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Abstract
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(1991) 49-86.

O-Plan is an Al planner based on previous experience with the Nonlin planner and its
derivatives. Nonlin and other similar planning systems had limited control architectures
and were only partially successful at limiting their search spaces. O-Plan is a design and
implementation of a more flexible system aimed at supporting planning research and
development, opening up new planning methods and supporting strong search control
heuristics. O-Plan takes an engineering approach to the construction of an efficient
domain-independent planning system which includes a mixture of Al and numerical
techniques from operations research.

The main contributions of the work are centred around the control of search within
the O-Plan planning framework, and this paper outlines the search control heuristics
emploved within the planner. These involve the use of condition typing, time and
resource constraints and domain constraints to allow knowledge about an application
domain to be used to prune the search for a solution.

The paper also describes aspects of the O-Plan user interface, domain description
language (Task Formalism or TF) and the domains to which O-Plan has been applied.

1. History and technical influences
O-Plan was initially conceived as a project to provide an environment for

specification, generation, interaction with, and execution of activity plans.
There are three distinct components (see Fig. 1): the planner’s workstation
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Fig. 1. O-Plan overview.

or user interface, the plan generator, and the execution monitoring system.
The main effort has been concentrated in the area of plan generation. Plan
generation is difficult and it is a classic example of a search problem in Al
The main target of this research is therefore search space control. The outputs
of this study are a better understanding of the requirements of planning
methods, improved heuristics and techniques for search space control, and a
demonstration system embodying these results in an appropriate framework
and representational scheme.

The story of O-Plan starts from a software engineering viewpoint, namely
how to build an open architecture for an Al planning project with the aim
of incrementally developing a system resilient to change. It was our aim at
the start of the project to build a system where it was possible to experiment
with and integrate developing ideas. Further, the “final” system was to
be tailorable to suit particular applications. Section 2 briefly describes the
components of the system in which the overall controller and some of the
internal “knowledge sources” can be customised or replaced by the end user.
O-Plan is intended to be a domain-independent general planning and control
framework with the ability to embed detailed knowledge of the domain. Of
course, 100% flexibility can never be achieved. The user does have to live
with some basic design features and planning philosophies. The primary
limitation being the least commitment approach taken by the system.

O-Plan grew out of the experiences of other research into AI planning,
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Fig. 2. Planning taxonomy.

particularly with Nonlin [46] and “blackboard” systems [33]. We have
included a taxonomy of earlier planning systems (Fig. 2) which places O-
Plan in relation to the influences on its design. It is assumed that the reader
is familiar with these works as the bibliography does not cover all of them
(see [1] for an introduction to the literature of Al planning).

The main Al planning techniques which have been used or extended in
O-Plan are:

e A hierarchical planning system which can produce plans as partial
orders on actions (as suggested by Sacerdoti [35]), though O-Plan is
flexible concerning the order in which parts of the plan are expanded.

¢ An agenda-based control architecture in which each control cycle
can post pending tasks during plan generation. These pending tasks
are then picked up from the agenda and processed by appropriate
handlers (HEARSAY-II [27] uses the term knowledge source for
these handlers).

e The notion of a “plan state” which is the data structure containing the
emerging plan, the “flaws” remaining in it, and the information used
in building the plan. This is similar to the work of McDermott [31].
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e Constraint posting and least commitment on object variables as seen
in MOLGEN [40].

e Temporal and resource constraint handling, shown to be valuable in
realistic domains by Deviser [52], has been extended to provide a
powerful search space pruning method. The algorithms for this are
incremental versions of operational research methods. O-Plan has
integrated ideas from operations research and Al in a coherent and
constructive manner.

e O-Plan is derived from the earlier Nonlin planner [46] from which
we have taken and extended the ideas of Goal Structure, question
answering (QA) and typed preconditions.

* We have maintained Nonlin’s style of task description language (Task
Formalism or TF) and extended it for O-Plan.

As with most planning systems intended to operate in realistic domains,
control of the search and the management of conflict between competing
actions has been the focus of the work. The eventual aim of all such systems
is to incorporate techniques which should scale up to tackle the expected
complexities.

