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Abstract

Mixed-initiative planning systems are systems in which humans and machines collaborate in the
development and management of plans. The"initiative' in such sysemsis shared in that each can
contribute to the formulation, development, management, refinement, andysis and repair of the plans
developed "without being asked explicitly”. Intuitively, the god isto develop agtyle of interaction where
both men and computers can further the state of an ongoing planning activity through contributions that
include the many activities that surround the actua congtruction of plans, but are not normaly part of
what current Artificid Inteligence (Al) planning sysemsdo. In this paper, we discuss some of the
research aress that are likely to be important in trangtioning prototype Al planning systemsto anew
role as collaborator in amixed human/machine collective planning process. This paper is, in large part,
the result of aseries of discussonsthat took placein late 1993 and early 1994, among agroup of Al
researchers working on planning, supported by the ARPA/Rome Laboratory sponsored initiative in
military planning and scheduling.
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I ntroduction

The overal objective of research on mixed-initiative planning (MIP) isto explore productive
syntheses of these strengths of both men and machines to build effective plans more quickly, and with
grester reliability. Users need better, more intelligent, more active problem solving support than the
current generation of plan authoring tools can provide, and Al planning systems need human support in
such aress as problem definition, information interpretation, and spatia/perceptive reasoning if they are
to be useful in red-world applications.

Through a series of discussions of both the eectronic and face-to-face variety, ateam of researchersin
Al-based planning came to some substantial agreement on a set of issues that will need to be addressed
in the development of mixed-initigtive planning sysemst. This chapter documents some of the
conclusions reached in those discussons.

We were motivated to consder these questions by our work in the domain of military planning and
scheduling, however, we believe that much of the discussion gpplies equaly well to any system of
people and software engaged in planning activities will be faced with much the same st of issues We
will define military planning for the purposes of this discussion as the organization of resources to carry
out amilitary or humanitarian objective. For example, to plan for the evacuation of civiliansfrom a
region that isin turmail, or the movement of men and materiasto an area so asto provide rdief after a
natura disaster, planning activities include the identification of gppropriate resources for carrying out the
objectives, including the transportation of those resources to the areain which they will be used in
advance of their planned time of use. A mgor part of military planning is the identification and planning
for the movement of the resources to and from the region in question.

Our larger interest in mixed-initiative planning systems grows out of some obsarvations of the strengths
and weaknesses of both human and automated planning systems as they have been used (or considered
for use) inthepast. Humans are dill better a formulating the planning tasks, collecting and
circumscribing the rlevant information, supplying estimates for uncertain factors, and various forms of
visua or spatid reasoning that can be critical for many planning tasks. Machines are better at systematic
searches of the spaces of possble plans for well-defined tasks, and in solving problems governed by
large numbers of interacting condraints. Machines are dso better a& managing and communicating large
amounts of data.

In addition to the potentia for synergistic improvementsin current planning processes by combining the
srengths of these different kinds of planners, we must aso recognize the currently burgeoning roles of
electronic collaboration and eectronic data access on tasks of dl kinds. As network technology has
matured and become widespread the notion that work on a shared task could be physicaly distributed
has become aredlity. Electronic conferencing and workflow tools are starting to reach the market place.
On-line access to huge amounts of information via wide-area networks must be taken as a given. Multi-

1The face-to-face meetings took place in December, 1993 and January, 1994 at Y ale University and BBN. Participants
in these discussionsincluded: James Allen (Rochester U.), Marie Bienkowski (SRI), Mark Burstein (BBN), Steve
Cross (ARPA), David Day (MITRE), Gary Edwards (1SX), Nort Fowler (Rome Lab.), Matt Ginsberg (U. of Oregon), Jim
Hendler (U. of Md.), Ledlie Kaelbling (Brown U.), John Lemmer (Rome Lab.), Drew McDermott (Yae U.), Stephen
Smith (CMU), Austin Tate (U. of Edinburgh), CraigWier (ARPA), and David Wilkins (SRI).
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agent digtributed Al systems of many kinds are being explored, though much of the work is dill inits
early slages. We need to develop aclear vison of the role of these technologies in true mixed-initiative
systems aswell.

From a pragmatic standpoint, we took the mgor research question to be the following:

How can human(s) and machineg(s) best share information about and control of plan
development?

That is how do we get positive synergy from interactions between human planners and automated
planning and support software such that:

¢ Each worksin areas where they perform best;

e "Agents' (using the term loosdly to refer to both humans and software systems) are able to use
appropriate (often concise or abgtract) representations for communication of plans, congraints,
assumptions and analyses to communicate with other agents that have different areas of expertise
or functiondity, and different kinds of communications skills, and

e "Agents' have means of acquiring and transferring authority for planning related tasks.

The remainder of this chapter eaborates on these questions and posits some directions to pursue in
efforts to find answers to them. We begin by taking apart current notions of Al planning techniquesto
examine where they will need to change, perhaps radicdly, in order to fit into the world of collaborative
problem solving. We then discuss some ideas about the near-term, focusing on ways that current
generation Al-based planning systems might be adapted to support a more mixed-initiative style of
interaction.

Planning as a Collabor ative Activity

As one moves from the current-day perspective taken by most Al planning researchers, who took it as
their objective to develop "stand-aone’ planning systems, to amodel where issues of communication
and collaboration are more centrd, a number of assumptions underlying research in this area must be
questioned. We began with amodd of planning activity in which we assumed that many "agents’, of
both the human and software variety, are actively cooperating, and from that perspective looked for
aspects of current planning system theory and practice that would have to change.

