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Abstract 

This paper describes a number of new ideas 
for p1anning and for the execution of plans in a 
world which is not completely specified. Such 
situations often occur in real world environments. 
Most of the ideas contained here have been imple­
mented in a system for computer-aided decision­
making for flight operations. 

1. Planning and Execution in Incompletely 
Specified Environments 

In conventional computer applications, data 
is input and manipulated according to predefined 
plans specified by the programmer. Programs are 
written to provide solutions to problems for which 
algorithms are known. While the numerical data 
may be changed easily, altering the goal of the 
program may require extensive modification. This 
type of approach may be unacceptable in systems 
where the exact problem specification is not 
known at the time of programming. 

In order to make programs which are able to 
solve a wider variety of problems, much time has 
been spent constructing systems which attempt to 
make the computer "understand" the subjects with 
which it is dealing. Many of the systems are 
planners, programs which take a goal as an input 
and generate a plan which can be executed, at 
which time the given task will have been satisfie~ 

Most of the existing high level planners such 
as STRIPS [4] and PLANNER [6,14] will report a 
success only when a de.tailed plan has been devel­
oped. These planners have primarily been applied 
to simple domains in which all relevant aspects 
concerning the state of the world are known to the 
planner. In these domains, nothing can change 
without the execution of a system initiated action. 

Many of the planning systems are based upon 
the idea that a problem may be divided into a 
series of subgoals (or preconditions). Any one 
of a number of techniques or operators can be 
employed in order to try to solve the subgoal. A 
sequence of correct operators would determine the 
solution. However, much of the deduction may 
depend upon the presence of certain data in the 
database. If this data were not known at the time 
of planning, then an entire section could fail. 
In many cases information may be missing because 
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of incomplete modeling of the world due to the 
domains complexity. But in other cases, the over­
all concept may have been modeled, but the spe­
cific piece of datum may npt be ''known" to the 
planner, much as a person may not know what is 
going on in the next room. 

In order to increase the complexity of 
problems and domains which can be accommodated, 
it is necessary to extend the capabilities of the 
deduction languages and systems in the following 
areas: 

The deduction mechanism must have the capa­
bility to construct plans in a dynamic environ­
ment. By dynamic, it is meant that movements of 
objects or changes in the world can occur without 
being merely consequences of system actions. In 
this type of situation, it may be futile to 
formulate a detailed plan based upon specific 
data when a dynamic alteration of this data may 
totally invalidate the remainder of the plan. 
Planning for all of the possible alternatives 
would, in most cases, be unfeasible due to the 
large number of future states possible. One 
alternative would be to have a planner which 
would ''know" that it exists in the real world. 
The planner would have the ability to vary the 
complexity of the plans generated according to 
the situation. This would lead to a case where 
there would be no necessary distinction between 
the planning and execution phases. In certain 
cases, the plans which would be generated would 
be of a more general nature, reflecting an out­
line of the important steps and tasks to be done. 
As the execution progresses, new information 
would be received and added to the database. 
This would allow more details of the plan to be 
computed as execution continued. 

A deductive mechanism should be able to oper­
ate in an environment in which there is a lack of 
information. This would correspond to the real 
world situation where a human being has to make 
an intelligent evaluation missing some of the 
facts. This capability has to be attained before 
the dynamic planning and execution can occur. 
This is because while it may be recognized that 
a certain aspect of the world may be expected to 
exhibit dynamic action, it may not be known what 
the value would be when needed. Planning may 
have to continue without the definite informa­
tion. The planner must have the ability to gather 
new information. Among the possible ways in which 
this could be accomplished are: have the system 
develop a question or allow the mechanism to seek 
out information by inspecting the environment 
using any sensory equipment available. If it is 
realized that while certain possibly relevant 
information is not known during the periods of 
initial planning, it may be possible to plan if 



it is realized that the information is to become 
available at some future time, In this case, it 
may be necessary to analyze certain possible 
future states of the world, For this, there must 
be a mechanism for storing global knowledge and 
models concerning this unknown information, It 
may also be desirable to incorporate probabilities 
and costs into the deductive and decision making 
procedures. 

