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1 Introduction

One aspect that separates real planning problems
from toy problems is that solutions to real problems
must be not only correct but also efficient and high
quality. In this paper, we will describe the Least
Commitment Operator Selection (LCOS) strategy
which enables planners to construct globally opti-
mal plans. The LCOS was developed from studies of
human expert planners solving complex problems.
Producing efficient, high quality plans is difficult
because in most complex domains, some operators
may share cost or between them. It is necessary
to take a global view of the plan in order to make
globally optimal operator choices resulting in a high
quality plan. The LCOS strategy structures search
in such a way that global considerations can be uti-
lized, and and more efficient plans can be produced.

1.1 Motivations

The motivation for this strategy is to produce high
quality plans. Plan cost and reliability are impor-
tant parts solution quality in most planning do-
mains. In this paper we will focus on issues per-
taining to plan cost, while keeping other quality
factors in view. One difficultly in generating effi-
dent, low cost plans is that individual operations
in the plan may share costs with other operators.
In manufacturing, two operations which share fix-
turing also share the cost of setting up the fixture
and clamps. Two operations which utilize the same
tool can share the cost of changing the tool. In
product transportation, two deliveries which share
destination, can share the same truck and many of
the transportation costs.

In view of the interdependent nature of oper-
ation costs in a plan, it is difficult to optimize
total plan cost with out taking a global view of

the plan. However, most planning schema, such
as STRIPS [FNE72], NOAH [Sac75], MOLGEN
[Ste80], TWEAK [Cha85], SIPE [Wi188], etc. ad-
dress goals one at a time, and select operators based
only information local to that goal. It is diffi-
cult for such planning strategies to take advantage
of the cost sharing that occurs between operators
on a global basis. LCOS is a search strategy for
planners which takes a more global view of opera-
tor selection, and makes commitments to particular
operators only when operator choices for all goals
have been explored. The LCOS strategy was im-
plemented in both the Machinist [Hay90] the p3
[HS84] programs. Both of these programs are pro-
cess planners. The latter is capable of reasoning
about tolerances of location.

1.2 Outline of LCOS Strategy

In the LCOS strategy, several candidate operators
for all goals must be considered before any commit-
ments are made. Commitments to particular oper-
ators can be made after their global effects on other
parts of the plan have been considered. The steps
in the process are: 1). An AND/OR tree is con-
structed containing all goals at one level of abstrac-
tion and one or more candidate operators that can
solve each goal. 2). The AND/OR tree is searched
to find both interfering and helping (i.e cost shar-
ing) interactions between operators and goals. 3).
Choose a set of operators that satisfies all plan goals,
and maximizes the global solution quality criteria
for the domain. For example, if cost is the only qual-
ity criteria, then choose the set of operators having
the lowest overall cost. This will typically be a set
that has a high degree of cost sharing between oper-
ations. The particular optimization technique and
criteria used will differ from domain to domain. The
job of the LCOS strategy is to gather global infor-
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mation on operator choices, and to delay operator
selection until global selection criteria can be ap-
plied. The result is a higher quality plan than can
be obtained by local operator selection methods.

1.3 Applicability to Many Domains

The ideas for the LCOS strategy was formulated
from studies of expert human problem solvers in
the machining domain. The LCOS strategy occurs
in many other manufacturing domains, as well as
in transportation domains [Car84]. It also appears
useful for optimizing problem solutions in areas out-
side of planning such as mechanical design. In me-
chanical design, as with planning, design options for
a set of conjunctive goals can be represented in an
AND/OR tree [TS92]. Cost, function and structure
sharing may occur between the goals [US92]. Pro-
ducing a high quality design (i.e efficient and reli-
able) may require finding a compact physical struc-
ture which utilizing only a few components to satisfy
several functional goals. This problem solving pro-
cess is very similar to the task of finding a compact
plan by selecting operators that share work.

2 An Example

We will demonstrate the method using an example
from the machining domain. Machining is the art of
shaping metal by a variety removing material from
a part using processes such as drilling, and milling.
An example part is shown in Figure 1. This part
description contains 5 conjunctive goals: cut two
holes, two angles and a slot into the part. The
problem is to produce a valid manufacturing plan
which can make this part using a sequence of man-
ufacturing operators. Each operator in this domain
requires specifying a cutting process, a way of ori-
enting the part, and a clamp. In addition to meeting
all the design specifications the manufacturing plan
produced must also be efficient. If it is not, manu-

facturing will be more costly than necessary and the
manufacturer will not be able to offer competitive
prices.