The Al conception of planning is largdy dominated by the notion of a sngle-threaded search through a
gpace of possible (partia) plans for satisfactory solutions (e.g., Wilkins, 1988). This"classcd" view is
typicaly implemented in terms of some form of god-refinement, back-tracking search agorithm. When
the search for a plan is to be coordinated among many "agents’, some of which are human, this modd
must be serioudy questioned. Present-day, autonomous planning agorithms assume that plans are to be
developed by systematic exploration of dternative plan refinements under programmetic control. The
objective of these sysemsis usudly to find asatisfactory plan, rather than an optima one, dthough
this distinction does not matter greetly here (yet). Human planners, on the other hand, do not search
systematicdly in this fashion, but rather may jump around in the space of possible plans, perhaps based
on preliminary andyses of what is"hard" about the problem, or more smply on pre-existing knowledge
of particular solution modds. If the planis for an important objective, they will typicaly explore severd
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gpproaches to some limited depth before choosing a path to pursue to a completely detailed plan.
Therefore, in amixed-initiative gpproach to search during planning and problem solving we must expect
the human planners involved (heregfter "the users') may wish to dictate where and how much to search,
while at other times, automated planning "agents’ may be given reign to search problem spaces under
their own control. Some redundancy in these collaborative efforts must be viewed as good, even
essentid, as the search techniques of these different kinds of agents are likely to be very different, and to
the extent their results are comparable, each can serve to support and correct the other.

A second theme of this discusson is the need to support a variety of kinds of diaogue during planning.
In an informa study of collaborative planning reported in (Allen, 1994), didogues were collected of
pairs of people working together to solve a planning problem in an artificid environment consisting of
trains that could travel between cities, and needs for those conveyances. 1n each case, one of the
subjects played the role of the "system” and the other the role of the "manager”. The two could not see
each other, and did not know each other. The only shared information they had was an initid map of the
TRAINS world. Each interaction between the players was categorized according to its genera purpose.
Table 1 summarizes the relaive frequency of these interactions, by category.

The kinds of interactions typically supported by current-day planning systems comprised less than 25%
of thetotd. While this datais merdly suggestive, it strongly suggests that effective collaboration in plan
development must address as a central issue the question of how to manage and support the variety of
kinds of dialog that were seen here as necessary to thiskind of collaborative problem solving.

Evduating & comparing options 25%
Suggesting courses of action 23%
Clarifying and establishing sate 13.5%
Discussing problem solving Strategy 10%
Summarizing courses of action 8%
Identifying problems and dternatives 7%

Table 1: Frequency of interactions by type

Issuesfor Mixed-Initiative Al-based Planning Systems

Given the disparate styles of problem solving found in people and machines, and the need for
coordination during collaboretive planning among these very different kinds of agents, each of the
following areas of research related to Al-based planning and collaborative problem solving must be
addressed to develop software capable of supporting a mixed-initiative mode for planning:

Plan-Space Sear ch Control Management addresses the question of how to coordinate various kinds
of agents exploration of potentid solutions to a planning problem.

Representations of and Sharing of Plans by different kinds of agents for different (but related)
purposes, and for communications among the collaborating agents.

Plan Revison M anagement isthe problem of coordineting revisonsto "the plan”, especidly if itis
being revised during execution.

Mixed-Initiative Planning 4



Planning and Reasoning under Uncertainty is an ongoing research areawithin the Al community. It
addresses issues rdated to projecting into the future to anticipate the Situation at the time that planned
actions will occur, to enumerate their possible outcomes, and to estimate the likelihood of those
outcomes. It isan areanot been adequatdly addressed in most Al planning systems, and is one of the
reasons for their lack of acceptance by user communities. It is hoped that this issue will benefit from a
more synergistic man/machine gpproach.

L earning from past planning attempts, their results when executed, and from ones collaborators: While
machine learning techniques have had some limited successes, it seems clear thet thereisfar to go, and
thet this research areawill have an important role to play in mixed-initiative environments generaly.
Agentsarenot "born” team-players. They must adapt to roles on ateam based on the strengths and
wesknesses of thelr teammates.

I nter-agent Communications and Coor dination is not about planning per se, but isimportant herein
recognition of the different ways human and machine team members might need to interact during
planning. Issues related to thistopic will be raised in each of the other topics as well. When viewed
from the point of view of a collaboration between people and software systems, we expect that planning
systems, taken as the union of al these participants, must be supported by tools that enable a variety of
kinds of communications (graphical, language-based, audible) to take place. These communications are
most certainly not just about the plans themsalves, as the experiment cited above suggests.

We take each of these areasin turn:

Search Control M anagement

Control Dialogues to Establish Callaboration Patterns. There needs to be some amount of
ongoing "diaogue’ between the human and machine planning agents about how search will be
organized, divided and conducted. It ismost likely that the human planners will need to maintain control
of the setting of mgor objectives, and cede control of some of the more mundane aspects of planning to
the machine. Thisdiaogue may not be, indeed is not likely to be, done with true naturd language, but
by avariety styles of interaction with a grgphica user interface.

Assuming for the moment that a human "user” maintains control during these didogues and is
characterizing planning sub-tasks for his or her machine and human associates, then he or she must
describe how to do search through a space of possible plans, and express to the other agents how their
search isto be bounded. This dominant user must have the means to express search congraints of
many kinds, including such things how to decompose the planning into partitionable subtasks, what
assumptions to make in subtask planning about available resources, what assumptions to make about
the world in which the plan will execute, and more generd controls such as whether to be optimistic or
pessimigtic about the utilization of resources, and the "cooperativeness of the world" in which the plan
will be executed.