2. Related Research 

Research concerning the application of 
general deduction mechanisms to real world prob­
lems which are dynamic in nature and/or are 
incompletely specified have been extremely limite~ 
It appears that many of the existing systems are 
incapable of being extended to handle these types 
of problems without extensive modifications. 

PLANNER [6,14] allows strategies and relation­
ships to express as procedures called theorems. 
These theorems are executed in order to try to 
satisfy the problem which consists of a series of 
goals. The control structure is based upon a 
depth first search with backtracking. It appears 
that it would be difficult to express the idea 
that certain facts may not be known at a given 
time, PLANNER understands only one type of fail­
ure, that being when a goal cannot be satisfied. 
If, however, a goal is not satisfied not because 
it is "wrong" but because some of the necessary 
data are missing, then a different type of failure 
has occurred, a type which PLANNER cannot under­
stand, When dealing with this "unspecified 
information", it is necessary to maintain several 
alternatives from which one may be chosen, 
Storing this type of information is very difficult 
in PLANNER. 

When evaluating a theorem, PLANNER treats 
each of its steps or subgoals as equal. During 
the planning, all of these subgoals are of equal 
importance, If one fails, the theorem fails, 
But, it appears that in reality, subgoals have 
different levels of importance, This means that 
more time should be spent in order to satisfy a 
key subgoal than a relatively minor one, PLANNER's 
depth first control structure would not allow the 
consideration of all major subgoals first, 

Many of the philosophies in PLANNER are also 
contained in QA4 [10]. The context mechanism 
which is available in QA4 would allow the storage 
of alternative plans resulting from different 
possible values of unspecified information, QA4's 
limited effectiveness, as with PLANNER, arises 
from the backtracking philosophy which is embedded 
in both of the systems, The introduction of new 
types of failures makes backtracking an undesirable 
search technique, As in PLANNER, the inflexibility 
of the recommendation lists means that once a 
sequence of theorems is formed, it cannot be 
altered or edited. This appears to be inappro­
priate when desiring to alter control as new 
information is determined, 

CONNIVER's [7,13] main advantages over 
PLANNER and QA4 are freedom from compulsory back­
tracking, the inclusion of a context mechanism, 
and flexible possibilities lists, The possi­
bilities list, which specifies the next procedure 
to be tried, can be inspected or edited at any 
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time. The control structure is based upon the 
frame concept [1] which allows a total deduction 
environment to be maintained and continued, This 
allows great flexibility in specifying how a 
theorem is to be evaluated. Despite its advan­
tages, it appears that CONNIVER has not yet been 
applied in systems which require the integration 
of planning and execution, such as those dealing 
with dynamic situations in uncertain environments, 

Much of the work which has been done con­
cerning the problems found in executing and plan­
ning have been outgrowths and extensions of the 
STRIPS [2,3,4,5] system, STRIPS is used to 
generate a plan which could be solved through 
the application of a sequence of operators, An 
operator can be executed when all of its pte­
conditions have been satisfied, The PLANNEX [6] 
system takes a complete STRIPS plan and monitors 
its execution, Using this system, actions may be 
deleted from the plan if it is determined that 
their consequences are .not needed, It can also 
recognize if necessary initial conditions are 
absent, which would lead to a replan mode, It is 
also possible to take solutions which have been 
generated and generalize them, These MACROPS [5] 
are saved and can be used to satisfy future tasks 
or subtasks, STRIPS only succeeds when a complete 
plan has been generated, The presence of unspeci­
fied information would in most cases lead to a 
failure, STRIPS would respond to this type of 
failure by searching for an alternate plan, 

