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Abstract

#CAD2NC is a knowledge-based system generating workplans for idealized lathe CNC machines.
It transforms CAD-like geometries of rotational-symmetric workpieces into abstract NC programs,
using declarative term representations for all processing steps. The system has been developed using
COLAB, a hybrid-knowledge compilation laboratory which integrates the power of forward and back-
ward reasoning (incl. functional programming), constraint propagation, and taxonomic classification.
The focus of this work is on exemplifying techniques of the hybrid, declarative COLAB formalisms
for the central subtasks of CAD-to-NC transformations.
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1 Introduction

The pCAD2NC (micro-CAD-to-NC) system solves the following simplified model version of a real-world
problem:

Given the geometry of a rotational-symmetric workpiece, generate abstract NC macros for
rough-turning the workpiece on an abstract CNC lathe machine (cf. figures in Appendix E).

This model performs the most interesting central phases of CAD-to-NC transformation; writing a front-
end for converting real CAD data to our knowledge-base representation, and a backend for converting
our NC macros to programs for a real CNC machine would be a routine task. The intention behind
#CAD2NC is not to provide a polished solution tuned for production: instead, it enables us to study
how Al technique~ and formalisms can be combined to a non-toy prototype. uCAD2NC is implemented
in COLAB [Boley et al., 1991], a knowledge-processing system integrating forward reasoning, backward
reasoning (including functions), constraints, and terminologies. In uCAD2NC the subformalisms of
COLAB collaborate in a prototypical synergetic manner.

Regarding efficiency, we concentrate on principal algorithmic issues (including evaluation functions for
heuristics) of applying COLAB as a hybrid-knowledge compilation laboratory to NC-planning, exploiting
knowledge from the mechanical-engineering domain of lathe turning. Algorithmic efficiency has been
gained via functional-programming methods such as accumulator parameters, ‘horizontal’ compilation
techniques (source-to-source transformations) such as preclassification of concept definitions, and our

‘vertical’ WAM compiler. Employing a fast COMMON LISP (e.g., the Symbolics UX1200S board) also
results in good low-level efficiency of our declarative, very-high-level formulations.

2 Short Introduction to Our Approach

The input to a production planning system is a very ‘elementary’ description of a workpiece as it comes
from a CAD system. Geometrical descriptions of the workpiece’s surfaces and topological neighborhood
relations are the central parts of this representation. If possible at all, production planning with these data
starting from (nearly) first principles would require very complex algorithms. Thus, planning strategies
on such a detailed level are neither available nor do they make sense. Instead, human planners have a
library of skeletal plans in their minds [Schmalhofer et al., 1991]. Each of these plans is accessed via a more
or less abstract description of a characteristic (part of a) workpiece, which is called a workpiece feature
[Klauck et al., 1991] . A feature thus associates a workpiece model (geometry/topology, technology) with
the corresponding manufacturing method (NC program, chucking, toolchange).

Therefore, the first step of xCAD2NC is the generation of an abstract feature description from the
elementary workpiece data; the features obtained characterize the workpiece with respect to its production
(Section 3). In the second step, the skeletal plans (associated with the features) are retrieved and merged,
resulting in an abstract NC program.

In 4uCAD2NC we use a transformational approach whose processing steps all map between explicit inter-
mediate term representations (with hybrid “plug-in” components), which contributes to the flexibility of
the system. The whole NC-planning process of uCAD2NC is illustrated in Appendix E: Starting from the
initial workpiece representation the feature descriptions are aggregated, which themselves form the basis
for skeletal-plan retrieval. Symbolic skeletal-plan execution is simulated to obtain a workplan consisting
of the desired NC macros.
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3 Performing the Workpiece Classification in COLAB

The various subtasks of workpiece classification require a number of specialized reasoning mechanisms,
which are integrated in the compilation laboratory COLAB. Feature aggregation in uCAD2NC is per-
formed by the forward reasoning system of COLAB, FORWARD [Hinkelmann, 1991], together with the
system for representing taxonomic knowledge, TAXON [Baader and Hanschke, 1991a]. The derived fea-
tures are then collected by a program written in RELFUN [Boley, 1990], the backward reasoning and
functional component of COLAB.

FORWARD [Hinkelmann, 1991] is a declarative rule-based system with Horn clauses as its basic repre-
sentation scheme, which is tightly coupled with RELFUN to achieve bidirectional reasoning. It offers
two independent evaluation procedures: The first interprets bottom-up rules directly using a magic set
transformation for goal-directed reasoning. The second transforms bottom-up and bidirectional rules to
RELFUN Horn clauses which are finally compiled into an extended RFM-System with a special forward
code area. The latter version is currently used in the uCAD2NC system.

