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Abstract 
Partially ordered plans have not solved the goal 
ordering problem. Consider: a goal in a par­
tially ordered plan is an operator precondition 
that is not yet achieved; operators, orderings 
and variable bindings are introduced to achieve 
such goals. While the planning community has 
known how to achieve individual goals for some 
time, there has been little work on the prob­
lem of which one of the many possible goals 
the planner should achieve next. This paper 
argues that partially ordered plans do not use­
fully address the goal-ordering problem and 
then presents a heuristic called temporal coher­
ence which does. Temporal coherence is an ad­
missible heuristic which provides goal-ordering 
guidance. Temporal coherence is admissible in 
the sense that if a solution exists in the plan­
ner's search space, then there will be a series of 
goal achievements permitted by the heuristic 
which can produce this solution. 

1 Introduction 
Most planners using partially-ordered plans operate by 
repeatedly transforming a plan until it meets certain re­
quirements. An important and typical requirement is 
that the given plan have no operators with false precon­
ditions. Search must continue until all operator precon­
ditions are true according to the plan's operators, or­
derings and bindings. NonLin [Tate, 1977] was the first 
planner to demonstrate the ability to transform plans 
in this manner through search. Of course, NOAH [Sac-
erdoti, 1977] first introduced the basic idea, but it was 
unable to backtrack over incorrect decisions. NonLin was 
more general in the sense that it was able to reconsider 
previous choices; that is, it could search for a successful 
plan. 

Chapman [1987] has given us the Modal Truth Crite­
rion (the MTC) as a statement of the conditions under 
which a precondition will be true at a point in a par­
tially ordered plan. The MTC is intended to character-

*This work has been partially supported by the Science 
and Engineering Research Council under grants GR/E/05421 
and GR/D/58987, and by the Air Force Office of Scientific 
Research, Artificial Intelligence Research Program. 

ize NonLin's [Tate, 1977] goal achievement procedure. 
The MTC is simply a characterization of the conditions 
under which an operator precondition will be true at 
a point in a partially ordered plan. To actually build 
a planner, one must make this characterization effec­
tive by transforming it into an algorithm for achieving 
outstanding preconditions. Such an algorithm will be 
a key component of any planner. We will refer to any 
precondition-achievement algorithm based on the MTC 
as a goal achievement procedure. 

Chapman's planner, TWEAK, explores its space 
breadth-first. Practical planners cannot afford this lux­
ury [Wilkins, 1984; Currie and Tate, 1985]. Heuris­
tics for selecting among the plan modification operations 
sanctioned by a planner's goal achievement procedure 
are required if plans are to be produced in acceptable 
time. 

Goal ordering is a problem, even if a planner uses par­
tially ordered plans. Suppose that a typical plan for the 
blocks world has on average 4 outstanding goals. Sup­
pose as well that there are on average 3 ways to achieve 
each of these goals. This gives us, on average, 12 ways 
to change an arbitrary blocks world plan into another 
one. Each change is designed to achieve a single pre­
condition. For a typical blocks world problem, suppose 
that 7 plan modifications are required to change an ini­
tially provided plan into one which has no outstanding 
goals. Breadth-first search must therefore explore (at 
worst) 127 partial plans. And the blocks world is easy 
compared to real domains. In part, this explosion results 
from the different choices of the goal to work on next. If 
this choice can be effectively managed then the search 
can be made more efficient. 

A planner's goal achievement procedure says nothing 
about an order in which to pursue goals. The heuristic 
of temporal coherence addresses this problem. It avoids 
working on plans whose bulk preconditions are not con­
sistent. The bulk preconditions for a plan are the overall 
conditions on which the plan depends for its successful 
execution; these preconditions are consistent if they de­
scribe a physically realisable domain state. According to 
this heuristic, if a plan's bulk preconditions are not con­
sistent, then the plan has internal inconsistencies and is 
best avoided. 

960 Planning, Scheduling, Reasoning About Actions 



This paper is about the goal ordering problem in par­
tially ordered plans, and is organized as follows. Section 
2 explains why partially ordered plans do not provide a 
solution to the goal ordering problem. Section 3 presents 
a heuristic which does. 