2. O-Plan architecture

O-Plan is a domain-independent planning system and its structure is
shown in Fig, 3.

O-Plan is built up in a succession of layers of functionality in order to
support the control requirements in a concise manner. At the lowest level are
the basic support modules such as the O-Base functions-in-context database.
This is used to provide support for effect and condition maintenance in a
context layered fashion. In turn the effect and condition manager maintains
“clouds” of (aggregated) side effects and holding periods (ranges) for effects
contributing to the satisfaction of necessary conditions in the plan state
being developed [48]. Moving up the layers, this is turn provides support
for QA (question answering) which is the basic reasoning component within
the system. QA results drive plan state alterations made by the planner’s
knowledge sources which in turn are maintained by the net management
module. Thus, at the highest level of the structure of O-Plan are the planner’s
knowledge sources, which include a means to interact with the user.,

The Task Formalism or TF domain description is compiled into data
structures, to be used during the plan generation process—in particular,
activities are represented as schemas. The left-hand side of Fig. 3 denotes
the plan state, which comprises the emerging plan (based on the partial
order of activities), the list of plan flaws, and internal detail such as the
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Fig. 3. O-Plan modules.

Goal Structure (cf. Nonlin’s GOST [46] and SIPE’s plan rationale [53]),
the effects of activities (¢f. NOAH’s table of multiple effects or TOME
[35]) and plan variables. The flaws are posted onto agenda lists, which are
simply lists of outstanding tasks to be performed during the plan generation
phase, and are picked off by an overall controller to be processed by the
knowledge sources in the middle of the diagram. These in turn may add
detail to the plan state, for example by expanding actions to greater levels
of detail, establishing how conditions are satisfied (via the QA procedure)
or posting new flaws as a result of detecting interactions.

The process has some similarity to the basic flow of control in blackboard
systems. The design, coupled with the modularised software engineering ap-
proach taken, has provided O-Plan with sufficient flexibility to support our
research. There are a range of flaw types and each is matched with an appro-
priate knowledge source which can process the particular flaw. Recognised
flaw types (and hence knowledge sources) include expand, conditions,
linkings, effects, variable bindings and even the user. This approach
~ allows for the extension of the capabilities of the system. Table 1 shows the
set of knowledge sources used in O-Plan.
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Table 1

Main O-Plan knowledge sources.

[ Knowledge sources

expand_node Uses schemas to add detail to the plan by expanding actions

condition Satisfies the various types of conditions on actions in ap-
propriate ways

effect Records effects and checks for interactions

jotter_effect Allows for information to be associated with the overall
plan state rather than with some specific action

object_var Restricts or binds the value of a variable in the plan state

alternative Allows alternative choices 1o be represented and considered

or Handles the network linking disjunctions and alternative
variable bindings suggested by the QA process

sequence Logically relates a number of plan flaws to be scheduled in
a pre-fixed order

user In the prototype O-Plan system, the user has access via a

high priority knowledge source with interaction capability
with the system

Flaw descriptions need not be fully instantiated. However, the knowledge
sources can only process fully specified tasks so O-Plan maintains two
agenda lists holding outstanding flaws. The main agenda is used to post
fully specified flaws, which can be immediately scheduled by the controller
for processing, and a second agenda holds those flaws which require further
detail before they can be released for handling by the relevant knowledge
source. Once these are fully detailed they can be moved over to the main
agenda and scheduled as normal. There are scheduling related agenda entries
to give flaw ordering advice to the controller (we call these sequence agenda
entries),