Recent results have demonstrated that STRIPS­
like systems can be made more efficient by employ­
ing a hierarchical approach [9,11,12]. These 
systems have been constructed using the principle 
that preconditions of an operator are of varying 
importance and some should be examined and satis­
fied before others. By trying to satisfy the 
preconditions which are most basic or are harder 
to achieve first, irrelevant operators can be 
eliminated sooner, The preconditions are assigned 
a criticality or rank, The higher valued pre­
conditions represent the tasks which must be 
satisfied first, So, in ABSTRIPS [11], (TYPE (box 
room)) has a higher rank than (INROOM (box room)) 
and both have a higher rank that (INROOM ( ROBOT 
room)), When a problem specification is received, 
the criticality is set to a maximum value (which 
would contain all predicates representing unchang­
able information). Preconditions with criticality 
below this value are initially ignored. A plan is 
constructed using whatever techniques are appro­
priate to the system and domain, The plans pro­
duced will satisfy all of the final conditions, but 
the operators specified will only be satisfied 
through their most critical preconditions, As the 
criticality is lowered, new preconditions are 
introduced for the already specified operators, 
As these precondtions are satisfied, new operators 
are introduced forming a more detailed plan, When 
the criticality has been set to its lowest value 
and all preconditions have been satisfied, a 
complete, detailed plan will have been constructed, 
While this type of planning has proved to be more 
efficient that STRIPS, of more interest are the 
types of plans which are generated. Some of the 
high-criticality plans have many of the desired 
attributes of a partial plan outline, The plans 
do not contain every necessary detail, but rather 
only the major steps which must occur, These 
approaches have not been used to satisfy problems 



in domains which are dynamic or incompletely 
specified. In [8] Minsky describes a framework 
for a representation of knowledge which would 
permit the inclusion of situation dependent 
default values. The scope of the world model 
which is considered at any time is a function 
of the present environment. 

3. Planning in an Incompletely Specified 
and/or Dynamic Domain 

Systems which are to operate in an incom­
pletely specified, real world environment must of 
necessity operate differently than the existing 
planners. There must be a realization that 
knowledge concerning some of the relevant portions 
of the world may be unavailable during some of the 
stages of planning. This may be because the 
unknown portion of the world is outside of the 
system's monitoring capability and/or may be 
changing as time progresses. Because of this, 
the .planner must realize that in many cases it 
is not feasible, if not futile, to insist upon 
the construction of a completely detailed plan 
before the initiation of execution, The system 
must have the knowledge that missing information 
may be obtained in various ways, such as through 
observation or questioning. The system may have 
to plan around some of the missing information by 
making reasonable assumptions. 

When a problem is specified to a planning or 
execution system, it may be done in several ways. 
The most common method is to specify aspects of 
the world which must exist after the plan has been 
executed. This is generally accomplished by 
specifying a goal state. It may also be desirable 
to specify possible intermediate states which may 
have to be satisfied in a certain order. Most of 
the existing planners place little emphasis on 
how the goal state is to be achieved. There is 
little or no concern about whether the plan which 
has been generated is optimal or near-optimal 
according to any criteria. However, in more 
realistic situations, people strive for a more 
efficient plan even though their analysis may not 
include a formal statement of what is best. A 
planner should also be ·able to accept a statement 
of what criteria should be used. 

In these types of problem specifications, 
there are really only three general methods which 
can be used to insure that a portion of the goal 
is satisfied, First, the goal could already be 
true in the world and represented in the system's 
world model, Second, the goal could be true in 
the world model but not explicitly represented in 
the system's model and it could be deduced that 
the goal is a logical consequence of available 
information in the model. Third, it may be that 
the goal is not true in either the model or the 
world but it is possible to perform actions which 
will alter the world in such a manner that the 
goal will be satisfied. The existing general 
purpose planners satisfy goals using these general 
techniques. 

But all of the situations above are predicted 
on the concept that all relevant information is 
directly known or could be deduced. But these 
are clearly not realistic assumptions. The world 
model which the system maintains could be 
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deficient in many ways. Some information could be 
missing due to the necessary simplifications which 
must occur when modeling a complicated domain, 
However, if some aspect of the world were expected 
to be important for planning, it would surely be 
represented. And some of the information could be 
missing because it is just not known, no matter 
how relevant it may be. The latter case is of 
major interest because this type of unspecifica­
tion occurs in realistic problems when a portion 
of the world is beyond monitoring capability or 
when dynamic situation alter previously known 
values. 