One style of cooperation that might be selected by a user would have that user retaining control of and
directing search at the higher, more abstract levels of plan development, while ceding to automated
planning agents responsibility for pointing out critica areasto address carefully (such as potentia
resource shortages), or charging them to explore in detail specific issues or plans for known subtasks.
Further communi cations between these various automated agents and the human planner(s) would
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involve summarizing the results of plan analyses and the presentation of potentid options for doing
Specific subtasks.

On the other hand, it seems clear that thisisjust one of arange of collaboration modds, and that
different users will wish to vary the form of search control and collaborate more or less closdly in plan
development, depending on how "cut and dry” the problem to be solved is, and their understanding
and faith in the cgpabilities of their dectronic collaborators.

Variable speed and resolution response. In the end, we want our collaborative planning tools to
produce detailed plans. But at earlier stages of the process, we want them to assst in generating cruder
plans quickly, so that preliminary andyses can be performed. In essence, collaboration at the early
stages of plan development may be atime of consderation of and dialog about abstract dternatives,
leading to the more precise formulation of objectives. This characterization of the preliminary phase of
planning suggests that planning problems need to be viewed as solvable at different levels of resolution
(or "abdtraction), which, in effect, means having multiple different representations of what "plans’ or
"solutions' are.

Decoupling and recombining plans The user should have the gbility to isolate sets of subgoals that
are only loosdly coupled to the rest of the overall set of godss, in the sense that plans for those subgods
can be developed in pardld and later be combined. The techniques required to identify such god sets
and in combine the plans developed into an overal solution are ill open research aress.

Context registration. There will need to be means for constantly conveying where in the problem
solving the team of humans and softwar e agentsis currently working, and who is performing what
tasks. We will refer to this the maintenance of a shared problem solving context as context
registration.. When a software agent completes a task, the human-computer interface, itself akind of
coordinating and mediating "agent”" must be able to give the user asuccinct, coherent picture of the
current "state of play” in the planning process, and a summary of the conclusions reached, which can be
interrogated for more detail.

Users may aso need to convey preferences for levels of "communications volume' or communications
bandwidth in their didogues with the other planning agents. Plans are often too large to view inasingle
picture or short text. Many different perspectives and styles of visudization are useful at different times,
and these typicaly rely on abstractions and approximations that help to convey the gist of aplan or
subplans under discussion. Dialogues must be supported addressing the issue of the amount and
presentation style of information to be conveyed (e.g., to the user) at different stages of planning. These
dialogues may tend to occur at landmark pointsin the search for an effective plan, when the locus of
planning activity is about to shift to a different level or pergpective. Good techniques for graphica and
other forms of summarization will be critica, and al communications techniques for conveying
perspectives on the plans under consideration must readily support requests for eaborations and
explanations as needed.

I ntent recognition. Oftentimes, userswill not explicitly convey dl of the condraints they know to apply
in the context of a planning problem. Thisis a problem for automated, "autonomous' planning tools.
When people collaborate to solve planning problems, it is assumed that each participating planner will
undergtand the context in which the plan will be executed well enough to make new planning
assumptions as they elaborate their part of the plan, and seek out any additiona information needed to
make ther plans effective. They will aso identify problems with their own assumptions and those of the
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agent who tasked them in order to "shore up”, if possible, or rgect, if necessary, possible plans that they
might have otherwise produced. For example, if they cannot make a workable plan with the resources
assumed available they will communicate this back to the agent that tasked them. This shared "world
context" extends also to shared knowledge of the many standard components of plans they might use to
achieve particular godls.

Congder, for example, arequest made by one agent that another develop a plan for a conferencein
another city. The agent tasked could infer from what was stated (city, dates, attendees) not only that
subplans would be needed for reserving the meeting space, and derting the participants, but also that
plane reservations would be needed to transport the participants if the city was distant, and that hotel
reservations would be needed if the meeting was longer than would permit traveling on the same day.
The agent developing this plan might discover, on researching the problem, that the hotels available were
not close to the meeting space, and so need to generate plans to reserve cars for local travel aswell.
The agent who requested the plan be developed might, even though he or she did not ask for arenta
car, be explicit in requesting that particular kinds of sound and projection equipment be made available
at the meeting, because that was a piece of information not inferable from the generd task.

Clearly condraints can be left implicit in this kind of communication of an abstract plan to be elaborated
by another agent, when tasking another agent to refine that plan. Indeed it is dmost necessarily the case
that detailswill be left out, if the communication is to be succinct enough to make it worth defining the
task for another to carry out. Mixed initiative planning sysems must be cgpable of using prior
knowledge of the particular domain of planning (and the preferences of the agents specifying the
abgtract plan) to fill in such details, in addition to making reasonable assumptions about the environment
that the plan will be carried out in, so that the specification and communication of a planning subtask is
not overburdened with alarge volume of "common-sense’ details. On the other hand, the requesting
agent must know what details cannot be left implicit if the resulting plan isto be satisfactory. Each must
have at least apartiad modd of what knowledge the other has and what assumptions must be made
explicit in their communications during collaboration.

It will be important, if such collaborations are to be successful, that the automated systems do not
unnecessarily impede plan development by requiring too many detalls befilled in advance or asking too
many questions when the information can be inferred. On the other hand, it is equally important that
these systems be able to ask refinement questions when important details are omitted. Thisis one of
the many kinds of dialogue that must be supported. We aso discuss some of the problems raised by
thisissue in alater section of this chapter devoted to initiative.

Plan analysis. The computer must provide the user with a set of tools for andyzing fragments of plans,
and comparing versons of plans and plan fragments that were congtructed under different assumptions.
These tools should include plan displayersthat highlight different information, Statistical packages for
anadyses of uncertain outcomes, and sengitivity anayzers that check whether actions are to take place
under conditions leading to higher than normd fallure rates. Means must be developed for describing,
requesting, and/or taining automaticaly the information required for use of these tools.