TAXON [Baader and Hanschke, 1991a] is a KL-ONE-like knowledge representation system. It provides
two subformalisms: one to define and reason about terminologies, called Tbox, and another (called Abox)
to reason about assertional knowledge. A terminology consists of a set of intensional concept definitions,
which are arranged in a subsumption hierarchy (actually a directed acyclic graph) by the classification
service. In the Abox individuals instantiate concepts and are related to each other by attributes and
roles. This assertional knowledge is used to determine the most specific concepts in the subsumption
hierarchy to which the individuals belong (realization service).

Following the distinction between concepts and instances it is rather natural to define all the possible
features and surfaces as concepts in TAXON’s Tbox and to represent a single case, i.e. a workpiece,
by assertions in the Abox. At a first glance, determining the most specific problem class related to a
workpiece (i.e. the first step of uCAD2NC) could be mapped to the realization service of TAXON. But
TAXON alone is not suitable for the feature recognition task for two reasons:

e Most features cover a number of surfaces. This means that it is natural to define a feature as
consisting of simpler features (and having some additional requirements, e.g. neighbourhood). Thus,
finding such a feature means to find individuals representing the components and to generate a
new individual aggregating the simpler features using e.g. part-of attributes. But the automatic
generation of new instances is not a standard operation in terminological systems. For a rule system,
however, such an aggregation of instances for building new objects is not a problem.

o The second reason is that terminological systems aim at decision procedures for their reasoning
services, which restricts their expressiveness. For example, it is not possible to deal with concrete
domains (e.g. real numbers) and varying size aspects (e.g. sequences) in one concept language
in a reasonable way, without having an undecidable subsumption problem [Baader and Hanschke,
1991b]. The way out of this problem is to exclude one of these aspects from the terminological
formalism and deal with the other in a (tightly coupled) rule language.

The cooperation of FORWARD and TAXON combines the general-purpose reasoning power of rule-based
systems with the inheritance abstraction provided by terminological systems together with their ability
to check (concept) definitions for plausibility.

How does this interaction work?

The input is a term representation of CAD geometries (in the logic-programming tradition of declarative
pictures, graphics, and geometries [Kowalski, 1982; Helm and Marriott, 1986; Pereira, 1986}), where each
elementary surface region becomes an attribute term asserted individually in COLAB’s Abox. For exam-
ple in the sample workpiece representation in Chapter 5.1 the truncated cone tr38 and the neighbouring



cylinder cy139 are represented as two attribute terms:

(attrterm (truncone tr38 (tup (tup centeri 50)
(tup center2 60)
(tup radiusi 25)
(tup radius2 40))))
(attrterm (cylinder cyl39 (tup (tup centeri 60)
(tup center2 70)
(tup radiusi 40)
(tup radius2 40))))

Here attrterm is a tag indicating attribute terms. truncone and cylinder are concepts defined in the
terminology. Both surfaces are represented by four parameters to enable subsumption; thus one radius
of the cylinders is redundant and could be dropped in principal. The tag tup can be regarded as list
constructor.

To generate the feature abstraction the rule system starts bottom up with such a collection of attribute
terms by asserting features into TAXON’s Abox. Since the features are already defined in TAXON it
would be superfluous to repeat the whole number of definitions as rules in FORWARD. Therefore the
rules are very general mentioning in the ideal case only the most general features (in the subsumption
hierarchy) ranging over corresponding numbers of surfaces. Assoon as a new feature instance or additional
information about an already existing instance is asserted, TAXON computes its most special concept
associations using the realization service. This information gain, resulting in new facts in the Abox, can
again trigger rules to derive further features building on the feature just found.

In our pCAD2NC model a groove is simply defined as an aggregation of two shoulders with common
ground. If, for example, this aggregation is performed by the rule system, TAXON may assert (using
the realization service) that the groove is actually an insertion. This new fact triggers every rule with
premises referring to insertions, grooves, and other more general features. This is implemented in the
current system in a very naive way. Before each forward reasoning step the FORWARD system asks for
the concept closure of an instance, i.e. the whole set of concepts the instance belongs to. Rule activation
then proceeds with this whole set of general concept associations.

To assert facts into TAXON’s Abox an operator add-data is introduced which has three arguments: the
name of an instance, the concept the instance belongs to, and a list of attribute-value pairs:

(add-data <concept-name>
<instance-name>
(tup (tup <attril> <vall>)

(tup <attrN> <valk>))

To retrieve information from TAXON to satisfy a rule’s premises a corresponding operator data is defined.

The remainder of this section sketches how the feature abstractions of the workpiece represented in the
Abox are converted in order to serve the skeletal plan retrieval and merging. The resulting representation
is less redundant, deals only with one of the feature abstractions, and is term oriented.

The transformation consists of three main steps:

1. Partially sorting the list of features: A feature ranges over a number of surfaces. A feature f covers
a feature g iff the set of surfaces belonging to f is a superset of g.
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2. Recognition of the most complex features: The mentioned partial ordering on features is the basis
for removing redundant information in the feature abstractions. For example a groove consists of
a left and a right shoulder. The information about the shoulders would be dropped in this step,
while the components (two flanks and a ground) would be kept.