2 Orderings of Goals and Operators 
2.1 Partially Ordered Plans: 

A Class of Data St ructures 
A partially ordered plan is typically defined to be a set 
of operators and a strict partial ordering over that set. 
Such plans were initially called nonlinear, in the sense 
that planned operators were not necessarily totally or­
dered in time [Sacerdoti, 1977]. The original intuition 
behind this was to postpone decision making as long as 
possible in the hope of more efficient plan construction. 
The actual complexity of reasoning about partially or­
dered plans is made clear by Dean and Boddy [1988]. 
In this paper, we concentrate on the control problem of 
goal ordering. 

2.2 The L inear i t y Assumpt ion : 
A n App roach t o Con t ro l 

Planners must search to construct plans. After first se­
lecting a plan in the search space to work on, a planner 
must next select one of the outstanding goals in that 
plan to achieve. This goal selection is an issue only for 
the planner's control mechanism. The choice has noth­
ing to do with the particular plan representation used. 
Planners using totally ordered plans have the same deci­
sion to make. The plan representation impacts only the 
way in which a goal can be achieved for partially or­
dered plans, a goal achievement procedure based on the 
MTC is appropriate. The problem of goal achievement 
ordering is unaddressed unti l something is said about 
the planner's control structure. The problem of decid­
ing which goal to work on is called the goal ordering 
problem. 

Sussman [1973] presented an approach to the goal or­
dering problem. His approach was based on the "linear 
assumption''; namely, that usubgoals are independent 
and thus can be sequentially achieved in an arbitrary 
order." [Sussman, 1973, p.58]. We refer to this as the 
linearity assumption. 

Sussman's planner, Hacker, could not solve the blocks-
world "Sussman anomaly" problem. This was because 
Hacker's search space was narrowed by the linearity as­
sumption so as to preclude finding a solution to this 
particular problem. Other planners, which built totally 
ordered plans, could solve the Sussman anomaly. For 
instance, Interplan [Tate, 1974] and Warplan [Warren, 
1974] could both solve i t . It appears that NOAH [Sac­
erdoti, 1977], the first partially ordered planner, solved 
the Sussman anomaly through its judicious selection of 
goals, not through its use of partially ordered plans. The 
Sussman anomaly highlights the goal ordering problem. 
NOAH's success with the anomaly is a direct result of its 
approach to goal ordering, but its results don't appear 
to be general: successful goal ordering strategies seem to 
have been built in to NOAH's control structure. 

2.3 Goal Interactions 
Partially ordered plans are often advertized as a "solu­
tion" to the linearity assumption [Stefik, 1981, p. 134; 
Barr and Feigenbaum, 1982, p.520]\ This is incorrect. 
It is simple to show that the logical extreme of partially 
ordered planning, the totally unordered plan, wil l only 
result when the linearity assumption would work anyway. 
To show this we must make a few harmless assumptions. 

We assume that the initial plan provided to the plan­
ner has only two operators, S and F (for Start and Fin­
ish). S is ordered before F, S asserts all of the problem's 
initial conditions and has no preconditions itself (it de­
fines the initial situation), and F has as its preconditions 
the user-supplied goals of the problem. We will call such 
a plan a typical initial plan. An unordered plan is de­
fined to be a partially ordered plan which has one least 
and one greatest operator under the plan's partial order: 
all other operators are unordered with respect to one an­
other. A fault free plan is defined to be one in which each 
and every operator precondition is true by the planner's 
goal achievement procedure. Such a fault free plan is as­
sumed to exist in the space of partial plans defined by the 
goal achievement procedure. For the remainder of this 
paper, we assume that our goal achievement procedure 
is based on the Modal Truth Criterion. 

Theorem 1 // an unordered fault free plan exists then a 
planner with a control structure that makes the linearity 
assumption can generate it. 

