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ABSTRACT 

In this paper, we describe a plan generator for 
planning the sequence of machining cuts of mechani­
cal parts. This system, named GARI, makes use of 
weighted pieces of advice representing the expertise 
of human specialists. The complexity of the applica­
tion domain guided us toward the implementation of a 
rather sophisticated control structure including 
hypothesis generation, fact deduction, and conflict 
resolution. Experiments with GAR! suggest that more 
research effort should be devoted to abstract repre­
sentation of control as opposed to the exhaustive 
representations defended by several authors during 
the last few years. 
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I INTRODUCTION 

In this paper, we describe a plan generator named 
GAR!. This system makes use of an expert knowledge 
base for automating the planning of the machining 
sequence of mechanical parts. 

Planning the machining process is regarded in the 
context of CAD/CAM as an important, but difficult 
problem. The main obstacle comes from the fact that 
producing a machining plan requires the application 
of a large amount of rather subjective and speciali­
zed knowledge. This knowledge is better described as 
many differently weighted pieces of advice than as a 
small set of constraints to be satisfied, Compromises 
are often necessary. 

GAR! makes use of such pieces of advice to gene~ 
rate plans for machining parts , The complexity of 
the application domain guided us toward the imple­
mentation of a rather sophisticated control structure 
including hypothesis generation, fact deduction, and 
conflict resolution. 

During the last few years, several authors have 
advocated explicit representation of control for im~ 
proving the behavior of problem-solvers (e,~.:/1/, 
/2/,/3/,/4/,/5/), We first implemented and experimen­
ted with such a representation drawn from the one 
used in TROPIC /4/. However, it quickly turned out 
to be inadequate : an intractable quantity of infe­
rences and factshad to be remembered. Then, we moved 

toward an abstract, but easier to handle, represen­
tation of control, which experiments have proved to 
be more appropriate to the problem at hand. 

We believe that research on the abstract repre­
sentation of control will be an important topic in 
AI during the next few years, in order to solve 
really complex problems requiring a large number of 
inferences. 

GAR! is written in the MACLISP language and ope­
rates on the HB-68 computer. We have run it on indus­
trial mechanical parts of considerable complexity. 

II PROCESS PLANNING 

The purpose of process planning is to produce a 
plan for machining a part, given its drawing. The 
plan should specify the machining cuts to be execu­
ted, their order, the machine tools to be used, the 
surfaces by which to body is clamped and located 
during each cut, etc. 

Such planning involves taking into account both 
technological rules and economic considerations, for 
example 

-If a hole H2 opens into an other hole HI, ·then 
one is recommended to machine HI before H2 in order 
to avoid risks of damaging the drill, 

- It is advantageous to execute several cuts on 
the same machine with the same fixing for reducing 
the time spent in setting up the work on the machine 
(we then say that these cuts are grouped into the 
same "phase"). 

There is a great variety of such technological 
rules and economic considerations. Furthermore, they 
are not absolute. They are more preferences, between 
which compromises may be necessary. In addition, they 
may differ somewhat from one company to another. In 
fact, they represent the experience and the know-how 
of engineers. 

An immediate consequence is that the planning of 
machining sequences definitely does not have a uni­
que solution. 
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III OVERVIEW OF GAR! 

GAR! is structured like an expert system /6/. It 
consists of a specialized knowledge base and a more 
general purpose problem-solver. 



Knowledge is represented by production rules. The 
left-hand side of a rule is a set (conjunction and/ 
or disjunction) of conditions about the mechanical 
part, the available machines, and/or the machining 
plan. Items in the right-hand side are called pieces 
of advice. They are sets of facts representing tech­
nological or economic preferences. Each piece of 
advice is weighted according to the importance of 
its satisfaction. 

GARI generates a machining plan from a model of 
the part. This model describes the part in terms of 
entities, such as holes, grooves, notches and faces, 
and it includes both geometrical and technological 
data. It a priori determines the set of potential 
cuts. Indeed, each entity may require a maximum of 
two cuts : a roughing cut and a finishing cut. 

