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Process pJanning of a given mechanical component is dependent on the part itself 
(topology, geometry, technology), the context (availability, capacity of the means of 
production) and the pJanner (knowledge, experience). This chapter aims at showing 
that complete genericity of an automatic process pJanning system can be achieved 
by providing the facility to algorithmically extract low level, manufacturing 
knowledge free and part-only dependant features (the tool features). At first we give 
the scope of feature extraction in advanced CAD/CAM sytems. Then we propose an 
original feature hierarchy compatible with current practices in process planning and 
show that the automation of this process can be derived from the extraction of tool
features and the subsequent ordering of these atomic features into setup-features and 
machine-features, with respect to the technological relationships among features, 
inherited from the functional dimensioning of the component. In the following, we 
put the accent on the tool-feature extraction methodology, present the current status 
of our prototype system PLANET and introduce the future work. 

11.1. IN1RODUCTION 

Designing and manufacturing products that fulfill accurate functional specifications, 
reaching the balance between subsequent costs and incomes, gaining profit, this is 
the economical role of any industrial company. A worlwide marketplace, an 
agressing international concurrence, increasingly exacting consumers, rapidly 
obsolescing products, these are today the attributes of its activity. These new data 
have obliged industrial companies to rationalize their practices and to gradually 
adopt the principles of concurrent engineering. The fundamental concept of 
concurrent engineering is not a brand new one: the aim is to compress the time to 
market by realizing the different phases of the product life cycle concurrently 
(simultaneously). The Computer Integrated Manufacturing is the cornerstone of 
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concurrent engineering [FOR 89], which requires mutual interaction -cooperation
of the different actors in the product elaboration cycle. Still, how to implement 
interaction while integration has not been completely achieved yet? 

11.2. MANUFACTIJRING PREPARATION AliTOMA TION 

U.l.l.Inftuences upon manufacturing preparation decisions 

As already mentioned above, the decisions taken during the process planning 
activity of a given mechanical component are derived from the part itself (objective 
local decisions), from the part in the context of production (objective global 
decisions) and from the planner (subjective experience-based decisions) [DEN 93]. 

The objective local decisions regarding the part only have constant results and 
can be automaticaly taken, provided that the CAD model is sufficiently complete 
and unambiguous. Actually, it is nessessary for the algorithm in charge with this 
kind of decision to easily access any information regarding the part only (basically, 
every piece of information likely to be present on a technical drawing used by the 
planner). So, the automation of objective local decisions requires an homogeneous, 
complete and non redundant representation of all topologic, geometric and 
technologic data about the part 

The objective global decisions taking the context of production into account are 
dynamic by nature. They are influenced, for a same given part, by the number of 
items to be produced which may appeal a specific process out of several technically 
equivalent candidates, by the structural (existence in the workshop) and 
conjunctural (state of order) availability of the means of production as well as the 
capacity of production (equipment workload, related to other product process 
plans). Automating this kind of decision is not so easy. It requires an accurate 
representation of both real time and planned status of the ressources (human and 
material). An important factor of the complexity of this automation is the existence 
of many technically equivalent solutions to one problem. 

The subjective experience-based decisions are the ones responsible for the 
choice of a solution among many. The dispersion between the set of selectable 
solutions may vary from one planner to another, but also along with the time for a 
single planner, depending on unpredictable circumstances. So, the process planning 
activity may be synthesized like on figure 1. 

Most of existing generative process planning systems aim at providing THE 
right process plan for every case study. This objective may appear very ambitious if 
we consider the huge number of technically equivalent process plans for a single 
part. Moreover, it can be considered unrealistic if the system does not take into 
account the cost-related data (batch size, ressources cost per hour, ... ) and time
related data (availability, ... ), since purely technical data are generally not sufficient 
to select the best solution among several candidates. 

Actually, if we call anoperation some continuous volume removal that is 
operated by only one tool, a sub-phase some set of continuous or discontinuous 
volume removal that is operated without modifying the setup and a phase some set 
of volume removal that is performed on a same machine tool, the process plan of a 
given part under purely technical assumptions may look like represented on fig. 2. 
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Figure 1. Decisions and influences during the process planning activity. 

