxial path distribution 

Fig. 5.2 demonstrates a paraxial path layout in which the paths were generated 

parallel to the x axis. A climb milling strategy can be implemented for this path layout 

only with the aid of numerous individual retract motions because the cutter must 

advance with idle motion over the entire part from the end of one milled path to the 

beginning of the next path. This method in no way satisfies the condition Fin > > F out. 

As Fig. 5.3 shows, the result is instead a traverse path in which the cutter travels more 

with idle motion than in contact with the material and thus Fout > Fin applies. This 

extends cutter travel dramatically and thus prevents cost-effective machining. Due to 

strict adherence to the climb milling strategy, the cutter frequently strikes and leaves 

the workpiece. This reduces tool life. Moreover, this method results in very many 

tangentially discontinuous machine movements that, as described above, also tend 

to minimize tool life and exert an excessive load on the machine. Machining of the 

part contours represents a further disadvantage. When a paraxial milling path meets 

a part contour, the contour can first be completely traversed. This means that the 

cutter is in full engagement while traversing the contour, but cutter infeed from one 

path to another takes place in the open. Traversing the contour after machining the 

cutter field is another possibility. In this approach, the cutter is in full contact only 

when infeeding. If the contour is traversed at the end, the cutter will be constantly 

alternating between contact and idle travel. This is a highly adverse condition for 

tools used in high-speed roughing and can quickly result in breakage of the cutting 

edges. The sole advantage is contact with the stock within a cutter field while the 

cutter is engaged; this engagement is very uniform. 



CHAPTER 5. CLEARING CUTTER FIELDS 82 

Figure 5.3: Milling programme with paraxial path distribution 

This strategy can only be applied practically on milling machines with simple, out

dated machine kinematics linked to outdated CNC systems that are incapable of 

processing numerous NC positions, like those produced in curved milling paths, at 

sufficiently high speeds. Due to the heavy load they exert on machine kinematics, a 

result of their long life, the drive axes have a certain amount of play that best permits 

machining with a desired accuracy when two of the axes are clamped. Linear path 

distribution can also be applied for machining soft materials, where unconditional 

adherence to the target function of climb milling is irrelevant and very cost-effective 

roughing results can be obtained by means of reciprocal milling. 

Due to the reasons mentioned above, it can be stated in summary that equidistant 

path distribution with the aid of linear paths is a highly unsatisfactory clearing strat

egy for high-speed roughing. In addition to factors that have a minimising effect on 

tool life, such as the cutter constantly striking and leaving the material, the excessive 

amount of idle travel rules out cost-effective machining. 

Parallel milling paths 

The basis for equidistant path distribution is the generation of curves or polygons 

parallel to a base curve. In the CAD/CAM sector, such curves are referred to as 'offset 

curves'. Since their introduction as control paths for numerically controlled machine 

tools, these curves have become the subject of increasing attention. In addition to 

their application in Ne machining, offset curves have also been introduced into other 

areas such as road construction and laser cutting [12]. The geometry to be offset may 
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exist in the form of a curve or polygon. Processes used to generate offset geometries 

for polygons and curves have been dealt with extensively in relevant literature [9][121. 

The parametric representation of an offset curve is shown below: 

Xd(t) = X(t) + N(t)d (5.2) 

where N is the standardised normal vector, i.e. 1 N 1= 1. As illustrated in Fig. 

5.4, d may be positive or negative when N is oriented accordingly; in this case, the 

associated offset curves are situated on different sides of the base curve [181. 

Figure 5.4: Offset curves of a plane curve 

Farouki [12] describes a detailed representation of the differential-geometry properties 

of offset curves. If the base curve is not differentiable, the offset curve must be 

specially defined at such locations by supplementing it with circular segments. A 

further problem results when offset curves are checked for collision, i.e. when unwanted 

areas are eliminated. Hoschek [18] observed that prohibited areas always begin where 

offset curves penetrate each other (Fig. 5.5). This expands the scope of the collision 

check to the problem of detecting points of interpenetration. Thus the generation of 

offset curves entails the additional task of eliminating points of interpenetration. 
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Figure 5.5: Collision of offset curves 

If this is accomplished, milling path layouts like those shown at the right in Fig. 5.5 

are generated. Due to the removal of the invalid curve segments, the offset curves 

split into individual areas, which will be referred to as nests in the following. 

Fig. 5.6 illustrates a milling path layout created by calculating offset curves parallel 

to the outermost contour of the cutter field. 

CJ ~ 
~ E-

Figure 5.6: Path distribution with the aid of offset curves 
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It is obvious that the criteria for the specified target functions are almost completely 

satisfied. The target function climb milling Cd(t) >= Cu(t) can be maintained uncon

ditionally. The overlap ae(t)/ D >= 0.5 is maintained at all times with the exception 

of individual narrows. Tangentially continuous paths are also produced to a large 

extent. This requirement can also be satisfied on cusps and constrictions, where this 

target function is not realised, by simply rounding off the paths with a small radius. 

This method minimises cutter travel in idle movement F out. The cutter must exit the 

material only when it traverses between nests. As described below, applying a suit

able strategy can optimise this procedure. Thus, in comparison with the previously 

described isoparametric path distribution and equidistant path distribution using lin

ear paths, this strategy proves to be the most technologically advantageous one for 

high-capacity roughing. 

Closed contours that delimit the cutter field are a prerequisite for generating the field. 

At least one contour must exist. There may be more contours, e.g. three, as shown at 

the right in Fig. 5.8. The existence of one contour that encloses all of the others is a 

prerequisite. The former is referred to in the following as the outer contour. Contours 

situated within the outer contour are referred to in the following as inner contours. 

Inner contours may not enclose any further contours. Were this the case, the contours 

enclosed by the inner contours would, in turn, correspond to outer contours and would 

define a new cutter field. If the field has more than one contour, which is usually the 

case in roughing, it will be necessary to define a suitable base curve for generating 

the offset curves. 

Base curve defined by an inner contour 

In this method, the base curve is formed by all existing inner contours. If more than 

one inner contour exists, it will be connected to a contour by means of linear webs. 

The milling pattern at the right in Fig. 5.7 illustrates such a situation. The webs are 

arranged so that their length is minimal, i.e. the contours are connected at the points 

where they are closest to each other. If there is no inner contour, an auxiliary curve 

is generated automatically by the system within the milling zone. Starting from this 

base curve, offset curves are generated from the inside to the outside and the outer 

contour is clipped. The resulting curves or curve segments represent the milling paths 

to be traversed. 
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Upon evaluation of this milling path layout within the context of the technological 

requirements, it becomes obvious that the criterion climb milling can be achieved only 

by means of numerous idle movements. On all paths that intersect the outer contour 

and thus are not closed, the tool must either traverse the outer contour or withdraw 

to move to the next path. This in no way satisfies the criteria for the target function 

r Fin(s) » r Fout(s). 

Figure 5.7: Base curve defined by inner contour 

If a contour-parallel milling path intersects the outer contour, the question arises, 

as is the case with linear path distribution, as to whether the entire contour should 

be traversed immediately. If the contour is traversed at the end, the cutter will be 

constantly alternating between engagement and idle travel. This is a highly adverse 

condition for tools used in high-speed roughing and can quickly result in breakage of 

the cutting edges. The milling paths can be traversed either from the outside to the 

inside, or from the inside to the outside. If the paths are traversed from the inside to 

the outside, the base curve is traversed first. The cutter is in full contact and thus the 

proportion of conventional milling corresponds to the proportion of climb milling. As 

Fig. 4.10 clearly shows, tool life T diminishes sharply with an overlap of ae/ D = 1. 

For this reason, extended tool travel through solid material, as occurs particularly in 

the case of a base curve produced by webs, should be avoided. In the case of long base 

curves, this traversing strategy has a minimising effect on tool life. The only essential 

advantage here, in turn, is constant cutter engagement, to the extent that the tool is 

indeed in contact and there is no idle travel. 
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Base curve defined by an outer contour 

In this method, the outer contour of the milling zone forms the base curve. Starting 

from this base curve, offset curves are generated from the outside to the inside and 

the inner contour is clipped. The resulting curves or curve segments represent the 

milling paths to be traversed by the tool. Fig. 5.8 shows an example of the resulting 

path layout. 

Figure 5.8: Base curve defined by outer contour 

Upon evaluation of this milling path layout, one encounters the same disadvantages 

found when inner contours are offset. On all paths that intersect an inner contour 

and thus are not closed, the tool must either traverse the contour or withdraw to 

move to the next path. This in no way satisfies the criteria for the target function 

r Fin(s) » r Fout(s). Here again, the problem arises of how to continue when 

an offset path meets an inner contour. Should the entire contour ~e traversed im

mediately, or after the cutter field has been completely machined? This question is 

extremely important with this method because, as a rule, inner contours are contours 

that were created by contact with the part. On such contours, the cutter traverses 

the part; the milling results are visible after roughing and are thus decisive for the 

roughing results. For this reason, such contours should always be traversed under 

optimum conditions, i.e. maintaining the selected overlap, using climb milling and, 

ideally, without interruption. Unfortunately, this cannot be achieved using an outer 

contour as a base curve. Due to the previously described drawbacks, this method 

does not deliver satisfactory path layouts either. 

The awareness that, due to the non-observance of individual contours when offset 

curves are formed, the technological requirements placed on the clearing of a cutter 

field cannot be adequately satisfied is gained from the results obtained by developing 
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base curves from inner or outer contours. All contours, i.e. outer and inner contours, 

must be taken into account in the offsetting process. This basis will be elucidated in 

more detail below. 

Base curve defined by contours 

In this method the outer contour and all inner contours are connected by means of 

linear webs. The webs, in turn, are arranged in such a way that they are of minimum 

length, i.e. the contours are connected where they are closest to each other. This 

produces a single contour that serves as a base curve. The offset paths are generated 

from the outside toward the inside (Fig. 5.9). 

Figure 5.9: Base curve defined by contours 

This method produces only closed paths and no open curve segments. No cutter 

withdrawal is required; the cutter must change in a suitable manner to a continuing 

milling path only where nests are formed. This fulfils the conditions of the target 

function r Fin (s) > > r Fout (s). The essential requirements, i.e. a climb milling 

strategy and an overlap of ae(t)/ D >= 0.5, but without remaining too long in en

gagement, can also be satisfied to a large extent. To a large extent and not entirely 

because the cutter traverses the base curve, i.e. the route along the webs and the 

inner contours, in full contact with the material and thus the familiar disadvantages 

become apparent. This strategy also tends toward excessive nest formation. Although 

this does not require extended idle travel because the cutter need not withdraw to a 

retract plane, it must leave the material and move at a local safety distance to the 

next valid path to re-enter the material. Despite these remaining drawbacks, all of the 

technological requirements can be nearly satisfied with a base curve through contours. 



