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of these packages must be joined together into one efficient system.
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ABSTRACT

Thls paper descrlbes a generatlve process plannlng system whlch produces plans for
the creation of metal parts uslng metal removal operatlons. The system makes use of
knowledge-based reasonlng technlques from Artlficlal Intelligence to make process plans
completely from scratch, uslng only the speclficatlon of the part to be produced and
knowledge about the Intrinslc capabllitles of each manufacturlng operatlon.

The system, which 1s wrltten In Prolog, Incorporates a knowledge representation
language wrltten In Prolog, a frame-based hlerarchlcal representation of the problem
solving knowledge, and a Kind of best-first Branch and Bound strategy which for indling
process plans of least possible cost.

The paper glves an overvlew of the system, dlscusses Its good and bad polnts, and
describes Ilmpllcations for further research.

1. INTRODUCTION

This paper descrlbes a generatlve process plannlng system called SIPP (Semi-
Intelligent Process Planner), which uses Artificlal Intelllgence (AI) technlques to produce
process plans for the creatlon of metal parts uslng metal removal operatlons. In con-
trast to exlstlng conventlonal approaches to generatlve process planning, SIPP uses
knowledge-based reasonlng technlques to make process plans completely from scratch,
uslng only the speclficatlon of the part to be produced and knowledge about the capabll-
ltles of each manufacturing operation.

SIPP consists of (1) a frame-based knowledge representatlon system, (2) a
knowledge base (wrltten uslng the frame system) which contalns Informatlon about the

Thls work was supported In part by Naval Surface Weapons Center Contract
N60921-82-C-0083 and Natlonal Bureau of Standards Contract NB83SBCAZ2124 to the
Universlty of Maryland, and by a Presldentlal Young Investigator Award to Dana S.
Nau, Including matching funds from IBM, General Motors, and Martin Marletta.
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characteristles of varlous kinds of machlnable surfaces and the capabllitles of varlous
machlning processes, and (3) a control structure which manipulates the knowledge base
In order to construct process plans. SIPP has the following unusual features:

(1) In most frame-based approaches to knowledge representation and reasoning, the
problem-solving knowledge that manlpulates the frames Is stored separately In the
form of productlon rules. In SIPP, the problem-solving knowledge 1s represented
not as rules, but hlerarchically In the form of frames.

(2) Rather than the depth-first forward-chalnlng or backward-chainlng schemes used In
many knowledge-based computer systems, SIPP uses a best-first search strategy
based on Branch-and-Bound. This approach produces process plans which have the
least posslible cost (accordlng to whatever cost criterion the user deslres).

(3) The entire system 1s wrltten In Prolog.

2. BACKGROUND

Process planning (also called manufacturlng planning or materlal processing) 1s the
task of determlnlng what machining processes and parameters are to be used In
manufacturlng a part. Process planning ls distinct from production planning, which
involves taklng the process plans for all parts to be produced and schedullng the
factory's resources to perform the actlvitles speclfied by the process plans.

Devising a process plan automatically based on a part's speclficatlons s very
difficult. However, the substantlal benefits to be galned from automated process plan-
ning have led to substantial research in computer-alded process planning.

In several existing computer-alded process planning systems, a Group Technology
(GT) code [4] 1s used to classify a part as belng In a famlly of simllar parts. When a
process plan for a part 1s deslred, a human user enters the GT code for the part Into the
system, and the system retrleves a process plan which was prevlously used for some part
in this family. The process plan 1s then modifled by the user to produce a plan for the
part. Examples of such systems are CAPP [9] and MIPLAN [18].

Such systems are quite useful In Industry, as they allow process plans to be made
very qulckly. However, If process planning Is to be automated more fully, 1t will be
necessary for the computer system to have more complete Informatlon about the part
than Just a GT code. In partlcular, detalled Information must be avallable about each
surface to be machlined.

A few generative process planning systems have been developed experimentally
which use as Input a representlon of each of the machlnable surfaces of the part.? Exam-
ples Include CPPP [10] [7], APPAS [18], CADCAM [2] [3], and TIPPS [5]. Due to the
difficulty of truly generatlve process planning, each of these systems has varlous llmlta-
tlons on the kinds of parts for which 1t can produce process plans.

More sophisticated approaches to generative process planning wlll require sophistl-
cated representational and reasonling technlques [12] [14]. The use of Al rule-based rea-
soning ls belng trled experimentally in Garl [6] and TOM [11]. Another system [17] 1s
sald to use some elementary expert system techmlques, but the paper describing 1t does
not glve any further detalls. Each of these systems has varlous llmltatlons on the klnds
of process plans 1t can produce.