3. Constructing a classified workpiece from the remaining features: A representation of a classified
workpiece contains the highest radius of the workpiece and a list of nested features occurring in this
workpiece. The nested features are described by their names and a list of (possibly again nested)
features. This list of nested features is commutative, reflecting the partial ordering of point 1.

Classified workpiece:

(cwp
<radius>
(tup (nft ...) ... (nft ...)))

Nested feature:

(nft
<feature>
(tup (nft ...) ... (nft ...)))

All these refining steps are implemented via the RELFUN [Boley, 1990 system, a relational-functional
language integrated into COLAB.




there are a lot of restrictions, which holder to use for which plate, which kind of plate geometry to use
for which workpiece contour etc. As an example, the following COLAB code represents the definition
of a primitive constraint named process-edge-angle between the process (finishing or roughing) and

symbolic classes of edge-angles:

(pc process-edge-angle (pr ea) (processes edge-angles)
(roughing small-edge-angles)
(roughing medium-edge-angles)
(finishing medium-edge-angles)
(finishing big-edge-angles))

All these restrictions, which need not to be only binary ones, constrain the search space for valid com-
binations of values for the different problem variables. Therefore, it seems to be a natural way to use
a constraint propagation system to perform this subtask. The constraint system CONTAX provides an

efficient mechanism to

1. formulate the constraint problem by defining the problem variables, their domains, and the con-
straints (relations) ranging over them; and to
2. propagate given (initial) value restrictions through this network of constraints.

The fact, that domains may be defined hierarchically instead of explicitly enumerating all the elements
of the domain, is very useful for the use of CONTAX within 4CAD2NC, since the domains of lathe tools

I f”d_@](‘lﬂi can be hierarrhirellv etenctnrad in_a varunatn=al waur__Fnenrvamnla tha damain of latha
-} ‘

(dd lathe-tools ( finishing-tools roughturn-tools ))
(dd roughturn-tools ( universal-tools mm71 nma mm41i ))
(dd finishing-tools ( universal-tools mm53 cma ))
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5 Sample Session

In order to illustrate the transformation processes, one consultation of a uCAD2NC session is presented
in this chapter.

5.1 Demo Workpiece

The workpiece description of the yCAD2NC sample session consists of geometrical and topological infor-
mation about the workpiece’s surfaces. Because each rotational-symmetric surface is a specialization of
a truncated cone, it can be described by four attributes: two co-ordinates and two radii.

(attrterm (circle circ33 (tup (tup centeri 0)
(tup center2 0)
(tup radiusi 0)
(tup radius2 25))))
(attrterm (cylinder cyl34 (tup (tup centeri 0)
(tup center2 40)
(tup radiusi 25)
(tup radius2 25))))
(attrterm (ring rng35 (tup (tup centeri 40)
(tup center2 40)
(tup radiusi 25)
(tup radius2 20))))
(attrterm (cylinder cyl36 (tup (tup centeri 40)
(tup center2 50)
(tup radiusi 20)
(tup radius2 20))))
(attrterm (ring rng37 (tup (tup centerl 50)
(tup center2 50)
(tup radiusi 20)
(tup radius2 25))))
(attrterm (truncone tr38 (tup (tup centerl 50)
(tup center2 60)
(tup radiusi 25)
(tup radius2 40))))
(attrterm (cylinder cyl39 (tup (tup centerl 60)
(tup center2 70)
(tup radiusi 40)
(tup radius2 40))))
(attrterm (ring rng40 (tup (tup centerl 70)
(tup center2 70)
(tup radiusi 40)
(tup radius2 30))))
(attrterm (cylinder cyl4i (tup (tup centert 70)
(tup center2 110)
(tup radiusi 30)
(tup radius2 30))))

s



5.1 Demo Workpiece

(attrterm (ring rng42 (tup (tup centeri 110)
(tup center2 110)
(tup radiusi 30)
(tup radius2 20))))
(attrterm (cylinder cyl43 (tup (tup centeri 110)
(tup center2 120)
(tup radius1 20)
(tup radius2 20))))
(attrterm (ring rng44 (tup (tup centeri 120)
(tup center2 120)
(tup radiusi 20)
(tup radius2 25))))
(attrterm (cylinder cyl45 (tup (tup centerl 120)
(tup center2 150)
(tup radiusi 25)
(tup radius2 25))))
(attrterm (circle circ46 (tup (tup centeri 150)
(tup center2 150)
(tup radiusi 25)
(tup radius2 0))))
(fact (neighbor circ33 cyl34))
(fact (neighbor cyl34 rng35))
(fact (neighbor rng35 cyl3s6))