CHAPTER 5. CLEARING CUTTER FIELDS 89 

The disadvantages mentioned are compensated to a very large extent by the following 

strategy. 

Dynamic base curve 

In this method the base curve is adapted to the current local situation and thus 

changes dynamically. The outer contour serves as the first base curve. It is offset 

and examined for intersections with the inner contours. If there are no intersections, 

the offset curve serves as base curve and the offsetting procedure is repeated. If inner 

contours are intersected, a new base curve is generated in such a way that the inner 

contours are 'swallowed'. Offset curves are generated originating from the new base 

curve. Fig. 5.10 illustrates the procedure. 

Figure 5.10: Dynamic base curve 

Due to the assimilation of the inner contours, the swallowed sections are traversed 

in full contact with the material, while the sections of these contours that were not 

assimilated are not traversed. As previously described in the foregoing, however, these 

paths usually correspond to those contours of the part that must always be traversed 

completely under optimum conditions, i.e. maintaining the selected overlap, using 

a climb strategy and without interruption. To satisfy this requirement, a solution 

is selected in which the inner contours are not assimilated. Instead, they are offset 

toward the outside by the amount of the selected feed adjustment and intersected 

with the base curve, i.e. it is not the inner contours that are assimilated, but rather, 

their paths that have been offset by the amount of feed. Fig. 5.11 illustrates this 

method. 

Upon examination of this milling path layout, it is apparent that the proportion 
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Figure 5.11: Dynamic base curve with complete inner contours 

of conventional milling never predominates, i.e. the condition Cd(t) >= Cu(t) is 

satisfied. The requirement ae(t)/ D >= 0.5 can be always be met with the exception 

of individual local narrowing. Cutter travel through solid material, i.e. ae(t)/ D = 1, 

occurs only on the assimilated contours. The cutter must never withdraw to maintain 

the climb strategy. Only where nests are formed must the cutter leave the material and 

move at a local safety distance to the next valid path to re-enter the material. However, 

because nest formation is minimised with this method, the criteria for the target 

function r Fin(s) » r Fout(s) are also satisfied. By virtue of the principle that 

inner contours are never assimilated, they can always be traversed completely, without 

interruption, applying the climb strategy and, to a large extent, with the specified 

overlap. Based on these findings, equidistant path distribution using parallel paths is 

recommended for clearing out cutter fields in high-speed roughing operations. Thanks 

to a dynamic base curve, all existing contours are taken into account when paths are 

generated and the technological requirements placed on the clearing operation are 

satisfied to the largest possible extent. 

5.2 Residual stock in cutter fields 

The path layout for clearing a cutter field results from the contours of the field and 

the selected feed setting. When the cutter traverses these paths, care must be taken 

to ensure that the material situated within the field is completely cleared out. It was 

established in Chapter 4 that the feed setting or the radial contact width ae should be 

at least as large as the cutter radius. This avoids impact loads on the tool's cutting 

edges and allows the tool to cut smoothly in the material. 
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As described above, the paths are generated with the aid of parallel paths or offset 

curves. If the selected feed adjustment or overlap satisfies the requirement ae (t) / D > = 

0.5, geometric constellations will exist in which material is not completely removed 

from a field. This is a result of the points of interpenetration of offset curves illustrated 

by the example in Fig. 5.5. Areas between points of interpenetration are removed 

when the path is generated. As illustrated in Fig. 5.12, three types of residual stock 

can be differentiated. The course of the offset curve is shown at the left of the figure. 

The dashed lines represent the areas between points of interpenetration, which are 

off-limits and thus cannot be traversed by the cutter. A top view of the surface areas 

traversed or overlapped by the cutter is shown at the right of Fig. 5.12. Areas not 

traversed by the cutter are shown in black color. Thus residual material remains 

in these areas of the cutter field. These areas of residue diminish as the overlap 

ae(t)/ D approaches 0.5, and vanish completely with an overlap of 0.5. If the feed 

setting for machining is smaller than the cutter radius, these areas are not created, 

but the price paid for this advantage is a low rate of metal removal and shorter tool 

life. Application-oriented overlaps range from 0.6 and O.B . For the Ne programming 

system, this m ans that it must detect the generated areas of residual stock and 

eliminate them by means of a sui table strategy. 

Figure 5.12: Residual stock in cutter fields 

Areas of residual stock are detected using the technique illustrated at the right in Fig. 

5.12. The surfaces created are those that the cutter passes over when it travels along 
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the outer and inner contours. These surfaces are joined and the face thus created is 

inspected for valid islands. If islands exist, they represent the areas of residual stock 

that were not removed by the cutter. 

Three different strategies for removing this material are conceivable. The simplest 

method is to traverse all the milling paths of a cutter field and then analyse the area 

for remaining material. The material is then removed in a subsequent cut. However, 

this method conceals a few disadvantages. A cutter field may be very large in size. 

Numerous areas of residual stock may result and they may be situated far apart 

from each other. Thus the cutter must traverse long distances to reach such areas, 

necessitating a time-intensive milling programme. The tool travels with idle motion 

between the areas. To machine such areas, the cutter must constantly enter and 

leave the material. As discussed in Chapter 4, frequent entry and exit by the cutter 

is the primary cause of excessive tool wear and therefore must be avoided under all 

circumstances. 

The second strategy is more intelligent and analyses the milling programme before 

it is executed. Cutter travel is inserted into the programme at locations where ma

terial remains. These appended milling paths may be linear or composed of a loop 

movement. This method is illustrated in Fig. 5.13. 

Figure 5.13: Tool travel to remove residual material 

The advantage of this approach is the absence of the long idle tool travel that results 

with the first strategy. Only a single milling programme is required to remove the 

material; re machining is not necessary. If linear path segments are inserted, the cutter 

will feed vertically into the remaining material. This exerts a brief but very severe 
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shock load on the cutting edges. The cutter removes the material and then leaves 

along a linear path, returning with idle motion along the same path. The cutter then 

bites directly into the material again, which has a minimising effect on the life of 

the vulnerable cutting edges. Although the loop-motion concept eliminates these ad

verse technological conditions, it violates one essential criterion: Due to the loop, the 

material is cleared out using the conventional rather than the climb milling strategy. 

Conventional movements, however short, must be avoided under all circumstances 

because they represent an increased risk of breakage of the tool's cutting edges. 

The best strategy is to ensure that no residual stock results at all. As established 

above, the areas of residual stock disappear as the feed setting decreases. With a feed 

setting identical to the cutter radius, no material remains in the cutter field. The 

formation of residual stock can be avoided entirely by allowing the NC programming 

system to reduce the adjusted feed rate locally. The procedure for this essentially 

corresponds to the one previously described: only the areas of residual stock are 

analysed upon generation of the milling paths. The outer path, or the base curve, is 

offset toward the inside by the amount of the feed setting. The area between the base 

curve and the offset curve(s) is examined for the presence of residual material. If such 

areas are detected, the offset value of the base curve is minimised at those locations to 

prevent the formation of residual stock. The offset value must be minimized to no less 

than the cutter radius to ensure that the criteria for the target function ae(t)/ D >= 
0.5 are always satisfied. Thus the base curve is not offset by the constant value of 

the feed setting but, instead, is assigned dynamic offset values that depend on local 

residual stock conditions. The resulting offset curves produce the milling path layout 

illustrated in Fig. 5.14, which complies with all the requirements placed on an HSC

oriented roughing process. 

Figure 5.14: Offset curves with dynamic offset values 
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5.3 Rounding off milling paths 

As stated in Chapter 4, cutter travel must be harmonious and should exhibit neither 

tangential discontinuity nor very small radii. Tangentially discontinuous paths, like 

those shown in Fig. 4.6, cause rapid tool wear. The cutter is briefly stationary at the 

lowest point, or when traversing the small radius, which causes the carbide tips to rub 

against the workpiece. Upon re-accelerating, the cutter bites into the solid material, 

exerting a very heavy shock load on the cutting edges. The brief stoppage of the 

machine subjects its kinematics to severe deceleration and acceleration forces. The 

machine control often handles small radii in the same way as tangential discontinuities 

and thus they result in the same technological drawbacks. 

In addition to the heavy load exerted on the machine, a primary goal is to avoid in

fluences that reduce cutter life by ensuring that the milling p:1ths maintain a specified 

minimum curvature radius in all areas. 

Contour-parallel milling paths are created using offset curve techniques. Tangentially 

discontinuous curve segments result where the offset curve exhibits points of interpen

etration and the invalid areas are removed (Fig. 5.5). Small radii may be generated 

at any point on the offset curve. It is only necessary to offset a radius in the base 

curve toward the inside by a given amount. The curve at the upper left in Fig. 5.15 

shows an example with tangential discontinuities and small radii. The curve does 

not have the required minimum curvature radius and, therefore, requires subsequent 

processing. 

Consequently, the task is to modify curves in such a way that the smallest radius of 

curvature is greater than or equal to a specified value, i.e. kinks are rounded off and 

small radii eliminated. Two possible solutions were considered and will be elucidated 

in the following. 

5.3.1 Rounding off by means of fourfold offsetting 

The curve to be modified is offset by the amount of the desired radius in the normal 

direction and the invalid areas between intersections are removed. Reverse offsetting 

follows this procedure. In a further step, the same procedure is carried out opposite 
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to the normal direction of the curve. Fig. 5.15 demonstrates this fourfold offset 

procedure. Removing the invalid areas produces a resulting curve that complies with 

the specified requirements. 

I I J 
-Radius +Radius 

• 

I I j 

J 
+Radius -Radius 

• 

y j Lx 
Figure 5.15: Rounding off by means of fourfold offsetting 

But the disadvantage of this simple, global smoothing method is that it produces 

undesirable side effects. If one considers the curve at the upper left in Fig. 5.16, it 

becomes obvious that this curve is a valid curve in all areas, i.e. it exhibits the desired 

curvature radius throughout. However, the method applied causes it to be modified 

into two subcurves. The curve at the lower left in Fig. 5.16 shows an additional effect. 

o 
-~O 

Figure 5.16: Decomposition of valid paths 
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Actually, this subarea of a curve to be modified fails to satisfy the requirement only 

at one point. But the method causes far greater modification to the curve than is 

necessary and thus its applicability must be called into question. 

5.3.2 Rounding off by filtering 

Tangential discontinuities and small radii in the milling path produce the negative 

consequences described in the foregoing. From another perspective, this may also be 

considered a lack of circularity of the milling paths. One way to generate the desired 

roundness is to smooth the milling paths. There are digital filters for this purpose that, 

for example, gradually increase the smoothness of the curves by cutting and inserting 

new points or by iterative application of operators that have a smoothing effect. 

