


A retrospective on the "Planning: A Joint AI/OR Approach" Project

Lesley Daniel and Austin Tate

This memo collects together material produced to report the outcome of
the Science Research Council (now SERC) grant on "Planning: A Joint
AI/OR Approach". It is being produced to respond to requests for further
information on the final state of the project (which ended in 1978) and the
task domain being tackled. The task domain involved the planning of overall
procedure for electricity generation turbines. The application part of the
work was carried out in conjunction with the Central Electricity Generating
Board OR group. This part would be called a "Generative" Expert System if
it was written today. For further detail, the final report should be read
in conjunction with DAI memo 25 "Project planning using a hierarchic non-linear
plannexr" by Austin Tate and DAI memo 24 "Planning: modifying non-linear plans"
by Lesley Daniel.

Also as an outcome of the research, a proposal was made to SRC in 1976
to extend the hierarchic non-linear planning work and improve the use of
meta-planning aids such as "Goal Structure" to construct an "Integrated
approach to planning, plan execution and plan monitoring". The proposal
was subsequently funded by SRC but the lead researcher had left DAI by that
time. The proposal is left intact although pages 19 to 21 of the AI/CR
project final report repeat some material. The Task Formalism examples in
the proposal reflect an early version. DATI memo 25 reflects the adopted
form.

An interesting (now widely recognised) link between AI non-linear
planning techniques and the generation of scheduling information for cooperating
parallel processers with a message passing system is explored in a short note
included in this retrospective.

Further thought on the gquestion answering system used in network (as
opposed to tree structured) change levels to a word model are described in
the next paper.

_ The final paper gives the user notes for the NONLIN planner and its
critical path method package as it was used for the later stages of the project.
These notes are included since they describe user interaction procedures to
enable the task formalism descriptions for the domain to be built incrementally
by the experts involved.
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PLANNING: A JOINT AI/OR APPROACH

Final Report

1. Introduction

The aim 'of the project “Planning: a Joint AI/OR Approach" has been
to investigate ways of aiding a human user in the process of constructing
project networks. To this end, we have developed systems based on Al
work on plan-generation.

The planning system NOAH developed by Sacerdoti (1975a, 1975b) for
the computer based consultant project at Stanford incorporated novel ideas
for the representation of a plan as a partially ordered network of actions
{a procedural net). This is in contrast to previous work which concentrated
on the generation of linear sequences of action, e.g. STRIPS (Fikes and
Nilsson,'197l), LAWALY (Siklossy and Deussi, 1973), INTERPLAN (Tate, 1974)
etc. Knowledge about a domain is given to NOAH in a language SOUP to ex-
plain the decomposition of high level tasks into more detailed lower level
actions.

Work at Edinburgh has investigated the use of partially-ordered networks
of actions to represent a plan at any stage of development. Such networks
are in a suitable form for the use of critical path analysis techniques
having only those ordering constraints imposed by the fact that either

an action achieves a condition for a subsequent action, or

an action interferes with an important effect of another action and

must be removed outside its range.
We have adopted Sacerdoti's philosophy of hierarchical planning where plan-
ning proceeds in stages qt progressively greater levels of detail and, at
each stage, the current plan is représénted as a graph where the nodes
represent actions (or goals to be achieved) and the edges ordering relations
{links) betwéen them. The graph is refined by expanding each node into a
more detailed sub-network of nodes and adjusting the orderings accordingly.

In the first phase of the project, we were concerned with the develop-
ment of a general hierarchical planningvéyéééﬁ; our intention has been not
only to write programs which perform well in a particular problem domain but
to structure the programs so that the various aspects of the planning process
can easily be identified. Accordingly the problem was attacked under several

headings:

(1) Task Formalism a formalism for defining a hierarchy of actions and

goals-



Planner a program which uses the task formalism to generate plans
in the hierarchic manner described above.