(fact (neighbor cyl36 rng37))
(fact (neighbor rng37 tr38))
(fact (neighbor tr38 cyl39))
(fact (neighbor cyl39 rng40))
(fact (neighbor rng40 cyl4l))
(fact (neighbor cyl4i rng42))
(fact (neighbor rng42 cyl43))
(fact (neighbor cyl43 rngd4))
(fact (neighbor rngé4 cyl45))
(fact (neighbor cyl45 circ46))

11
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5.2 Detailed Trace

Here we give a complete trace of the uCAD2NC sample session showing the “operational sematics” of
our CAD-to-NC transformation model.! Except from the ATpXpage formatting, the trace is reproduced
verbatim from an actual COLAB demo run.

colab,fw> (demo/f)

derived-fact-asserted-into-taxon-abox
(add-data
shoulder
shoulder-rng35-1ts-cyl36-cyl36
(tup
(tup ground 1lts-cyl36-cyl3sé)
(tup flank rng35)
(tup leftmost rng35)
(tup rightmost cyl3s) ) )

derived-fact-asserted-into-taxon-abox

(add-data

longturningsurface

1ts-cyl36-cyl36

(tup (tup radius 20) (tup leftmost cyl36) (tup rightmost cyl36)) )

derived-fact-asserted-into-~taxon-abox
(add-data
shoulder
shoulder-1ts-cyl36-cyl36-rng37
(tup
(tup ground lts-cyl36-cyl36)
(tup flank rng37)
(tup leftmost cyl36)
(tup rightmost rng37) ) )

derived-fact-asserted-into-taxon-abox
(add-data
shoulder
shoulder-rng40-1ts-cyl41-circ46
(tup
(tup ground 1lts-cyl4i-circ46)
(tup flank rng40)
(tup leftmost rng40)
(tup rightmost circ46) ) )

1 Of course, also selective traces are possible and everything except the final ANC program would be hidden to endusers.
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derived-fact-asserted-into-taxon-abox

(add-data

longturningsurface

1ts-cyl41-circ46

(tup (tup radius 30) (tup leftmost cyl4i) (tup rightmost circ46)) )

derived-fact-asserted-into-taxon-abox
(add-data
shoulder
shoulder-rng42-1ts-cyl43-cyl43
(tup
(tup ground lts-cyl43-cyl43)
(tup flank rng42)
(tup leftmost rng42)
(tup rightmost cyl43) ) )

derived-fact-asserted-into-taxon-abox
(add-data

shoulder
shoulder-rng42-1ts-cyl43-circ46

(tup

(tup ground 1ts-cyl43-circ46)

(tup flank rng42)

(tup leftmost rng42)

(tup rightmost circ46) ) )

derived-fact-asserted-into-taxon-abox

(add-data

longturningsurface

1ts-cyl43-circ46

(tup (tup radius 25) (tup leftmost cyl43) (tup rightmost circ46)) )

derived-fact-asserted-into-taxon-abox
(add-data

shoulder
shoulder-lts-cyl43-cyl43-rng44

(tup

(tup ground 1lts-cyl43-cyl43)

(tup flank rng44)

(tup leftmost cyl4s3)

(tup rightmost rng44) ) )

13
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derived-fact-asserted-into-taxon-abox

(add-data

longturningsurface

1ts-cyl43-cyl4ds

(tup (tup radius 20) (tup leftmost cyl43) (tup rightmost cyl43)) )

derived-fact-asserted-into-taxon-abox
(add-data
shoulder
shoulder-lts-circ33-rng37-tr38
(tup
(tup ground lts-circ33-rng37)
(tup flank tr38)
(tup leftmost circ33)
(tup rightmost tr38) ) )

derived-fact-asserted-into-taxon-abox

(add-data

longturningsurface

1ts-circ33-rng37

(tup (tup radius 25) (tup leftmost circ33) (tup rightmost rng37)) )

derived-fact-asserted-into-taxon-abox
(add-data
groove
groove-rng35-1ts-cyl36-cyl36-rng37
(tup
(tup leftflank rng35)
(tup ground 1lts-cyl36-cyl36)
(tup rightflank rng37)
(tup leftmost rng35)
(tup rightmost rng37) ) )

derived-fact-asserted-into-taxon-abox
(add-data

groove
groove-rng42-1ts-cyl43-cyl43-rngs4
(tup

(tup leftflank rng42)

(tup ground lts-cyl43-cyl43)

(tup rightflank rng44)

(tup leftmost rng42)

(tup rightmost rng44) ) )
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features:

(tup
(desc-tc

rng3b

(tup (tup centeri 40) (tup center2 40) (tup radiusi 25) (tup radius2 20)) )
(asc-tc

rng37

(tup (tup centeri 50) (tup center2 50) (tup radiusi 20) (tup radius2 25)) )
(desc-tc

rng40

(tup (tup centeri 70) (tup center2 70) (tup radiusi 40) (tup radius2 30)) )
(desc-tc

rng42

(tup (tup centeri 110) (tup center2 110) (tup radiusi 30) (tup radius2 20)) )
(asc~-tc

rng44

(tup (tup centeri 120) (tup center2 120) (tup radiusi 20) (tup radius2 25)) )
(desc-tc . ..