Step 1: Generate an AND/OR graph con-
taining one or more candidate operators for
each goal. The program found one method each
for the holes and the slot, and several methods for
each of the angles. The resulting AND/OI~ graph
is shown in Figure 2. The 5 goals, Hole 1, Hole
2, Slot, Angle 1, and Angle 2, are the AND nodes.
The candidate operators considered for each goal
are represented in the OR nodes.

Step 2: Find all negative interactions be-
tween operators under different goals. Sev-
eral interactions occur between the operators which
require careful ordering of the operators. The inter-
actions happen when cutting away one goal shape
destroys the clamping surfaces required by another
goal. Cutting away Angle i destroys one of the
edges needed when clamping to cut the holes, so
the holes must be made before Angle 1 while the
edge is still intact. Similarly Angle 2 destroys one
of the edges required for clamping while cutting the
slot. Thus, the slot must be made before Angle 2.
The double arrows in figure 2 show the orderings
imposed between operators by the negative interac-
tions.

Step 3: Optimize ordered AND/OR graph
according to the domain’s quality criteria.
The optimization criteria used will vary from do-
main to domain. For the machining domain, min-
imizing set-ups is a good heuristic for minimizing
cost. Each time the clamp is moved we consider
it to be a new set-up. Clamping and alignment of
the part in the clamp is one of the more expensive
and time consuming parts of the machining process
on a CNC machine. If several cutting operations
can be grouped so that they share the same set-up
(i.e. share the work of setting up the clamp) then
the overall cost of the plan can be reduced. Das
[DGN94] describes an optimization algorithm for
machining plans that approximates the minimum
number of set-ups by finding the minimum number
of tool approaches, p3 considers additional infor-
mation such as the clamp type and position of the
part in the clamp in order for the operations to be
included in the same set-up. In this example, the
program finds that M1 and M2 may share the same
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Figure 2: The and/or graph of goals and operators.
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set-up, as can M5 and M8, and M7 and M9. Each
of these pairs of operations share the same part off-
entation, clamp type, and configuration of the part
in the clamp. This information be one of the factors
considered in selecting methods.

Next, the program must select which methods to
put in the plan. Only one method can be selected for
each goal/feature. There is only one method listed
for each of the features: Hole 1, Hole 2, and the
Slot, so methods M1, M2, and M3 must be selected.
However, there are three methods each, by which
Angle I and Angle 2 can be made: M5, M6, and M7;
and M8, M9 and M10. The program must choose
between these methods.

In selecting which method is best, both plan ef-
ficiency and method reliability must be considered.
M5 and M8 appear to be a good pair of operators
with which to make the two angles because they
share the same set-up. However, M7 and M9 ap-
pear to be good choices too for the same reason.
The program selects M7 and M9 because the sine
table is tilted at a lower angle in this set-up, which
results in more stable and reliable configuration.

The final plan contains the operators M1, M2,
M3, M? and M9. The negative interactions found
in Step 2 determine that M1 and M2 (drilling the
holes) must be done before M7 (cutting Angle 1),
and M3 (milling the slot) must be done before 
(cutting Angle 2). These 5 operations are organized
into three set-ups. The final plan is shown in Figure
3.1

3 Search Control Rules

The search involved in the LCD strategy could be
large if uncontrolled. There are several sorts of con-
trol rules and abstractions that human planners use
to limit search that have been implemented in the
Machinist and p3 programs. These programs utilize
these control rules rather than learn them. How-
ever, the experts’ search control rules which have
been uncovered in this study, present target struc-
tures for learning.