(i1i) Optimization Procedure since we are interested in practical problems

considerations of efficiency are important and the planner must produce cost
effective plans. Accordingly, we have developed criteria for choosing
efficient alternatives,

(iv) Modifying Plans a decision-graph has been implemented to record the

relationship between decisions made in generating a plan and allow appropri-
ate modification of the plan to recover from failure.

In the second phase of the project the general planning system was
adapted to cope with ‘a practical application to the problem of repeatedly

generating plans for the annual overhaul of power-stations.

2. Task Formalism

At the outset of the work the problem of specifying a domain to a
problem solver in a hierarchic fashion was recognized as being of primary
importance and a uniform and straightforward method of description was
sought.

The formalism allows high level definitions of a task to be given;
each part of which can be expanded into lower level descriptions and so on
down to some arbitrary level which the user of the brogram requires as out-
pﬁt. Each lower level component can be specified in a modular way - not
requiring knowledge of the exact form of the other components.

The specification of an action must specify how it may be expanded
into more detailed sub-actions (there may be alternative expansions for an
action e.g. different methods for installing electrical wiring) and how
the constituent actions relate to each other. Rather than explicitly ex-
pressing orderiné constraints in terms of precedence relations between
actions, the task formalism allows specification  of the conditions which
must hold before an aétion can start (e.g. the walls of a house must be
finished before the roof can be built) and the changes an action makes to
the world (i.e. making some conditions true and some false) leaving the
Planning system to deduce feasible ordering relations. Thus, the task
fofmalism allows individual actions to be specified independantly of other
actions in the plan.

The task formalism allows the specification of a hierarchy of actions
in terms of schemas (called opschemas) for an expansion which specify:

(i) pattern the pattern of an opschéma determines for whicﬁ actions

the expansion is suitable,
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(i) expansion the constituent actions (or goals) are specified as a partial orde
(ii1) conditions the conditions which are required by the constituent actions.

(iv) effects - the changes which are made to the world model.

3. Planner

The planning system uses a hierarchic specification of the problem domain
(expressed in the Task Formalism) to plan at progressively more refined levels of
detail. At each level the plan is represented as a graph where the nodes represent
actions (or goals) and the edges ordering relations between them. Each node has
associated with it:

(i) the node type action, goal, phantom (a goal which has been achieved in

another part of the plan).
(ii) pattern i~ . ’ : ms T mTs oI T oo S ot
against the patterns of opschemas. R

(1iii) node context contains the effects of the node.

(iv) the node was inserted as a result of the expansion of its
parentnode.
(v) prenodes a list of nodes linked immediately before this one.

succnodes a list of nodes linked immediately after this one.

Two other data. structures are built by the planner:

TOME - the table of multiple effects stores information about facts made true or
false at different nodes.

GOST - the goal structure records the conditions on nodes along‘with the con-
tributors to a condition (those nodes which make the pattern true). The
goal structure thus specifies a set of time "ranges" for which the truth of
certain conditions must be maintained. The use of goal structure in
problem solving was first described by Tate (1974, 1975).

The planning cycle consists of expanding nodes in the network - i.e. replacing

a high level action by a subnetwork of more detailed actions - and then looking

for interactions with other parts of the plan. ]

Goal nodes are expanded by first looking to see whether the goal is already
achieved by soﬁe other action in the plan and, if necessary, adding links to
make the goal true at the point required (e.g. in overhauling machinery it

is necessary to remove the cover to gain'access to a component and it is

worthwhile looking to see whether'an action to remove the cover has already

been included because of a repair to another component, the node is then

made a phantom node and a record of this fact kept by adding a phantom

condition to the GOST. If the goal node cannot be made a phantom it is

expanded, in the same way as an action node, by finding an expansion



opschema whose pattern matches the pattern of the node.