One major problem is how to recognize this 
type of missing information, which will be refer­
red to as "unknown" information, When a pre­
condition to an operator is encountered, it is 
imperative to know whether it belongs to a previ­
ously mentioned category or is unknown informatio~ 
No matter how complete the model, certain informa­
tion may be absent · if the system is solely respon­
sible for collecting and storing the information. 
But by using semantic knowledge about the world, 
it may be possible to determine something about 
how to satisfy the preconditions. The initial 
attempt to satisfy a precondition involves 
examining the database in order to see if the 
precondition is satisfied because it is already 
true. As soon as it is determined that the needed 
fact is not in the database, the system checks to 
determine if the concept is unspecified. In many 
cases it is possible to determine that a precon­
dition is not satisfied by inspecting the data­
base for contradictory information. If this 'is 
the case, then the system can conclude that the 
information is specified and that some action is 
needed, Sometimes, however, sufficient informa­
tion is not available to make the determination 
and the system may have to postpone the decision. 
Initially, research concerning unknown informa­
tion will be confined to predicates whose 
restrictions are limited. In these cases the 
alternate values and contradictions can be expres­
sed in a fairly straightforward manner. 

When the database is being referenced, it is 
not enough to find a specific fact represented, 
The dynamic properties of the domain have to be 
considered. Some of the attributes may change 
dynamically in a random or predetermined manner. 
This would affect the confidence in the truth or 
falsity of a fact. 

In order to ascertain the value for an item 
of unknown information, it is necessary to acti­
vate some type of input. This may include any 
sensory device available, such as a camera for 
observation. It may also take the form of a 
response to a question. In any case, the system 
must know the appropriate methods available. It 
must also be aware of when types oif information 
can be obtained. 

As has been stated, a planned solution to a 
task is a sequence of actions whose execution 
would alter the world from an initial state to a 
goal state. The proper actions are determined by 
evaluating operators. The form of the operators 
is shown in Figure 1. The operators represent 
allowable actions in a domain, They are STRIPS­
like in representation but have direct counterparts 



in PLANNER and CONNIVER. Each operator has a set 
of preconditions which must be satisfied before the 
action can be executed (either real-time or during 
planning). The operators have ADDITION and DELE­
TION lists. These represent the aspects of the 
world which are expected to be altered when the 
action is executed. These are only used to update 
the system's world model. The system is respon­
sible for making any observations necessary to 
insure that the changes in the world correspond to 
the expected changes. 

Each of the preconditions, additions and 
deletions has a number associated with it. This 
is the criticality of a predicate. There is an 
upper limit for the criticality in a domain. This 
is for concepts which cannot be altered by any 
system action. The concepts represented by predi­
cates with lower criticalities can be changed. 
The criticalities roughly represent the order in 
which the preconditions must be satisfied. If 
there are two preconditions with different criti­
calities, the one with the highest criticality is 
satisfied first; the lower precondition will be 
satisfiable in some manner. 

(TO task) 
(ACTION action) 

(PRECONDITIONS 
(criticalitypl (condition!)) 
(criticalityp2 (condition2)) 

(criticalitypn (conditionn))) 
(DELETION 

(criticalitydl (deletionl)) 
(criticalityd2 (deletion2)) 

(criticalitydi (deletioni))) 
(ADDITION 

(criticalityal (additionl)) 
(criticalitya2 (addition2)) 

(criticalityaj (additionj))) 

Figure 1 

So, when considering an operator, the 
criticality is set to some value. Any precon­
dition with criticality below this is not consid­
ered at that time. If all of the pertinent 
preconditions have been satisfied when the criti­
cality is "n", it is said that the operator is 
satisfied through criticality n. If all of the 
operators in a plan are satisfied through 
criticality 1, then a complete, detailed plan 
should have been generated. 

A significant research area concerns how to 
satisfy the prerequisites and the development of 
a control structure which would facilitate the 
efficient construction of intelligent plans. The 
conventional methods for satisfying the pre­
requisites have been described above. Research 
is being conducted concerning the possibility of 
considering a prerequisite to be satisfied by 
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"assumption" at certain levels of criticality and 
stages of planning. In these cases, a precondi­
tion may be assumed to be satisfied (or satis­
fiable) at an early planning stage. The system 
must be aware of the assumptions being made and 
have reasons for these actions. To date, several 
classes of assumptions and their reasons have been 
formulated. The most basic is a low-criticality 
precondition. In most cases it is possible to 
assume that a precondition with a criticality 
below some cutoff can be satisfied. This is 
because this type of precondition was to be 
constructed as an easily done detail. The 
criticality cutoff could be determined by the 
stage of planning, the domain used, as well as the 
system's knowledge of what tasks could always be 
accomplished. 