Proof. Suppose the planner generates an unordered 
fault free plan. This plan starts with 5 and finishes with 
F. Let the preconditions of F be pi,p2, • • ,Pn- Each 
of the added operators achieves at least one of the pre­
conditions of F, or it would not have been added. As­
sume for now that each operator has been introduced 
to achieve exactly one pi. Label the operator which 
achieves p, as Ai. The plan will be composed of 5, or­
dered before each of the A, (the added operators), each 
of which is in turn ordered before F. Operators in a 
plan are ordered by the planner's goal achievement pro­
cedure based on the truth of their preconditions. Since 
the A, are unordered, their preconditions must be true 
from the initial operator, 5, and remain true through the 
occurrence of all other Aj, j ^ i. Based on this lack of 
ordering on operators, a goal achievement ordering over 
the pj , starting with the typical initial plan, can be in­
duced as follows. Achieve an arbitrary unachieved p, by 
introducing A, and ordering A, —► F. Let the precon­
ditions of A, be qi,q2, • • • , Qm- Any precondition of A,, 
say <jfc, may be immediately achieved from 5. None of 
the other p7, j # i need be considered for achievement. 
Thus all of the preconditions of A, may be achieved be­
fore all other preconditions of F. Repeat the process; 
i.e. achieve another arbitrary unachieved precondition 
of F. This process finds an ordering on the complete 
recursive achievement of the pi, and this is exactly what 
the linearity assumption requires. We started off assum­
ing that each A, achieved exactly one precondition of F. 
Suppose that this is not so: the introduction of one A 
may achieve more than one of F's preconditions. This 
doesn't matter: an operator Ai could be introduced to 
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achieve any subset of F's preconditions. There is still 
no need to achieve any of the other unachieved precon­
ditions of F before finishing with all the preconditions 
of Ai. Therefore, if an unordered fault free plan exists 
then a planner with a control structure that makes the 
linearity assumption can generate it. D 

In fact, the unordered plan specifies that all orderings 
of goal achievement will work; this is of course a stronger 
requirement than is issued by the linearity assumption, 
which requires only that one ordering work. 
Theorem 2 If a planner with a control structure that 
makes the linearity assumption fails to produce a fault 
free plan then there does not exist an unordered fault 
free plan. 

Proof If the user-supplied goals cannot be sequen­
tially achieved in an arbitrary order, then there are no 
operators which achieve these goals which are free from 
interference according to the planner's goal achievement 
procedure. This means that the selected operators will 
not be left unordered by the goal achievement proce­
dure in the plan. Once a goal achievement procedure 
introduces an order to deal with the goal interaction(s), 
there is no chance of finding an unordered fault free plan. 
Orderings are never removed by a goal achievement pro­
cedure (as based on the MTC), only added. Therefore 
if a planner with a control structure that makes the lin­
earity assumption fails to produce a fault free plan then 
there does not exist an unordered fault free plan. □ 

This is not a dramatic result. We have not shown that 
there is no fault free plan, only that there is no fault free 
plan that is also unordered. Many interesting cases lie 
between totally ordered and unordered plans. The point 
is simply that partially ordered plans, just like the lin­
earity assumption, require a certain degree of "freedom 
from interference" among operators. As a result, such 
plans can hardly be viewed as a means for escaping from 
the control structure confines of the linearity assump­
tion. 

3 Temporal Coherence 
Temporal Coherence (TC) is a heuristic which provides 
goal ordering guidance. It obviates the need for exhaus­
tive breadth-first search, is admissible, and allows a plan­
ner to produce a solution in reasonable time. This sec­
tion motivates, defines and explains the use of TC. A 
sketch of the proof of TC's admissibility is also given. 

3.1 Mot iva t ion and Def in i t ion 
The basic principle of TC is this: do not work on partial 
plans which have inconsistent bulk preconditions. Con­
sider: at any point in its search a planner will have a 
partially completed plan. The search begins with an ini­
tial plan, and each partial plan in the search is produced 
by the addition of some operator schemas, variable bind­
ings and operator orderings. Added operators often have 
new preconditions. The search continues until all oper­
ator preconditions are true as judged by the planner's 
goal achievement procedure. 

Each precondition which is true will either be true 
by some added operator, or true as a postcondition of 
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the initial operator. Consider those preconditions which 
must be made true if the partial plan developed so far 
is to be "executable"; such preconditions are the "bulk" 
preconditions for the developed plan. They are precon­
ditions in the plan which the planner's goal achieve­
ment procedure labels as outstanding goals, together 
with those which are not goals only because they are 
true as postconditions of the initial operator. 