Representations of plans and plan-rdated infor mation sharing

For collaboration over plansto work, we assume that there must be shared representations of those
plans, and means of extracting and reformulating those representations into forms convenient to the
various collaborators. This does not necessarily mean thet there is a single place where the full
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representation of a plan is stored, but that collaborators can get efficient access to pieces of the plan, as
needed. Visudizations of plan representations must be intdligible to human users, and
extractions/reformulations of planning congraints and other plan-related information must be possible to
provide information for specific automated planning and/or analys's processes. In redlity, thisis perhaps
the biggest barrier to collaboration. Diaogues about the plan under development must be framed in
terms of condderation of dternatives and their judtifications, dmogt in the style of an argument (Allen
and Ferguson, 1994).

Mogt planning done by peopleis at best reduced to raw text and graphics, rather than encoded in
electronic forms amenable to manipulation by computer sysems. Another role of interfaces to planning
systems must be to make it as convenient as possible to maintain plans in dectronic forms, rather than
more exclusvely human readable forms.

Shared representations. It is generaly assumed that if the planning processis didtributed, there must
be a representation of "the plan” that is shared among the collaborators. 1t should support avariety of
visudizations, abgtractions and trandations into more specidized forms for specific purposes.

Abstractions. It will be necessary to represent plans a different levels of detail. Even after aplan has
been eaborated, the user must be able to see a"low-resolution™ verson highlighting particular aspects of
the plan.

Visualizations. If the user isto have a chance of understanding the current Sate of aplan that is only
partidly specified, then there must be many ways for users to view and edit any part of the plan, as well
asitsjudtifications and ramifications. For example, it should be possible to display the Sate of affars
expected at any point in aschedule. 1t should be possible to run a"movie" that shows possble
unfoldings of the plan over time. Visudizations should support avariety of perspectives and "filters' on
such views, highlighting such things as resource utilization, workload, transportation of materids, etc.

Uncertainty. The user mugt not be mided into thinking that nomina plan vaues are certain. The system
must help to disabuse him or her of suchillusons. Uncertain information is likely to be handled in
severd different ways in representations of plans. Where possible, sources of uncertainty should be
recorded, along with planning decisions dependent on those uncertainties, so that plan revison can be
done more automaticaly. The qudity of information and of its source should be avallable wherever it is
likely to be sugpect. In addition, tools such as decison theoretic models that explicitly reason with
probabilitic information should be supported, where applicable. These tools require more detailed
estimates of probabilities than just discrete aternatives.

Versioning, author tracking, change authority. As part of the support for interactive, collaborative
plan development there will be aneed for better mechanisms for maintaining versons of partidly
developed plans, both so that collaborators can explore optionsin paralel without globa commitments,
and so that plans can be compared, contrasted, combined, and, in generd, referred to without
confusion. Information associated with different versons that will be important in the collaborative
diaogue includes information about authorship, who has authority to change particular aspects of that
plan verson, what views of the plan are most useful, etc.

Plan Revision M anagement
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Thereis a sarious sense in which oneis never planning "from scratch”, and in which planning is never
completed. Planning should be viewed as a continuous, ongoing processinvolving aternatives
exploration, refinement, diagnoss, repair and recombination, in the face of congtantly changing
information. Even before execution has begun, human planners are congtantly striving to improve the
quality of the information used for planning, and that is as likely to cause replanning to occur as run-time
contingencies.

Maintaining continuity between plan versions. As execution time grows imminent, thereis aneed
to alter the patterns of plan change, and on€e's preferences among aternatives, toward those that
maintain continuity, or minimize execution-time replanning & lower levels of detail. Activitiesinvolving
advance preparation should not be changed once they have begun, unless those changes are consstent
with the preparations made. Activitiesin progressincur even grester costsif changed in an incompatible
way. Future planning systems need to be able to dedl with this range of continuity-maintenance
condraints due to the potentidly varying need to minimize disruption of ongoing activities.

Run-time replanning. True execution-time replanning raises another set of issues beyond continuity.
Asthetime available for planning and the age of one'sinformation about the current Sate of the world
diminishes, your team's own activities in executing "the plan” must be consdered as part of the process.
Once execution garts, parts of the plan become historica and what mattersis the relationship of the
outcome of those parts of the plan to the remainder of the unexecuted plan. Indeed, during execution,
predicting afuture Sate of affairs and itsimpact on the remainder of the plan may be based on
observing unexpected changes occurring in the present.

Coordinating multi-agent planning tasks. The whole Stuation is complicated by the fact that multiple
agents may be attempting to modify an ongoing plan a essentidly the same time, and that different
agents may have responsibility for, indeed be the only ones cgpable of, revising particular portions of the
plan. There are anumber of issues to be addressed here: coordination of plan update authority,
ether through a central manager, or through distributed authority management; information update
notification , to ensure that the proper agents are made aware of the information that may lead them to
revise the portions of the plan they control; information and plan consistency management , which is
needed in the face of the potentia acquisition of incongstent information and the possibility of
contradictory plan changes being made by different agents smply because some take longer to
complete their work and update the plan; and resource coordination , such as between different plans
that may be executed at the sametime,

Planning under Uncertainty.

Planning, perhaps more than other kinds of reasoning, is fundamentaly based on uncertain information.
There isthe uncertainty in the timing of availability of resources, uncertainty in one's own informetion
sources, uncertainty in the actions of other agents operating in the environment, and uncertainty in one's
ability to estimate the outcome and time required to complete planned actions. All of these different
sources of uncertainty can sometime be modeled as discrete dternatives, asis currently donein Al
planning systems, and a other times it might be described probabiligticaly.