2 By a machinable surface we mean any geometric surface or comblnatlon of
geometric surfaces which can be produced by a slngle machine tool operatlon. For ex-
ample, a hole Is a single machined surface, although 1t conslsts of both a cylinder and a
cone. For more Information on machlining operatlons, see [1}, Chapter 1.
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3. KNOWLEDGE REPRESENTATION

In order to represent knowledge, SIPP Includes a frame manlpulation language
whlch was written In Prolog. The frame manipulation language allows for two types of
frames: ¢tems, which represent varlous objects, and types, which represent sets of
obJects. SIPP's knowledge base of machinlng knowledge consists of types, and the data
that 1t manlpulates to solve each specific process planning problem conslsts of 1tems.
Each type or ltem s defilned by a frame.

Items and types contaln varlous slots which may contaln varlous values. For exam-
ple, the frames below are slmllar to frames used In SIPP’s current knowledge base:

type(surface, thing).

slots(surface, [
[surface_finlsh, X, number(X)],
[contalns, X, list_of_atoms(X)], /* all surfaces which this one contalns */
[ad)acent, X, list_of_atoms(X)], /* all surfaces ad)acent to this one %/
[comment, X, true]

1.
defaultvals(surface, |

ad)acent = [ ],

contalns = [ ],

comment = 'thils Is an arbltrary surface’
)

type(flat_surface, surface).
slots(flat_surface, [
[norm, [X,Y,Z], (number(X),number(Y),number(Z))],
[Aatness, X, number(X)],
[angularity, X, number(X)],
[parallelism, X, number(X)],
[boundaries, X, list_of_atoms(X)]

D-

defaultvals(flat_surface, |
comment = 'thls Is a flat surface’

1.

Item(f, flat_surface).

slotvals(f, |
norm=/1,0,0],
flatness=0.1,
angularlty=0.1,
parallellsm=0.1,
pos_tolerance=0.1,
neg_tolerance=0.1,
surface_finlsh=100,
adlacent=(f2,f3,4,f5]

D-

The above frames descrlbe a hilerarchical structure In which f 1s a flat_surface, a
flat_surface 1s a surface, and a surface 1s a thing.

The “'slots™ entrles for surface and flat_surface speclfy what slots these two objects
have, as well as what kilnds of data values are permlssible to be stored 1n these slots.
Slot declarations are Inherited from above; for example, slnce a flat_surface Is a surface,
a flal_surface has a slot called adjacent.
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The ‘*‘defaultvals’ entrles for surface and flat_surface speclfy default values for
varlous of the slots. Any time a default value Is speclfied for a type, 1t may be overrid-
den at lower levels of the hlerarchy. For example, the flat surface f1 has the following

slot values:
contalns=[] (Inherlted from surface);

comment="thls Is a flat surface’, (Inherlted from flat_surface);

ad)acent=[f2,f3,14,5]  (speclfled explicitly for f1).

In most Al systems that use [rames, the frames are manipulated by productlon
rules of the form “1F condition THEN aclion””. However, this approach seems rather
unwieldy for process planning. For example, If two dlfferent kinds of drilling operations
are represented uslng productlon rules, the preconditions of these two rules may consist
of a dozen or so tests, most of which are exactly the same for both rules. Such sltua-
tlons can oceur quite often In a knowledge base about the capabllities of manufacturing
processes—thus leadlng both to unnaturalness In the representation of the problem-
solving knowledge and Inefficlency In 18 application to a manufacturing problem.

SIPP’s frame system uses a different way of representing proble-solving knowledge.
Instead of using productlon rules, the problem-solving knowledge 1s represented
hierarchically within the frame system, as ltustrated below.

type(hole_process,process).

relevant(hole_process,hole).

defaulivals(hole_process, [cost=1]). /# at least the cost of tw!st_drlll */
restrletlons(hole_process, H) - . . . various geomelric restrictions

type(hole_lmprove_process, hole_process).
defaultvals(hole_lmprove_process, |
precedence=20,
projected_cost=1, /# at least the cost of twist_drill x/
cost=3 /* at least the cost of rough_bore */

)2

restrictions(hole_lmprove_process, H) - H?speclal_features eq none.

