
Deutsches 
Forschungszentrum 
für Künstliche 
Intelligenz GmbH 

jlCAD2NC: 

Document 
D-91-15 

A Declarative Lathe-Workplanning Model 
Transforming CAD-like Geometries 

into Abstract NC Programs 

Harold Boley, Philipp Hanschke, Martin Harm, 
Knut Hinkelmann, Thomas labisch, Manfred Meyer, 

Jörg Müller, Thomas Oltzen, Michael Sintek, 
Werner Stein, Frank Steinle 

November 1991 

Deutsches Forschungszentrum für Künstliche Intelligenz 
GmbH 

Poslfach 20 80 
D-6750 Kaiserslaulcrn 
Tel.: (+49 631) 205-3211/13 
Fax: (+49631) 205-3210 

SluhlsaLzcnhausweg 3 
D-66OO Saarbrücken 11 
Tel.: (+49681) 302-5252 
Fax: (+49681) 302-5341 



Deutsches Forschungszentrum 
für 

Künstliche Intelligenz 

The German Research Center for Artificial Intelligence (Deutsches Forschungszentrum für 
Künstliche Intelligenz, DFKI) with sites in Kaiserslautern und Saarbrücken is a non-profit 
organization which was founded in 1988. The share holder companies are Daimler Benz, 
Fraunhofer Gesellschaft, GMD, IBM, Insiders, Krupp-Atlas, Mannesmann-Kienzle, Philips, 
Sema Group Systems, Siemens and Siemens-Nixdorf. Research projects conducted at the 
DFKI are funded by the German Ministry for Research and Technology, by the shareholder 
companies, or by other industrial contracts. 

The DFKI conducts application-oriented basic research in the fjeld of artificial intelligence and 
other related subfields of computer science. The overall goal is to construct systems with 
technical knowledge and common sense which - by using AI methods - implement a problem 
solution for a selected application area. Currently, there are the following research areas at the 
DFKI: 

o Intelligent Engineering Systems 
o Intelligent User Interfaces 
o Intelligent Communication Networks 
o Intelligent Cooperative Systems. 

The DFKI strives at making its research results available to the scientific community. There exist 
many contacts to domestic and foreign research institutions, both in academy and industry. The 
DFKI hosts technology transfer workshops for shareholders and other interested groups in 
order to inform about the current state of research. 

From its beginning, the DFKI has provided an attractive working environment for AI researchers 
from Germany and from all over the world . The goal is to have a staff of about 100 researchers at 
the end of the building-up phase. 

Prof. Dr. Gerhard Barth 
Director 



j.lCAD2NC: 
A Declarative Lathe-Workplanning Model Transforming 
CAD-Iike Geometries into Abstract NC Programs 

Harold Boley, Philipp Hanschke, Martin Harm, Knut Hinkelmann, 
Thomas Labisch, Manfred Meyer, Jörg Müller, Thomas Oltzen, 
Michael Sintek, Werner Stein, Frank Steinle 

DFKI-D-91-15 



This work has been supported by a grant tram The Federal Ministry tor 
Research and Technology (FKZ ITW-8902 C4). 

© Deutsches Forschungszentrum für Künstliche Intelligenz 1991 

This work may not be copied or reproduced in whole or in part for any commercial purpose. Permission to 
copy in whole or in part without payment of fee is granted for nonprofit educational and research purposes 
provided that all such whole or partial copies include the following: a notice that such copying is by 
permission of Deutsches Forschungszentrum für Künstliche Intelligenz, Kaiserslautern, Federal Republic 
of Germany; an acknowledgement of the authors and individual contributors to the work; all applicable 
portions of this copyright notice. Copying, reproducing, or republishing for any other purpose shall require 
a licence with payment of fee to Deutsches Forschungszentrum für Künstliche Intelligenz. 