The éxpansion of a node causes the introduction of new conditions (on
the new nodes) and new effects and the planner seeks to ensure that the
conditions are satisfied and the effects do not interfere with conditions
on other nodes in the network. It may be necessary to add new links to
the network to remove an endangered condition out of the range of a node
which denies the condition (e.g. in a housebuildiné task, it is necessary .
to have access to brickwork beforé electrical wiring can be installed,
plastering the brickwork denies this access and cannot be done until after
the wiring has been installeg).

In general, an interaction involves three nodes (A, B and C below).

If action A achieves a condition required by action B and made untrue
by action C, an interaction occurs unless C is already a predecessor of A
or a successor of B. The interaction can be resolved byladding a link to
ensure that C is outside the range of the condition in question and three
cases must be considered:
(i) the interaction is totally unconstrained because C is parallel to
both A and B - in this case, the interaction can be resolved either
by linking C as a predecessor of A or as a successor of B.
the interaction is constr;kned'because C is already linked as a
successor of A - the inter§ction must be resolved by linking C as
a successor of B,
(iii! the interaction is constrained because C is already linked as a pre-
decessor of B -~ the interactioq must be resolved by lihking C as a

predecessor of A.

4. Efficiency Criteria

Since we are interested in practical problems considerations of effic-
iency axe important and the planner must prodﬁce cost~effective plans. A
preliminary step was to determine criteria for judging the efficiency of
alternative plans. éuch Plans have a sét of constituent actions each with

cost of execution and duration. A suitable measure of the efficiency of



a plan must trade-off the total cost of the constituent actions against

the overall duration of the project. In many cases it is easy either to

assign an overhead cost to the duration of the project or a penalty cost

to any delay beyond a fixed duratibn. For example, if the project in

question is the overhaul of a power station, the cost of having the station

out of action can be measured as the additionalvcost of generating power by

a less efficient alternative. For example, the overhead cost per day

may be greater for a modern nuclear power station than for an old coal-

fired station. It is very common for building contréctors to insert

penalty clauses in their contracts whereby they undertake to make penalty

payments for-delays beyond an agreed completion date. '
One possible formulation of the problem of generating an efficient plan

is fhat of choosing a set of activities P which will pexrform the specified

task and minimise the objective function

c=1I°%% +«xr
ieP
where ®i is the cost of the ith job
k is the overhead cost per day
T is the duration of the project in days

There have been several studies (Crowston & Thompson) which have assumed

the choices of alternative-actions can be incorporated into a single
graph which allows alternatives to have different predecessors and, in
previous work (Daniel, 1974) we have considered ways of searching such a
graph for a good solution.

We now considexr ‘'such an approach to be inadequate for the following
reasons:

(1) The coéplexity of carrying along alternatives is too great because of
the combinatorial explosion of interactions between different actions.

(ii) The representations (e.g. and/or graphs) proposed for networks with
alternatives aré inadequate for the complexity of the problem.

An alternative approach to the problem of ¢hoosing efficient plans sug-
gests that plans can be generated at'different levels of detail and that, at
each level in the hierarchy choices be maée between different actions and
different ways of resolving interactions. Thus no alternatives are kept in
the network as it is expanded to the next most detailed level, but efficiency

criteria are considered when choices are being made.
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5. Modifying Plans

At various stages in the planning process choices are made between
alternatives. However well orgénized the planner,there is always the
possibility that a wrong choice will be made resulting in either an.in-
feasible or a very inefficient solution. Recovery from such a failure
involves identification of the decision responsible for thebfailure and
appropriate modification of the current plan. In oxrder to facilitate .
such modificatiocon proéedures, a separate structure called a "decision graph"
has been implemented to record the relationships between decisions made in
generating a.plan. '

Hierarchical planning corresponds to choosing between alternative plans
at each level in the hierarchy. Because, at each lével, the planner-is
working on a complete plan, global information is available to direct the
choice and, moreover, because high level plans have relatively few actions,
it is possible to make a comprehensive investigation of the search space
for that particular level. A planner which explored the whole search
space at egch level of detail and did not back-track between levels would

have a complete search space as shown in fig. 5.1.