Figure 2. Process planning network of technical solutions. 
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11.2.2. From CAD to CAPP using features 

Since Grayer [GRA 76], the concept of feature has been perceived as "a computer 
link between design and manufacturing". Then it has been extended to other 
integrated applications [MAR 87], precisely classified [SHA 88] and successfully 
used for integrated process planning like in the PART system [HOU 91]. Today, 
features have taken off from laboratories to come out in famous commercial 
packages like Pro-Engineer® [PRO 87]. 

It is also quite commonly accepted that both design-by-features and feature 
recognition are necessary and even complementary. Design-by-features raises the 
level of abstraction of the primitives used to generate the conceptual part model and 
helps the system capture the design intent during concepblal design, thus providing 
an optimal sharing of tasks between the designer (think functional) and the system 
(manage with derived shapes), while feature recognition reveals the manufacturing 
implications of the shapes present in the conceptual model. However, it has never 
been clearly proved that feature-based design would make feature recognition easier 
when there is no one-to-one mapping of the design and manufacturing features, 
which is generally the case for products requiring more than one manufacturing 
process. 

The majority of feablre recognition systems use a manufacturing feamre library 
in which a (low or high, but desperately finite) nmnber of parametrized features are 
described, using more or less complex syntaxes. The underlying idea is to recognize 
-identify- a portion of the part being processed as a member of a well known feature 
familly for which the manufacturing process is straightforward. Yet, even if we 
make abstraction of the impossibility to garantee that every feature on the part 
(particularly derived feablres due to combinatorial intersections with other feamres) 
can be identified, how could the choice of a particular process be made before 
considering the dependancies (mostly technological) that exist between the 
component of a given feature and other entities of the part model (other faces, other 
features)? 

To illustrate this remark, let us consider the very simple example of a popular 
feature [CAM 84] [NIE 89] [COQ 91] [MON 92]: the hole with a counterbore 
(figure 3). 

A: blind hole B: thruhole C: inclined face 

~ ~ ~ ~ ?m ~ ' 
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. F1g11re 3. Manufactunng feablres . 
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If we consider the machining aspect of this feature, we come to the conclusion 
that in cases A and B, both the 'counterbore' and the 'hole' can be realized either one 
after the other, or conversely or even simultaneously with a combined tool. On the 
contrary, in the case C, the counterbore must be realized before the hole so as to 
avoid the bending of the drill on the inclined leading face. In big batch sizes, the 
counterbore and the hole will be machined simultaneously. In small batch sizes, 
provided that there is no tight tolerance between them, they will be machined 
separately. Let us also mention that depending on the general shape of the part 
where the feature lies, and the position of the feature on this part, the adequate 
machining process could be either drilling, milling or turning. Finally, if we also 
consider the potential existence of a pattern of holes in which the above feature 
would only be a particular element, the number of cases to explore would still be 
increased. 

These remarks tend to highlight the fact that identifying -naming- a feature too 
early in the recognition process may cause a lack of genericity to the process 
planning system. If extracting manufacturing features from the CAD model 
certainly is the key of integrated process planning, the issue remains: what features 
to search? 

11.3. MANUFACTURING FEA'IURE HIERARCHY 

Provided that a process plan can be decomposed into operations, sub-phases and 
phases (see figure 2} and that manufacturing features are supposed to have 
manufacturing conotation, it is natural to map the levels of recognition of the 
manufacturing features to the different subdivisions of a process plan. 

This make us propose the notions of tool-features, setupjeatures and machine
features. 

1 A tool-feature, includes portions of the boundary of the part that must be 
machined with the same machine, the same setup and the same tool, either 
simultaneously or immediately subsequently. The dispersion about the 
dimensions and positions of the faces involved in a same tool-feature are 
minimal. 

2 A setup-feature consequently refers to a set of tool-features that can (notion 
of technical equivalence of different possibilities} be machined without 
modification of the setup (no dismounting of the part from the setup -no 
antagonist dimensions-, same machine -same combination of feed and cut 
vectors-). 

3 A machine-feature consequently refers to a set of setup-features that can be 
machined on the same machine tool (no dismounting of the setup from the 
machine -continuous sequence in the precedence graph-, compatible 
combination of feed and cut vectors). The dispersion about the dimensions 
and positions of the faces involved in a same machine-feature are quite 
maximal. 