Plan generation proceeds through successive refi­
nements. Each iteration produces new assertions that 
apply to the set of potential cuts, for example : 
cut A is executed before cut B, cuts C and D are 
grouped in the same phase, cut E is performed on a 
grinding or a milling machine. These assertions, 
each of which constraints the solution a little mor~ 
are selected according to the pieces of advice that 
are provided by active instances of rules (i.e. 
rules the left-hand sides of which are currently 
true). At any moment, the assertions that have been 
produced so far define a finite set of plans. lndee~ 
they imply a partial order on the set of potential 
cuts and they specify incompletely the characteris­
tics of each cut. However it may happen that some 
assertions are contradictory and so determine an 
empty set of plans. 

A contradiction implies that some pieces of ad­
vice are conflicting. To solve it, GARI selects and 
rejects a piece of advice. Facts inferred from it 
are no longer assumed. Then, the iterative planning 
process is resumed. If it later becomes useful, GAR! 
can reconsider the solution to a conflict, in order 
to reapply a piece of advice that has been previous­
ly discarded. 

When the process of successive refinements is 
complete, the system has reached a state where each 
of the pieces of advice provided by all the active 
rules is either satisfied, or contradicted (due to 
conflicts) by the current set of assertions. Then, 
there may exist rules the left-hand side conditions 
of which are neither satisfied nor contradicted. For 
each particular plan P determined by the current 
assertions, one or several of these rules may become 
active and may provide pieces of advice that contra­
dicts P. Therefore, GAR! generates hypothetical 
assertions in order to make these rules definitely 
inapplicable. Of course, these new assertions may 
in turn produce new conflicts. 

Assertions are selected and conflicts are solved 
so as to minimize the maximum weight of those piecef 
of advice which are finally contradicted. 

The final set of assertions produced by GAR! does 
not usually determine a unique plan. Remaining choi­
ces can often be solved in a better way at execution 
time when the machine utilizations are known. 
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IV RELATIONS TO OTHER WORKS 

Other programs exist in the field of process 
planning for mechanical parts /7/ . Most of them at­
tempt to automate "low level" tasks such as provi­
ding a detailed analysis of a particular operation 
(for example : machining a hole), computing machi­
ning times, etc. These programs make no use of AI 
methods and may be regarded as complementary to GARI. 
Other programs operate only on parts belonging to a 
given technological family (typically turned parts). 
At a more fundamental level, there exists an attempt 
to apply elements of fuzzy set theory /8/. However, 
we do not believe that a mathematical formulation 
of the process planning problem is appropriate. On 
the other hand, we found no substantial AI work on 
this problem. 

GAR! has some evident analogies with plan genera­
tors such as STRIPS /9/. However, both the problem 
to be solved and the methodsused to solve it are 
different with some regards : 

(I) GARI knows beforehand the set of potential 
actions (cuts) to be executed : the problem is 
mainly to order them and to specify how they 
should be executed. 

(2) Properly speaking, GAR! does not have an expli­
cit model of these actions, with preconditions, 
delete and add lists, like most of the plan 
generators. In fact, some of these model ele­
ments exist implicitly. 

(3) Most of the existing plan generators are general 
purpose problem-solvers. GAR! is specialized in 
the field of process planning and makes use of 
an expert knowledge base. 

There exists a rather strong relation (at least 
at the conceptual level) between the pieces of ad­
vice applied by GAR! and the critics applied by 
NOAH /10/. Although NOAH critics are general purpose 
ones, the use of domain specific ones was suggested 
by Sacerdoti. On another hand, GAR! does not curren­
tly perform hierarchical planning like NOAH, but we 
have this type of planning in mind. 

There also exist analogies between GARI and tra­
ditional rule-based expert systems /6/. The main 
difference concerns control structure, which is 
substantially more complex in GAR! than it is in 
typical diagnosis expert systems like MYCIN /11/. 

The conflict resolution procedure derived ini­
tially from the failure processing procedure imple­
mented in TROPIC /4/. It is now very different, 
partly due to reasons presented in the introduction 
of this paper. Another major reason is that TROPIC, 
like the TMS of Doyle /3/, faced only failures pro­
duced by the contradiction of constraints. the 
satisfaction of which was imperative. In contrast, 
GAR! faces conflicts between pieces of advice, 
which may be regarded as weak constraints, so that 
it is valid to make compromises between them. 