Another type of assumption is called a logi­
cal assumption. This type of assumption origi­
nally would occur when unknown information was 
involved. The various possible values would have 
been examined. If, for each case it was deter­
mined that the precondition could be satisfied, 
the precondition would be assumed to be logically 
satisfiable. The information derived from search­
ing all of the possibilities should somehow be 
saved so that an assumption could be made if the 
proper conditions are met. 

In many cases a precondition can be assumed 
to be satisfiable if certain relationships exist 
between the precondition of the operator being 
evaluated and the precondition of any operator 
used to satisfy the original precondition. This 
is called a dominance assumption. An operator, 
OPl, is defined to dominate another operator, OP2, 
if all of OP2's preconditions are among the pre­
conditions of OPl with the same relationship 
restricting any uninstantiated variables. Now, 
if a precondition of OPl may possibly be satisfied 
by the application of OP2, then the precondition 
may be assumed to be satisfiable by -dominance. 

In the previous two cases, the assumptions 
which could be made are very dependent upon the 
planning environment which exists when a pre­
condition is encountered. Hopefully, this will 
lead to a system which has a better knowledge of 
what it is trying to accomplish at any given time 
as well as a knowledge of situation methods of 
dealing with the preconditions. 

The last type of assumption which has thus 
far been considered has been called a linkage 
assumption. This type of assumption arises 
because the lack of knowledge concerning the 
exact order of execution of a plan satisfying 
part of a top level goal will cause unknown 
information to exist. In this case the informa­
tion is known in the real world but may be altered 
during planning of another plan. In many cases 
the overall goal will be divided into subplans, 
each of which is developed independently. The 
exact order in which the plans will be executed 
is not known at the time of planning . When 
trying to satisfy certain preconditions, a planner 
may examine the real-world database (as opposed 
to a local, planning database). But information 
found in the real world database may be altered 
by other subplans by the time the subplan is 
actually executed. The system must have knowledge 
of whether database entries are expected to 



change. For those that are expected to change, the 
appropriate assumption may be that the precondition 
will be satisfiable during the execution phase. 

The last type of assumption mentioned is 
basically restricted to attributes which are 
expected to change. There are some types of 
information which are not expected to change (even 
though they may). In these cases, the system may 
use values found in the latest r eal world model. 
But t hese should be noted in the plan being 
produced. 

A problem concerns when the system should 
initiate execution. This also involves the ques­
tion of how detailed should the planning be. In 
theory, the execution could be initiated during 
any stage of planning. However, a more realistic 
approach would have the execution begin when a 
"reasonable" plan has been developed. In some 
cases the initial course of action may be so well 
defined ( or may be the only alternative) that the 
system may decide to start execution before the 
initial planning has terminated. Observations, 
which are a type of execution, could be performed 
at any time during planning or execution if the 
proper conditions occur in the real world. 

After the plan outlines satisfying portions 
of the top level goals have been generated, it is 
necessary to link them into a coherent plan out­
line. . To do this, an order of execution must be 
determined and intermediate connecting programs 
must be developed. The subplans are classed 
according to the criticalities of the tasks 
which are satisfied. An attempt is made to link 
the highly rated subplans to the initial world. 
When a "shortest" linkage is found to a subplan, 
this subplan is assumed to be executed next. 
Linkage is attempted between the remaining sub­
plans and the world model of the most recently 
assumed executed subplan. This continues until 
all of the subplans have been linked. 

Among the major problems which still must be 
considered for effective linking include: how to 
distinguish between the case when two subplans of 
different criticalities have the same initial 
environment condition and should be executed 
consecutively and the case when the lower criti­
cality subplan must be executed with subplans of 
its own criticality to avoid making other subplans 
undoable; what types of searches are necessary to 
promote the most "efficient" linkage for the entire 
plan? Surely a most efficient first linkage is 
not enough. 