/-LCAD2NC: 
A Declarative Lathe-Workplanning Model 
Transforming CAD-like Geometries into 

Abstract NC Programs* 

Harold Boley Philipp Hanschke 
Martin Harm Knut Hinkelmann Thomas Labisch 

Manfred Meyer Jörg Müller Thomas Oltzen 
Michael Sintek Werner Stein Frank Steinle 

DFKI Kaiserslautern 
W-6750 Kaiserslautern, F.R. Germany 

November 1991 

Abstract 

~CAD2NC is a knowledge-based system generating workplans for idea.!ized lathe CNC maehines . 
It transforms CAD-like geometries of rotationa.!-symmetrie workpieces into abstra.ct NC programs, 
using declarative term representations for a.ll proeessing steps. The system ha..s been developed using 
COLAB, a hybrid-knowledge eompilation laboratory whieh integra.tes the power of forward and ba.ck
wa.rd reasoning (incI. funetiona.! programming), eonstraint propagation, and taxonomie classifieation. 
The foeus of this work is on exemplifying techniques of the hybrid, declarative COLAB forma.lisms 
for the eentra.! subtasks of CAD-to-NC transformations. 



5.1 Demo Workpiece 

(attrterm (ring rng42 (tup (tup centerl 110) 
(tup center2 110) 
(tup radiusl 30) 
(tup radius2 20»» 

(attrterm (cylinder cy143 (tup (tup centerl 110) 
(tup center2 120) 
(tup radiusl 20) 
(tup radius2 20»» 

(attrterm (ring rng44 (tup (tup centerl 120) 
(tup center2 120) 
(tup radiusl 20) 
(tup radius2 25»» 

(attrterm (cylinder cy145 (tup (tup centerl 120) 
(tup center2 150) 
(tup radiusl 25) 
(tup radius2 25»» 

(attrterm (circle circ46 (tup (tup centerli50) 
(tup center2 150) 
(tup radiusl 25) 
(tup radius2 0»» 

(fact (neighbor circ33 cy134» 
(fact (neighbor cy134 rng35» 
(fact (neighbor rng35 cy136» 
(fact (neighbor cy136 rng37» 
(fact (neighbor rng37 tr38» 
(fact (neighbor tr38 cy139» 
(fact (neighbor cy139 rng40» 
(fact (neighbor rng40 cy141» 
(fact (neighbor cy141 rng42» 
(fact (neighbor rng42 cy143» 
(fact (neighbor cy143 rng44» 
(fact (neighbor rng44 cy14S» 
(fact (neighbor cy145 circ46» 
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12 5 SAMPLE SESSION 

5.2 Detailed Trace 

Here we give a complete trace of the JJCAD2NC sampie session showing the "operation al sematics" of 
our CAD-to-NC transformation model. l Except from the UTEXpage formatting, the trace is reproduced 
verbatim from an actual COLAB demo run . 

colab,fv> (demo/f) 

derived-fact-asserted-into-taxon-abox 
(add-data 
shoulder 
shoulder-rng3S-lts-cy136-cy136 
(tup 
(tup ground lts-cy136-cy136) 
(tup flank rng3S) 
(tup leftmost rng3S) 
(tup rightmost cy136) ) ) 

derived-fact-asserted-into-taxon-abox 
(add-data 
longturningsurface 
lts-cy136-cy136 
(tup (tup radius 20) (tup leftmost cy136) (tup rightmost cy136» ) 

derived-fact-asserted-into-taxon-abox 
(add-data 
shoulder 
shoulder-lts-cy136-cy136-rng37 
(tup 
(tup ground lts-cy136-cy136) 
(tup flank rng37) 
(tup leftmost cy136) 
(tup rightmost rng37) ) ) 

derived-fact-asserted-into-taxon-abox 
(add-data 
shoulder 
shoulder-rng40-lts-cy141-circ46 
(tup 
(tup ground lts-cy141-circ46) 
(tup flank rng40) 
(tup leftmost rng40) 
(tup rightmost circ46) ) ) 

1 oe course, also selective traces are posaible Md everything except the final ANC pro gram would be hidden to end users. 