fig. 5.1
The expectations of such a system are:
. It is possible to explore all alternatives at each level of detail
in order to yield the 'best' plan according to some criteria.
. The 'best'’ plqn at a particular level will always generate a good
plan when examined in more detail - i.e. it is not necessary to
: baék-up to higher level choice points. ., »
In fact the search space at a particular level is often laige ang,
since, high level plans must be inaccurate, the decisions made at these
levels sometimes prove to be wrong and must be reversed. Consequently,
in desiéning a search strategy it is necessary to'consider how to structure
tbe search within a particular level in order to get a good solution with-
out necessarily searching the whole space and how to recognize when it is

necessary to back-up to a decision made at a higher level of detail



The decision-graph based on Hayes' (1975) work on a journey planner
allows the'system to back-up and undo decisions made at higher levels with-
out throwing away all the work done since the decision was made. Only the
affected parts of the network are modified when a decision is undone.

The basic assumption behind the structure of the decision graph is
that the decisions made 1n generating a plan are of two types:

(1) Choice of expansion for a node.

(11) Choice of links to remove an interaction. '

Such choices are interrelated inasmuch as an interaction and consequent
link may depend upon a particular choice of expansion. The purpose of.the
decision graph is to record such relationships. Every node in the plan
(net node) points to a node in the decision graph (d-node) corresponding to
the expansion which introduced it. Every time an expansion (or phantom)
is made,anode is set up in the d-graph with pointexs to:

(i) the net node being expanded.

(ii) the parent d-node - i.e. that which introduced the net node being
expanded.

(iii) the new net-nodes introduced by the expansion.

(iv) any subseguent expansions of these nodes.

(v) any interaction d-nodes consequent on this expansion.

(vi) any phantom d-nodes corresponding to phantom links using a pattern
achieved by the expansion. ‘

(vii) in the case of a phantom - any d-node corresponding to a phantom
link required to establish the phantom goal.

Every time a link is introduced to enable the creation of a phantom
net-node,a d-node is introduced with pointers to:

(i) the net-node and corresponding d-node made into a phantom.
(ii) the net-node and corresponding d-node achieving the pattern.

Every time a link is introduced to remove an interaction,a d-node is

introduced with pointers to:

(1) the link being.introduced.

(ii) the netnode and coxrresponding djnode which needs the condition
involved in the interaction.

(iii) the netnode and corresponding d-node which achieves the condition in
question.
the netnode and corresponding d-node which deletes the condition in
question.

The only way in which a plan can be modified is to undo one of the two

kinds of decision involved in the pldn -~ i.e. to remove an expansion or a



link (either phantom link or an interaction link). ‘

Removing a phantom link is very straightforward only requiring that
the netnode in question be reinstated as a goal node and that the GOST and
decision-graph be modified accoxdingly. Removing an interaction link in-
volves either choosing an alternative to remove the interaction or undoing
an expansion which introduced one of the actions involved in the iﬁteraction.

The steps involved in undoing an expansion are: ' -
step 1 Trace down the decision~graph and the netnodes (and their expansions

if any) and links dependant on the expansion.
step 2 Remove these nodes and links and replace by the single parent netnode.
step 3 All remaining links which connected to any removed netnodes are now
. attached to the parent netnode. -
step 4 The TOME and GOST are modified for every deleted netnode as.follows:
(1) xremove all conditions and effects which are needed/achieved by
 the deleted node and not the replaced node.
(2) remove them as contributors to any condition which is not
_ achieved by the replaced node.
step 5 For all conditions which now have no contributors,undo the expansion
which was dependant on it (i.e. phantom nodes replaced by goal nodes).
step 6 Look for interactions arising from the removal of links from the
graph. "

More detailed descriptions of the task formalism and planning system iNONLIN)

can be found in Tate (1976) while the optimization schema and decision graph

are described in Daniel (1977) and Daniel (1978).