TC suggests working on those plans whose bulk pre­
conditions describe a physically possible state of the 
planning domain. By "possible" we mean consistent 
with certain given physical laws. Suppose that a plan's 
bulk preconditions do not describe a possible domain 
state. This would happen only if the operators in the 
plan were not independent of each other, and required 
further sequencing to form a valid plan. Plan modi­
fications sanctioned by the planner's goal achievement 
procedure might well introduce the required orderings. 
But when a planner has the choice between a plan that 
already contains all required orderings and a plan that 
must have the orderings added, it makes sense to choose 
the former. This avoidance of temporary impossibilities 
is a good search heuristic. In our experience it can lead 
to significant time savings in plan construction. 

The above discussion can be made more precise. Take 
the planner's goal achievement procedure and a partially 
ordered plan. Remove the start node and its postcondi­
tions, and call the plan which results the modified plan. 
Let P be the set of all assertions which occur as pre- or 
post-conditions in the modified plan. The primary cut 
of the original plan is defined to be a set of assertions 
C, such that C C P, and Vc G C, c is not true by the 
goal achievement procedure in the modified plan. The 
primary cut of the plan is thus the set of preconditions 
which are not necessarily true by the goal achievement 
procedure in the modified plan. This set gives us the 
bulk preconditions required by the plan for its execu­
tion. 

We would like a plan's primary cut to be logically 
consistent. Unfortunately, full consistency is only semi-
decidable, meaning that a procedure that tests for consis­
tency may or may not terminate. It doesn't make sense 
to base a heuristic on such a test, since a possibly non-
terminating heuristic is of seriously limited utility. How­
ever it is possible to make do with a more limited notion 
of consistency, a notion that we call coherence [Drum-
mond and Currie, 1988]. Specifically, we exploit the fact 
that assertions in a plan are typically non-negated liter­
als. This means that each assertion in a plan is of the 
form 

relation(argi, arg2,..., argn) 
where negation, conjunction and disjunction are not al­
lowed. 

We define coherence in terms of domain-specific con­
straints that give the inviolate laws of the application 
domain. For the blocks world, five constraints are nec­
essary: 1) Blocks cannot both be clear and under some 
other block; 2) Blocks cannot be on two different ob­
jects; 3) Blocks cannot be under two different objects; 
4) Objects are not both blocks and tables; 5) Different 
objects cannot be on each other. 



Figure 1: A block stacking problem. 
Figure 2: The first par t ia l p lan. 

Domain constraints must be given to the planner in an 
appropriate language. We use constraints of the fo rm: 

Such a negated conjunct ion is equivalent to the state­
ment 

Ei ther f o rm of the constraint indicates that at least one 
of the specified relations must not ho ld : i f a l l given rela­
tions in a constraint are true the constraint is v io lated. 

Coherence is weaker than consistency, but it works for 
planners that use only non-negated l i terals, provided also 
that the planner does not al low for inference among the 
assertions scattered throughout a p lan. Th is is typical ly 
a safe assumption, since the goal achievement procedures 
of almost al l planners ignore fu l l inference. 

Of course, the actual efficiency of the coherence check 
is determined by the number and size of the domain con­
straints. For the blocks wor ld example considered there 
are five constraints, and most constraints contain three 
relations to check. In many domains most constraints 
tu rn out to be b inary par t i t ions on alternatives, such 
as ojff and on, open and closed. As a result, comput ing 
coherence is often simple and cheap in practice. 

3.2 A B r i e f E x a m p l e 

A block stacking problem is given in figure 1. This ver­
sion of the blocks wor ld only has blocks in i t : there are 
no inf in i te capacity tables. The effectiveness of TC does 
not depend on this part icular version of the blocks wor ld . 

We use this problem to brief ly i l lustrate the use of 
T C . The plan of figure 2 is used to encode the problem. 
We consider the goal-ordering alternatives open to a hy­
pothet ica l planner tha t starts i ts search at this in i t ia l 
p lan. The "S ta r t " operator in the plan is used to assert 
the problem's in i t i a l s i tuat ion. The "F in ish* operator 
is used to present the problem's conjunct ive goal. This 
plan is contained in the root node of the search space 
that our hypothet ica l planner must explore. 

F i rs t , some simple graphical conventions. Operators 
are drawn as boxes; operator precondit ions are indicated 
by drawing an arc f r om the precondi t ion to the opera­
tor; precondit ions which are also deleted are indicated 
by scoring across this precondi t ion re lat ion; added con­
di t ions are indicated by drawing an arc f rom an opera­
tor to the condi t ion. Precondit ions that are outstanding 

goals (as judged by the planner's goal achievement pro­
cedure) are indicated by under l in ing. 