5.2 Detailed Trace 

derived-fact-asserted-into-taxon-abox 
(add-data 
longturningsurface 
lts-cy141-circ46 
(tup (tup radius 30) (tup leftmost cy141) (tup rightmost circ46» ) 

derived-fact-asserted-into-taxon-abox 
(add-data 
shoulder 
shoulder-rng42-lts-cy143-cy143 
(tup 
(tup ground lts-cy143-cy143) 
(tup flank rng42) 
(tup leftmost rng42) 
(tup rightmost cy143) ) ) 

derived-tact-asserted-into-taxon-abox 
(add-data 
shoulder 
shoulder-rng42-lts-cy143-circ46 
(tup 
(tup ground Its-cy143-circ46) 
(tup tlank rng42) 
(tup lettmost rng42) 
(tup rightmost circ46) ) ) 

derived-tact-asserted-into-taxon-abox 
(add-data 
longturningsurtace 
lts-cy143-circ46 
(tup (tup radius 25) (tup lettmost cy143) (tup rightmost circ46» ) 

derived-tact-asserted-into-taxon-abox 
(add-data 
shoulder 
shoulder-lts-cy143-cy143-rng44 
(tup 
(tup ground Its-cy143-cy143) 
(tup tlank rng44) 
(tup lettmo8t cy143) 
(tup rightmost rng44) ) ) 

13 
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derived-tact-asserted-into-taxon-abox 
(add-data 
longturningsurtace 
lts-cy143-cy143 
(tup (tup radius 20) (tup lettmost cy143) (tup rightmost cy143» ) 

derived-tact-asserted-into-taxon-abox 
(add-data 
shoulder 
shoulder-lts-circ33-rng37-tr38 
(tup 
(tup ground lts-circ33-rng37) 
(tup tlank tr38) 
(tup lettmost circ33) 
(tup rightmost tr38) ) 

derived-tact-asserted-into-taxon-abox 
(add-data 
longturningsurtace 
lts-circ33-rng37 

5 SAMPLE SESSION 

(tup (tup radius 25) (tup lettmost circ33) (tup rightmoat rng37» ) 

derived-tact-asserted-into-taxon-abox 
(add-data 
groove 
groove-rng35-lts-cy136-cy136-rng37 
(tup 

(tup letttlank rng35) 
(tup ground lts-cy136-cy136) 
(tup righttlank rng37) 
(tup lettmost rng35) 
(tup rightmost rng37) ) 

derived-tact-asserted-into-taxon-abox 
(add-data 
groove 
groove-rng42-lts-cy143-cy143-rng44 
(tup 
(tup letttlank rng42) 
(tup ground lts-cy143-cy143) 
(tup righttlank rng44) 
(tup lettmost rng42) 
(tup rightmost rng44) ) 



5.2 Detailed Trace 

features: 

(tup 
(desc-tc 
rng35 
(tup (tup centerl 40) (tup center2 40) (tup radiusl 25) (tup radius2 20» ) 

(asc-tc 
rng37 
(tup (tup centerl 50) (tup center2 50) (tup radiusl 20) (tup radius2 25» ) 

(desc-tc 
rng40 
(tup (tup centerl 70) (tup center2 70) (tup radiusl 40) (tup radius2 30» ) 

(desc-tc 
rng42 
(tup (tup centerl 110) (tup center2 110) (tup radiusl 30) (tup radius2 20» ) 

(asc-tc 
rng44 
(tup (tup centerl 120) (tup center2 120) (tup radiusl 20) (tup radius2 25» ) 

(desc-tc 
circ46 
(tup (tup centerl 150) (tup center2 150) (tup radiusl 25) (tup radius2 0» ) 

(asc-tc 
circ33 
(tup (tup centerl 0) (tup center2 0) (tup radius 1 0) (tup radius2 25» ) 