V PART DESCRIPTION 

The shape of a part is described to GARI as a 
basic volume (e.g. : a parallelepiped, a cylinder) 
together «ith a specification of instances of 



"entities" of the type used by engineers in shape 
description : holes, grooves, notches, bores, faces, 
etc. Dimensions and tolerances are input as they 
appear on the drawing, and thus require no computa­
tion in absolute coordinates. Technological infor­
mation existing on the drawing (e.g. surface quality) 
is also given to GAR!. 

Example 

The countersunk hole H of figure I is described 
to GARI as follows 
(H (type countersunk-hole) 

(startin~-from Fl) 
(opening-on F3) 
(diameter 6) 
(countersink-diameter 12) 
(surface-quality 7)) 

(distance H F2 19) 
(countersink-depth H Fl 3 +-80) 
(perpendicularity H F3 +-50) 

Figure 

Ft 

The notion of entity is important because it 
reflects a basic concept frequently used by process 
planning specialists . Not only does it make part 
description easier but, in addition, the statement 
of rules is simplified by the semantic value that 
i s implicitly attached to each type of entity. 

In its current implementation, GARI can make use 
of about twenty different types of entities. 

VI MACHINE DESCRIPTION 

Each available machine is described to GARI by a 
name and by properties, which are regarded as im­
portant by the users. For instance, some properties 
may be the type of the machine (milling machine, 
drilling machine, etc.), its precision, dimension 
attributes such as the distance between axes, etc. 

Example 

(CLI (type chuck-lathe) (chuck-diameter 2.0)). 

VII RULES 

The form of each rule used by GARI is the pro­
duction : 

conditions ••> pieces of advice 

Each piece of advice is weighted by an inteser 
between I and 10 that represents the importance 
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attached to its satisfaction (10 a most important). 
It consists of a list of assertions to be added to 
the current solution when it is applied. 

Describing all the primitives that are us~ful for 
writing rules would be fastidious here. We believe 
it is more appropriate to illustrate them on some 
sample rules. 

Atoms prefixed by &, &&, $, $$, and :::: are variables 
representing entities, sets of entities, machining 
cuts, sets of machining cuts and sets of machines 
respectively. 

- ( >• ·· (surface-quality &x) 6.3) 

(9 (-roughing-cut &x)) 
If the surface quality of an entity &x is 
higher (poorer) than 6.3, then one is advised 
(with a weight equal to 9) to avoid a rou~hing 
cut for &x. 
/Note : GAR! interprets such a piece of advice 
by grouping the roughing cut and the finishing 
cut of &x in the same "operation" (set of cuts 
to be realized simultaneously). This simple 
trick permits the system to work on a constant 
set of cuts./ 

- (geometrical-constraint-between &x &y) 
(-·1 (finishing-cut &x) (finishing-cut &y)) 
=E> 
(4 (roughing-cut &x) (roughing-cut &y)) 

If &x and &y are entities linked by an input 
geometrical constraint and if their finishing 
cuts are not executed in the same operation 
(i.e. simultaneously), then one is advised (4) 
to execute roughing cuts for both entities. 
/Note : the left-hand side of this rule depends 
on the plan to be generated./ 

- (<= (surface-quality &x) 3.2) 
(>• (extra-thickness &y) 3.0) 
(supported-by (roughing-cut &y) &x) 
-=> 
(8 ( > (finishing-cut &x) (roughing-cut 'y))) 

If the surface quality of an entity &x is lower 
(better) than 3.2, and if the extra-thickness 
of an entity &y is greater than 3.0, and if the 
part is supported by &x during the rou~hing 
cut of &y, then one is advised (8) to perform 
the finishing cut of &x after the roughing 
cut of &y. 

- (is-a $x finishing-cut) 
(machine $x grinding-machine) 
(-machine $y grinding-machine) 

(10 (> $x $y)) 
If finishing cut $x is executed on a grinding 
machine, and if cut $y is executed on another 
kind of machine tool, then one is advised (10) 
to perform $x after $y. 

- (ia-a &x bore) 
(is-a &y bore) 
(coaxial &x &y) 
••> 
(6 (•2 (finishing-cut 'x) (finishing-cut 'y)) 

(machine (finishing-cut 'x) lathe)) 



If &x and &y are two bores linked by a coaxi­
ality constraint, then one is advised (6) to 
execute their finishing cuts in the same phase 
(i.e. with the same fixing on the same machine) 
on a lathe. 