Digital filters have been dealt with extensively in relevant Jiterature. Fundamentals 

are adequately described in [5] and [6] and will not be discussed in further detail here. 

The milling paths are generated with the aid of the offset technique described above. 

The paths exist in the form of curves. A simple filter, distinguished by its stability 

and computing speed, was developed for smoothing the curves. It will be described 

in the following. 

To be able to smooth the curve, it is first made mathematically discrete and rep

resented in a polygon. The task of the digital filter is to modify the points of the 

polygon with the aid of an operator. The new curve subsequently generated through 

the modified polygon points by approximation should exhibit the required smoothness 

and circularity. 

The operator used by the filter is very simple. Input parameters are the point to be 

modified Po, two predecessor points P-2, P-1 and two successor points g, P2• Due 

to the closed nature of the polygon, these entries are always possible. A cubic curve 

is interpolated through the two predecessor and successor points and the new value of 

the point Po is picked off at the centre of the cube. This results in a linear equation 

with fixed weights, with the aid of which point Po is modified. The modified point P~ 
is supplied as the resulting point of the operator. The procedure is illustrated in Fig. 

5.17. 

The operator is applied to every point of the polygon. The five points of the operator 
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Figure 5.17: Operator 
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define a window, i.e. the filter in question is a real space filter. Real space filters are 

based on some form of moving window principle. A sample of data, in our case five 

points, is processed giving one output value. The window is then moved on to the 

next point and the process repeated. 

To prevent fundamental changes in the contact conditions of the cutter when it tra

verses the curve, the resulting curve should deviate only within a certain tolerance 

from the original curve. This tolerance defines a tubular surface placed around the 

original curve. The modified curve should not leave the tube, Le. it must lie entirely 

within the bounds of this three-dimensional tolerance band. As shown in Fig. 5.17, 

the modified point P~ is situated at some distance from its original point Po. To 

ensure adherence to the tube criterion, the point P~ may not be situated outside the 

limits of the tube. If the modified point violates this criterion, it will be withdrawn 

into the tubular surface. This procedure is illustrated in Fig. 5.18. 

If the discrete curve is captured as a digital signal, the high frequencies of the signal can 

be smoothed very rapidly using this simple filter. A single pass through all the discrete 

points of the curve is not sufficient to smooth low frequencies in the curve as well. 

Rather, the curve must be run through repeatedly in a loop until convergence of all 
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Figure 5.18: Tubular surface principle 

the points is achieved. However, this has a negative impact on the time characteristics 

of the filter. A slight variation of the previously described method is used to achieve 

a more rapid convergence of the points, or fast smoothing of all frequencies. The 

window defined by the point to be modified and its two predecessor and successor 

points covers only a very limited local situation on the curve. This means that high 

frequencies of the curve lie within such a window while low frequencies are outside 

of it . If a larger window is selected , exactly the opposite situation occurs: the low 

frequencies are covered. The window can be enlarged by selecting a distinctly larger 

point grid instead of interpolating a cubic curve through the immediate predecessor 

and successor points of the point to be modified. For example, if the grid is selected 

with an interval of 16 points, the following point sequence results for the operator: 

P- 32 , P- 16 , Po , P16 , P32 . This means that the first predecessor point P- 32 is situated 

32 points in front of the point to be modified Po , the second predecessor point P- 16 is 

situated 16 points in front of Po , etc. This method can be used to enl arge or reduce 

the size of the viewed window as desired. 

The property of large point grids to smooth low frequencies and of small point grids 

to smooth high frequencies can be exploited to achieve fast and reliable convergence 

of all the polygon points. 
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The curve is made mathematically discrete with the property that 2n polygon points 

are generated. At the start of the filtering process a large point interval with the 

property step = 2m is defined with (m < n). This causes every 2m th polygon point 

to be modified during a first run. The spacing of the point grid is also 2m. The point 

interval or the point grid is halved after each run until the point interval is one point, 

i.e. step = 2° and thus every polygon point has been modified. This simple scheme 

is illustrated in the form of pseudo code in Fig. 5.19. 

step :=2n ; 

do: 
for i=O*step,1 *step,2*step, ... ,2n ; do: 

Operator(Pi-step, ~-step/2' Pi, Pi+step/2, ~+step); 
SavePoint(Pi ); 

step :=step/2; 

while: step>=l 

Figure 5.19: Pseudo code 

This method rapidly smoothes low and high frequencies in the starting curve. Even 

withdrawing modified points situated outside the tubular surface does not impair the 

convergence characteristics nor the smoothness of the resulting curve. The complete 

mathematical theory, including all proof of convergence, is described in [1]. The re

sulting curves satisfy the specified requirements on curvature and, in their capacity as 

milling paths, meet the technological requirements on HSC-oriented roughing. More

over, the algorithm is extremely robust and stable, very fast and does not result in any 

undesirable side effects. For these reasons, this method is preferable to the fourfold 

offset method for smoothing milling paths. 

5.4 Novel of contributions 

The ideal roughing strategy is to clear a cutter field optimize the tool life and reduce 

retract movements. The new technique, clears a cutter field by the use of a dynamic 

base curve with complete inner contours which fulfils these technological requirements 

to the largest possible extent. The strategy minimizes retract movements and helps to 
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optimize tool wear, particulary if one is working with hard materials. This technique 

is entirely implemented and integrated in the software which is presented in Appendix 

A. Also, the toolpaths computed by the software are rounded and smoothed automat

ically, so they are ideal for high feed rates. In addition, it recognizes the residual-path 

stock and automatically corrects the paths by inserting loop-shaped corner extensions. 

This is done by a new technique for creating offset curves with dynamic offset values. 



Chapter 6 

Updating the metal blank 

An option for automatically updating the metal blank is an absolute prerequisite 

for an effective roughing module. Blank updating is defined as the mathematical 

generation of a description of the geometry produced by a milling process. Here, 

the starting point is always the geometric description of an original blank and an 

NC programme. The NC paths remove material from the part, generating a new 

geometry in the process. Obviously, it is precisely this true current geometry that the 

virtual world of the system must be familiar with to be able to effectively carry out 

subsequent steps in the machining process. The first question to be answered is the 

choice of a suitable modelling technique that will satisfy the requirements placed on 

the updating process. For this reason, various geometric modelling methods will be 

examined with respect to their suitability for updating blanks in the first part of this 

Chapter. A modelling method will then be selected that best meets the described 

requirements. The data structure of such a modeller will be described and a solution 

for the most difficult problem entailed in updating a blank-calculating the curves of 

intersection between volumes-will be presented. 

6.1 Geometric modelling methods for CAD and CAM 

CAD is only then truly effective for a roughing module if additional information can 

be derived from the computer model. Complete geometric information about three

dimensional objects is of primary interest when it comes to updating a blank and 

101 
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regulating the feed setting. Such data cannot be derived from a simple line drawing. 

More sophisticated modelling methods are called for. 

During the past few years, geometric modelling has evolved into an indispensable tool 

in modern design and manufacturing. Three different types of geometric modelling 

systems have been developed for practical applications: one based on curves, another 

based on surfaces and a third on solid bodies. 

Simple CAD systems are based on two-dimensional wire frame models, which are used 

to represent projections of mechanical parts. Such systems are merely an electronic 

substitute for the drawing board, which offer the advantage of making it easier to edit 

and reproduce drawings. They also make for more flexible availability of preliminary 

designs via computer networks. Drawing objects consist mainly of straight linear 

segments and circular arcs as well as, in some cases, conics or splines. As is the case 

when drawn by hand, a drawing is produced by gradually joining various elements. 

Although two-dimensional wire frame models are supposed to represent the projec

tions of the edges of three-dimensional surfaces that envelope a physical solid, it is 

far too easy to generate meaningless models. These include, for example, shapes that 

cannot be assigned to any physical solid but, rather, remind one of an optical illusion, 

such as the object shown in Fig. 6.1. 

Figure 6.1: Wire frame model of a physical solid 

Since two-dimensional wire frame models offer no option for computerised safeguard

ing of data integrity, a great deal of effort must be invested in error debugging. Al

though the situation is, of course, no worse than in the case of a model designed 
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on the drawing board, this modelling method is by no means adequate for obtaining 
complete information about 3D objects. . 

Three-dimensional wire frame models are only a partial remedy. Although an imita

tion like the one in Fig. 6.1 would no longer be possible because the projections of 

the three-dimensional wire frame model are machine-calculated, there are also three

dimensional wire frame models that cannot be associated with any physical body. 

For even if such a model is valid, it may still be ambiguous, as the ambiguity of the 

cube-like wire frame model shown in Fig. 6.2 demonstrates. 

Figure 6.2: Ambiguous wire frame model 

In practical applications, ambiguity is by far more dangerous than meaninglessness 

because the former usually cannot be detected at first glance. One criterion for ex

clusion is that the wire frame models lack information about the exact shape of a 

surface, unless all surfaces are fundamentally defined as plane surfaces. This is not 

sufficient for blanks and parts in die, mould and pattern manufacturing. 

In summary, it can be stated that, although wire frame models are the simplest way 

to model geometric objects, the drawbacks are obvious: generation of a wire frame 

model is work-intensive, its design is prone to error, entirely meaningless, ambiguous 

and incomplete models can be created and, above all, it does not supply an adequate 

three-dimensional description of the object. 
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Methods for modelling with encompassing surfaces have been developed to overcome 

the difficulties presented by the wire frame model. There are mainly two different 

statements for surface modelling: curve interpolation and discrete approximation. In 

curve interpolation the surface is designed in such a way that it has a specified curve in 

three-dimensional space as a boundary curve. The boundary curves are constructed, 

taken from a wire frame model or derived by digitising. The goal is to construct 

surfaces with reasonable characteristics, i.e. neither too flat nor excessively curved. 

A widely used method, developed by Coons, interpolates a closed boundary curve 

defined by four edges. Extended, highly controllable surfaces can be modelled by 

combining several Coons' patches. 

Approximating a curved surface by means of a control mesh of plane surfaces is re

ferred to as discrete approximation. The most popular surface of this type is certainly 

the Bezier surface, developed in independent projects by Bezier at Renault and de 

Casteljau at Citroen. Like Coon's patches, I3ezier patches can also be assembled 

into an extended surface. I3-spline surfaces were developed to automatically check 

continuity when the patches are combined. 

Surface models overcome many of the disadvantages of the wire frame model. For 

example, it is fundamentally impossible to produce a drawing such as the one shown 

in Fig. 6.1 using a surface model. Even the cubic solid becomes unambiguous once 

surfaces are introduced. Surface modelling remains the standard method for design

ing parts in die, mould and pattern manufacturing. I3ut surface modelling also has 

disadvantages. As in the case of the wire frame model, constructing a complex surface 

assembled from numerous patches is a time-intensive and error-prone process. I3ut 

the most serious problem arising with surface models, as with wire frame models, is 

their integrity. It is not automatically ensured that a surface (e.g. a self-intersecting 

one) limits a physical body in three-dimensional space. This prevents automatic com

puterised updating of the blank. These drawbacks were decisive for the analysis of 

more robust modelling techniques, solid modelling. 