type(bore, hole_lmprove_process).
defaultvals(bore, [cost=3, precedence=22]). o
restrictlons(bore, H) - . . . wvarious tolerance resirictions

type(rough_bore, bore).
restrictions(rough_bore, H) :-
H?pos_tolerance gte 0.002,
H?neg_tolerance gte 0.002.
actlons(rough_bore, P, H) :-
copy_ltem(H,G),
G:dlameter gets H?dlameter - 0.005,
G:pos_tolerance gets 1,
G:neg_tolerance gets 1,
G:stralghtness gets 1,
G:roundness gets 1,
G:parallellsm gets 1,
G:true_position gets 1,
G:surface_flnlsh gets 125,
subgoal(P,G).
In thls example, rough_bore 1s a subtype of bore, which 1s & subtype of
hole_improve_process, which 1s a subtype of hole_process. Thls means that rough_bore
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Is applicable for creating a particular surface H only If the restrictlons for hole_process,
hole_improve_process, bore, and rough_bore are all satlsfled for H.

The above example also lllustrates how the frame manipulatlon language allows the
user to retrleve and modlfy slot values. In the example, “eq’” and ‘‘gte’’ are slmlilar to
Prolog's **="" and ''>=="" functlons, respectlvely, except that they Interpret construc-
tlons such as ‘‘H:pos_tolerance' and ‘‘H?pos_tolerance’ as references to the values of
slots In the 1tem H. The difference between “‘H:pos_tolerance’ and ‘‘H?pos_tolerance’ is
that If the pos_tolerance slot for H does not have a value, "‘H:pos_tolerance’ causes an
error but ‘““H?pos_tolerance’ asks the user for the value. *‘gets’ Is an assignment opera-
tor; for example, “H:pos_tolerance gets 1 puts the value 1 Into the pos_tolerance slot
In the 1tem H.

4. CONTROL STRATEGY

SIPP's control strategy 1s a least-cost-first search based on Branch-and-Bound tech-
nlques. SIPP creates a process plan for an objlect by creating process plans for each of
1ts machlinable surfaces. If SIPP Is trylng to create some surface s, 1t starts by looklag
at the process types which are flagged as belng ‘‘relevant’ for creatlug whatever type of
surface s happens to be. If the restrictlons on thls process type are satisfled, then lts
subtypes are ellgible for conslderatlon as possible ways to make s. No process type s
ellgible for consideration unless the restrictlons for the process type dlrectly above 1t In
the hlerarchy have been tested and found to be satisfled. Among the varlous process
types whlch are eliglble for conslderation, the one chosen next for conslderation 1Is the
one which SIPP belteves wlll lead to the least costly process plan.

Suppose SIPP conslders some process finds that lts restrictlons are satlsfled. If that
process has actlons assoclated with 1t, then the actions are performed. To contlnue the
example above, rough_bore is an operatlon which requlres that a hole G already be
present before rough_bore 1s performed--but slnce the purpose of rough boring 1s to
Improve the characterlstics of a hole, the tolerance requlrements for G are not as strict
as those for the hole H which wlll be there after rough_bore flnishes. The actlons for
rough_bore set up--as a subgoal--the creatlon of G. The Branch-and-Bound procedure
conslders the varlous possible ways to create H along wlth all the other posslble ways to
create H--and at each polnt, the procedure looks next at whichever possibillty 1t belleves
wlll lead to the least costly process plan for H. Because of the way In which thls 1s
done, the first successful process plan found by SIPP 1s guaranteed to have the least cost
of any process plan for creating H.

5. CONCLUSIONS

SIPP Is currently up and runnlng as a prototype system whose knowledge base con-
talns about 55 frames. Informatlon about the Implementatlon detalls is avallable In
[13). SIPP can elther read prepared data from a flle, or (If some or all of thls data Is
omltted) run Interactlvely, asklng the user for any needed Informatlon. Varlous user
features have been lmplemented--such as the ablllty to go back and produce other pro-
cess plans for a machlnable surface If the user wants to see alternatlves to the flrst pro-
cess plan the system produces.

Currently, SIPP’'s reasonlng capablllitles about tolerance requlirements are qulte
sophisticated--but {(as with other exlsting process planning sytems) Its geometrlc reason-
\ng capabllitles are llmlted. The addltlon of sophlsticate geometric reasonlng capablll-
tles Is a major future goal, but one which wlll requlre that a solld modeling system be
Incorporated lnto SIPP. We are already dolng research along this llne [15] [8]. Other
goals Include Integrating SIPP wlth some kind of computer-alded deslgn system, and
glving 1t the abllity to declde upon process detalls such as tool paths, feed rates, and
cutting speeds.
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