Control of the agendas centres around the ability to pick off the “next most
opportune” flaw at each planning cycle (a cycle starts and finishes with the
picking and processing of a flaw) and this relies on being able to recognise
what is the next best thing to do. It is difficult to achieve this ideal at this
primitive flaw level for all flaw types as the controller cannot be equiped
to know every issue of search space control: some aspects require detailed
knowledge which is domain-specific. for instance, The various means to
achieve conditions, in particular, offer the opportunity of control of the
search at a different level in the system from the controller and this became
one of the issues of this study. Our understanding of the dynamics of the
plan generation process is the limiting factor to the implementation of a
totally dynamic flaw controller which can exhibit opportunistic behaviour.
One influencing factor, for example, is recognition of flaws on the agendas
which have become out of date. If the introduction of an effect or condition
requires a series of ordering links to be included in the partial order (held
as a type of flaw), then we have to be able to recognise that working on one
suggested linking may make other flaws already on the agenda out of date.
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Let’s be clear about why there may be more than one suggested link on
the agenda at any point in time (see Sacerdoti [35], Tate [46] or Wilkins
[53] for description of resolving interactions). If an operator is introduced
into the plan, it may itself introduce more than one effect (as well as
conditions, actions, etc.). If in introducing these effects into the plan we
find that each causes a (different) potentially harmful interaction in the
existing partial order, then we have to resolve these interactions. This is
done in O-Plan, as in Nonlin, by suggesting linking strategies between nodes
in the plan which resolve the problem—in general there will be choice of how
to link to remove any single interaction. If we maintain the aim of search
space completeness, then we have no a priori reason for performing one
linking action before any other. O-Plan recognises this and hence puts these
flaws on the agendas awaiting opportunistic scheduling by the controller.
When one of these flaws is actually handled then the others may become out
of date, since the partial order may further restrict the orderings possible.
It has to be reworked to reflect the changes made to the network. O-Plan
includes means to efficiently limit outstanding order linking flaws as such
changes take place. O-Plan however does not perform true opportunistic
scheduling in all respects. It is a manifestation of the general problem of the
ordering of possible choices which provided the focus of much of our work.

O-Plan currently assigns priorities to every flaw placed on the agendas at
the time they are placed. The priorities are calculated from the flaw type and
the degree of determinacy of the flaw which is a measure of choice within
the flaw. Flaws may still contain choice, even when all detail describing the
choice becomes fully ground and the flaw 1s thus available to be scheduled
for processing by the relevant knowledge source. The ability to build up
triggering information around an agenda entry in an incremental way prior
to knowledge source activation is an important feature that ensures that
work done in checking conditions can be saved as far as possible. There are
some similarities to newly proposed real-time responsive architectures such
as RT-1 [39].

The problem of ordering of choice making is crucial and often ignored. In
his work on the TWEAK planner, Chapman [8] says “I'll assume that the
nondeterministic control structure always guesses right the first time”. He
was talking about goal ordering! at this point, and this is probably the most
important ordering problem in planning but not the only one. To motivate
the problem even more, consider how fast the search space defined by
Chapman’s modal truth criteria (the equivalent of Nonlin and O-Plan QA)
might expand. Suppose that a typical partial plan for the block world has on
average four outstanding goals (hardly an excessive number). Also, suppose

'AND ordering—which goal to tackle next.



56 K. Currie, A. Tate

that there are on average three ways to achieve each of these goals (very
plausible, with the possibilities of binding variables, ordering operators, and
introducing new operator schemata). This gives us, on average, twelve ways
to change an arbitrary block world plan into another one. Each change 1s
designed to remove (at least) one goal (and perhaps introduce others).
For an average block world problem, suppose that seven plan modifications
are required to change an initially provided plan into one which has no
outstanding goals. This tells us that breadth-first search will explore (at
worst) 127 partial plans. For a seemingly trivial block world domain, a
search space of this size is remarkable. If a means of correctly ordering
these goals can be found (planning without the guesswork ), then this space
will be drastically reduced, surely one of the prime aims of planning. We
cannot realistically expect such search space control issues to lie solely with
the system controller.

Dependency information to guide choice is another story and is difficult
to use. This may seem surprising since several systems already claim to
be using “dependency-directed backtracking”. In practice, only limited use
of dependencies is made in implemented planners. Dependency-directed
backtracking (and other backtracking schemes) seems rather impotent when
one considers their role in search guidance. They simply allow you to search
the search space without an excess of repeated effort. What one really wants
to do is prune the search space. This is the subject of Section 4 of this paper.