- (is-a &x hole) 
(is-a &y hole) 
(open-into &x &y) 
(Aopen-into &y &x) 
••> 
(9 (> (roughing-cut &x) (roughing-cut &y))) 

If &x is a hole that opens into a hole &y, and 
if &y does not open into &x, then one is advi­
sed (9) to execute the roughing cut of &x 
after the roughing cut of &y. 

- (is-a &x bore) 
(< (surface-quality &x) 6.0) 
Cempty e :::y cylinder-grinding-machine 

(<• (surface-quality ::::y) (surface-quality &x)))) 

--> ( 10 (machine (finishing-cut &x) ::::y)) 
If the surface quality of a bore &x is lower 
(better) than 6.0, and if a cylinder grinding 
machine able to provide this quality is avai­
lable, then one is advised (10) to execute the 
finishing cut of &x on such a machine. 

A rule instance (that is a rule in which cons­
tant's have been substituted for variables) is said 
to be "active" when the conditions in its left-hand 
side are satisfied by the part model, the machine 
description and the current set of assertions gene­
rated by GAR!. It is said to be "inapplicable" when 
one of these conditions is contradicted. In all 
other cases, it is said to be "pending". 

Presently, GAR! runs with a knowledge base con­
taining more than fifty rules, most of them provi­
ding several pieces of advice. For a part of mode­
rate complexity, it is often the case that more than 
ten instances of the same rule become active. 

In the following, the word "rule" will also apply 
to a rule instance. 

VIII GENERATING ASSERTIONS 

GARI · iteratively generates assertions by applying 
pieces of advice of decreasing weight. ~ore preci­
sely, it proceeds according to the two following 
steps : 

(I) While active rules provide pieces of advice, 
which were not discarded wh~n solving previous 
conflicts, GAR! applies one of these pieces of 
advice drawn from those with the highest weight. 

(2) While pending rules provide pieces of advice 
that are not satisfied by the current solution, 
the system generates hypotheses with the goal of 
making these rules inapplicable. These hypothe­
ses are regarded as implicit pieces of advice 
of weight 0. If one of them activates a rule 
providing a piece of advice that is not curren­
tly satisfied, then step (I) is executed again. 

Each time an explicit or implicit piece of advi­
ce is applied, GAR! checks that all assertions pro­
duced so far are consistent. If a contradiction is 
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detected, the procedure for solving it is immedia­
tely executed. 

Detecting inconsistencies may require complex 
deductions that should not be repeated. Therefore, 
after applying each piece of advice, GAR! performs 
all new deductions it can and records the concluded 
facts in the assertion data base. 

Suppose for instance that the following four as­
sertions have been generated : 

- (•2 (finishing-cut F2) (finishing-cut F4)) 
/The finishing cuts of F2 and F4 are grouped 
into the same phase./ 
(•2 (finishing-cut Fl) (finishing-cut FS)) 
( > (finishing-cut F2) (finishing-cut Fl)) 
/The finishing cut of F2 is executed after the 
finishing cut of Fl . / 
(A•2 (finishing-cut F2) (finishing-cut FJ)) 
/The finishing cuts of F2 and Fl are not grou­
ped into the same phase./ 

GAR! can deduce the following fact (among other 
conclusions) : 

(> (finishing-cut F4) (finishing-cut FS)) 
This deduction is based on the meaning attached 
to the notion of phase (set of cuts to be 
executed with the same fixing on the same 
machine) . 

Then, if the assertion 
- (> (finishing-cut FS) (finishing-cut F4)) 

is generated, a contradiction can immediately be 
detected. 

~ny deductions performed by GAR! are based on 
more complex reasoning than the above one. Indeed, 
there may exist disjunctive assertions such as 

- (oachine (finishing-cut Bl) lathe boring­
machine) 
/The machine used to perform the finishing cut 
of Bl is either a lathe, or a boring-machine./ 

Thus,recording conclusions results in substantial 
time saving. 3f course, it requires more memory 
space, but we have implemented a representation 
imbedding assertions into a network structure. This 
representation subtantially reduces the necessary 
space. 