The aim of solid modelling is to supply the complete geometric information of real 

physical objects in three-dimensional space. Since this precisely satisfies the require

ments for updating a blank and for dynamic feed regulation, this modelling method 

will now be examined in closer detail. 
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By definition, a solid is a three-dimensional body whose surface is such that an ant 

sitting upon it would view the surface at any given point as two-dimensional. One also 

refers to a two-dimensional , closed and orientable manifold. As is apparent in Fig. 

6.3, the environment of a manifold does not differ essentially from its two-dimensional 

projection. This feature is exploited in the preparation of topologic maps, for example. 

Figure 6.3: 1\vo-dimensional manifold 

A number of arrangements exist for storing computer models of solids. The most 

important of these are Constructive Solids Geometry (CSG) and Boundary Represen

tations (BREP). Hybrid modellers are combinations of these two methods. 

CSG assembles compl x figures from simple geometric primitives. A diversity of fig

ures can be generated by means of Boolean operations. Three operations are available: 

union, intersection and difference. Primitives are usually figures with relatively simple 

surfac s such as the cube, sphere, cylinder, torus and cone. As shown schematically 

in Fig. 6.4, a solid in th computer has structure simi lar to that of a binary tree, the 

nodes represent the operations and the leaves correspond to the primitives. 

CSG representation has a numb r of strengths. First, it can be implemented quickly 

and easily. Second, every CSG tree represents a distinctly realisable physical body 

and, third , the tree reflects the manufacturing process of the body. For exampl , 

subtracting a cylinder corresponds to drilling a hole. The disadvantage of CSG repre

sentation is that the surface of the solid is not explicitly available. But knowledge of 
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the geometry and topology of the surface is necessary to permit the required proper

ties of the solid to be determined. Limited or highly elaborate options for modelling 

complex geometries are a further drawback. Blanks and, above all, parts in die, mould 

and pattern manufacturing consist of complex geometries, a condition that permits 

only limited application of a CSG modeller. For these reasons, data structures have 

been developed to represent solids by means of their surfaces. 

dif ference 

unzon 

Figure 6.4: Constructive Solids Geometry structure 

Boundary representation of a solid is more like a surface model. However, the topo

logical structure of the surface is stored in addition to the complete geometric in

formation. Topology is the 'science of rubber objects'. When a solid is deformed, 

topological properties are maintained as if it were made of rubber (cutting and past

ing prohibited). For example, the number of holes in a pretzel remains constant, 
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no matter how it is deformed or how its surface is composed of patches. The most 

significant difference between a BREP and a common surface model, however, is the 

manner in which they are generated: In contrast to the surface model, which is com

posed of individual mutually independent patches, the patches in a BREP cannot be 

addressed individually. Rather, it is possible to create BREPs of union, intersection 

or difference from the BREPs of two solids. This ensures that the BREP indeed 

embodies a realisable physical body at all times. The advantages of the BREP for a 

roughing module are obvious: The explicit geometric and topological information of 

the surface make it possible at any time during a roughing operation to depict the 

current blank, adjust feed settings and optimise tool travel, e.g. retract motions, to 

correspond to the current geometry of the workpiece. The current blank is generated 

by simply subtracting a milled volume from the original blank. The disadvantage of 

this solution is the highly complex nature of a BREP modelling system. 

In most solid modelling systems, these two formulations are combined in that the user 

works with the CSG representation while the BREP is executed internally in addition. 

This is referred to as a hybrid modeller. The benefit of the hybrid modeller is that the 

user need not assemble a surface model patch by patch; he or she can use previously 

modelled primitives to generate the surface models of solid bodies consistently by 

applying Boolean operations. 

The efficiency of a solid modelling system depends heavily on which classes of sur

faces it can model exactly. The simplest arrangement consists in working only with 

plane surfaces. This is referred to as a polyhedral solid modelling system. Since it 

can approximate any curved surfaces by means of sufficiently small pieces of the sur

face, there are practically no limits placed on the polyhedral solid modeller. However, 

actual practice demonstrates that, to achieve a very high degree of approximation 

accuracy, very large volumes of data must be generated and, consequently, very long 

computing times result. If additional classes of surfaces are introduced into a polyhe

dral solid modelling system, the increase in software-related complexity is determined 

primarily by the calculation of curves of intersection of random bounded pieces of the 

surface. These problems can be limited by introducing quadrics. These are second

order surfaces created by the motion of surfaces of revolution (spherical, cylindrical 

and conical surfaces, etc.). In turn, surfaces of revolution are generated by the revolu

tion of sections such as circle, ellipse, parabola and hyperbola. The curves of section 
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of two quadrics can still be exactly calculated mathematically [26]. With surfaces ca

pable of such exact modelling, areas of application emerge in which demand a degree 

of accuracy exceeding that provided by polyhedral solid modelling. Once quadrics are 

available, the next logical step is to add torus segments, which, for example, permit 

exact modelling of manifolds and conduits. However, the torus is already an alge

braic surface of the fourth order and exact mathematical determination of curves of 

intersection with other surfaces is no longer possible. Although most parts can be 

modelled exactly using quadrics and tori, an option for working with free surfaces is 

preferred in die, mould and pattern manufacturing. The efficiency of such a modeller 

depends on its stability and performance when calculating the curves of intersections 

of free surfaces which, of course, can only be approximated. 

6.2 Selection of a geometry modeller 

For CAM-controlled production of a part in die, mould and pattern manufacturing, 

its geometric description must be available in the form of a CAD model that puts 

the part virtually in the hands of the user and allows him to view it from all sides. 

If the workpiece is to be machined by milling, the CAD system must also image the 

geometry of the metal blank. Thus updating of the blank cannot be considered as 

an isolated factor when selecting a suitable modelling system. On the contrary, the 

entire design process of gcometrics and all steps in manufacturing must be taken into 

account. 

Part geometries in die, mould and pattern manufacturing do not consist merely of 

simple building blocks like cones, cylinders and cubes, but are composed of highly 

complex shapes that can only be described with sufficient accuracy by means of free

form geometry. An elaborate mathematical description is required for this type of 

object representation. To decrease complexity, the geometry is assembled from small 

patches that can be packed with relative ease in mathematical formulae. NURBS 

(Non Uniform Rational B-Spline) surfaces are employed for this purpose [71. A single 

NURBS patch alone describes a complex, organically convex piece of a surface. Cor

respondingly few NURBS patches are required to describe an object. In contrast, if 

mathematically less complex surface pieces are selected for modelling, a correspond

ingly higher number of patches will be required. In general, one is confronted with 
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the option of selecting between a small quantity of complicated patches and a large 

quantity of simple patches. The simplest surface segments are the polygons, including 

the simplest of all: the triangle. There are a range of good reasons to construct part 

and blank geometries from triangles: one the one hand, nearly all graphics hardware 

is specialised in that area and, on the other, calculations for triangles are considerably 

more robust and easier to programme. 

As described above, the milling of a part is divided into several individual steps. The 

machining sequence begins with roughing. In the roughing operation, an attempt 

is made to approximate the finished contour down to a minimum oversize, or offset, 

by cost-effective means. It is a matter of coarse, hence rough machining by which 

accuracy plays a secondary role. Positive deviations in the minimum offset of up 

to 0.1 mm can be tolerated by the subsequent machining procedure. Thus if the 

roughing operation were considered as an isolated case, a polyhedral representation 

of the blank and part surfaces would be fully adequate. Due to the limited accuracy 

required, the quantity of data needed to describe the geometries can be limited as 

well. By applying the progressive-mesh technique, local refinements can be made 

dynamically as required and thus data volumes minimised [7J. Due to the rapidly 

increasing processing power and memory capacity of today's computers, intensive 

computing operations can be performed within a very short time. Graphics options, 

such as shaded views, make for convenient display of the geometries. 

However, finish machining calls for a considerably higher degree of accuracy. Only 

deviations within a range of 0.01 mm are tolerated. The number of triangles required 

for the task explodes in proportion to the increase in demands on the quality of the 

model. Whereas it is possible to roughly approximate a car door with a just few 

hundred triangles, for example, several thousand are required for a more detailed de

scription. If even more importance is placed on the appearance of the finished surface, 

the number of triangles soon grows to a few hundred thousand. For this reason, a 

modern CAD/CAM system works with a free-surface modeller. The mathematical 

description of the free surfaces is then used as a basis for calculating NC finishing 

programmes. 

Working with two different modelling systems in a CAD/CAM system for die, mould 

and pattern manufacturing would be a poor solution indeed: a polyhedral solid mod

eller for the geometry of the roughing process plus an exact solid modeller for the geom-
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etry of the finishing operation. On the contrary, one will always have just one modeller 

in a CAD system that gives the user the means to generate geometries. Hardly any

one designs elaborate polygon models by hand with a modelling programme because 

effort increases exponentially with the degree of detail of the blank and part geome

tries. A more comfortable approach is via the free-surface modeller, which makes it 

possible to generate complex shapes conveniently. These free surfaces are combined 

topologicaUy via a BREP into a totality or into a volume. Thus a solid modeller that 

permits convenient manipulation of free surfaces is chosen for modelling the geometry 

of blanks and parts. 

The system calculates a new geometry when the blank is updated. This new geometry 

is determined by subtracting a milled volume from the original blank. To be able to 

subtract two volumes, the curves of intersection must first be defined. Defining the 

curves of intersection for a BREP with free surfaces is a highly complex and extremely 

computation-intensive task. As previously described, a representation of the geometry 

in a polyhedral solid modeller is sufficient for rough machining: This proposition, to 

work only with the triangle, the simplest of all polygons, promises an opportunity to 

implement simple, rapid and sound computational algorithms. This type of geometric 

representation particularly simplifies the task of defining the curves of intersection of 

two volumes. 

Therefore, the software translates the individual free surfaces into an immense num

ber of triangular facets, all of which are also interconnected topologically. All com

putations can be performed on the basis of these polyhedral solids. The process of 

updating the blank subtracts a polyhedral milling volume from the polyhedral origi

nal solid and generates a polyhedral geometry that corresponds to the current blank. 