Finally, control in O-Plan can be driven by the user. The user can elect
to control each and every cycle of the planning phase, making every choice
al every stage, or the user can elect to intervene selectively or even not at
all. The (computer) system can detect the user’s desire to intervene and can
schedule a high priority user flaw on the agendas for immediate attention:
another example of uniformity in the system. In practice though it is very
difficult for even an experienced user to take effective control of the system.
This is due to the complexity of the Al planning process itself. Further
details of control in the open planning architecture can be found in [13].

3. Domain, task and plan representation

In O-Plan we were guided by the desire for uniformity in task description,
goal or problem setting, action representation (the inputs) and plans (the
output). The representation chosen is a means of specifying the overall
effects of the application of an operator on a world state. Operator de-
scriptions, or operator schemata, are action characterisations. Each schema
describes an action (or more generally a process) in terms of the action’s
preconditions and effects, relevant temporal and resource constraints, and
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its action description. As with many other planning systems O-Plan adheres
to the notions first used in a basic form in STRIPS [24] to describe these
preconditions and effects of the operators as well as describe the action
associated with the operator. O-Plan operators make use of a basic building
block which is a pattern which can represent a function of arguments with
a value, not necessarily restricted to binary truth values:

{function argl arg2 ...} = value,
for example,

{on Blockl Block2} = true,

{filter_colour camera 1} = red.

Supporting these patterns is the functions-in-context datastore which holds
the entity/relationship data as statements with values in context [47] (also
called “viewpoints” or “possible worlds™ in other systems). Context layering
provides efficient storage of a possibly rapidly changing database by layering
alterations made to earlier states of the database. This allows search to be
continued in parallel if necessary in the system, by supporting the back-
tracking functions required during the (failure of the) search processes. The
model also allows for retrieval of partially specified items in the database.
Except for the first word (the function predicate) the other terms in a pat-
tern can specify ground or non-fully ground atoms. It can even include other
nested patterns. Support for these operations in O-Plan is efficient then in
terms of storage and lookup. Hardware support for the functions-in-context
data model has been considered [32].

Another important building block for the data structures used in O-Plan
is that of min-max pairs specifying lower and upper bound values on some
numeric quantity. Numeric quantities are important in the system as O-Plan
uses time and resource constraints to improve search space pruning. The
algorithms implemented to perform this pruning are most appropriate in
a planner where the values of plan variables affect actual resource usage
specifications, start times, finish times, durations, and waits (or delays) on
activities. A fundamental philosophy in O-Plan is that of a least commitment
approach, thus it is possible that plan variables will not be fully instantiated
at intermediate stages of the planning process. So, a pair of numeric bounds
are used to represent any uncertain numeric quantity in the system.

The numeric lower and upper bounds (which might be as imprecise as 0 to
oo ) may be derived from symbolic formulae containing other variables which
are not fully instantiated. As variables are restricted or further instantiated,
the formulae affected are reconsidered to see if improved (tighter) numeric
bounds can be computed. Symbolic interval arithmetic, such as described by
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Bundy [41], may be used to derive this, though this has not been included
at this stage.

Pairs of bounds on quantities which a planner must reason about are
useful representational tools in the following situations:

e aggregation over alternatives (e.g., resource usage may not be unique-
ly defined until one of several alternative methods of performing an
activity is chosen);

e uncertainty in modelling the application domain (e.g., inability to
specify the exact duration of an activity or know the exact execution
time situation);

e flexibility in modelling the application domain (e.g., an activity may
start at any time during some given interval).

In practice, there may be a third component of any numeric variable
which we term the projected value. This is used to record predictions of
actual values for heuristic selection, among other purposes.

3.1. The operators

The actions of the domain are described to the system through the Task
Formalism (TF) operator representations. These operators have to include
the pattern-based descriptions (effects, precondition, etc) as well as the
numerical constraints and any plan fragments outlining the action expansion
details of the (high-level) operator. O-Plan uses the {function argl arg?