6. A Practical Application

6.1 Introduction.

In the second phase of the project we sought to apply the ideas developed
in the first phase to.a practical problem in a particular domain. For a
practical applicatioﬂ involving the generation of networks of the size usually
used for critical path analysis techniques (several hundred activities) it was
important to avoid large search spaces. We looked for an application Qhere
a large class of networks wefé required; each member of the class having
great similarities with all the others but important differences which re-
quired a new network to be generated for each indiwvidual project.

The advantages of such a problem domain are
(i There is enough historical data of plans previously generated to allow

an action hierarchy to be set up.



The choice of plans to be generated is sufficiently restricted to
keep the seach space under control.

(111) The difference between individual plans is sufficient to make it
worthwhile to have a system which aids in their generation.

The chosen application was the annual overhauling of power-stations
where each annual overhaul is different from previous years but still has
the same overall structure. Another possible application might be the
construction of a set of houses of : a particular type but wnere, in
each individual case, there are choices to be made between restricted
alternatives.about such things as type of heating, type of flooring, type
6f bathroom fixtures, etc.

6.2 The problem domain "

Within the large task of power-station overhaul we selected the sub-
project of overhauling a turbine as being the size of pfoblem the planning
system should cope with, The networks involved usually have more than
five hundred activities but the problem is highly stxructured in the follow-
ing ways.

(i) A turbine consists of 4 secﬁions: high pressure, intermediate pressure
and two low pressure sections.

(ii) Overhauls on each of the four sections can proceed independently of
each other except for one alignment check along the whole length of
the roter.

(iii) The overhaul of a section comprises the removal of layers of covers
and the roter, giving access to various components in the process,
and replacement of parts as access is no longer required.

(iv) An individual overhaul varies from previous ones inasmuch as different
components may or may not be overhauled and there are different types
of overhaul for each component. The choice of which type of overhaul
is to be done on each compénent (or whether it is to be overhauled at
all) is totally at the discretion of the user and the planner has

merely to work out the consequences of each decision - e.g. ensuring

that access is gained,

It seemed natural to define the action hierarchy in terms of three
levels giving networks of about 70 nodes, 300 nodes and 750 nodes. when
using the task formalism to specify opschemas only those conditions and
effects were mentioned which were involved in interactions. These were
relatively few at each level of detail since in most cases the ordering
within expansions, which was passed down to lower level networks, took

care of most potential interactions. In this particular application there
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are no choices to be made between alternative expansions (such choices are
decisions.to.be made by the user of the system) and in all cases, inter-
actions can only be removed in one way. Consequently, the process of
generating the network is completely deterministic and there is no need
to consider search strategies or decision—graphs.

6.3 Satisfying conditions and removing interactions

The task formalism allows several types of condition to be specified .
but the two which were useful in this application were

. supervised conditions - these conditions which are achieved within

the expansion containing the node for which they are needed - i.e.
their contributor is specified by the opschema.

. unsupervised conditions - these conditions which are expected to be

achieved by an action in another part of the plan - i.e. their
contributors are not specified and must be determined by the planner.
Ensuring that unsupervised conditions are satisfied often involves add-
ing links to the network thus constraining later attempts to remove inter-
actions or satisfy conditions. Consequently, it is important that such
conditions be satisfied as soon as possible. In the latest planning system
unsupervised conditions are satisfied at every level before proceeding to
the next most detailed level.
For the same reason, constrained interactions are removed immediately
while those which can be resolved in two ways* are only removed when all
nodes at one level have been expanded.

6.4 Achieving Goals

The planning system now distinguished between goal nodes, action nodes
and query nodes. Query nodes represent those goals (e.g. <<high pressure
section overhauled>>) whose inclusion is at the discretion of the user.
Every time a query node is expanded the system interrogates the user as to whether
this particular goal should be achieved. If the answer is po, the system
behaves as though the goal had already been achieved by making the goal have
value true in the initial state. The node-~type is then changed to a goal
node and the planning system tries to achieve the goal. If the goal is
true in the initial state (i.e. the user does not want this task to be done)

node will be made into a phantom node - otherwise an expansion will be {

' to include actions to achieve the goal.