The key point is that when planning is to be done collaboratively, and the god is not necessarily to get
down to smdl aomic actions that can be executed by single agents in the world, managing uncertainty
typicaly needs to be done more explicitly.
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We a0 observe that:

» People can't ded with too many (dightly varying) dternative plans or scenarios. One can't
overload a user with amillion dternative scenarios whose probatilities, if known, would sum to
1. ldentifying and andyzing qualitatively distinct plans should be stressed.

* Thereaeavariety of current tools designed to help humans andlyze (often implicit) uncertainty
in their current plan representations. We anticipate continued frequent appeasto sensitivity
analyses that reveds how the projected effectiveness of plans change with changesin key
resources.

* Inmany environments, the emphasis should be on finding robust plans, as opposed to ones that
will be optimd if no assumptions are violated. The system should point out which resources are
most likely to be under stress (e.g., waypointsin atransportation plan that are projected to

operate at capacity).

» Getting usersto assign probabilitiesto eventsis hard. Getting usersto provide (even quditative
estimates of) probabilities for every uncertain fact is nearly impossble.

Learning

Teams don't gart out working well together, they must "grow into it" by learning the most useful way's of
contributing, and the times not to contribute (too much). Since people are dready fairly adaptive (within
limits), the issue is one of finding opportunities for the automated systems to do useful learning to make
them better team members. Some near-term objectives here would be learning of:

User preferences: If the user repeatedly asks for aparticular type of datistica andyss, visudization,
node expansion, congraint handling preference (conservetive or liberd), or problem decoupling, the
system could begin to anticipate such requests and automatically do them or inquire if they should be
done. A recent example of thiskind of learning is (Sycara et a, 1994), for an adaptive case-based
scheduling system.

Prior plansand their effects. Users may want to generate new plans by modifying old ones, in whole
or in parts. Case-based reasoning techniques are a potentialy easy way to get plan-level learning into
MIP sysems. The system could help by indexing and retrieving stored plans as Smilar goals are stated
for new problems, and by recording failures and the conditions that led to them, so that they can be
brought to the attention of usersif smilar plans are constructed.

General and domain-specific planning knowledge or heuristics: If the automated planning
components of amixed-initiative system are to keep pace with change, or improve on their initia
capabilities as provided by the system designers, there will be a continuing need to develop and refine
the heurigtics for the automated planning tasks that the system provides. It is desirable that at least some
of this knowledge updating and maintenance come about as aresult of interactions with the human users
of the system. This may motivate some additiond (possibly off-line) darification didogues so thet the
system can learn from user directives about such things as searching through the planning space,
operator preferences under different conditions, etc.

| nter -agent communications and coor dination
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Given the highly digtributed nature of military planning, it is going to be important that mixed-initiative
planning systems of the future be open systems where multiple humans and multiple machines are
collaborating in an open architecture. While this adds a number of complications to the study of mixed-
initiative systlems, many of the issues need to be addressed equdly well in digtributed Al systems
research, in improved technologies for eectronic collaboration between humans, or in distributed
systemns support generaly. Nonethel ess, there are anumber of issues that are unique to person-machine
collaboration, and to large-scae didtributed planning systems that involve both human and machine
agents.

Asafirg pass, it ssems useful, until we see more artificidly intdligent software agents running around, to
break down the issues dong the lines of whether the agents communicating with each other are human
or machine. Many of the issues related to eectronic collaboration between people are now being
addressed in distributed groupware and workflow systems that are available commercidly. The issues
that relate to inter-software-agent collaboration are largely being addressed by the Digtributed Al
community and the Al knowledge sharing research community. However, the issue of knowledge
sharing is ubiquitous, and there are some specific things to be said about this with respect to planning
sysems.

Distributed information management will need to be coordinated among many disparate knowledge
and information sources, with varying amounts of sophidtication, varying capabilities for query
processing, and with varying levels of accuracy and timdinessin the data provided. Where to store
shared data, what kinds of transactiona mechanisms are required, how to make access fast enough,
how to make sure information is disssminated in atimely fashion to those who need it, and how to
control accessto it are dl ongoing concerns.

Maintenance of and timely accessto shared plans isardated but more specific issue it seems
inevitable, given near term hardware technologies and the large amounts of information that is required
for large-scale, distributed planning that plan-related data is passed around between computers,
reformulated for use by different agents, and cached in those new forms. This potentidly makes the
maintenance of plan verson consstency and information access support every agents' problem .

The centrd issue for to mixed-initiative planning systems is communication between humans and
software systems. Echoing some of our earlier comments, we see the important research areas here as.

Dialogue-based task management for interactively controlling search, communications
bandwidth, asynchronous interruption management, and delegation.

Context registration usng many kinds of darification dialogues, summarization, €aboration and
explanation techniques.

Flexible, interactive visualizations of plans and support information from different perspectives
asameans of conveying information to users, and providing graphica contexts for
communications to the machine.

I nfor mation acquisition and management, which often dominates the planning process, dso
means the transformation of information into usable eectronic forms, so that it can be rdated to
electronic versons of the plans under development. There are a number of potentia
opportunities for greater machine "initiative" to provide assstance in this area, in the world of the
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Internet, as well as many potentid stumbling blocks related to the interpretation of text and
graphics into representationa forms.