/Note : The meaning attached to such notions as 
operation, phase, machine, roughing cut, etc., which 
is necessary for performing deductions, is procedu­
raly imbedded into the programs of GAR!. It could 
also have been represented by the means of inferen­
ce rules. Although the solution we ~boose is less 
general, it makes the system more efficient. The 
complexity of the deductions to be made is often 
such that we believe that a general purpose solution 
would have been unrealistic./ 

If, after applying a piece of advice, no contra­
~iction is detected, a program for activating rules 
is called. This program determines all new active 
rules given the assertions that were just generated. 
It records its work into activation trees /12/, that 
make updating easier when a conflict is processed. 
The activation program makes use of the recorded 
deductions. 



IX CONFLICT RESOLUTION 

When a contradiction among assertions is detec­
ted, it is immediately processed. Basically, the 
system discards a previously applied piece of advice 
and updates the current solution accordingly. 

The implemented procedure is based on a few sim­
ple concepts, which subsequent experiments proved 
to be rather efficient with respect to the problem 
at hand : 

a) GAR! always rejects the piece of advice the 
most recently applied among those which have the 
minimum weight. 

For example, if the following pieces of advice 
AI A2 AJ A4 A5 A6 

with the following weights 
10 7 9 7 10 9 

were applied successively when a contradiction is 
detected, GAR! discards A4. 

If it is the first contradiction, this piece of ad­
vice is necessarily responsable of the contradictio~ 
Indeed, assertions are generated according to pieces 
of advice of decreasing weight. Thus, assertions 
produced by the application of A4 are necessary to 
the activation of those rules which provided AS and 
A6. If this was not the case, those rules would have 
become active before the application of A4. So, AS 
and A6 would have been used before A4. 

b) Rejecting a piece of advice must be accompa­
nied by updating the current solution. Thus, asser­
tions generated when this piece of advice was ap­
plied must be removed. This usually leads to disac­
tivate some rules. If these rules provide pieces of 
advice that were previously applied, the correspon­
ding assertions must be removed in turn. And so on •• 

According to the reasoning of a), GAR! is led to 
remove all assertions produced after the application 
of the piece of advice which is discarded. In the 
previous example, this is equivalent to remove the 
assertions produced by the application of A4, A5 
and A6 (including the deduced facts). 

c) A contradiction is always due to a conflicting 
combination of pieces of advice. Thus, if a new 
contradiction occurs later, it may become useful 
to reintroduce a previously rejected piece of advi­
ce. However, GAR! must also solve the first contra­
diction in a different manner in order to avoid an 
infinite loop of successive failures. 

For this purpose, the system proceeds as follows : 
Each time it discards a piece of advice X, it gene­
rates assertions corresponding to the application of 
the implicit piece of advice ~x (not X). ~X is then 
regarded as a real piece of advice. GAR! gives it a 
weight w equal to the minimum weight of those pieas 
of advice which were applied after X. This weight is 
justified as follows : if we decided to maintain X 
in the same conditions than it was applied (that is 
without modifying the pieces of advice applied 
before X), then we would meet again a contradiction 
the solution of which would "cost" at least the 
discard of a piece of advice having weight w. In the 
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example of a), this corresponds to replace A4 by 
~A4 with weight 9. 

If the rejected piece of advice X is the most ·re­
cently applied one, then -x is introduced with 
weight II. Indeed, applying X without modifying 
previously applied pieces of advice would lead to a 
definitive contradiction. 

If no new contradiction is detected immediately 
after having introduced -x, the program for activa­
ting rules is executed. Then, the normal process of 
generating assertions is resumed. 

The actual procedure implemented in GAR! is 
somewhat more complex than it is shown above. 
However, the extra-complexity currently is based 
more on intricate tricks, which are evolving quickly, 
than on clear principles. · 

X A SIMPLE EXAMPLE 

The following example illustrates the inputs and 
outputs of GAR!. The part to machine is defined by 
the drawing of figure 2. It is initially given as a 
rough casting and only those surfaces represented 
by thick lines must be machined. 