Based on these statements, the process planning activity consists in the 
sequential extraction from the CAD model of the tool-features, the setup features 
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and the machine-features. The generative extraction of tool-features must be based 
on objective local criterii (using purely algorithmic deductions based on topological 
and geometrical queries upon the model). The difference between a setup-feature 
and a machine-feature resides in the notion of compatibility of the tool-approach 
vectors for different groups of tool-features. But the recognition of both setup
features and machine-features requires the ability to automatically recognize and 
classify the required/candidate machining kinematics for every tool-feature -identify 
the process-. A grammar-based formalisation of existing machining processes is one 
of the possibilities to achieve this. 

The recognition of setup-features and machine-features may be based on criterii 
of feasability (compatibility of the tool approach vectors for different tool-features, 
compatibility of the required machining kinematics) as well as necessity (tight 
tolerance between different tool-features). In the following, we shall present more 
precisely the notion of tool-feature and the method for extracting them from a B
Repmodel. 

11.4. FROM MATERIAL ANGLES TO TOOL-PEA TIJRES 

Basically, the notion of tool-feature can be represented as a graph where the nodes 
are topological faces of the B-Rep model of the part and the arcs are concave edges 
between binary sets of nodes. The determination of the concavity of an edge can be 
performed by examining what could be called the material angle (portion of a full 
rotation made by a vector sourcing at a point lying on an edge, in a plane 
perpendicular to the edge at that point). If the material angle is comprised between 
180° (included) and 360° (excluded), the edge is concave. 

The extraction of concave edges is not a revolution in feature recognition [KYP 
80] [PRA 84] [HEN 84] [DON 88] [CHU 90] and many laboratories even tried to 
identify form features by recognizing sub-graphs in the graph of the part [JOS 88] 
[ANS 88] [FLO 89], but the originality of the method we propose concerns three 
aspects: 

1 The classification of the recognized feature is not addressed. Actually, the 
system performs the recognition of all sets of faces associated by necessity 
(the tool features) by considering only every edge of the model and the 
geometry of the two faces that intersect on this edge (Figure 4). No 
assumption is made upon the feature type of the resulting set Naming the 
result has no interest, as a consequence of the remarks about manufacturing 
features. 

_ Material angle 

Figure 4. Concavity-driven binary associations 
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2 The recognition is fully generative, which is a consequence of the latter 
remark. Actually, the groups of faces are generated -constructed- by an 
algorithm which blindly associates two faces into a tool-features if the edge 
between them is concave, and then the different associations by transitivity. 

+ 
Figure 5 Tool-features generative recognition 

3 The recognition virtually applies identically to any kind of part (sheet metal, 
rotational, prismatic, ... ) with analytically- (i.e. ellipse curves) or 
mathematically- (i.e. spline curves) expressed edge geometries, since the 
criterion of material angle is sufficiently low and general to be process
independant. 

Figure 6. Different types of tool-features 

11.5. GENERALIZED ALGORITHM 

The algorithm for generating basic binary associations of faces firstly considers 
every edge in tum. Considering one edge, a point is chosen on this edge if its 
geometry is continuous along the edge (so the concavity is continuous), every point 
is evaluated in turn if the geometry of the edge is discrete (the concavity may vary 
along the edge). At the considered point, ii, a normal vector to one of the faces, 

directed towards the outside of the part is calculated, as well as t, a tangent vector 
to the second face directed towards the outside of the face and normal to the edge. 

Figure 7. Calculation of the concavity of any edge. 
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The sign of the cosine between n and t determines the association or non
association of the two faces. 

Based on the above explanations, we can propose the following algorithm for 
the generalized extraction of binary sets of associated faces that will form the tool
features after a trivial transitive propagation of the relationships. 

FOR every edge E 
s1 <- fust face owning the edge; s2 <-second face owning the edge 
IF (geometry(E) ==_CONTINUOUS_) THEN 

Pc <-any point on the edge (i.e. at the start vertex) 
express P c in the local base B 1 of the geometric surface type of S 1 

calculate n 1 normal to S 1 at P c in the local base B 1 

express ii1 in the global base 
express P c in the local base B2 of the geometric surface type of S2 

calculate n 2 normal to S2 at P c in the local base B2 

express ii2 in the global base 

calculate e , tangent to the edge E at P c in the global base 

t2<-e"'n2 
IF (cos(nt, t 2) :S: O) THEN 

create_new _tool_feature (S 1 ,S2) 
END IF 

ELSE 
perform same calculations at every point P ci of the curve 

END IF 
END FOR 

11.6. TOOL FEATURE ABSOLUIE SEQUENCING 

The tool-feature extraction module is only based on geometric and topologic 
properties of the part. But the technological aspects are also extremely important as 
far as process planning is concerned. 