A key point here is that there must be increased effort put into ensuring that useful representations of
plans are captured in usable eectronic forms, where the uses are by both humans and software
systems. Congraints that are left implicit in the head of users or in raw text cannot be part of the
cooperatively agreed upon plans that are developed, and this means lost opportunities for automeation,
especidly in replanning.
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Initiative IsIn The Eye Of The Beholder

If initiative is viewed as acting to achieve shared gods, without being asked explicitly, it seemsfair to
ask what it means to ask a computer program to do something. A program will be "triggered” under
certain conditions; the end user may classify some of these conditions as "having been explicitly asked,”
but for the person who wrote the code the digtinction is not terribly significant. After ahuman user has
used such aprogram for awhile, he or she may well come to expect the computer's actions as
predictable responses to their own. For example, users of spreadsheets do not perceive the programs
cdculations (which result from changes in data valuesin cdls) as being the result of system "initiative'.
In the same degenerate sense, programs that complain when you enter invalid responses to ther
prompts are not seen as engaging in "darification didogues'.

From this perspective, we should be careful with the use of the term "initiative," and focus on revisng
our models of automated systems interactions with users, with the god of improving their utility in
collaborative endeavors. By focusing too much on initiative for initiative's sake, we risk burdening
oursdlves with theimpractical task of producing modules that impress us with their intelligence.

Teking that point of view, it seems clear that the problem is not initiative, but mixing. Various agents will
be involved in working on aproblem. Let's imagine that some of them are humans and some are
computer programs. Each one gets triggered under certain circumstances, and must make a
modification to an evolving plan. For example:

A scheduling program might be run to produce atimetable for activities and shipments.
A route-planning program might fill in the detalls of shipment routes.
An inventory planning program might project the availability of raw materids.

A person might prioritize the mgor activities involved, such as selecting which items on sales orders
to manufacture fird.

A probabiligtic plan checker might look for places where the plan islikely to fail, and introduce
"risk-reduction Strategies'.

We might start out assuming that there is a user who has fina authority to accept the plans produced by
the system. (There may be grades of users, with different authority.) We could further assume that this
user has areasonably accurate mental mode of the capabilities of the machine. For example, he or she
might know that a trangportation planning program can fill in routes and produce schedules and
timetables, but would make a mistake if not told that some critical vehicle was in the shop for repairs.

Given these other assumptions, it dso seems reasonable to assume that there will always be away to
issue explicit commands to trigger automatic capabilities. Hopefully, there will be many circumstances
where issuing such explicit directives will not be necessary, because the user will find it convenient to let
the system to "just do it" without being told. Characterizing the circumstances under which the phrase
"judt do it" might apply is certainly one way of increasing the "mixing" of the activity performed by the
agentsin this shared environment, and reducing the burden of the user to directly date every step
required to complete his or her task.
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This smple-minded notion of initiative is easily sought, and is usudly not "Al’, but rather the province of
al engineers and programmers that seek to automate support functions for users. If, however, the
context shared by the user(s) and the system(s) is sufficiently rich, in terms of their models of the task to
be performed and the inputs and outputs of the planning process, then better, more sophisticated
context-gpecific "triggers' can be implemented. This seems Sraightforward, if unglamorous. 1t dso
seems clear that one will want it to be easy to retract anything done automaticaly, if the user decidesit
isn't right, and, better yet, be able to fix whatever was done, without completely redoing it, to take
advantage of whatever was done correctly.

Thisstyle of interaction isfairly easy to produce programaticdly if the Sze of the task performed by the
system issmall, or the user acknowledges that there is a standard process to get an acceptable answer,
and the system has an encoding of that procedure. It may be equaly OK (to the particular user) if the
system has afalible method of doing it, and the user doesn't care how it gets done, either becauseitisa
quick and dirty hypothetical plan, or becauseit can be fixed later.

Unfortunately, as we stated at the outset, there are severd related problems with this model, as it might
be applied to present-day Al-based planning and scheduling tools:

* Theuserisnat typicdly "in control" of current-day automated planning processes, except a the
very beginning and the very end, and the product istypicaly a plan or schedule of subgtantid
Sze and complexity.

*  Quedtions that these systems ask of userstend to be at the system's discretion, without much
attempt at staying "in synch" with the user's way of gpproaching and solving the problem (or
building the plan).

* "Backing up" in a search spaceis not usudly an option that the user has, or, if it isan option, its
consequences are not easily understood.

These problems might be managesble if al such modifications satisfied the top-down refinement
congtraint: which can be characterized as the requirement that plan modifications aways take a plan
from a more abstract to amore ingtantiated state; or return from an ingtantiated state to a previous
abdract date. If aset of planning modules obeys this condraint, then mixing initiative becomes farly
ample. Each participant sees an abdtract plan, to which it can add information. No one ever changes
information once it is added, except to return to a previous state, discarding al subsequent changes (and
noting that they should not be tried again)2.

Unfortunatdly, it is safe to assume that this congtraint will never hold in practice, because users generaly
require the authority and capacity to change any part of the plan they can see. If humans areto bein the
loop at dl, they just won't tolerate a system that puts them in a draitjacket. Thisis partidly because
users are often better a saying what they don't like about a plan than what they do like. It'sdso
patialy becauseit is a present difficult to imagine maintaining the knowledge bases of the Al planning
systems such that they have proper representations of every congraint that the human planner is

2Eyen when this simple model works, some styles of planning search may be more suitable than others. For example,
itisprobably better if the subsequent changes were ones that were related to the change that is discarded (i.e.,
justification-based backtracking is more reasonable here than chronological backtracking).
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operating under in anew planning Stuation. If the planning system doesn't have afull representation of
the problem, then "arbitrary” modifications of the solutions produced may be necessary, even when a
solution is "right” asfar as the sysem can tell.