The generated polyhedral solid should not be viewed isolated in a CAD system. Since 

the geometry and topology of a surface are to a large extent mutually independent, 

a modelling system based on complex free surfaces can use the same data structure 

used by a system that works exclusively with plane surfaces to store the topological 

data. It is logical to conclude that polyhedral solids are simple geometric entities of a 

free-surface modeller. If a polyhedral solid is not closed, it also has an edge that can 

easily be referenced to the edge of a free surface. Thus the polyhedral solid can be 

treated in the same way as a free surface and incorporated without difficulty into a 

BREP. At the same time, it provides an opportunity to use a 3D scanner to scan real 
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models and automatically generate polygon meshes from the data obtained. These 

meshes can be used for geometry description, edited and incorporated. 

In summary it can be stated that a solid modeller that is capable of working with free 

surfaces should be chosen as a modelling method for a modern CAD/CAM system 

in die, mould and pattern manufacturing. The system must automatically generate 

polygon meshes as entities in order to make certain calculations and constructions fast, 

simple and robust-updating of blanks for rough machining or processing of digitised 

data, for example. Such meshes must be available in the form of normal geometric 

entities, and they must be capable of editing and of being integrated into the BREP. 

This modelling method satisfies all the requirements: fast, highly accurate and flexible 

design, on the one hand, and sound computations, on the other. 

6.3 Topological data structure 

Before an algorithm for calculating the curves of intersection of two polyhedral solids 

can be described, an effective topological data structure for such an entity must be se

lected. In contrast to the eSG modeller, a solid in boundary representation is defined 

indirectly by referencing the edges of its entities. In addition to geometric information 

such as surfaces, curves or, in the case of a triangular mesh, three-dimensional points, 

a boundary model must supply topological information about the relations that exist 

among the individual entities. Since, as described in the foregoing, the geometry and 

topology of a surface are independent of each other, a data structure is described that 

is valid both for a BREP consisting of free surfaces and a single mesh consisting of 

triangles. 

The halfedge data structure for storing topological information is a. component of 

the winged-edge data structure originally introduced by Baumgart in 1974 [26]. The 

connections among individual entities of the halfedge data structure are easier to grasp 

with the aid of the cuboid figure illustrated in Fig. 6.5 and the associated entities. 

Face refers to a single bounded piece of the surface. A normal line whose direction 

is uniquely defined should be defined for each point on the face. All normal lines of 

the face point either into the solid or out of it. In a polygon mesh, a face corresponds 

to a triangle. The faces are connected along their edges. Each edge is bounded by 
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two vertices. The objects face, edge and vertex form the main entities of the halfedge 

data structure. 

hlO 
V"l V6 e7 (J;) h9 

es 12 e6 h8 h6 
V4 V5 

h2 
h5 e2 e5 

f1 GJ 
fo h3 C;; hI e3 e1 V2 h7 e 

eo h4 

Vo VI ho 

Figure 6.5: Topological halfedge model 

A face may have any number of boundary curves, called loops. For example, the 

surface of a sphere does not have a loop, whereas each of the end faces of a tube has 

two loops, an inner and an outer one. An orientation is defined on the loops and can 

be illustrated by means of the right-hand rule. For each point on the loop, the vector 

product of the surface normal and one tangent vector on the loop that indicates the 

orientation of the loop points toward the inside of the face. 

Since, by definition , the surface of a solid is two-dimensional at every location (2D 

manifold) , no more than two faces may meet along each edge. If the surface of a 

BREP is closed , at least two faces meet at each edge. Thus, all in all , exactly two 

faces meet per edge in the case of a closed surface. A data structure for storing the 

topological information of composite surfaces must make use of this property. To do 

this, only those objects that satisfy the condition of consistency may be represented 

in the structure. In the data structure, this is achieved by assigning halfedges to each 

edge. Splitting edges into halfedges in this way makes it possible to view each loop as 

a circular list of halfedges. The orientation of the loop is refl ected in the sequence of 

the circular list . Moreover, the consistent orientation of the loops and, consequently, 

the halfedges, means that the two halfedges belonging to an edge always have an 

opposite orientation. This can be seen on the edges el, e2 and e6 of the sample solid 

shown in Fig. 6. 5. 
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In summary, the following relevant data fields, as shown in Fig. 6.6, result for the 

entities face, edge, vertex, loop and halfedge: 

Faces 
fo 
fI 
12 

Loops 
lo 
it 
l2 

Halfedges Next 
ho hI 
hI h2 
h2 h3 

Prev 
h3 
ho 
hI 

Faces 
fo 
!I 
12 

Halfedges 
ho 
h4 
hg 

Edge Vert Loop 
eo Vo lo 
eI vI lo 
e2 v5 lo 

............................................. 
hlO hn hg e7 v6 l2 
hu hg hlO ea v7 l2 

Edges H alfedges 
eo ho -
eI hI h7 
e2 h2 ha 

Vertices Halfedges 
Vo ho 
VI hI 
V2 h5 

Figure 6.6: Topological halfedge data structure 

Face: 

• Quantity of loops 

Edge: 

• The two associated halfedges 

Loop: 

• Face to which the loop belongs, any halfedge of the loop 

Halfedge: 

• Next halfedge in the loop 

• Preceding halfedge in the loop 
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• Associated edge 

• Associated loop 

• Starting vertex of the halfedge 

Vertex: 

• Any halfedge that has the vertex as its starting vertex 

The decisive factor is the ability to image the topological information of each surface in 

the halfedge data structure, independently of the geometry of the respective surfaces. 

The information stored in this data structure is complete in the sense that all cross

relationships among the objects are available and do not have to be searched for by 

means of a time-consuming database scan. For example, if an edge is known and 

one searches for the two adjacent faces, these can be found by going from the edge 

to the two associated halfedges and finally, by way of the associated loops, to the 

. faces. There are any number of similar problem formulations. The completeness of 

the topological description permits accelerated calculations, e.g. the intersection of 

two solids. The representation of a solid is complete if the geometric information of 

the corresponding objects is stored in addition to the topological description. The 

result is the construction of a boundary representation. 

Figure 6.7: Topological model of a triangular mesh 
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The boundary representation introduced is a highly complex data structure. A prop

erty of a polyhedral solid, e.g. a triangular mesh, is that all edges are composed of 

linear segments. As illustrated in Fig. 6.7, this property makes it possible to simplify 

the topological data structure for this case. 

The geometry can be defined completely by means of the coordinates of the vertices. 

Each edge knows its two vertices and faces. Each face knows its three edges and its 

three vertices. The listing of loops and halfedges becomes superfluous because the 

orientation of a face is reflected in the sequence of the three vertices of a face. Fig. 

6.8 illustrates this simple topological data structure. The structure completely stores 

all topological and geometric information. Its contents subsequently supply the input 

for computations, e.g. an intersection of two triangular meshes. 

Vertices Coordinates Edges Vertices Faces Faces Vertices Edges 

Vo Xo Yo Zo eo Vo VI 10 -1 10 Vo V2 VI el e2 eo 

VI Xl Yo Zl el Vo VI 10 11 11 Vo V3 V2 e3 e4 el 
V2 X2 Yo Z2 e2 VI V2 10 Is h V3 V4 V2 es e6 e4 

V3 X3 Yo Z3 e3 Vo V3 It - 1 /3 V3 Vs V4 e7 es es 
...................... . .................... , .... . ........................... 

Vs Xs Yo Zs e17 V4 Vg Is Ig Is V4 Vg Vs e17 e16 elS 
Vg X9 Yo Zg elS V6 Vg 19 -1 Ig V4 V6 Vg elO elS e17 

Figure 6.8: Data structure of a triangular mesh 

6.4 Volume subtraction 

The task of a roughing module is to update the geometry of the blank following 

each roughing operation. To do this, the milled volume must be subtracted from the 

original blank. This represents a Boolean operation. The actual difficulty encountered 

in calculating the Boolean operation lies in determining the separating curves of the 

components. To simplify this task somewhat, calculations for rough machining were 

limited to working with polyhedral solids. The simplest shape, the triangle, was 

selected for the entity of this solid, which consists only of plane surfaces. A second skin 

is mounted by means of triangulation beneath a solid that has been constructed using 

a complex free-surface modeller. This mesh is stored in the data format described 
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above. The mesh exhibits an accuracy with respect to exact surfaces that is adequate 

for roughing. The relatively wide tolerance resul ts in meshes having a manageable 

dataset. 

Upon closer examination of the volume subtraction illustrated in Fig. 6.9, it becomes 

evident that the calculation is divided into three areas: 

• Determination of the curves of intersection 

• Spli tting of the solids at the curves of intersection 

• Linking of the corresponding sub-solids 

Figure 6.9: Volume subtraction 

The goal is to furnish fast, stable and easy-to-implement rudimentary solutions to 

these three partial tasks. The topological data structure for a triangular mesh shown 

above always serves as a basis for this purpose. The selected basic solution for the most 

difficult subdomain , the calculation of curves of intersection , will be pr sented and 

discussed in detail below. Following calculation of the intersections, the subdomains 

split ting and linking the solids prove to be a simple derivative task because all the 

necessary topological information result from the intersection and are transported as 

information on the curves of intersection. For this reason, these purely logical solu tion 

rudiments will not be discussed in further detail. On the whole, the solution delivers 

very fast and stable algorithms that can be used to perform a volume subtraction of 

two polyhedral solids. This enables a roughing module to subtract the milled volume 
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from the original volume after each layer has been rough machined and supply the 

current updated geometry. Based on the current geometry, tool travel, e.g. retract 

and approach motions, can be optimised or minimised. This technique can be used 

to check tool-holding fixtures and the spindle head for collision with the workpiece, 

in addition to the tool itself. 

6.5 Intersection of polyhedral solids 

The intersection between solids appears in a wide range of applications. This problem 

arises in CAD ICAM applications where solids must be intersected. The problem 

also arises in other areas such as robotics where interference must be detected, and 

computer graphics where hidden surfaces are removed takes place. In almost all 

methods for intersection between solids, the surfaces of the solid are first subdivided 

into smaller and simpler surface pieces. In some methods, the smaller subpieces are 

triangulated and then the intersection between the pairs of surface pieces is found by 

intersecting the pairs of triangular surface pieces [29]. In our case, we have already 

got a complete and closed mesh defined by the data structure described above. The 

main part of the complete algorithm is the calculation of an intersection between two 

triangles. 

The designer of an intersection algorithm has three goals at hand: 

• The algorithm should be understandable, easy to encode and debug 

• It should make optimal use of computer resources both with respect to storage 

space and execution time 

• It has to be robust and has to deal with all special cases 

6.5.1 Discussion of method 

The methods used for intersecting a pair of triangles are based on the following three

step technique: 

1. Create an unbounded plane containing one triangle 
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2. Intersect the second triangle wi th the plane of the first triangle. If an intersection 

exists, it is a bounded line segment. If an intersection segment is found , apply 

the step (1) above to the second triangle and step (2) to the first triangle to find 

another intersection segment. 