(asc-tc 
tr38 
(tup (tup centerl50) (tup center2 60) (tup radiusl 25) (tup radius2 40» ) 

(data 
shoulder 
shoulder-rng36-lts-cy136-cy136 
(tup 
(tup ground lts-cy136-cy136) 
(tup flank rng36) 
(tup leftmost rng36) 
(tup rightmost cy136) ) ) 

(data 
longturningsurface 
lts-cy136-cy136 
(tup (tup radius 20) (tup leftmost cy136) (tup rightmost cy136» ) 

(data 
shoulder 
shoulder-lts-cy136-cy136-rng37 
(tup 
(tup ground lts-cy136-cy136) 
(tup flank rng37) 
(tup leftmost cy136) 
(tup rightmost rng37) ) ) 

15 
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(data 
shoulder 
shoulder-rng40-1ts-cy141-circ46 
(tup 
(tup ground lts-cy141-circ46) 
(tup tlank rng40) 
(tup lettmost rng40) 
(tup rightmost circ46) ) ) 

(data 
longturningsurtace 
lts-cy141-circ46 

5 SAMPLE SESSION 

(tup (tup radius 30) (tup lettmost cy141) (tup rightmost circ46» ) 
(data 
shoulder 
shoulder-rng42-1ts-cy143-cy143 
(tup 
(tup ground lts-cy143-cy143) 
(tup tlank rng42) 
(tup lettmost rng42) 
(tup rightmost cy143) ) ) 

(data 
shoulder 
shoulder-rng42-1ts-cy143-circ46 
(tup 
(tup ground lts-cy143-circ46) 
(tup tlank rng42) 
(tup lettmost rng42) 
(tup rightmost circ46) ) ) 

(data 
longturningsurtace 
lts-cy143-circ46 
(tup (tup radius 25) (tup lettmost cy143) (tup rightmost circ46» ) 

(data 
shoulder 
shoulder-lts-cy143-cy143-rng44 
(tup 
(tup ground lts-cy143-cy143) 
(tup tlank rng44) 
(tup lettmost cy143) 
(tup rightmost rng44) ) ) 

(data 
longturningsurtace 
lts-cy143-cy143 
(tup (tup radius 20) (tup lettmost cy143) (tup rightmost cy143» ) 

(data 
shoulder 
shoulder-lts-circ33-rng37-tr38 
(tup 

(tup ground lts-circ33-rng37) 
(tup tlank tr38) 
(tup lettmost circ33) 
(tup rightmost tr38) ) 



5.2 Detailed Trace 

(data 
longturningsurtace 
Its-circ33-rng37 
(tup (tup radius 25) (tup lettmost circ33) (tup rightmost rng37» ) 

(data 
groove 
groove-rng35-1ts-cy136-cy136-rng37 
(tup 
(tup letttlank rng35) 
(tup ground Its-cy136-cy136) 
(tup righttlank rng37) 
(tup lettmost rng35) 
(tup rightmost rng37) ) 

(data 
groove 
groove-rng42-1ts-cy143-cy143-rng44 
(tup 
(tup letttlank rng42) 
(tup ground Its-cy143-cy143) 
(tup righttlank rng44) 
(tup lettmost rng42) 
(tup rightmost rng44) ) ) ) 

17 
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classitied ~orkpiece: 

(cwp 
40 
(tup 
(ntt 

5 SAMPLE SESSIOi 

(lsh (tlk (tup (p 70 40) (p 70 30») (grd (tup (p 70 30) (p 150 30»» 
(tup 
(dt 

(lsh (tlk (tup (p 110 30) (p 110 25») (grd (tup (p 110 25) (p 150 25»» 
(tup 
(ntt 

(grv 
(tlk (tup (p 110 25) (p 110 20») 
(grd (tup (p 110 20) (p 120 20») 
(tlk (tup (p 120 20) (p 120 25») 

(tup) ) ) ) ) ) 
(ntt 
(rsh (grd (tup 
(tup 

(p 0 25) (p 50 25») (tlk (tup (p 50 25) (p 60 40»» 