(tup (tup centeri 150) (tup center2 150) (tup radiusi 25) (tup radius2 0)) )
(asc-tc
cire33

(tup (tup centeri O) (tup center2 0) (tup radiusi 0) (tup radius2 25)) )
(asc-tc

tr38

(tup (tup centerl 50) (tup center2 60) (tup radiusi 25) (tup radius2 40)) )
(data
shoulder
shoulder-rng35-1ts-cyl36-cyl36
(tup

(tup ground 1lts-cyl36-cyl36)

(tup flank rng35)

(tup leftmost rng35)

(tup rightmost cyl36) ) )
(data
longturningsurface
1lts-cyl36-cyl36
(tup (tup radius 20) (tup leftmost cyl36) (tup rightmost cyl36)) )
(data
shoulder
shoulder-lts-cyl36-cyl36-rng37
(tup

(tup ground 1lts-cyl36-cyl36)

(tup flank rng37)

(tup leftmost cyl36)

(tup rightmost rng37) ) )
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(data
shoulder
shoulder-rng40-1ts-cyl4i-circ46
(tup
(tup ground 1lts-cyl4i-circ46)
(tup flank rng40)
(tup leftmost rng40)
(tup rightmost circ46) ) )
(data
longturningsurface
1ts-cyl4i-circ46
(tup (tup radius 30) (tup leftmost cyl41l) (tup rightmost circ46)) )
(data
shoulder
shoulder-rng42-1ts-cyl43-cyl43
(tup
(tup ground lts-cyl43-cyl43)
(tup flank rng42)
(tup leftmost rng42)
(tup rightmost cyl43) ) )
(data
shoulder
shoulder-rng42-1ts-cyl43-circ46
(tup
(tup ground lts-cyl43-circ46)
(tup flank rng42)
(tup leftmost rng42)
(tup rightmost circ46) ) )
(data
longturningsurface
1ts-cyl43-circ46
(tup (tup radius 25) (tup leftmost cyl43) (tup rightmost circ46)) )
(data
shoulder
shoulder-1ts-cyl43-cyl43-rngé4
(tup
(tup ground lts-cyl43-cyl43)
(tup flank rng44)
(tup leftmost cyl43)
(tup rightmost rng44) ) )
(data
longturningsurface
1ts-cyl43-cyl43
(tup (tup radius 20) (tup leftmost cyl43) (tup rightmost cyl43)) )
(data
shoulder
shoulder-lts-circ33-rng37-tr38
(tup
(tup ground 1lts-circ33-rng37)
(tup flank tr38)
(tup leftmost circ33)
(tup rightmost tr38) ) )
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(data
longturningsurface
1ts-circ33-rng37

(tup (tup radius 25) (tup leftmost circ33) (tup rightmost rng37)) )

(data
groove
groove-rng35-1ts-cyl36-cyl36-rng37
(tup

(tup leftflank rng36)

(tup ground 1ts-cyl36-cyl36)

(tup rightflank rng37)

(tup leftmost rng35)

(tup rightmost rng37) ) )
(data
groove
groove-rng42-1ts-cyl43-cyl43-rng44
(tup

(tup leftflank rng42)

(tup ground lts-cyl43-cyl43)

(tup rightflank rng44)

(tup leftmost rng42)

(tup rightmost rng44) ) ) )

17



18 5 SAMPLE SESSION

classified workpiece:

(cwp
40
(tup
(nft
(1sh (£1k (tup (p 70 40) (p 70 30))) (grd (tup (p 70 30) (p 150 30))))
(tup
(nft
(1sh (f1k (tup (p 110 30) (p 110 25))) (grd (tup (p 110 25) (p 150 25))))
(tup
(nft
(grv
(f1k (tup (p 110 25) (p 110 20)))
(grd (tup (p 110 20) (p 120 20)))
(f1k (tup (p 120 20) (p 120 25))) )
(tup) ) ) ) ) )
(nft
(rsh (grd (tup (p 0 25) (p 50 25))) (£1k (tup (p 50 25) (p 60 40))))
(tup
(nft
(grv
(£f1x (tup (p 40 25) (p 40 20)))
(grd (tup (p 40 20) (p 50 20)))
(f1k (tup (p 50 20) (p 50 25))) )
(tup) ) ) ) ) )