Anissue, then, for amixed-initiative planner isto help the user characterize what "dont't like it" means, or
what to do about it in as useful away as possible. Responsesto a user gating "1 don't like X" might
indude any of:

e Just drop X (and perhaps any goals it supported);

» Reducethe priority of the goas and congraints that caused the introduction of X and try to
replan with those atered assumptions;

* Explanwhy itiscritica that X isthere and ask if the user ill wantsto removeit;

» Askfor areason for removing that element, so asto be able to incorporate the criticism as a
rational congtraint with abass.

Hence, akey problem in building mixed-initiative planning systems, epecidly using as components
many of the kinds of problem solvers around today, most of which were origindly desgned to operate
autonomoudy, is the problem of getting those modules to correctly determine which criticisms by other
agents are "boundary conditions', and which are best treated merdly as preferences. Consider a couple
of examples of where thisissue comes up, some of which are discussed in (Smith and Lassila, 1994):

* Theuser looks at atrangportation schedule produced by a program, and notices that a certain
high priority package is being shipped by rail rather than by ar. The user edits the schedule
(graphicaly or by dtering text fidds) so that unit now come fliesinto the nearest airport to its
degtination. The scheduler isrerun. It must treat the new shipment plan for that package asa
congtraint on what it produces.

* Theuser looks at a plan generated by the program, and notices that an airplane is flying dmost
completely empty, and switches its passengers to another flight to save the trip. It turns out that
the automated planner had insarted flight so that the plane would be available for another flight
from the destination later that day. Later, the planner isrerun, and has to schedule yet another
plane to go pick up the passengers of that later flight. (If the planner is not rerun, the schedule
will no longer accuratdly reflect the plan.) The user may not notice this, but if he or she does
natice, he or she will want to know what's going on. It would have been helpful if the system
had been able to tell the user as soon as the edit was proposed that the edit isimpossible
without making other changes.

»  Some modules produce only plan assessments, without making any other changes. 1t might be
desirable for the user to edit these assessments, when it thinks that the automated system is
overlooking something. After further plan revision, the user will have to re-edit the assessment,
because the automated system has no way of knowing how much of the revisonist assessment
should be preserved. The user might then fdl into arhythm of blindly upgrading a plan even
when it has been revised to a point where it redly is bad.

One can imagine lots of examples of thissort. They may not have much in common in detall; that is,
there may not be a generd theory of intent recognition that will |et the person "explain” to the computer
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what to preserve about the edits made in each case. We should at least hope that the user will be gble
to receive enough information to vaidate their own actions.

A more modest research agenda, then, might be one based on the idea of anticipating types of editsto
plan structures. One basic principle isthat anything a person can see on the screen ought to be editable.
Another basic principle is that what's on the screen ought to be what people find natura to think abot.
At avery early stage in the process, we need to track possible edits of the plan display. There are two
sources of information about this. Oneisjud the raw syntactic possibility of edits. Whatever can be
digplayed (location, time, ordering, etc.) can in principle be changeable. Another source of information
iswhat changes the human planners currently make. For each possble change to a plan, we ask, What
boundary condition might this change imply? If thereisachoice of boundary conditions, adiaogue
should take place in which the choices are described to the user in his or her own terms and he or sheis
asked to clarify which ismeant. Any tool that works on a plan must be prepared to obey notes about
such boundary conditions.

Non-proscriptive Forms of | nitiative are the Most Easily Accepted

It should be agoa of systems built for person-machine mixed-initiative planning tasks to be as hdpful as
possible to the human user without being counter-productive in the sense of making more work than
they provide. One way to maximize thisisto do as many of the "little things' that make effective use of
the computer's cgpabiilities and resources in ways that do not automatically modify the plans under
development. There are some tasks that are naturally non-destructive in this sense, and others that can
be made so by putting their productsin the forms of "suggestions' that can be considered and either
accepted or rejected.

Whether these things are or are not due to "initiative" on the part of the sysem islikely to be based on
the conditions under which they occur. That they are valid, useful contributions made atimely fashionis
al users should redly care about. That they support more effective distribution of the labor is most
important.

Somethingsin the naturdlly non-interfering category are:

* Initiation of information retrieval requests to other agents; these can be triggered by such
things as the "named" phases of a planning process, and so require minimal informeation about
the specific planning problem to be triggered. One can think of thiskind of activity as andogous
to anurse asking you to fill out amedical questionnaire before being seen by the doctor. Inan
orHline system, it might mean automaticaly sending out email requests to other users or "off-ling"
databases to collect information before beginning a phase of planning.

* Automatic " highlighting" of information requirements for which the user isthe primary
source; Examples include flagging of unexpanded goa's which need to be worked on to
complete a phase of planning, assumptions under which aplan or plan dement will remain vaid
or achieveits misson, eic. Many kinds of visud cues may be used to identify pending or
incomplete tasks, new information which must be taken into account, etc.

» Promoting thereuse of experience by automatic retrieva of relevant prior plans or fragments
(cases), that are Smilar to the ones under development, either to provide additiond "cut and
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paste” opportunities, or to provide examples of potentia problems that might come up when
executing the plan under consideration.

» Automatically sending inputsto plan evaluation tools, including constraint checkers,
resource anayzers, amulations. On completion of such evauations, the user should be notified
only of important issues that were uncovered, and even then perhaps only a notice that the
results are available to be considered whenever the user is ready to look at them, unlessthe
problems are of sufficient priority.

Some things that can be most useful if doneon a™ not to interfere” bass. Theissue with thiskind of
activity isthe potentid for harm, either in generating work for agents that is subsequently thrown away,
or in causing too many interruptions of the user's activities. Beyond endeavoring to find the most
gppropriate triggering conditions for these activities, al of the usua ways of hedging by getting
confirmation that the action is desirable should be considered. Also, means of cancdling these behaviors
individualy and globally (in the sense that a user never wants that festure) should be provided. This
means support for issuing retraction messages for automaticaly triggered activity requests (which could
aso betriggered if the god they served is adbandoned). Some example activitiesin this category are:

» Eager eaboration of trivial subgoals when no aternative choices need to be considered.