3. If a second intersection segment exists, find a segment common to the two 

intersection segments. This common segment, if it exists, is then the required 

intersection of the two triangles. 

Details of method 

One approach to understanding the utility of Boolean intersection statements is to 

consider the tri- tri intersec tion in 3D space. Fig. 6.10 shows a view of two intersection 

triangles as a model for discussion. Each intersecting tri-tri pair will contribute one 

segment to the final intersec tion polygon. The vertices of the mesh are assumed to 

be generally positioned in R3. This assumption of general as opposed to arbitrary 

positioned data indicates that the intersection is always non-degenerate. Triangles 

do not share vertices and the edges of tri-tri pairs do not intersect exactly. Thus, all 

intersec tions will be proper (as opposed to improper or degenerate). T his restriction 

will be lifted in the section on special cases. 

Figure 6.10: An intersecting pair of generally positioned triangles in three 

dimensions 
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Several approaches exist for computing such intersections, but a particularly attractive 

technique offers itself as a Boolean test. This method has the advantage that it can 

be performed robustly and quickly using only multiplication and addition, thus avoid

ing the inaccuracy and robustness pitfalls associated with division using fixed width 

representations of floating point numbers. It is useful to present a rather comprehen

sive treatment of this intersection primitive, not only to illustrate the development 

of the basic geometric computations, but also because the important topic of robust

ness, floating-point round-off-error and special cases will return to the expressions and 

assumptions exposed. 

For two triangles to properly intersect in three-dimensional space, the following con

ditions must exist: 

1. Two edges of one triangle must span the plane of the other. 

2. If condition (1) exists, there must be a total of two edges (of six available), 

which penetrate the boundaries of the triangles (e.g. edge ab penetrates (012) 

and edge 02 penetrates (abc)). 

Observations (1) and (2) reveal that the tri-tri intersection may be viewed a special 

arrangement of the more general problem of a segment-triangle intersection. This fun

damental problem is common throughout the study of polygonal geometry. A variety 

of approaches to this basic problem exist. Generally the first approach that comes to 

mind is to directly compute the piercing points of the edges of one triangle into the 

plane of the other. Piercing points from one triangle's edges may then be tested for 

containment within the boundary of the other triangle. Unfortunately, this approach, 

while simple in concept, is prone to error and problematic when implemented using 

finite precision mathematics. In addition to demanding special effort to trap out ze

ros, the floating point division required by this approach may result in numbers that 

cannot be represented by finite width words, resulting in a loss of control over the 

accuracy of results and leading to serious problems with robustness. 

An alternative to this slope-pierce test is to consider a Boolean check based on com

putation of a triple product without division. The attractive feature of a series of 

such logical checks is it permits one to establish the existence and connectivity of the 

segments without relying on the problematic computation of the actual piercing point 
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locations. The final step of computing the locations of these points may then be rele

gated to post-processing where they may be grouped together and, since connectivity 

is already established, floating point errors will not have fatal consequences. 

The Boolean primitive for the 3D intersection of an edge and a triangle is based on 

the concept of the signed volume of a tetrahedron. This signed volume is based on 

the well-established relationship for the computation of the volume of a simplex, T, 

in n dimensions in determinate form. The signed volume Vol(T) of the simplex T 

with vertices (vo, VI, V2, ..... , v n ) in n dimensions is: 

Vo,O VO,I • •• VO,n-1 1 

(6.1) 

Vn,o vn,1 ••• Vn,n-I 1 

where Vij denotes the ph coordinate of the ith vertex with j E 0,1,2, ... , n - 1 and 

i E 0,1,2, ... , n. In three dimensions, equation 6.1 gives six times the signed volume 

of the tetrahedron T Vo VI V2 V3' 

Vo,o VO,! VO,2 1 

6Vol(Tvo ,vl,v2,v3) = 
VI,O VI,I VI,2 1 

(6.2) 
V2,O V2,I V2,2 1 

V3,O V3,I V3,2 1 

This volume serves as the fundamental building block of the geometry engine used 

in intersect and cubes. It is positive when (a, b, c) forms an anticlockwise loop when 

viewed from an observation point on the side of the plane defined by (a, b, c) that is 

opposite the point d. Positive and negative volumes define the two states of a Boolean 

test, while zero indicates that the four vertices are exactly coplanar. If the vertices 

are indeed coplanar, then the situation constitutes a "tie", which will be resolved with 

a general tie-breaking algorithm (see section Special cases). In applying this logical 

test to edge ab and triangle (0,1,2) in Fig. 6.10, ab spans the plane if and only if 

the signed volumes T012a and T012b have opposite signs. Fig. 6.11 presents a graphical 

look at the application of this test. 
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a 

r------r------~O ° lr-----~------~O 

b 

2 

b 

Vol(To,I,2,a) < ° 
b 

Vol(To,I,2,b) > ° 

Figure 6.11 : Boolean test to check if dge ab spans the plane defined by triangle 

(0 , 1,2) 

With a and b established as spanning the plane (0 , 1,2) all that remains is to determine 

if ab pierces within the boundary of the triangle (0,1,2). This will be the case if and 

only if the three tetrahedra formed by connecting the endpoints of ab with the three 

vertices of the triangle (0,1,2) (taken two at a time) all have the same sign, that is 

((VOl(Ta,1,2,b) < O)!\ (Vol(Ta,O,l,b) < O)!\ (Vol(Ta,2,O,b) < 0)) 

or 

( (Vol(Ta,1,2,b ) > 0) !\ (Vol(Ta,O,l,b) > 0) !\ (Vol(Ta,2,o,b) > 0) ) (6.3) 

Fig. 6.12 illustrates this test for the case where the three volumes ar all positive. 

After determining the existence of all the segments which result from the intersection 

betw en tri-tri pairs and connecting a linked list of all such segments to the triangles 

that intersect to produce them, all that remains is to actually compute the locations 

of the piercing points. This is accomplished by using a parametric representation of 

each intersected triangle and the edge, which penetrates it. 
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The signed volume computation of equation 6.2 is also used for p erforming inCir

cle/ inSphere tests , for in/ out determination in ray-casting algorithms and for a vari

ety of other topological formulations. Due to its obvious importance, a great deal of 

research has gone into developing rapid and robust evaluations of this determinant . 

a a a 

o r-----~~----~O 

b b b 
T a, I,2,b T a,O, I,b T a,2,O,b 

Figure 6.12: Boolean test for p enetrat ion of a line segment ab within the boundary 

of a triangle (0, 1, 2) 

Computing the sign of equation 6.2 constitutes a topological 'primit ive, which is an 

operation that tests an input and a lways yields one of a pre-specified number ofresults. 

Of course, such primitives can only classify, and new objects-like the actual locations 

of intersection points (see Fig. 6.10)-cannot be determined without further effor t . 

Such topological primitives do , however, provide the intersections implicitly and this 

information is all that is really needed to establish the connectivity of the segment 

list describing the intersection. 

T he signed volume computation for arbitrarily positioned geometry can return a re

sult , which is positive (return + 1) , negative (return -1) or zero (return 0), where +/-1 

are non-degenerate cases and zero represents some geometric degeneracy. Distin

guishing between these cases on finite precision hardware, however , is not necessarily 

a trivial t sk. Two approaches are common, the first may be thought of as an integer 

infl ation stra tegy. In this approach all vertex locations are pre-processed so t hat the 
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data are inflated and adjusted to span the maximum allowable integer space, which 

can be represented by the hardware ( ±(231 
- 1) with 32 bits or ±(263 - 1) with 64 

bits). New data are then constrained to the nearest permissible integer location. The 

second approach is to use exact (arbitrary precision) arithmetic. Unfortunately, while 

much hardware development has gone into rapid (round-off-prone) floating-point com

putation, few hardware architectures are optimised for either the arbitrary precision 

or integer math alternatives. 

In an effort to perform as much of the computation as possible on the floating-point 

hardware, the method first computes equation 6.2 in floating point, and then makes an 

a posteriori estimate of the round-off error. If the round-off error is in the same order as 

the signed volume, the case is considered indeterminate and one has to look to exact 

arithmetic and introduce the algorithm for truly degenerate cases. This approach 

may be characterised as a floating-point filter, since only cases that are dangerous are 

selected for further processing. A brief discussion of this topic will follow below. Since 

only a small fraction of the computations fall through the filter, the speed penalty for 

using exact arithmetic on virtually all realistic examples is essentially negligible. 

6.5.2 Special cases 

Degeneracy arises in geometric data, as in the case of a tri-tri pair, due to the special 

position of two or more objects. Well-known examples in our case include co-planar, 

co-linear, or co-located vertices, and it is even possible for two edges to intersect ex

actly in three dimensions. Even more perplexing cases include those where two edges 

in special position overlap without sharing a vertex, or even having the decency to be 

co-linear. Fig. 6.13 shows three examples of such degeneracy. While seemingly un

likely (mathematically), degenerate data are common in the real world, and especially 

the somewhat quantised world of computational geometry. Since the overall utility 

of an implementation may depend upon the correct treatment of special cases, the 

handling of special cases can permeate the implementation. 

Experience shows, that in geometric algorithms, much simpler than the intersection of 

two triangles, a very simple program is very often sufficient as long as one disregards 

all special cases. Only degenerate data cause trouble because one must find a special 

treatment for each speciality and take it into account in the program. 
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a 

~ ____ ~ ______ ~o 

b 

2 

Vertex on Face 

2 

b 

Edge through Vertex 

Figure 6.13: Special cases 

l~ ____________ ~O 

2 

Edge on Edge 

A very simple example may give an impression of the complications caused by re

garding a ll special cases in a program for a geometric a lgorithm. The determination 

of whether a point Q lies inside a polygon P is a standard a lgorithm of computer 

graphics; see the left side of F ig. 6.14. As every intersection of an edge with a ray 

R leading from Q to infinity indicates a change from inside to outside or vice-versa. 

One need only count these intersections. Q lies inside P if the number is odd. The 

simple program is shown at the right in F ig. 6.14. 

A 

R 

counter := 0; 
for all edges do 

if ray intersects edg 
then ray increase counter; 

inside := odd(counter); 

Figure 6.14: Points in polygon 
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A special case occurs when the ray R strikes a vertex of the polygon P; see Fig. 

6.15. Then one must examine two or three consecutive edges simultaneously to decide 

whether one must count an intersection or not. A program treating all these cases 

correctly becomes long and complicated. Additionally, there is a danger that not all 

degeneracies are discovered, and therefore the program may return a wrong result in 

such a very strange case. Moreover, descriptions of many geometric algorithms do not 

contain any investigations on degeneracies because of their variety and complexity. 