5.2 Detailed Trace

contax tool selection:
arguments: roughing high-alloy-steel normal 0 90 left
propagating...
results: (tup (tup dnmm-71 tmaxp-pd193) (tup rcmx tmaxp-prl40)
(tup rcmx tmaxp-prl30) (tup tnmm-71 tmaxp-ptl90))

contax tool selection:
arguments: roughing high-alloy-steel normal 0 90 left
propagating...
results: (tup (tup dnmm-71 tmaxp-pd193) (tup rcmx tmaxp-prl40)
(tup remx tmaxp-prl30) (tup tnmm-71 tmaxp-ptl90))
(grd (tup (p 40 20) (p 50 20)))
(£1x (tup (p 50 20) (p 50 25))) )

contax tool selection:
arguments: roughing high-alloy-steel normal 90 90 right
propagating...
results: (tup (tup dnmm-71 tmaxp-pdr93) (tup rcmx tmaxp-prr30)
(tup tnmm-71 tmaxp-ptr90))

contax tool selection:
arguments: roughing high-alloy-steel normal 90 90 left
propagating...
results: (tup (tup dnmm-71 tmaxp-pdl93) (tup rcmx tmaxp-prl40)
(tup remx tmaxp-prl30) (tup tnmm-71 tmaxp-ptlov))

contax tool selection:

arguments: roughing high-alloy-steel normal O 60 right
propagating...

results: (tup (tup dnmm-71 tmaxp-pdr93) (tup tnmm-71 tmaxp-ptr90)

(tup tnmm-71 tmaxp-ptn60) (tup rcmx tmaxp-prr30))

contax tool selection:
arguments: roughing high-alloy-steel normal 90 90 right
propagating...
results: (tup (tup dnmm~71 tmaxp-pdr93) (tup rcmx tmaxp-prr30)
(tup tnmm-71 tmaxp-ptr90))

contax tool selection:
arguments: roughing high-alloy-steel normal 90 90 left
propagating...
results: (tup (tup dnmm-71 tmaxp-pdl93) (tup rcmx tmaxp-prl40)
(tup remx tmaxp-prl30) (tup tnmm-71 tmaxp-ptl90))

19
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skeletal plan:

(skp
40
(com
(tup
(seq
(tup
(alt
(tup
(roughing
(tool dnmm-71 tmaxp-pd193)
left
(geo (tup (p 70 40) (p 70 30) (p 150 30))) )
(roughing
(tool remx tmaxp-prl40)
left
(geo (tup (p 70 40) (p 70 30) (p 150 30))) )
(roughing
(tool rcmx tmaxp-prl30)
left
(geo (tup (p 70 40) (p 70 30) (p 150 30))) )
(roughing
(tool tnmm-71 tmaxp-ptl90)
left
(geo (tup (p 70 40) (p 70 30) (p 150 30))) ) ) )
(alt
(tup
(roughing
(tool dnmm-71 tmaxp-pdl93)
left
(geo (tup (p 110 30) (p 110 25) (p 150 25))) )
(roughing
(tool rcmx tmaxp-prl40)
left
(geo (tup (p 110 30) (p 110 25) (p 150 25))) )
(roughing
(tool remx tmaxp-prl3o)
left
(geo (tup (p 110 30) (p 110 25) (p 150 25))) )
(roughing
(tool tnmm-71 tmaxp-ptl90)
left
(geo (tup (p 110 30) (p 110 25) (p 150 25))) ) ) )
(alt
(tup
(seq
(tup
(alt
(tup
(roughing

5 SAMPLE SESSION



5.2 Detailed Trace

(tool dnmm-71 tmaxp-pd193)
left
(geo (tup (p 110 25) (p 110
(roughing
(tool remx tmaxp-prl40)
left
~ (geo (tup (p 110 25) (p 110
(roughing
(tool remx tmaxp-prl30)
left
(geo (tup (p 110 25) (p 110
(roughing
(tool tnmm-71 tmaxp-ptl90)
left
(geo (tup (p 110 25) (p 110
(alt
(tup
(roughing
(tool dnmm-71 tmaxp-pdr93)
right
(geo (tup (p 110 25) (p 110
(roughing
(tool rcmx tmaxp-prr30)
right
(geo (tup (p 110 28) (p 110
(roughing
(tool tnmm-71 tmaxp-ptr90)
right
(geo (tup (p 110 25) (p 110
(seq
(tup
(alt
(tup
(roughing
(tool dnmm-71 tmaxp-pdr93)
right
(geo (tup (p 110 25) (p 110
(roughing
(tool remx tmaxp-prr30)
right
(geo (tup (p 110 25) (p 110
(roughing
(tool tnmm-71 tmaxp-ptr90)
right
(geo (tup (p 110 25) (p 110
(alt
(tup
(roughing
(tool dnmm-71 tmaxp-pdl93)
left
(geo (tup (p 110 25) (p 110
(roughing

20)

20)

20)

20)

20)

20)

20)

20)

20)

20)

20)
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(p

(p

(p
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(p

(p

(p

(p

(p
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120
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(p
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(p

(p

(p

(p

(p

(p

(p

(p

120
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25)))

25)))

25)))

26)))

25)))

28)))

25)))

28)))

25)))

25)))

26)))

))

)))))