» Limited-depth subgoal sear ch to find afew quditatively different feasible elaborations to
present to the user as options.

* Automatic natifications to collaborators that their participation (based on plan content) will
be required for some planning task, especidly when some advance preparation is required on
their part, or scheduling of thelr timeisan issue.

* Notification that planning assumptions have changed and the planner must consider
redoing part of hisplan. This could be ether an execution-time issue (the world changed), or a
planning time one (the head planner changed a critica decision, or new information arrived).

* Reconciliation of local and more global objectives, especidly where different human agents
are responsible for these different perspectives. Thisisredly a gpecidized form of plan
consstency checking.

Task Decomposition M odels Provide Useful Triggersfor System Initiative

Asthe prior discusson suggests, when severd agents collaborate in a mixed-initiative fashion on a
planning task, each agent must be able to recognize when they can perform useful work in service of the
overd| task objectives, and when and how to convey the results of their work to the other cooperating
agents. For the team as awhole to succeed, each agent that initiates activity must share compatible
models (though perhapsimplicit ones) of the tasks to be performed, in addition to knowledge of the
specific godsto be achieved by the plans they produce.

If we are looking for mixed-initigtive systems to do more than systems that perform functions when a
command isissued by the user, then we need to find more sophisticated "triggering” criteria, that can be
based on any or dl of: the user's inputs, the currently represented state of the plan under congtruction,
background data and other potentidly "live" information about the world in which the plan isto be
executed. Thisgtuation is amplified if there are some quickly recognizable cues asto wherein the
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process of plan congruction the agent who is"in charge’ (typicaly the user) isfocused, so asto avoid
the impossible chore of scanning and interpreting dl of the available data to discover what tasks are
likely to be appropriate ones a any given time. There are now working examples of "plan editing tools’
that break complex planning activities down into recognizable phases with different displays gppropriate
to each phase of the task. These displays provide a crude form of "context registration”, in addition to
providing speciaized task support. In planning tasks where such explicit models of the structure of the
task are gppropriate, such phase shifts can serve astriggering cues for planning support activities by
other agents.

People engaged in complex tasks break them down into stages or phases so that they can organize the
work into activities with specific methods of achievement, limit the depth of their own problem solving,
amplify the gpplicability conditions for the subactivities involved, delegate subtasks to others, and in
order to learn how and when to perform subtasksin the first place. Newdl's (1981) "problem spaces’
isaformdization of this notion. As different phases of planning may or may not use the same problem
solving styles, the representations of the problem and the vocabulary used in solutions may change as
one changes phases. Asaresult, it may be alot easer to say when oneis "done" with a phase of
planning, (e.g., that all subgoals have been expanded into a set of activities defined in advance to
represent a consistent level of description in the domain; or that one has validated the plan at that
level of description by some set of methods such as smulations and congtraint consistency checks) than
it isto say that one has found the best plan in some absolute sense.

For example, the different kinds of planning and evauation activities that go into the overd! military
planning process have very different information requirements. They use completdly different software
tools and have different ways of interpreting and applying results. For example trangportation
schedulers and Smulators serving Smilar functions require classes of inputs in terms of consumers (eg.,
things to move) and resources or producers (e.g., ways to move them). Information about the
resources must be of consistent kinds, and matched to the consumers. The consumersin the
trangportation scheduling phase, the people and equipment to be moved, are the resourcesin the
employment planning phase.

This relationship between phases of planning makes transportation schedulers or smulators ussful as
resource congtraint checkers during employment planning, since the overal plan will not work if one
cannot marshal the needed resources. However, when using a trangportation scheduling tool asa
resource andysistool, different criteria, in terms of detail and accuracy, are used to gather inputsto the
program. Far less detall is needed to gpply a scheduler in this second role, which meansthat it can be
used earlier in the planning process if gppropriate, gpproximeate data can be supplied. A very useful
form of system initiative would be to automaticaly assst in developing inputs to a scheduler so that such
preliminary analyses can take place in atimely fashion. Also, since use of a scheduler in this formative
phase of the planning processis for such a different purpose, the interpretation of the result isalso
radicaly different. An acceptable result might be as smple as "doesn't use any more resources than
alowed", or an indication of acritica resource shortage, instead of a detailed schedule. The system
must know this context in order to present the appropriate conclusions to the users or other software
agents.

Another reason for working with explicit models of planning tasksisthat it may be critica for effective,
adaptive learning by the systern and by the user. Since effective collaboration meanslearning to act ina
coordinated fashion, user's need to have cues to guide their expectations of the each others capabilities
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in different contexts, and learning takes place more effectivey if the context of the activity being learned
or refined isalocalized task.

The Road Ahead

We have tried in this chapter to "raise the ante" for research and development of Al-based planning
systems. The hitory of planning in Al comes very much from the tradition of robotics, thet is, providing
autonomous entities with a cgpability to move and act in the world. But the worlds in which these
planners worked tended not to change much, "fight back” a dl, and certainly not actively collaborate.
Thisworld view has colored much of the last 30 years of planning research. Our goa wasto "open up
the box" and reconsder these assumptions in the light of recently raised opportunities for virtualy globa
electronic collaboration, and the new emphasis on cognitive technologies for interactions between
people and machines. We hope and expect that many of the research areas we touched upon will
become heavily discussed issuesin the next few years.
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