(dt 
(grv 
(tlk 
(grd 
(nk 

(tup) 

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

(p 40 20») 
(p 50 20») 
(p 50 25») 



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-pr140) 

(tup rcmx tmaxp-pr130) (tup tnmm-71 tmaxp-pt190» 

contax tool selection: 
arguments: roughing high-alloy-steel normal 0 90 left 
propagating ... 
results: (tup (tup dnmm-71 tmaxp-pd193) (tup rcmx tmaxp-pr140) 

(tup rcmx tmaxp-pr130) (tup tnmm-71 tmaxp-pt190» 
(grd (tup (p 40 20) (p 50 20») 

(flk (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 aelection: 
arguments: roughing high-alloy-steel normal 90 90 left 
propagating ... 
results: (tup (tup dnmm-71 tmaxp-pd193) (tup rcmx tmaxp-pr140) 

(tup rcmx tmaxp-pr130) (tup tnmm-71 tmaxp-pt190» 

contax tool selection: 
arguments: roughing high-alloy-steel normal 0 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-pd193) (tup rcmx tmaxp-pr140) 

(tup rcmx tmaxp-pr130) (tup tnmm-71 tmaxp-pt190» 

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 rcmx tmaxp-pr140) 
left 
(geo (tup (p 70 40) (p 70 30) (p 150 30») ) 

(roughing 
(tool rcmx tmaxp-pr130) 
left 
(geo (tup (p 70 40) (p 70 30) (p 160 30») ) 

(roughing 
(tool tnmm-71 tmaxp-pt190) 
left 
(geo (tup (p 70 40) (p 70 30) (p 160 30») ) ) ) 

(alt 
(tup 

(roughing 
(tool dnmm-71 tmaxp-pd193) 
18ft 
(geo (tup (p 110 30) (p 110 25) (p 150 25») ) 

(roughing 
(tool rcmx tmaxp-pr140) 
18ft 
(geo (tup (p 110 30) (p 110 25) (p 150 25») ) 

(roughing 
(tool rcmx tmaxp-pr130) 
18ft 
(geo (tup (p 110 30) (p 110 25) (p 150 25») ) 

(roughing 
(tool tnmm-71 tmaxp-pt190) 
18ft 
(geo (tup (p 110 30) (p 110 25) (p 150 26») ) ) ) 

(alt 
(tup 
(seq 

(tup 
(alt 
(tup 

(roughing 

5 SAMPLE SESSION 



5.2 Detailed Trace 

(tool dnmm-71 tmaxp-pd193) 
le!t 
(geo (tup (p 110 25) (p 110 20) (p 120 20) (p 120 25») ) 

(roughing 
(tool rcmx tmaxp-pr140) 
le!t 
(geo (tup (p 110 25) (p 110 20) (p 120 20) (p 120 25») ) 

(roughing 
(tool rcmx tmaxp-pr130) 
le!t 
(geo (tup (p 11025) (p 110 20) (p 120 20) (p 12025») ) 

(roughing 
(tool tnmm-71 tmaxp-pt190) 
le!t 
(geo (tup (p 110 25) (p 110 20) (p 120 20) (p 120 25») ) ) ) 

(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 rcmx 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 110 25) (p 110 20) (p 120 20) (p 120 25») ) 

(roughing 
(tool rcmx 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») ) ) ) 

(alt 
(tup 

(roughing 
(tool dnmm-71 tmaxp-pd193) 
le!t 
(geo (tup (p 110 25) (p 110 20) (p 120 20) (p 120 25») ) 

(roughing 

21 



22 

(too1 rcmx tmaxp-pr140) 
1e!t 

5 SAMPLE SESSION 

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

(seq 
(tup 
(alt 

(tup 

(roughing 
(too1 rcmx tmaxp-pr130) 
1e!t 
(geo (tup (p 110 25) (p 110 20) (p 120 20) (p 120 25») ) 