) )
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5 SAMPLE SESSION

(tool rcmx tmaxp-prl40)

left
(geo (tup (p 110 25) (p 110 20) (p 120 20) (p 120 25))) )
(roughing
(tool remx tmaxp-prl30)
left
(geo (tup (p 110 25) (p 110 20) (p 120 20) (p 120 25))) )
(roughing
(tool tnmm-71 tmaxp-ptl90)
left
(geo (tup (p 110 25) (p 110 20) (p 120 20) (p 120 25))) ) D ) ) ) ) ) ) )
(seq
(tup
(alt
(tup
(roughing
(tool dnmm-71 tmaxp-pdr93)
right
(geo (tup (p 0 25) (p 50 25) (p 60 40))) )
(roughing
(tool tnmm-71 tmaxp-ptr90)
right
(geo (tup (p 0 25) (p 50 25) (p 60 40))) )
(roughing
(tool tnmm-71 tmaxp-ptné0)
right
(geo (tup (p 0 25) (p 50 25) (p 60 40))) )
(roughing
(tool remx tmaxp-prr30)
right
(geo (tup (p 0 25) (p 50 25) (p 60 40))) ) ) )
(alt
(tup
(seq
(tup
(alt
(tup
(roughing
(tool dnmm-71 tmaxp-pdl93)
left
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing
(tool remx tmaxp-prl40)
left
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing
(tool remx tmaxp-prl3o)
left
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing

(tool tnmm-71 tmaxp-ptl90)
left
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(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) ) ) )
(alt
(tup
(roughing
(tool dnmm-71 tmaxp-pdr93)
right
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing
(tool rcmx tmaxp-prr30)
right
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing
(tool tnmm-71 tmaxp-ptr90)
right
(geo (tup (p 40 25) (p 40 20) (p 60 20) (p 50 25))) ) ) ) ) )
(seq

(‘ t uﬁ

(tup

(roughing

(tool dnmm-71 tmaxp-pdr93)

right

(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing

(tool rcmx tmaxp-prr30)

right

(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 26))) )
(roughing

(tool tnmm-71 tmaxp-ptr90)

right

(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) ) ) )

(alt

(tup

(roughing

(tool dnmm-71 tmaxp-pdl93)

left

(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing

(tool remx tmaxp-prl40)

left

(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing

(tool rcmx tmaxp-prl3o)

left

(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing

(tool tnmm-71 tmaxp-ptl90)

left

(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 5028))) ) ) ) ) ))))))))
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qualitative simulation:

(tup
(roughing
(tool dnmm-71 tmaxp-pdl193)
left
(geo (tup (p 70 40) (p 70 30) (p 150 30))) )
(roughing
(tool dnmm-71 tmaxp-pdl93)
left
(geo (tup (p 110 30) (p 110 25) (p 150 25))) )
(roughing
(tool dnmm-71 tmaxp-pdl93)
left
(geo (tup (p 110 25) (p 110 20) (p 120 20) (p 120 25))) )
tup )
4.4->
(skp
40
(com
(tup
(alt
(tup
(roughing
(tool dnmm-71 tmaxp-pdr93)
right
(geo (tup (p 110 25) (p 110 20) (p 120 20) (p 120 25))) )
(roughing
(tool remx tmaxp-prr30)
right
(geo (tup (p 110 25) (p 110 20) (p 120 20) (p 120 25))) )
(roughing
(tool tnmm-71 tmaxp-ptr90)
right

(geo (tup (p 110 25) (p 110 20) (p 120 20) (p 120 25))) ) ) )
(seq
(tup
(alt
(tup
(roughing
(tool dnmm-71 tmaxp-pdr93)
right
(geo (tup (p 0 25) (p 50 25) (p 60 40))) )
(roughing
(tool tnmm-71 tmaxp-ptr90)
right
(geo (tup (p 0 25) (p 50 25) (p 60 40))) )
(roughing
(tool tnmm-71 tmaxp-ptn60)
right
(geo (tup (p 0 25) (p 50 25) (p 60 40))) )

5 SAMPLE SESSION
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(roughing
(tool remx tmaxp-prr30)
right
(geo (tup (p 0 25) (p 50 25) (p 60 40))) ) ) )
(alt
(tup
(seq
(tup
(alt
(tup
(roughing
(tool dnmm-71 tmaxp-pdl193)
left
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 26))) )
(roughing
(tool rcmx tmaxp-prl40)
left
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing
(tool remx tmaxp-prl30)
left
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing
(tool tanmm-71 tmaxp-ptl90)
left
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) ) ) )
(alt
(tup
(roughing
(tool dnmm-71 tmaxp-pdr93)
right
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing
(tool remx tmaxp-prr30)
right
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing
(tool tnmm-71 tmaxp-ptr90)
right
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) ) ) ) ) )
(seq
(tup
(alt
(tup
(roughing
(tool dnmm-71 tmaxp-pdr93)
right
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing
(tool remx tmaxp-prr30)
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(roughing