At first, the network of relationships represented by the dimensioning is 
important: actually, it results from a functional study of the part within an assembly 
and determines the cascading reference scheme among the faces of the model, thus 
defining a logical precedence graph [PAD 81] [DEN 93] constraining their 
respective position of creation in the sequence (non respect of the precedence graph 
is admitted as long as the -expensive- transfer of tolerance, Wlavoidably involved by 
any modification, keeps the part in a machinable state). 

Besides, the valuation of the dimensioning constraints is also important. 
Depending on the value of (for example) a parallelism tolerance constraint between 
two tool-features, they could be forced into a setup-feature, or a machine-feature, or 
be considered separately. However, after extracting the tool-features, it is necessary 
to evaluate the precedence graph at ftrst, so as provide a basis for the subsequent 
associations into candidate setup-features and machine-features. 
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11.7. CURRENf STA TIJS AND FUTURE WORK 

The work reported in this chapter has been implemented up to the extraction of tool
feaiures based on topological and geometrical queries of an acis® B-rep model of 
the part and the generation of a precedence graph based on the interpretation of an 
homogeneous 3D technological model constraining the topological entities of the B
rep (following the ANSI-82 dimensioning standard). 

Figure 7. An example of a tool-feature extraction. (This part is inspired from a test 
case from Volkswagen for the Automatic Proces Planning System: PART [6].) 
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In the prototype version of the PLANET system (process PLAnning NETwork 
of solutions) [DEN 92], written in C language and running on a PC486, the 
extraction module only addressed analytically defined edges (straight curves and 
ellipse curves). The only criterion for finding a referent face in a set of 
technologically constrained faces, when determining the precedence graph, was the 
query of a raw face. 

The proposed extraction algorithm has been tested on several part configurations 
including complex, intersecting or recursively defined tool-features. In the 
following three-dimensional part (figure 7), 12 tool-features have been extracted, 
using the material-angle criterion at straight-curves and ellipse-curves of the acts® 
B-Rep model. 

In the currently developed version of PLANET, a few add-ins extend the 
genericity of the system: 

1 all kinds of edge geometries are now being addressed by the extraction 
module, with respect to the algorithm presented above. 

2 some more realistic criterii are being used to estimate a potential referent 
· face in a set of technologically constrained faces, when generating the 

precedence graph: 'the face has the greatest area' and/or 'the face has more 
departing or arriving constraints than the others'. 

Prospects mostly concern the formalisation of the required (for a given tool
feature) and available (for the available processes) kinematic combinations that will 
be used to generate the setup-features and machine-features. 

11.8. CONCLUSION 

The issue of integration of design and manufacturing is generally tackled with the 
use of features, because features represent the opportunity to give a conceptual 
model some engineering significance. But the domain of Engineering, and 
specifically the world of Manufacturing Engineering is characterized by a huge 
amount of experienced-based knowledge, and it is not easy to avoid the trap of 
mixing objective engineering significance with subjective experience-based 
knowledge. Actually, in traditional process planning, subjective rules are used to 
make a choice between objectively equivalent solutions, or to solve conflicts, but 
not to generate candidate solutions. If only sequential, one-way-bound integration of 
design and manufacturing is the aim, this may be sufficient. However, concurrent 
engineering requires not only integration, but also interaction of the different 
functions involved in the product elaboration cycle. This means that objective 
decisions regarding a certain function may be questioned by experience-based rules 
regarding other functions. But to what extent could experience-based rules question 
experience-based decisions? To avoid having to answer this question, the solution 
is to use objective criterii of decision as long as possible, and have recourse to 
experience-based rules only at the latest time. 

In this chapter we propose the material angle as a low level, manufacturing 
engineering experience free criterion (objective topological and geometrical rule) 
for extracting, from a B-rep model of a mechanical component, the sets of faces that 
must be machined by a same tool (the tool-features). We combine this extraction 
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phase with the derivation, from an homogeneous technological model of the 
component, of a precedence graph describing the sequence of tool-feature 
machinings which optimize the respect of quality by minimizing the transfer of 
tolerance (objective technological rule). 

Then we propose to generate alternative process plans by grouping the tool
features into setup-features or machine-features by comparing the required 
approach, feed and cut movements to the possibilities of the available machining 
processes, using a grammar-based formalism. 
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