3.1 Generate Commonly Useful Operators

There may be many operator variants one could
consider for each goal. Instead of generating all fea-
sible operators, it is preferable to limit search by
generating only those operators that have proven to

ISqua~’ing steps omitted.

be commonly useful in the past. Experts learn to
recognize which operators tend to be useful in what
situations. They limit the candidate operators con-
sidered to just a few that are likely to be the best,
and do not bother to generate all operators that
could apply to the situation. In the example, (fig-
ure 2) there are many feasible operators that were
not generated. For example, the part could have
been clamped in a vise with side 4 facing up, while
Angle I was cut with a special cutter with a 25.5
degree angle cut into it. However, this type of oper-
ator is not usually considered because it is usually
far too expensive to make a special cutter. This
type of filtering can be done by formulating or tun-
ing the operators’ conditions of applicability, and by
ranking the quality of the operators generated and
throwing out the ones that fall far below the quality
of the others. Limiting the number of alternatives
generated significantly reduces planning effort in the
LCOS method.

3.2 Generate Uncommon Operators when
Work Sharing Goals are Recognized

Limiting the number of operator alternatives gener-
ated will make the search more efficient, but it does
so at the cost of possibly over looking some opti-
mal (or very good) solutions involving less common
operators. In some cases an operator that might
normally be considered a less desirable way to solve
a goal may turn out to be quite useful when used
in combination with an operator for solving another
goal.

In our example, (Figure 2) it turns out that ma-
chinists considered methods M5 and M9, which use
side milllug to be less desirable ways of cutting An-
gles 1 and 2 than methods M7 and M8, which use
end milling. They preferred end milling over side
milling because the forces on the cutter during side
milling may cause the cutter to deflect, resulting in
a slightly bowed cut. If an end milling operation
was possible, they often didn’t bother to consider
side milling operations like M5 and M9. However,
by falling to consider side milling they also missed
an opportunity to combine the two angles in one set-
up. The resulting plan came out one set-up longer
than in need to be.

A way around this difficulty is to learn special
rules to handle situations in which there is a work
sharing opportunity between operators which re-
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Figure 3: The final plan produced.
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quires the generation of an uncommonly used oper-
ator. It is not necessary to learn special rules to rec-
ognize work sharing situations between common op-
erators. The more typical operators will get gener-
ated, and the optimization algorithm used will find
the work sharing opportunities between the opera-
tions. Observations of the human machinists sup-
port this hypothesis. Three protocols were taken of
expert machinists generating a plan for the example
part (figure 1). Each machinist had more than 
years experience. Only one of the three machinists
noticed that Angle 1 and Angle 2 had a 90 degree
angle between them. He was also the only one to
produce a plan in which both angles were done in
one set-up. His statements imply that combining
the angles in one set-up was a direct result of notic-
hag the 90 degree angle as a cue.

Subject: "Then because you have me
stuck on a vertical machine - axe these tow
faces 90 degrees from each other? ... Sure
looks like 90 degrees to me."

Experimenter: "Yea&. Yeah.
"Cause I remember that as being 90 de-
~rees."

Subject: "Then I finish the part in
one more setting (set-up). I’m gonna put
it up on a sine plate ... clamp it down."

The other machinists, who did not notice the 90
degree angle, only considered making angles by the
standard methods. Noticing the 90 degree angle,
and hence a work sharing opportunity, was crucial
in leading the machinist to consider a normally less
desirable operator. In our implementation we han-
died this case (and other cases like it) by creating
a rule which had in its conditions of applicability
that if the problem contains two angles that are 90

degrees apart, then generate aa operator that uses
side milling on a sine plate. This is how operators
M5 and M9 (see figure 2 ) were generated for the
example.

4 Data Abstractions

In order to make the method work, it is also nec-
essary to greatly limit subgoaling. Experts appear
to be able to do this by encapsulating subgoals into
the top level operator abstractions. For example,
after some experience one can see that all drilling
operations require the same set of subgoals: da-
tum surfaces must be prepared, the part must be
clamped in some way, the spot drill must be loaded,
the part must be spot drilled, the spot drill must
be unloaded, the drill must be loaded. Once all
this is done, the hole must be drilled. Addition-
ally, there may be some trailing operations as well
that must be done with every drilling operations:
burrs must be removed and the part must be un-
clamped. These subgoals and trailing operations
can be encapsulated into a drilling plan (i.e. 
drilling macro-operator). The abstract drilling op-
eration can be expanded into the components or
drilling the drilling plan when needed. Thus, the
drilling plan serves the same function as plot in
SIPE’s terminology [Wil88].