(tool tnmm-71 tmaxp-ptr90)

right

(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) ) ) )

(alt
(tup

(roughing

(tool dnmm-71 tmaxp-pd193)

left

(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing

(tool remx tmaxp-prl40)

left

(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing

(tool remx tmaxp-prl30)

left

(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing

(tool tnmm-71 tmaxp-ptl90)

left

(geo (tup (p 40 25) (p 40 20) (p 50 20) (P 50 25))) ) ) ) ) ) ) ) ) ))))

(tup
(roughing
(tool dnmm-71 tmaxp-pdr93)
right '
(geo (tup (p 110 25) (p 110 20) (p 120 20) (p 120 25))) )
tup
(roughing
(tool dnmm-71 tmaxp-pdr93)
right
(geo (tup (p 0 25) (p 50 25) (p 60 40))) )
. (roughing
(tool dnmm-71 tmaxp-pdr93)
right
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
tup )
3.7->
(skp
40
(alt
(tup
(roughing
(tool dnmm~71 tmaxp-pdl93)
left
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing
(tool remx tmaxp-prl40)
left
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )



5.2 Detailed Trace

(roughing

(tool rcmx tmaxp-prl30)

left

(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing

(tool tnmm-71 tmaxp-ptl90)

left

(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) ) ) ) )

(tup
(roughing
(tool dnmm-71 tmaxp-pd193)
left
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) ) )
1.0->
(skp 40 (tup))

27
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anc-program:

(tup

(roughing

(tool dnmm-71 tmaxp-pd193)

letft

(geo (tup (p 70 40) (p 70 30) (p 150 30))) )
(roughing

(tool dnmm-71 tmaxp-pd193)

left

(geo (tup (p 110 30) (p 110 25) (p 150 25))) )
(roughing

(tool dnmm-71 tmaxp-pdl93)

left

(geo (tup (p 110 25) (p 110 20) (p 120 20) (p 120 25))) )
(roughing

(tool dnmm-71 tmaxp-pdr93)

right

(geo (tup (p 110 25) (p 110 20) (p 120 20) (p 120 25))) )
(roughing

(tool dnmm-71 tmaxp-pdr93)

right

(geo (tup (p 0 25) (p 50 25) (p 60 40))) )

(roughing

(tool dnmm-71 tmaxp~pdr93)

right

(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) )
(roughing

(tool dnmm-71 tmaxp-pdl93)

left

(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25))) ) )
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(hn
(hn

(hn

(hn

(tc _idf _ci _c2 _r1 _r2)
(is _1m (minimal _c1 _c2)))

(rightmost-s _idf _1m)
(tc _idf _c1 _c2 _r1 _r2)
(is _lm (maximal _ci _c2)))

(maximal _a _b)

(>= _a _b)
_a)

(maximal _a _b)
(>= _b _a)
_b)

(minimal _a _b)

(>= _a _b)
.b)

(minimal _a _b)

(>= _b _a)
_a)

(tc _fid _c1 _¢2 _r1 _r2)
(tr _fid ‘(tup (tup centeri _c1) (tup center2 _c2 ,

(tup radiusi _r1) (tup radius2 _r2))))
(tc _fid _c1 _c2 _r1 _r2)
(rn _fid ‘(tup (tup centerl _c1) (tup center2 _c2 )

(tup radiusi _ri1) (tup radius2 _r2))))
(tc _fid _c1 _c2 _r1 _r2)
(cy _fid ‘(tup (tup centerl _c1) (tup center2 _c2 )

(tup radiusi _ri1) (tup radius2 _r2))))
(tc _fid _c1 _c2 _r1 _r2)
(co _fid ‘(tup (tup centerl _c1) (tup center2 _c2 )

(tup radius1 _r1) (tup radius2 _r2))))
(tc _fid _c1 _c2 _r1 _r2)
(ci _fid ‘(tup (tup centeri _c1) (tup center2 _c2 )

(tup radius1l _ri) (tup radius2 _r2))))

(transform _ret {(tup) (tup)))
(transform _ret (tup _t | _r) _out)
(transfeat _ret _f _nf)

(transform _ret _r _o)

(is _out ‘(tup _nf | _o)))
(transform _ret (tup _f | _r) _o)
(transform _ret _r _o))

(searchid _fid (tup _xf | _rr) _o)
(is _rf ‘(longturningsurface _fid _r _lm _rm))

RELFUN SOURCES

.2 Transforming Aggregated Features to Classified Workpieces

(is _o ‘(longturningsurface _fid _r _lm _rm)))

(hn (searchid _fid (tup _rf | _r) _o)
(searchid _fid _r _o))

(hn (sorting-in (tup) (tup)))

(hn (sorting-in (tup _t | _r) _o)
(sorting-in _r _s)
(sort-feat _f _s _o))
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