* In this particular application those interactions which at first appear to
be unconstrained become constrained as links are added to remove other inter-

actions. In such cases, they axe removed as soon as they become constrained.
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In general, an expansion will include several goal nodes which are
used to avoid redundancy in cases where several actions share preconditions
For examble, two different compénents A and B may be located under.the same
cover,

If A is to be overhauled then it will not be necessary to remove the
cover again for B. However, if A is not included then an action must be .
introduced to remove the cover for B. Thus, the opschemas for B will have
the following expansion:

2 1l goal . <<Remove top cover>>

2 action - <<Overhaul éomponent B>>

3 goal <<Replace top cover>> } : RN

orderings 1 -~ - > 2 . 2 - -~ 3 3

The actions to remove and replace the cover should naturally be included
in the same network as the action to overhaul B. In the planning system
the two goal patterns are marked as having the same level as that of the
pattern currently being expanded. In this way they will both be expanded
(i.e. the goal replaced by actions) before the action to overhaul B is
expanded.

6.5 The planning cycle

The planner operates at distinct levels (in this case three) and tries
to tie up as many loose ends as possible- before going on to the next level
of detail. Each pattern is marked with a level and only those whose level
is equal to the current one will be expanded. For a particular level the
cycle is as follows:
step 1 Increment net level to current level.
step 2 Expand a node whose level is equal to current level. If there is
none go to step 8.

step 3 If there are any query nodes in the expansion interrogate user and
act accordingly. ;

step 4 Introduce new nodes into network.

step 5 Try to satisfy unsupervised conditions-- if any cannot be satisfied
keep 'a note. '

step 6 Look for interactions involving nodes in the current expansion.
All constrained interactions are reﬁoved immediately ~ unconstrained
interactions are stored to be removed when they become constrained

or at the end of the cycle.
step 7 go to step 2,
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step 8 Remove any outstanding unconstrained interactions*.

step 9 Go to step 1.

6.6 Conclusion

We have set up the action hierarchy for the overhaul of a turbine for
a power-station run by the South of Scotland Electricity Board (part of
this hierarchy is described in Appendix I) and the planning system operates
effectively to produce networks of the type in current use. h

As stated above, there is nd requirement, in this particular application
for the planning system to make any choices since: '

. choices betwgen alternative expansions are made by the user - i.e. in

specifying the exact type of overhaul that he wishes to have performed.

. all interactions become constrained at each level of detail - gither

by the time they are identified or by the introduction of links to
satisfy unsupervised conditions before they are resolved. (In the
current implementation,unconstrained interactions are not resolved
until the very end of each level of expansion.)

However, it is reasonabie to expeé% thaé in very similar applications,
(e.g. different types of overhaul or construction tasks) the problem of
choices will arise. Limited choices between alternative expansions might
arise because there is more than one way to perform a task (one being fast
and expensive, ‘the other being slow and cheap) the "best" choice being
dependent on the criticality of the task in question - i.e. its relationship
to other parts of the project.

Again it is easy to envisage occasions where choiées between aiternative
ways of resolving interactions need to be made by the planning system.

The considerations to be tagen into account when making such choices
can best be illustrated by an example for a house-building task. When the
network shown in Figure 6.1 is examined for interactions the following con-

ditions and effects are discovered.

* In general this step may involve alternatives but in this particular

application no interactions remain unconstrained at the end of the cycle.
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fit baths
etc.

fix plumbing

connect water
ra and test
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Figure 6.1

Supervised condition <brickwork laid> needed at 3
<walls plastered> " at 4
Unsupervised <brickwork bare> " at 3
Effects
add <brickwork laid» by 1
<brickwork bare> by 1
<walls plastered> by 7

delete <brickwork bare>