Q--~----~--~~---R~ 

Figure 6.15: Special cases 

How does a program find the correct decisions? When does it have to increase the 

counter in our simple example? It has to investigate whether an edge intersects the 

ray R. This is done by evaluating some expressions depending on the given data. For 

our example this is shown in Fig. 6.16. 

ray intersects edge: 

IYQ - YA I > 0 

and 

< 0 

and 

I distance of Q from A -+ B I < 0 

or symmetric case with A as upper point 

Figure 6.16: Topological primitives 

The expression is built up from some functions, e.g. difference of two coordinate 

values or distance of a point from a directed straight line (negative if the point is in 
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the left half plane). Such functions are called topological primitives. The signs of the 

topological primitives are the means of controlling the algorithm. Fig. 6.16 shows 

that a combination of signs of the two primitives difference and distance evaluated 

with given data as actual parameters determines whether the ray intersects an edge. 

In the case of the intersection of a tri-tri pair, the volume of the tetrahedron (equation 

6.2) is one topological primitive. 

In any geometric algorithm there are some functions serving as topological primitives. 

In normal cases all evaluations with data values as actual parameters yield a positive 

or negative value. The result zero indicates a special case, in our example: two data 

values are equal or three points are collinear (a vertex lies on R or Q lies on an edge). 

In the case of the intersection of a tri-tri pair, the volume of the tetrahedron (equation 

6.2) is equal to zero. This results, for example, if vertex a lies in the plane of triangle 

(0,1,2). 

Simulation of Simplicity 

To deal with such degeneracies or ties, a tie-breaking algorithm is used. This tie

breaking algorithm stems from work done by Edelsbrunner and Miicke [10] and is 

known as Simulation of Simplicity (appropriately abbreviated as 'SOS'). The tech

nique resolves geometric degeneracies by assuming a consistent set of virtual pertur

bat ions sufficient to insure that geometry is always in general position, in accordance 

with the assumptions outlined in the section 'Details of method'. The attraction of 

this approach is that the topological primitives never return a zero (degenerate) result, 

thus alleviating the need to consider specialized treatments for degenerate geometry. 

Moreover, since the perturbations are 'virtual' and 'consistent', data are never altered 

and ties are always resolved with the same result. Symbolic perturbation schemes 

like SOS are attractive for many reasons. Primarily, however, what is important is 

that they represent an algorithmic approach to tie-breaking. They do not depend on 

the experience of the programmer to foresee all possible diabolical cases, and virtu

ally eliminate the need for special-case coding to trap out degeneracies arising from 

objects or data in special position. 

The main idea of this method [101 is to perform the algorithm with perturbed data! 

Fig. 6.17 shows that after suitable changes the special case 'vertex lies on R ' does not 
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occur, i.e. no evaluation of the topological primitive 'difference' delivers zero, and the 

result 'inside' is the same for original and for perturbed data. In the same manner, 

the topological primitive 'Volume of a tetrahedron' (equation 6.2) also never returns 

a zero and therefore we are always able to calculate the intersection of a tri-tri pair. 

Q--~----~~~~---
R 

Figure 6.17: No special case after perturbation 

The perturbations have to fulfil some conditions: 

• They have to be so small that neither a new special case arises (e.g. a vertex 

moves onto R) nor does the topology change (e.g. a vertex moves to the other 

side of R ) . 

• The perturbations of different data have to be different in order to remove all 

special relative positions of different objects (e.g. all vertices have different 

heights after perturbation). 

Edlesbrunner and Miicke have proved that the following method works correctly for 

our problem of solving equation 6.2. The vertices are V = {vo, Vl, V2, V3} where Vij 

denotes the jth coordinate of the ith vertex with j E {D, 1, 2} and i E {D, 1, 2, 3}. Every 

vertex is definitively connected with its perturbation index i defining the size of its 

perturbation. It is important that each vertex have a unique index. The perturbation 

is realised by replacing each vertex by a polynomial in E. The perturbations are 

defined by 

(
..) 23;-j 

E 1.,) = c (6.4) 

where c is a small positive number. It is not necessary to calculate its numerical value 

for performing the algorithm with perturbed data. Instead one has to imagine that 
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it is so small that the conditions mentioned above hold. Now the perturbed vertices 

are: 

(6.5) 

and equation 6.2: 

VO,o + CO,O VO,1 + cO,1 VO,2 + cO,2 1 

6Vol*(TvQ ,vl,v2,v3) = VI,O + CI,O VI,1 + cI,1 VI,2 + CI,2 1 

V2,O + c2,O V2,1 + c2,1 V2,2 + c2,2 1 
(6.6) 

V3,O + c3,O V3,1 + c3,1 V3,2 + c3,2 1 

Now the following theorem holds: 

Theorem: All calls of equation 6.2 with perturbed data as actual parameters deliver 

a result different from zero and therefore special cases do not occur: 

(6.7) 

The proof of this theorem is based on the fact that all terms occurring when expanding 

the determinant (with perturbed data replacing the Vi) have different c-exponents 

because of the subtle choice of exponents in 6.4. Therefore the term with lowest c

exponent (all terms have the form: constant multiplier * cexponent) that is different 

from zero is value-dominant, Le. for small c it cannot be compensated by others and 

therefore defines the sign of 6.7. 

Now the calculation of the volume of the tetrahedron (equation 6.2) always terminates 

with result different from zero. This rule for calculating the sign of this topological 

primitive enables us to perform the algorithm for perturbed data. The simple pro

gram, disregarding all special cases, delivers the correct result every time because 

the result is the same as for original data, and special cases do not occur. The only 

prerequisite is that the data be accessed only via topological primitives programmed 

as shown above. 

For the reliable decision whether the result is zero it is not always necessary to use 

time consuming exact arithmetic. As only the sign of the result is required (not its 

value) we can speed up the calculation substantially: First calculate with floating 
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point arithmetic and then estimate the possible round-off error. If the round-off error 

is not of the same order as the signed volume then we know the correct sign. Only 

if the answer is ambiguous, do we have to use exact computation. In most cases we 

can finish after calculating 6V ol (T Vo VI V2 V3) with floating point arithmetic because the 

topological primitive is a very simple function and the result gives the final answer in 

all cases clearly distinct from zero. 

6.6 Novel of contributions 

Virtual production tracking is the way of knowing what is really going to happen in 

the real machining world. The software module, designed by the author, for roughing 

in layers integrates this functionality so that it can take the residual stock model into 

account as it computes an Ne program. Minimized idle tool travel is the result. The 

software updates blank geometries on the fly. This is done by the technique described 

above. Toolpath calculations take into account the way in which the geometry of the 

component emerges as the selected milling cutter removes stock layer by layer. This 

means that the software always knows the residual stock remaining on the component 

and can reduce infeed and positioning movements to the optimized minimum. 

The intermediate geometry computed is used as the new geometry of the blank. This 

selective remachining has several advantages: 

• It uses a smaller cutter to clear out even the smallest recesses. 

• It uses tighter spacing between layers to remove cusps. 

• It uses a different tool orientation to cope with steep slopes and undercut areas. 

The total machining time is minimized because the blank geometry was freshly up

dated beforehand and only the areas of residual stock are milled. Retract and in feed 

movements are also reduced to a minimum when the blank geometry is updated on 

the fly. These processes are unique in the CAD/CAM market. 



Chapter 7 

Summary and Outlook 

During the past few years, a trend toward shorter product cycles for many commodi

ties can be observed. This phenomenon has had an impact on the manufacturing 

of complex workpieces. These changes in the market, together with a simultaneous 

demand for improved quality at lower cost are particularly noticeable in die, mould 

and pattern manufacturing. They are forcing companies to increase efficiency in the 

design, planning and production of workpieces. 

Due to advancements made in the sector of CAD technology, many companies are 

now in a position to design workpieces in less time. CAM systems with integrated 

NC programming systems have brought about a considerable increase in efficiency in 

manufacturing these workpieces as well. Moreover, there has been a trend in recent 

years toward the application of high-speed cutting for finish machining in die, mould 

and pattern manufacturing. Closer steps, shorter machining times and improved 

workpiece quality have already resulted in great potential for rationalisation in this 

area. However, the transition from roughing to finishing still poses problems. Here 

is a gap in the process sequence that may also be described as the transition from a 

staircase structure to a uniform offset. 

In addition to satisfying technical machine- and control-related conditions, the use 

of highly wear-resistant tools and, above all, suitable milling strategies is of decisive 

importance for the successful application of HSC. In particular, technological process 

parameters must be taken into account in the layout of such cutting strategies. Until 

now, these parameters of machining technology have been only inadequately acknowl-
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edged in NC programming systems. Often only the geometric representation of the 

part is considered as the sole reference for calculating NC tool travel. This applies 

to the calculation of both HSC finishing and roughing programmes. Upon closer ex

amination of HSC process parameters, it becomes obvious that they are also valid 

for roughing in layers. When they are also taken into account in rough machining 

applications, the result is an enormous increase in efficiency for pre-machining parts. 

The aim of rough machining has been to achieve maximum stock-removal capacities 

while conserving the milling machine, cutter and cutting material. However, due to 

the application of HSC, this aim is shifting in favour of a constant offset following the 

roughing operation accompanied by the elimination of time-consuming pre-finishing 

operations. 

This stated aim of this endeavour is to compile the technological milling requirements 

for rough machining based on the process expertise gained from HSC and establish 

them in a CAD/CAM concept. The technological aspects have been taken into ac

count and implemented in the development of new software. 

In addition to geometric tool data, the CAD/CAM system must take technological 

properties, e.g. cutting materials and plunge capabilities, into account when milling 

cutters are selected. This is necessary above all when viewed against the background of 

an adjusted feed setting, dependent on the current local conditions of tool engagement. 

The virtual system must have complete and precise information about the geometric 

data, the part and the metal blank. 

The process-related technological requirements for clearing out cutter fields are char

acterised by the demand for extended cutter service life. This is achieved by using 

the climb milling strategy, harmonious contour characteristics, circular entry and exit 

cuts and a shallow cutter entry plunge into the stock. However, an essential factor is 

the avoidance of entry and exit cuts; the cutter should be in continuous engagement. 

To prevent heavy shock loads on the tool's cutting edges and obtain a smooth cut into 

the material, the radial contact by the cutter should always be larger than its radius. 

To minimise idle tool travel, the current blank must be known at all times. This calls 

for dynamic updating of the blank geometry. Following an initial roughing operation, 

the blank features the typical stepped or wavy residual offset. The CAD/CAM system 

must be familiar with this geometry. It is precisely this residual stock that must be 
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removed by the subsequent machining operation to maintain a constant offset on the 

part and permit immediate transition to the finishing operation. The current blank 

is passed on to the finishing process, closing the process sequence between roughing 

and finishing. 