.} = value notation for effects, where the value is true by default but
can take any value including false, numbers, clements of enumerated sets,
etc. In this way, only an effects list is necessary rather than separate add-
and-delete lists that were required in STRIPS since the value false can be
used to “delete” an effect. The aim of the Task Formalism is to produce
an improvement in descriptive power over the previous plan description
language used in Nonlin. We are aware of the limitations of the ad hoc
nature of the result. We have been pre-warned; Bundy [7] noted that the
Al world “abounds with plausible looking formalisms, without a proper
semantics. As soon as you depart from the toy examples illustrated in the
paper, it becomes impossible to decide how to represent information in the
formalism or whether the processes described are reasonable or what these
processes are actually doing”. Even though we have gone for expressiveness,
coupled with ease of use, the actual coding up of a domain description in
TF remains a difficult job.

One powerful means of restricting search in a planner is to recognise
explicit precondition types, as introduced into Nonlin. Conditions play a
greater role in O-Plan than in previous systems since there is no special
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notion of goal. Nonlin-style goals are simply achievable conditions in O-
Plan. Other condition types include:

* supervised: This is satisfied by a subactivity within the same overall
activity.

* unsupervised: This is satisfied outwith the overall activity by some
outside agent, possibly another “contractor” working earlier or in
parallel.

e query: It was recognised that some conditions were used in operator
descriptions in earlier planners to ensure a variable was bound at
some required point. Making this explicit can give the planner a
lot of information about the importance or otherwise of the work
it will be involved in. Some of the success of this project relates
to the embedding of Goal Structure, or teleological information,
into the eventual plan structure and this condition type shows a
simple example of noting a low level of commitment to a chosen
binding.

¢ only.use_if: This is of similar intent to the Nonlin holds or usewhen
condition? but this tidies up the confusion and commitment to
satisfaction that was required in that system. It is satisfied by en-
vironmental information known at the time this condition becomes
relevant. It has the effect of operating as a gate condition on the
applicability of operators.

Other condition types can be identified but the problem is where to stop.
This is worthy of a serious study, in its own right, into control in planners
via condition types and could form an ideal Ph.D. topic.

Condition typing allows information to be kept about when, how and
why a condition present in the plan has been satisfied and the way it is
to be treated if the condition cannot be maintained. However use of this
information itself will almost certainly commit the planner to prune some
of the potential search space thereby losing claims of completeness of search
if the TF writer uses an inappropriate condition type. Unfortunately this
puts a great burden on the domain writer and makes domain writing a job
more suited to the Al or search space expert. The other extreme is the
TWEAK-type [8] formal approach which almost necessarily includes no
search control issues. Chapman’s work therefore provides a description of
the search space, but not a specification of how to control search in that
space.

Now let us see how these details are used in writing operator descriptions.

?Nonlin employed the usewhen condition type as a filter on the applicability of a particular
schema to the current situation. For instance if objects 1o be moved were heavier than the limit
on a particular lifting device then schemas mentioning this device should not be considered.
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3.2. A block operator

The operator schema below shows how a simple puton operator for the
block world would look. This is not the only way to code up this particular
action descriptions.

schema puton;
vars 7x = undef, ?y = undef, 7z = undef;
expands {put ?x on top of 7y};
only_use_for_effects
{on 7x 7y} = true,
{cleartop 7y} = false,
{on ?x 7z} = false,
{cleartop 7z} = true;
conditions
only_use_for_query {on 7x 7z} = true,
achievable {cleartop 7y} = true,
achievable {cleartop 7x} = true;
endschema;

The expands statement describes the parameterised action description, used
in this instance to annotate a single plan network node that would result from
using this scheme. only use_for_effects and general effects are separated
to differentiate between those effects that would provide a reason for using
the schema and those which are regarded as side effects. This operator
schema has no side effects—all the effects available are considered as usable
to satisfy conditions elsewhere within a plan. Note that there is no separate
add and delete list for the effects but that there is the notion of retraction
or negation of an effect using the value associated with the effect.

An operator schema can be thought of as a triangle with two points of
entry. One relates to the possible use of a schema to provide an effect to
satisfy a condition (this is the case for this block world schema), the other
as a means of refining or expanding an action to a lower level of detail.
Look below for an example of this. The third side of this triangle is the
pre-conditions.

cxpansion

T

conditions  —— — cffects

The conditions in puton are split between two that are required to be
achieved during the planning process in order to be able to use this schema