We assume the global avai labi l i ty of an operator 
schema mcn>e(X, Z,Y) for moving a block X f rom some 
in i t ia l locat ion Z to some f inal locat ion Y. As suggested 
by this schema, variables are denoted by upper case let­
ters and constants are denoted by lower case letters. 
Please note that TC does not depend on this somewhat 
t r iv ia l formulat ion of operators and their effects. Th is 
formulat ion is used only to fac i l i ta te concise explanat ion. 
Since al l the objects we consider are blocks we w i l l not 
always wri te the predicate block(X), bu t rather assume 
it for al l objects X that we deal w i t h . 

The first plan has the goals on and on(b,c). 
There is no other way to achieve these goals except 
through the in t roduct ion of a new operator, derived f rom 
the general schema. Suppose we work on the goal on(6, c) 
f irst. B ind ing an instance of the schema and insert ing 
it gives us the plan in figure 3. (To be compact, we 
have not drawn the Start and Finish operators in this 
p lan, but of course in reali ty, they would be there.) Now 
apply TC to this p lan. The pr imary cut of this plan 
is Th is cut is not co­
herent since it violates the domain constraint which says 
that blocks cannot be both clear and support some other 
block. The plan is not temporal ly coherent, so it is ter­
minated, and the search continues f rom the last choice 
point . Th is was the choice of the achievement of on(b, c) 
over on 

How are we to interpret this goal ordering advice? 
Temporal coherence discarded the plan of figure 3, where 
the assertions oni and clr(b) were both in the p r i ­
mary cut . Th is plan d id not order the two assertions in 
t ime; because of this, it is possible tha t on could 
be achieved temporal ly before the act ion which achieves 
on(6, c). Bu t since on(a. b) is a f inal goal, it must be true 
at the end of the p lan. If the act ion move(b, Zl,c) oc­
curs after whatever act ion is selected to achieve on , 
then the t r u th of on is in jeopardy. Thus, the goals 
have been attacked in the wrong order. The last act ion 
in the plan must be the one which achieves on and 
not on(b,c). 
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Figure 3: Achieving on(b,c) . 

3.3 W h e n W i l l Temporal Coherence Work? 
Each plan suggested by a planner's goal achievement 
procedure is examined by TC: if the plan's primary cut 
is not coherent, we terminate the search at the state con­
taining the plan. If the primary cut is coherent, the plan 
state is retained. The idea is to ignore parts of the partial 
plan search space defined by the planner's goal achieve­
ment procedure. We cannot claim that the parts of the 
space so ignored do not contain plans which are solu­
tions. Al l we do claim is that the subspace which remains 
after the application of TC does contain a solution, pro­
vided that certain restrictions are in force. Necessary 
restrictions apply to the planner's operator schemas and 
initial plan. When these restrictions are enforced, if a 
solution plan exists in the space defined by the planner's 
goal achievement procedure then a temporally coherent 
path to it also exists. 

As per section 2.3 we assume that the search begins 
with a typical initial plan (such as the plan of figure 2). 
We insist that the set of assertions describing the ini­
tial situation given by S be coherent with respect to the 
given set of domain constraints. Likewise, the goals im­
posed by F must be coherent with respect to the given 
constraints. (The specific constraints will be implicit in 
the rest of the discussion.) We assume that a fault free 
plan exists in the space of partial plans. A temporally 
coherent path to this plan is a sequence of plan trans­
formations permitted by the planner's goal achievement 
procedure, such that each partial plan derived under the 
transforms in the sequence is temporally coherent. 

We require our operator schemata to be sound as de­
fined by Lifschitz [1986, definition C]. This ensures that 
if a state description makes sense, i.e. is coherent, then 
the application of an operator preserves this coherence. 

Theorem 3 If a fault free plan exists in the search space 
of partial plans defined by the planner's goal achievement 
procedure then at least one temporally coherent path to 
it also exists. 