It would be very desirable to have the system 
be aware not only of what part of the plan it is 
executing but also the knowledge needs and pre­
conditions of other subplans. In the present 
formulation, an attempt is being made to obtain 
this type of performance. When observations are 
needed and the necessary environment does not 
exist, demons will be established so that, should 
the opportunity arise, the observations could be 
made. Certain aspects of the world could be 
protected as preconditions for future subplans, 
top-level goals as well as any currently active 
operators. If a subplan tries to undo another 
subplan's initial assumptions, the planner being 
constructed will be warned of this. 
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In some cases, a plan may be executing and 
during an observation, . some previously unknown 
information is acquired. This new information may 
lead the system to re-evaluate the manner in which 
the overall goal is to be satisfied. This may 
involve satisfying a subgoal with a different 
operator and/or altering the order in which sub­
plans are executed. For this type of performance 
to occur, the system must be aware of some of the 
important possible alternatives. Investigation 
has been concerned with two possible cases: new 
information leading to alternate plans, and new 
information leading to short cuts. 

When trying to satisfy a goal, the system 
may be considering several possible approaches. 
A situation which can occur is that after planning 
has been successful through a certain criticality, 
a failure due to unknown information is encoun­
tered. In the previous cases discussed, it was 
possible to "assume" that the precondition could 
be satisfied, but this is not always the case. 
If the unknown precondition is found to be 
satisfied, the system should be able to pause 
and consider the new information. If a new sub­
plan were found which was expected to be superior, 
the linkages may have to be reformulated. In most 
cases, it is not expected that this would alter 
the composition of other subplans. When the sub­
plan is being reformulated, other unknown failures 
may still be encountered which may dissuade the 
system from pursuing these paths. 

The possibility of a short-cut also may 
occur when a failure due to unknown information 
is encountered during planning. In this case, 
the operator which was being considered when the 
failure occurred is later found to be potentially 
useful in the finally constructed plan. To 
determine this, the system examines the failure 
and subplan produced and asks the questions: 
1) Is the operator which was being examined when 
the failure occurred still potentially useful in 
that the change the action would have yielded 
was realized in some manner later on in the plan 
(or more precisely, did planning continue until 
a subplan to realize the action goal was obtain«<? 
2) If the failed precondition were assumed to be 
true, would all of the operator's preconditions 
be satisfied or satisfiable to a certain 
criticality? 

If these conditions are met, then the plan 
should be altered to indicate that if the pre­
condition is found to be true, an alternate 
shorter subplan could replace part of the plan 
without affecting any of the other linkages or 
subplans. It is hoped that this type of planning 
will not only make the system more responsive to 
new information which is received, but will also 
allow the system to demonstrate a better under­
standing of what it is trying to do at all levels 
of planning and execution included as unspecified 
parameters. It is sometimes possible to judge 
the superiority of one plan over another with only 
this information. 

The preceding discussion was primarily con­
cerned with planning when missing some relevant 
information. Another problem which arises is to 
construct a plan which is most compatible with 
the overall mission. To accomplish this, it is 



necessary that the system be aware of the overall 
mission, including an overall plan of how the 
mission is to be accomplished. The system must 
also be aware of both the pilot and system capa­
bilities; who is to complete a task and how is it 
to he done. The system should then be able to 
develop a plan which would conserve the most 
essential on-board capabilities and would least 
interfere with the pilot's actions. 

4. Conclusions 

Systems which are to be able to plan and 
execute solutions to real world problems must be 
able to plan in incompletely specified environ­
ments. The system should have the knowledge that 
certain relevant information may not be known at 
all stages of planning. The system should be able 
to form a plan outline indicating the "major" 
steps. For various situations, it should be able 
to assume that certain tasks are satisfiable, 
deferring planning until a time just before 
execution. The system should have the ability to 
initiate execution before planning has terminated. 
As new information is received, the plan and/or 
flow of execution should be modifiable. 

When planning, the system should be cognizant 
of the overall mission outline. Using knowledge 
of pilot and system capabilities, the plan which 
is constructed should be compatible with the 
mission objective. 
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