There were two major work areas for implementing software for this requirement: the 

clearing of cutter fields and the updating of the metal blank. 

Isoparametric and equidistant path distribution was discussed as a solution for clearing 

out cutter fields. Equidistant path distribution with the aid of parallel paths to base 

or offset curves was judged to be the technologically most advantageous method. 

Several options for selecting base curves were elucidated and, with the dynamic base 

curve, a solution was found in which no tool withdrawal movements are required, 

conventional milling never predominates and no extended tool travel through solid 

stock is necessary within a cutter field. A rudimentary solution for rounding milling 

paths by means of digital filters to obtain harmonious and continuously tangent milling 

paths was presented. The material within a cutter field must always be removed 

completely. If a field is cleared out applying a recommended radial infeed larger than 

the cutter radius, stock will remain at several locations. This material is detected 

and its development prevented by means of appropriate manipulation of the milling 

paths. 

The first decision to be made in connection with updating the metal blank is the 

choice of a suitable modelling method. However, this selection cannot be made solely 

with the isolated goal of updating the blank. The decision must take the entire inte

grated process sequence into account, from design to the roughing programme and up 

to and including HSC finishing. A BREP solid modeller was selected. A polyhedral 

representation of the surfaces accomplished with the aid of triangular meshes is fully 

adequate for computations, e.g. the subtraction of volumes required to update the 

blank. An essential advantage of making calculations with triangular meshes is their 

simplicity and ruggedness. If the BREP modeller is capable of accommodating tri

angular meshes as entities in its structure, the advantages of simple, highly accurate 

design and rapid, robust calculations are combined. 

The task of updating a blank consists in subtracting a milled volume from the blank. 

The difficulty with this Boolean operation lies in computing the separating curves of 
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the two components, or in the unambiguous calculation of the lines of intersection 

between two triangles. Literature dealing with the subject pays a great deal more 

attention to the theoretical treatment of such geometric tasks than to the question 

of how to implement them. Usually, only the principle idea of the new algorithm is 

presented. But an extensive and detailed elaboration of all special cases and the obser

vance of numeric inaccuracies are often necessary if one wishes to actually implement 

the algorithm. As in other areas of computer science, the principles of encapsulation 

of information and abstraction have proved to be of great assistance in ruling out nu

meric instabilities in the calculation of intersections. Topological primitives are used 

exclusively for computation. A topological primitive is a real-valued function whose 

input consists exclusively of geometric objects and that supplies three different signs 

(-1,0 or +1) as calculated functional value. A special role is assigned to the result 0 

of the topological primitive. It represents a special case that must be dealt with (e.g. 

two tangent triangles). These special cases are handled according to the Simulation 

of Simplicity statement predicated by Edelsbrunner and Miicke in [10]. The position 

and shape of the geometric objects that form the input of the topological primitive 

are the reasons for the existence of a special case. The general idea is thus to alter 

the position and shape of the objects somewhat (to perturb them) to eliminate the 

existence of a special case. 

Although at the beginning of CAD development, there was still a strict separation 

among the most diverse options provided by 2D and 3D software, there is no longer 

a question today of one or the other. While a 2D system is sufficient for a simple 

workshop drawing, the future belongs to the 3D systems. In most cases, design is a 

mixture of 2D and 3D. And this is where it must be made certain that designs consis

tently remain free of errors when modified. This means that changes are completely 

updated, including all views and all dimensions. 

New-generation CAD systems will be capable of supplying a far more comprehensive 

product data model. This means that integration will continue to gain importance in 

the future. Loss-free exchange of data will represent a major challenge for manufac

turers during the coming years. The goal is the application of uniform data formats 

that ensure data exchange at all levels. This will remain necessary as long as hetero

geneous CAD ICAM systems are employed for special applications. CIM used to he 

a catchword and it was primarily a matter of manufacturing aspects. Today simulta-
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neous and concurrent engineering are the key phrases and it is all about central and 

uniform product data that are universally accessible to design and production depart

ments. With regard to CAD, this intensifies the demands made on the exchange of 

designs between manufacturers and their suppliers. Thus it becomes more and more 

important that the CAD tools employed be available worldwide and that systems be 

capable of communicating with each other. In other words, standardisation will play 

an even greater role in the future. This includes integrated software that enables users 

to access the same uniform database for all applications. 

Simultaneous engineering demands easy-to-operate systems. This includes a uniform 

user interface throughout the most diverse corners of the software. The system will 

offer the user identical operating techniques and interactive prompts at every location, 

making a highly closed and uniform impression in the process. It must be possible 

to carry out changes and modifications at any time without knowledge of the previ

ous history of the current model or the prior manufacturing sequence, thus allowing 

the development and manufacture of a product within the sarne time frame, but at 

different times in several different countries. 

Increasingly, companies are becoming aware that simply documenting a product in 

the form of electronic drawings cannot accelerate product development. Meanwhile 

they see the benefit for production above all in the fact that CAD data can be utilised 

as the starting point of a universal integrated process sequence for manufacturing. 

Future CAD systems will have an object-oriented structure. This will conclude the 

transition from a geometry-oriented to a feature-based system. The advantage of such 

systems is they permit the incorporation of random production data into the product 

model in addition to the geometric figure itself. Technological and functional data 

such as tolerances and surface finishes are stored in the part description along with its 

geometric description. This enables downstream manufacturing processes to automat

ically take the part description into account. The transition from purely geometry

oriented CAD/CAM in die, mould and pat tern manufacturing toward technology

and knowledge-based tools is already foreseeable today and will indeed happen. For 

this reason, the focus in the future must be on those product data models that permit 

a diversity of descriptive features in addition to geometry. But this also means that 

only 3D models will be used in the future. 
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The era of the dinosaur is drawing to a close in the CAD/CAM sector as well. To

day's intelligent CAD/CAM systems no longer run on mainframe computers or costly 

workstations. As their performance ranges continue to expand, PC systems will con

tinue to gain ground and edge the workstations out of the market. This trend will 

certainly be strengthened due to the attractive prices of PC systems, which cover a 

range clearly exceed by workstations. The CAD/CAM market of the future will lead 

to a concentration on the supply side. Above all, the vendor of CAD/CAM software 

must deliver performance that pays off for the customer in the short term at prices 

that neither of them would dare to even dream of today. 

The refinement of the market will continue at an advanced pace. Only a few suppliers 

will remain a position to develop both modern basic technology and powerful appli

cations. For this reason, component technology will be developed and utilised more 

and more. In this way, the volume core ACIS has gained acceptance as the standard 

geometry core for CAD applications, for example. Partnerships among application 

developers who possess the specialist know-how required to develop special-purpose 

and niche products will also become immensely significant. 

The transition to which the CAD/CAM world, especially the die, mould and pattern 

manufacturing sector, is submitting itself today stems originally from two tendencies. 

On the one hand, there are new technological opportunities. On the other hand, the 

demands of customers are changing. The noticeable trend toward 3D solid applications 

is certainly technology driven. The mathematical descriptions of the parts, which serve 

as a basis for the NC programming systems used, are wire frame, surface or volume 

models. Part models generated by means of surface modellers frequently contain errors 

because gaps may appear between individual surface segments. Such gaps may result 

in the cutter unexpectedly striking the workpiece at the defective location. These 

gaps between surface patches and any tangential discontinuities must be eliminated 

in order to obtain satisfactory machining results later. The system may support the 

user in making such corrections or perform the corrections itself either automatically 

or semi-automatically. This problem is not encountered with volume-based systems 

because a volume model is subjected to a consistency check when it is generated and 

is therefore free of gaps. And, as explained in previous chapters, the volume model 

is the only model that permits exact updating of the workpiece upon completion of a 

step in the machining operation. 
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Collision analysis is a difficult chapter in the generation of NC programmes for rough 

machining. Although potential collisions between the cutter and the current blank 

can be detected using the proposed concept, this analysis must be extended to include 

collisions with tool-holders, the spindle head and work-holding fixtures. In the end, 

the entire machine tool must be imaged in a kinematical model and all components 

related to the roughing process in the CAD jCAM system. All of them must be 

checked for mutual collision at all times. This then corresponds to total collision 

control. The analysis may be supplemented by simulation and animation, which allow 

an examination of machine movements as early as the NC programming phase. In 

turn, this means that production-related aspects such as the selection of the machine 

tool must be taken into account during NC programming as well. 



Appendix A 

Software 

The concept at hand was almost entirely implemented in software. The software was 

integrated into the Tebis CAD/CAM system Version 3.1 Release 10 which is used by 

more then 1300 customers as of April 2001. 

The Tebis CAD/CAM system combines the necessary CAD functionality with all 

CAM commands essential for obtaining die, mould and pattern finishes. The CAD 

includes everything the designer needs, e.g. commands for rounding, offsetting, tan

gential attachment, slizing and trimming, structuring, analyzing and documenting. 

The CAM functionality provides all commands required for NC programming in a 

compact and user-friendly form. The system generates programs for roughing and 

finishing, for remachining fillets and clearing areas of residual stock , for trims and 

HSC operations. 

The software implemented by the author of this thesis can be found within the Tebis 

CAM module for roughing in layers. On the basis of the blank and specified geome

tries, the software automatically generates tool- and machine-friendly NC programs 

for roughing in planes that produce components with a steeped appearance. At the 

early stage of toolpath computation, the geometry of the blank is updated plane by 

plane with reference to the roughing tool used and the selected strategies. The inter

mediate geometry produced in this way can be used for analysis and post-roughing 

purposes. The keynotes of the software are short machining times and paths that 

inherently reduce tool wear. 
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Because of the high diverse product spectrum in the die, mould and pattern manufac

turing industry, no specific examples of NC programs are given in the thesis. Rather 

the reader is invited to use the software focusing on his or her special interests. 

The CD ROM, which is fixed to the last page of the thesis and named Tebis Version 

3.1 ReI 10, contains the whole Tebis CAD/CAM package. To run the software, the 

hardware must cons its of either: 

• An upgraded 32-bit personal computer with up to 1GB of main memory and a 

hard-disk capacity of several gigabytes . 

• A UNIX workstation. 

The graphics unit consits of a high-end graphics card with OpenGL support and a 

high-resolution color graphics monitor capable of at least 1280 x 1024 pixels. A series 

of additional peripherals can be connected for the input and output of external data. 

A dongle has to be used to run the software because Tebis needs to protect the software 

against unauthorized copying. To get such a dongle, please contact the author of this 

thesis at the following address: 

Joachim Schuster 

Tebicon 

Tebis Consulting GmbH 

Fraunhoferstr. 22 

82152 Martinsried 

Germany 

Tel.:+49 /89 /899368-0 

Fax.:+49/89/8993G8-20 

schuster@tebis.de 

www.tebicon-gmbh.de 
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