5 Learning Opportunities

There are many opportunities for use of learning
techniques to aid in construction of an expert plan-
ner which utilizes the LCOS strategy. Operators
need to be formated, and conditions of applicabil-
ity learned for each operator. Additionally, inter-
actions between operators must be recognized. It
is not yet clear which what techniques will be best
for each type of information that must be learned.
Most likely, a combination of EBL and inductive

69



techniques will prove most powerful. We can get
some hints as to what methods to apply by observ-
ing humans develop from novice to expert. It ap-
pears that the basic operator formulations are trans-
ferred by direct teaching from the experts to the new
apprentices. However, novices (2 - 3 years of experi-
e.nee) frequently misapply these operators, and fail
to identify interactions within the plan.

Conditions of applicability appear to be learned
over a very long period of time. Because good phys-
ical theories do not always exist which can predict
the behavior of tools and materials in a wide variety
of situations, many conditions of applicability must
be learned through empirical observation. Machin-
ists simply observe how operators behave under a
wide variety of conditions. Over time they develop a
fed for how operator will behave. This might imply
empirical learning techniques are appropriate. How-
ever, machinists also clearly use their understanding
of material properties and mechanics to analyze and
generalize the examples they see, which might imply
that EBL techniques are applicable.

It also appears that there is a distinct order in
which different types of planning knowledge is ac-
quired. Novices must have a grasp of the basic op-
erators before they can start to assemble them into
plans. Once they understand the basic operators
they must learn about conditions of applicability
and they must learn to recognize interactions be-
fore they can start to produce feasible (although
length) plans at 3 to 5 years of experience. All of
these more basic skill must be mastered before at-
tempting to optimize plans. Human machinist do
not start to utilize the LCOS strategy or produce
highly optimized plans until they have 5 to 7 years
experience.

6 Results (Current Status)

Our system produces efficient and high quality
plans. We found, with 95% confidence, that pro-
gram produced plans equivalent in quality to those
produced by humans with 5.85 to 8.67 years of ex-
perience. That is roughly 6 - 9 years of experience.
This evaluation is described in described detail in
[Hay94]. In this evaluation, we used experienced hu-
man judges to measure the quality of the plans pro-
duced by our program against the quality of plans
produced by human experts at various levels of ex-
perience. Quality was judged on criteria of plan effi-

ciency, reliability and suitability for CNC machines.

We have made further developments to our sys-
tem since this test, so we expect that the current
system now performs at a higher level.

7 Future Work

Following are several issues we would like to address
in future work in order to bring our planner closer
to real world applications. First, although we are
able produce high quality plans for a narrow range
of problems, in order to give the planner the ro-
bustness required for factory situations we need to
incorporate much more detailed geometric and pro-
cess reasoning. Thus, we need to model not only ge-
ometric properties of tools clamps and work pieces,
but also how the tools and and materials will be-
have under a broad range of cutting forces and con-
ditions. Will the tools bend or chatter? Will the
part become distorted due to internal stress relief
during cutting?

Additionally, we need to be able to integrate our
planner with other tools in used in the life cycle of
a product. The planner needs to be able to send
and receive information to a CAD system on which
the product is designed, inquire on availability of
tools and machines, send instructions to the ma-
chine tools, robots and shop floor personnel who will
carry out the plans, and integrate feedback from in-
process inspection stations.

Lastly, if the system is to be adaptable and main-
tainable, the system must be designed in such a way
that users can enter rules and planning operators
relevant to the processes used in their own shop.
Existing successful planning and scheduling systems
in industry all share the property that the users can
adapt and tune the system to meet the needs of
their own shop. Without this property, it is diffi-
cult to get a system adopted in a wide variety of
installations,

8 Conclusions

The Least Commitment to Operator Selection
(LCOS) strategy is motivated by the need to pro-
duce high quality plans that are optimized by fac-
tors such as cost, robustness and accuracy. LCOS is
different than the search strategy employed my most
planners in that it explores operators in a way that
makes globally optimization of choices easier. It
takes a global view of operator selection, and makes
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commitments to particular operators only when op-
erator choices for all goals have been explored, has
been observed and implemented in the machining
domain. It has utility in other manufacturing and
design domains as well. Search is controlled by lim-
iting the number of operator alternatives generated.
Other control rules must be formulated to recognize
opportunities where pairs of less common work shar-
ing operators might be employed. The data struc-
tures and control rules for making search manage-
able present opportunities for learning research.
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