Proof Sketch (see Drumrnond and Currie [1988] for de­
tails). First, we need to translate the fault free plan into 
a state-space structure called a projection. We can con­
struct a projection by starting with the "empty state", 
containing no assertions, and apply each operator in the 
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plan in an order consistent w i t h that required by the 
plan's operator ordering. We can apply an operator if 
and only if a l l of the operators which immediately pre­
cede it have already been applied. S is applicable imme­
diately, since it has no predecessors. Typical ly, applying 
an operator means acting on the assertions specified in 
its delete- and add-lists. To derive a successor state, we 
first delete al l the formulae in the operator's delete-list, 
and then add al l the formulae in its add-list. This gener­
ates a successor state in the project ion which describes 
the state of the environment fol lowing successful execu­
t ion of the action denoted by the operator. 

The in i t ia l state, that state produced by the applica­
t ion of 5, is coherent by assumption. By the operator 
soundness requirement, each successor state in the pro­
ject ion w i l l also be coherent. We can use this projection 
as a demonstration of the existence of (at least one) tem­
porally coherent path for plan construction. The final 
successful plan must be bui l t up step by step, w i th the 
addit ion and ordering of new operators. We can add op­
erators in any order licensed by the order in which the 
operator names appear in reverse paths through the pro­
ject ion; each part ia l plan we produce in this way wi l l be 
temporal ly coherent. Consider: start ing w i th the typical 
in i t ia l plan, we can add any one of the final operators 
which is indicated by the corresponding instance in the 
project ion. We can do this recursively un t i l al l opera­
tors are added to the in i t ia l plan ( i .e. recurse unt i l we 
arrive at the application of the in i t ia l operator, 5, in the 
projection). 

The in i t ia t ing state for an operator in the projection 
(the state on which the operator depends for the t ru th 
of its preconditions) is coherent by the above argument. 
The pr imary cut of the plan which has been constructed 
by the addit ion of operators up to and including the 
operator w i l l be a subset of this state. It must be, or 
the remainder of the plan would not be applicable, and 
the projection could not have been constructed: recall 
that a plan's pr imary cut is its set of bulk preconditions. 
Since subsets of coherent sets are coherent, the pr imary 
cut of each part ia l plan w i l l also be coherent. 

This means that at least one temporal ly coherent path 
of construction exists to the f inal fault free plan. More 
than one path may exist. The number of paths is deter­
mined by the number of different reverse routes through 
the plan's project ion. The number of paths increases 
w i th the factorial of the number of unordered operators 
in the fault free plan. Therefore if a fault free plan ex­
ists in the search space of part ia l plans defined by the 
planner's goal achievement procedure then at least one 
temporal ly coherent path to it also exists. 

3.4 T h e H i s t o r y o f t h e I d e a 

Warren [1974] was the first to suggest the use of domain 
constraint informat ion, although he only applied it to 
total ly ordered plan structures, and used it to guide the 
insertion of operators into developing plans. The idea 
of applying a slice-wise consistency analysis to part ia l ly 
ordered plan structures was first presented by Al len and 
Koomen [1983]. In their formulat ion however, violated 
domain constraints were used to suggest alternative or-



derings of already planned operators. But this is not 
the way that NonLin derivative planning systems work 
[Tate, 1977]. Chapman's [1987] formalization of NonLin 
is the base that we take for the application of domain 
constraints. TC is the application of such constraints to 
partial plans; plans which only might be on route to a 
solution are rejected in the interest of efficiency. Other 
uses of the consistency argument have been advanced; 
see for instance, Ginsberg and Smith [1987a, 1987b], and 
Drummond [1986a, 1986b]. TC has been implemented 
and tested in the O-Plan system [Currie and Tate, 1985]. 
Initial results in simple domains are promising, and work 
is underway to apply TC to larger domains where the 
problem of search control is more acute. 

4 Conclusions 

Partially ordered plans have not solved the goal ordering 
problem. The goal ordering problem is tackled by heuris­
tics such as the linearity assumption which prevents re­
cursive subgoals from being interleaved with goals at a 
higher level. Of course this introduces incompleteness, 
but it is a way of reducing the search. This paper has 
presented TC, an admissible heuristic for the goal order­
ing problem. TC works by avoiding plans with internal 
ordering problems. These internal problems are detected 
by analyzing the plan's bulk preconditions. Inconsistent 
bulk preconditions indicate that the plan will require cor­
rective ordering work in the future. We have shown that 
such work should always, and can always, be avoided. 
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