This part was input as a rectangular parallelepi­
ped with holes and notches. We also described to 
GAR! a classical set of machines made of a parallel 
lathe, a milling machine, a drilling machine, a 
boring machine, a surface planing machine, a surfa­
ce grinding machine and a cylinder grinding machine. 

The solution produced by GAR! consisted of a set 
of machining plans characterized by the following 
properties : 

- The first phase of each plan consists of executing 
the finishing cut of FZM on the milling machine, 
the part being supported by face FZP. 

- Then, the part being supported by FZM, the follo­
wing three operations should be executed in 
sequence : 

·• finishing cut of FZP on the milling machine, 
·• roughing cuts of notches N21 and N22 on the 

milling machine, 

:: finishing cuts of N21 and N22 on the surface 
planing machine or on the milling machine. 

No information was provided on how to group these 
operations into one or several phases. 

- The last phase of each plan is executed on the 
drilling machine, the part being supported by face 
FZM. lt consists of two operations, which can be 
executed in any order : 

-finishing cuts of holes Hll, Hl2, and H2, 
:: finishing cuts of all other holes. 

This example is very simple and only five pieces 
of advice were to be discarded. One recommended a 
roughing cut of face FZM, because it is the first 
entity to be machined. However, it contradicted a 
more important piece of advice related to the poor 
surface quality required for FZM. Other discarded 



pieces of advice recommended the execution of the 
roughing and finishing cuts of the notches N21 and 
N22 with the part being supported by face FZP (in 
order to get a better precision). But this was not 
compatible with the available tool orientations of 
the milling and surface planing machines. 

XI DISCUSSION AND PERSPECTIVES 

An implementation of GARI written in the MACLISP 
language operates on a HB-68 computer under the 
MULTICS system. We have run it on industrial mecha­
nical parts of considerable complexity. The descrip­
tion of some of them included more than 100 entities 
(cf. Section V.). Almost all generated machining 
plans were acceptable. The system is now being used 
experimentally by machining planning engineers. 

Although it may not clearly appear in thispaper, 
large efforts were expended for representing machi­
ning expert knowledge. It re4uired a detailed ana­
lysis of the machining planning problem, acquired 
by working with engineers. Significant efforts were 
also devoted to fact deduction and to geometrical 
modeling. 

Our own experimentation proved the global adequacy 
of the methods described here. However, current 
experimentation by experts is resulting in the rule 
data base being augmented. A rough evaluation showed 
that the number of rules should grow from the cur­
rent 50 to about 100 rules. This growth already 
pointed out new problems 

A larger number of rules usually results in more 
conflicts among pieces of advice. Current conflict 
resolution is based on simple concepts which are 
likely to become insufficient soon. In fact, as we 
already said, we first implemented a strongly 
dependency-directed backtracking method, which 
proved to be inadequate because of the large amount 
of dependencies to be recorded. This is due to the 
fact that many assertions may be derived by diffe­
rent inferences. 

we turned to an abstract representation of con­
trol where each conflict is remembered by applying 
-x (not the piece of advice that is discarded), to 
which an appropriate weight is associated. Clearly, 
this is too naive. There should exist a better com­
promise between this representation and the exhaus­
tive recording of dependencies. We believe that th~ 
problem is representative of many complex applica­
tions, so that it is likely to become an important 
topic in AI during the next few years. 

Augmenting the rule data base also showed that 
many rules have exceptions. At the present time 
each exception is represented as another rule. For 
instance,. 

C I , C2, ..• , Cn, Cn+ I •a> PA' 
may represent an exception to rule 

Cl, C2, ••• , Cn ••> PA. 
This representation leads to uninteresting conflic~ 
that may cause a significant waste of time. It also 
makes difficult for the user to get a global view 
of the rules. We have in mind new methods enabling 
the system to work directly on rules of the form : 

C I, C2, ••• , Cn ••> PA 
Exception : Cn+l =•> PA'. 
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Another interesting perspective concerns hierar­
chical planning /10/. To date, GARI has no global 
view of the plans it generates. In contrast, when 
human engineers are confronted to a part above a 
certain level of complexity, they often attempt to 
work first on a simplified representation of the 
part, by eliminating "unimportant" entities. There­
fore, we think about introducing new rules descri­
bing how to simplify complex parts, so that the 
system can perform reasoning at various levels of 
abstraction. 
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