(roughing 
(too1 tnmm-71 tmaxp-pt190) 
le!t 
(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 50 40») ) 

(roughing 
(tool tnmm-71 tmaxp-ptr90) 
right 
(geo (tup (p 0 25) (p 50 25) (p 50 40») ) 

(roughing 
(tool tnmm-71 tmaxp-ptn50) 
right 
(geo (tup (p 0 25) (p 50 25) (p 50 40») ) 

(roughing 
(tool rcmx tmaxp-prr30) 
right 
(geo (tup (p 0 25) (p 5025) (p 50 40») ) ) ) 

(alt 
(tup 

(seq 
(tup 
(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 rcmx tmaxp-pr140) 
left 
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25») ) 

(roughing 
(tool rcmx tmaxp-pr130) 
lett 
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25») ) 

(roughing 
(tool tnmm-71 tmaxp-pt190) 
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 26») ) 

(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 26») ) ) ) ) ) 

(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 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-pd193) 
lett 
(geo (tup (p 40 26) (p 40 20) (p 50 20) (p 50 25») ) 

(roughing 
(tool rcmx tmaxp-pr140) 
lett 
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25») ) 

(roughing 
(tool rcmx tmaxp-pr130) 
left 
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 26») ) 

(roughing 
(tool tnmm-71 tmaxp-pt190) 
left 
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25») ) ) ) ) ) ) ) ) ) ) ) ) 
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qualitative simulation: 

(tup 
(roughing 
(tool dnmm-71 tmaxp-pd193) 
18ft 
(geo (tup (p 70 40) (p 70 30) (p 150 30») ) 

(roughing 
(tool dnmm-71 tmaxp-pd193) 
18ft 
(geo (tup (p 110 30) (p 110 25) (p 150 25») ) 

(roughing 
(tool dnmm-71 tmaxp-pd193) 
18ft 
(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 rcmx 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 



5.2 DetaiJed Trace 

(roughing 
(tool rcmx 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-pd193) 
le:tt 
(geo (tup (p 40 26) (p 40 20) (p 60 20) (p 50 26») ) 

(roughing 
(tool rcmx tmaxp-pr140) 
le:ft 
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25») ) 

(roughing 
(tool rcmx tmaxp-pr130) 
le:ft 
(geo (tup (p 40 26) (p 40 20) (p 50 20) (p 50 25») ) 

(roughing 
(tool tnmm-71 tmaxp-pt190) 
le:ft 
(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 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 rcmx tmaxp-prr30) 
right 
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25») ) 

25 



25 

(roughing 
(tool tnmm-71 tmaxp-ptr90) 
right 

5 SAMPLE SESSION 

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

(tup 
(roughing 

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

(roughing 
(tool rcmx tmaxp-prl40) 
lett 
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25») ) 

(roughing 
(tool rcmx tmaxp-pr130) 
left 
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25») ) 

(roughing 
(tool tnmm-71 tmaxp-pt190) 
left 
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25») ) ) ) ) ) ) ) ) ) ) ) ) 

(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-pd193) 
left 
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25») ) 

(roughing 
(tool rcmx tmaxp-pr140) 
lett 
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25») ) 



5.2 Detailed Trace 27 

(roughing 
(too1 rcmx tmaxp-pr130) 
1e1t 
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25») ) 

(roughing 

(tup 

(too1 tnmm-71 tmaxp-pt190) 
1e1t 
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25») ) ) ) ) 

(roughing 
(too1 dnmm-71 tmaxp-pd193) 
18ft 
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25») ) ) 

1.0-> 
(skp 40 (tup» 



28 

anc-program : 

(tup 
(roughing 
(tool dnmm-71 tmaxp-pd193) 
18ft 
(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-pd193) 
18ft 
(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-pd193) 
left 
(geo (tup (p 40 25) (p 40 20) (p 50 20) (p 50 25») ) ) 

5 SAMPLE SESSION 
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